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PREFACKE.

Ix issuing the present Treatise, a few words ex-
plaining the motives of its production, addressed to
those classes for whose use it is designed, seem not
only appropriate but necessary, in order to aoccount
for the arrangement which has been adopted.

The contents of the work are in substance a care-
fully-revised digest of the author’s oral instructions,
which for some years past he has found successful
in training pupils to a knowledge of that portion
of Civil Engineering which takes cognizance of
Machinery and Mill-work. The great bulk of treatises
on Mechanics are cumbrous to the last degree, loaded
with varieties of rules and overwhelming numbers
of examples of their application, to determine the
modification of forces and ratio velocities of gearing ;
but in none of them has the Author found the laws
of construction in reference to strength of parts set
forth at all fully; hence the Lectures given by him
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were specially arranged to show, not only the prin-
ciples by which forces and velocities are modified,
but also the mode of determining the least dimen-
sions of all descriptions of mill-work and machinery,
so that the reader may understand not only why a
given machine produces a certain effect, but also low
to make it practically. Sufficient examples are given
in the first portions of the book to show the method
of using symbolical formulee, wherefore in the latter
parts the formulee are not all illustrated by arith-
metical examples, as to have followed such a course
would have inconveniently extended the bulk of the
volume,

The Author’s aim throughout has been, in the first
place, to explain the Fundamental Theories of Me-
chanism in the clearest and briefest manner, so as to
impress upon the mind general principles, not special
cases, and then to show the practical development of
such theories, care being taken so to arrange the
matter as to try the faculties of the mind as little
as possible.

FRANCIS CAMPIN.
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PRINCIPLES

AND

CONSTRUCTION OF MACHINERY.

INTRODUCTION.

In the majority of treatises on Mechanies, and perhaps
more especially in those which are professedly of an
elementary character, a great number of unnecessary
divisions and classifications have been introduced, tend-
ing to complicate rather than elucidate the questions
discussed, and taxing the memory of the student by
imposing upon it the duty of retaining a number of
purely arbitrary systems of formulee or rules, instead of
impressing upon the mind of the learmer the main
principles upon which all sueh formulse are based.
Every kind of machine or structure met with in engi-
neering practice is of necessity based upon some
fundamental prineiple or principles which should be
thoroughly comprehended by those who undertake to
construet, modify, or improve upon, these machines or
structures. It is very insufficient merely, as it were, to
learn the action of one particular machine, without
ascertaining the principle of such action and the extent
of its application, for without this latter knowledge a
thorough comprehension of the machine cannot be
attained. Similarly in regard to structures, say lattice
bridges, the student who merely learns by rote the rules
for calculating the trussing of all (at present) known
descriptions of lattice girders will find himself at a loss
B
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and incompetent to fulfil the duties he assumes should
a new method of trussing be invented, according to
which he may be called upon to design a bridge;
whereas had he mastered the principles which rule the
arrangement of trussed girders, the matter would be
one of no difficulty whatever.

The intention of this work is to instil into the minds
of engineering students and mechanics, in the simplest
way, what may be termed the alphabet of engineoring
practice, and in order to render it available to as large a
class of readers as possible, everything approaching to
high mathematics will be carefully avoided, and all
caleulations restricted to the simplest language.

It is, however, impossible to deal with the subject
before us in a sufficiently lucid manuer without employ-
ing simple equations, upon which, therefore, a few
words in this place may be appropriate. Suppose z to
represent the quantity proposed to be found from an
ordinary ‘proportion” or ‘“rule of three’’ statement,
such as the subjoined :—

12: 45:: 13: z,
then, according to the rule,
iy 45 X 13
12

This is simply the same thing, but stated as an equa-
tion. It is, however, convenient to have a general
formula, for there may be many similar cases where the
values of the first three terms are not as above ; hence
replace 12, 45, and 13 respectively by the letters a, 5,
and ¢, then the general equation becomes

b Xe
=22 )
The value of an equation, or rather its equality, is not
altered by either multiplying or dividing both its sides

.




OF MACHINERY. 3

by the same multiplier or dividend, for ¢ things which
are double of the same are equal to one another,” and
“ things which are halves of the same are equal to one
another.” (Eue., Axioms vi. and vii.) Hence

2z=2xbxo

Let the general equation (1) be multiplied by ¢,

bXe=zXa
but usually the multiplication symbol X is substituted
by a period, thus

0o &, =" b8

The object of such an equation as this is evidently that
three terms out of four being known, we may be able
to find the wnknown quantity: according to the terms
represented by the letters, any one of the latter may
present the unknown quantity ; therefore let an equa-
tion be found for each :—

Divide by #, then ¢= 24

Divide by ¢, then &= -%-
Divide by b, then ¢ = _“b_“‘
Divide by @, then 2= .611_0

In this case there are only multiplications and divisions
to be performed ; but very commonly, as well as these,
additions and subtractions will be found to occur, as in
the equation following : —

z+y=3wb+?6—”_m". L2y

‘We can, without vitiating the truth of the equation,
subtract from or add a like quantity to both sides, for
B 2
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“if equals be added to equals the wholes are equal,”
and “if equals be taken from equals the remainders are
equal.”—(Evo., Axioms ii. and iii.)

In equation (2) add m to both sides of the equation,
24 y4m= 3ab+£6f—-m+m=3ab +26—v (3)
Or subtract y,

x+y—y=z=3ab+%’f—m—y 50408
Both are true equations.

From observation of the above process the following
rule is drawn :—If it is required to change a quantity from
ong side of an equation to the other, in so doing alter the sign
of the quantity moved.

Thus — m in eq. (2) on the right becomes +  in eq.
(8) on the left, and 4 y in eq. (2) on the /ft becomes
— g in eq. (4) on the right.

These few brief remarks will probably be sufficient
to explain the nature of a simple equation, so far as may
be requisite to the comprehension of the formule and
analyses with which we shall subsequently have to
deal.

In concluding this Introduction it seems desirable to
point out the general object of every machine or
structure. This object, then, is to render some natural
law or set of natural laws subservient to human pur-
poses, to subjugate and guide the energies of the
physical forces, either in motion or at rest, so that they
may be expended at the places convenient and in
manner suitable to our requirements. Thus, from coal
dug out of the earth emergy is developed to propel
vessels on the ocean ; and by a skilful arrangement of
materials vast loads are supported over chasms, and
their weight transmitted to the piers or abutments on
either side.
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The main distinction in principle between a machine
and a structure may be thus stated :—A machine is
used to apply physical force @n motion; a structure
depends upon the laws of physical force at rest. The
former is termed dynamie, the latter static force (from
the Greek évvaus, I move, and wryu, I stand).

CHAPTER I.
FORCE OR PRESSURE.

ForcE or pressure acting upon any body indicates that
such body is under some control which for the time
being regulates the circumstances of its existence and
condition; but of forces there are several which, although
capable of reproducing each other mutually, neverthe-
less may be regarded as of different characters from
the different phenomena to which they give rise. The
natures of these forces will now receive our attention.

According to the most generally received theory all
matter is composed of minute bodies called atoms (from
the Greek a privative, and 7eurd, I cut), which are
indivisible, and by the building up of which molecules
of matter are formed, by the aggregation of which again
masses of matter are formed. The character of &
molecule is that it consists of 8 number of atoms either
similar or dissimilar chemically attracted towards each
other; but a mass of matter consists of molecules
mechanically attracting each other : thus the mass of
matter may be broken or crushed by mechanical means,
but the molecules can only be disintegrated by chemical
action.

The atoms of matter, which Newton describes as
being hard, impenetrable, and incapable of wear, form-
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ing a mass, are not in actual contact, as is evident from
the compressibility of matter; hence they must be
balanced in certain positions, allowing greater or less
intervals between them according to the nature of the
body of which they are the component parts; and to
occupy such a position, two forces must be acting upon
them, the one tending to bring them together, the other
exerting a repelling force which unopposed would drive
them asunder.

The force tending to bring the molecules together
is called the attraction of cohesion, and that which
repels them is heat, and the molecules occupy positions
dependent on the relative intensities of these two
opposing forces. The intensity of the attractive force
remains constant amongst the molecules of any given
body, but that of the heat may be varied by external
agencies; thus we can add heat to a mass of matter or
deprive it of a portion of that which it already pos-
sesses. In the former case the additional heat further
opposing the cohesive force drives the molecules further
apart, and the body ezpands; but in the latter case the
repulsive force being diminished, the molecules are
drawn by the predominant cohesive attraction into
closer contiguity, and the body contracts. It would be
foreign to the purpose of the present treatise to dilate
more fully upon these forces, as by so doing we should
be trenching too much upon the sphere of physics.

The next force to which we must allude is the attrac-
tion of gravitation, by virtue of which all heavy bodies
tend to approach one another. It is this force which
holds the planets in their orbits, and to it is due the
weight of matter. By gravitation ponderable substances
fall to the earth, and by gravitation ships and balloons
are supported in the aqueous and aérial oceans ; but in
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the last two instances the vessels are floated upwards
because they are displaced by the superior gravitative
force of the media by which they are sustained : they
are forced up as a light weight is drawn up by a heavier
one.

Gravitation furnishes the measure for force, work,
and power, as all forces, in whatever direction they may
act, are always stated according to the weight of a mass
which by reason of its tendency to fall to the earth
would produce the same effect in a vertical direction.
Thus, if a man push a carriage, exerting on it with his
hand the same energy he would have to exhibit to sup-
port a weight of thirty pounds, he is said to be pressing
the carriage with a force of thirty pounds.

The actual weight of a body does not affect the
intensity of the earth’s attraction for its parts, as a mass
weighing ten pounds will fall no quicker to the earth
than one weighing five pounds, nor any slower than
twenty pounds’ weight, as the effect of gravitation is
manifest on each molecule of the mass independently of
the neighbouring molecules, and were they all separate
they would fall with the same velocity as they have
when aggregated together in a solid mass. Not only
do bodies gravitate towards the centre of the earth,
however, but also towards irregularities on its surface
and towards each other. The pendulum which in level
country points when hanging freely to the centre of the
earth, will when placed in the neighbourhood of moun-
tains deviate from that position, being attracted in some
degree by the masses of earth in its vicinity.

Matter in general possesses a property termed nertia,
by reason of which it will, if unacted upon by external
agencies, continue in any state in which it may happen
to be left by the last force that acted upon it; that is to
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say, if a body is at rest it will remain so until some
exterior force moves it, and if it be in motion it will con-
tinue to move until some external resistance stops it.

A body acted on by one force alone cannot be in a
state of rest; there must be at least two in operation,
and these two must be equal in intensity and opposite
in direction : in the language of statics these forces are
termed action and re-action, hence the law of equilibrium
of forces.

To satisfy the conditions of equilibrium, the action and
ro-action must be EQUAL and OPPOSITE.

If two forces only are acting, as a matter of course
they must act in one and the same straight line, but in
opposite directions.

It not unfrequently happens that two forces act at a
point so as to produce a combined effect ; it is necessary
in that case to find what single force would produce the
same effect as these two forces, which latter are sup-
posed to be inclined at an angle to each other.

Let two forces act at the point g, Fig. 1.
Fig. 1, respectively in the directions
of thelinesa b, a ¢, and let their inten- S "'
sities be represented by the lengths
of the lines a b and a ¢; complete the
parallelogram, @ b ¢ d, and join ¢ d,
then will the diagonal @ & represent ¢ t
in direction and intensity the force equivalent to the
two forces ¢ b and @ ¢. This is obvious at sight, for
if we suppose the two forces acting to move a body from
a, and each acts singly, first—the body will be drawn to
¢; and then ¢ 4, being equal and parallel to a ¢, will
represent it and draw the body to €; but if both forces,
maintaining parallelism to their initial directions, act
continuously and at the same time, the body would
really be moved along the diagonal « 4.
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If there be more than two forces acting at a given
point, they may be solved by pairs by the ¢ Theory of
the Parallelogram of Forces,” until at last one force is
found equivalent in intensity and direction to all of them
together.

All solid bodies are to some greater or less degree
elastic, although in some, such as lead for instance, the
elasticity is not easily perceptible ; elasticity being that
property by which bodies when compressed, extended,
or otherwise altered in form by external force, endea-
vour to recover their former shape and size. If a
weight be placed upon a spring balance, the spring is
shortened in proportion to the weight placed upon it,
and similarly if a weight is placed upon a solid mass
there is induced a compression of the solid, and its ten-
dency to expand to its original bulk produces the force
sustaining the weight; in short, the weight is the action,
and the elasticity of the material supplies the re-action.
Hence, when force is brought into action upon a fixed
body, compression (or extension, as the case may be)
takes place until the elastic resistance of the material
supplies a re-action equal to the external force which
has called it into operation ; provided always that the
external force has not sufficient intensity to overcome
the molecular attraction, and so rupture the body upon
which it is acting.

The reaction to every action which occurs on the earth
might be reasoned out ; but to do so would be merely
occupying a large quantity of space for no useful pur-
pose, and the argument would be merely a series of
repetitions of the example just given.

Force may be transmitted from the first point of its
application through either a solid, liquid, or gas, to
operate at some distant point ; but if through a solid—
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no mechanical appliance intervening—the force can only
ultimately act in the same direction as that in which it
is first applied, or in one parallel to it.

If, however, the force be transmitted through a liquid
or gaseous medium confined in a vessel, the force may
be received from such medium in any direction, regard-
less of that in which the force was applied in the first
instance. This difference is due to the distinctive cha-
racteristics of solids and fluids, which are as follows :—

The weight of a solid body presses vertically towards
the centre of the earth, but

The weight of a fluid body presses equally in all
directions.

‘We must now pass on to describe ¢ pofential,” or stored
force. Perhaps as good an illustration as can be cited
on this point is that supplied by a clock-spring when
wound up; a certain amount of ‘force is communicated
to the spring, and there remains stored up ready for
use at pleasure ; while the spring is at rest this force is
regarded as potential force, because although its pre-
sence is not evidenced by any phenomena, yet it exists
and is capable of being brought into action at any time.
The same may be said of any weight raised and sus-
pended over a body on-which it may subsequently be
required-to exert pressure, or of steam or gas compressed
in a close vessel, whether it be by actual foreing into
the vessel more than it normally holds, or by increasing
the tension of its normal contents by the effects of exter-
nally applied heat. In conclusion, the forces which act
upon all terrestrial matter may be arranged in two
classes :—Internal forces and forces acting externally.

The internal forces are those upon which the form,
properties, and constitution of various bodies depend in
a normal state.
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The external forces are those which, proceeding from
without the body, tend to move it from its position, alter
its shape or bulk, or to destroy the cohesion of its
parts.

CHAPTER II.
WORK, POWER, AND MOTION.

Ix the previous chapter forces at rest have been treated
of principally, but now we have to consider the results
which accrue from forces accompanied by motion, that
is from dynamic forces.

‘When a force is exerted through a space, then work
is said to be done; if a resistance is overcome through-
out the space passed through by the force, then uniform
work is being done; but if the resistance is all at the
end of the space, then the work accumulated in passing
through the space overcomes it. Work is usually ex-
pressed in pounds lifted through feet as foot-pounds;
thus, if a resistance of 45 lbs. is overcome through a
distance of 50 feet, then the amount of work done is

= 45 lbs. X 50 ft. = 2250 ft.: Ibs.
It matters not what direction the force is exerted in,
whether to push a truck or lift a weight.

By introducing a third element, time, comparative
measurements of POWER are obtained. A horse, accord-
ing to Watt, can lift 33,000 lbs. one foot per minute;
hence, if a steam-engine be lifting 1,848,000 lbs. one
foot per minute, its power is

_ 1,848,000

i el 56 h - .
55,000 orse-power
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Hence, to find the horse-power exerted by any machine
the following rule may be used :—
Multiply the weight or resistance by the speed per minute
at which it is overcome, and divide the product by 33,000.
Ezampls : Let the resistance be equal to 503,089 lbs.
Speed per minute . . . 100 ft.

503,089 X 100
33,000

If a body fall freely, then the work, not being expended
as it falls, is accumulated in it; thus, if a weight of
15 Ibs. drops 10 feet, the work_accumulated in it will be

15 X 10 = 150 ft.: 1bs.

But supposing such a mass as a railway train in motion,
then the accumulated work must be ascertained froi
the veloeity ; it is equal to the weight of the train
multiplied by the height through which it would have
to fall to acquire a velocity equal to that at which it
is moving ; but in order to find a rule to determine what
this would be, we must ascertain the laws which govern
the motion of bodies falling freely.

From experiment it is found that a heavy body during
the first second of its fall passes through 16:1 feet;
hence its velocity at the end of the first second must be
82-2 feet per second, as at the commencement the
veloeity is 0 and

0 X 322
2

the average velocity as found from the initial and final
velocities. During the next second the body will pass
through 32-2 feet, due to the velocity already acquired,
and 16-1 feet, due to the continued attraction of gravita-
tion, in all 48-3 feet ; and in the two seconds 64-4 feet ;

Horse-power = = 15245

= 1631 .
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it will also acquire another 32-2 feet per second, making
a final velocity of 64-4 per second. Following this up,
the distances and velocities corresponding to different
durations of time will be found as follows :—

Let b = total distance fallen through, and v corre-
sponding final veloeity per second :

Duration of fall in seconds. h v
1 161 32-2
2 64-4 64-4
3 144-9 96-6
4 257-6 128-8
3 402-5 161-0

From this table it is evident that the distance fallen
through varies as the square of the time occupied by
the fall, and the velocity varies simply as the time.

Let ¢ = time of fall in seconds, and g = 32-2 feet per
second, then the following formulm will serve to solve
all cases relating to falling bodies :

VY S
= i (5)
Let the time be 5 seconds,

h=1% X 822 X 25 = 4025 feet fall in 5 seconds.
Let the velocity per second be 100 feet, the fall to
acquire such a velocity will be
10,000
=_— - =1553 2
P da feet nearly.

Again, to find the velocity, we have, by transposing the
above equations,

v:gt::‘i: VQ.‘]]'
¢
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Let the time of fall be 5 seconds,
v = 322 X 5 = 161 feet per second.
Let the height of fall be 100 feet,
v = 4/2 X 822 X 100 = 80-25 feet per sec. nearly.

The weight of a body being = ¥, the work accumu-
lated in it in falling through a distance = %, will be =
Wh, and, also, replacing /4 by its value in the foregomg
formulee equation (5).

2
Accumulated work = — >

g
Let a weight of 5 Ibs. be moving at a velocity of 20 feet
per second, the accumulated work is
_ 5 % 400
T2 x322
Taking the example of a train weighing 80 tons
(179,2001bs.), and moving at a speed of 20 miles per
hour (293 per second), we find the accumulated work
to be
179,200 X 858,49
&3 2 X, 322
Again, let a cannon’ ball weighing 60 Ibs. leave the
mouth of a gun at a velocity of 2,000 feet per second,
the work accumulated in it will be
o 60:%14,(100,000 = 8,726,708 foot-pounds.
2 x 322
This well illustrates the immense destructive power
which may be concentrated in comparatively small
weights by causing them to move at high velocities ;
for whereas the accumulated work varies simply as the
weight, it varies as the square of the velocity.

If the velocity of a moving body, such as a train, after
attaining a certain point becomes constant, then the
body is said to have a uniform motion, and the pro-
pelling power is just sufficient to overcome the frictional

= 31 foot-pounds.

= 2,388,840 foot-pounds.
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resistances opposed to the motion of the body at the
velocity acquired. Let the propelling force cease to
act, and the body will gradually come to rest, the work
accumulated in it being expended in overcoming the
frictional resistances to the gradually decreasing motion
of the mass.

Any mass set in motion will, if unoperated upon by
any fresh force, move continually in a right line having
the direction in which the force imparting motion to the
body originally acted, but through the intervention of
another force the body may be caused to move in a
curve instead of in a right line. Let a body in motion
be compelled, by a cord of constant length attached to
it at one end and to a fixed point at the other, to
revolve about a centre describing a circle at each revo-
lution. A rule is required to determine the tension on
the cord, or the centrifugal force. ;

In order to state the amount of force necessary to draw
a body through any given space, we must consider the
case in comparison with the earth’s attraction, which
produces an effect of g, or 32-2 feet velocity, in one second
of time. The attractive force varies as the bulk of the
body, hence the mass of a body is expressed by

w

g
The normal direction of the moving body will be a
tangent to a circle, and according to the laws of the
circle (Cape’s Mathematics, vol. ii., p. 233,) the distance
which it will be drawn out of this direction by the ten-
sion of the cord will be expressed for one second by

27 ; hence the centrifugal force will be,
2

if r = radius of gyration,
Wo?
ry

= force in pounds.
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In order-to make more clear the mode of comparing
centrifugal force with gravitative attraction, a special
case may be taken. Let a force be capable of imparting
a velocity of 644 feet to a mass of matter in one second,
then will this force have twice the intemsity of the
attraction of gravitation, and a body requiring 5 lbs.
pressure to sustain it against the latter will require
10 lbs. to sustain it against the former. Let it be
required to determine the centrifugal force of a mass
weighing 15 1bs., revolving in a circle 4 feet in diameter
at a velocity of 20 feet per second, the centrifugal force
will be

_ 15 x 400

T 4 x 322
Bodies may be caused to move in a great variety of
curves, dependent upon the composition of the forces
acting upon them; thus the planets in their courses
describe elliptical orbits, the path being determined by
the initial velocity and direction of movement combined
with the attraction of the sun.

Let the ellipse Fig. 2.

shown in Fig. 2
represent the path
of a planet moving
round the sun §
placed in one of the
foci of the ellipse. ¢
The rationale of its b
movement is as fol-
lows :—If the body
first have a motion impressed upon it acting in the
direction @ &, by the time the body would have
reached ¢ the attraction of the sun has drawn it
out of the right line as far as ¢ d, when it ~mamy

= 46°58 lbs.
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be considered as again moving in a tangent to the
curve; and again, when it would have reached e,
the sun’s attraction has drawn it to f, and so forth.
It will be observed that during the passage through
this part of the orbit, the sun’s attraction is refarding
the moving body, until at % its course is turned round
and it approaches the sun, the attraction of which
is now accelerating its speed, as is evident from the
direction in which it is acting, as shown at ¢ j; thus the
loss of velocity due to the sun’s attraction in one half of
the orbit is restored in the other half, so that when the
body again arrives at the point ¢ it is moving with its
initial velocity. «

It would very rarely occur that a planet, moving
under the influence of its initial velocity and the sun’s
attraction, would adopt a circular orbit, as, for such to
be the case, the latter must first come into action when
the planet is in such a position that a line drawn from
the sun to it would be perpendicular to its motion, and
in addition to this there would be required a certain
definite relation between the velocity of the body and
the attractive force of the sun.

CHAPTER III.

GENERAL LAW FOR ALL MACHINES MODIFYING FORCE.
WaeN a force acts about a fixed Fig. 3.
point as a centre, the effort of this
forece reduced to the centre is termed [

the moment of the force. In Fig.

3 lot 4 & show the direction in

which a force p is acting; its mo- b \

ment about the point ¢ is required ‘e
¢
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to be determined. From the point ¢ let fall a perpen-
dicular ¢ d upon a b, and let the length of this perpendicu-
lar berepresented by /, then the moment of the force p
about the point ¢ will be

Thus, if the forco have an intensity of 20 Ibs., and its
distance be 3-5 feet, the moment of the force about the
point ¢ will be

= 20 X 35 = 70 foot-pounds.

In all appliances for increasing or diminishing the
intensity of force there are two main points requiring
primary attention—the point of application of the force
and the point at whichyit is given off. In every case
there is a tendency to produce motion, and whether it
actually is produced or not, the proportions of the
machine to secure equilibrium between force and resis-
tance, whether at rest or in uniform motion, will be the
same.

It is one of the fundamental laws of natural seience
that force can neither be created nor destroyed ; hence,
if a force is increased, as hy means of a lever, something
else is diminished, as the space through which the force
acts. Let work be done on one end of a machine equal
to 10 lbs. acting through 20 feet, that will equal
200 feet-pounds ; and this may be given off at the other
end of the machine in a variety of different ways, but
only the same amount of work can be given off. (At pre-
sent friction is disregarded.)

If the part of the machine at which the work is given
off moves 2 feet while the point of application moves
10 feet, then dividing the work dome by the space
through which the force passes, it is found that the
intensity of the force will be

20072 100 1bs. pressure

2
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thus the intensity of the force is increased by means of
the machine five times, but the space through which it
acts is diminished in like ratio.

Again, if two forces act about a centre so as to pre-
serve equilibrium, acting, of course, in opposite direc-
tions, their moments must be equal. Let a force of
30 Ibs. act about a centre at a distance of 3 feet from it,
the moment of force will be

=80 X 3 = 90 ft.: 1bs.
at what distance from the same centre must a force of
12 Ibs. aet in the opposite direction to balance this
moment ? Let z equal the required distance, the
moment of this last force will be
12xz=13z
but to satisfy the conditions of equilibrium the moments
must be equal ; hence
12" & —"90:ft. % 1bs;

wherefore,
90

EF Ly 7-5 feet.

In this ease, if the forces were rotating, the spaces
passed through would be inversely as the forces acting,
because the circumferences of circles vary as their radii,
and the distances of the forces from the point about
which they act are the radii of the circles of gyration of
such forces, and from the above it is observed that
these distances are inversely as the forces to which they
refer; the force of which the intensityis 80 lbs., having
a distance of 3 feet, and that of 12 Ibs. a distance of
7-5 feet.

Thegenerallaw formachinesformodifyingorincroasing
pressure (irrespective of friction) may now be stated : —

The pressure 1s to the resistance as the space through which
the resistance is overcome in a given time i3 to the space
through which the force acts in the same time.

c2
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By this law may be solved questions referring to every
description of lever, pulley, toggle, train of wheels,
hydrostatic press, or other similar contrivance.

Let p = pressure or force in pounds, R = resistance

in pounds.
s = distance traversed by force in a given time.
s = o 7 by resistance in the same
time.

From the following four equations any one of these
quantities may be found, the other three being given:—

SRS 0K
= B

RLNS, p.8
= S=£-°
g b3

r
A few examples will serve to show the application of
these formule :—

A b is a lever supported Fig. 4.
on a fulerum at ¢, the points
of resistance and force being ‘ L &y
respectively at ¢ and b, the b ' T
distance @ ¢ = 10inches,and P R

b ¢ = 56 inches, @ ¢, & ¢ being radii of gyration of the
points @ and b, the spaces passed through in a given
time would be @, 10 inches, and 5, 56 inches; hence,
if it is required to equal a resistance of 114 Ibs., the

force applied must be
p = ll_‘féz;(_l(_) = 20°36 Ibs. nearly.
Let a weight of half a ton be required to be lifted by a
force of 80 1bs., the distance @ ¢ being equal to 2 inches,
then the distance & ¢ will be
S IIZgOX_g = 28 inches.
In these cases it must be understood that the distances

a¢, be, are employed instead of the spaces actually
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passed through by @ and 5, because the ratios are the
same, that is

Sty
SELaT
The principle of the hydro- Fig. 5.

static press is illustrated in
the section shown in Fig. 5.
a and b are small and large
cylinders fitted with water-
tight pistons or plungers, one
(p) being the point of appli-
cation of force, the other ()
that of resistance; the cy-
linders communicate with each other by means of
the pipe ¢. The water flowing out of a into & evi-
dently has to cover a much larger surface in the latter
than in the former, and consequently the depth of a
given quantity of water would be much greater in @ than
in &; or, in other words, if the piston in @ be forced
down, that in b will be raised to a height less than that
through which p descended, in proportion as the area of
b is greater than that of @; but the areas of circles vary
as the squares of their diameters (Evc., Bk. xii., Prop.
ii.) ; hence the distances (s and S) passed through in a
given time by the points of force and resistance, in
the present case, are inversely as the squares of the
diameters of the respective cylinders to which they are
applied. Let the diameter of the cylinder a be 15
inches, and that of the cylinder 4 10 inches, then the
spaces passed through by p and R respectively in a
given time will be

—2

s =10 = 100

—2
S= 16 =225
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hence a force being applied at p = 25 Ibs., the resist-
ance it will be capable of balancing is,

R 2oL 00; s R e
295

or nearly half a ton.

CHAPTER IV.
CENTRE OF GRAVITY.—MECHANICAL POWERS.

It has hitherto been customary, when treating on the
attraction of gravitation, to explain the use of the term
“centre of gravity;’’ but in this treatise its considera-
tion has been advisedly postponed to this chapter, in
order that the reader might first be made acquainted with
the prineiple of moments of force, as by pursuing this
course we are enabled the more clearly to deal with our
subject now.

That point in any body at which the whole weight
may be supposed to be aggregated together is called the
“centre of gravity” of such body, and if suspended
from this point it will remain at rest in any position in
which it may be placed. A mass of matter may be re-
garded as an assemblage of small particles or molecules,
each and all exerting moments of force about a certain
point, about which all such moments are in equilibrio;
this point will be the centre of gravity of the mass.

It is required to find the Fig. 6.
centre of gravity of two
forces, p, »’ Fig. 6, distant } ¢ e
from each other @ 6. Let ¢ ‘1

be the centre of gravity of  p ?
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the forces, then the moments of the forces about ¢ must
be equal, or
pXac=p Xeb;
hence,
py _ ¢ch
7 ac
let p = 24 and p" = 7, then the ratio will be

oracwﬂlbe%of&o; or as there are 24 parts in b ¢,

and 7 partsinee (24 + 7 = 31)%ofab
Let 2 b = 27 inches, then

a6 = X 27 = 6°09 inches,

31
and

be= :2;—1; X 27 = 20-91 inches.

The centre of gravity of any number of forces may be
thus finally found by solving it first for one pair, then
considering the two forces as acting at their centre of
gravity, and determining the point for this and another
of the forces, and so forth.

In all symmetrical bodies the centre of gravity is
evidently coincident with the centre of figure or mass.

The simplest machine for modifying pressure or resist-
ance is the lever, and after what has already been said
the solution of all questions connected with it will be
sufficiently easy.

Let p = the force, d = its distance perpendicularly
from the fulerum ; R = resistance, D = its distance from
the fulcrum, then

D d d RD
p:Exd—,Rz-%—,D=%z——,d=_p—
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These four equations will serve Fig. 1.
for any kind of lever; the wheel
and axle shown in Fig. 7 is
identical in principle with the
lever. The radius of the wheel
equals d, one arm of the lever,
and the radius of the axle equals
D, the other arm of the lever.

The circular movement of any
point in the periphery of the
wheel is called its angular velo-
city, of which the proper definition is as follows :—

The angular velocity of a wheel 1s equal to the velocity of
any point in the periphery divided by the radius of the wheel.

The inclined plane, wedge, and screw are all but differ-
ent forms of one and the same mechanical element.

Fig. 8 is an inclined plane; it Fig. 8.
is required to determine what force T
will be necessary to support the -5 =
weight # upon it. Let p =this ~< === Tt 04
force, = length of the inclined Fig. 9.
plane, and & = its height. It is fo————TCr=
evident that in order to raise the —~

weight W vertically through the
height 4, it must be moved through [\\<
the distance 7, hence the force )
moves through the distance /,

while the resistance of gravitation only acts through the
distance %; hence

Aid I3 Wt ! Ly N 3
Di=— le—, W=p XT’}‘_W’Z_WX ¥
A wedge consists of {two inclined planes placed base to
base; the formule are the same as above, hut replacing
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! by Z and 4 by 2k, which would be the thickness of the
back of the wedge, supposing it to consist of two equal
and similar inclined planes.

If an inclined plane, ¢ & (Fig. 9), be wrapped round
a cylinder, ¢d, it will describe a serew about it, as shown
by the dotted lines. At each revolution of the screw
any body on which it acts will be moved through a space
equal to the distance from centre to centre between two
successive convolutions of the thread; this distance is
called the pitch of the screw. The scrow is usually
turned by a bar or lever, ¢ f. Letthe distance from the
axis of the screw at which the force acts = Z, the pitch
of the screw = p, the force = P, and resistance = R;
in one revolution the force will describe a circle of which
the radius = Z, or will pass through a space equal to

62832 L ;

hence the formule for solving questions connected with
the screw will be as follows :—

62832 L
p=Ry it | g & kE o
X G282 L’ .
62832 L P
=Px————",I=R X £
s o bl X G282 P
The toggle, Fig. 10, forms a Fig. 10.
very powerful mechanieal element. c}P

A4 B are two blocks, one fixed, B = |
the other capable of sliding in © &

the direction @ &, but offering a resistance, R, to
motion; @ ¢, ¢ b are two links jointed together at
¢, the force being applied in the direction of the
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arrow p, or at right angles to the direction of the
resistance. 'While the force is moving through the
space ¢ d, the resistance will evidently be overcome
through a distance equal to twice the difference between
@ ¢ and a d. But (Eve, Bk. i., Prop. 47),

—_2 —_—

ad = ac — ecd

hence the space through which the resistance is over-
come is
—_—2 —_—2

s=2(ac- AN o

Let 7 = length of one link (4 ¢), 4 = distance traversed
by force (¢ d), R = resistance, p = force, then

) 2 — VIEZ &)
pP=BX — = g

20— 1/l2 T e

This gives the relation of force to resistance when the
former is acting in the position shown, but as the re-
sisting block moves so the force becomes more and more
intensified, until, just as the links a ¢, 4 ¢, fall into the
same right line, the ratio becomes infinite.

‘We next have to consider the effects Fig. 11.
produced by arrangements of pulleys
intervening between the weight or
resistance and the force opposed to it.
If but one pulley is used, and that
one is fixed as at 4, Fig. 11, it merely
serves to change the direction of the
force, and does not alter its intensity ;
hence, in this case,

=W




OF MACHINERY. 27

When, however, move-  Fjg. 12. Fig. 13.
able pulleys are used,
the case is altered, and *
the force becomes inten-
sified. In Fig. 12 itis
evident that half the
weight, W, is carried
on each of the portions,
a and &, of the cord;
hence the tension on the
cord is
w

2

In Fig. 13 the weight is carried on the four parts,
a, b, ¢, d, of the cord, hence the tension on it in this
case is

w

4

So, in these two instances, the ratio of force to weight is,
Fig.12:p=?W Fig.w;p:.’if

The following formula will apply to all combinations of
this class where only ons cord runs through the whole
system of pulleys:—

Let p = force, W = resistance, # = number of
moveable pulleys,—

w
1’2—‘—2” yW=px2n
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In Fig. 14 are shown Fig. 14.
four moveable pulleys and
four separate cords. Ttisa SSRGS Y
combination of systems of
which each reduces the
resistance by one half,
hence the tensions are on
A

2 - 4 r Y 8 LRt 16-
Hence the following for-
mulee will serve to solve
cases of this sort. Tet n
= the number of times
one system alone will re-
duce the weight or resist-
ance, and # = the number feoe
of systems combined, then

P

In the case illustrated, the number of times one system
will reduce the resistance is 2, the number of systems

combined 4, hence
O
/2 24th — 16

Of course in all cases of pulleys what is gained in
intensity of force is lost in space passed through; thus,
in Fig. 12, the parts @ and 4 of the cord have both to be
shortened as much as the weight is raised ; hence the ,
cord at p has to be drawn through a distance twice as
great as that through which the weight is lifted or the
resistance overcome.

In machines which act by percussion, such as ham-
mers, pile engines, &c., the effect is produced by
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expending work, accumulated through a certain dis-
tance, in a comparatively very short space. For instance,
let the “monkey” of a pile-driving engine weigh
300 1bs., and have a fall of 10 feet, then in each fall the
work accumulated in the monkey will be
300 Ibs. X 10 ft. = 3000 ft.-1bs.

If this work be expended in driving the pile 4 inch into
the ground, then (4 inch = }; foot) the mean force
exerted will be

3000

EY

= 72,000 Ibs.

In order to vary the speed
obtained from a prime mover,
wheels having teeth on their
peripheries, called cog, toothed
or spur wheels, are very com-
monly used ; the general forms
of some of these are shown in
Fig. 15. 4 and B are two pa-
rallel shafts carrying the spur
wheels ¢ and &, which, by
gearing together, ensure a cer-
tain ratio of velocity between
the shafts; and also the hold
afforded by the teeth allows of
power being transmitted from
oue shaft to the other. The
dotted eircles show the effective size of the wheels,
that is, the size they would be if the motion were trans-
mitted by mere rubbing contact without teeth ; they are
called pitch circles, because the pitch, or distance from
centre to centre of the teeth, is measured on them.
‘When the shafts are inclined at an angle to each other,




30 PRINCIPLES AND CONSTRUCTION

‘““bevil wheels,” as shown at ¢ and f, are used. In this
case the periphery of each wheel is conical, the apices
of the cones being where the inclined shafts would meet
if produced, as shown by the dotted lines. In both
these cases the wheels revolve in opposite directions.
If, however, the large wheel has the teeth inside the
rim, as shown at %, and the small spur-wheel or pinion
g works within the large wheel, then both wheel and
pinion revolve in the same direction.

The ratio of the angular velocities, or number of re-
volutions made by the shafts, will be dependent upon
the radii of the wheels, as the peripheral veloecity will of
necessity be the same for both wheels. Let the radii of
of A and Bberand R, and the numberof revolutionsmade
by them be respectively # and N, in a given time, then

3 R - y el DA et R
=V X 7,N--n X fR”"XFT_Nx'yT
Let the radius of 4 = r = 4 inches, its number of
revolutions per minute = » = 80. The wheel B is

required to make 7 revolutions per minute; its radius
will be
FRE=1801 % = 17-1 inches at the pitch circle.

As the teeth on both wheels are pitched at the same
distance apart, it follows that the number of teeth on
the wheels will vary also as the radii of the wheels. If
both wheels are required to move in the same direction,
an intermediate wheel is sometimes interposed between
the driving wheel and that driven; this, which is called
an idle wheel, has no other effect beyond reversing the
direction of the motion. The shape of the teeth of
wheels will be treated of in a subsequent chapter.

Very commonly, instead of using toothed gearing
(especially where the shafts are far apart and noise is
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objectionable), pulleys or riggers, connected by belts or
straps running round them, are employed ; in this case
the ratio of the angular velocities of the shafts is deter-
mined in the same manner as in the last, presuming, of
course, that the belt does not slip.

For some especial purposes toothed gearing of unusual
forms is applied, the wheels assuming the appearance
of ellipses, squares and lobed figures ; but it is unneces-
sary here to describe them, though it may be advisable
to observe that in setting out such work care must be
taken that in every position the sum of the radii of the
pitch lines, at the point between the centres of the
wheels, ig equal to the distance between such centres.

CHAPTER V.
ELEMENTS FOR CHANGING THE NATURE OF MOVEMENTS.

The simplest modes of Fig. 16.
changing continuous )
rotary motion into reci-
procal, or vice versd, are
shown in Fig. 16. aisa
shaft carrying a crank a3,
to which is jointed 4 &, a
connecting rod, b ¢; ¢, the
end of the connecting-
rod, is jointed to a block
sliding between guides,
e f, sothe revolution of
the crank will impart the
required motion to the
rod d.

If we imagme the
crank pin 3 enlarged
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until its periphery extends beyond the main shaft
a, the principle of the crank is maintained; but
in the altered form the element is termed an eccentrie
wheel, or, for brevity, an eccentric. Omne is shown
at C. C is the eccentric, j the main-shaft, ¢ the
geometrical centre of the eccentric, g a band surrounding
it, sufficiently free to allow the eccentric to revolve
within it, 2 a connecting rod by which motion is trans-
mitted from the eccemuric.

Instead of the connecting-rod and guides a slotted
link Z may be used. This link is carried by two rods
working in guides / 7; to keep its motion rectilineal the
lateral motion of the crank pin m is allowed for by the
slot in the link. By making the slot sufficiently broad,
an eccentric may also be used with this arrangement.

Fig. 17 exhibits types of three Fig. 11,
descriptions of cams in most
general use. 4 is a heart-
shaped cam carried on a revol-
ving axis &, the end of a rod ¢
rests upon the edge of the cam,
the rod passing between guides
d. As the cam revolves it lifts
the rod through a distance equal
to the difference of the radii b ¢
and b e, the mode in which it is
lifted depending on the forma-
tion of the periphery of the cam
between ¢ and ¢; the rod falls
again by its own weight or by a
spring or another cam.

. DBis a face-cam on an axis £,
the rod % working in guides / is pressed against its face
by a spring or otherwise. ~The part g pushes the rod

&
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back as the cam revolves through a distance equal to the
difference between /% g and ¢ j.

The third cam C has a groove in its face m, m, in
which works a pin », carried at the end of a bar o,
capable of oscillating on a centre p. As the cam
revolves the bar o will vibrate by reason of the irregu-
larity of the groove m m.

Cams are very much used in machines where varying
movements and those of an intermittent character are
required. An intermittent movement is any movement
of which whilst one part is always in motion the next
has alternate intervals of motion and rest; such as
would be the case if the cam A were circular all round
except at one place, as then the rod ¢ would be at rest
except when the one irregular part of the cam was
passing under it, when for a short space it would move.
The cam C is an intermittent movement, as part of the
groove in its face is circular, and therefore does not
move the pin %.

In Fig. 18 is shown a spur Fig. 18.

—_—

pinion working into a rack ; 7~

by the revolution of the’ 'g %’

pinion the rack is caused

to travel in a rectilineal

direction. A similar change n-’””‘-W’”‘
of motion is effected by a PR
screw which works in a block or nut. This nut is
prevented from turning by a guide or other restraint;
hence when the screw is turned the nut progresses in a
straight line parallel to its axis.

In like manner a screw may be caused to act on the
teeth of a segmental rack or on those of a wheel, thus
converting rotatory motion in one direction into the
same but at right angles to its original direction; this

D
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last combination is called a worm-wheel and tangent-
SCTew. C

To enumerate one tithe of all the various cams and
elements for changing motion would probably be impos-
sible ; nor does it seem desirable in a work such as the
present to occupy space by enlarging further on the
subject, as sufficient examples have already been shown
to make clear the principles upon which such mechanical
contrivances are based, and these once thoroughly
understood the mechanician will have but little trouble
in setting out details suitable for the attainment of any
special object which he may have in view.

CHAPTER VI.
FRICTION.

Fricrion is that kind of resistance which is opposed to
one body sliding upon another, or to a part of a machine
moving when rubbing against another part, as the
journal of a shaft against its bearings, a sliding block
between its guides, &e. The law of the friction of solids
is that the amount of friction varies simply as the
weight or pressure acting upon the surfaces in contact ;
nor is it in any way whatever affected by the extent of
the rubbing surfaces, so long as they are sufficiently
large to withstand the crushing effect of the pressure
acting upon them.
Let 4 Brepresent a slab having Fig. 19.

a horizontal top surface, upon
which is a weight 7, or body,
which is pressed against 4 B by
a force equal to W from # let
a cord be passed (parallel to 4 B)
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over a guide pulley, g, and at the loose end place a
weight, f, of such intensity that if 7 be set in motion
towards g it will continue to move, but, if stopped, it
will remain at rest; then f will be the force equal to the
friction between F# and 4 B, andrinill be the rela-
tion of this force to the weight or pressure creating the
friction. Thisis called the co-efficient of friction for the
materials under consideration, and is useful to deter-
mine the friction of any other mass of the same material.
The following table gives the co-efficients of friction for
most of the substances met with in the construction of
machinery :—
CO-EFFICIENTS OF FRICTION.

Timber on Stone . 3 1 . 04
Mronws MRl Ty 1 f : 03 to 0-7
Iron on Metal ] 3 L b 0-15 to 025
Timber ! 5 ) B £ 0-2 to 0°5
Timber on Metal . 4 3 g 0°2 to 06
Lard and Oil § 5 i $ 0-07 to 0-08
‘Wrought-iron on Brass 3 : 0-16
Cast-iron . 5 e E 3 0-144
CHAPTER VIIL

ON THE CONSTRUCTION OF MACHINERY AND MILL-WORK.

Havine in previous chapters set forth the various
manners in which mechanical forces are altered in
intensity, velocity, and direction, it now becomes neces-
sary to show how the elements by which such effects are
produced may be combined and applied practically as
machines, each part being duly proportioned according
to the stress to which it will be subjected when in use.
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In designing machinery of all descriptions there are
numerous details which are proportioned according to
experience only, but these will generally be found to be
such as from the circumstances of the case are neces-
sarily made much stronger than is absolutely necessary
to resist the strain; thus, for instance, if one part of a
casting have a great strain upon it, and another part
have scarcely any, the latter must not be made exces-
sively thin in proportion, else from the unequal rapidity
in cooling of the different parts of the casting it may be
rendered weak and unreliable.

The principal elements, however, of machinery may
be calculated in order to ascertain the proper dimensions
to assign to them; but, before commencing to explain
the processes by which this is done, a few general re-
marks on the action of strains on machinery are
requisite.

In comparison with structures, such as bridges,
mechanism requires to be made proportionately very
much stronger, by reason of its having to undergo stress
while in a state of more or less rapid movement, which
induces a certain amount of vibration and concussion,
whereas in the former the same fibres or portions of
material are always subject to the same description of
stress. The strains to which the parts of machines are
Liable are four in number : tension, compression, trans-
verse strain, and shearing strain. Of these, transverse
strain may be resolved into tension and compression;
thus, if a bar be supported at both ends and loaded in
the centre, then the fibres at the top of the bar will be
in compression, and those on its lower side in tension,
there being somewhere near the centre a layer of fibres
having no strain upon them (this is called the neutral
axts of the bar), on each side of which, upwards and
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downwards, the compressive and tensile strains gradu-
ally increase to their maximum intensities at the sur-
faces of the bar. Now, while the bar is at rest, it is
certain that some fibres are always in, tension, and
others are always in compression; but if the bar be
revolving, as the shafting of machinery, then will every
fibre of which it is composed be subjected to tensile
and compressive strain alternately, the rapidity of the
changes from one to the other being regulated by the
velocity of the moving part. This constant change in
the nature of the strain produces vibration, which, in
order that the apparatus may have a maximum dura-
bility, should be reduced to a minimum.

Also in those elements which reciprocate, or move to
and fro, the strain very generally changes from tension
to compression, or vice versd, at each reciprocation also
causing vibration in such elements.

The revolving parts, such as heavy wheels, cams, &c.,
are also liable to be ruptured by centrifugal force. For
instance, it may occur that a fly-wheel is moving at so
great a velocity that the strength of the rim and arms
is overcome by the centrifugal force generated in the rim,
in which case the wheel will come to pieces, the frag-
ments being thrown considerable distances. Very
serious accidents have arisen through the breakage of
large grindstones from this cause; hence it is very
necessary carefully to proportion revolving elements to
resist the effects of centrifugal force.

As the vibration of a machine increases with the
weight of its moving parts and with the velocity of their
motion, it evidently is economical to reduce the speed
of such parts as admit of it, and to make all the moving
elements as light as is consistent with the possession
of due strength. The framework, however, should be

CYO384
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massive and rigid, and so designed as to resist without
sensible yielding all the thrusts and pulls brought
upon it by the various parts of the machinery, for if the
framework be not strong enough the machine will soon
be useless. The following table gives the ultimate
strength of materials per square inch of sectional
area ;— ;
TENSION.

1bs.

Swedish bar-iron . 4 ; 2 . 65,000
Russian % 3 . 3 9 . 59,470
English ,, 4 A 3 3 . 56,000
Cast-iron . ¥ 3 2 ! 2 17,628

,y brass . . : £ X F 17,968

4y cCOpper . 5 : f s " 19,072
‘Wrought-copper . 3 S 3 ki 33,892
‘Wire-rope . 5 5 . - > 90,000

COMPRESSION.
Ibs.

Cast-iron . 4 ! 2 . 4 120,000
‘Wrought-iron . F 1 § 2 36,000
Brick . 5 3 3 d g 4 800
Portland stone . . { J Y 4,550
Craigleith stone . z 1 3 3 5,460
Bromley Fall stone . ! : 3 5,915
Purbeck stone . g g 5 3 8,000
York paving . 2 2 S d 5,460
Granite. . 4 ! 5 - 3 9,000

Having made these general remarks, we can now pro-
ceed to consider the laws which rule the proportions of
the different elements of machines. In the first place,
it will be necessary to analyse the resistance of mate-
rials to transverse strain.
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If two imaginary sections be Fig. 20.
taken infinitely close together
in a rectangular beam when c a
unloaded, and then a stress be $§——_7F Vg
put upon it, so as to bend it, b 7
as shown at 4 B, Fig. 20, then
the sections may be considered to have crossed each
other, as exhibited at @ b, ¢ d; all the fibres above the
neutral axis, which is supposed to be in the centre of
the depth of the beam, as shown by the dotted line, will
be compressed, and those below extended.

It is evident that each fibre will be strained exactly
in proportion to its distance from the neutral axis or
point of intersection of the lines a &, and its reaction
tending to resist the load will be equal to this strain. If
S = strain per square inch on the outer fibre @ ¢, then
that on any other fibre, ¢ f, distant z from the neutral
axis will be, if D = depth of beam,—

="8ex &t
D
and if the width be unity, the sum of all the strains wil
be represented by the area of the triangle a g ¢,
= Sl &
4
But all these forces or reactions may be regarded as
collected at the centre of gravity of the triangle a g ¢,
and acting about the point g at a distance equal to that
of the said centre of gravity, which is
_ 2D
hence the total moment of force for the fwo sets of
fibres, @ g ¢ and d g b, will be
e { D 2D } 4 S 1r

SR S == o
x4x6 6
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but the resistance also varies as the breadth,—let the
breadth equal 5, then the general expression of
moment of resistance for a rectangular beam the maxi-
mum stress per square inch of section on which = §is
S D*b
6
if the stress be in pounds and the dimensions in inches,
the moment will be given in inch-pounds (instead of
foot-pounds).

Action and reaction being equal and opposite when
equilibrium is maintained, the moment of resistance will
equal the moment of force.

If a bar is fixed at one end and loaded at the other
with a weight, W, the length being ? inches, the
moment of strain will be

Jus b=

W =, W
hence, 2l S
S 6 Wil

The safe working depth would therefore be,—

For cast-iron D = ,\/
800 5
For wrought-iron D = 4 / JEES
900 &

the first being a tenth, and the second an eighth of the
breaking strain. If the bar be uniformly loaded, the
moment of strain will be one half of that due to the
concentrated load ; hence the formule for a bar fixed at
one end and uniformly loaded with a weight, W, will
be—

R
1600 &

For cast-iron D =
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For wrought-iron D = /\/ Wi
1800 &

If the bar be supported at both ends and loaded in the

centre, the moment of stress will be—

wi
s sea? e

hence the formuls in this case are—

For cast-iron D = ,\/
3200 b

For wrought-iron D = '\/
3600 b
Or if the load be distributed uniformly—

For cast-iron D = ,\/ Wi
6400

For wrought-iron D = ,\/ Wi
7200 &

If a weight be placed upon the bar not centrally, then
the length, /, must be substituted as follows :—

Let 2z and y respectively equal the distances of the
points of support from the weight, then
i 4y
T oty
By a process similar to that pursued in reference to
rectangular beams, the moment of resistance of a
cylindrical bar may be found. The following formule
give safe working results for a cylinder supported at each
end and loaded in the centre (if not so loaded replace 7 as
above): let / = length in feet, d = diameter in inches,
W equal weight in pounds—

For cast-iron d = ? ,\/ W
120

For wrought-iron ¢ = 24 / Wi
150
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Large girders and bearers may be caleu-
lated in a simpler way. Let Fig. 21
represent a wrought-iron flanged bearer
supported at both ends. ) = depth in feet,
7 = length in feet, « = area of one flange,
plate and angle irons in squars inches, s =
safe strain per square inch, #” = load in tons at centre,
then for the resistance of both flanges

M=sxaxd
for the moment of strain,

Ly = Ve &
1

hence 3 tons per square inch being taken as a safe
strain,

e T,
12D
or if the load be equally distributed,
o
24 D

These general rules for estimating transverse strength
apply to all kinds of machines; hence require no special
illustration here, as their application will appear here-
after, as progress is made in the analysis of the laws
which govern the proportions of prime-movers, machines
and gearing.

CYLINDERS HAVING PISTONS WOREING IN THEM.—Two
points have here to be considered: first, the bursting
pressure; second, the wear and vibration. The first is
very simple. The pressures in the two halves Fig. 22.
of the cylinder may be considered as acting
and reacting against each other at any
diameter, as shown in Fig. 22 by the arrows,
tending to tear the two sections ¢ and & ;
hence if p = pressure per square inch, and
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r = radius of cylinder in inches, the strain on one part
of the shell is
=pr

but the question of vibration is not so easily solved, and,
in fact, must be determined by experience. Taking the
two strains together the following formula is found to
give good practical results :—

d = diameter of cylinder in inches, » = internal
pressure per square inch, # = thickness of cylinder in

inches—
nis 440 R \/

CyriNprIcAL Prers.—These are cylinders (cast-iron)
having only to withstand pressure with a certain allow-
ance for wear, hence the same notation as above being
used,

_ra
(= 5000 + 0'66

Borrs axp Nurs.—Let the number of bolts holding
a cover on a cylinder or other vessel having internal
pressure = z, the pressure = p, D = diameter of cover
in inches, and d = diameter of bolts, then from the
tensile resistance of irom it is found—

_,-\/p

In order that the nut may have a sufficient hold on the
bolt, its thickness should not be less than half the
diameter of the bolt, but it is usual to make the thick-
ness equal to the diameter of the bolt. In some cases,
such as in bearings, check nuts are used, which are thin
nuts serewed down upon the main nuts to prevent their
turning, and so becoming loose.

Covers aAxD Lins.—Covers and lids, under pressure,
are subject to transverse strain, and from its laws, aided
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by practical observation, the following formule are
drawn :—
¢ = thickness of cover in inches, » = pressure on it
per square inch, D = diameter of cover, (' = height of
eurve of cover, both in inches—
EERRDDL
T 14400 x C
For flat covers let I = diameter, or if oblong, length

of shortest side :
: iy
t= 134/

*Rops uxpER TEvnsion onry.—Allowing one tenth of
the breaking strength as safe for working, the following
formulee are found :—Let & = the weight in pounds, d
= diameter in inches—

W
60
& %)
36
Rops vnpER ConmprEssioN.—Let the rods be mode-
rately short, so as not to yield by bending, then,

For cast-iron d =

For wrought-iron & =

For wrought-iron d = v Z/;
’ vV
F t' =
or cast-iron d w0

If these rods, either in temsion or compression, are
placed horizontally or at an angle, so that they are sub-
jected to transverse strain, care must be taken to ascer-
tain that they are sufficiently strong to bear such stress
as may be due to their weights.

Horrow Cast-1R0N Prirars.—The following formule
are derived from experiments, and refer to columns of
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which the length does not exceed thirty times the
diameter :—Let d and d' = the external and internal
diameters in inches, = length in feet, and #~ = safe

working load, o el

l 1.7
It will be observed that the powers to which the
quantities are to be raised are fractional, hence this
formula can only be solved by the aid of logarithms ;
but the following approximate rule is accurate enough
for practical purposes ;:—
b {d% x /dii — &2 x /d'3}
Wl x I3

Cast-tRoN RockiNg Beawms.—Let 77 = weight in
pounds at the end of beam, ! = length in feet from
weight to axis of beam, { = thickness in inches, and ¢
= depth in inches; then from the laws of transverse
strain,

W =44

W =

AN ia

~ 60 42

This rule is very suitable to determine the dimensions
of main beams and side levers of engines, and other
like elements.

Craxks.—Let 7 = the weight in pounds acting on
the crank, 2 = the outer diameter of its boss, and d =
the diameter of the aperture made to receive the shaft ;
! = length of the crank in inches from the centre of the
crank pin to the centre of the shaft; & = the depth of
the crank boss :—

¢

wi
wi
w0 (o7 =]

Yor cast-iron & =

For wrought-iron b =
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RevorviNe SHAFrs.—For transverse strain, load in
the centre, let d = diameter in inches, 7" = load in
pounds, / = length in inches—

4 VWi
For cast-iron & = —3755
Wi
For wrought-iron ¢ = —‘{5-24—0
Tredgold’s rule for water-wheel journals :—
d = diameter in inches, ! = length in inches, ¥ =

loadinpounds:
d=3vVIiW

Revolving shafts, through which power is transmitted,
are subject to a twisting force or torsional strain, hence
the shafts must have sufficient strength in this respect.
Long shafts are mostly determined for transverse, but
short ones for torsional strain. Many years back cast-
iron shafts were in vogue, but now they are almost
entirely displaced by wrought-iron. The following for-
mula is convenient for determining the diameters of
main-shafts for prime-movers :—Let ZZP = horse-power
of prime-mover, R = number of revolutions of main-
shaft per minute, ¢ = diameter in inches—

3 320 I[P
i

A very general formula for finding the diameter of
secondary running shafting is

d=

e X/ 250 HE
R
The proportions most suitable for the journals of
revolving shafts as determined by experience are, if
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d = diameter and / = length of journal inches (the
journal being the part in contact with the bearings),

For cast-iron ! = 15 d
For wrought-iron / = 1-75 d

If the weight, such for instance as a fly-wheel carried
upon a shaft, be placed close to the bearing, then the
transverse strain becomes insensible, and the shearing
force has to be considered ; that is, the tendency of the
weight to shear or cut the shaft close to the bearing.
The ultimate resistance of wrought-iron to shearing
force is about 54,000 lbs. per square inch of sectional
area; hence the proper diameter being = & inches
W = weight, will be

i=vVV
65

Fry-wneELs AND Prary Purievs.—In proportioning
wheels of all descriptions sufficient strength must be
provided to resist the tendency to rupture through the
tension caused by the centrifugal force of the mass in
motion. First, in regard to the rim, let » = velocity in
feet per second at the periphery, » = number of revolu-
tions per minute, ¢ = diameter in feet, w = weight
per foot of the rim of the wheel, = sectional area of
rim in square inches, ¢ = centrifugal force. Then ¢ for
one foot of the rim of the wheel will be

w X v?
161 x d
Treating this simply as a radial force tending to burst

the ring, we find for the strain (= ) on any section of
the rim,

(=

W

wr
2

|

ed
8_3_

<o
™~
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Then, allowing 1,800 Ibs. per square inch as the tensile
working strength of cast-iron, the sectional area should
be—
Sl v?
57,960

but, from the specific weight of cast-iron, it is found
that
ke =
Also,
19 o n X d

= 'v—_—T

wherefore the limit to the velocity of wheels will be—
For cast-iron n = e

For wrought-iron » = 5‘;—2—7—

The arms of the wheels should be strong enough to
resist the centrifugal force of the whole rim, so that if
it should be broken or flawed between every pair of
arms, yet it will not come to pieces. Cast-iron wheels
very frequently have arms of the form Fig. 23.
shown in Fig 23, though sometimes
they are made round or oval in section.
The section a & ¢  must be sufficiently
strong to resist the centrifugal effort of
its portion of the periphery. Let a = the sectional area
of the rim in square inches, d = diameter of wheel in
feet, v = velocity in feet per second, and 4 = area of
one arm, and NV = number of arms in the wheel, then
the weight of rim

W=uax32x31416d = .a.10d
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hence the centrifugal force on all the arms may be—

i g o2 av?

R e, 116
but, g=nxd
&9
hence, s 02 d)?
EI5T:6

The safe resistance of all the arms will be—

=4 x N x 1800
_a(nady
1800 4.V. = 576
a(nd)?
1,039,680 NV
The strength of arms necessary to transmit power must
next be ascertained. In this case the part a b alone
will be taken as carrying the whole strain, the feathers
¢ and d, on either side of it, being left to give lateral
rigidity, and, in point of fact, being near the neutral
axis, they afford but little towards the resistance of the
transverse strain.

Let D = diameter of wheel-boss in feet, / = length
of arms in inches, # = number of revolutions per
minute, ZP = horse-power transmitted, $ = width in
inches of a 4, £ = thickness in inches, ¥ = velocity of
outer edge of wheel-boss in feet per minute, L = strain
at same place, N = number of arms:—

hence,

sil=

7= HP x 33000
but, - V=31416 X D X n
hence HP x 10504
L =
Dxn
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hence, from the formula for rectangular beams of cast-
iron (there being # arms)—

HP x I x 13
DxnxNxt

Teere or WaeeLs.—The strength of the arms of the
wheels being determined, it is necessary to show the
method of proportioning the teeth to the power to be

transmitted.
Let § = the stress on a tooth, ¥ = velocity of pitch

circle in feet per minute, then
P x 33000
§=""
7
let ¢ = thickness of tooth in inches, / = length in inches,
= breadth in inches, ¢ = safe resistance of a bar
one inch every way fixed at one end and loaded at the
other, then

b=

3= S x1
axb
if we assume b = 27,
t=\/_i= 5
2a 6‘/b

where ¢ is a constant, which

For east-iron - = 0025
,, brass - - = 0035
,, hard wood = 0038

Tredgold’s formula is as follows:
Let v = velocity of pitch cirele in feet per second,

e A2
)
where z is a constant, which
For cast-iron - = 0:587

,, brass - - = 0821
,, hard wood = 0-891
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In calculating the stress on teeth of wheels driven by
steam-engines, the maximum power transmitted through
the teeth should always be assumed as 25 per cent.
greater than the mean power of the engine.

Fory oF toE TeETH oF WHEELS.—The strength of
the teeth of wheels being calculated, the next step con-
sists in setting out the shape of them, and this is a
point requiring great attention, for if the teeth be not
of the correct form the wheels will not work well
together, whereas, if they be carefully set out and
made properly, the wheels will work noiselessly. The
following are the best relative proportions of the testh
as determined by practical experience :—

Let the Pitchofteeth . = 100
Then - Depth 5 = 75
‘Working depth . = 70
Clearance . = 5
Thickness . IR S 45
‘Width of space = 55
Play . v = 10

Lengthbeyond pltch ].me =35
The form of the faces of the teeth should be that of the
epicycloid, which is a curve formed by one circle rolling
upon the periphery of another; if outside the curve is
an epicyeloid, if inside it is a hypoeycloid. The moving
circle is called the generating circle, and should not
exceed one half the diameter of the spur wheels.

The mode of setting out templates from which to form,
the teeth is shown in Fig. 24. Let a b be a portion of
the pitch circle of the wheel,
properly marked to show where
the faces of the teeth cross it;
make two templates, 4 and B,
with edges to fit the said pitch
circle. Place template 4 so as

Fig. 24,
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to coincide with the pitch circle and against cause the
segment ¢ of the generating ecircle to roll, then a
pencil fixed in its edge will draw the upper part of one
face of a tooth at ¢ f. Remove 4 and make template B
coincide with the pitch circle, then place the segment of
the generating circle as shown at d, and by it draw the
part e g of the tooth within the pitch eirele, and so forth
for as many teeth as are required on the template.

Other curves, such as the involute, &c., have been
proposed for the teeth of wheels, but it is unnecessary
here to enter into a discussion of them.

Not unfrequently, instead of casting wheels with the
teeth on, they are cast with mortices in, and wooden
teeth or cogs are inserted; a wheel of this description,
working with one having iron teeth, gives very satisfac-
tory results, and is very durable.

Excaevaé AND DisENGAGING GEAR.—Various me-
chanical arrangements are employed in workshops and
mills, and other places where machinery is used, to
afford means of starting and stopping any one machine
independently of the others and of the prime mover.
The simplest method is by the use of ¢ fast and loose ”
pulleys when the machine is driven by a belt. Two
belt pulleys or riggers are fixed on the driving-shaft of
the machine, one of which is firmly keyed to the shaft,
the other being left free to revolve upon the shaft. A
forked guide leads the belt from one pulley to the other,
both being close together, side by side. When the band
from the driving shafting is guided on to the firmly
fixed pulley the machine is set in motion, but when it is
running upon the loose pulley the machine is at rest.

Another method of disengaging is by clutches, of
which one kind is shown in Fig. 25. ¢ and d are two
shafts, of which the extremities meet but do not touch
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at m. The clutch is shown in Fig. 25.
section. & is keyed firmly on
to the shaft 4, but 4, al-
though having a sliding key
which compels it to revolve
with the shaft ¢, is capable
of sliding endways upon it,
being moved by the forked- g o'
lever ¢, the ends of which a
work in the annular grove 1
J- Each part of the clutch
has two recesses, 4 and ¢, and two projections, £ and /,
shown at g. When @ is slided up to &, the projections on
each part of the clutch fall into the recesses in the other
part, and thus the motion is transmitted to the other so
long as the clutch is closed ; but this transmission of
power ceases as soon as it is again opened. Most of the
clutches in common use are but variations of this one.
Spur-gearing may be engaged and disengaged by
making one of the shafts so that it will slide longitudi-
nally upon its axis, then by sliding it thus the teeth of
the wheels can be thrown into or out of gear very
readily.

Fig. 26 shows an arrange- Fig. 26.
ment of bevil wheels by K
means of which a shaft Nd
may be driven in either e
direction or left- at rest at
pleasure. « is the driving ¢
wheel, which is constantly ST o
moving in one direction and U

in gear with the two bevil
wheels 4 and ¢, which revolve freely on the shaft ¢, one
of them in each direction ; & is a double clutch capable
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of gearing into recesses in either 4 or ¢, or of standing
clear between them ; it is regulated by the forked lever
f, and is firmly keyed to the shaft e. In the position
shown the shaft ¢ is at rest, but by moving the clutch
in one direction or the other, according to the motion
required to be imparted to e, that shaft immediately is
started. This movement is very useful in some machine
tools, such as screwing machines, where it is necessary
to be able to stop and reverse the machine instantly.

Clutches of this form, however, are not suitable for
high speeds, as the sudden shock of bringing the clutch
pieces together may cause breakage either in them or
in the machinery to which they are applied; hence, in
such cases it is better to use friction clutches, of which
one is shown in Fig. 27: ¢ and &
are the two shafts to which the
clutch is attached; the cone ¢ is
firmly keyed to the shaft «, but 4,
although compelled to revolve with
b, may slide upon it when acted on
by the forked lever &. 'When this
clutch is closed the cone @ grasps
the cone ¢ and by its friction turns
it round. In this case, the strain being more gradually
brought on to the shaft that was at rest, there is not
much liability to breakage. Having alluded to sliding
pleces it will be desirable to show how they are fitted
to the shafts upon which they are intended to move.

In #ig. 28 a is a plan of a sliding 7

s Y e ig. 28.
piece; it is compelled to revolve
with the shaft B B by a key
which slides with it in the pro-

longed groove ¢ @ in the side of @ e
the shaft; or, on the other hand,

Fig. 21.
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there may be a long feather fixed into the shaft upon
which the piece « slides freely, but which compels it to
revolve with the shaft; ¢ shows a cross section of the
shaft with the sliding piece upon it.

Where the shafting but seldom requires to be discon-
nected the two shafts may carry dises at their extremities
fixed on and with their faces close together. These
discs being drilled in suitable holes, are connected
together by ordinary screw-bolts and nuts.  Short
coupling-boxes keyed on to both shafts may also be
used to connect different lengths of shafting.

The various forms of plummer-blocks, brackets, and
hangers for carrying the bearings of shafting are too
well known to need any special description, and, of
course, the strengths will be determined aceording to
the weight of the shafting to be supported, and the
strains produced by the power transmitted through it;
the length of the bearings will be fixed by that of the
journals which has already been given. It is always
well, especially where there is much vibration, to have
the bearings of ample length, as otherwise the shafts
soon become shaky, and the general deterioration of the
machine progresses at a greatly increased rate. We
have seen steam-engines soon rendered comparatively
useless from this cause alone.

In concluding this chapter, we would impress the
necessity in designing machinery of always assuming
maximum strains and minimum strengths; let no
chance of increased strain pass unnoticed, and be care-
ful to have good sound castings, or, if the machine is
not to be constructed under the supervision of the
designer, extra allowances of strength must be given
to provide against possible inferiorities of material or
workmanship. In designing framing and foundation
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plates for heavy machinery, cross strains should be
avoided as much as possible, more especially when
accompanied by jerking or jarring action; and wher-
ever such action occurs the framework should be
strengthened to resist such special stress by ties or
struts, as the nature of the strain may indicate.

CHAPTER VIII.
STEAM AND HOT-ATR ENGINES.

AxonasT prime-movers, in England at all events, the
steam-engine occupies the first place: water-wheels are
scarce, and air and gas engines are seldom heard of,
whilst windmills are becoming obsolete ; our attention
will, therefore, in the first instance, be turned to the
principles of the steam-engine.

The action of this motor is proximately due to the
expansive force of steam, and it may easily be shown
that the greater the extent to which the principle of
expanding the steam when acting is carried, the greater
will be the economy attained. Notwithstanding the
simplicity of this axiom, and the fact that it is and has
been for a very long time generally admitted, strange to
say, at the present time, a great majority of the engines
constructed give nothing like the economical results
which would accrue from a more careful attention to
the means by which the principle of expansion can most
conveniently be applied in practice; in short, many of
the steam-engines now comnstructed are a discredit to
their manufacturers.

Before entering upon special details connected with
steam machinery, it is necessary to consider the general
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principles upon which its action is based, and the
nature of the expansive fluid by which it is propelled.

Steam is the vapour of water, generated from the
latter by the addition of nearly 1,000 degrees of heat
by Fahrenheit’s thermometer. The total heat of steam
is nearly constant for all pressures used in ordinary
practice, ranging from 1178-9 degrees at atmospheric
pressure to 12303 degrees at 2001bs. absolute pressure
per square inch, which is equal to 185 lbs. pressure
above the atmosphere.  This total heat of the steam is
considered as divided into two portions; one the
sensible heat affecting the thermometer, the other
latent heat, not affecting it.

The variation in the total heat of steam being com-
paratively small within the ordinary limits of working,

may, with sufficient accuracy for all practical purposes,

be regarded as constant; then if : = sensible heat i =

latent heat, and 7' = total heat,
L= tl + ts
and taking T = 1,179 degrees,

4= 1179 — ¢,

The sensible heat is increased and the latent pressure
correspondingly reduced by increase of pressure; thus,
at 151bs pressure per square inch, the sensible heat is
213-1 degrees, whereas at 501bs. pressure it is 281
degrees

In order to arrive at some approximate rule to show
the relation of pressure to temperature or sensible heat,
we must use empirical means, as by pure reasoning we
cannot deduce a formula. It may be assumed that the
pressure varies as some power of the temperature, and
it is necessary to ascertain the index of that power.



58 PRINCIPLES AND CONSTRUCTION

Let ¢ and # represent a pair of temperatures cor-
responding to the pressures p and p/, then

0 BN\ nih
7= &)
in order to ascertain the value of # recourse must be had
to logarithms ; the logarithmic equation will be
log. p — log. p' = n {log. t — log. #'}
therefore,
log. p —log. o'
=
log. t — log. ¢
this being solved for a number of pairs of temperatures
and pressures taken from Regnault’s experiments, gives
the following values for », the pressures being—

2} —a=1s
o)y gk e
gg} —n =45
7 R

p) —n=s4

hence, for practical purposes, we may assume 7 = 4'4,
without being sensibly inaccurate, then the formulee for
temperature and pressure will become—

St T3l Z\ 44
eSS,
t=ei /2
-p'

Boyle and Marriot’s law concerning the pressure and
density of gases and vapours shows the pressure to be
inversely as the volumes of a given weight; but this
will not hold quite good with steam, because the tem- -
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peratures are different at different pressures. Thus,
from one volume of water, 1,669 volumes of steam being
evolved at 15 Ibs. per square inch, the theoretical quan-
tity at 30 lbs. pressure should be 834'5 volumes, but it
is 881 volumes really.

No practical rule can conveniently be laid down to
determine the addition or diminution necessary as cor-
rection to the volume determined by this law, as at
different temperatures the steam holds in suspension
different quantities of water finely divided, the steam in
contact with water not being dry.

According to the views of J. (ill, of Palermo, the
conversion of sensible steam into latent heat is the con-
comitant of work done, and the contrary that of work
absorbed by or stored up in the steam; and it is a
certain fact that as steam in doing its work expands, so
sensible heat is rendered latent, and when steam is
forcibly compressed the latent heat is rendered sensible.

The effect of heat or caloric has been supposed to
consist in causing the molecules of matter to gyrate in
greater or smaller spheres, according to the intensity of
the heat; this is the ‘‘ theory of molecular vortices,”’ and
by its aid some explanation may be given of the differ-
ence between sensible and latent heat. There being a
certain addition of heat to a body of water, its molecules,
or some of them, take the form of steam and gyrate in
larger spheres than before, but so long as they have
room for their enlarged gyrations, the caloric is by them
taken up and remains lafent; but if the molecules be
crowded together by increased pressure, then the
molecules being confined to spheres of gyration smaller
than those they would naturally assume, they press
against the neighbouring molecules, and give rise to
the phenomena of sensible heat.
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Mr. Charles Wye Williame elucidated a doctrine
concerning steam and water of a very ingenious cha-
racter, and deserving of much attention; it is as
follows :—There is no such thing as warm water in the
abstract meaning of the term ; that is to say, a molecule
of water cannot be warmed so as to remain water, but
each certain increment of heat causes a molecule of
water to assume the proportions of a molecule of steam,
although it may not escape from the water, by reason
of the aqueous and atmospheric pressure. That steam
formed in water is retained there is well known, as if
steam be generated under pressure in a close vessel and
in contaet with water, and the steam accumulated in the
space above the water be suddenly removed by con-
densation, or by letting it suddenly escape, a dense
mass of steam will at once arise from the water, which
steam up to that time had been as it were dissolved in
or mixed with the water in the boiler or generating
vessel : in point of fact, practically, the rush of steam
would be so great from all parts of the mass of water,
that the latter would, if the pressure were at all con-
siderable, be carried up bodily with it.

If one ounce of steam be passed into 6:35 ounces of
water at 60 degrees Fahrenheit, placed in a vessel
wrapped round with some non-conductor so that no
heat can be abstracted by the atmosphere, the whole
will be raised to the boiling point, 212 degrees. Now,
let this body o water be poured into a shallow pan,
also protected from atmospheric chills, a cloud of steam
will rise from it, and when it has reached the tempera-
ture of 60 degrees, it will have its original weight of
6-35 ounces. This experiment, published by Mr.
‘Williams, has been repeatedly verified by the author of
the present work ; but let us see to what conclusion
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it points. According to the old doctrine, the ome
ounce of steam would be said to be condensed ; but, if
actually converted into water, why should it again
resume the form of steam without any external agency
being brought to bear upon it? It seems far more in
accordance with common sense to regard the steam
as dissolved in the water, and held there by the attrac-
tion of the water, aided by the pressure duse to its depth;
the steam escaping when by pouring the water so as to
form a thin layer its pressure is reduced to a minimum.
From this view it would appear that heat is incapable
of being transmitted from ome aqueous molecule to
another, although it will freely pass between molecules
of steam and certain solid bodies; for instance, if warm
water (so called) be added to cold, the steam in the
former will diffuse itself through the whole mass, which
takes a mean temperature (being as it were a weaker
solution of steam) ; but, if the two waters are separated
by a metal plate, the steam on one side partly condenses,
giving its heat to the metal, whence it generates steam
in the water on the other side of the metallic plate.

‘We will now take some examples to give some idea
of the amount of economy attained by carrying out the
principle of expansion as far as can conveniently be
done. The economy will be measured by the quantity
of work done by the steam generated from a cubic foot
of water, as under all pressures the same amount of
coal will practically evaporate the same quantity of
water.

In both cases let the steam be generated at a pressure
of 50 Ibs. per square inch, that will be equal to 7,200 Ibs.
per square foot—supposed to act upon a piston of which
the area is one square foot. In the first case let the
steam act with its full pressure for half the stroke,



62 PRINCIPLES AND CONSTRUCIION

which half will be completed when one cubic foot of
water is converted into steam (the pressure is absolute,
not above the atmosphere), the distance will be 552 feet,
because one cubic foot of water will supply 552 cubic feet
of steam at 50 lbs. per square inch, hence the work done
during this part of the stroke will be
= 552 x 7200 = 3,974,400 ft. lbs.
during the other half it will be expanded to a volume
of 1,104 cubic feet, corresponding to 26 lbs. pressure
per square inch ; for the present purpose we may take
the mean pressure during the second half of the stroke
at 38 Ibs. per square inch, or 5,472 lbs. per square
foot ; this is exerted through 552 feet, doing work
= 552 X 5472 = 8,020,544 ft. Ibs.

the total work done being

= 3,974,400 + 3,020,544 = 6,994,944 ft. Ibs.
If, however, after the steam was all generated at 50 lbs.
per square inch it were to be expanded to three times
its bulk, much more work would be done by it. Its
final volume would then be 1,656, corresponding to a
pressure of 14 lbs. per square inch, and to a‘mean
pressure for the last two-thirds of the stroke of 32 Ibs.
per square inch, or 4,608 lbs. per square foot, which
would be exerted through a distance of 1,104 feet, doing
work

= 1604 Xx 4608 = 5,087,232

making the whole work during the stroke

= 8,974,400 -+ 5,087,232 = 9,061,632 ft. Ibs.
or more than half as much work again without any
extra consumption of fuel.

It may be interesting to show the theoretical duty
which might be attained by cutting off at one-tenth of
the stroke.  Assume the coal to be of such quality, that
one pound will evaporate 7-5 lbs. of water, the steam
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acting against a vacuum, #.., in a condensing engine
and with an initial ebsolute pressure of 60 lbs. per inch,

The work done by one cubic foot will be, before
expansion,

= 467 x 64 x 144 = 4,034,880 ft. Ibs.
during expansion
= 4203 x 323 x 144 = 19,549,008 ft. Ibs.
the whole work done being
= 4,034,880 + 19,549,008 — 23,583,888 ft. Ibs.

But if 1 Ib. of coal evaporates 7-5 1bs. of water it will re-
quire, to evaporate one cubic foot (62:5 Ibs.) of water,
8:33 Ibs. of coal; hence the duty done by 112 Ibs. of
coal would theoretically be

= 317,094,244 ft. Ibs.
however, the highest nef duty yet recorded is

= 109,000,000 ft. Ibs. -
It is true that considerably higher duties (146 millions)
have been reported from Cornwall, but examination
showed that sufficient allowance was not made for loss
of water in the pumps through the inefficiency of the
valves. This statement is made on the authority of the
late Thomas Wicksteed, Esq., M.I.C.E., through whose
means principally the Cornish engine was first intro-
duced into London.

Some years back a marine-engine in which the ex-
pansion was carried to twelve times, the consumption
reported on the trial trip was only 1-08 1bs. eoal per
horse-power per hour, corresponding to a duty

= 205,333,333 ft. 1bs.
but statements based upon the results of short trials
must always be received with caution, as many circum-
stances may occur, some accidental, to render the duty
much higher on short trials than in ordinary working.
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On the other hand, there may be urged against
extreme degrees of expansion the larger size of engine
required for a given power ; but where the work is such
as mine-pumping this is not of so much consequence ;
and besides this the difficulty may, to a great degree,
be obviated by using steam of a very high initial
pressure. Engines largely using expansion require
heavier fly-wheels than others, as, from the great
difference in the initial and final pressures, the pro-
pelling force of the piston varies in a greater degree
than in those engines in which but a low degree of
expansion is used.

Much was at one time expected from the employment
of heated air, instead of steam, as a propelling power,
but the hopes entertained of it were doomed to speedy
disappointment. It is true that some air-engines of
small power are at work in the United States of
America and elsewhere, but there seems to be no pre-
sent likelihood of their employment becoming at all
general ; some of the best we have seen owe their
economy of working, not to the principles of the engine,
but to the fact that the fuel has been consumed under
pressure, a method which secures a great saving of fuel,
as was abundantly proved some years back in the trials
of the apparatus patented by Messrs. Moor and Shil-
litoe, by which something like 46 per cent. of fuel was
saved. »

One great objection to hot-air engines is the high
temperature required to be maintained in them, which
rapidly injures the machinery, and renders the applica-
tion of ordinary lubricants almost useless. In order to
obtain a pressure of 15 Ibs. per square inch above that
of the atmosphere, it is necessary to raise the tem-
perature of the air by 480 degrees, a temperature which,
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applied to steam, would give a pressure of 43 lbs. per
square inch above the atmosphere. It must also be
remembered that with air-engines no vacuum can be
created to give the benefit of the ordinary atmospheric
pressure, which in a very large class of steam-engines
forms a very considerable item in the working pressure ;
thus we find marine-engines commonly working with a
steam pressure of 20 1bs. per square inch above the atmo-
sphere, and with a vacuum of 13 or 135 lbs. per square
inch, making a total effective pressure of 335 1bs. per
square inch.

Mr. J. Gill, of Palermo, proposed an engine in which
air and steam mixed were to be used to propel the
piston, and according to his preliminary experiments,
as published a few years since, this system promised
great results, but from some cause or other the project
seems to have been allowed to drop.

‘When a steam-engine is required of any considerable
power, the purchaser should remember that his greatest
economy is not to be attained by keeping the first cost
down to the lowest possible price, for with steam-
engines as with other articles of merchandise, the terms
cheapness and badness are interchangeable, and in all
cases it will be the best policy to engage the services of
a competent mechanical engineer to design the engine,
ag his professional fees and the extra cost for patterns
and the engine, involved in special designs, will be more
than returned by the saving in fuel effected. Of course
where a firm of contractors make an engine, and
guarantee its duty, the same end is gained, the extra
charges being all included in the price of the engine.

As regards the strength of the different parts of
steam-engines, that may be determined from the rules

set forth in Chapter vii. on construction, as the formulwe
¥
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there given apply to the steam-engine as well as to
other descriptions of machinery; but in the present
part of this work the proportions generally will be
treated of, efficiency, not strength, at present occupying
our attention.

One of James Watt’s improvements in the steam-
engine was the jacket or steam-casing round the
cylinder; this being filled with steam, and in commu-
nication with the boiler, supplied, as it were, a reservoir
of heat which would, by raising the temperature of the
expanding steam in the cylinder, retard the condensa-
tion therein due to the loss of heat consequent on ex-
pansion ; but in parting with heat thus to the steam
within the cylinder a portion of that in the steam-
jacket is condensed, hence it is very questionable if any
economy of fuel ultimately results from the adoption of
the steam-jacket. In all cases, however, the cylinder,
whether jacketted or mnot, should be surrounded by
“lagging,” that is, by a layer of some material which
is a very slow conductor of heat, in order to prevent
loss by radiation.

The amount of work which is termed one-horse
power is 83,000 ft.-lbs. per minute, and according to
this standard the value of engines is estimated. The
calculation of the power of a steam-engine is exceedingly
simple. Let HP = the horse-power, 7 = speed of
piston in feet per minute, p = pressure of steam (pro-
ducing effect) on the piston per square inch, d =
diameter of eylinder in inches—

Ap—=""8 xd*x pxV _d*. p.V
33,000 = 742,038
omitting the decimals.

For engines having peculiar movements, such as the
¢t disc-engine,” and the ¢ semi-cylinder engine,” where
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it is not so easy to compute the velocity of the piston as
in the common engine (in which 7 = the length of
stroke multiplied by the number of strokes per minute),
the following rule will be found convenient :—

Let ¢ = cubic contents of steam-chamber in feet,
n = number of strokes per minute, p = pressure of
steam per square inch, then

P 0P
229

To determine the effective pressure in the cylinder of
a non-condensing engine, we must subtract from the
absolute mean pressure that of the atmosphere and the
resistance offered by the steam exhausting out of the
cylinder through the exhaust passages; this last is
called “back pressure,” and varies widely according
to the construction of the engine and the velocity of the
piston; let it = & lbs. per square inch, 4 = absolute
pressure of steam—

p=A—(a+15)

For a condensing engine, let « = the vacuum in

pounds per square inch in the condenser, then

p=4— (15— )

The nominal horse-power of an engine is a term used
chiefly in commerce in buying and selling engines, and
is not to be taken as a criterion of the real power of the
engine, which may work up to three, four, or even six
times its nominal horse-power. Many manufacturers
determine the nominal power of their engines simply by
the area of the piston, allowing a certain number of
square inches to each horse-power. In the old rule, for
nominal horse-power for condensing engines, seven
pounds per square inch is assumed as the effective

F 2
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pressure per square inch on the piston, thus making the
formula for nominal horse-power

TRV 4V

12,038 6006

if we assume the velocity of the piston at 240 feet per
minute, then this formula becomes

a2V x 240 Ciad a1, .
NHP = T Egom\ttmg decimals.

Let us compare this with what is actually done in
practice. Assume the pressure at the commencement of
the stroke to be 20 Ibs. per square inch, and the supply
to be cut off at one-third of the stroke—this pressure
being above the atmosphere, the absolute pressure will
be 385 1bs. per square inch—vwhich at the end of the
stroke has expanded down to 10-5 Ibs. per square inch.
The mean absolute pressure on the piston per square
inch will therefore be 26:8 1bs. Let the vacuum in the
condenser be 13 lbs. per square inch, then the mean
effective pressure will be

=4 — (15 — u) = 26:8 — (15 — 18) = 24-8 Ibs.
hence the rule for horse-power will be
248. X 240 x d* _ d2

42,038 © 763

or more than three times the nominal power found by
the foregoing rule. These proportions, being tolerably
common, we may adopt as an approximate rule for the
type of marine-engines served by square boilers—

N HP =

HP =

2
HRi= % = working power.

To determine accurately the power exerted by the
steam in an engine, that is, the gross or indicated horse-
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power, an instrument called an indicator is fitted on to
the cylinder to register the pressure at every part of the
stroke of the piston. The indicator comprises a small
cylinder fitted with a steam-tight piston, carrying on its
rod a pencil ; this piston is held in a certain position by
a spiral spring. When in communication with the engine
cylinder, the indicator piston rises and falls with the
pressure in the cylinder, the spring being more or less
compressed or extended, according to the variations of
pressure and vacuum. The pencil rising and falling
with the piston draws a figure upon a card or piece of
paper, moved (by being attached to some part of the
engine) backward and forward once in every revolution
of the engine : the kind

of figure drawn is shown g 8%

at Fig. 29. abis called ,sé},r__ o
the atmospheric line, d

being drawn by moving 7 65 432[

g b T[98

B Y
munication with the g £

cylinder. As soon as the

engine is started, the indicator being fixed and open to
the cylinder, the pencil starts up to ¢; but when the
pressure has overcome the friction of rest and the engine
begins to move a little, the pressure falls slightly, then
remains uniform, or nearly so, till the steam is cut off
at d, and expansion continues to the end of the stroke
at b ; then the exhaust opening, the pencil descends below
the atmosphere line to ¢, showing vacuum, and remains
steady to f, where the valve begins to close the exhaust,
when the pencil gradually rises to the starting point a.
To ascertain the mean pressure from an indicator card
the following method must be pursued:—Divide the
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figure into any number of equal parts, say 10, as shown
by the lines  z, &®., then mean absolute pressure
_2(2+3+4+9+10+1+11)
Y 20

or if it be divided into # parts, the formula
22484+ m+1+@+1)
7= 2n
The value of the lines 1, 2, &e., are found from a scale
of pressures corresponding to the tension of the spring
in the indicator.

The indicator diagram forms a key to the construc-
tion of the apparatus for regulating the admission and
emission of steam through the cylinder ports. That
shown above shows a well-constructed engine; but
that shown below, in Fig. 30, is illustrative of the
contrary : @ b is the

atmospheric line. It is il %
evident from the great e 4
excess of pressure ¢ d a
to start the engine over

that to keep it moving j\/
that the engine in this q

case works stiff; next,

the pressure, instead of remaining steady to the point of
cut-off ¢, falls, showing that the steam passages are too
small and wire-draw the steam ; thirdly, on the back
stroke, instead of the vacuum being got at once it is
not got till g is reached, showing too small an exhaust
passage into the condenser.

In such an engine as would give this diagram there
is evidently a great loss of power due to the resistance
of the steam passages and ports, or the defective
vacuum may be partly due to insufficient injection
water, or other defects in the condensing apparatus.
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The horse-power found from the indicator diagram
shows the gross amount of work done by the steam in
the cylinder, but this is not all used in the work for
which the engine is designed, a portion being absorbed
in friction and inworking feed and air pumps, &e. ; hence
other means must be adopted to show the actual amount
of work given off by the engine to be expended usefully.

The apparatus used for this purpose is termed a
fiiction dynamometer, and is of the general form
shown in Fig. 31.
a is the main-shaft
of the engine, b ¢ d
isthe dynamometer,
which is somewhat
similar to a friction
brake; between the
adjustable belt b ¢
and the shaft o are
interposed blocks of wood to prevent any biting that
would injure the main-shaft of the engine; these are
tightened up by the screw-bolt ¢ until the friction is
sufficient to keep the arm d horizontal, the engine
moving at a uniform rate (the shaft revolving within
the belt 4 ¢) and the scale f being suitably loaded.
Now, in sustaining this weight by friction on the shaft,
the engine is virtually giving off as much work as if at
every revolution the weight 7 on the scale f were
moved through a distance equal to the circumference of
a circle having # for a radius. Henee, to find the useful
power of the engine, we have the following rule:
z being in feet and W in pounds, » = number of
revolutions per minute—

31416 X 22 X W Xn _ z.W.n

5 33,000 = 5252
omitting decimals.
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The useful effect of Cornish and other pumping
engines is easily eomputed from the quantity of water
raised in a given time. Thus let @ = gallons of water
raised in twelve hours, 2 = the height in feet to which
the water is pumped above the surface of the well,
reservoir, or river from which the supply is taken, then
(1 gallon of water weighs 10 Ibs.)—

@ x k%10 Qr
2P = 60 x 33,000 2,376,000

If the valves of & pump (such as Harvey and West’s
double-beat) close exactly at the end of the stroke, the
following rule will give the delivery in gallons per
stroke for a single-acting pump, such as is commonly
used with a Cornish engine. Tet g = gallons per
stroke, d = diameter of plunger in inches, S = stroke
of pump in feet—

8.d?
29-4

For the power to work a pump:—Let ¢ = gallons
per stroke, » = height of lift in feet, » = number of
strokes per minute, /P = horse-power (exclusive of
friction) absorbed by pump—

P — g-h.n
3300

To determine the useful effect—that is, the tractive
force of a locomotive engine—a spring dynamometer is
introduced as a coupling between it and the train,
which registers the traction on a paper moved by
clockwork if the horse-power is required. By means of
a similar dynamometer, the dragging power of steam-
tugs may be ascertained.

In former times it used to be the practice to allow
one-third of the total power of an engine as absorbed in

g::
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its own friction; but if it be well designed, and of good
workmanship, there is no necessity for the friction of
its parts to absorb more than from 6 to 8 per cent. of its
total power

In discussing the points connected with the apparatus
for regulating the admission and egress of the steam to
and from the cylinder, let it be particularly understood
that we do not pretend to give examples of the different
forms of valves, &c., used for that purpose at length,
but rather to explain the principles which should guide
the designer in his endeavours to produce an efficient
machine ; those who desire to study the different forms
of valves are referred to the author’s Pracricav
TREATISE oN MEcHANICAL ENGINEERING.

The steam which is left in the steam passages at the
end of each stroke is evidently so much waste, hence the
passages between the valves and the cylinders should
be made as short as possible in order to reduce this
waste; also the room allowed above and below the
piston to prevent its coming in contact with the
cylinder covers should be small : this is called clearance,
and in our opinion a quarter of an inch is sufficient
clearance for ordinary engines.

The area of the ports and steam passages must be
determined according to the velocity at which the piston
is intended to travel and the difference between the
pressures in the boiler and the steam ecylinder, this
difference representing the pressure by which the steam
is caused to flow through the passages and ports from
the boiler into the eylinder.

Let D = diameter of cylinder in inches, S = speed
of piston in feet per minute, p = absolute pressure
per square inch in cylinder, P = absolute pressure per
square inch in boiler, @ = avea of port in square inches.
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Then, according to the laws which regulate the flow
of gases, the minimum area of the steam-ports will be—
D2
S Ve e
If we assume the difference between the pressures in the
cylinder and boiler (P—p) to be always equal to four
pounds per square inch, the formula will become—

D2
AYfF -3 ?
30,000 X S'\/_

For example, let the diameter be 10 inches, the speed
of piston in feet per minute 250, and the pressure 40 Ibs.
per square inch—

= §(§,OT(:)6 X 250 40 = 526 square inches.
the exhaust-port is commonly made not less than twice
the area of the steam-ports.

In Fig. 32 @ is an ordinary Fig. 32.
short slide-valve acting on the
ports communicating with the l .f_J—:I"‘E"L I
ends of the cylinder through W YU ARN m
the passages 4 and ¢, 4 is the
exhaust passage. The edges of the valves must be at
least 4th of an inch wider than the steam-ports to ensure
the closing of one port before the other is opened. The
full and dotted lines show the two extreme positions of
the valve. In the former the steam is passing from the
slide-jacket f into the end ¢ of the cylinder, whilst
it is exhausting from the end & through d. If the
edges are made as above stated, as soon as one port
begins to open to the exhaust the other opens to the
steam, and they close together in the same way.

In order to ensure that the engine shall move in a
specified direction, it is necessary that the valve shall be
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somewhat ahead of the piston, so that when the piston
arrives at the top of the cylinder the top port shall be
partly open, so that the piston gets steam early in the
stroke. The reason that this arrangement controls the
direction of the engine’s revolution is as follows:—Let
the piston be on the up-stroke, then, on reaching the
top of the cylinder, the steam-port will be (say) half-way
open, and if the engine continues in the right direction
the valve will continue to open till the middle of the
down-stroke, but if the piston on the down-stroke pulls
the crank back on the wrong side of the centre, the
valve which was half open will close again and open
the bottom port. This advance which is given to the
valve is called its ‘“lead.”” The number of degrees
which the eccentric driving the valve should be put in
advance of the crank is called the ¢ angular lead,” and,
with the aid of a table of natural cosines, may be found
from the following formula:—Let a° = the angular
lead, d = distance in inches over which the valve has
passed when the piston is at the end of its stroke, ¢ =
travel (or stroke) of valve in inches, then

Cosa°=1—-—2t—d
a° = Cos _111—2Td}

As an example, let the travel of a valve be 3 inches, and
d = 2 inches, then
24d

Cosa°=l———t—-=— 0-33

hence, from a table of natural cosines,
a° = — 70 degrees, 30 minutes.
The effect of the angular position of the eccentric rod
driving the valve is too slight to require any practical

notice.
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Sometimes the edges of the slide-valve are extended
outwards, the effect of which is to give a cut-off at a
certain definite portion of the stroke; but of course,
when the engine is once made, this cut-off and the cor-
responding degree of expansion cannot be altered: this
is called giving the valve “lap.” If, however, the ex-
pansion frequently requires altering, a separate valve,
which controls the supply of the steam entering the
slide-valve jacket, is used, working independently of the
slide-valve; by this means, or by using a link motion
with the slide-valve, the degree of expansion may be
varied at pleasure. y

The exhaust is usually closed some short space before
the piston reaches the end of the stroke, thus confining
a portion of vapour which acts as a ‘ cushion,” and
obviates part of the jarring consequent upon the sudden
reversal of the motion of the reciprocal parts of the
machine. Nothing is lost by this, as, although some
work is done in compressing the ¢ cushion’’ of vapour,
yet in the return stroke this is given up again.

The various parts of a steam-engine when moving
have of necessity a certain amount of work accumulated
in them, which must be absorbed at the end of each
stroke from such parts as change the direction of their
motion, and this work must be expended in friction,
concussion, and compressing the cushion of steam;
hence it is advisable to avoid high velocities in recipro-
cating parts. Heavy cranks also produce vibration, as
on one side of the centre they aid, but on the other
hinder, the revolution of the main-shaft; these, there-
fore, work smoother where counterbalanced, or they
may, in some cases, be replaced by crank wheels, which
are dises carrying crank pins near the periphery.

There are many causes which interfere with uni-
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formity in the motion of the steam-engine, such as
sudden variations in the work to be done, by the throw-
ing into or out of gear any machine in a factory or
workshop ; but we will first deal with the irregularities
which arise in the engine itself; these are due to the
varying angle of the crank, and also to the varying
pressure of steam in the cylinder due to expansion.
These latter imperfections are met, and to a great
extent remedied, by the use of a heavy fly-wheel, which
serves as a reservoir of force, absorbing work, and
storing it as accumulated work, when the engine is
imparting the maximum power to the main-shaft, and
again yielding it up when the engine is exerting little
or no power, as is the case at and near the dead points,
and thus by giving and taking, according to whether
there is a deficiency or excess of power, something
approaching to a mean velocity is attained.

It is not, however, only the fly-wheel that serves thus
to regulate the speed of the engine, for the momentum |
of the whole mass of shafting and running gear also
assists ; hence, when an engine is working a factory,
we cannot calculate the fly-wheel as absorbing all the
excess of power and storing it until it is wanted. If
we suppose a six-horse high-pressure engine to be
running alone and merely overcoming its own friction,
having a 4-foot fly-wheel moving at 30 revolutions per
minute, the accumulated work would be in the rim of
the fly-wheel weighing 600 Ibs.—

600 x o2
T a4
but the velocity per second is
' p o 30 X 4 x 81416

= 62832
60
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therefore the accumulated work

_ 600 x 3947

e = 86773 fi.Ths.

The work required to overcome the friction of the engine
being taken at 5 per cent. of its full power, that done
in each revolution would be about 830 ft.-lbs.; hence
the excess of work to be taken up and stored would be
probably about 45 ft.-1bs.; hence the total accumulated
work when this is taken up would be

36773 + 45 = 41273 ft.-Ibs.
from which we find,

600 x 02
64:4

= 41273 x 64'4 /\/
v = . 5 — RB5
,\/ 4 = 4429 = 6655

but the mean velocity is 6:2832 feet per second, hence
the variation in velocity is

= 412-73

6:655 — 6:2832 = 0-3718
which is equal to

0-3718 x 100

=591 . ity.
D) 91 per cent. of mean velocity.

‘When the variations of power are considerable, as
from the varying amount of work to be done or number
of machines to be driven, an apparatus called a
governor is attached to the engine. A great number
of different descriptions of governors have been in-
vented, but that most generally in use is the conical
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pendulum applied by James Watt, which is shown
in Fig. 83. a b is a vertical
shaft driven by bevil gearing ¢, d,
or other suitable means, so as to
revolve at a rate proportioned to
the speed of the engine; at the
top of the shaft are two joints,
9, 9, carrying the arms g, o,
having heavy balls ¢, ¢, at their
lower extremities; there is also
on ¢ b a sliding collar connected
by links f, f, with the arms g, 6.
The quicker the engine goes the
faster will this governor revolve,
and the centrifugal force will
cause the arms to fly outwards
about the centres g, g, thereby
raising the sliding collar, which lifts the end of a forked
lever moving on a centre at ¢ and through a link j,
controlling the steam supply either by partially closing
a valve in the steam-pipe from the boiler, or by causing
the flow of steam into the cylinder to be cut off at an
earlier period than when there was more work upon the
engine. To determine the height of the points g, g,
above the plane of revolution of the balls is sufficiently
simple : it is equal to the length of a pendulum which
would make two beats while the governor makes one
revolution. Let 2 = height in inches, » = number of
revolutions per minute, then

3 DY 3
h={1877} i 187_'_7

% V A
Engines are almost always fitted with feed-pumps for
supplying water to the boiler from which to generate
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steam to work the engine, and, as a matter of pre-
caution, these pumps are made large enough to supply
at least twice the minimum quantity of water required
for use in the form of steam. ¥rom the relations of
pressure and comparative volumes already referred to,
the following rule for the size of a feed-pump is
deduced : —

Let p = pressure of steam in pounds per square inch
above the atmosphere,
s = stroke of piston in feet,
D = diameter of steam cylinder in inches,
¢ = contents of feed-pump in cubic inches, then
I ek 3
M {13 f & %

According to the quantity of steam used must the water
for condensation also be regulated ; the temperature at
which the water is desired to leave the condenser being
determined, the quantity of injection water required
will be found from the following formula :—

C = cubic feet of condensation water required per
cubic foot of water used as steam in the engine, # =
temperature of water entering the condenser, { = tem-
perature of water leaving the condenser, then

1212 — ¢
il i o

Having made these practical observations on the
designing of steam-engines, we shall now conclude this
chapter by stating that examples of different kinds of
engines and their details may be found in the work on
¢ Mechanical Engineering ” already alluded to.
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CHAPTER IX.
BOILERS AND FURNACES.

I~ arranging the proportions of boilers and furnaces an
amount of care and experience equal to that exercised
in preparing the plans of the engine is demanded, for a
well-designed engine will not work economically if the
boiler be badly constructed, without due regard being
had to the principles which regulate combustion and the
transmission of heat.

The heat obtained from combustion is due to,the
oxidation of the carbon and hydrogen of the fuel used,
which oxidation consists in the decomposition of those
elements from each other and their recombination with
oxygen gas from the atmosphere or from some other
source. Thus the carbon becomes converted into car-
bonic acid, and the hydrogen into steam; the chemical
change is shown in the following diagram :—

Carbon Hydrogen
Fuel {Hy drogen { Oxygen } water.
{ Carbon } carbonic
A Ll Oxygen Oxygen _acid.
{ Nitrogen > 3 nitrogen.

In this case the fuel is supposed, for simplicity, to con-
sist of hydrogen and carbon only; in fact, to be a pure
hydro-carbon.

The heating value of fuel may be given in pounds of
water evaporated per pounds of fuel used, or units of heat,
one unit of heat being that quantity which is required to
raise the temperature of one pound of water one degree
Fahrenheit. The theoretical calorific value of fuel may
be determined from the following formula, in which the
constants are, of course, obtained from experiment.

@
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Let € = weight of carbon in one pound of fuel, 7 =
ditto of hydrogen, O = ditto of oxygen, and L =
pounds of water evaporated from 212 degrees by one
pound of fuel :—

P=15{0x4'28(ﬂ—%)}

Practically, however, it may be taken that one pound
of good average coal will evaporate about 7-51bs. of water
from a temperature of 212 degrees, and this is a more
reliable datum than that calculated from the chemical
analysis.

‘We have now to consider the quantity of air required
for combustion, and the mode of bringing it into con-
tact with the fuel. According to the doctrine of
chemical equivalents, every pound of carbon in being
converted into carbonic acid will require 2:66 lbs. of
oxygen, and every pound of hydrogen will require
8 1bs. of oxygen. Assuming a fuel to be of the follow-
ing composition :—

Carbon e e 00855 dbs:
Hydrogen . o ed0:06358
Oxygen B . 0092 ,,

the quantity of air required for combustion will be found
as follows: for the carbon the oxygen required—
0855 X 266 = 2274 lbs.
and the quantity for the hydrogen—
0053 X 8 = 0-424 lbs.
but in the composition of the fuel there is 0:092 oxygen ;
hence this must be deducted from the total quantity
required, which will then be
2:274 + 0'424 — 0-092 = 2:606 lbs. oxygen ;
but oxygen exists in the atmosphere to the amount of
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20 per cent. of the whole mass of air, hence the quantity
of air required per pound of fuel will be

2:606 X 5 = 13-03 Ibs.

and as air is 773 times lighter than water, the volume
of air required will be

18-08 x 12:37 = 49-85 cubie feet of air per Ib. of fuel ;

this would be required for actual combustion; but, in
reality, a much greater quantity of air would require to
be passed in when ordinary furnaces are used, as nothing
near the whole quantity of oxygen is taken from the
atmospheric air passing through the fuel. '

It may be assumed that the quantity of air required
on the average will be 150 cubic feet per pound of
coal consumed, and this, after combining with the
gaseous and solid portions of the fuel, will produce
about 164 cubic feet of heated air and gases. The
heat of a furnace in a boiler may be taken as 1,000
degrees, and this will expand the air and gases to
about three times their previous bulk, making the

above
= 164 X 3 = 492 cubic feet,

the velocity of which, according to Dr. Ure, would be
36 feet per second, requiring a minimum area of flue
of 0516 inch per pound of coal consumed per hour.
In practice, however, about 2 inches is the allowance in
the narrowest part of the flue, and 15 inches at the top
of the chimney per pound of coal per hour.

If & high-pressure engine requires the consumption of
6 1bs. of coal per horse-power per hour, and is 10-horse
power, the total consumption per hour will be

6 X 10 = 60 Ibs. coal;
G 2
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hence the least area of flue (that over the fire-bridge at
the back of the furnace) will be

60 X 2 = 120 square inches;
ditto area at the top of the chimney,
60 X 1'5 = 90 square inches.

To ascertain the quantity of hot air which will be
evolved at any special temperature per hour, the fol-
lowing formula will serve :—Let @ = lbs. of coal con-
sumed per hour, » = volume of cold air required in
cubic feet per Ib. of coal, ¥ = volume of heated gases
per hour, { = temperature in chimney—

V= @Q.n.(1+ 000365 %)
or, taking » as generally equal to 150—
V=@ {1+ 05475 ¢}

The comparative evaporative values of different kinds
of fuel may be found from the following table, which
has been compiled from the most reliable experiments ;
it shows the quantity of water in each case evaporated
from a temperature of 212 degrees by the combustion
of 11b. of the fuel under experiment :—

Name of Fuel. ‘Water evaporated.
Oak seasoned . A . 3 3 495

yy dried . 4 2 3 A 2 553
Nut-wood . 4 L 3 3 3 541
‘White-pine 5 . g 3 4 541
Yellow-pine . g 5 4 5 574
Coal, Welsh . o 5 5 . 12-24

yy Newecastle g 3 1 & 412700

oy avvigansst 3 3 5 . 1015

o Bl S TR e S S RS

s Durham . 2 : < . 1249
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Name of Fuel. ‘Water evaporated.
Coke, good S H . L . 10-24
,y common . o q 0 a 762
Anthracite, French . : 3 . 11-36
o Pennsylvania . 4 o 9-88
Peat . 5 B 9 . o 0 4-09

Such high results as these, however, are not obtained
in the actual working of steam-boilers in practice, be-
cause the circumstances under which the combustion
takes place necessarily are different from those attending
on an experiment.

There is a very noticeable difference between the
evaporative values of wood and coal; it may, there-
fore, be interesting to ascertain whether this may be
accounted for by the difference in chemical composition.
As is well known, coal is a species of fossilized wood,
the most striking difference being in the loss of hydro-
gen and oxygen wood sustains in the transition from
the ligneous to the carbonaceous state; these two
analyses indicate the difference in composition :—

Constituents. Wood, Coal.
Carbon . . 49-1 7 ¢ 826
Hydrogen . g 63 . 3 56
Oxygen . G FER . 9 11-8

100-0 1000

In the wood all the hydrogen is combined with oxygen,
or nearly so, or, otherwise, with carbon in such manner
that its liberation requires as much heat as its subse-
quent oxidation will yield; hence the theoretical evapo-
rative values would be per pound of fuel :—

Wood = 0491 x 15 = 7-36 lbs. water.
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Coal = 15 {82:6 + 428 (56 — 11:8)} = 15 Ibs. water,

the ratio being
15

_7'36 = 2-038

Taking the averages of wood and coal from the experi-
ments as recorded in the above table, the ratio is

11-323

T 2-104

which does not differ widely from that found theoreti-
cally.

From a comparison of practical with theoretical
values, a factor may be found to correct the latter so
as to more nearly approximate to the former, thus :—

Theoretical number - - 15

Experimental number - 11383 LAY s

It is now necessary to consider the relations of the
dimensions of boilers to the proposed power. In the
first place, the proportion of heating surface to grate
surface and fuel consumed may be determined. This is
a subject which has been very fully investigated by
Mr. D. K. Clarke, with the following results. To
secure equal evaporative efficiency :—

1. If the grate surface is constant, the quantity of
fuel consumed per hour should vary as the square of the
heating surface.

2. If the heating surface is constant, the quantity of
fuel should. vary inversely as the grate surface.

8. If the consumption of fuel is constant, the quantity
of fuel should vary as the square of the heating surface.

If C represent a constant depending on the type of
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boiler used, then these three laws will be embodied in
the formula :—

X

Q=gat

a
Where @ = pounds of fuel per hour, 4 = area of heat-
ing surface, and @ = grate surface, a Cornish boiler
will burn from 6 to 10 lbs. of fuel per square foot of
grate surface per hour ; hence, taking the average duty
of Cornish engines at 80,000,000 ft.-Ibs. per 112 Ibs.
of coal, the rule for grate surface will be as follows:—
Let the average consumption of coal be 8 lbs. per
square foot of grate per hour, HP = horse-power,
G = area of grate in square feet—

G= _I%J_ nearly—

the heating surface required for the proper absorption
of caloric would be, if § = heating surface in square feet,
all taken as horizontal —

IS BRI

Vertical heating surface has only half the efficiency of
horizontal ; hence, all vertical surface taken from the
area found by this rule must be doubled; comparing
the two formulew, the ratio of heating surface to grate
surface in the Cornish boiler is found to be—

S
— =8 =125°5
G 85 X 3

or it will be accurate enough for practice to make the
heating surface 26 times the area of the grate surface
The value of C for Cornish boilers will be—

Qxa __3x1

C==g3= = S0 = 00118,
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An ordinary factory boilerwill burn about 15 1bs. of eoal
per square foot per hour; hencs, if the engine is work-
ing with a consumption of about 5 Ibs. of coal per horse-
power per hour, the grate surface will be in the same
proportion as above, and also the heating surface; but,
if an engine (condensing, for instance) be working at a
consumption of 3 Ibs. of coal—

SR
S 1 3
and
S =85 x HP

_Sé = 85 X 5 = 425 (say 43)

hence the value of C for such boilers will be—

Qxa __15x1 .
C’-—T = W—OOOSI.

In locomotive furnaces the greatest quantity of fuel
is consumed per square foot of grate surface per hour,
varying, in fact, from 40 1bs. to upwards of 100 Ibs.; but
this is, of course, due to the strong draught created by
the blast. The range being so wide, it would be useless
to give a special formula for grate surface, but the
following general rule may be found useful :—Let F =
equal consumption per square foot per hour, f = con-
sumption per horse-power per hour—

_HP X f

= F

‘With some high-pressure engines the consumption
of fuel per horse-power per hour is very heavy, amount-
ing to 9, 10, or 121bs. of coal, and this would give a
ratio of grate surface to heating surface as 1 to 11; but



OF MACHINERY. 89

past experience indicates that a mean between this and
the ratio for a Cornish boiler will give most satisfactory
results as regards evaporative efficiency ; the mean ratio
will be
2GRl &
T T

As to the proper capacity for steam-boilers per horse-
power, there has been much conflict of opinion. Mr.
Fairbairn, after many years’ experience, fixed upon
15 to 20 cubic feet as the proper allowance, after de-
ducting the space taken up by the flues; but the late
Mr. Armstrong always maintained that 27 cubic feet
per horse-power should be allowed, one-half of this
space being for water, and the other half for steam.

No rule, however, can be laid down in regard to the
capacity of boilers which shall apply generally to all
types, for much depends upon the construction of the
boiler, the arrangement of the steam dome or chest,
and other incidental matters too numerous to mention.
The object in having plenty of steam space is to prevent
great fluctuation from occurring in the boiler pressure
every time steam is taken into the cylinder; and also the
steam, if drawn off close to the surface of the water,
would be loaded with aqueous particles, which, being
deposited as water at the bottom of the cylinder,
cause much inconvenience, and even, in some cases,
accident. This passing of water over into the cylinder
along with the steam is called priming. When super-
heating arrangements are applied, this suspended
water is converted into steam, and the steam is then
called dry; in this state it is much less liable to
condense in the cylinder, but it has the disadvantage,
if highly super-heated, of drying and rendering
inefficient the packings of the engine.

185
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The super-heating of steam does not largely increase
its pressure, as so soon as all the suspended aqueous
particles are converted into steam, and it becomes dry,
it follows the law of permanent gases, and its expansion
is slow.

A very quick draught is not economical, as the
quicker the draught the greater the quantity of heated
air passing off, and the less time is allowed for the fuel
to abstract the oxygen from the atmospheric air ; hence,
any means which will so far cool the gases in the chim-
ney, after they have passed over all the heating surface
of the boiler, as to check the excessive velocity of the
current, and at the same time apply the heat abstracted
to some useful purpose, will effect some considerable
economy in fuel.

The waste gases from boiler furnaces commonly escape
at a temperature of from 400 to 600 degrees; but a
considerable portion of this heat may he utilized, for,
by causing the products of combustion to pass through
tubes surrounded with the water intended to be supplied
to the boiler, they will yield up as much as 225 degrees
of heat to such feed-water. A fair allowance of feed-
water-heating surface is 10 square feet per horse-power.

A little reflection will show that it is easy to abstract
heat from the escaping gases by the feed-water when
none will any longer be yielded up to the water in the
boiler. The transmission of heat from one body to
another varies in rapidity as the difference of the
temperature of the two bodies; hence the water in
the boiler takes up the heat quickest at the furnace
end of the flue, after which, the rate of transmission
gradually decreases as the temperature of the heat, air,
and gases more nearly approaches that of the water
and steam in the boiler, until, if the process is con-
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tinued long enough, the difference will not be sufficient
to cause the heat to pass through the metal by which
the water is separated from the heated gases in the
flues.

If steam is being generated in a boiler at a pressure
of 60 Ibs. per square inch, the corresponding temperature
of the water and steam will be 293 degrees ; hence, if
the temperature in the furnace is 1,000 degrees, and
that at the end of the flues 400 degrees, the differences
of temperature will be for each place respectively,

1000 — 293 = 707 degrees
400 — 293 = 107 ,,
the ratio of the two differences being

707
07 66
hence the rate of transmission of heat at the commence-
ment of the flues is nearly seven times that at the end
of the same; or, in other words, one foot of heating sur-
face at the furnace end is equivalent in evaporative
power to seven feet at the chimney end of the flues.
The thickness of the metal of which the boiler is made
also affects the passage of caloric, hence the parts
which are heating surfaces should not be made unne-
cessarily thick. To return to the question of abstracting
heat by the feed-water from the gases leaving the boiler
flues, we find the difference of temperatures, if the feed-
water be at 60 degrees, to be
400 — 60 = 340 degrees

hence the feed-water surface will commence absorbing
heat half as fast as the most efficient portion of the
heating surface of the boiler, and this abstraction may
be continued until the water is heated up to 200 degrees,
or in some cases more.
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The rapidity of the conduction of heat also varies
according to the metal through which it has to pass;
thus the relative conducting powers of copper, brass,
and iron are as under :—

‘Wrought-copper . g ¢ y 100-0
‘Wrought-brass 3 A 4 96-6
Sheet-iron 2 3 4 . 4 41-5

‘While treating of furnaces, the subject of smoke con-
sumption may properly be dealt with. To consume
coal-smoke has been, and often is, said to be a matter
of ease, only requiring care to effect the object sought ;
yet it is remarkable that generally the smoke is nof
consumed, although it is manifestly to the advantage of
the users of steam-power to utilise it as much as
possible, for smoke, properly so called, consists of a
great number of very minute and finely-divided
particles of carbon, which are carried up by the
ascending draught, only ultimately to fall again as soot
or ‘“blacks” as soon as they come into cold or damp
air. This car