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PREFACE. vil

garden-flowers, his herbarium. Still these imperfect lessons were -
listened to with the respect which superior knowledge seldom
fails to command; and many may yet remember the regret and
indignation which met the rude arrest of such extra instruction
by the ignorant pedagogue, who, however, at the close of his
mortal career, as it happened, owed to his once contemned pupil-
teacher a recal from the darkness of infidelity to that light which
ghines forth unto eternal life.

In 1832, in the third year of his apprenticeship to a much
resglet;ted lg{enerﬂ.l practitioner, Golding Bird entered as a student
at Guy’s Hospital. The advancement he had already made in
the study of the collateral sciences soon made him prominent
amongst his fellow-pupils, and gained for him the good opinion of
his teachers, especially of one of them—the most eloquent lec-
turer and one of the most profound physicians Guy's Hospital
ever saw—one with whom it was afterwards his great pride to
have been associated as a colleague. For the late Dr. Addison—
the first to note, and the first to encourage, his early talent—he
always entertained a deep and grateful respect.

Early distinguished as a debater in the Pupils’ Physical Society
of Guy's, and more particularly on those subjects to the discussion
of which he could apply his chemical knowledge, he not only
acquired a considerable reputation with his fellow-pupils, but
attracted the attention of the late Sir Astley Cooper, who paid a
rich tribute to the young student’s attainments by requesting his
assistance in the chemical section of his great work on “ Diseases
of the Breast.” Nearly at the same {ime, also, an important
work on physiology was published by another of his teachers, a
large portion of which was written by him. Still too young in
iEﬂl‘E, though more than old enough in knowledge, to present

imself for examination at the Apothecaries’ Hall, he became a
candidate for the botanical prize offered by that body, and suc-
ceeded in carrying off their silver medal; having previously
obtained the prizes awarded at Guy’s in the classes of medicine,
obstetrics, and ophthalmic surgery.

His student-life was not only a source of much gain and credit
to himself, but of advantage to many of his fellow-pupils, the more
zealous of whom formed a class for private instruction under his
tuition ; and many eminent provincial practitioners now live to
date back their acquaintance with the collateral sciences to the
early teaching of Golding Bird.

_No sooner had his twenty-first year arrived than he presented
himself to the Court of Examiners at the Hall: there his high
reputation as a student had gone before him ; the examiners were
already familiar with his name and acquirements. They grace-
fully declined to submit him to the ordinary examination, at once
presenting him with his licence, accompanied by the unusual
compliment, the honours of the court. He now commenced general
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PREFACE, - ix

- Dr. Addison : and the aspiration of his student-days thus met its
fulfilment. :
~ Four years after his admission as a licentiate of the Royal
- College of Physicians, being the shortest period its laws allow, he
was raised to the fellowship; and in the following year he was
- selected to give the lectures on materia medica, the learned pre-
sident permitting, and we believe suggesting, the extension of the
lectures to the subject of electricity as a remedial agent. Nothin
conld have been more consonant to his wishes ; he had devote
- much time to the investigation of that subject, and had a]:ead;r
published an important paper on it in the “Guy's Hospital Reports.”
- Whilst his pen was employed, two years afterwards, in the
- illustration of diseases of the kidneys, it was suddenly stopped by
- the envious hand of sickness. Suchwas his bodily suffering that,
~ for the first time through many a year of broken health, he con-
~ sented to ke? his bed. In a few weeks, the acuteness of his
< i{rgm toms had quite subsided, and he was able to leave town for
- Tenby, where he passed a month with great advantage, returning
~ with health much improved, and which it is possible, had he
~ allowed himself adequate rest, might have remained undisturbed.
- But inaction was no part of his temperament: his interrupted
~ task was renewed, though without the certainty of completing it ;
~ conscious that his days were numbered, and anxious to add one
- more contribution to medical science, he hastened the last edition
-~ of his work on “ Urinary Deposits "’ through the press, prefacing
- it with these prophetic words in relation to blood depuration.
~ “The subject of a more rational and philosophic system of thera-
~ pentics—one more consistent with an inductive plan of inquiry
‘than we at present possess, has, for many years, been with me a
cherished idea, and I had hoped to have contributed something to
the common stock of knuwleSge on this subject, one of the most
- Importantin its bearings on our mission of alleviating the distresses
of sickness, and of combating the effects of disease. Severe and
profracted illness, with which it pleased Divine Providence to
- visit me in the early part of the past year, rendered a diminution
of labour, and a more limited devotion to the duties of my profes-
8lon, imperative. I have been, therefore, made deeply sensible
that such an inquiry must fall into other and more vigorous minds
~and abler hands.”
At this period his health became so frequently interrnpted
- by short and varying attacks of illness, every one of which left
- him deprived of some little of that strength he could ill afford to
~ Jyield, that he was induced to listen to the appeal, often unavail-
3 Elf' urged, to diminish the scope of his labours. But his
‘ ﬂ', intellectual ‘activity scarcely allowed him to fulfil his intention ;
- and although he permitted himself some respite when the hand of
- Sickness pressed upon him, yet, when its grasp was lightened, his
t. - exertions were always renewed, : :
[
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DIVISION OF THE SUBJECT. XV

ing astronomy and geography: these, with algebra and geometry,
~ fall under this head, an%rnnw constitute a part of the acquirements
of every well-educated member of society. Apart from these
sciences, Natural Philosophy may be divided,—1st, into the know-
ledge of the arrangements of the strata composing our globe, and
of the remains of ti: wonderful extinct inhabitants of the primaval
world, forming the sciences of geology, and physical geography ;
‘9ndly, into the study of the effects resulting from the action of
atoms of different kinds of matter upon each other, constituting
the all-important and comprehensive science of chemistry; and,
8rdly, into an investigation of the constitution of masses of matter,
1l {a.ws governing them, and the mutual actions of different atoms
~ and masses of the same kind ; these subjects, with an examination
of the relations which independent masses in space bear to the
“yarions members of the universe, are comprehended in the study
of Physics.*®
~ Complex and obscure as the laws of the material universe EEL?
appear to the superficial observer, surrounded by apparent diffi-
culties, and lost in the maze of phenomena around him, he might
be tempted, like the philosophers of old, to refer every effect to its
own peculiar cause ; a cause innate to the substance, essential to
i, and animating it like a soul. Far otherwise are the conclusions
arrived at by him who, patiently investigating the appearances of

i

the material world, is guided by the inductive reasoning of the
Baconian school : /ie traces effects to their proximate causes, and
generalizing these, is led to the discovery of a few simple laws,
ol {‘li.ng which, atom unites to atom, and mass to mass, to form a
world, rolling in its appointed sphere around the centre of our
system, the great source of light and heat;—/%e soon finds that,
in the beauntiful simplicity of Nature's laws, the apparently most
ingignificant, and the most gigantic effects are frequently pro-
duced by one and the same cause; he discovers that the very }lja.w'
which presides over the motions of the luminous orbs which roll
1o 3__:£m:e around him, causes the scattering of flour from the edge
of the millstones, and of drops of water from the wet revolving

carriage-wheel :—that the law regulating the falling of an apple
towards the earth, is identical with that which retains the moun-
tains on their broad bases, and the planets in their orbits. Nay,
more, he learns that with such consummate wisdom have canse and
effect been related, that the very same power is often sufficient to
Produce effects apparently opposite. Thus, the force by which the
Ocean is rata.inedp in its bed 1s the same as that by which the ships

it upon its surface ; the law which regulates the velocity of a
%Bayalanche, is identical with that by which the balloon

in the air—and the power by which the torrents of
igara. acquire their terrific velocity, is the same as that which

* diois, natura.







DIVISIBILITY OF MATTER. xvil

are, they often fail to bear the rigid investigation of truth, and too
frequently are found to have their superstructure based on no better
foundation, than that of the brilliant and fertile imagination of
those who introduced them to the world.

If we take a mass of any kind of solid matter, and reduce it to
the finest impalpable powder by mechanical means, it must not be
considered that this state of comminution has put us in possession
of the ultimate physical atoms; for, on examining with a lens a
particle of the powder thus obtained, we find it closely resemb]ing
1n its physical characters the mass from which we obtained it, an
of which it may be regarded as a miniature likeness. So that it
18 probable that, had we cutting instruments sufficiently delicate,
and visual organs sufficiently microscopic, we might continue
di '{:ﬁi:lg this particle into an 1ndefinite number of smaller portions.
This circumstance has been very lately proved, by the micro-
scopic labours of Ehrenberg, to be strictly and literally correct,
E to hold good where it was least expected. This philo-
sopher, among other observations, has shown that crystallized
carbonate of lime in its utmost state of comminution, after it has
been exposed to the action of a mill, and then the finest portions
separated by the process of elutriation, still under a good micro-
scope appears to be composed of transparent rhombohedrons, with
angles as perfect as in the finest specimens of calcite. Here arises
the first question in this s of our inquiry ; for, admitting that
we are able to continue our division of the particles, we should na-

turally ask, what would be its limit —could it be carried on to
infinity, or is there a point at which it must stop? There are
some philosophers who consider that this state of division may be
carried on to infinity, and consequently, that matter is divisible
for ever. If this be the case, there can be no such thing as an
atom ; certainly not, if its strict definition be attended to. Of
what then can a mass of matter be constructed? Can it be sup-
posed to consist of an aggregation of infinitely divisible particles?
If 80, of what are these particles themselves composed, if their
division can be continued for ever. So that we are almost com-
pelled to regard the division of matter as limited ; for, if we do not
admit this finite divisibility of masses, we can have no idea, or
eapability of appreciating its compound particles. To appreciate
ibers, we must be acquainted with the number of units they
contain; fo appreciate a mass, we must admit the existence of a

inite division into particles, or atoms.
‘We have next to inquire, by what forces the particles of matter,
Which we have obtained by the mechanical comminution of a mass,
- Were held together previously to their forcible separation. Some
emust have existed for this purpose, otherwise no such thing ag
iggregation of atoms forming a mass could ensue; for we can
Lt iﬁ:rtiulea of dead matter only as absolutely inert, and, there-
of themselves unable to oppose that obstacle to their forcible
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) EXISTENCE OF ETHER IN SPACE. XIX

- and gas. In the case of carbonic acid this is beautifully demon-
~ strated, an invisible gas having, under powerful ressure, its
- molecules so approximated that a fluid is formed ; EI,ECF then, under
the influence of intense cold, a still further approximation ensues,
-~ and a white solid, resembling snow, is produced. :
~ Masses of matter, constituted in the manner thus described, are
- Baid to be brittle, if the attraction between their atoms is so
- limited in extent as to be overcome by a slight displacement :—
1o be tenacious, if the sphere of attraction is so extended that it
-cannot be readily overcome. The great difference that exists in
the extent of molecular action in different kinds of matter may
be well illustrated by the effect of placing a drop of oil and a
globule of mercury on a smooth piece of glass ; the former rapidly
- becomes diffused over the surface, showing that the cohesive
~ attraction of the particles towards each other is incapable of
~ resisting the attraction of the glass; while the latter retains a
nearly afphaﬁcnl form, showing that the preponderance of mo-
lec orce 18 largely in the opposite dircction. Matter is said
to be elastic, if, upon the application of force, the atoms allow of
~ partial separation, and recover their former state on the removal
of pressure. If, for example, a glass vessel be lightly struck, its
atoms momentarily separate, then rapidly return to their normal
state, and by a series of isochronous oscillations their movements
~ are communicated to the air, an eminently elastic body; alter-

nate dilatations and contractions ensue in those layers of air
nearest the agitated body, these become gradually extended into
the %'reat mass of atmosphere, like the waves formed on the surface
of a lake by the falling in of drops of rain, which gradually extend
i rapidly dilating circles, until they vanish from the eye of the
observer. When these vibratory movements occur with sufficient
rapidity, they excite in the organs of hearing that sensation
termed a sound, and on the quickness or slowness of their suc-
cession depend all the varieties of grave and acute tones. Less
wian sixteen vibrations in the second are imperceptible as a con-
unuous sound to the most delicate ear, whilst the greatest
perceptible number in that time is robably less than twelve
thousand, producing an exceedingly sErill sound. An examina-
!-,'j" of tXh?ae fﬂﬂtﬁiﬂlﬂﬂgﬂ to the science of Acoustics or Sound
I-..:j'-‘ hap. X.),
 Having assumed that all matter is made up of finite indivisible
#1oms, we learn from the all but universal condensation of matter
%y cold, to which no limit has yet been assigned, that, let the
Tactive force exerted between their centres be ever so intense,
ipaces must exist. Now, as to the state of these intarspﬂﬂ_es,
-.cscrepancy of opinion has existed than on any other point
hilosophic inquiry; some supposing them to be empty, others
: d with an ethereal matter, Here Descartes found his vor-
#0685 and here the more ancient philosophers located their ether.
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ETHER. : : XX1

planets and comets, révolving in orbits more or less eccentric
round the sun, move with a velocity due to a powerful centri-
fuzal or centre-flying force, which prevents their obeying ex-
clusively the attractive power of the sun. So long as these two
forces are muatually balanced, no alteration in successive revolu-
tions can occur; but any variation in the intensity of either will
~exert a powerful influence upon the wandering body. A resisting
dinm tends to retard the velocity of a rotating body, and hence
diminishes its centrifugal force: the result of this diminution is,
that the comet obeys the attraction of the sun, and completes its
orbit in a smaller ellipse than it did before such an influence was
exerted ; it consequently attains its apparent place in the heavens
er at each revolution, so as to perform each in an orbit nearer
to the sun. As Encke's comet completes its revolutions in about
1,208 days, and loses less than one thousandth part of its velocity
at each revolution, it will require 7,000 revolutions, or about
23,000 years, for it to move with one half its present velocity.
Another comet, known as Biela's, which completes its orbit in
62 years, attained its apparent place in the ]fea.vena at its last
revolution one day earlier than it would have done, if o retarding
medinm existed. These facts weaken the force of one of the
most plansible objections against the hypothesis of the existence
of ether in space.

“Une of the most mysterions and wonderful properties of im-
ponderable matter, is the power it possesses, under certain cir-
cumstances, of effecting an alteration in the particles of ponderable
even solid bodies. It is now certain i&mt a sunbeam cannot
tall upon a body without its exerting some important physical or
chemical change, and that every alternation of light and shade
Wwhich occurs produces a more or less permanent effect on the
surface which receives them. What can be more evanescent even
10 a proverb, than a shadow; whether we regard it in its com-
monest sense, or as applied to the beautiful coloured images of
the camera obscura, or the startling spectral illusions of a concave
murror?  Yet the natural magic of modern science has taught us
How to make even these permanent; and by the art of photography
(Chap. XX1V.) has enabled us to

. ¢ Oatch the fleeting shadow as it flies,”

, and has thus given us the power of compelling a landscape to
‘paint 1ts own picture.
Lhe phenomena of magnetism, some of which have been so long
and popularly known, appear to depend upon a peculiar distur-
e of the impondam&g ether existing in a bar of iron. And
labours of our illustrious countryman, Prof. Faraday, have
m that this magnetism possesses a far higher interest to us,
s dominion bein acknuwllued ed not only by bars of iron, but
¥ almost every kind of ponderable matter (Chap, XI.). Im-
- e
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i

- department, find that his knowledge of the action of the heart
" and circulating system will be improved by an acquaintance with
‘the laws of fluid motion; that the physiology of the respiratory
functions can alone be elucidated bﬂ an acquaintance with the
~ laws of atmospheric pressure; that his ideas of muscular power
will be extended, by being able to explain it on mechanical

- principles; and that his knowledge of the physiology of mus-
- cular action, which recent investigations have shown to have
~ been hitherto entirely misunderstood, as well as of most of the
- vital functions, will be increased and facilitated by the study of
~ electric currents.
~ These are some of the rewards which extend to those who pay
- even a slight attention to the physical sciences. They are raised
~ above their fellow-men by their increase of knowledge ; they ac-
- quire a power of the most valuable kind, applicable in a greater
~ orlessde to their different professions, and to all the circum-
stances nﬁvﬂized life ; whilst, from gazing on His beaunteous
~ works, and admiring the harmony and simplicity of the laws He
has impressed on nature, they are compelled to regard with no
Jess gratitude than admiration their divine Author, and become
- enabled to appreciate the full force of the sublime and beautiful
remark of one of the most celebrated philosophers* of ancient
- Greace, who, more than twenty-two centuries ago, notwithstand-
~ ing his necessarily very limited acquaintance with the laws
governing the universe, declared that—

*The world is God's epistle to mankind.”

e

e

- We are also taught how we may more “ nearly behold the beauties
of nature, and entertain ourselves with their delightful contem-
‘plation ; and, which is the best and most valuable part of philo-
hjr, l;e thence excited the more profoundly to reverence and
‘adore the great Maker and Lord of all. He must be blind who,
from the most wise and beautiful contrivances of things, cannot
‘8ee the infinite wisdom and goodness of their Almighty Creator;

~and he must be mad, or senseless, who refuses to acknowledge
ﬂlﬂm'-“'i'

. * Plato.
t Cote's Preface to the second edition of the Principia, 1713.
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ELEMENTS

OF

NATURAL PHILOSOPHY.

CHAPTER 1I.

ELEMENTARY LAWS AND GENERAL PROPERTIES OF MATTER;
INTERNAL OR MOLECULAR FORCES.

Finite Divisibility of Matter, 1. Essential Properties of Matter

—Impenetrability ; Extension, and Figure; Indestructibility,
2—8. Molecular Forces, 9,10. Density, 11. Accessory Pro-
perties of Matter— Divisibility, F'lexibility, Tenacity, Brittle-
ness, Llasticity, 12—19. Definite Molecular Aggregation,
Crystallization, 20—22. Forms of Crystals, 23, 24. Pri-
mary and Secondary Forms of Crystals, 25. Law of Sym-
metry, and remarkable Deviations from it, 26, 27. Twin
Crystals, 28. Dimorphous Substances, 29.

1. ALy varieties and forms of matter are similarly composed,
being made np of an immense number of extremely and indeed
inconceivably minute, indestructible particles, which, from their
not admitting of further mechanical division, are termed afoms.*®
Some philosophers have, however, conceived that no true atom
exists, and that all matter is capable of undergoing division to
infinity, a statement capable of being satisfactorily proved in
regard to space, by the consideration of mathematical lines and
Kgintﬁ. Thus, let A B, cp,

lines drawn parallel to
each other : draw the oblique
line F 6, and from ¥ on the
mdefinite right line, ¢ b,

Fig, 1,

parts, as ra b e d, &c. From
E draw lines connecting this
pointto a, b, ¢, d, &c.,cutting
the oblique line ¥ a: then, i
a8 the number of points a, b, ¢, &c., on the line ¢ p may be infinite,
it follows that the line r o may be infinitely divided by lines con-
necting such points to .

* A, and réuvw, scindo,
B






- MINUTENESS OF ATOMS, = U 3

* warious eptical means; we have examples of figure or form without
'J_..ﬁtﬁ]:!. ’ i s 4
! %* Of the actual form or size of atoms, nothing positive is
known, it is, however, probable that they are spherical; but to
their dimensions acarcelpjr an approximation can be obtained by
any means we are yet ucquaiutmf with. An ounce of gold can be
«drawn into wire several miles in length (12), and yet no flaw, or
evidence of separation between its atoms can be discovered by the
losest microscopic examination. Chemistry affords us evidence
+ of the excessive minuteness of atoms, for when several metals, as
| nickel, cobalt, or iren, are reduced from their oxides at the lowest

'%HB temperature by means of a current of hydrogen gas, the
i- state of division of the reduced metal is almost inconceivable.

Each particle of metal slowly amhineg its oxygen, forms a powder
- which may be considered as composed of ultimate atoms. These

e in every case less than the one-hundred-millionth of an inch in
tuameter, so that by a simple calculation it may be proved that a
~cubic inch of them would, if extended on a level surface so that
ey may touch, but not overlap each other, cover an area of
218,166 square feet, or more than five acres of ground. .
6. ﬁni?;her illustration of the extreme minuteness of atoms is
- met with in the thin films of soap-bubbles. These present fine
iridescent coloured bands, and at the upper part of each, it is
~demonstrable that the thickness of the film, just' before it bursts,
<cannot exceed the four-millionth of an inch; and yet'even this thin
| layer 1s not composed of a single stratum of afoms: as it must
sist at least of the atom of soap and one of water; the former
¢ composed of soda, stearie, or margaric, and oleic acids, in the
* pimplest view that can be taken of its composition, and the latter
¢ made up of at least a molecule of qu%en and one of hydrogen,

. We may likewise appeal to organic life for evidence of the un-
¢ limited divisibility of matter, in the extreme minuteness of definite
, ctures that have been revealed by the microscope, exhibiting
* the wonders of creation not less manifested in the most minute,
' than in the most stupendous works of which our senses are cogni-
' 8ant. Animalcules exist, so minute that myriads can swim in a
| drop of water, and yet every individual possesses organs of digestion,
¢ arculation, and reproduction. The polishing-slate from Bilin in

Bo composed almost entirely of the siliceous shells of in-
* [Wsoria, has been caleulated to contain 41,000,000,000 in one cibic
 inch, which weighs 220 grains ; consequently each shell, possessin

,%Zﬂhaleas the most exquisite beauty of structure, would weig
¢ Hittle more than the two-hundred-millionth part of a grain,

- 7. The minute atoms composing masses of matter may be, and
often are, chemically compound, although physically simple ; thus
@ picce of marble may be divided into its ultimate molecules, each
consisting of carbonate of lime, and here physical analysis gtops:
but by chemical analysis we can separate each of these atoms into

B2
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~ apparatus:—Let A B be a piece of whaleborie, having a number of
~ wires ¢ D, ¢ p', &c., passed : :
~ through equidistant holes; let Fig. 3.
- two series of balls ¢, ¢, &ec,,
-.:l_g&n &ec., be fixed to the ends

serie

c
] T T Q0000
1 5 ; 2
the wires, and let a third a Ef I L, I e
series, E, B/, &c., loose on the A
* -yfn-es, rest on the plece of 2520000000000
=

‘whalebone. If the rod be bent,

a8 F G, the row of particles re-

presented by the balls ¢ will
; %h?e receded from each other,
- and the particles » have
- become more closely approxi-
~ mated, while the distance be-
gweﬁ'n the particles £ is not /
- perceptibly altered:  That
- guch a change in the relative _
distance of the atoms really occurs, is rendered evident by merely:
 inspecting the figure of a thick wooden plank which has been

‘allowed to become curved by : - -
~ its own weight. Let AB, ¢cD,
- represent the section of such a

- plank supported at its extre-
~ mities ¢, D, it will be seen at
. once that the surfaces A B and
- €D represent two concentric :

: curves, of which A Bis the smaller, consequently the atoms nearest
the surface A3 must be more closely approximated than those,

arest ¢p,  The atoms lying in some line intermediate between
~ AB and c¢p, undergo no change, the line E¥, therefore, in which
- these lie, constitutes what is called the neutral axis of the body,
- and this portion might be excavated and removed without mate-
- fally diminishing the strength of the plank, provided a sufficient
: juuné of substance be left, to prevent the cuﬁapse of the surfaces
- AB and ¢D. e
- 14. On this principle, hollow cylinders of different materials are
- employed instead of solid ones, when used as mechanical au]ipurtﬂ.
- Andeed, if all opposing causes in the shape of flaws, bad workman-
. 8lip, &c., are absent, such hollow cylinders not only have the
Advantage of lightness and economy of material, but are found in

- ALredgold found that when the inner semi-diameter of the hollow

©ylinder is to the outer as 7 to 10, it will possess double the
strer gth of a solid cylinder of the same weight. :

Similatly in the construction of cast-iron girders, for BHFPUTﬁ“_B‘

the floors of buildings, it is found that the greatest strength is

Obtained by making the transverse section in some. degree to

 practice to be actually stronger than solid ones of equal weight.







TENACITY, . 9

i Tenacity in tons,
: per square inch,
- Wrought iron, in wire 7%z to-sinch in diameter 60 —91
- c e N R SR B
* i in bars (English) . . . . 253
- in bars hammered . . . . 30
in chains of six-inch links . . 214—25

o »n

! t 8 S
L Cﬂﬂt 1ron . . - . . . . - . . . N E _— 9%’
B Steel cast . . ... .00 S s ase A4
S 8 ,» Damascus . KO g el K S e
B Copper,cast .0 . ¢ & o« s w0 e s 8%
F & T i Ny e R
~ Silyer, cast S Sy e M o v gD
¥ M WILE s il G ST R e L
- Gold, cast R L R L e
‘l. | a e e e s e I e
I TS L L ey it b ndiad \figs s 2o i iy il

- . The tenacity of the fibres used in the manufacture of different
 fabrics, has been found by M. Labillardiére to be very different;
he has ascertained the tensile strength of fibres of equal sectional
area of silk, New Zealand flax, hemp, and common flax, to be nearly
~ proportional to the numbers 17, 12, 8, and 6, respectively.

~ 16. Tredgold has shown that many solids will Eear an enormous
~ amount of pressure before they yield sufficiently to allow any per-
- manent alteration in their shape. The figures in the following
table represent the weight in ‘pounds required to effect a change
i ﬂie figure of a one-inch cube of the solids submitted to experi-
. ment.

alleable iron . . 17,800Ibs. | Red Fir . . . . 4,290lbs.
ast 1ron « 15;800 ., (051 e e S et B U e
ass . . b-TO0 White Fir . . . 38,630 ,,
. - D00 LWL e S s e (S
& L - L EIEBO 11 EIm = - L - L] 3’24{} (1)
. i i e TIOU0.

-« Frofn a comparison of these tables it will be observed that the
relative powers of resisting compression and extension differ consi-
erably in different substances : thus while the tenacity of iron is
to that of zinc as 5:1, the resistance to compression is nearly as
- 9:1; hence the position of the neutral axis will differ in different
materials, and therefore likewise the sectional form of a beam of
reatest strength in proportion to its weight, a point of great im-
ortance in the arts of construction. This may be further illus-
rated by the preceding apparatus (18), in which the mutual
recession of the particles ¢ may be in any required ratio to the

e -
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MOLECULAR AGGREGATION. 11

)
- merely brought gently into contact with each other, thus showing
} ﬂnt a mutual compression of the substance of the balls has taken
~ place during the impact. Two balls of caoutehouc, which possess

‘ a much greater degree of compressibility, will produce this eflect in
" a more marked degree.
- 19. A bedy is said to be perfectly elastic, when the force with
~ which it tends to recover its original form, or as it is called, the
~ force of restitution, is exactly equal to the compressing force. No
kind of solid matter is perfectly elastic, but many ure elastic in a
fIjjjgl:l degree, the forces of compression and restitution being nearly
equal. Different elastic bodies vary extremely in the extent to
which they will yield without rupture ; thus caoutchouc, and espe-
cially the vulcanized variety, may be stretched to five or six times
its original length, and will afterwards very nearly regain its former
ape, unless the tension has been maintained for some time.
Threads, and thin laminge of glass, and tempered steel springs are
- highly elastic ; unannealed iron, brass, and copper, are also elastic,
. butin aless degree than the former. Fluids, and especially gases,
~ are the only forms of matter that exhibit the property of perfect
_ elasticity : the latter, on account of their physical constitution, will
~ permit their atoms to be very considerably approximated, by the
application of sufficient force; again separating instantaneously,
~ and even with violence, on the removal of pressure: the air-gun,
ar Ifl condensed airfountain are examples of this property in atmo-
spheric air.
. %iﬂ Althongh the scope of an elementary treatise forbids a de-

- tailed diseussion of many important branches of physical research,
he subject of molecular attraction would be incomplete without
some notice of thoseremarkable conditions of polarity in molecular
aggregation, that give rise to the formatioh of crystals. The term
- erystal originally implied {ransparency, but, it its more extended
| Bense, it is apﬁlied toany portion of matter that has spontaneously
 assumed a definite geometrical form, bounded by four or more plane
#urfaces ; four ?]anea being the least number that can enclose a
- Bpace. Crystals that have been formed by the agency of natural
- causes are termed natural crystals, while those that result arti-
il ailiy from fusion, solution, or any kind of chemical action, are
- called artificial crystals, a
~ _ 21. The varieties of crystalline form depend.on the different
- Wirection in which the forces of molecular aggregation act most
- powerfully in different kinds of matter, and n.Eirmun the relative
- Itensity of those forces. Some direct evidence of definite direc-
- bions of greatest molecular attraction may be derived from the fact,
- that many cr{::]ﬂ;ra"wil_f_ yield to any applied force and break or
-~ #plit only in e surfaces having a constant direction; this pro-
. perty is calledcleavage. If a natural crystal of Calcite, commonly
known as feeland spar, or of the lead-ore called Galena, be broken
~ into fragments, the surfaces of each fragment will have the same
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FORMS OF CRYSTALS, 13

third, the Pyramidal system is denoted, of which Calomel, and
Sulphate of Nickel are examples. Crystals of this class frequently
resent the appearance of a square pyramid. When viewed in the

irection of the unequal axis, their outline is symmetrical with
regard to the four sides or corners of a square, but when viewed in
the direction of either of the two equal axes, the outline is symme-
trical only with regard to the opposite sides of a rectangle : this
may be understood by a reference to the figures, in which the un-
equal axes are vertical.

IIL. If the axes are unequal in all three directions, the resulting
formation represents the Prismatic system, of which the Sulphates
of Potash and Zinc, and Rochelle Salt are examples: the latter
salt, however, frequently erystallizes in half prisms, showing one
of the irregnlarities that occasionally occur in the formation of
erystals. The forms belonging to this system frequently present
a symmetrical lozenge-shaped outline, when viewed in the direc-
tion of the axis of the prism which is vertical in the entire crystal,

Fig. 9.

dtochelle Sult,

LV. If two of the axes are at right angles to each other in a
horizontal plaue, and the third inclined, but in a vertical plane,
paasin% through either of the other two, the Oblique system is
exemplified. Proto-sulphate of Iron, Carbonate of Soda, and Tar-
faric Acid, with numerous other natural and artificial crystals
lleh:mg to this system. Crystals of this class can he divided into
o symmetrical halves only by the plane in which the oblique
axis lies : this passes through the edge at which the planes »r and
M meet, and through a diagonal of the plane p.

Fig. 10. Fig. 11,

Froto-sulphate of Iron, Carbonate of Soda,



14 MOLECULAR OR INTERNAL FORCES.

V. If the three axes are equal and equally inclined to each other,

Fig. 12, but not at right angles, the Rhombohedral
' system results. The crystals of this type
usually present a triangular or hexagonal
symmetrical outline, when viewed in the
direction of the axis of the Rhombohedron,
which is usually drawn vertically, as in the
following figure; but it must be observed
that this axis is nof one of the crystallo-
Emphi{: axes. Calcite, and Quartz or Rock
E ‘rystal, as it is commonly termed, are fa-
Cascite, miliar examples of this class.

VI. When none of the foregoing conditions are fulfilled, the

crystal 18 referred to the Anorthic system; which although com-

Fig, 18. ~ prising an almost endless variety of possible
- relations, has very few known representatives
in nature: in which fact we recognise the
universal tendency to symmetrical and har-
monious arrangement, that is met with iu all
the wonderful works of creation.

Sulphate of Copper, and Axinite (Fig. 13),
are good illustrations of this system; the
crystalg belonging to which are characterized

Azinite. by a total want of symmetry.

25. The position of the various planes or faces of which the sur-
face of a crystal is composed, is sometimes determined by their
relation to the faces of a parallelopiped of the simplest form that
exhibits the characteristics of the system to which it belongs.
This is called the Primary form; and the planes by which its
edges and angles are modified are called secondary planes. In the
preceding figures the primary planes are marked by capital letters,
and the secondary by italics. _ ;

iy, 14. 26. The law of symmetry, which prevails
: to a remarkable extent among crystals, re-
quires that all similar edges and angles of the
primary form should be similarly modified:
hence 1n a large number of instances, the sym-
metrical arrangement of the secondary planes
will point out the system to which the crystal
should be referred.

27. In some crystals a deviation from the
law of symmetry 1s observed in the existence
of only half the complete number of planes,
either the alternate or the opposite planes
being omitted, as in Fig. 15: these are called
hemihedral forms. In some of these there is
a correspondence between the unsymmetrical

Left-handed Quarts, form, and other physical characters; as in
some crystals of Quartz in which either the right or the left hand

f
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TWIN ‘CRYSTALS, 15

. planes are omitted, as in the annexed figure. In these an effect is

produced on a ray of light transmitted through a horizontal slice
of the crystal, which will be subsequently explained as right- or
left-handed circular polarisation. (Ch. XXIT,)

In Pyro-electric erystals, or those which exhibit electrical

olarity, when heated, as the Tourmaline, a want of symmetry
Eetween the two extremities of the crystal is usually observed.

28. In many crystalline substances a remarkable, but not un-
symmetrical deviation from the usual form is occasionally observed.
Any crystal may be divided into two equal and similar portions by
a plane passing through its centre, am:ll parallel to any one of its
planes, as in Fig. 16, but the two halves are in a reversed position
as regards each other. Tf, however, the successive deposition of

articles should take place on opposite sides of this median plane
in the same direction, the crystal represented in the second figure
would result, in place of the former; the letters a, b, ¢, &c., show-
ing the relations of the planes in the two figures. Crystals of this
kind are called twin crystals, or macles. They have also been
called Hemitropes, because the same result would be obtained if
an ordinary crystal were cut in half, and one portion turned half
round on the other, as may be easily shown by a model repre-
senting these figures.

Fig. 15.

29. Some substances are capable of erystallizing in two dis-

tinct forms not referable to the same class: thus Calcite, which is

thombohedral, is chemically identical with Arragonite, which is

| prismatic; and Sulphate of Nickel may be either pyramidal (Fig. 9)

' or prismatic at will, accordingly as the crystals are deposited from

an acid or from a neutral solution. Substances possessing this
property are called dimorphous.
¥ some anthors, the position of the faces of a erystal is deter-
mined, without reference to a hypothetical primary form, by the
relative distances from the origin (the point at which all the axes
intersect each other) of the points at wlhi::h the given plane inter-
Bects the axeq: these distances are generally either infinite, in
which case the plane is parallel to an axis, or very simple multiples
or submultiples of the parameters of the crystal.*
* For further information on this subject the reader is referred to the Art,

qnﬁtﬂ]]ﬂﬁrp?hy, in the ** Encyclopmedin Metropolitana,” l.ll1.1'.]. to n reproduc-
tion of Phillips's ¢ Mineralogy,” by the late Mr, IL, J, Brooke and Prof,

W. H. Miller,
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- fluid incapable of moisten-

~ ing it, aspmer-::ury, then a ; g, 17,
depression instead of ele-

z vation will take place on

- either side of the plate.

- If a plate of glass, e, be - » ey

plunged into  mercury, : 3

- €D, this apparent repulsion -

. jﬁlri].l take place; and ap- A

~ pears to be owing less to - . J ;

any peculiar property of

&
1
[

ering to the immersed
- solid, ]:Eld preventing the Fig. 18,
actual contact of the mer- o
~ cury with the glass. : 1%
- 36. These phenomena
- are best witnessed by im-
- mersing glass tubesof small € —ilm= -D
© diameter in water tinted Hape
~with archil or ink; the

Mluid will rapidly rise, at- ' i
taining the greatest eleva-

=
=

§ T b e

- much higher in A than in B, in 5 than in c,

¢ &. This mode of attraction, evidently a Fig. 19,
-__%_u,_’_n ification of the last-described pheno- z_ ¢
‘mena, is termed capillarity from its being '
‘most obvious in tubes of capillary or hair-
like EIDI'EH. 4

 The height attained by fluids in these
i‘j:'-_ 28 18 constant, and increases inversely _._!!!’
a8 the diameters of the tubes; it bears no [N
evident ratio to the density or specific gra- _

ity of the fluid employed in the experiment: for Muschenbrock#
fonnd that, in tubes of equal diameter, fluids rose to the compa-
rative heights shown in the following table :—

i a Name of fluid. Elevation,
i 2 Rl TG acid SRR C e e a0
 § Sulphuric ether, containing aleohol . . 140
11 4 Anhydrous alcohol . . .~ . . . . . 1-80
3 Hydrochloricacid . . . . . . . . 207

ol e S B R R R
B Ullof turpentine ." . . . . . . . 2:58
.4 uakiliadiwifer: U8 SIS B 0L L0
' Solution of ammonia . . . . . . . 860
A, Solution of carbonate of ammonia . . 456
* “ Diss, Physic, Experiment, L, B.,” 1720,
c2

an :
%ﬂuid metal, than to the presence of a minute film of moisture:

#ion in the narrowest or most capi]]é.rg tubes. Thus it will rise

1

i -.e:l'-'.h'- oA

e
o, —







CAPILLARY REPULSION. 21

¥

i, the fluid will fall to a certain point in the finer tube, as to w,
~ and there remain suspended as perfectly as if the whole tube had
~ been of the same diameter as the part 4s. On :
l Taising the tube gradually until the point ar reaches Fif- 2.
- B, the fluid will again sink rapidly until it again
- attains its former elevation, L. En this experiment a
) Jarge quantity of fluid is supported partly by capillary
attraction in the small tube, and partly by the co-
‘hesion of ‘its particles in the large one; and as the
~ elevation at ar is found fo be the same, whether the
Jlower part of the tube be large or small, it follows
that the portion of fluid which, by its gravity, o poses
Jurther elevation at », is a column of which the height
38 that of ar above the surface, and its area the section
- of the tube at . The converse of this will subse-
ently (see Hydrostatics) be found to be true with
2gard to the pressure of a fluid on the base of a vessel contain-
it.
t1s a remarkable fact, that capillary attraction is capable of
opposing the evaporation of fluids under its influence. Fine tubes
of glass, containing as much water as they could under the influ-

. ce of this force retain, have actually been suspended for months

! appreciable portion of their contents. It is, however, questionable

together in the summer’s sun, without lﬂainE by evaporation an
Wwhether this result is not partly due to the extreme minuteness
© of the evaporating surface.

39. By means of capillary attraction, oil is raised in the wicks
of lamps, water in bibulous paper, cotton threads, or any porous

« substance immersed therein; in fact, all phenomena, in which
1 &g insinuate themselves into the pores of solids, are referable to
~ this force. - '

. 40. If, instead of using water in the experiments just detailed,
§ 2 fiuid incapable of moistening the surfaces of the solids immersed
_.ampla:!rye , the converse of the phenomena is observed, repulsion
ing place instead of attraction. Thus tubes, or glass plates
+ Immersed in mercury in their ordinary state, cause a depression
" Instead of elevation ?35); or, if water be used, and the tubes are
greased or rubbed over with resin, or still better, lycopodium, the
* 8ame thing occurs. In tubes thus circumstanced, the depressed
* Bliriace of the fluid always presents a convex, instead of concave

ace. This repulsion at small distances is well observed by
' Tabbing the hand over with lycopodium, and immersing it in
" Water; on withdrawing it, it will be found to be perfectly dry, not
* & drap of water adhering to it. ] :
, The following table shows the intensity of this capillary repul-
#lon observed when glass tubes are immersed in mercury, after
care has been taken boiling the liqguid metal in the tubes to
+expel all air and moisture adhering to their surfaces. The.amount







ENDOSMOSE AND EXOSMOSE. 23

which the balls lie are produced. If they are then placed suf-
ficiently near each other, the repulsion of the opposed surfaces of
e balls exerted on the water at ¢ will Fig. 23, | S0
nder its surface concave, and the '
s, by the lateral pressure of the
ter beyond, will be pushed together,
‘and appear to attract each other. In
the second case, if the ball o be of
¢lean moistened cork and = of wax, the
reverse takes place, the water being
raised by attractive force on all sides
of the first, and repelled by 8. There-
fore, on the balls %eiug laced in con-
tact, they appear torepel each otherin
pnsequence of » attracting the fluid,
which is repelled by E, the latter being ' i
incapable of 'heing moistened by the water. If both bodies are
‘wetted by the fluid in which they float, as two clean cork balls,
F, 6, in water, they will be drawn together by the united effects of
the cohesion of the particles of fluid, and their adhesion to the
§ surfaces of the balls; and when in contact, the fluid will rise higher
§ between the balls, than at any other part of their surfaces. !
43. Closely allied to capillarity are the phenomena of endosmose
- and exosmose, discovered %y Dutrochet. Iif\’lzisaurm'mar- two liquids of
different densities, capable of being mixed with each other, are
separated by a membranous or porous partition, two currents be-
i?"?.' me established, one of a current of fluid proceeding
from within to without (exosmose, e and wouos, Zig.2%
‘impulse), and another in the contrary direction (endos- '
‘mose, evdor and wopos). If a glass tube closed at one
end with a piece of bladder, A, be partly filled with a
solution of sugar, salt, &c., and immersed in a vessel )
Ailled with pure water to the same level, the fluid will
Tapidly rise in the tube B, the water having entered
through the bladder by endosmose, and, adding to the
contents of the tube, cause the fluid to be elevated
much above its former level. If, now, the conditions
be reversed, syrup being placed in ¢, and water in B,
exosmose will occur, by which the tube B will become
nearly emptied. As a general rule, liable, however, to
Beveral exceptions, it appears that fluids of less spe-
Cilic gravity have a tendency to pass through membranes and
porous bodies, to mix with those of greater density (provided they
be miscible), and consequently to dilute them.*
4. These phenomena admit of a very simple explanation,
ided on the capillary attraction or repulsion exerted by the

-E ) |_'

| i i'."rf ouy. Récherch. sur I'Endosmose,” &o., par M. Dutrochet. Paris 1823 ,

F \







—_ _---_-.1:"'.—:. _l-'- e .-'_‘ :IH..-

3

-

N TRANSPIRATION OF GASES, 25
%

iform fluids. Thus, if a glass phial full of air have a piece of thin
‘bladder tied firmly over its mouth, and be then placed in a jar of
«carbonic acid, the latter will permeate the membrane and enter
phial. The contents of the latter are consequently increased,
surface of the bladder becomes convex, and if sufficiently thin
eventually burst. If has been demonstrated by Professor
iGraham, who has most elaborately examined these phenomena,
that gases differ in their tendency to diffuse themselves through
embranes or porous diaphragms. This tendency diminishes with
the increase ofP&'enaity of the gas, being inversely proportional to
the square root of this density. It may be remarked, that the
same law applies to the relative velocity with which different gases
will be discharged from an orifice into a vacuum: this fact seems
%0 corroborate the hypothesis of Dalton, that any one gas acts as a
_..~ wm in relation to another,
- Thus, if the diffusive power of atmospheric air be assumed as
mnity, the comparative diffusiveness of hydrogen, oxygen, and
mitrogen will be as follows :(—

Gas. Density. Diffusive power.
05,307 R Sl S LT o S e TR

Nitrogenn . . 0972 ., . . 1014
Hydrogen . . 0069 e o 31807

Lo
If a long tube be closed with a plug of dry plaster of Paris,
iverfed in a cup of water, and filled with hydrogen gas, it will so
lly permeate the plaster, to diffuse itself in the air, as to pro-
a temporary vacuum in the tube. Water will consequently
in the latter, and attain an elevation of six or seven inches in
I8 many minutes. :
- 47. The following results also have been obtained* with reﬁgﬁ'r]
0 the franspiration of gases through capillary tubes:—1. The
tance of a capillary tube of uniform bore to the passage of any
is directly proportional to the length of the tube. 2. The
city of the passage of equal volumes of air of the same tem-

..
t SRR s TG () e e
|

erature but of different densities, is directly proportional to the
gHensity. 3. That rarefaction by heat has precisely the same effect
8 loss of density by diminished pressure, in diminishing the
elocity of the transpiration of equal volumes of air. And, finally,
transpiration is promoted by density, and equally whether the
sed density is due to compression, to cold, or to the addition
ement in combination, as the velocity of oxygen is increased
| R mbining it with carbon without change of volume, as in
arbonic acid gas,
B 48. The tendency of gases thus to diffuse themselves among
‘ach other, is a property participated in by liquids. This is, how-

* Prof. Graham on the Motion of Gases; * Phil, Trans.” 1849, Part IT,
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FRICTION OF CORDAGE, 20

The value of # having been thus determined, the value of 77+ &
nay be similarly determined by allowing the bodies to remain for
. short time at rest, and then gradually raising the plane, until
+Benotion commences.
8 Friction between cylindrical surfaces is found tofollow the same
aw, but S is said not to exist between cylinders. This, however,
Muas been found not to be the case, if a hollow and a solid cylinder
Mlire very accurately fitted to each other, as is the case in Whit-
yorth's cylindrical gauges.

54. If a cord passing over the surface of a wheel or cylinder
#8s employed to sustain a weight, as in the capstan, or to communi-
ate motion, as in the driving parts of machinery, the amount of
riction depends on the angle of contact between the cord and
urface on which it rests, and is independent of the radius of the
mrface; it is also greater when the cord rests in an angular
proove, than when resting on a curved surface, or on the surface

the cylinder, as may be thus Shown:—Take three cast-iron
7heels, one of two or three inches, A, and another a foot or more
a diameter, B, with similar angular grooves, and a third, ¢, of any

o
:

i
|

“, sonvenient diameter, with a plain rim ; take, also, a piece of hempen
Fig, 29.

word, with two equal weights,
, E, attached to each end of it.
ot the cord be placed in the
Brrooves, A, B, successively, and
5 will be found that in both
ases the same weight, ¥, is
yMeecessary, when attached to
“Wine of the weights, b, to just
‘Mlirag up the other £; but that
smaller weight, ¥, will suffice,
‘the cord be laid on the plain
“Biim, c. When the weights are
“Bveely suspended, it is mani.
=gt that the cord will be in
tontact with the groove through the extent of a semicircle, or 180°.
Bf the cord be now carried from the wheel, B, horizontally over a
illey, ¢, it will be in contact with the wheel through a quadrant,
r 90° only. It will now be found that £ will just move with a
reight, ¥, such that, if p+r=xE in the latter instance, then
+¥=x% would give the value of ¥ in the former. Thus, if in
1e case of the string in contact with a quadrant of the circle, »
nd £ being each 11b., ¥ (including the scale) were also 11b., then
vould k=2; and when the string is in contact with the whole
semicircle, » and E remaining the same, k2 would be 4, and the
& F (including the scale), would be 3lbs.
" equently, in the capstan, the amount of friction depends on
"B he number of coils of the rope; this amount for each successive
"Bl is, in fact, in geometrical progression, and between a wet







GRAVITATION. 31

ATTRACTIONS AT SENSIBLE DISTANCES.
Gravitation,

@ 56. When a heavy substance is permitted to fall from the hand,
Weevery one knows that it rapidly reaches the floor; and does not
Mrise towards the ceiling, nor move laterally towards the walls of
the room. A stone being mere inanimate matter, and consequently
” hsolutely inert, this phenomenon cannot depend upon any innate
tendency to reach the lower part of the room, as one of the essential

iproperties of matter is its utter incapacity to change its position.
M@tConsequently, the simple phenomenon of the falling of any body
ttowards the earth must arise from the exertion of an attractive in-
@Hfluence or force emanating from the latter, and to this the name of
Wl{ Gravitation is applied, in consequence of its causing that effect
Wvwhich we recognise by the term weight: the weight of any sub-
‘Wsstance being merely a measure of the attraction of the earth for

iit. This form of attraction is exerted not only at comparatively
‘Wlssmall, but at all distances, however vast: thus, this force acts as
Weeffectually on the planet Herschel at the distance of 1,800,000,000
‘Wimiles, as on the falling apple, in which Newton is said first to have
irecognised its existence. If a mass of lead be suspended by a
sstring it will, as every one knows, when left free to move, point
itowards the earth; now the

L

isame thing occurs in India, in Fig. 31,
‘B America, and at our antipodes;
'Wia fact proving at once that the 1 A
llead does not obey a natural !

dency to fall; for the plum-

'. 'etﬂ, A, B, point in opposite -
‘directions, as also do ¢, p, ac- :
tcording as they are situated .

at the opposite polesor at east

‘# and west ; all pointing towards

‘B the centre, E, of the earth.
57. Gravitation, in common

with other attractive forces, o

‘ obeys most strictly the general B

law already announced (31),

its intensity being inversely '

as the square of the distance of the gravitating body. Thus

our moon, which is placed at a distance of sixty of the earth’s

semi-diameters from its centre, is attracted according to this

law with a force of 60x60=23600 times less than bodies are on

W the surface of our globe. The force of gravitation must always be

considered as acting from the centre of gravity of any body from

which it emanates. From this circumstance it is theoretically

' impossible for two plumb-lines freely suspended to hang perfectly

[







GRAVITATION, 33

! floating due fo mutual attraction, elevated buildings and mountains
t might be expected to gravitate towards each other, an effect pre-
vented by the superior attraction of the earth which tends to keep
them on their bases, and by the attractions at insensible distances
i which firmly bind their integral portions together. For whenever
g gravitation and cohesive or capillary attraction are opposed, the
" Etl:er within the limits to which they are confined are most ener-
getic, instanced in the ascent of fluids in tubes (36), above their
former level, and in opposition to the gravitative attraction of the
cearth. Still, lateral attraction is exerted, for Dr, Maskelyne, in a
Meset of experiments performed in 1772 near the mountain Shehallian
@iin Scotland, found that a plummet was really drawn from the per-
@i pendicular by the attraction of the mountain to the extent of 54",
i | &‘he same thing took place in the researches of the French astro-
tnomers, whilst engaged in America in determining the measure of
ithe meridian ; numerous sources of fallacy arising from the lateral
Wi gravitation of their instruments towards the surrounding moun-
Itains, opposing themselves to the correctness of their results, The
lateral attraction of Chimborago, the loftiest of the Andes,
although much diminished by the existence of an enormous vol-
\lecanic cavity in its centre, was found by M. Bouguer to deflect a
jplumb-line 7" or 8" from the perpendicular. The mutual attraction
tof bodies free to move is beautifully illustrated in the celebrated
@ Cavendish experiment,* which has lately been repeated by the
tlate Mr. Francis Baily.+ In this noble experiment the attrac-
\ittion of a large mass of lead for a given mass of light matter. was
rrigidly determined, and thus by comparing the attraction of the
1mass of lead for the light body with that of the earth, the mean
\ddensity of the latter was determined to be 56747 times that of
water.
59. The ascent of vapours and balloons into the air, like that of
Wilight bodies, as corks, 1n water, is produced by the attraction of
igravitation. For this attraction being greater in proportion to the
W quantity of matier, the denser bodies, as the atmospheric air or
‘water, are drawn forcibly downwards; and those containing a less
W quantity of matter in a given bulk, as the balloon in the former
icase, and cork or wood in the latter, are forced

_' rise by the denser fluid bodies sinking Fig. 34.
beneath them, 1 ;
- Let the vessel A be filled with water, and a A

solid body, as B, be placed in it; both the fluid
and the body B will be attracted by the earth.
\lf 8 be heavier than an equal bulk of water, it B
will be more attracted by the earth than the
lnid it displaces, and will sink: but if it be
less heavy than an equal bulk of water, the J
flnid will obey the preponderating gravitative
* ““Phil. Trans.” 1798, p. 468.  + *“ Mem. Astronomical Soe,” vol, xiv,
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CHAPTER III.
STATICS, OR THE MECHANICAL RELATIONS OF BODIES AT REST.

B Mechanics, divided into Statics and Dynamies, 63, Equilibrium
- of Statical Pressures, 64. Pressures compared and repre-
sented by Lines and Numbers, 65, 66. Composition and
Hesolution; Resultant of two or more Statical Pressures,
67—71. Resultant of Parallel Pressures, 73, 4. Moment of
a Pressure, 75.  Equilibrium of Moments, 76—78. Theory
of Couples, 79—81. Importance of Statical Problems, 82.
Centre of Gravity of two or more Points; of a Line; of a
Surface, 83—87. Practical Mode of finding the Centre of
Gravity, 88. Centre of Gravity when the Density is not Uni-
form, 90.  Eguilibrium: stable, unstable, and indifferent, 91
—95.  Path of the Centre of Grawvity, 96—99. - Equilibrium
of-Elastic Bodies, 100. Construction of Arches, 101. .‘a?)?ui-
Lbrated Arch, 102—104  Equilibrium of the Awrch in Prac-
- tice, 105, 106.

63. THE science of mechanics treats of the effects of physical
@i force on matter. If a force is counteracted or opposed in such a
#) manner that no motion ensues, the idea of its existence is best
fconveyed by the term pressure. Thus, if a weight be placed on
#!the extended hand, and sustained by it, we are conscious of the
i existence of the force of gravity by the pressure on the hand, and
the muscular effort necessary to counteract that force; or if the
hand be placed between a heavy weight and a table, we then re-
cognise the existence of gravitation Ly the pressure alone: but,
when the hand is passive, the table appears to press against the
under surface of it, just as much as the weight does on the upper
surface ; and if the hand be removed, the downward pressure of
" the weight is sustained by the wpward pressure of the table,
#  We mayhence ?erceive the propriety of dividing mechanies into
wo distinct branches :
@ L Statics, which treats of the relations that must exist between
two or more pressures applied to a point or body, in order that no
motion may ensune ; and

1I. Dynamics, which treats of the relation between forces, whicl,
swhen acting on a point or mass, put it in motion; and of the
mature and direction of the motion produced. .

The former division, Statics, will form the subject of the present
chapter.
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RESULTANT OF PRESSURES APFLIED TO A TIOINT. o

suspended; EG, En, EK, are three wooden rods jointed together at
E, and K ¢ and x 1 are two similar rods jointed to a clamp sliding
on EK, and connected by shiding clamps with 6 and e n. The
rods are all marked in inches measured from the points of connec-
tion. Letus suppose the weights, ¢, , ¥, to be 3, 4, 5 0z. respec-
tively ; then take r @, E 1, any lengths proportional to 3 and 4, as
6 and 8 inches, and make k 1, k ¢ equal to E 6, E 1, respectively ;
then £ ¢ K mis a parallelogram. Now let the sliding piece, k, be
moved up or down until the angle ¢ e 1 coincides with the angle
A E B, which the string assumed when the weights were left free.
It will be found that the diagonal of. the parallelogram £k is in a
vertical position, and that its length is ten inches; it therefore
bears the same numerical ratio to the weight, r, that the sides E @,
E H, do to the weights, ¢, p, respectively. Now the weight ¥ would
evidently be supported by an equal ;

pressure acting vertically upwards Fig. 886,

at the point E, which will be repre-
sented by x, as ¢ and p are by
E ¢ and E 1 respectively. DBut r is
actually sustained by the united
actions of ¢ and » at the point E;
therefore the diagonal Ek repre.
sents in magnitude and direction
the resultant of two pressures,
which are themselves represented in magnitude and direction by

the adjacent sides, £ 6, E u. I, then, it be required to find the re-
sultant of two pressures, A B, A ¢, acting on the point o (Fig. 36).
it may be obtained by completing the parallelogram ¢ s, of which
the diagonal A p will be the resultant.
69. Similarly, if any number of pressures acting on a point be
iven, the resultant may be found
fv a repetition of the same p o-

Flly- 3?!

cess. Thus, let Am, A ¢, A E &e., be
the given pressures, complete the
parallelogram B ¢, and, as before,
the diagonal A p is the resultant
of A Band A ¢: then complete the
parallelogram » E, and A F is the
resultant of A p and A g, that is,
of Am, Ac,and A E, and so on.
From the construction it is clearly immaterial whether A B, A ¢,
A B, &c., are all in the same plane or not.

70. It follows from the preceding proposition that a point will
be kept at rest, if acted on by three pressures, which are represented
in magnitude and direction by the three sides of a triangle taken in
order, i.e. in the same direction, as A ¢, ¢B, B A, in the annexed
diagram (Fig. 38). For if we complete the parallelogram n p, the

-side cpis equal and parallel to B A, and will therefore represent the
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same pressure as BA. DBut ac will counteract the joint effect of ¢B
2 and ¢p, which is represented by
Fig. 88. Rl : e :

- c A (65), it will therefore counter-
act the united effects of cB and
B A, and, if acting with them, will
keep the point of action at rest. If
the sides of a triangle are respec-
tively perpendicular to the direc-
tions of these pressures which keep
a point at rest, they will represent
the pressures in magnitude, for if the three sides of one triangle
are respectively perpendicular to the three sides of another, the
triangles are similar to each other.

71. By an extension of similar reasoning, it may be shown that

a point will be kept at rest by any number of pressures repre-
sented in magnitude and direction by the sides of a polygon, and
1t 18 immaterial whether the sides of the 1‘|n'|j.';_;m| are in the same
. plane or not. The truth of this

Fig, 39, may be thus shown b:r i'.‘).'.[‘n[’l‘i—
ment. On a vertical board draw
any polygon, as A D, of which the
sides are in any assumed nume-
rical proportion, as 3, 6, 8, 10, and
7 inches respectively; imsert a
pin at any point, o, and place a
small ring over it; attach pulleys
to the board, so that lines passing
over them from the point o may
be parallel to the respective sides
of the polygon, and in the same
direction from o, as the sides |
taken in order (indicated by the
arrows), namely, o @ parallel to
AB,0bto BC,0c to cD,0d to
D E, and o ¢to EA. Let as many strings be hooked on to the ring
at o, and weights attuched to them, proportional to the sides to
which they are respectively parallel, as 3, 6, 8, 10, and 7 ounces.
The pin may now be removed from o, and the ring will remain at
rest. Butif either of the weights
be inereased or diminished by a
small weight, as one ounce for
instance, the ring will no longer
maintain the same position, that
18, provided the pulleys move
with sufficient freedom. And
the same must be equally frueif
the points are not allin the same
plane. Let the angle o of the

Fig. 40.
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40 STATICS.

straight, and in a line with the centre of motion ; andlet the ed
be notched at equal distances (of one inch, for example) from the
centre, as indicated by the figures ; also let equal weights (as of one
ounce each) be suspended from the odd divisions 1, s, &e. 1, 7, &ec.
It is clear that each pair of weights 1, T; s, ¥; &c., being equal
and equidistant from the centre, will balance each other, and the
whole will remain in equilibrium. If now the weights suspended
from the points 5 and 7 be both suspended from 6, the middle
point between them, their weights will have the same effect on the
bar as before (73), and the equilibrium will not be disturbed.
Similarly the weights at T and 7 may be Eusivended from = with
the same result, and the pairs of weights 1 and 5, s and ¥, may be
successively collected at the same point, without disturbing the
equilibrinm. We shall now find that we have a weight, 6, acting
at a distance, 2, from the point of support balancing a weight, 2,
acting at a distance, 6; but .
weight 6:6(distanceof weight2) :: weight?2 :2 (distance of weight 6) ;
or, weight 6 x its distance =weight 2 x its distance.

And hence we may infer generally that any two parallel pressures
will balance each other, when they are inversely proportional to
their distances from the point of support.

75. The moment of any pressure is its tendency to move a body
to which it is applied mung any given centre, and is measured by
the product of the pressure, and a perpendicular line drawn from
the centre of motion to the line of direction of the pressure. It
appears, from the preceding proposition, that when two pressures
are in equilibrium, their moments round the centre of motion, or
point of support, are equal ; and they are alsoin opposite directions,
for each of the weights singly would turn the rod in a direction
contrary to the other.

76. And if any number of pressures in the same plane, tending
to produce motion round a
given point, are in equili- |}
brium, then the sum of the
moments which act in one
direction 1s equal to the sum
of those acting in the con-
trary direction, as may be
shown by the following ex-
periment:— A B 18 a circle
of wood turning on a pin
in its centre 0; ¢,, ¢, &c.,
are any points on its sur-
face to which strings are
attached ; these passing over
the pulleys »,, »,, &c., sus-
tain the weights w,, w,,

&c, If the board be allowed
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to find its own position of equilibrium, and perpendiculars o p be
idrawn from the centre o to 319 lines » ¢, or p ¢ produced, as the
sase may be, we shall find that the sum of the products of the
weights and corresponding perpendiculars, o p, which tend to turn
the hoard one way, is equal to the sum of the similar products of
the weights acting the contrary way. In the above figure the
Jirection of the action of the weightsis marked by arrows, and we
Bhould find that

T —

W, X 0D, + Wy X 0Dg=TWg X0 Dy +W, XOD;+ W, X0 Dy,

{t may be remarked that the result would be found more or less
wumerically exact, in proportion to the smallness of the friction of
the apparatus, compared with the weights employed.
& 77. The resultant of any number of parallel pressures is only a
warticular case of the preceding more general proposition, in which
iBlhe directions of the pressures are all parallel : but it will be more
sasy to apply a system of parallel pressures to a rigid body, and to
jind experimentally the position of the resultant. For this pur-
boose, we take a counterpoised rigid rod, which, for convenience,
bnay be divided into inches, and to any of the points of division
apply a series of weights »,, P,, &c., the strings of those which we
mtend to act upwards, passing vertically over pulleys. We shall
ind that there is some point at which a single pressure may be
applied, which will maintain the rod in its horizontal position,
banless the sum of the weights acting upwards should equal the
wom of those acting downwards, in which case the rod will be sus-
sained withont further support. But if these sums of the weights
ire not equal, the resultant will act in the direction of the greater
pum, and the single pressure, to counteract it, must consequently
e in the contrary direction, and it will be equal in amount to the
difference of the above sums of weights, In the example here
Miven, the weights »,, Py,
i s are 8, 3, and 6 ounces
;t'espm:ti\'ely, and are sus-
sended at distances of 1,
P2, and 17 inches from the
sfénd A; and the weights
- T, are 2 and 5 ounces,
s eting upwards, at dis-
dances of 3 and 14 inches
Prom A. We shall find that
. ffhe whole system will be
[ rustainﬂﬂ by a support
bilaced under the division o, distant 8 inches from A, and the dis-
. Pances of op,, or,, &e., \1.:1“ be 7, 5, 4, 6, and 9 inches respectively:
bnd the sum of the positive moments, or those which tend to turn
| Phe system round the point o, the same way as the hands of @

Fig, 44,

T, T mn ML
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asses through 0 also A 0 is twice'o p.  But by similar triangles,

sp=D E, and therefore
0OF+0E=0F+0D+(DE=)DF=20D=0A4;

bance PX0OA=PXOF+PXOE,

bad the moments round o in opposite directions are equal.

'This explains the advantage of employing three pumps, the
Lstons of which are attached to a three-throw crank, in all kinds
|| pumping machinery, in which the crank-axis is driven round by
11 uniform force, becanse the sum of the moments of the acting
fssistances is the same for all positions of the crank.

179. There is a particular case of parallel pressures in which na
ssnltant can be obtained, that is, when the system of pressures
sy be reduced to two equal pressures acting in opposite direc-
wns, but not at the same }‘HriT'lf._. which
ay be thus elucidated :—Lel »,, P, be
Wy two pressures acting at the points
&, p,, in the same direction, and let
X 0, =Py % 0p,; then o is the point
which the resultant must be applied,
ud a pressure », +p, applied at 0 in a
Prrection contrary to ®,, and p, will
goduce equilibrium (77). Since »,.
10, = P,. 0 Py, add to each of these quan-
Biies P, X 0Py,

feen P, XOP, +Py X0 =P X0Py+ Py XO0OP,

(P)+Py) 0P, =Py X Py Pa;

aat is, p, is the point about which the moments of p, +», and p,
2 equal, and at which, consequently, their resultant must be ap-
Bied : also, as the system is in equilibrium, the resultant muet be
yual in magnitude to »,, and must act in a contrary direction to
that is, in the direction of r, +7,. We may, therefore, remark,
at if two unequal parallel pressures act at any two points in op-
ssite directions, their resultant is a pressure equal to their differ-
ice, acting not at any point between the given points, but at
me point of the line joining them, produced Fia 47

ithe direction of the greater pressure. Dut et
1en p, is diminished in value, », +», and r,
igome more nearly equal to each other, and at
g same time the point P, becomes more re-
ote, because the product r X 0p remains
nstantly equal to the same quantity », x op,,
' when r, becomes indefinitely small, and o p,
lefinitely large, the pressures at o and p, ap-
nach equality. We may hence conclude that
0 e 11:5.1 parallel pressures acting in opposite
rections at any two points have no resultant,

Fig. 46.
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1 every part, we have only to join loosely t:lng:rtlmt‘ an equal
sumber of rods of uniform weight and proportional length, and
Laspend thuir‘ two free ends Fig. 50.
$om two points at a pro-
ortional distance in the
ame lLorizontal line, when
#: will be found that the
#urm which by their own
reight they will spontane-
Basly assume, called the
$unicular polyzon, is, when
piverted, the strongest form in which the beams can be placed in
it i'di![‘ to 511}!1]Ul't a ‘ﬂ.'t:ight uni[]'n'ml}' distributed over t]‘lEI'll.
gan, the form of the graceful catenary curve, that which, as its
ame implies, a chain assumes
vhen freely suspended from two
oints, 18 an important problem,
) being the basis of the con-
ruction of suspension bridges ;
tat for the full investigation of
uis subject our readers must be
v ferred to the standard treatises

i mechanies,

Fig. 51,

CENTRE OF GRAVITY,

8 83. The centre of gravity of any body, or mass of matter, is that
vint about which the body will be balanced in all positions, This
vt evidently coincides with the centre of parallel pressures
7), every particle of the body being considered as a point sepa-
ttely acted on by gravity. And as this is the point of applica-
bn of the resultant, that is, of a single pressure having the same
vectas the individual pressures conjointly, it follows that the
gight of the body would in all cases have precigely the same
atical effect, if it were all collected or concentrated at the centre
I ETavity,
84 To find the centre of gra- Fin, 52.
‘Wty of any body, let it be con-
lered as a system or assemblage
material points, and of these take
BRIy tWo, P, v, ; also take any point
{lraw‘r}[p! horizontal, and there-
I8 at right angles to the verticals
orough p, and »p,; let &, be the
snire of gravity of », and r,, and
r # & vertical through G,,
f

L1}
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ie the parallelogram, A ¢ (Fig. 53), and bisect the sidesin the points
BF 1, %, and join Em, FE, then 6 will be the centre of gravity of
§: parallelogram. For the parallelogram may be divided into
rrow portions by lines, b ¢, b, ¢,, parallel to one of its sides, B ¢;
:h of these narrow portions may be considered as rods, of each
piwhich the middle point will be the centre of gravity. DBut the
iddle points of all the rods are in the line ¥ x, and therefore the
hatre of gravity of the whole must be in that line; and for similar
jssons the centre of gravity must be
ithe line EH, and therefore at the
biut 6, the intersection of Ex and

Fig. 54.

For similar reasons, if in the triangle
bi C, the sides A ¢, ¢ B, be bisected in
iE, and lines drawn from A and B to
bund b, then g, the intersection of A E
il B D, will be the centre of gravity of
b : triangle.
B37. In any other figure bounded by right lines, the centre of
piyity may be found by dividing it into triangles, and finding the
jatre of gravity of each. Thus, let ABcp & be the figure in
pastion, divide if into the triangles A b ¢,
i D, and A » E, find the centre of gravity
peach in the manner already described
8i). Leta, b, ¢, be these centres. Then
bt a b, and divide this line at d, in such
puanner that the part db will bear the
he ratio to ad, as the triangle A nc
s to the triangle Apc. The point d
i1 thus be the centre of gravity of the
fire ABcD. In like manner connect
' ¢ by the line ced and divide this at
nsuch a manner that ¢ e will bear the
fie proportion to ed as the sum of the triangles ArpcandA¢D
o8 to the triangle A p g, then e will bv. the centre of gravity of
whole figure.
in a circle the centre of gravity is in its ceometric centre; and
an oval, at that point where its transverse and longitudinal
meters intersect. :
@98 If a body be freely suspended by any point, it will remain
‘@rest when a perpendicular line let fall from that point passes
ough its centre of gravity, because the upward pressure which
@ports the body must be in the same vertical line as the
bultant of its aggregute gravity. This law affords a ready mode
eterinining the centre of gravity of any body by experiment.
e let acnp (Fig. 56) be an irregular-shaped body, as a board,
ely suspended at A, a plumb-line, a B E, hanging on the same
(goport. The attraction of the earth will cause the line 4 B to hang

Fig. b5.
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act on s in the direction s T, causing it to assume the lowest point,
the point s will obey this attraction, and the circular fizure » will
roll up the inclined plane; remaining
at rest when a line let fall from the
centre of gravity s passes through the
point supported by the plane.

91. A body resting on its base can-
not remain in a state of permanent equili-
wrium, unless a perpendicular line, pass-
ing through the centre of gravity, falls
within the base. Thus in the figure
A B, E represents the centre of gravity,
and a line falling from that point passes
through the base, which is supported by
the table; the figure therefore stands
safely. But place on its summit
nother piece, ¢ b, the centre of gravity will be raised to @, and as
+ perpendicular line drawn from that point falls beyond the sup-
rorted base, the body necessarily falls. And the same effect will
1e produced, if a portion of the material, as F, be removed near the
»ase. Hence the danger of loading waggons too high, and of
suilding walls, if necessarily "inelined, too lofty ; the leaning
nowers of Pisa and Bologna, may, accident apart, stand for ever,
.8 long as perpendicular lines drawn from their centres of gravity

Il within the bases of the buildings. This is indeed the case
7ith both these remarkable structures, for the tower of Pisa is
315 feet high, and has an inclination of 124 feet from the per-
endicular, and that of Bologna, with an elevation of 134 feet, has an
nelination of but 9-2 feet.

92. A body, not acted upon by any external forces except

ravitation, will be in a state of equilibriuni when its centre of
ravity is supported. But the equilibrium may be of either of
hree different kinds, viz., stable, unstable, or indifferent. A body
3 sald to be in a state of stable equilibrium, whenever its centre of
ravity occupies a lower position than it would do if the body
veére moved a little in eitﬁer direction ; for as the total weight
vould act in the same manner if collected at its centre of gravity,
hat point would tend to descend if the body were moved, that is,
0 return to its former position. And the amount of this tendency
0 return, or the stability of the body, is measured by the amount
Fascent of the centre of gravity corresponding to a given move-
nent of the body,
Let A B (Fig. 60) be the base on which the receding figure rests,
wnd 6its centre of gravity ; then if the body be tilted over towards
- Or B, the centre of gravity will describe the circular arcs @ c op
* D, of which ¢ is the lowest point. Take the angle ¢ 4 c=a B D,
hrough @ draw the vertical line o &, and draw ¢ & and b ® hori-
ontal, then ¢ &, ¢ r, will represent the relative elevations of the
E
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legravity, is suspended from o, and capable of moving round that
i point, the path of @ will be a circle of which o is the centre :
it there will be a position of stable equilibrium at @, the lowest point
sof the circle, and one of unstable equilibrium at ¢, the highest
|point.

97. This point may thus be further illustrated :—Take an oval
bboard, thick enough to stand edgewise, with a hole in the centre

llarge enough to admit a pencil, and let this be rolled along a
Wsstraight edge, A B, resting on a sheet of paper; a perncil passing
tthrough the hole will trace Lp T :
ithe curve, ¢ b, the path of £ 02,
: iithe centre t]flﬂ_'!‘ﬂi'if_‘-'. When
ithe greater axis is horizon-
utal, as at ®, the centre of
geravity will  occupy the
flowest point of the curve,
iand the equilibrium is stable ;
pwhen the same axis is verti-
wal, as at F, the centre of
Bezravity is highest, and the
wquilibrium is unstable,

98. Stable equilibrium in one direction may, unde
Wilitions, coexist with unstable equili- el
wrium in another. For example, in Fig. 63.
ithe preceding figure, there are points
of inflexion between the highest and
towest points of the curve, ¢ », or
Buoints atwhich the curve changes from
beonvexity to concavity, or vice versd ;
Weet o be a point at which the oval rests
n A B, when its centre is at a point
if inflection, and draw a line throngh
Wihe centre and the point ¢, If now
B . be raised above B until the line
Whrough ¢ is vertical, the oval will
bhen be supported in this position.
| In this case the path of the centre of gravity is horizontal just
it the point of equilibrium, A ; it ascends towards ¢, and the equi-

brium is therefore stable in L2k
nat direction, but is unstable SR
owards », in which direction
iie path descends.

Again, if we place the oval
Woard on a small horizontal
Pylinder, A B, with its greater
kxis parallel to the axis of the
ylinder, the equilibrium will be
able towards A or B, but un-

E 2

r certain con-
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bi@ perpendicular to ¢ p; then the
aressure A E is equivalent to A p and
I*E, and BE to Be and o E, of
¥vhich A ¥ and B @ will support each
vther, and the voussoirs v,, v,, being
Burged 1n opposite directions by the
boressures F E, 6 E, will slide over
@sach other, which is contrary to the
Ruupposition, therefore A B must be
werpendicular to ¢ b.
B 103. Let v, v,, &c., Fig. 66, be the
proussoirs of the semiarch A B ¢ b, and p, q,, &e. the joints. Draw
B x vertical and x ¥ horizontal, and o 1,, &c. parallel to », @,, &c.
i'hen for any voussoir as v, the corresponding triangle 7, o 1, has
its sides perpendicular respectively to the directions of the three
aressures that keep the voussoir at rest, for the pressures at the joint
grre perpendicular to o T, 01, and the weight acts vertically, that
ks, perpendicularly to 7, 1, therefore o 1,, 0 1,, and T, T, represent
feespectively the pressures on the joints ®, Q,, P, @, and the weight
it v, (70). _
| And as precisely the same Fig. 66.
keasoning will apply to the suc- '
eessive triangles T,0m, &c.,
Bthe pressures at the joints will
e represented by the lines o1,
gece., to which the joints are
Beespectively parallel, and the
fF reights of the voussoirs v,, v,,
o, by x7, 7,1, &c. But
Bthe lines x 7, x 1,, &c., are the
eangents of the angles xom,,
10 T,, &c., 0 x being the radius;
ieNce X T,, T, T, &c., are the
Wifferences of the tangents of these angles, that is, the weights
Bt the voussoirs are as the differences of the Fim 07
angents of the angles which their respective
boints make with the vertical.
104. If the depth of the voussoirs be small
and uniform, and the joints perpendicular to
W he curve, the curve of the equilibrated arch
iwill be a catenary. Let A d be the curve
\D, inverted with reference to a horizontal
ine, and let r q,, P, @, be two of the joints;
traw the vertical lines pp, ¥ 9. 1f A d be the
:atenary curve (82), it is m’itf{:ul that any por-
10n, p p', which may be supposed to. have be-
oIme ri_r_{'ul, after having assumed its Ijr]HitiE]Tl of
‘quilibrium, is supported by its own weight and
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by two tensions in the direction of the ::urvgﬁt.th& lmints P
but the portion ¢ ¥’ of the arch is kept in e_qulhbnun_z I.v_y its weight
and two pressures perpendicular to the Joints, that is, in the direc-
tion of the curve: the form of the arch, being determined by the
same conditions, must therefore agree with the catenary curve.

The funicular polygon (82) is a case of equilibrium inverted,
precisely similar to the preceding. . T '

105. Equilibrium of A rches _-i-'.ri,_pmct_we.—‘ﬂre have hitherto
considered the condition of equilibrium of an arch, supposing the
surfaces of the voussoirs to offer no
resistance to sliding. But the sur-
faces of building materials offer a
considerable resistance to sliding,
and it is therefore necessary to con-
sider the practical conditions of
equilibrium. For this purpose it is
desirable to take the simplest form
of structure that can exhibit the
various properties of an arch, viz,,
one consisting of four voussoirs,
which, for the convenience of expe-
riment, may be portions of a rectan-
gular beam of wood.

Let 8 p 8, Fig. 68, Le the arch, the voussoirs of which rest on
the abutments at A B, A’ 8/, and against each other at the oblique
planes r @, ' ¢/, and the vertical plane Ep. Let us first suppose
the beams to be without weight, and the joints without frietion, in
order to determine the conditions of equilibrium when the arch is
acted on by weights at the erown e, and the haunches q,q. Draw
ox v as in Fig. 66, then the weights at  and ¢ must be as x T to
Ty (103). Let us now suppose the weight at the crown to be in-
creased, and let the weights at Eand @ be asx U to UY; join 0o U
and draw re perpendicular to o u, then as the pressure of the
weight at £ was previously perpendicular to o, so now it must be
perpendicular to 0 v, or in the direction pE. In this case the
equilibrium will be'destroyed, and the voussoirs @D, » Q' will slide
inwards at the joints g, »' ¢, as in Fig. 69. Andthe same thing

Fia. 69. Fig. 70,

Fig. A3,

will happen with friction, if the angle o » & be less than the limiting
angle of resistance (53) for the given materials.




THE ARCH IN PRACTICE. hh

It 1s also requisite that the line £ P should not fall beyond the
hactual surface of either of the joints, for if so, the voussoir b @ will
biurn round the outer angle at E or the inner at », as in Fig. 70.

| In like manner, let the weight be increased at the haunches, and
wlet the weight at E be to that at g as xv: v y; join 0 v and draw
49 b perpendicular to o v. We shall now find that the haunches will

Fig, 71,

bilide inwards as in Fig. 71, unless the angle p Q E is less than the
limiting angle of resistance.

It is also necessary that the line @ p should not fall beyond the
surface of either of the joints; for if it do so, then the voussoir will
teurn round the point p or @, or both, as in Fig. 72.

106. By an extension of precisely similar reasoning, the same
porinciples may be applied to Fia. T
tthe several parts of an arch s

I ch,
s actually constructed. If
wve suppose the arch to be
in equilibrium, the line of
poressure will be a polygon
Woassing through the centres
bf gravity of the voussoirs,
s represented in Fig. 73 by
s dotted line,
B Ifaweight be now added
it the crown E, the line of
oressure ascends towards g, and descends towards p at the haunches ;
or if we add weights at the haunches, the line of pressure ascends
owards q, and descends towards », as shown in the figure; in
ieither of these cases the arch breaks, as in the preceding figures,
whenever the line of pressure falls beyond the surface of the joints.
ILf the line of pressure does not pass beyond either the extrados or
vhe intrados, it may pass very near either of these boundaries of the
irch, as in the figure : thus by overloading the crown there is a
endency to crush the material in the inside under the haunches,
pand by overloading the haunches, there is a tendency to crush the
teystone in the inside at the crown.

From what has preceded, we may gather that the two conditions
:gsential to the stability of an arch are :—

o
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THE LEVER, 29

11109. The points p and w
be not necessarily on oppo-
Bee sides of ¥ : the only ne-
sssary condition is that p
'd w must tend to turn the
wer round F in contrary di-
kctions, consequently if they
it both on the same side of
one of them, as p, must act
sward by passing the string over a pulley, as in Fig. 75.
1110. We have hitherto considered only the cases in which the
vwer and weight act ‘plerpl:ndi::u- Fig. 76.
tily on the armsof a straight lever;
k> may now proceed to the general
lsse, in which they act in any di-
setion on the arms of any lever,
e only necessary condition is, that
j '.E.'-'il' moments 1'].1)01]‘: F must h[‘,
yual, (75) and act in opposite direc-
Bons. That is,if » and w act in
By direction pp, ww, on the arms
v, ¥ w, of any lever, and rp/, o/, be drawn perpendicular to
bo, w w, (either being produced if necessary,) the lever will be
jpt at rest when PXFP =W XFW.

Bi111. An experimental proof of this may be readily obtained as
8 lows :—A F B is a bent lever, moving on a pin at F; it consists
two straight arms, inclined to each :
aer at any angle, and perforated with 27 17
bles at equal distances of one inch
om the centre and from each other,
- the attachment of strings. A
punterpoise ¢ is added, in order that
ve cenfre of gravity of the lever may
® : made to coincide with ¥, in which
wse it will remain at rest in any posi-
m. With the centre r, and with any
Sunvenient radii, as 3 and 5 inches, de-
@ nbe two circles on .the board, in
hich the pin at r is inserted.
Attach two weights p, w, by strings to any points of the arms,
i pyw ; and attachto the board two pulleys p, E, in such positions
biat the lines o p, Ew, (produced if IIEEEEHE.T}',% may touch the
reles in the points p/, w/, respectively ; then if the weights be in
1e ratio of 5: 3, as 10 and 6 ounces, and the larger be attached
i the string touching the smaller circle, and vice versd, the lever
ill remain at rest when left to the action of the weights, or, 1f
sturbed from that position, will return to it more or less exactly,




60 MECHANICAL POWERS, OR SIMPLE MACHINES,

according to the amount of friction at the points b, , r. In this case
we have P (10) x Fp' (8)=30=w (6) x P w'(5).
In the experimental determination of the equilibrium of moments
(?E? a careful measurement of theradial distances is necessary,
If, however, it be desired to obtain integer results, this may be
effected as above, by describing coneentric circles on the board, the
radii of which are multiples of*one inch, and attaching the several
strings, so as to touch these circles respectively, and selecting
suitable weights, as in Fig. 44.

112. One of the most familiar practical applications of the lever §
18 the common balance, or beam and scales. In its commonest
form this instrument consists of a flattened bar of iron or other
hard metal, tapering a little toward both ends, resting on its sup-
port by an obtuse knife-edge in the centre, and having an eye at
each end to which the scale is attached by means of a hook, In
all beams of better construction, each scale is suspended from a
knife-edge that passes through a box at each end of the beam. The
centre of gravity of the beam is usually placed considerably below
the point of suspension,in order to give due stability (92) to the
balance ; but the points of support of the scales when in the same
horizontal plane, are a little above the point of support of the
centre of the beam, that it may acquire suficient sensibility, by the
diminution of its stability, when loaded.

113. The most perfectly constructed balances are those which

Fig. 78,

are used in chemical investigations, for determining atomic weights
or equivalents, and specific gravities; or in assaying, that is, de-
termining the amount of impurity in the precious metals; these
are called chemical, or assay balances. The annexed diagram




WEIGHING WITH FALSE BALANCES, 61

ig. 78) represents one of the best description of these, constructed
¢t Mr. Uerging. The beam, 4, is an acute pierced rhomb, combining
rhtness with stiffness. This is furnished with a fine knife-edge
. the centre, which rests on an agate plane cemented to the top
| the pillar, B, and two knife-edges attached to its extremities, on
thich the agate planes, cemented to the suspension of the scales,
st. When not in use, the agate planes of the scales are first lifted
F their knife-edges by a rising support ¢, by the further action of
bhich, the beam itself is raised oft its bearing. This support is
sd by an eccentric at 8, moved by the button, . The scale-
uns, when out of gear, are kept steady by a movable Euﬂpnrt be-
sath them. By means of a sliding lifting-piece, ¥, which passes
at through the side of the glazed case, ¢ u, a small weight fj
wire may be deposited on the upper edge of the beam, which is
vaduated ; this is very convenient in delicate adjustments, since
11 grain, shifted along the beam 01 of its semi-length from the
untre, would be equivalent to 0°01 gr. placed in the scale-pan; and
naller parts in proportion. The whole rests on three adjusting
rews; twoonly of which, &, 1, are seen in the drawing. The indi-
ation of horizontal pesition of the beam 1s given by a long slender
dex, 1, attached to the beam, beneath the point of which a scale of
sgrees is placed. In the adjustment of a balance of this deserip-
bon, it is necessary that the knife-edges attached to the beam
would be parallel, and in the same plane, and that the terminal
1 e-edﬁz]s should be equidistant from that at ihe centre of the
S e centre of gravity of the beam is adjusted to about 0°01
ch below the knife-edge, which causes the beam to oscillate in
sout 40°. The drawing represents a 12-inch beam, designed to
ssar 1000 grains in eacﬁ scale, and to indicate 0°001 grain.
114, As a smaller weight may be made to counterbalance a
weater, by lengthening one of the arms of the lever when arranged
5 a balance, the dishonest vendor is thus frequently tempted to
nieat the unsuspicious buyer. This is readily gete-::tﬂd, by weigh-
1g the substance to be purchased first in one scale-pan and then
1 the other; if the balance be correct, it will weigh the same in
both, but if incorrect, its apparent weight will be different in each
cale pan. To determine the true weight of a substance with such
balance, weigh it first in one scale-pan, then in the other; multiply
nese two weights together, and take the square root of the product.
s if a substance weighed 253 pounds in one scale and 251 in the

? y o/ 261 % 2563 =nearly 252 pounds, the true weight.
This may be readily proved algebraically. Let a, b, be the un-
. arms of the balance, A, B, the weights which, appended to
hese arms respectively, balance x, the true weight; then (108)

i T MH R '
dso gz DBl oy

herefore e T S bor
ice 2?=AxB, and x=,/A X B.
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PRINCIPLE OF VIRTUAL VELOCITIES., 65

Shund forceps, Fig. 84, afford examples of the Fig. 85,
Plbiree forms of lever; the letters p, ¥, ®, re-

pectively point out the position of the power,
ialerum, and resistance.

A good practical illustration of the bent
ever 18 met with in the truck by which sacks
£ corn, or coal, or other heavy goods, are
emoved from one part of a wharf or ware-
souse to another, Fig. 85. In this machine
ae axis of the wheels, ¥, is the fulcrum,
igainst which the foot is placed while the
reight at R is raised off the ground by the
an ap%ﬁed at p. ’
123, The compound lever is a system in which two or more

F

tvers are made to act on each other; by which means a vast in-
‘ease uf;gcr)ewar is gained. The system represented in Fig. 86 con-
3t e levers, A B, BC, €D, of which the arms are respec-

Fig. 86.

vely 6and 1, 4 and 1, 5 and 1 ; and they are so placed that the
rort arm of A B acts on the long arm of ® ¢, and the short arm of
e latter on the long arm of ¢ p. Thus a pressure 1 at 4 will
sstain 6 at B; and as1 at B will balance 4 at ¢, 6 at B will balance
x4 or 24 at ¢: consequently, 1 at A will balance 24 at 0. Simi-
rly, 1 at A will sustain 5x 24 or 120 at p - thus, for instance, 1
ince troy suspended at A will sustain 10 pounds suspended at .
ad we ncreased the power of the lever simply by the addition of
tese quantities to the length of the arm, we should have gained
i1y a power of 6+4+45=15to 1. The short arms of the levers
‘e here made heavy, that each ma separately balance itself on
*e pin which forms the fulerum, ff @y, 05 @y, b,; &c., be the
ag and short arms of any system similar to the sjmva, in which
acts on ay, b, on ay, and so on, we shall have equilibrinm when

| PiW:iiayxayx &e. : b xb,x &e.

1124, Principle of Virtual Velocities —There are two other modi-
Fations of the lever which it is desirable to notice on account of
el ]iortant practical applications ; but the action of these eannot
' readily rendered intelligible without the application of a ver
portant mechanical principle, that of ﬁrtuulz velocities, Whiﬂﬁ
1y be here explained, although a rigid general demonstration is

F

T - — 8.2,
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8 In this case the ratio of the virtual velocities is constant,
#hether the space described by the lever be great or small; but
$0 many instances, the ratio of the spaces successively described
; g' p and r 1s not constant. The ratio of the virtual velocities is
en represented by the ratio of very small corresponding spaces,
er more strictly speaking, of indefinitely small spaces; in other
‘ords, the ratio of the virtual velocities is the limiting ratio of the
orresponding spaces described.

We will now proceed to the explanation of the two examples
frroposed.
§ 126, Roberval's Balance—Two levers, A B, ¢p, are attached
@lit their middle points, EF, by Fig. 88,

§iins on which they turn, toa ver- o
kool Th . H
Rical support, E ¥, @ arms, A E,

W88, cF, FD, are all equal, and [ 2

swo vertical supports at the points |
‘W, ¢, B, D, so that the distances, ' L
i c, EF, BD, may be allequal. The L =
apports Ac, BD, are surmounted ]
y horizontal tables, ¢, u, on which — ~|—
e weights are placed. Join E F, =
iD, DB, BE, then EFDB is a '
gaarallelogram, and will continue to be the same, in whatever
Rosition the levers, A B, o, may be placed; consequently ac,
Wi o, will in all positions remain parallel to E ¥, that is, will be
B ways vertical ; and therefore the tables @, n, will move parallel
) themselves, and all Tﬂiﬂta of their surfaces will move through
#1jual spaces, which will likewise be equal to those passed through
Wy A and B. If, therefore, weights are placed anywhere on the
sbles @ 1, their virtual velocities will be equal to those of the
#oints A, B, that is, they will be subject to the conditions of equi-
gbrium of the ordinary balance; but with this exception, that,
#hilike the arms of a common balance, it is immaterial on what
fuurts of the table the weights are placed.
127. The weighing machine is constructed on this principle :
then heavy goods are
$iquired to be weighed, Fig. 89.
) in the weighing ma-
Buines at toll-gates and
pilway stations, the
§'ms, AE, E B, are very
geqijal, and the effect
the counterpoise is
®8 rther increased by its
#eing attached to the
mger arm of a lever, K,
yin Fig. 89,

E
heir extremities are jointed to Ak : —n
r

.. .

Y

e T i Ty,
3 g i fm.
i maa o e

L e
L SETE g

PR S L
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198. The Genou.—This term has been applied to a combination =

of levers by which a pressure is effected on ]E‘recisw_ﬂy the same
principle as that on which the weight of the body is raised into
the erect position by straightening

Fig. 90. the knees. Machines are thug "

constructed in which a large
¥ amount of pressure is required to

be exercised through a small space, -

el

G
A= e D such as copying and printing 8
T \ resses, and the hke. Let Ascn
[ | \ T Bu the frame of a press, & the centre
-' ) of the rising piece, and FG H &
' l E// bent lever turning on G, the middle
1 i }Jnint of AD, and jointed at 1 to &
= = ink, which is also jointed to the

rising piece at E ; the pressure 18 ob-
tained by straightening the knee, u, on depressing the handle, r.
Let ¥, GH,E. . . . F,amHE, be four positions of the knee
and handle, such that the angle ¥, @¥,=FsG ¥, and conses
quently ¥, G u,=w,6n,. Join F, Fy, Fy ¥,, E; By, and B E,; then
when the angle r,a F, is very small, ¥, ¥,, E, E,, and Fy F,, Eq By
will represent the corresponding virtual velocities of the ‘points
pand 8. But while ¥, F,=F, F,, E; E,, and ¥, E, are manifestly

very unequal; let » be the constant pressure on the handle at #3

and m, ®/, the corresponding

Iig. 91,

and E, B, respectively, then
(124) RX Ky Eg= P X F| F,
=P XFg F,

=R'X Ey E,;

or R: R ::EgE, | E; By
consequently, as Ey E, becomes:
exceedingly small, compared
with &, B, when the knee, H
approaches very nearly to the

r' becomes exceedingly grea
relatively to »: but it musé
be remembered, that this grea

only a very small Space, and

considerable mechanical advantage is gained. The machine con=

sists of a cylinder, A, termed the axle, turning on a centre, and

pressures exerted between E;Egs

straight position, the pressures

pressure is exerted through”

therefore in practice, the presss
requires careful adjustment, i
order to develop its full powerss
129. The wheel and axle is a modification of the lever, in which ™






















THE INCLINED PLANE. .15

arpendicular to Ac. Then the pres- Fig. 108.
ire D P may be resolved into two
137), D A in the direction of the plane,
wd A p perpendicular to if, of which
P can Enve no effect in moving the
wint p along the plane, and if D P
ppresents the whole pressure P, A D
'ql represent the effective part of i,
rhich therefore : 7:: AD : D P, and con-

AD

=P X ,=P. cos a.

iimilarly the vertical pressure DR may be resolved into » & and
iR, of which ERr acting perpendicularly to the plane has no
andency to move D along its surface. Therefore the effective
wartof R :R® : D E : D R, and consequently

DE DR, ks L] -
=RX - =RX 5o by sim. triangles, =x. sin 3;

st D being at rest, the pressures in opposite directions must be
yjual, therefore P. cOS a=R. 8in .

28 p actsparallel to the plane, we have simply P==. sin 3;
P : R : : height of plane : its length,
e acts horizontally, a=p, and then

P.cos B=R.sin B, or p=Rr. tan 8;
r P : R:: height of plane : its base.

139. The conditions of equilibrium on the inclined plane may be
asily shown experimentally. Two boards A B, B ¢, are hinged to-
ather at B; one of them, B ¢,
- placed horizontally, and has
| graduated arm, o E, attached
v it, to which A B may be
lamped by a screw. The
idge A B 18 divided into inches,
s3 well as a narrow slip of
rood or metal, A F, attached at
by a pin on which it can
nove freely; this slip hanging
Rertically by its own gravity, shows the height of the plane when
.18 raised. A weight r is placed on a very light carriage, con-
isting of a thin plate of wood with four small light wheels, and is
ustained by another weight ¢ attached to a string, which passes
ver a pulley at A, and is fastened to the carriage. When the
l7eights are as the numbers of inches in A B and A », they will be
$ 1 equilibrium, but if the plane is raised or lowered a little from

§ his position, the equilibrium will be destroyed, and r will ascend

r
|
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LENGTH OF TEETH, 99

- Addendum, or depth
to pitch line, de=+% pitch, .
Workin df}}:th, df=4% ", \______/
~ Whole depth, dg=+% ,,
- Thickness of tooth,ab=4
- Breadth of space, be= |
* It here aﬁpeam that a back-lash of
! wrth pitch is allowed to prevent the —

teeth from locking, and ;th pitch -4~
18 allowed in depth to prevent the
| teeth from butting, or striking the
! bottoms of the spaces: these pro-
| portions, however, differ slightly in different localities.
- 192. The necessary le:Jgﬁ.\ of the teeth of wheels will depend on
! the conditions of the contact that takes .
place between them. Let A, B, be the Fig. 138,
centres of the driver and follower, T the B
point of contact of their pitch circles, |
and d the point at which the tooth of |
the driver is just quitting contact. Join
Ad, cutting the pitch circle in £, and
Join Bd, dr, then, as contact is ceas-
ing at d, rd must be perpendicular to
dB. The arc Tf is called the arc of
receding action. If the diagram were
reversed, and the wheel B were su
E:Sf];l to be the driver, then =f wauﬂ

e arc of approaching action.

A

» LetaT=R, B1=r, fd=E, and T8 p=6. We have
Add=A1*t+rdP-24a1x71d cos ATd;
substituting the values of these quantities, and reducing, we obtain

R+E 2Rr+1% | :
— e T 3 (sin g}ﬂ} 4
by expanding this in series, and neglecting the higher powers of 6,
: . E_2rr+13
e obtain - ot N,

Kand n being the number of tecth in A and s respectively, and o,
_2xr_2wr
G AN AL

H 2

pitch, we have c

e L e s
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three different ratios of the two arcs of action, namely, when the
‘arc of approaching action is equal to, or two-thirds nearly, or one-
half that of receding action.
\ Ezample.—In clock-work the wheels always drive the pinions,
and the ratio of their numbers varies from 8t0 10, From the last
column of this table it appears that 15, the ratio of the addenda
in Mr. Reid’s rule, is scarcely enough to give an equal action be.
fore and after the line of centres, and that it would be better to
take a ratio of 3, which would give the simpler rule

U N+3

eS|

This rule gives an addendum of about  pitch to the driver, and
g to the follower, and may safely be adopted when the wheels
drive ; llomt when the pinion drives, it appears that it will be safe
i_"'.'_.lflu NG

FORMS OF THE TEETH, 101

E=H_+E§ or still bettar,2=m.
% n+1'5, u n+2

194, The forms of teeth determined by the preceding articles
are those most commonly employed in practice ; but they are sub-
to this inconvenience, namely, that any given wheel will work
tly only with that for whicﬁ it was designed, since the form
e teeth of each depends on the radius of the pitch circle of the
; and in the manufacture of cast-iron wheels, now mostly
oyed in heavy machinery, this would be a serious inconve-
;88 it renders a multiplicity of patterns necessary for wheels
of the same size and pitch. In order to obviate this, when.
a series of wheels are required to work with each other indis.
nately, it is found desirable to employ the radius of the least
L of the series, as the diameter of the common generating
for all the curves of the teeth, consequently (180) the faces
e teeth will be epicycloids,
the flanks hypocycloids, and Fig. 139,
one wheel will work cor-
with any other of this series,
. Involute teeth (183) differ
the epicycloidal teeth al-
deseri eg in having the
working surface n? the
both face and flank, formed
A confinuous curve; the side
inepicycloidal tooth being
up ot two different curves
at the pitch circle. Fig. 139
nts a portion of a pair
heels with involute teeth, in
A, B, are the centres of the
ﬁ ¢1m1e§ in contact at T; AD,
'BE, the radii of the bases of the
nyolutes, and p & their common
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THE ENDLESS SCREW, 103

| f%mh other with the required velocity-ratio. The forms of the teeth
of these may be determined by describing the requisite curves for
! the greater and lesser bases of the conical frusta, considered as
- pitch-circles. By tracing these curves in corresponding positions
. on the bases, and cutting away the substance of the cones until a
straight line, passing through the common apex of the cones, will
both curves, and the intermediate surface, a series of teeth
. be formed that will work correctly with each other.
~ 199. When the axes of the required motion are perpendicular to
4 each other, but do not meet, a constant
peity-ratio may be obtained by a screw
¢ and nut (140), in which the nut will
i advance through the space of one thread.
. during each complete revolution of the
# serew. A screw 18 called right- or left-
¥ handed, accordingly as a line touching the
! thread rises to the right or to the left, as
i in Fig. 140: the direction of the motion
of the nut, in relation to that of the screw,
Will be determined accordingly.
~ 200. The threads of the screw may be
i ':l,ﬁ.;cuntact with a rack instead of a nut, as
; %ig 141, in which case the linear movement of the rack will be

same as that of the nut. When the teeth, instead of being on
k, are cut on the circumference of a wheel, as in Fig: 142, the

¥

‘combination is called the endless screw, which is frequently em-
in machinery. In the rack, the motion is limited by the

ength of the rack, or of the groove in which it works, but in the
endless screw the motion is unlimited. The form of the teeth is

ierent from that of ordinary teeth, in consequence of the oblique
ction of the screw : the best mode of obtaining the requisite form
18, alter rnuﬁ]ﬂy cutting the requisite number of teeth in the wheel,
toconvert the screw itself into a cutter, by making one of steel, and
SCuLt h% notches in the threads of the screw in the direction of the
(X18. Dy rotating this with pressure against the teeth of the wheel,
6 necessary form of the teeth will be obtained,
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. WRAPPING CONNECTORS. 105

axis A carries three equidistant arms, furnished with friction rollers,
and the plate on the axis », three equidistant grooves: this is

probably the most convenient number; and either A or B may
l » advantageously employed to drive the other. If the required
\ yelocity ratio be any other than 2 : 1, the grooves will be hypo-
eyeloids, but the velocity ratio will always be that of the number

: of pins and grooves respectively.

[
- CL. A : Divisiox ¢.— Communication of Motion by Wrapping
. Connectors,
~ 205. Any two curves revolving in the same plane, whose wrapping
| connector cuts the line of centres in a constant point, will main-
| tain a constant angular velocity-ratio (159). In practice, surfaces
1 of revolution are employed, which revolve round their axes, and
| manifestly possess the required fmpmty. In Pig. 147
\ order that the communication of motion may e
! be continuons, the two ends of the wrappin
| connector are joined, so as to form an end-
! less band, which embraces a portion of the
I pulley, and is stretched sufficiently t‘iﬁht,
at the friction of the band on the pulley
| (54) may exceed the resistance to be over-
¢ come. The band may be direct as at A, or
i crossed as at B, in Fig, 147: in the former
| case, the axes will revolve in the same, in
| the latter, in the opposite direction, as indi-
cated by the arrows. Motion communi-
cated in this manner is remarkably smooth
‘ and free from noise, and any sudden slight checks or in-
| equalities of motion are relieved by a yielding of the band. End-
! less bands are commonly employed in all kinds of machinery, in
* which a very exact velocity-ratio is not necessary ; and they are
| capable of transmitting large amounts of force.
- 206. Bands may be either round or flat, and are formed of
' various materials. The round bands most commonly employed
' in machinery, are either catgut or gutta percha; the ends of a
catgut band are sometimes united by splicing, but more frequently
! by a hook and eye, both of which have a screwed socket, into
+ which the ends of the gut are forced by twisting, having been
previously dipped into a little rosin, and the hook or eye warmed
to keep tﬁe rosin fluid while the gut is twisted in. The dragging
ofit of the socket wheninuse may be further prevented, by searing
the end of the gut protruding through the socket with a hot wire.
Gutta percha bands have this advantage, that their ends may be
completely united, without any bulging or increased diameter, by
+ melting the extremities with a hot iron. The use of hempen ropes
coarse machinery is now frequently superseded by the
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MODE OF SHIFTING BANDS, 107

- 209. In order to render the angle of contact between the band
- and pulley as large as possible, for the purpose of increasing
-; ﬁe Eictic-n necessary for transmitting a given force (54), it is
\ desirable fo cross the band, whenever the nature of the machinery
o will permit it; it is also desirable, when possible, to incline
hEa axes of motion slightly to each other, in order to allow the
§ two portions of the band at the point of crossing to pass without
{ touching, and consequently rubbing against each other. When a
! flat band is crossed, 1t is desirable to twist it half a turn before
a xﬁmg it on the second pulley; for in consequence of the twist,
¢ the flat surfaces of the band will be nfpﬂsed to each other at the
| %int of crossing, and will be less likely to come in contact than
{ the edges ; also, if a leather belt be employed, it will enable both
) pulleys to be in contact with the rough side of the belt.
~ 210. An endless band of any kind is easily shifted, during its
¢ action, into a mew position on a cylindrical drum, or from one
¢ cylindrical pulley to another of the same size Fia. 150
(207), if the advancing portion of the band e
- be drawn aside in the required direction ; B 3
- but the same lateral pressure on the re- '
I tiring side will have no such effect; if the —
ﬁ;lﬁ, A B, which has been in contact at 5, is
' drawn aside at A, the point @ will come in &
¢ contact with the drum at a point to the left l
A

of its original position in the figure, and

g?nng a semi-revolution the several points

f the belt will be successively laid on in

the new position, @ b; but if the direction

of motion were from B to 4, the displacement of the band at

could have no effect in altering its position.

211 In order that a band may maintain its Eﬂsitinn on an
surface during revolution, it is necessary that it should approac

* the surface in the direction of a tangent to the circle of contact, at

_ the point of con tact; for it is manifest that then only will there

' be no unequal stretching of either side of the band : this applies

* both to the case of a conical pulley, and to that in which it passes
from one cylindrical drum or pulley to another, the axes not being

| parallel. In the latter case the receding band is forced to make

" 80 lar%e an angle with the plane of the pulley, that it looks as if
1t would slip GE every moment, and it would do so immediately, if

the motion were reversed.

If the machinery be at rest, it is very difficult to shift a band,
Owing 1o its tension, but, on the principle just explained, it is per-
fﬂ_ﬂﬂ; easy to alter its position when in motion. The same remark
applies to round bands mnning in grooved pulleys, such as lathe-
bands, which may be readily laid over the edge of the pulley on the
advancing side, and thus put out of gear, ' '

. 212. When only a limited number of revolutions of the drum is
required, and the power is employed in rotating the drum, the slip-







PARALLEL LINE-WORK. 109

arm A ¢, for a circle with centre p and radius o ¢ will cut the circle
a ¢ somewhere else, as at &, and p® will be the second possible
position of the link; but in this position the velocity-ratio is not
constant, because the point ¥ the intersection of A5 and p £ is not
a fixed point. When the link ¢ p coincides with the line of centres
in either of the positions a e or b B, the angular movement of one
arm has no power of communicating motion to the other arm.
These two positions of the link are called the dead points of the
system.

rﬂlﬁ. When the preceding arrangement is employed in com-
municating a constant velocity-ratio, some supplementary con-
trivance is requisite to prevent the link from shifting from the
parallel to the cross position at eitherof the dead points; thismay
E:reﬁ'ected by three different methods.

I. By introducing a third arm equal to the other two, the centre
of motion of which may be on the line of Fig. 154
centres, as g, Fig 154, and the moveable end '
connected with the link ¢ p at ¥ so that F
may be parallel to Ac or BD: or the centre
‘of motion E may be in any other place, as

e, and the end, f, connected with the points
6, D, by links respectively equal to e A, eB.
In the former case BF, Ec must always
gontinue rectangles, and in the latter, the
itriangle, c o £, formed by the links is con-
strained to move parallel to the equal tri-
angle, ABe. It may be remarked, that the
latter arrangement obviates the difficulty
of the loss of power at the dead points, for it is obvious that one
Jink only can coincide with a line of centres at any one time: the
former does not possess this advantage.

II. Aa, b are the two parallel axes, A p, B q the parallel arms,
and pq the link; let equal parallel arms, ap, Fig, 1665.
bq, be attached to the other end of the axes
and connected by a link, p g, equal to pg, in
such manner that a plane passing through 4, a,
and p may be perpendicular to another plane

assing thrnugﬁ a, A, and . In this case both
nks will conspire in communicating uniform
motion from one axis to the other, and when
‘either link is at one of the dead points, the
other is perpendicular to the arms with which
1t 18 connected, and is therefore in the most
favourable position for action.*

_ It is immaterial whether the link pq is car-
‘ried by two arms, or by discs, as in Fig. 155,
‘the equality of the radial distances of the
* This principle has been adopted by the Author in the construction of n

-







INCLINED LINKE-WORK, 111
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link (produced if necessary) from x, the intersection of the
s produced, then the velocity-ratio will be momentarily
t, and will continue sufficiently so for practical purposes,
ie motion of the arms be confined to a small angle on each
of the mean position: and the angular velocities of the
s will be inversely as AT: BT, or A¢: B L
ien practicable, the simplest mode of arranging the positions,
make the link perpendicular to both arms, as A» and ¢p or
n this case, the angular velocities are inversely as the arms
selves. :
7. If the axes be neither parallel nor in one plane, as A ¢, B f,
159, let e f be their common perpendicular, draw eg parallel
£, andin the plane ae g
B, ce perpendicular
e, eq, and let the ratio
b: ce be inversely as
the angular velocities of the
axes Ae, Bf respectively.
w bDE, cE Pamllel to
ce respectively, and
itting each other n £;
i ek and produce it in-
8 definitely to 4. From any
10 point, i, draw £ A, kg, per-
» pendiculars to a ¢, e g, make
Bf=eg, draw Bl=and pa-
‘rallel to g A, and ljn:n:iu k1, which is parallel to e f; since Bghl, and
‘Bgef are parallelograms ; and as the planes e Ak, f81 are there-
tore parallel, 21 is evidently perpendicular both to A & and Bil;
y1f A hand B1 be the arms, and %1 the link, the velocity-ratio of
arms thmu%h a small angle will be inversely as A 4 (Bl=)hg,
that is inversely as 8D : ¢¢, or in the required ratio.
| 218. The mechanism of organs, pedal harps, bell-hanging, and
“various other portions of machinery, commonly called bell-erank
work, falls under this class of sensibly equal small angular motions.
Lhis class of work frequently re- Fia. 160
‘quires a change in the direction and et
(4 relative velocity of small motions,
Which may generally be effected by
4l _@J}gla axis with two arms. If the
~motion be in one plane, let da, ab,
Kig. 160, be the lines of direction o
meeting in a. Draw BE, DF, per-
‘pendicular to a b, ad, and take x :
.""i“ ®in the ratio of the required ve-
i locities in the directions b, da,
g respectively, and draw A, ¥ A pa-
tullel to ba, da, and intersecting in

Fig, 159,







COMBINATIONS IN TRAINS, 113

| tary combinations, the product of whose velocity-ratios will be the
s required ratio. If any number of axes have each a wheel and
pinion mounted on them, and be so placed that the pinion of the

| l E axis shall be in gear with the wheel of the second, the pinion
M of the second with the wheel of the third, and so on; and w,, p,
be radii of the pitch circle of the first wheel and pinion, w,, p,
those of the second, and so on; then the velocity-ratio transmitted
by the train will be
W, X Wy X &e. X1,
P XPy % &C. X pu’

or if the wheels be auEpnsed to be all of the same pitch, then the
| quantities, w, p, may

' wheels and pinions; for it has been shown (123) in a system of
W} levers acting successively on each other, that

W : P :: product of long arms : product of short arms;;
but w: e :: virtual velocity of P : virtual velocity of w,

and as these levers may be supposed to represent the radii of the
pitch circles of the wheels and pinions, the truth of the above pro-
‘position is obvious, :
- 222. In a train of wheels consisting only of spur wheels and
. lgions with parallel axes, the direction of rotation of the first,
hird, &c., axes will be the reverse of that of the second, fourth,
&c.; consequently, if the train consist of an even number of axes,
the extreme axes will revolve in opposite directions; but if of an
odd number, the revolution of the extreme axes will be in the same
direction. If a wheel, ¢, be placed in gear with two other wheels, 4
and B, the velocity-ratio of A and B will be
the same as if they were in contact, for it
15 evident that for every tooth of o that
passes the line of centres of A and ¢, a
tooth of » will pass the line of centres of
Band ¢. But the direction of rotation of
the axes of A and B, which would be re-
versed if they were in contact, will be
rendered the same by the action of the
intermediate wheel, ¢: such a wheel is
termed an idle wheel. When the shafts
of two wheels, o and », lie so close toge- - -
ther that they cannot be placed in the same plane without making
1em. inconveniently EIIII;B], they may be fixed as in Fig. 162, so
a8 fo lie behind one another, and may be connected by an idle
Wheel, ¢, of the thickness of A and B, together with the space be-
tween them. Such an idle wheel is called a Marlborough wheal :
1818 employed in the roller frames of spinning machinery.
- 223. By intermediate bevil wheels parallel axes may be made te
revolve either in the same or in opposite directions; aceording to
1

e the numbers of teeth and leavesin the %,
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COMBINATIONS IN TRAINS, 115

. '225. 'We cannot offer a simpler illustration of the action of a
1 train of wheel-work, than by explaining the construction of a clock
of the simplest kind, which is represented in Fig. 164. The
1 weight w is attached to a cord or chain that is wound round a
grooved barrel, A; upon the same axis, or arbor,* is fixed a
toothed wheel B, which drives a ,
yinion b, on the second arbor Hig. 164.
@, which also carries a wheel ¢; k
ga wheel drives the pinion e on L 2
| the third arbor, upon which is Lg-'
also fixed a toothed wheel, b, e D}
with teeth of a peculiar form, i
termed a swing-wheel, or scape-
wheel. Above the scape-wheel is g
an arbor da, termed the werge,
which is connected with the pen-
dulum, L p, by means of a fm}.imd
piece, K. The verge also carries
a pair of arms d, with a tooth at
the end of each, called pallets,
 which are alternately engaged
‘with the scape-wheel, b, in such
a manner that at each oscillation
of the pendulum one tooth of the
theel escapes, and another falls .| |
on the opposite }ﬁllet, the wheel - = i
having passed through a space @ )
P

2

dmn
.J-.-hl..--l.-‘ﬁ
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equal to half the pitch. kI mn,
are the plates, which are main-
tained in a parallel position by :
pillars, which are here omitted, to avoid confusion : the small ends
Or pivots, of the arbors run in holes in the plates. :

we have a seconds’ pendulum and 30 teeth in the swing-
wheel, it will revolve once in a minute; and if » have 45, and c,
48 teeth, and the pinions, b, ¢, each 6 leaves, then m,, r, being the
times of synchronal rotation of the arbor ¢ D, and the barrel-arbor,

Ty 48x45
T, 6x6

consequently A will revolve once in an hour.
¢ tran just described is designed solely to transmit an im-
from the weight to the pendulum, sufficient to supply the
088 of motion occasioned by friction and the resistance of tEa air ;
but the clock is also required to indicate the hours and minntes by
hands on a dial, gh; this is effected by wheels placed outside the
¢, klmn, called motion wheels. The barrel-arbor passes

* Arbor is-the watchmakers’ term for an axis,
14
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COMBINATIONS IN TRAINS. 419

ibered pinions, such as those with 10 or 12 leaves, on account of
1e smoothness of their action: the following will be a good train
ifor an 8-day clock:— - s :

: r 10————80—hour-hand

. .II | ; . , i I \
b : f};i————-.-.ﬂlﬁ—minuteahn.nd : )

| ) A

| 108——12 ~ 30—swing-wheel

. Bar;rel : ' 5
B . 108 12 100 10

1 I [ '
_13“ 30m, 1b3Qm, 10 1’“.—pariadﬂ

. AL

P la

fin which the barrel will revolve once in 13} hours, and will go for
rather more than eight days with 14} turns. ‘
- In smaller clocks, the tEE]ldﬂ.lum will make 100, 120, or 150
oscillations in a minute, the numbers will then require to be pro-
T T .I[ﬂ.hlf altered.* ) i
228, Much ingenuity has been in former times bestowed on
vinding the requisite numbers for trains which will approximately
krepresent the motions of some of the heavenly bodies, such as the
pperiod of one year, which is 365% 5% 48™ 50¢ very nearly; as, how-
tever, such machines appertain to the extensive category of inge-
buious, but useless mechanism, any details may be considered un-
hnecessary ; the more curious reader is referred to an able digest
0of this subject in the work previously quoted.+
e ; "
 * Asa further illustration of the above-mentioned notation, the following
irsin is given, which has been employed by the Author in the construction of
Lime mﬂﬁ, in which the hour-hand is'employed in carrying round the cylin-
‘_-.# nging to his self-registering magnetic apparatus : the hour-hand
smakes one revolution in 24 hours; and in order to avoid the unsteadiness of
wihe hour-hand, which in ordinary movements results from the NECessary E]a
‘the teeth of the motion-wheels under the dial, the central axis, whic

hcaries the hour-hand, carries also an idle wheel in the train, and the axis
\Which carries the minute-hand is placed ount of the centre: also the numbers
r .'th:ttﬁ::h of the wheels and pinions in gear are as far as possible prime to

i = B
“ hour-hand  minntes seconds

; =
| | | | I
35 [ 13 72—10 . 80—7%

Id|{le I | | IJ
Huisee whieel 52—11 - 75— 9 Iai'—nna.p e-wheel
[ i | Jor 720
12h43mags, g4h, 1h, , im, —periods,

=t

T See Willis, Principlea of Methanism, p, 223,
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VARYING VELOCITY-RATIO 1N WHEEL-WORK. 119

by a gradual increase during each complete revolution. Also, it is

: - SM, 8
evident that greatest velocity-ratio : least do. : : Z—A :-;;,
that is so8MI;BaAl

231. If the velocity-ratio were required to vary more than once
periodically during each revolution, it is necessary to find a curve
of as many lobes, or successive projections and indentations, as the
number of changes required, which may be done by the following
construction :* let @ and b be the greatest and least radii of the
required curve; deseribe an ellipse, whose major axis is @ + b, and
a—b the distance between the foci. From one of the foci draw
straight lines to the elliptic circumference, making equal angles
with each other. Divide the circular base of eacl lobe into as
many equal parts as there are equal angles round the focus of the
ellipse, then the distances from the centre to the several points of
the lobe may be set off from the focal distances in the ellipse.

232. If it were required to construct a set of rolling  Fig. 166,
curves, as, for example, of one, three, and four lobes re-
spectively, draw a circle, A ¢, whose diameter is a—b,
and upon a tangent, A v, set off Ac=,/ab,AE=34c,
AD=4 4, and draw c @, cutting the circle in ¥ and a,
and p 1, EL cutting the circle in Kk and . The curve
of one lobe will be an ellipse, whose greatest and least v
radii are ¢ ¥ and ¢ @, and the major axis c ¥+ c a. L

For the curve of 3 lobes, draw a semi-ellipse, g, with focus e, and
Fig. 167,

diameter ex + e, and from e draw a suffi-
cient number of radii, e1, 2, &c., at equal
angular distances. To describe the 3-lobed
curve, describe a circle round its centre, e, and
divide itinto six equal sections, each of which
Wwill contain half a lobe. Divide this into as
many equal angles as those of the semi-ellipse,
Q, aud draw radii, upon Fig, 168.
which get off in order
distances equal to the
radii of the semi-el-
lipse, as indicated by
corresponding firures.
Through these points
draw the curve of the
semi-lobe, %I, and this
¢ reépeated right and left
s alternately will com-
plete the figure,

To describe the 4-lobed curve, p, draw an ellipse, whose greatest

* For the analytieal investigation of this, see Willis, Prine, of Mech, p. 241,






INTERMITTENT MOTION, 121

. d[a. B: Division b. Communication of Motion by Sliding Contact,

- 236. The simplest mode of obtaining a variable velocity ratio
between parallel axes is by the pin and : :
ighit. In Fig. 172 A @, B b, are the axes, Ihg. 172,
) placed with their ends opposite each e
¢ other ; A @ hasan arm carrying a pin, d,
% which works freely in a long slit in an
arm b f carried by Bb; either axis will
communicate to the other a variable
velocity-ratio, for the pin in revolving is
¢ continually changing its distance from b.
~ 237. An intermittent motion is con-
yeniently produced by the Geneva stop, 4
a contrivance for preventing mrerwini N
ing in Geneva watches. The driver, A, has a projecting tﬂuthg
flanked by two hollows, ,s; the follower, s, -'
thas a number of hollows (usually five) for re- Fig. 178,
uﬁmn% the tooth, the spaces between which :
are hollowed out so as nearly to fit the plain
 part of the rim of A, to prevent any motion in
‘B except when the ’g:n:-ﬂfl 18 passing the line of
» centres, and having entered a notch, d, is car-
‘rying the notch along with it. A portion of
e circumference of B is left convex, as af;

i

\against which the tooth strikes after passing
»each notch across the line of centres, and fur-
‘ther motion is prevented. During the unwind-
g of the spring the driver, A, moves the re-
verse way until again stopped by the convex
surface, 7.
A similar contrivance, except that a single s
,,_p at the back of the driver is substituted for a tooth. is ma
#6 of in the registering wheel-work of gas-meters, as well as in
other registering machinery.
238. Any required variation of angular velocity-ratio may be
produced by an arm resting on a cam-plate. The requisite form
the cam may be traced out by taking any number of equidistant

adn, and making their lengths proportional to the required changes
of velocity-ratio of the arm,

"COL.B: Divisiox c. Communication of Motion by Wrapping
Connectors, ~

239. A contrivance frequently employed under this head is that
of placing two equal conical frusta in reversed positions, but with
their axes parallel, and connecting them by means of a flat band,

this arrangement care is required to maintain an equable
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122 PRINCIFLES OF MECHANIEM,

motion, in consequence of the constant tendency of the band tof
travel towards the base of each cone (208);}

Fig. 174. this difficulty will, however, be least felt}

when the cones are placed as near each other®
as the varying tension of the wrapper will
permit. If A, Fig, 174, be the driver, and B}
the follower, it is evident that the velocity-:
ratio will be continually diminished, as the
band travels from A towards s.
It is desirable that the cones should nots
have a large angle, since the variation in the’
tension of the band then becomes considerable. .
240. The fusee is the most important contrivance under this
head. Aa, b, Fig, 175, are parallel axes, one of which, A a
carries a solid conical pulley, or fusee, upon the surface of which?
is traced a spiral groove to receive a cord or chain; the axis b}
carries a plain cylinder, and one end of the connecting band isf
attached to the fusee at m, the other end to the barrel at n. Thel
extent of motion will be limited only by the number of turns in|
the fusee. It is clear that the

Fig. 176. velocity-ratio will gradually’

vary during the whole extent?
of motion; and if a power bef

N = applied to B b that shall bel

e - always inversely as the radius}
v of the fusee, the axis of thef
latter will revolve with uni-}

e form power; this, in clock-
_DE!_- p ] q

work, is effected by a main-|
gpring in the barrel B, which is wound up by winding the cord}
from the larger to the smaller end of the fusee.
241. Bxpanding Pulley.—Insome formsof mechanism, especially}

in spinning machinery, it is very important to possess some ready
Fig. 176 and accurate means)

i of varying the velocity-§

ratio of a driver and}
follower connected by a#
band; as, for example,}
for the purpose of vary-§
o ing the speed of the
bobbins in roving, and
slubbing frames.. Anin-§
genious contrivance for}
effecting this object has
been patented by Messrs. Combe, of Belfast;—an expanding@
pulley.* The two sides of this pulley, 4, 8, Fig. 176, are separatef
and composed of alternate ribs and slots, which mutually pass each
* Bee Farey's Expanding Pulley: Rees' Cyclopmdia,




HOOKE'S JOINT. : 123

other, and are approximated by means of right- and left-handed
screws (199) ¢, p, on an axis that passes through them, The ap-
proximation of A and B, and consequent expansion of the pulley,
or vice versd, is effected by means of the wheel E. As in this
- arrangement the length of the connector evidently varies consi-
. derably, its tension is rendered uniform by passing it over a pulley
attached to a loaded moveable arm,

L e

- CL. B: Divisiox d. Communication of Motion by Link-work.

242. The only combination under this head that requires special
§ notice is the Hooke's Joint, a method of connecting two axes, the
. directions of which meet in a point. Let
Ada, Bb be the two axes which, if pro-
' duced, would meet in x. Two semicircular
| arms, C A ¢, D Bd are attached to the axes,
| and the ends of these to a rectangular
+ eross, of which the arms o¢, 0 d, intersect
tinx. A ball or ring may be substituted
: for the cross, the only necessary condition
I

|

Fig. 177.

=

being that the points of connexion, o,e¢,
D,d, and the point of intersection, x, should

in the same plane.
243, Tbo find the Angular Velocity-ratio of two Axes connected
! bya Hooke's Joint.—Let c be the intersection of the axes, A B D the
+ aircle described by the arms of the driving Fig, 178
| axis, which is supposed to be perpendicu- L il
' larto the plane of the paper; let the plane
" 10 which both axes lie intersect the paper
8 I Bor, and let the ellipse, A5D be the pro-
& Jection of the circle described by the arms
il of the follower. If @ be the angle con-
" tained between the axes produced, we have

T W T T W SRR N e T e

bec=B0.cosf,

N Let F0G be any position of the arms of the cross connécted with
A5 ﬂw driving axis, then m o1, the projection of the arms connected
with the following axis, will be perpendicular to re. Now in the
| ! K:q]ectmu, Abp, lines parallel toAp are not altered in length ;

§llce Hm, fPEVPGﬂdIGﬂlaI‘ to B ¢, is the sine of the angle B, through
‘B which the follower has been moved, reckoning from B¢, and draw-
Mg hak throngh m, parallel to s ¢, 8o h is that angle; and the

orresponding angle, a, through which the driver has been moved
BACF, which=8cm; then

tang cota mk bo
= =—=—=¢0§ # = constant,
tana cotf Ak Bo
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-

1B the moveable Jaw of the claw itself; of these, ¢ and = may be
« considered the principal members, 4, B, and b being the interme-
« diate pieces of Hooke's joints. The piece 4 is jointed to the body :
! by an axis 1, 1; and to a second piece B, by an axis 2, 2, which is e
! .lg‘arly at right angles to :
' 1, 1. The piece B is
i jointed to ¢ by an axis
i %-3, nearly perpendicular
! to the other two, which
W} is vertical in the plan,
4 and consequently appears
only as a point. By
¢ combined motions round
¥ these three axes, the limb
W2 may be turned in any
? required direction. The
¢ powerful members ¢ and
E are likewise connected
by an intermediate piece
D, the axes of motion 3
! ’B@w&en which and the i
 former are 4, 4, 5, 5, which cross at k and are nearly perpendicular L]
# 10 each other; by the combined action of these two joints, every
i‘%ﬂiﬂitﬂ variety of motion is provided for.

]
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Hu CLASS C. DirecrioNAr RELATION GHANGING.
| ' | 5
- Divisiox a. Communication of Motion by Liolling Contact.

I

e

 246. If a spur-wheel revolving constantly in the same direction
{ ive another spur-wheel, the axis of the latter will revolve in a
contrary direction; but if the follower be Fig. 180, - -
ban annular wheel, its axis will revolve in : &
Mhthe same direction as the driver (173). If
B then the follower be a pin wheel, and the
"Pina be so arranged that the driver may be
I gear with them alternately inside and
utside, the axis of the follower will move
‘Periodically in opposite directions: this
| ,?.;1' _h}nut}nn 18 called a mangle-wheel, from
“the machine in which it was first em loyed,
bat it 18 now of frequent use in macﬁjnery, ;
{40 this arrangement a groove is cut in the surface of the dise,
*ncentric with its axis, except where the inner and outer portions
are connected by a short curve; the axis of the driving pinion
Profonged rests in, and is guided Ly, this groove, 1
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247. If the velocity ratio were required |
to vary, the pitch-line of the mangle-wheel |
may be traced in any required manner |
over its surface. In Fig. 181, which re- |

resents a mangle-wheel employed in |
Smith’s self-acting mule, the groove k1l is |
exactly radial, and therefore the pinion
will not communicate any motion to the |
wheel, when proceeding in this portion of
its path. In this wheel teeth are em- I
ployed in the place of pins, as the same
set cannot act on both sides.
248, If the reciprocating piece move backwards and forwards in @
a right line, whi{:ﬁ is frequently the case, it is called a mangle- |
rack; this admits of an arrangement by which the inconvenient |
shifting motion of the pinion may be obviated. The mangle-rack |
represented in Fig. 182, is from Cowper's cylinder printing ma-§
chine. In this the recipocrating piece Bb is guided between
Fig. 182 rollers ; the axis of the driving

s pinion A is fixed, and the

©) manglerack cec is a separate
late, which in this instance
_ N as the teeth on the inside

A ) of the projecting rim, and |
the guide-groove within the}
= C double row of teeth. The}
© B rack is connected with B by}

two guide rods of equall
length, of which the ends k  are jointed to Bb, and the ends ce, |
to the rack ; the middle points of the two rods are also connected
by a moveable cross-piece mm. By these means the rack will, at}
each extremity of its course, be shifted up or down nearly parallel
to itself, through the small space between the grooves. -

CL.C: Divisiox h. Communication of Motion by Sliding Contaet,)

249. By means of a properly shaped revolving cam-plate, a reci-f

procating motion may be given to a follower, which will vary}
periodically according fo any given law. |

Fig. 183,

The simplest mode of obtaining a reciprocating motion is by thes
ecoentric A, Fig. 183.
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- If uniform acceleration and retardation be required, the form' of
i the cam is given by two spirals drawn in contrary directions, pro-
¢ ducing a heart-shaped curve, B.

~ If several alternate movements be required during each revola-
tion of the cam, a curve with as many riu:-b»ea or projections, as c,
will be required. |
- If the follower be required to advance gradually, and recede
s suddenly, portions of the curve, as in , must coincide with radii.
- If intervals of rest be required, cnrres]iﬂnding portions of the
veurve, as a b, cd, must be concentric circular arcs,

~ When the cam is employed to lift a vertical bar or stamper, as F,
“the projections become separate teeth, and are termed wipers or
LI ,:'

- In these instances the followeris supposed

8o rest upon the cam, either by its own Fig. 184.
#weight, or the pressure of a spring ; if, how- :

vever, the cam be required to act on the fol-
tlower in both directions, then a parallel-sided
2groove of the required form is cut on the sur-
slace of a cam-plate, A, Fig. 184, which will
teuide a friction roller at the extremity of the
tlollower, both in advancing and in receding
action. :
‘.ﬁ 0. When the required alternating motion is in Fig. 185
ithe direction of the axis of the driver, the requisite

seurve must be formed by corresponding elevations

hirom the surface of the cam-plate. The simplest

torm of this arrangementis a Ha.t disc r g, Fig. 185,

placed obliquely at the extremity of t%e driving

XIS E¢, against which rests a bar ag, with a
riction roller at its extremity, capable of sliding
b0 the direction of its length: the effect of this
mangement, called a swash-plate, is to communi-
vate to the follower the same motion as it would
lerive from a crank (215, IL.).

|
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ESCAPEMENTS,

251, When the tooth of a driving wheel, after having communi-
\ motion {0 a projecting piece of a reciprocating follower, slips
"L Or eseapes from it, and either the same or some other tooth im-
nediately falls on to another projecting piece of the follower, and
‘Ummunicates to it a motion in the contrary direction to the
ormer ; such an arrangement is called an escapement, which is
onstantly employed in clock and watch-work. A vast variety of
fScapements have been devised, for an account of which our readers
aust be referred to the standard works on horology ; two of the
implest may be described by way of illustration, :
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RECIPROCATING MOTIONS BY LINK-WORK, 129

procating follower ; but in some forms of mechanism, as in electrical
clocks and dial-telegraphs, the reciprocating piece may be employed
| fo drive the wheel, and to this modification the term propelment
i has been applied. Several arrangements have been devised for
' this purpose, but it will suffice for the present to describe an in-
: genious mechanism applied by Professor W heatstone, in his very
¢ elegant and effective dial-telegraph. 1In this a reciprocating arm,
! B, moving on a centre, ¢, and actuated Fig. 188,
! by an electro-magnet (Ch. X V.), carries
taf ifs extremity a spur-wheel, 4,
which is driven by pallets at the ex-
! fremity of two fixed springs, », E.
" The arrows indicate the directions of
t the alternate motion of s, during which
! they respectively act; and the direc-
t tion of the motion of the wheel is
also shown by an arrow. The piece,
B, is represented near the middle of its
motion from right to left, and the tooth,
F, is about to be held by the pallet, p,
while the onward motion of B carries the wheel round, and the
tooth @ slips over the pallet, &, to be held by it during the reverse
movement of B from left to right, during which the next tooth, m,
# slips under, the pallet, v, and the same actions are repeated. In
t all these contrivances some means must be used to prevent the
backward action of the wheel and to ensure its progressive,
though interrupted, motion : this is evidently provided for, in the
propelment here described.

CL. C: Division d.— Communication of Motion by Link-work.

255. If it be required to communicate a reciprocating motion
by link-work, the result is most frequently obtained by means of a
erank (215), or eccentric (249), the r{:cipmcating point q, Fig. 189,
being either constrained to § 2

Lo R : Fig. 189,

move 1n the line A, or con- g
snected with an arm nq. Let
AP be the radius of the circle
described by the point P
round the fixed centre A, and
PQ the link: take nD, md
beach=r g, then p 4 ig the dis-
iance through which the point
dQoscillates. The distance A p
118 called the throw of the
erank, or eccentrie, and m and
# are the dead points of the system.

_206. In the eccentric, which is the most common form, the
Mink is terminated by a hoop ab, Fig. 113, which embraces
i

— ¢ m e ——
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a rectangular groove in the cir-
cumference of the eccentrie disc ;
the hoop is made in two halves,
connected by screws at a,b, in
order to enable it to enter the
groove. The throw of the eccen-
tric is evidently the distance
between the centre of the dise
and the centre of the axis on
which 1t 1s fixed.

257. A variation in the velocity-ratio may be obtained by vary-
ing the position of the link with 1‘uﬂ}[w{:t to the mean position of the
driving arm: a rapidly retarded velocity may be thus produced.

Fig. 190. Let A, B, p, Fig. 190, be centres of mo-
tion, A @ an arm moveable round A, B the
centre of motion of B¢, and » of D d,
and let the arms A a, Bb, andee, D d be
connected by links ab, cd. Let Aay,
A ay, A a,, be three equidistant positions
of the arm A a; a; midway between a,
and a, ; and by, by, by; ¢y, Cqo Cy; dy, do, bB
corresponding positions of the points

b, b, corresponding to a, a, will be much

a, ag; and if the arm o d be so placed as

tion pd,, it is also evident it will remain at rest during the move-
ment from ¢, toc,, that is, during the movement of the arm A a
from a, to a,.

A second system be, ¢d, dp may be connected with a &, so that
the arm d » would rest during the motion from a, to a,; this is
the principle of construction in Erard’s double-action harp.

258. A very ingenious plan for adjusting the quantity of motion

A AlE L transmitted by link-work
' has recently been devised
by Prof. Willis. For ex-
ample, let it be required
to transmit any given
amount of motion from the
crank An (Fig. 191), to
the reciprocating arm ¢ b,
fram 0 up to what would be
commumicated by a simple
link connecting » and ©,
which we may call unity, or 1. For this purpose let An be

* Repeated here for the convenience of reference,

b, e, d, and let the position of B be such |
that the line &, b, produced nearly bisects |
a,a, 'Then it is evident that the space |§

-

e

— ——— =

greater than b, b, which corresponds with ¥

to be Ynmllel to ¢, ¢, when in the posi- |
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connected with a fixed piece, @, by a link, BE, and an arm & F,
a httle longer than 248, Then let a triangular link mx L be
jointed at K to an arm kM N, moveable round M, and capable of

eing fixed in its position (as by a screw and nut moving in. a
groove or), and let the point . be connected at the point
R with the arm EF by a link L, such that the distances between
the centres nk, x L, LH, KM, F R, LR, may each be equal to 2 a B,
When by the movement of n towards o, the points ¥, k, and con-
sequently the points m, r, are made to coincide, the motion is
the same as if the points i and = were connected. Ifx be moved in
the opposite direction towards », until the points ¥ and L coincide,
then the arm e r will communicate no motion to the point . and
consequently to the arm ¢ p. As the point ¥ advances from » to o, the
motion of the point ¢ will increase nearly uniformly from 0 to 1,

The figure represents this mechanism in its mean position, in
which the distance between the extreme positions of the point ¢ will
be nearly equal to A B.

259. If it be required to multiply oscillations Fig. 192,
by link-work, let a 4 ¢, Flig. 192, be an oscillating
arm, moving round the centre A, and let Gy A Cy,
@; A c;, be its extreme, and a,Ac, its mean po-
sition, and let the arm 1 be so placed that, in its
extreme positions, the points &, b, may be in the
line a, c,, and let the two arms be connected by a
link be, then, when ¢ reaches ¢, b will reach by,
and will return to b, when ¢ arrives at ¢y, 80 that
by and b, will coincide ; thus a double movement
of Bb will result from a single movement of A a.
The motion transmitted by link-work may be vari-
ously modified by combinations of this and the
preceding arrangements.

260. The ratchet-wheel and elick is an arrange-
' ment frequently employed for communicating an intermittent
motion from an alternating driver to a revolving follower. The
¢ driveris an arm whose centre of motion is 4, Fig. 193 ; the follower
' 18 the ratchet-wheel, having teeth formed Fig, 103,

like those of a saw. The piece Bo is '
) Jointed to the driving-arm at B, and
' 1ests on the wheel by its weight. If
the arm be moved into the position o b,
 the extremity of the piece ¢ will push
I the radial side of the tooth against
Wwhich it rests, g0 as to turn the wheel
b 10 the direction of the arrow ; when the
P arm returns to its former position, the
Piece B ¢ will slip over the slanting side
Dfrthr:btnotll, and fall into another space.

To insure the wheel against any acci-

K 2
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T

~ when if is raised info the position A ¢, provided the friction at the

points A, ¢, 1, g, be less than the resistance to the motion of the
- wheel, the click will be raised out of the space between two teeth,
+ and then the piece B will be carried round the axis A, leaving the
* wheel at rest. When the arm ¢ is again depressed, the click /
* will be brought into another space; the motion of the arm will
! then be communicated to the wheel; thus the first part of each
+ alternate action of the arm A ¢ is employed in silently engaging
\ or disengaging the click.

~ 264, An intermittent motion may be produced by link-work, by
¢ making a slit at either end of the link, in which case the motion
* will be intermitted, while a pin working in the slit is passing from
+ one end of it to the other.

Having now investigated the more simple combinations of ele-
mentary mechanism, our readers must be referred to the treatises
on machines for a detailed account of those more complex arrange-
ments by which either an aggregate velocity ratio may be
obtained; such as the complex trains of wheelwork for lunar,
sidereal, or equation clocks, and orreries; or an aggregate motion
in space, as in the parallel motion of the pistmn-rmi of steam
' engines; or a combination of both, as in the various motions
required in planing, boring, slotting, shaping, and screw-cutting
machinery.
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ACCELERATING FORCE. 135

. next to investigate the properties of matter in motion, constituting
1 the science of Dynamics.

- By motion we understand the act by which a bod changes its
| position. It has been divided into several species ; thus a body is
& said fo be in absolute motion when it is actually moving from one
1 part of space to another, instanced in the movements of the planets ;
§ and to be in a state of relative motion, when its position is con-

+ sidered only in relation to some other body : thus a man standing
¢ 1o a sailing vessel is in motion with relation to the shore, and at
» rest in relation to the several parts of the ship; in this case also
! his motion is said to be common with that of the vessel, Besides
i these, there are some other divisions of motion which it is im.
 portant fo understand; thus the motion of a body is uniform,
\ when it passes over equal portions of space in equal times; it is
¢ accelerated, when the successive portions of space passed over
% areincreased, when diminished, it is said to be retarde ; and when
., mcrease or decrease of motion is constant, the motion is said
b to be uniformly accelerated, or retarded. The motion of an y body
18 swifter or slower, in proportion as the space passed over in &
given time is greater, or less. The degree of rapidity with which
* @ body moves 1s termed its velocity, and is measured by the space
§ uniformly passed over in a given time.
- The number of feet traversed in one second is the usual measure
b of velocity ; if this number be called », and s the space described
jin £ (£ seconds), then evidently s =¢ x v.
- 266. If the velocity of a moving body be variable, its measure
b ab any given time is the number of feet that would be uniformly
! deseribed in 1% if the velocity remained the same. This is what
(8 18 meant by the term rate, in common Earlanué, as, “ the train was
going at the rate of fifty miles in an hour,” *the winning horse
_a in at the rate of a mile in a minute;” meanin , not that a
A mile was, or could be, actually passed over by the horse in one

o L e R g TSR, ) SR ST, T S e
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* uniform for that period of time.
M 267. The relative velocity of two bodies is the rate at which
! they recede from, or approach, each other; if they move in the
s 8ame straight line, the relative velocity will be the sum, or dif-
Aerénce, of the absolute velocities, accordingly as they move in
‘81 opposite, or in the same direction,
268. In the chapter on Statics, we have considered the effect of
| Pressures producing equilibrium, or rest; we have in the present
Gliﬂjlter to consider the effects of pressures producing motion.
Accelerating force is measured by the velocity generated in 1* by
jﬁh&-mqhnunua action of an ungorm pressure ; and if the pressure be
ot uniform, by the velocity which would be generated by the given
Pressure acting uniforml y for 1% If we call the accelerating force f,

then £ will be the velocity generated in 1, and if v is the velocity
Benerated in ¢, then v=1xt,

& minute, but that it would have been 80, if the speed had continued .
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INERTIA. 137

. and the difficulty experienced in stopping it when moving, arise
| equally from this cause; for being absolutely inert, it follows that
. matter must retain its state of motion, as well as of rest, for ever,
. unless acted on by opposing forces.

~ 974, The following are examples of the effects of inertia: in
| turning a fly-wheel, by means of a winch, a decided resistance is
. at first experienced to our attempts; this becomes cgi:r.fa.dmurll;-,r over-
‘dome, and then the wheel continues to move rapidly by the con-
lﬁnued application of a force, just sufficient to overcome the
| resistance offered by the medium in which it moves, and the
! friction at the points of suspension. In a team of horses attempt-
| ing to move a heavily-laden waggon, an immense exertion of
. muscular force is required to overcome its inertia, but this once
| effected, the horses continue to draw that weight with facility,
" which at first they were scarcely able, by the utmost exertion of
| their physical force, to move. A traveller sitting in a coach, on
. the horses starting, is thrown backwards: his inertia opposing a
! resistance to his body acquiring at once the movement of the
" vehicle, and therefore tends to leave him behind; and on the
\ coach stopping suddenly, he is thrown violently onwards, from the
| #nertia of his body tending to retain the motion previously acquired.
. A bullet thrown at a pane of glass breaks it in the direction of
! numerous lines radiating from the point of impact, but fired from
: %faiﬂﬁ at the glass, it merely pierces a circular hole, the inertia of
the glass preventing the surrounding portion from yielding to the
jgﬁl motion of the bullet, and consequently that portion only
which is opposed to the -
-'iﬁsact is carried onwards, 391975
and participates in the
rapid motion of the ball.
Similarly, a common tallow
candle, when fired out of a
musket, will pierce a hole
in a deal board; and a
stick, whose ends rest on
two wine-glasses, may thus
be broken by a smart blow
Wwith a poker in its centre
without injuring its brittle
supports. The existence
of inertia may likewise be
demonstrated by a more familiar experiment. Let a card with a
Iﬁﬁgfﬁanteic:otimnllba size, laid upon it, be poised on the point
g o ng 510 en by a dexterous flip of a finger of the other
Wk dg_mns e edge of the card, it may be displaced, leaving
s nd 1t the coin still poised on the finger. This result is due to
' te mertia of ﬂfli_a coin, which is, however, to a small extent
displaced by the friction of the card against it. -
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: l'.'mntinu& in motion for a much longer time in the latter case
3 |;| iII. t]lﬂ ibI'[[l’EI‘.

: 5 SECOND LAW OF MOTION.

? I

The effect of a given force acting on a body is the same in mag-
W nitude and direction, whether the body be in motion, or at rest,

- or sumultaneously acted on by any other forces.

‘§ 277. Tt may be observed in illustration of this law, that a clock
spendulum vibrates in the same time in any vertical plane; that
hether its motion in common with the earth’s surface is, or
t, in the plane in which it oscillates. A heavy body dropped
the mast-head of a ship in motion will fall at the foot of the
st, for the horizontal motion which it has in common with the
) will not interfere with the motion resulting from gravitation :
if the vessel were pitching or rolling at the moment the falling
is released, it would reach the deck at some distance from
ast, and in the direction in which the mast-head was moving
the time when the body was released. Here two, or even three,
distinct motions may be communicated to the body, without at all
pinterfering with each other’s effects. The two following experi-
ts will further illustrate this law. A ball is placed in a small
{ on wheels, containing a spring, which when released, will
jject the ball vertically, that is, at right angles to the surface on
which the carriage rests. If the carriage be placed on an inclined
me furnished with some means of releasing the spring at a
point, during the descent of the carriage down the plane,
be found that the ball will drop into its place in the
carriage, just as it would do if the carriage were at rest. On this
prmciple equestrian performers, who leap over ropes, or through
hoops, from the back of a galloping horse, and regain their foot-
; find it necessary to leap only upwards and ot Jorwards :
WP ts practical knowledge is probably obtained by such individuals
, ?ﬁu small personal risk, which a little acquaintance with theory
__.d obyiate. _
i— 278. If'a ball, 4, be placed at the corner of a smooth table, A ¢,
in the form of a parallelogram, resting against two springs, E, F,
fwhich, when released, would re-
dispectively drive the ball along Tig. 198.
| r*- 3 adjacent sides of the table
A D, A8, n the same time, then,
8t both springs be released at g
1nce _the ball will be found to
#hdeseribe the diagonal of the
able Ac, It may here be re-
bmarked, that all the conditions
chat have been hitherto deter-
anined with regard to the resultants of statical pressures (68, 69),
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THIRD LAW OF MOTION, 141

he surface of water: when placed at a distance from each other,
and then released, the%' will move towards each other, and meet
midway between their first position ; here, then, the “ reaction ' of
i the iron on the magnet is said to be equal to the * action” of the
smagnet on the iron. But this experiment does in fact illustrate
\the third Jaw as expressed above, for the attraction is a mutual
 force, by which equa?l momenta are generated in the two bodies:
and this may be farther proved by making the soft iron double,
btreble, &c., the weight of the magnet, when it will be found that
space it has passed over at the point of meeting will be 1, 2,
k&e., of that traversed by the magnet, and hence in all cases the
momentum generated in one body will equal that generated in the
pther in the same time, and by the action of the same force.
- The recoil of an elastic body from another body, on which it
dimpinges, has also been adduced in support of the equality of
““action " and “ reaction ;" but this is evidently nothing more than
an expression of the property of elasticity (18).
- 281, It follows as a consequence of the third law of motion, that
‘when forces of equal intensities act on bodies free to move, they
M cause the bodies to move with velocities which are in the inverse
wratio of their masses, because in all these cases equal momenta
are generated (272). So that if equal charges of exp oding powder
be made to act upon bullets, whose volumes, supposing them to
tbe of equal density, are as 1, 2, 3, 4, 5, 6, &e., it will cause them
ito move with velocities as the numbers L% %%+ % &c., so that
ithe bullet whose volume is equal to 5 will be propelled with a
selocity one-fifth of that with which one whose volume is equal to 1

-
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iprojected.  Hence, for anequal force, the masses of the projectiles
smultiplied by their velocities give the same number, and this is
stermed the quantity of motion; and a force double or triple that
of any other will produce two or three times the quantity of
bmotion. From the same law, the following conditions have also
B been deduced, as corollaries:

8 (A.) Forces are to each other as the momenta they produce, or
a8 the masses multiplied by the velocities,

_(B.) For equal masses, the forces are to each other as the velo-
ities they produce.

_(C.) For equal velocities, the forces are to each other as the
nasses on which they act.

It may be here remarked with regard to the laws of motion,
hat they are not susceptible of any general demonstration, nor
*Ven ean a result accurately true be obtained by experiment, be-
“ause the interference of prejudicial resistances, uuclllj as friction,
ind the resistance of the atmosphere, cannot be entirely obviated ;
out it has been shown that in proportion as we remove obvionsly
mterfering canses, in the same degree the practical approximates
0 the theoretical result, Again, ﬁ\re correct solution of the most
somplicated problems of physical astronomy, as for instance the
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0 reference either to the amount of a force, or the period of time
¢ during which it acts, must hold with respect to impact; conse-

§ que ntir in the direct impact of two bodies, whatever momentum

218 lost by one of them, the same is gained by the other. Let the
8 masses of the two bodies be m and m, and their velocities before
dmpact v and ¢/, and first let them be supposed inelastic, in which
case they must move together, after impact, as there is no force
tending to separate them. Let & be the momentum communi.
. 7~ from m to m' then

. I m.» — x=the momentum of m after impact,

i may +r= $ 1 m' n ”
! s s f. r
m'fn % — the common velocity after 1mpant=m :Jn“+ m,
o m.m'
EIH z=m+m’{ﬁ_y’} T R ] . (a);
| = 1 & m’ '
it efore the velocity lost by m= T Gl (B
"y . & m
SN . .... gained by ml=-ﬁ’=M’ (v—=v) . . (o);

i ;"'-: the common velocity after impact
1 @ m _my+may
B e s (@)

r?;:fffthe masses are equal, m=mn', and (d) becomes (v +v). If
the velocities are also equal, and in opposite directions, »'= —y,
"‘Wand (d) disappears altogether, that is to say, two equal inelastic

Mmpact, remain at rest.

- 1/=0, (d) becomes—""— v, andif also m=m, (d) becomes } o.

1 B 3585 The truth of these and many other corollaries may he thus
Fig, 199,

8hown experimentally :—let two hollow
wooden cylinders, of equal weight, one of
Which is furnished with a conical pin
iapable of entering a hole in the other, be
puspended by equal strings from a hori-
ontal frame, uu({Fig. 199), the quadruple
1spension being designed to ensure steadi-
1888 in direct impact. If one of these, A,
)¢ raised by the hand, and allowed to im-
dinge on B at rest, the two will remain in
ontact after impact, and will describe an J
He very nearly half that through which o descended :#* and if

* Btrictly speaking, the versed sines of the ares described will beas 1 : 2 ;
Od generally, as m ; m-+m’,

-,r.".‘ 284. The third law of motion having been established without.

toodies meeting each other with equal velocities will, after direct -
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COLLISION OF ELASTIC BODIES. - 145

§1ils place, and A will be driven back nearly to its former position.
gt If the balls were perfectly
§ elastic, the same motion would
continue, until gradually ex-
§ hausted by the resistance of
the atmosphere ; but owing to
i their imperfect elasticity, they
W begin to oscillate in the same
I direction, after three or four
' successive impacts.

288. 1f instead of a single .~
b ball, B, a row of equal balls be O
pesuspended from equidistant B’
hooks in the frame cp, B will
receive nearly the whole mo- | :
mentum of A, and will transfer nearly the whole of what it has
pireceived fo ¢, and so on; and the last ball in the series will recede
frirom the preceding one, with the momentum transmitted from A
ithrongh the entire series. On the return of the last ball, its
gemomentum will be transmitted through the series back again to
A, and the same movements will be repeated. It may be
geremarked, that the transfer of the momentum through the entire
| E!f_ﬁpﬂ of balls takes place in an almost inappreciably small space
of time,

If a number of ivory balls, instead of being suspended, be placed
on a table, so that their centres lie Fia. 901

: ; : g. 201,
#n the same right line, or (as the
$experiment may be more easily 4 e (s
P shown) on a shallow trough, formed O CCOCCCO o
2.by two strips of board meeting at

an obtuse angle, and one of them, 4 (Fig. 201), being separated
$from the rest, be propelled towards @ with a certain degree of
48 force, the terminal ball, ¢, will move off with a corresponding
#degree of momentum (aﬂ! opposing forces apart), and gain the
sitnation @, the intermediate spheres being unaffected, except in
the imperceptible manner justdescribed,
289. Incidence and Leflection.—1f an elastic body impinge
Pobliquely on a plane surface, the ;
“orce of restitution will, after impact,
pearry it away from the plane. Let e
¥ ¢ the elasticity of the body and plane,
pand let ¢p represent in magnitude
ind direction the velocity with which
he body strikes the plane at ».
#Oraw p & perpendicular, and ¢ g pa-
allel to the plane; take b r=exp E,
§hrough ¥, draw ¥ @ paralle] and equal
0 CE, and join pe: then willpg

T

Fig, 202,







ACTION OF UNIFORM ACCELERATING FORCES. 147

ol o

% would suffice if it were resting against an immoveable support ;
» much of the force in the former case being spent in communicating
» motion to the board itself. There are, however, certain cases in
hich the effect of impact is diminished by a firm support; thus,
I hard and tough mineral substances may be more readily broken by
8 & hammer if resting on a cushion, than if placed on an anvil, or
other heavy mass of solid matter; probably in the latter case the
¢ effect of momentum on the successive particles is interfered with
by a contrary momentum generated by restitution.
J ﬂf'he effect commonly known as “ deadening” the force of impact
18 due to the gradual exhaustion of the momentum of a movin
Y; thus, a bullet may be arrested in its fatal course by a auﬁ;
ion, or even by a loosely-suspended silk handkerchief, The
well known art of catching a stone or other hard substance with-
out inconvenience, by withdrawing the hand at the instant of con-
tact, may be similarly explained.

L = el ]

ACTION OF UNIFORM ACCELERATING FORCES.

. Gravitation.—Among the forces which are the most ener-
¢ in producing motion on the surface of our globe is the at-
tion of gravitation (57); this force, whilst acting on bodies
under its inﬁanue and approaching the earth, is a uniformly ac-
\celerating force, becoming as uniformly retarding on bodies recedin

m the earth. So that a body acted upon by it, passes through
ent portions of space in different times, and whilst approach-
1g the earth, would in each instant pass through a greater space
lthan that which it traversed in the preceding instant of time.  If
18 ball be let fall from the hand, it can I'E.ﬂ{li%j' be caught during
the first few inches of its path, but its velocity afterwards so rapidly
inereases, that it cannot be intercepted by the most agile arm
without difficulty. Even if the descending body fall obliquely,
3till the same rapid increase of veloci ty is perceived ; this is well
..g;rated by the falling of bodies down steep descents, or long
ined planes: for the first few yards the mass appears to move

Wilowly ; gradually, however, it increases in velocity, and, as well

“lustrated by the fall of a granite block from an alpine ridge of
HOCK, or of the more terrific avalanche, acted upon by the con-
dtantly accelerating force of gravity, it acquires such an accumu-
ated force 5335), asto enable it to overcome the resistance of almost
Iy obstacle it encounters.

292. If s be the space which a body describes from rest in ¢
econds by the action of a uniform accelerating force, f; then

s=4 1.3,

A be the point from which the body begins to move, A B
16 space s described in % and v the velocity acquired at s,

_* The characters ™, . are now commonly used to denote £ minutes or
“COnds of time, while ¢, ¢, denote ¢ minutes or seconds of are, or angular
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; PRACTICAL APPLICATION OF FORMUL.E, 149

- freely by the action of gravity, both from the space requisite, and

the uncertainty of observing rapid motions; but means have been
devised by which the force of gravity may be so far diluted, as to
~ be susceptible of easy observation. If two bodies, P and q, of
- which r is the greater, be connected by a string passing over a
 pulley, » by its greater weight will descend and draw up @. Let
- the moving force (271) be f (p+q) neglecting the inertia of the
* pulley and the rigidity of the string (136a), but the effective moving
dorce of gravity is g (P—q); consequently,

g J(@+Q)=g(r—q), anﬂf=i:29'
l If two equal weights be taken, and a weight equal to }th of either
| be added to oune of them, i——:: will be v, and the force () will

¥
.@cﬂme very nearly one foot per second.
_ In order that prejudicial resistarces may be as far as possible re-
1 moved, the pulley is made to run very lightly on friction-rollers
if @5?, this is the construction of Attwood's machine, in which a
] pulley thus furnished is supported by a standard, or pillar, gra-
¢ duated in feet and inches, to indicate the spaces deacrilljed by the
L Et%acending weight.
_ If the weights be so adjusted that the descending weight will
scribe exactly one foot in the first second, marked%)y the beat of
%;Iecnnda pendulum, it will be found to descend through three feet
b 10 the next, and five feet in the third second.
It may also be shown by this machine, that the space deseribed
* Tom rest, by the action of a uniform accelerating force, is half that
# which would be uniformly described in the same time, by a body
s moving uniformly with the last acquired velocity (292); for if, at
* the end of one second, the accelerating weight be arrested by a
¢ perforated stage through which the descending weight passes, it will
of 10w be found to descend uniformly through two feet during each
JJF 8ucceeding second : and if the weight be Eetached after the end of
¥W0 seconds, four feet will be described during the third second.
. 296. The practical application of the receding formulse will be
»best understood by an example: thus, if the space be required
*through which a heavy body will descend by gravity in 23% re-
ferring to the expression s=3 gt* (294), we have 4 g=16'095, and
¢=23; consequently,

8=(28%=) 529 x 160954 = 85114666 feet.

'The height of an lofty building, or the depth of a well or shaft
may thus be roughly estimated ; for by letting fall a ebble from
“the top of the one, or into the mouth of the other, and noting the
number of seconds which elapse before the sound of its striking the
‘ground or water is heard; then, on squaring this number of
8econds, and multiplying the product by 164 feet, or, more accu-

rately, by 16:0954 feet, the height of the building or distance of
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MOTION OF PROJECTILES, 151

(B.) Where will a body, projected perpendicularly upwards,
- with a velocity of 80 feet per second, be in 6 seconds ?
By the force of projection alone, 80 x 6 =480,

_ - + .+ . gravitation alone, 160954 x 36 =579'4344,
4 and 480—579'4344 — —99°4344..
. The body will therefore be nearly 991 feet lower at the end of
6 seconds, than the spot from whence it was first projected ; pro-
.vided no mechanical obstacle be present to prevent this taking
place.
~ (C.) What space will a body pass th rnulgh in 4 seconds, if pro-
j‘“gctec"l:l vertically downwards with a velocity of 30 feet per
second ?
] Then by force of projection alone, 30 x 4=120,

. .+ . . gravitation alone, 16:0954 x 16=257 5264,

and 2575264 + 120 = 3775264 feet.

~ The body will consequently pass through rather more than 3773
! feet in four seconds.

! MOTION OF FPROJECTILES,

- 299. We have hitherto considered only the motion of a body
‘acted on either by an accelerating force alone, or by an impulsive
force conjointly, but in the same straight line with the former.
But if a body be projected in any other direction than vertically
Emrds or downwards, and consequently in a course oblique to
hat of gravitation, it will not falqlnw the direction of either of
these forces, but its ;mth will be determined by the joint action
of both the forces. Thus let a body placed at A be projected in
the direction A E, with a velocity v. %1'3.1? A B perpendicular to
the horizon ; then let o £ be the space
over which the velocity of projection
' will carry the body in a given space
of time, % and A B the distance it
1 would traverse in the same time when
acted upon by gravitation alone ; now
draw B¢ parallel to AE, and EC to it
AB, complgting the parallelogram A c. /

en, in consequence of the united |
action of these two forces, the body
will be found at the end of the given
fime at ¢ instead of e, having de- 2
seribed the curve A o, which is the Ve
resultant (278) of the two forces of
Projection, A g, and of gravitation, AB. Theline A E, representing
the direction in which the force of projection alone would have
carried the body, is a tangent to this curve at the point A.

300. But A has been taken to represent £.u, and AB=1 g. ¢°
(294); also, Bc=4a&; therefore,

Fig, 204.
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ACTUAL PATH OF A PROJECTILE. 153

ngntal plane, and this is the space described during the time of
flight with the constant horizontal velocity (302); but generally
s g=t.v (265) and if in this case the range be represented by R,
i hen, 2
B 2v , : 4
R= f sina X ¥.c08 a =% 2sina.cosa=2 k.sin 2 a.

‘8 305. The value of R just obtained will evidently be greatest,
for the same value of A, when sin 2a is greatest, that is, when

I ;90“, and consequently a=45°; therefore, with a given velo-
seity of projection, the greatest horizontal range is obtained at an
selevation of 45°. Also, any range Fig, 205,
vless than the greatest may be ob-

"fﬁr. ed at two different elevations, 45%B 45

pas in Fig. 205; fi;l‘ sin (90° + ‘2],3} /

== sin (90° — 28); consequent : 0

: 'ﬁ. t.her{ we majiﬁ the e eva.tig’:; 453

f45° + B, or 45°—5, 913 being any R
pangle less than 45°) the range will ]

wbe the same. This property is fre- |\

iquently important in the art of CEA

S cunnery, in enabling an object, 4,

o be struck at the higher elevation, which would be protected
Afefrom the lower, by an obstacle B c.

8 These points may be illustrated experimentally by discharging
'8 & bullet from a tube furnished with a spiral spring, and trigger,

#iand capable of being adjusted to any ang]ie of elevation, by means
Wof & vertical graduated arc.

806. In all these observations, the resistance of the medium in
B.lch the body under consideration moves, as well as the inter-
ference produced by friction, have been neglected; they furnish,
‘however, very important sources of opposition to the regularity of
bmotion. Ceeteris paribus, the denser the medium, the greater the
Wopposition to the passage of the body moving through it; and in
ghthe same medium the resistance opposed to tghe movement of the
Doy is proportioned to the square of its velocity. It has been
lemonstrated by Sir Isaac Newton, that when a spherical body
moves in a medium at rest, of equal density to itself, it loses half
‘tsmotion before it has described a space equal in length to twice
s diameter. This resistance is a consequence of the molecular
nertia of the medium, preventing the particles opposed to the
noving body acquiring instantaneously a degree of movement cor-
esponding to that of the body. The atmospheric resistance is
ilicient to prevent projectiles describing a strictly accurate
% l‘?bﬂ]iﬂ curve, as required by the theoretical considerations, and
imits the range of the projectile in a remarkable degree. Accord-
%tn Vega, it appears that a cannon-ball weighing four pounds,
wnd which in vacuo would traverse 23,226 feet, will, when passing
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ROTATIQN AND TRANSLATION. 155

it the thin tubular portion is more readily pressed into the grooves by
the expansive force of the charge.

- 309. The flight of a rocket is a practical example of the resultant
Lof two accelerating forces; the path of the projectile is nearly
straight, instead of being the parabolic curve resulting from an
I impulsive projection. In point of fact, a Congreve rocket is com-
pmonly observed to deviate upwards in the latter part of its course ;

it this is due to the altered position of the centre of gravity (83), in

¢ consequence of the exhaustion of the charge. i P

- 310. If a spherical body, A B, receive an impulse in the direction

of a line, » CE, passing through its _

@ centre of gmﬁptjr, ¢, all its parts 2005

2 will move with equal velocity in a

8 straight line. But if the force ap-

n dg do not act in the direction of

a line passing through the centre

pof gravity, t%e particles of the =

body will possess unequal velocities,

and the whole mass will acquire a

e revolving or a rotatory motion, at

ithe same time that it moves on-

iwards under the influence of the

happlied force. Thus, the earth is a body which revolves on its

Mown axis, at the same time that it moves through space ; and if

these motions have been acquired from a single impulse, it must

it have been exerted upon a point situated about 25 miles from a line

i passing through its geometric centre.

B The communication of a rotatory as well as a progressive

smotion to a billiard-ball, by means of a sli htly eccentric impulse

Weirom the cue, is an artifice well known to illiard-players.

B 311 As in the instance of the musket-ball* already mentioned

1(311), 50, whenever the progress of any portion of the surface of a
moving body is more impeded than that of other parts of the

‘suriace, a rotatory move- )

sment will ensue. This Fig. 210.

may be shown by placing

3 watch-glass, or convex

iens, on a smooth in-

ilined plane, Fig. 210, as

A pane of glass; having

previously dipped the

sonvexity of tga watch- Y

izlass in water. Thus arranged, the glass, on sliding dﬂ“'!'* the

olane, will rapidly revolve around a vertical axis; whereas, if the

slane and glass be erfectly dry, it will slide down u.nd. reach the

sottomn of the inclined plane without revolving. This rotatory

notion is explained by the adhesion produced by the drop of

vater, not being exactly the same on opposite sides of the point
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CENTRIFUGAL FORCE. 157

ind two small tables, E, ¥, each fixed parallel to the frame by
neans of three legs. Two rotating vertical axes pass up through
e centres of these tables, underneath which pulleys are fixed on

Fig. 213,

e axes, and to these rotation is communicated by a cord, 5 ¢ p,
a8sing round them and the wheel. Two pulleys, @, 1, are usuall

"Xed on each axis, the diameter of one being double that of the
‘fier, and the diameter of the corresponding pulleys on the two
.%eing exactly equal. By means of these the axes may be

‘st0ne angular velocity is exactly double the other. A frame is
‘tached to each of the axes, 80 constructed that a weight, x,
::5 on wire guides, may, when it has acquired su%uient
“ntrifugal force, draw up by means of a string a weight, L, en-
O%ed in a circular cage, concentric with the axis of revolution,
ne only of these frames is represented in the figure, the screw at
1€ end of the axis to whirﬁl the other Inayﬁ attached being
sible at £, If now equal weights be placed at x and ¥/, and at
and ' (x/, 1 being the corresponding weights in the other frame)
ad the distances of x, x’ from the centres of motion be exactl
ual, it will be found that, when put in rotation, they will at the
me instant acquire sufficient centrifugal force to draw up n and
- If now the weight k be placed at double its former distance
M the axis of motion, and the wejgoht 1, be doubled, or, more
merally, if the distance of & from the axis and the weight 1 be
ier increased or diminished in the same proportion, it will be
und that the two weights, 1, 1/, will still be raised at the same
stant: thus showing that when the angular velocity remains

ade o rotate either with equal angular velocities, or with such
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FORMATION OF SATURN'S RING. 159

| balanced between these opposing forces, the elements of our uni.

. our system, presenting a wonderful spectacle of infinite wisdom

and harmony.

~ 316. In the form of our own globe we have a remarkable instance
:if the effects of this force, from its TE‘FDI‘?ing on its own axis at the

e of 13'5 miles in a minute at the equator. An energetic cen-
rifug enerated at the equatorial parts, by which, at an
epoch, pr %.mhly during a semi-fluid _

?uur globe, a considerable bulging 2oy Lk

rred at the equator, and a corre- -

% sponding flattening at the poles; so that

the equatorial diameter of the earth is 17
¢ miles greater than its polar diameter.
~ This alteration in figure admits of an easy
# illustration, by rapidly revolving two elastic
* iron hoops placed transversely. These are
xed to the iron axis at 4, and are loose at
‘on turning the handle ¢, so as to rotate
‘them rapidly, the moveable ends of the :

hoops will rise up the axis to b, and will \ \

%e out at the sides. Thus representing |
¢ thefigure of a hollow flattened spheroid, so
dong as the rapid motion continues;
when this ceases, the loose peripheries of the hoops will descend

ad regain their original figure. On account of the excess of the

1atorial above the polar diameter of the earth, bodies weigh less
the equator than at the poles: 1000 pounds at the latter corre-
" 8p miin% ti} 995 at the equator, from the diminished force of
- _The projection of a stone by a sling ; the sparks from a grinder’s
fwheel ; the scattering of drops of water from the wet revolving
pcarriage wheel, or housemaid’s mop; are so

b many familiar examples of the action of cen. Fig. 215.
 trifugal force.

. 317. A further illnstration of this force
will be found in the formation of the planet
Saturn’s ring. The formation of an annulus
by the action of centrifugal force may be
j.; conveniently illustrated. Let a wide-
mouthed bottle be nearly filled with a
rmixture of alcohol and water of the same
“de as olive oil, of which a desert-
t8poonful should be poured into it. Let a
*bent wire, A, pass through the cork, and
&lﬁ a small circular disc of metal at-
stached to the bottom of it. If the dise, pre-

Viously oiled, be introduced into the mixed liquid, the mass of oj]

- verse have revolved for myriads of ages around the great centre of
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162 DYNAMICH.

322, The Cyecloid —This curve is described by a tracing point
in the circumference of a circular disc,
Fig. 220. which is rolled along a straight edge
laid on a sheet of paper. Let ¢4 g,
Fig. 220, be a cycloid, described by
rolling a civcle, of which the diameter
is A B along the line ce: it has this re-
markable property, that if we produce
A B to E, making B E=4 B, and through
& draw D Ed equal and parallel to ce,
and on DE, Bd describe two semi-cy-
cloids, E ¢, B¢, equal to ¢ A, Ac, then a tracing point at the end
of a string unwound from Ec will describe ¢ 4 ; and similarly,
will describe Ac¢ as it is wound upon Ec¢; consequently, if the
curves G E, E ¢ be placed in a vertical plane, and a heavy particle,
p, occupy the place of the tracing point, it will oscillate in the
cycloid, ¢ A ¢.#

Another important property of the cycloid is that if we take
any point, 6, and draw @ u parallel to the base cc, and cutting
the generating circle in 1, then the arc A ¢ =twice the chord A m.

393, To find the Timeof an Oscillation in a Cycloidal Adre—

Fig. 221. Let ¢ o be half of the cycloid in which
: the body oscillates, its axis A B, being
vertical, and its base, e, horizontal,
Let L be the point from which the body
begins to descend; then the time of a
complete oscillation, which is the sum of
the times of the descending and ascend-
ing semi-oscillations (321), is equal to
twice the time of descending through
1 A. Divide A into very small parts, of which let a x be any one.
Draw the horizontal lines, LR, M7, ¥ U, aud upon AR describe a
semicircle, cutting T, UN in m, n; join An, Rm, and Am, RA,
cutting each other in o,
Then since v, the velocity at », is the same as that acquired in

falling through rT (319), v=4/2g XRT:
and if M § be supposed so small that the velocity acquired in pass-

ing through » ¥ may be neglected, compared with the velocity at
a1, or, in other words, that the velocity may be considered uniform

‘ 8o
through » ¥, then since generally ¢=—- (265),

M N
“ . h — ——————
the time of moving through » x Wir S oun

By the common property of the circle, the chords drawn from A

* For a proof of this, and other common properties of the ¢ cloid, see
Hymers', Todhunter’s, orany standard treatise on the Differential Calculus.
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APPLICATIONS OF THE PENDULUM. 165

in the latitude of Greenwich, therefore, in order to ascertain the
length of a pendulum which is re uired to perform a vibration in

a given time, in this latitude, we have only to multiply the square

of the number of seconds by the number 3-261 6, and the product

will be the required length in feet, Thus, if it be required to

discover what length a pendulum must possess to beat double
seconds,

2% 3'2616=13:0464 feet.

826. Let r and 1.’ be the lengths of two pendulums, and T, T’ the
- times of their oscillations in equal arcs, then

T:f::%xfn:ﬁxJL’;::JL:JL;

1

- that is, in the same latitude, the time of oscillation of a pendulum

i proportional to the square root of its length.

| Am the number of oscillations in & given time is inversely

- a8 the duration of each, it follows that in the same latitude the
number of oscillations of a pendulum in a given time is inversely

‘Proportional to the square root of its length.

. 927. As the movements of the Pendulum depend upon gravita-
tion, and as this force decreases in intensity as we recede from
the earth’s centre in the proportion of the inverse square of the
~ distance from that point (31), this instrument forms a most valuable
~ mode of determining the intensity of gravity, and, consequently the
- distance of the surface of the earth from the centre, in different
- parts of the globe. This is done either by ascertaining the time
| Tequired to complete the oscillation of a standard pengulum: or,
- the length of a pendulum, requisite to complete an oscillation in a

. given time. The length of a pendulum required to vibrate
| Secondsin the latitude of Greenwich is 39'1393 inches =3:2616 feet.

Since 7=/ = g:%, consequently in the latitude of Green-
g

* Wich g=(31416)% x 3:2616 feet=32'19 feet, nearly.
- 928. Let  and 7 be the times of oscillation of a given pendu-

" lum, and g, ¢ the accelerating forces of gravity at two given points
of the earth's surface, then

o pen e e R
AR T
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CENTRE OF PERCUSSION. 175

- posed to be concentrated at the centre of oscillation, Just as the
statical pressure is in effect concentrated at the centre of gravity,
‘and can be counteracted only by a force applied at the same point
~ In an opposite direction. If a force acting in the same direction
~ be applied at any other point, it will be expended partly in opposing
~ the vis viva of the moving body, and partly in producing pressure
- on the axis. And the same will be true with regard to any im-
- pressed force, as a blow, if the body be at rest.

- Also, if a body moveable about a centre strike another body at
~ the centre of percussion, the whole accumulated work (325) is
- effective upon the body struck, but if the impact take place at any

other point, the accumulated work is partly expended in producing
pressure on the axis, and the blow is therefore less foreible. The
%}ntﬂ: of oscillation of a rod suspended by one extremity is two-
thirds of its length from the point of suspension ; consequently, if
~ one end of a bar of wood of uniform thickness be held in the hand,

it will strike the hardest blow at two-thirds of its length—pro-
vided it is moved from the wrist, not from the shoulder, in which
Eaa the point will be differently situated ; and if a fixed obstacle
be struck by the rod at any other point, pressure on the axis will
be rendered evident by an unpleasant jar upon the hand, which
will increase with the distance of the point of impact from the
eentre of percussion. This fact is well known to cricket-players,
whenever the ball is not struck by the bat at the right point.
344, The centre of oscillation or percussion of a circular dise of
- mniform thickness, oscillating in its own plane about a point in the
* circumference, is a point in the diameter distant 3 of tﬁo diameter
from the point of suspension ; and if the disc oscillate about a
! tangent, the distance is § of the diameter. This may be readil
+ shown by suspending a small heavy ball by a string of the: le.ngti
« above stated, in front of the disc in the former case, and by the
* 8ide of it in the latter, when the disc and string will be observed
* to oscillate in the same time.
. 945. The centre of oscillation of any irregular body may
- be determined experimentally by ascertaining the length of a
* simple pendulum that will oscillate in the same time; it being
* remembered that the centres of sus ension, of gravity, and of
* oscillation, or percussion, will always ge in the same straight line.
- 346. As all bodies are acted upon by changes of temperature, so
that their length becomes altere , 1t is of extreme importance to
" have a pﬂnduf‘um constructed in such a manner, as to be unaffected
- by such changes. Several modes have been proposed to effect so
" desirable an object; of these, the plan formerly most usually
- adopted was the well-known gridiron-pendulum, composed of two
- metals, so arranged that the expansion of the one counterbalances
hat of the other, In its simplest form, this contrivance consists
G?H'parMIBingTam of steel, AR cp, fixed to the rod, &, by which
¢ whole pendulum is suspended. The brass rod, ®@, bent
twice at right angles, is ﬁxe(]p?}]r its lower ends to the transverse

e

'\'»-_:‘

R e -t SRS,

T
:

o,
.--"'ﬂ-
e

x ".-i-‘?.'--; . .

- e Py o
B oy T S T

Pa

e

P e M LD

L

e
'I.-E"l‘.

s
it

A

TR

A
- i — L

. .T!












ROTATION OF A RIGID BODY OR SYSTEM, 179

- by the finger and thumb, and then releasing it, it will be found to
. oscillate slowly and visibly. If the semicircle be rotated round s
- vertical axis passing through its centre, the plane of vibration will
‘be constrained by the attachment of the wire to pass through the
centre, in the same manner as the plane of oscillation of the pen-
~dulum by the force of gravity, and the conditions of vibration
will be precisely similar to those of the pendulum.
If, for example, the slider be placed at 30°, and the wire made
to vibrate in the plane of the semicircle, then on turning the semi-
circle half rcarumd},J or through 180° the wire will be found to
~vibrate at right angles to t%a semicircle, the plane of vibration

‘having made a quarter of a rotation, which agrees with the pre-
ceding formula.

ROTATION OF A RIGID BODY OR SYSTEM.

351. The complete and general investigation of the rotatory
‘motion of a rigid system requires a higher range of analysis than
that which is compatible with the scope of this treatise; for this
the more advanced reader must be referred to one of the standard
analytical freatises on dynamics: but by an appropriate selection of
the tgpimall form of a rotating body, theimportant principlesinvolved
in this department of dynamics may be sufficiently elucidated.
Let us then suppose the rotating body to be of symmetrical form,
and unequal in its three dimensions of length, breadth, and thick-
ness ; as, for instance, an oval or elliptic p%a.te of metal of uniform
thickness and density.
 If this body be supposed to rotate round an axis passing through
1t8 centre of gravity, and coinciding with either the major or
‘minor axis of the ellipse, it is manifest that in either case the body
18 symmetrical with respect to the axis of rotation, and that the
centrifugal force (312) of each particle on one side of the axis is
counteracted by an equal and opposite force on the contrary
8ide; and the same remarks may applied to rotation round an
4Xis passing perpendicularly through the centre of the plate: in
either of these cases, then, rotation will produce no pressure on
e aris, It may also be remarked that these three axes are per-
pendicular to each other, and are called principal axes. An it
may be shown generally* that every rigid system has three prin-
Cpal azxes of rotation, perpendicular to each other; rotation
- about either of which produces no pressure on the awis. ¥ figh
280 a plane, in which any two of the principal axes lie, is
called a g‘?‘ incipal plane; consequently rotation im a principal
Plane produces no pressure on the axis of rotation. y
852, If, however, the body rotate round an axis s:amﬂel to either
“of the principal axes, as Yoy (Fig. 230), parallel to Aq, it is

* Earnshaw's Dynamiea, p. 182.
K 2




180 DYNAMICS,

evident that the centrifugal force of each particle
above Bb is counteracted by an equal force below
that line, and consequently the rotation of the
body will have no tendency to produce angular
motion in, or to twist, the axis of rotation. But
the centrifugal force of ¥ by not being counter-
balanced by ¥ By, there will be a pressure on the
axis of rotation, which may be represented by a
single resultant acting in the direction ob. And
the same proposition is generally true, namely,
that if a rigid body rotate about an axis paral-
lel to either of the principal awes, the resultant
pressure on the axis may be represented by a line}
perpendicular to it, and passing through the centre of gravity o
the body.
353. If the body be now supposed to rotate about an axis
passing through the centre of gravity, but not coinciding Wllh
Fig. 281, either of the principal axes, let the axis}
' of rotation, ¥y (I'ig. 231), cut the ellipse
in the points, o, E, and let x, perpen-}
dicular to vy, through o, cut the ellipse}
in the points #a. Then the segments,
F 0D, DO @, being manifestly unequal, the}
centrifugal force of the semi-ellipse, b @,
will produce a pressure on the axis in the}
direction of the arrow at v; and for thef
same reason, the centrifugal force of FE@
will produce an equal and opposite pressure
in the direction of the arrow at . These er}lua and opposite
parallel pressures constitute a couple (79), which cannot be repre
sented by any single resultant, and their tendency is to twist, ox
change the angular position of, the axis of rotation. And the
same will be true if the axis of rotation be supposed not. to coin
cide with the plane of the ellipse; for in that case the plane o
rotation through o will intersect the ellipse in some diameter, and
the centrifuzal forces of the semi-ellipses on opposite sides of that
diameter will tend wholly and equally in opposite directions
And the general proposition is equally true, that if a rigid bod;
rotate round any awxis passing through the centre of gravity, bud
not coineiding with a principal awxis, the resultant pressure on the
axis may. be represented by a couple. e :
And from the preceding propositions it may be mier'f'ed that ¢
any rotating body, the pressure on the ams of rotation may b
represented by a single resultant, and a couple, either or both of
which may=0. _ ’ ; .
254, It is evident, from a consideration of Fig 231, that if the
body be supposed free to move in 1ts oWn plane about its centre cf
so long as A coincides with ¥ there will be no tendency to displace







182 DYNAMICS.

vertical mandrel, with a small grooved pulley on it, to which rapid
rotation may be communicated by a bund passing over a wheel
attached to the upright piece. Various bodies may be suspended
by a cord (or still better, by a bundle of threads) from the extre-
mity of the mandrel; and when the rotation is sufficiently rapid
for the centrifugal force to overcome that of gravitation, the bncﬁea
will all be found, after a little time, to assume that position in
which the axis of rotation coincides with the principal axis of
greatest moment of inertia, which is also that of stable equili-
brium. The dotted line in each case shows the position of the
centre of gravity vertically under the point of support. The

Fig. 232,

body o (Fig.232) is an ellipsoid; in the position which this
assumes, the two greater axes lie in a horizontal plane, and the
least is vertical. Bis a cone, the centre of gravity, o, of which
lies in its axis, at a distance of one-fourth of its length from the
base. The axis of the cone will be found to assume a horizontal
position, the axis of rotation passing through o. In this case any
two axes perpendicular to each other, in the plane of rotation
through o, will be equal axes of greatest moment of inertia (355) ;
if the cone had an elliptic base, the major axis of the ellipse
would become horizontal. ¢ is an annulus, or ring, which will
assume a horizontal position, the axis of rotation passing through
its centre. D is a system of flexibly connected particles, as a
" string of heavy beads, or bullets, with holes through them. These,
after a variety of uncertain movements which it 1s not necessary
to investigate, will assume the position of a horizontal circular
ring, similarly to the ring c. . ,

If these bodies be strung on an elastic cord, as the velocity of
rotation increases, the circle will be found to expand 11nilh_rm]j',
leaving nearly equal spaces between the bodies f _this experiment
affords further evidence of the existence of centrifugal force.

357. The phenomena of rotatory m_otiun have recen*_c.ly been
ﬁl-,t_]}r illustrated b}f the gyr'ascﬂpﬁu an 1mstrument ]nng EInce {-.m.l-
strncted, and more recently modified by M. Foucault. Ths
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THE GYRASCOPE, 183

instrument consists of a heavy ring of metal ¢ (Fig. 233),
attached centrally by a thin plate to an axis, the pivots of which
work in two centres, E, F, passing through the :
circumference of a ring, o, which is attached by Fig. 233,
pivots at right angles to E, ¥, to a semicircular
support, c. This is fixed on the top of a cylin-
trical stem that moves round freely in the tubular
support, B, which itself rests on a heavy foot, o. It
is necessary that a line joining the pivots of the
rotating axis should accurately pass through the
centre of gravity of a; also that a line joining the
pivots, that support b, should likewise pass through
the same point; the wheel when at rest will then
be in the condition of indifferent equilibrium (95).
The axis of & is furnished with a small projecting
pin, to hold the loop at the end of a piece of string
to be wound round the axis, which is then made to
rotate rapilly by forcibly unwinding the string, as in spinning a
child’s top. As the vis viva of a rotating body, that is, 1ts energy
in resisting any change of motion, increases as the square of the
velocity (353), it is evident that the effectiveness of experiments
with this apparatus will be greatly enhanced by imparting to the
rotating disc as high a rate of velocity as possible. Numerous
illustrations of rotation may be thus given, but the following are
the more important.

If a small weight, m, of two or three ounces (the disc being
four inches in diameter), be suspended at one extremity of the
axis, as ¥, the ring, b, being horizontal, the point, ¥, will be im-
mediately drawn down by the weight, as represented in the figuie;
but if the dise, @, be in rapid rotation, the weight will produce no
visible deflexion of the point, ¥, but only a slow horizontal rota-
tion ; and if the weight, i, be removed from r, and suspended at
E, or if 1 be allowed to remain at ¥, and a heavier weight be sus-
pended at g, the horizontal rotation will take place in the opposite
direction.

358. The explanation of this fact will be best understood by re-
ference to the diagram (Fig. 234). Let the Fig. 234,
motion of rotation of a particle at A be repre- '
sented in magnitude and direction by the
arc Am, and let the motion of the point A,
due to the weight, i, suspended at ¥, be re-
presented in magnitude and direction by
A ¢, an arc of a great circle passing through
the axis ; then completing on the sphere the
parallelogram, o, and drawing the great
eircle, A D g, ihmugh its opposite angle D,
the particle at A will, in nEmliencu to the M.
two motions, move in the plane Ap &, and consequently the pivot at
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LONGITUDINAL VIBRATIONS OF A ROW OF PARTICLES. 189

an ingenious apparatus designed by Prof. Wheatstone for that

urpose ; this consists of a long cylinder, about four inches in
ﬁiunlﬂter, enclosed in a box, the axis passing through one end of
the box, that the cylinder may be rotated at pleasure. A series of
pblique rings, about a quarter of an inch broad, are drawn on the
surface of the eylinder, and a slit of the same width is made in
the box, parallel to the axis of the cylinder, through which a small
portion wf each ring may be seen. If the obliquity of all the
pings be equal, but the same phase of each ring be successively
placed at equal axial and equal angular distances round the
gylinder, when this is rotated in the box, the appearance of a
progressive longitudinal undulation will be produced. I1f any
portion, as one-third, or one-fourth of the length of another equal
eylinder be taken, and a transverse ring be placed at each end of
l:i{lis portion, and a series of oblique rings between these gradually
increasing in obliquity, and again gradually diminishing, the same
geries being repeated on either side of each transverse ring in the
reverse position, the rotation of this cylinder in the box will produce
the appearance of a stationary longitudinal vibration of a row of
particles. The effect is most striking if the box be blackened, and
white rings be drawn on a black cylinder.

Similar effects, although perliaps not equally perfect, may, how-
ever, be produced by means within the reach of any of our readers.
For this purpose, a series of equidistant undulating lines are to be
drawn on a sheet of pasteboard, as in Fig. 248, each successive

line being equally raised in position above its predecessor. When
this is moved uniformly up or down and parallel to itself, behind a
narrow slit in another sheet of }:lﬂtﬂhnunL the appearance of a pro-
gressive wave will be produced. If straight lines be drawn across
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L COMPRESSIBILITY OF WATER, 193

- producing no effects likely to be dreaded from their mechanical
~ violence. 1f the particles of water were tied together by increased
~ atfraction of aggregation, as by freezing, then its mechanical
effects would be as serious as those of other solids.
372. Fluids have been divided into elastic and inelastic; this
distinction has, however, no foundation in fact, for if a small
quantity of mercury or water be allowed to fall from some height
on to a hard substance, as a flat stone or sheet of glass, it will not
- remain where it falls, as a lump of moist clay would do, but the
particles rebound from the surface by their own elasticity, and are
scattered in all directions: thus showing that the particles of
‘which the fluid consists possess a certain amount of elasticity.
Fluids have also been divided into compressible and incom-
- pressible, but this distinction is by no means well defined, for it is
‘quite impossible to draw a distinct line of demarcation between
‘those fluids which, as water, and alcohol, are but slightly com-
- pressible, and those which, like air and all gases, are readily
- compressible, and, consequently, evince a large amount of elas-
~ ticity. The properties of the one class are common to the other,
~ with but slight modifications. We shall, therefore, first examine
- the physical characters of fluids fg&nemﬂy, reserving for the ensu-
- ing chapter a consideration of the properties peculiar to the
~ eminently elastic fluids, or gases.
- 373. Liquids, é:ruperlg so called, of which water may be taken
~ as the type, are butslightly compressible ; this character, indeed,
.~ was for some time doubted, as the celebrated experiment, per-
formed by the Florentine academicians, of enclosing water in a
‘hollow ball of gold, and causing the fluid to percolate W 260
‘the pores of the metal by the pressure of a screw, *'9- 250-
was for a long time considered coneclusive on this
point, a.lthuugﬁ all that it really proved was the
porosity of the metal, From tﬂe experiments of
‘Canton, the compressibility of water under the
‘pressure of our atmosphere, equal to about fifteen
pounds on each square inch, was estimated at
0°000044 ; while Mr. Perkins has lately estimated
the compression underthe same pressure at 0:000048:
- and Professor Oersted, by means of an extremely
‘accurate set of experiments, has fixed on rather
more than 46 millionths, or 513,y nearly, as the
degree of compression experienced by a given bulk
f water, for each additional pressure of one atmo-
here. The apparatus used by Professor Oersted
nsisted of a very strong glass vessel A B ¢ p, having
Armly cemented into its upper part a short iron
~eylinder £ ¥, in which a piston @, capable of being
_:jﬁ‘!_lﬂ‘FEd by the screw H, moves air-tight. A bottle x,
. mnto the neck of which is firmly fixed a capillary
: 0
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SURFACE OF FLUIDS HORIZONTAL, 195

" B. The transmitted pressure is equal in every portion of the fluid:
¢ Itis proportional to the area of the surface pressed.

These general laws may be proved experimentally by a closed
vessel filled with fluid, in the upper surface of which are two
apertures, to which pistons are fitted, having unequal. areas, as
10:1, for example. Then if one pound weight be placed on the
smaller piston, ten pounds will be required to keep the larger one
in its place. If t]:I:e larger piston be placed in the side of the
vessel, the pressure against it, arising from the gravity of the fluid
itself, must first be counteracted, when the same result will be
obtained. Also, if an orifice be made in any part of the vessel, the
Hluid will escape in a jet, when any pressure is applied to either
piston.
~ 37. Liquids can never attain a perfect state of rest, and be in
complete equilibrium, unless the particles in the upper and exposed
layer form a surface perpendicular to the direction of the forces
acting upon it; and every molecule of the mass of fluid expe-
riences equal and contrary pressures. Torender the first condition
"teﬂigibl}e, let aehf, Fig. 252, be a vessel full of water, or other
fluid ; to attain a perfect equilibrium, the surface of the fluid must
be level and in a plane perpendicular to the lines g, representing
the directions of i?ha earth’s attraction on the particles UieRdaT
instead of forming a level surface, the fluid be supposed to deseribe
a curve abcde, a small horizontal layer, as the Yiane bd, will be
pressed by the weight of the molecules above Fig. 252,
it ; this pressure will be transmitted laterally g 9 g
" (374), and the molecules of fluid at b will be [

acted upon by this lateral pressure, and pushed
outwards, because there is nothing to oppose
this action ; immediately other particles, acted o<
tpon in a similar manner, are pushed out in -
their turn ; and this effect continues until all
that portion of fluid, standing above the hori-
Zontal line b d, is depressed to one level surface,
‘and then the curve § ¢ d vanishes, and a hori.
‘Zontal surface, extending from a to e, perpen- 2 /e
lar to the lines of pressure g, 18 produced. :
fluid will then be in equilibrium, provided the second condition
s, that every molecule in the interior of the mass of fluid
eriences equal and contrary pressures. That this is the case
vident, for every particle of fluid receiving the pressure of
e above it tends, in consequence of the equality of pressure
); to transmit the same pressure laterally ; andif the pressure
0n two sides of a particle be unequal, it will be acted upon by the
Stronger force, amf continue to move until it has attained a situa-
‘Hon where all the pressures acting upon it are equal. The only ex-
‘céption 1o the law of the level surface of fluids at rest arises from
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LEVEL OF THE SEA. 197

378. The hydrostatic level acts on this principle; it consists of
two pieces of the same glass tube connected by a flexible tube,
and when nearly filled with water, may be used to ascertain two
points in the same horizontal plane, in situations not visible from
each other, as in two different parts of a mine. The two points
at which the water rests in the glass tubes will evidently be
h];:.rizuntal, whatever course the flexible tube may take between
them.

379. The above law applies only when the communicating
vessels are filled with the same fluid ; for if fluids of _
different densities incapable of mixing, as water and - 255.
mercury, be used, the elevations acquired by each
will be found to be in the inverse ratio of their spe-
cific gravities (399). Let mercury be poured into
the tube A ¢B until the bend ¢ is filled, then pour
water into B, and it will be found that, to raise the
mercury in A to the height of one inch, a column of
water, rather more than 131 inches high, will be re-
quired in B: in consequence of the relative gravity of
mercury, as compared with water, being as 13:59: 1.

380. {?e have a beautiful example of the truth of this law of
equilibrium of fluids in the figure of the surface of oceans and seas
in a calm state, by which the cause of their superficial curvature
becomes immediately apparent. We know that, in common with
everything belonging to our globe, the seas obey the force of
gravitation; and are also subservient to centrifugal force (312),
the oceans and seas therefore necessarily assume the spheroidal
form, in common with the solid elements of the earth’s crust, but
1ot subjected to the superficial inequalities of the latter. On this
account, where a standard place of observation is required for
very accurate barometric, or other meteorological observations, so
as to enable observers in different parts of the world to compare
the results.of their observations, the level of the sea, or a given
distance above it, is always chosen. Among minor causes affect-
ing the regular curved surface of the great mass of waters on our
- globe, may be mentione