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PREFACE.

THE author has endeavored, in the following pages, to explain
how, economically, to make use of steam in an engine, and has
also discussed the most important principles regarding the #eory
and action of the steam engine, with a fair degree of techni-
cality; and yet so as to be intelligible to the ordinary student.
He has made an attempt to state the principles laid down by
theoretical writers:—Clausius, Tyndall, Rankine, Clark, Max-
well, Colburn, Northcott, Graham, Nystrom, and others, in
such a form as to be useful to practical engineers, and to test,
by these principles, the modes of working which have been
found, in practice, most advantageous.

The early chapters refer especially to the history of the steam
engine, and to the theory of the action of steam in the cylinder
of a steamn engine, and the succeeding ones to the application
of the theory in practice.

Having felt personally the want of more practical informa-
tion on the subject than is contained in existing works, it has
been the aim of the writer to supply such want, and to enable
those who have not the opportunity of making experiments to
gain a more intimate knowledge of THE INDICATOR. And it is
hoped that the directions here given for the practical applica-
tion of this instrument will at the same time give the volume
a considerable degree of interest to those engineers who are
conversant with its ordinary working, but lack a knowledge of
the principles involved.

He gladly acknowledges the assistance afforded by the prac-
tical treatises of Main and Brown, Stillman, Porter, Salter,
Graham, and others, the Engineering periodicals, and above all,
by the late John W. Nystrom, who kindly furnished him with a
copy of his new tables on the properties of Water and Steam,
and also with considerable matter bearing on the Indicator.

He is also under obligations to Messrs. Egbert P. Watson &

(iii)
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STANDARD NOTATIONS OF LETTERS.

I have throughout this work attempted to adopt a standard
notation of letters, for which some new characters have been
added to distinguish different quantities which have heretofore
been denoted by identical letters, thereby causing confusion as
well as errors.

I have hoped that by so doing that a mere glance at the for-
mulas will denote this meaning, without special reference to the
characters.

INDICATOR DIAGRAMS NOTATIONS.

A D denotes atmospheric line.

V V denotes line of perfect vacuum.

B C denotes line of boiler pressure in pounds.

denotes the initial steam pressure of diagram.
denotes the point of cut-off.

denotes the expansion curve.

denotes the point of release.

denotes the termination of the expansion line.
denotes the termination of the fall of exhaust line.
denotes the commencement of the compression line.
denotes the termination of the exhaust line,
denotes the commencement of the steam lead.
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STEAM NOTATIONS.

= absolute or total steam-pressure, in pounds per square inch.

= steam-pressure above that of atmosphere, as is shown on
the steam gage.

steam volume compared with that of its water.

= units of heat per pound in steam.

= units of heat per cubic foot in steam.

L = latent heat per pound in steam.

L'’ = latent heat per cubic foot in steam.

(xxiii)
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xxiv STANDARD NOTATIONS OF LETTERS.

¥ = pounds of steam per cubic foot.

@ = pounds of steam per pound.

7% = temperature of steam Fahrenheit.

# = temperature of steam Centigrade.

J/ = thermodynamic equivalent.

g = grade or ratio of expansion—that is, when the steam is
expanded to double its volume, then g = 2; when
three times the volume, g = 3 and so on.

WATER NOTATIONS.

¥ = volume of water that at 39 or 40 degrees = 1.
# = temperature of water Centigrade.

7% = temperature of water Fahrenheit.

/ = latent heat per pound in water from 32 degrees.
/' = latent heat per cubic foot in water.

P = weight in pounds per cubic foot of water.

@ = fraction of a cubic foot per pound of water.

W = cubic feet of water.

w = cubic inches of water.

lbs = pounds of water,

MISCELLANEOUS NOTATIONS.

The letters 7" and ¢ denote time, 7* and # temperature, J”
and v denote velocity, AP denotes horse-power, and o« equals
infinite, or denotes that one quantity varies as another; as 2
varies as }.
= denotes equality.

+ denotes plus or addition.

— denotes minus or subtraction.

X denotes multiplication.

~+ denotes division.

V' denotes square root.

¥ denotes cube root.

3* denotes 3 is to be squared.

4* denotes 4 is to be cubed.

d denotes diameter.

= denotes 3.1416, or periphery or a circle when & — 1.
4 denotes fraction, or broken number.
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INTRODUCTION.
What The Steam Engine Is.

A STEAM-ENGINE is popularly understood to be a machine by
which the power generated in a steam boiler is transmitted to
where the work is to be executed. From well-known experi-
mental data, the volume of steam generated by the evaporation
of a given volume of water being known, this steam volume
multiplied by the steam pressure gives the work done by the
steam. ‘Thiswork divided by the time in which it is executed,
gives the natural effect, or power of the evaporation, indepen-
deunt of the power transmitted by the steam-engine; suppos-
ing that the steam is fully admitted throughout the stroke of the
piston.

When the steam is expanded in the steam-engine cylinder,
the above defined power multiplied by 1, plzs the Hyperbolic
logarithm for the expansion, gives the natural effect of the
steam, as will be shown further on.

Physically the steam-engine is an apparatus whereby the
work latent in the coal is caused to manifest itself as molecular
motion, or keat, and is eventually transformed into work and
motive power.

The physical constitution of heat is not yet well understood,
for which reason we cannot give an intelligent explanation of
the dynamic elements of combustion and evaporation ; but one
thing appears to be certain—namely, that the temperature of the
heat represents force, which is the origin of all power and work.
It is also known and demonstrated that heat is convertible into
work,; and consequently, zeat must be the product of the three
sunple physical elements force, velocity and time.

If the femperature of the heat represents force, then the space
occupied by the heat must evidently represent the product of
velocity and time.

2 (17)
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Dynamiecs.

Dynamics is the science of forces in motion, producing power
and work.

The dynamical branch of mechanics consists of the following
simple principles:

Elements. Functions.
Force, Power,
Velocity, Space,
Time, Work.

Force is any action that can be expressed simply by weight.

Velocity is rate of motion in regard to assumed fixed objects.

Time is duration, or that measured by a clock.

Power is the product of the first and second elements, force
and velocity.

Space is the product of the second and third elements, velocity
and #me.

Work is the product of the three elements, force, velocity and
time.

All dynamical problems, without exception, can be solved
with the above six principles.

The term most used in a majority of engineering works is
‘“‘energy’’ with various adjectives, as follows:—

Energies. Translation.
Plain energy, Power,
Potential energy, Powerful power,
Intrinsic energy, Genuine or true power,
Kinetic energy, Motive power,
Internal energy, Inside power,
External energy, Outside power,
Equality of energy, Alike power,
Factor of energy, Terms of power,
Energy excited, Power that pushes,
Actual energy, Real power,
Mechanical energy, Power in mechanics.
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All the terms employed, as above, whereby to define energy,
simply mean power, but they are used loosely to denote wor#,
with but little regard, frequently, to accuracy of definition.

Within the last few years there have been published in this
country a number of works on mechanics, written by professors
of institutions of learning in which the foregoing terms are em-
ployed ; terms that are not understood by the majority of prac-
tical mechanics, and hence the value of such works is to a large
extent lost.

Energy may be properly defined, so as to be understood by
all, as being the power or capacity to do work.



CHAPTER II.

WHO INVENTED THE STEAM-ENGINE?

Ir, like Topsy, any invention ‘‘wasn’t born,”” but ‘‘growed,”
it is that of the steam engine. Go, reader, to the Franklin In-
stitute of Philadelphia, and ask for Mr. Bennet Woodcroft’s
translated edition, now out of print, of Hero’s book of A. M.,
3804, or, say, the year 200 B. C. Hero was not an inventor at
all, so far as we know—at any rate his book asserts no personal
claims; yet, in his time, the power of steam, and a great deal of
what goes to make up the steam-engine—including the slide
valve, the spindle valve, and the metallic piston in a metallic
cylinder—were understood. ¢

No doubt one of the first steps in the invention was the dis-
covery of combustion or fire, the expansion of water into steam
under the influence of %eat, and the availability of this expan-
sive force for the performance of useful work. As to who first
observed this cardinal fact we have no historical record, but
Hero of Alexandria (in Spiritalia sew Prneumatica), describes
several ingenious inachines, of which perhaps the best known
is that which still bears the name of ‘‘Hero’s Fountain.”
Among other devices, he describes a ball suspended in mid-air
by means of a steam-jet, an apparatus which was revived as an
air-jet and exhibited as something quite new (?) at the Ceuten-
nial Exhibition at Philadelphia, and which created considerable
interest and discussion as to the principles involved. Hero also
describes an apparatus which we of to-day might call a steam
turbine. Another apparatus of Hero represents a priest stand-
ing before an altar. When fire is kindled upon the altar, water
which it contains is heated, and the steam thus generated forces
out by its pressure the water remaining. ‘This water passes
through a concealed tube, so that the priest appears to pour
water from his flask into an urn upon the altar.

All of these devices are only ingenious, and at that time were
merely marvelous toys. They involve, it is true, facts and

(20)
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principles which, rightly apprehended, might have led to the
greatest results. But it is quite clear that they were not thus
apprehended, and that the inventors of such toys were them-
selves ignorant of the principles which governed their actions.
A philosophy which arbitrarily assumed that all nature was
composed of four elements—earth, air, fire and water—and that
steam was a kind of air, generated by the two elements fire and
water, which accordingly strove to rise to the place of the next
highest element—and such a philosophy prevailed—blinded the
eyes of mankind, and prevented a proper interpretation of those
very facts of nature of which they even made daily use. The
ancients knew nothing of the true nature of steam—could know
nothing as long as they were blinded by their arbitrary ideas of
what it ought to be. Nature was continually pointing them to
roads fruitful on every side with discoveries, but they could not
recognize her indications. What of knowledge and progress
have been lost to the world by reason of the false methods and
philosophy of the ancients, can never be estimated. That it is
much is evidenced by the astonishing results of but a few years
of modern progress. It is even more strikingly shown by the
very discoveries which, in spite of all obstacles, those keen and
highly-trained minds achieved, and by the wonderful sagacity
they displayed—a sagacity which, in view of their limitations,
would seem almost to resemble inspiration.

Thus, the principles involved in Hero’s machines remained
unrecognized and without result, and we find, accordingly,
Vitruvius, a Roman architect at the beginning of the Christian
era, describing, without the least reference to previous inven-
tions, and apparently without the least perception of its rela-
tions to them, an apparatus called the @olipile. This famous
apparatus consisted simply of a hollow metallic ball with a
small hole in it. That is all! The ball being heated and the
inclosed air rarefied, it was then immersed in water. A quan-
tity of water having thus been sucked in as the heated air in the
ball cooled and contracted, the ball was taken out of the water,
and again heated. Of course, steam was formed, which would
for some time issue from the hole with considerable force.
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The Zolipile.

This machine with some modifications is susceptible of a very
fair degree of efficiency, and no doubt it is quite within the
bounds of possibility that this instrument may yet displace the
cylinder and piston now so universally employed.

Its principle and mode of action will be understood from
Figure 1, where C represents a globe moving freely on its axis
in such a manner as to permit the constant introduction of
steam from the boiler 4 through the tube 2.

FiG. 1.

The steam escapes through the bent tubes £%, and gives, by
its reaction, a rotary motion in the direction of tlie arrows.
From the collar 7 on the centre of the globe, motion could be
given to machinery.

This, no doubt, is the original rotary steam-engine. Hero
also describes another apparatus, in which 4 is a globe, see
Figure 2, partially filled with water, which is converted into
vapor by the application of heat. A pressure is produced on
the surface of the water, which is consequently driven up
through the syphon &, into the vessel %, from which it descends
by the pipe 2, into the close vessel C, also partially filled with
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water. When the globe 4 cools, the water it contains is re-
lived from the greater part of its pressure by condensation of the
steam, and the water rises from the vessel C through the pipe
F, to supply what had been driven over by the elasticity of the
vapor.

There is no doubt that the Egyptian priests used the pres-
sure of vapors in performing their mysteries in and about their
temples.

Giovanni Batista Porta, in 1606, published a translation of
Hero’s *‘Spiritalia” and added a description of an apparatus by
which the pressure of steam might be made to raise a column
of water.

Porta was known as an educated gentleman, a mathematician,
chemist, and physicist, and was a man of large means. The
invention of the magic lantern and the camera obscura are
attributed to him; these inventions are described in his com-
mentary on the ‘‘Pneumatica.”’
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Porta’s machine for raising water by steam pressure is shown
in Figure 3.

The retort or hoiler, A4, has a long neck, which passes through-
the bottom of the air-tight cistern 2. A bent pipe or syphon C,
is fitted into the top of the cistern, and descends nearly to the
bottom. When the fire is lighted under A4, the steam ascends

Fic. 3.

in the cistern, and presses upon the water, and forces it up the
syphon C, into the atinosphere, or it may be led to any desired
height. 'This was called by Porta an improved ‘‘steam foun-
taif.”’

He also described with accuracy the action of condensation in
producing a vacuum, and sketched an apparatus in which the
vacuum thus secured was filled by water forced in by the pres-
sure upon it of the external atmosphere.

Here, then, are some of the essential principles of the steam-
engine of to-day.

Porta’s contrivance is the first in which the boiler is separate
from the ‘‘forcing vessel”’—which later inventors claim as ori-
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ginal with them, and claim special distinction on account
thereof.

Anno Domini 540, Athemius, an architect, arranged several
cauldrons of water, each covered with the wide bottom of a
leathern tube, which rose to a narrow top, with pipes,extended
to the rafters of the adjoining building. A fire was kindled be-
neath the cauldrons, and the house was shaken by the effect of
the steam ascending the tubes. This is the first notice of the
power of steam recorded.

In 1543, June 17th, Glasco de Garoy exhibited a boat of 209
tons, propelled by steam with tolerable success, at Barcelona,
Spain. The apparatus consisted of a cauldron of boiling water
to generate steam, a crude engine, and a movable wheel on
each side of the boat. It was laid aside as impracticable.

Salomon de Caus, in 1615, an engineer of mark, published a
work at Frankfort in which he describes a machine designed to
raise water by the expanding power of steam.

This machine, like that of Porta, consisted of a metal vessel
partly filled with water, in which a pipe was fitted, leading
nearly to the bottom, and open at the top. Fire being applied,
the steam formed by its elastic force drove the water out through
a vertical pipe, raising it to a height limited by the strength of
the vessel.

Very little improvement upon the contrivances described by
Hero was made for many centuries. The expansive properties
of steam must have been tolerably widely known, but apparently
no serious attempt was made to utilize them. So marked is this
circumstance that the actual steam-engine may be traly consid-
ered an invention of the 17th century.

The first useful application of steam power on a large scale
appears to have been by Edward Somerset, second Marquis of
Worcester, about AD, 1650. ‘The apparatus employed consisted
of an independent steam generator, and two separate strong ves-
sels. One of these vessels being filled with cold water, steamn was
admitted into it from the generator, and, pressing directly upon
the surface of the water, the latter was forced upwards through
an ascending pipe, to a height of about forty feet. Vessel No. 1
being emptied of water in this way, the steam was turned off
from it, and on to vessel No. 2, No. 1 being then refilled by man-
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ual labor. Obviously a great deal of the steam must have con-
densed without doing any work; and considerable inconvenience
must have arisen from the necessity of refilling the vessels by
hand. Thomas Savery removed the latter inconvenience about
the year 1697. Savery’s apparatus was somewhat similar to the
last, but when the vessels became emptied of water and filled
with steam, he cut off communication, both with the ascending
water pipe and the steam generator, and, opening communica-
tion between the vessel and the water supply, condensed the
steam in the forcing vessels by the external application of cold
water. A vacuum being thereby formed in the forcing vessel,
a fresh supply of water was caused to flow into it by the pressure
of the atmosphere. This machine was one of the first to do
useful work. This apparatus was used for raising water at
Vauxhall, London, and at Raglan Castle, his home.

With the Marquis, therefore, we reach the first practical
application of the power of steam. But, looking back now over
the ground from Archimedes to De Caus, we fail still to find the
least real progress in the knowledge or apprehension of funda-
mental principles. Thus far only known facts have been var-
iously combined. T'wenty centuries have passed with scarcely
a practical result, and without any clearer insight into the laws
and principles involved than in the beginning. ‘The ball of
Hero and the @eolipile disappear, only to reappear again in some
slightly changed form, and constitute eventually all that is
known. Progress in natural laws implies investigation of
nature, and the time when this truth begins to be recognized
we have now but just reached. All has been accomplished that
could have been expected from a method which ignored nature
and philosophy—which dogmatized about that which it could
not comprehend. But with the seventeenth century comes a
change and a great awakening from the slumber of ages. Men
like Descartes, Kepler and Galileo appear, and real progress be-
gins. Compare now this progress of only two centuries in
every department and in all directions with the preceding twenty,
and what we owe to science to-day becomes apparent. Torri-
celli, in 1643, following in the footsteps and working in the
spirit of his illustrious master, Galileo, was the first to prove
experimentally the weight and pressure of the atmosphere.
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Otto von Guericke followed, with his air pump and hemi-
spheres, and forces the unwilling and tardy conviction of a skep-
tical world. Unwilling conviction! for the old beliefs died
hard, as the life and sufferings of Galileo sufficiently attest.
Torricelli’s demonstration of the pressure of the atmosphere
produced at first only opposition. Old dogmas and long-estab-
lished beliefs proved very tenacious of life. ‘They still live, and
die hard.

It is not surprising, then, that Torricelli’s discovery remained
for a long time unheeded. The progress of these two centuries
is well illustrated by the fact that such a discovery made to-day
would be known, repeated by thousands of independent obser-
vers, and accepted by the scientific world within 48 hours. In
that day, however, it was not until 1646, three years later, that
Pascal first heard of Torricelli’s discovery and repeated it. He
rejected at first, however, Torricelli’s interpretation, and con-
cluded that ‘‘nature’s abhorrence of a vacuum was limited.”
As Galileo sarcastically expressed it, ‘‘Nature only abhorred a
vacuum as high as 30 inches.”” The sarcasm of Galileo ex-
pressed the serious belief of Pascal. One would naturally sup-
pose that the ecclesiastics would have welcomed a conclusion
from such an authoritative source, so entirely in sympathy with
their methods of thinking; but, on the contrary—so inconsistent
is dogmatism—the scholars attacked Pascal with virulence, for
‘‘daring to limit the powers of nature,”’ until, excited by their
ignorant opposition, and enraged by their savage attacks, he
returned to the investigation anew, and brilliantly demonstrated,
beyond cavil, the truth of Torricelli’s position.

He reasoned that if Torricelli were right, and if the mercury
column in the barometer tube were really sustained by the pres-
sure of the atmosphere, its height must be less when taken to
the top of a high mountain, where there is less air above it,
than in the plain below, where there is more. On the 20th of
September, 1646, just at the close of the Thirty Years’ War, he
tried the experiment on the summit of the Puy de Doine, at
Clermont. It was completely successful and conclusive, and
the joyful peals of Miinster and Osnabruck, which still lingered
in the air, as they rang out the long and dreary war, fitly rang
in the triumph of science, and a more glorious victory than they
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knew. Otto von Guericke followed up the proof by his inven-
tion of the air pump, by which he pumped air out of vessels
like so much water, and so multiplied proofs of the most strik-
ing character that no room for doubt remained, even to the
most intolerant dogmatizer of them all. Here we have reached,
in my opinion, the true germ of the steam engine. It begins
right here, and it could not possibly begin before. ~All attempts
hitherto made have been merely gropings in the dark.

From the moment when the action of the atmosphere was
rightly apprehended, and thus the true significance of a vacuum
understood, the steam engine became an inevitable consequence.
Torricelli, with his barometer tube, sowed the seed of which we
reap the fruits to-day. Was not Torricelli’s tube a mere mar-
velous toy also? like the @olipile, the fountain, the priest and
the altar? No! for these were only detached facts, divorced
from their true significance, while that illustrated and made
clear a principle. Principles are fruitful, and lead to innumera-
ble results ; facts alone are barren when they do not lead to prin-
ciples. ‘Torricelli planted better than he knew, and the results
of that simple experiment, just because it was an experiment,
a questioning of nature, will reach through all the future ages
of man’s life upon this earth, just as it now clothes and feeds a
world. ‘That simple experiment marks an epoch, and a most
memorable epoch. We can scarcely conceive at this day the
momentous importance of this simple, and to us most evident,
fact of atmospheric pressure.

We have been born and brought up in the knowledge of it,
and accept it as the air we breathe. The significance of a
vacuum, as a space devoid of air upon which the outside air
pressure was unbalanced, began now to be appreciated. At-
tempts are at once made to utilize this astonishing air-power
by producing a vacuum, and a new era begins. Many devices
were suggested and tried for this purpose, but remained without
result, until Papin in 1690 first suggested the condensation of
steam for the production of a vacuum. Many other substances
expand when leated and contract when cooled, but when it is
stated that one cubic foot of steam under ordinary pressure con-
tracts to about one cubic inch of water when cooled, its peculiar
fitness for the purpose suggested, namely, the production of a
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vacuum, becomes at once apparent. ‘The fact of the condensa-
tion of steam was by no means unknown before, but only now
has the time arrived when that fact stands out in its true signi-
ficance as a means of producing a vacuum, and thus making the
air do work. Papin recognized the advantages which the use
of steam presented, and endeavored to utilize it. Here, then,
we have a steam engine, or rather, an ‘‘atmospheric engine,””
as it may be called, because it is really the pressure of the at-
mospliere which furnishes the power, and steam is only used to
produce a vacuum. ‘Thus we have for the first time an engine
the principles of whose action are comprehended. To Papin,
then, as much as to any one man, is due the honor of the con-
ception of a steam engine in the light of a proper comprehension
of the principles involved and the end to be attained. It is, of
course, but a beginning. It simply points out the way, and in
itself, in its present shape, is of no practical utility whatever.
Indeed, so evident were its defects that Papin himself abandoned
it as impracticable. Improvement, however, is but a matter of
detail when once principles are clearly recognized. Here is
the central idea clearly apprehended and illustrated. The way
is at last opened, Savery in 1698 having learned from Papin
the manner of condensing steam and forming a vacuum, by
making use of the direct pressure of expanding steam as well
as the pressure of the atmosphere obtained by condensing the
steam.

This being one step in advance and nearer to the steam
engine of to-day, was the first practical inachine, and was to some
extent actually used for raising water. This engine was no
doubt suggested by Papin’s engine. But the defects of Savery’s
engine were many; the most serious was the enormous con-
sumption of fuel for the work done.

Newcomen and Cawley, mechanics of Dartmouth, England,
appear to have been the first to apply the cylinder and piston to
the purposes of steam power. In their engine, constructed
about the year 17035, steam of low pressure was used to raise a
piston against the pressure of the atmosphere. The steam
under the piston being then condensed by the application of
cold water to the outside of the cylinder, and a vacnum thereby
formed, the piston was forced down by atmospheric pressure,
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The actual work, which consisted in this case also of raising
water, was performed during the downward stroke only.

Savery's engine was an ‘‘atmospheric engine,’” the piston
being forced down by the weight of the atmosphere. In the
engine originally patented the steam was condensed by the
application of cold water to the outside of the cylinder, or by
surface condensation.

These inventors also accidentally discovered that steam could
be condensed much faster by admitting a jet of cold water into
the cylinder itself than by water applied externally to the cyl-
inder. And with them originated the principle of jet injection.

The number of great discoveries made by pure accident is
very few. Nature discloses her secrets only to patient and per-
sistent inquiry. But just here we meet with an apparent excep-
tion—a genuine and important discovery made by chance.

The piston of one of these engines was covered on top with a
layer of water to make it air-tight. One day the engine was
observed to work with great and unusual rapidity, the steam
seeming to be condensed more quickly than usual. Examina-
tion showed that the wearing away of the piston had allowed
water to enter the cylinder and come into direct contact with
the steam. Thus was discovered the fact of condensation by
means of water injected into the cylinder, or, as we may call it,
jet condensation, and Savery’s share in the patent of Watt
became necessary.

And now a little boy takes a part in the work of development,
and does good service too. The cocks for the admission of
steamn and water to the cylinder had to be turned by hand just
at the right moment. Evidently if the steam-cock is open too
long, there is danger of blowing the piston out of the cylinder.
The wearisome and monotonous task of watching the stroke
and opening and closing the cocks at the proper moment was
intrusted to a little boy by the name of Humphrey Potter. He
doubtless soon found the work rather unsatisfactory, and his
bright wits suggested a remedy.. He attached strings to the
walking-beam and to the cock-handles in such a manner that
the machine was made to watch itself and turn the cocks itself.
Simple as it is, this contrivance, suggested by the desire of a
boy to join the sports of his playfellows, constituted one of the
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most important improvements in detail ever made to the steam
engine. It was at once adopted by Newcomen, and was the
origin of the so-called ‘‘plug frame”’ and valve gear of to-day.

John Fitch, a native of Windsor, Conn., and James Rumsey,
a native of Maryland, were the first in America who made the
attempt to propel boats by steam.

Fitch was the first to commence building his boat in 1783,
but did not complete it so as to try his experiment until 1787.
His attempt was to apply steam power to oars. He launched
the boat and made the trial on the Delaware; but his machinery
proved insufficient and ill-adapted to the purpose of navigation.
‘This was his first and last experiment, although he retained full
faith in the ultimate success of steam for propelling boats.

Rumsey commenced building his boat later in the year 1783
than Fitch, in Sheplierdstown, near his residence on the southern
bank of the Potomac, and launched it in 1786. His first effort
was the application of steam power to a pump, by which he
sought to propel the boat by drawing in water at the bow and
pouring it out at the stern. This proved inadequate for loaded
boats or river navigation against the current. He then at-
tempted to apply his steamn power to setting-poles, but without
success, and abandoned his project with no further trial.

Nathan Read,* a native of Western (now Warren), Mass., an
apothecary in Salem, Mass., and afterward a member of Con-
gress from Danvers, Mass., noticed the failures of Fitch and
Rumsey, and believed they were occasioned by their ill-con-
structed machinery; that their long awkward oars, and still
more awkward pumps and setting-poles, condemned themselves
as unsuited to the purpose for which they were designed. Ac-
cordingly, in 1789, eighteen years before Fulton appeared with
his experiments upon the Hudson, Mr. Read successfully in-
vented and constructed a steamboat of sufficient size to carry a
man, and safely propelled himself across an arm of the sea
which separates Danvers from Beverly. His boat was cou-
structed with two paddle-wheels, fixed to an axis which extended
across the gunwale of the boat, precisely on the same principle
as applied at the present day to all steamboats propelled by
paddle-wheels.

*Nathan Read: A contribution to the early History of the Steamboat and
Locomotive Engine, by his friend and nephew David Read, New York, 1870,
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Undoubtedly this was the first steamboat ever built, and the
first voyage ever taken in a steamer constructed upon the same
plans and principles as our present boats. ‘The Rev. Dr. Prince,
of Salem, and several other gentlemen, were present on this oc-
casion and witnessed this successful experiment of Mr. Read.

At this time he invented and counstructed a portable furnace
tubular boiler, with the suitable machinery attached to give it
locomotion, and made a model of a locomotive steam carriage,
and applied for a patent February 8, 1790. ‘This was before
any patent laws or regulations had ever been established by the
government. At this time Congress was in session in New
York, and Mr. Read spent the most of the winter of 1790 in the
latter city. He had letters of introduction from Gen. Benjamin
Lincoln to President Washington, and members of Congress
arid other gentlemen of New York City. He was finally re-
warded by having his application granted him. ‘The application
and petition to Congress were accompanied by a recommenda-
tion from a select committee of the American Academy of Arts
and Sciences, setting forth his various discoveries as follows :

“An improvement in distillation by a new still and refrigera-
tory.

‘‘Obtaining a perpetual tide fountain for water works, keep-
ing pumps, mills, carding machines, etc., constantly at work
from the accumulated forces of the wind.

‘‘An economical portable steam engine.

‘‘Application of steam to purposes of navigation and land
carriages.

‘A method of constructing perpetual chronometers and self-
moving planetaries.”

That Mr. Read has not been accorded justice, as being the
original inventor of the successful application of steam power
for locomotion, is apparent from a glance at the statements of
the experiments made previous to this date. Want of space
here will only permit of a brief mention of them.

The Marquis of Worcester made the first experiments in this
direction as early as 1655, and expressed his belief that steam
power might be used for propelling vessels, but he never tried
the experiment.

In 1680 Prince Rupert made an unsuccessful attempt to
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propel a boat on the Thames by steam, but it was an utter
failure.

Savery, an Englishman, about 1698, is supposed to have been
the first to apply steam power to any practical purpose. He
used it for pumping water from the mines in Cornwall, and ex-
pressed the idea that he could turn paddle-wheels on the outside
of a vessel if connected with his pumping engine; but there is
no record of his ever having tried the experiment.

In 1707 Denys Papin introduced his steam machine for rais-
ing water in one instant to an elevation of 70 feet. In 1710,
Newcomen made the first steam-engine in England. In 1718
patents were granted to Savery for the first application of the
steam-engine.

The high-pressure engine with two cylinders was proposed by
Leupold about A. D., 1725. ‘The compound system of working
steam in two cylinders originated with Hornblower, and was
improved upon by Woolf.

In 1736, Jonathan Hulls set forth in a publication the idea of
steam navigation.

James Watt in 1759 had his attention directed by Dr. Robi-
son to the subject of the steam-engine, and for a few years after
wards made various experiments on the properties of steam.

The progress which he made was marvelous. He discovered
all the laws which we now know with almost perfect precision,
and he showed us how to apply them to produce results in al-
most perfect accordance with those laws under which steam
must act.

Let us catalogue what this great genius did. He discovered’
the essential truth that steam must be condensed in a vessel
other than the cylinder in which it is used to produce power:
and he invented the application of the air-pump to the con-
denser in order to make a true steam-engine—that is, an engine
from which air is excluded, and in which the piston works be-
tween two vessels, the boiler and condenser, each of which con-
tains steam, but of different pressures, the power resulting from
that difference.

He invented two forms of condensers—the ‘‘jet condenser,”’
in which the steam is cooled by a spray of cold water injected
into it, to be used when fresh water is available, and the ‘‘sur-

3



34 THE STEAM-ENGINE AND THE INDICATOR.

face condenser,’’ in which the steam is separated from the cold
water by a thin partition of metal, and is condensed by contact
with the cold surfaces. Without this last invention our
modern steamships could not carry high-pressure steam in their
boilers, and could not attain their wonderful speed.

He discovered the law under which steam used expansively
increases its power in a certain ratio; and he invented the best
form of cut-off for utilizing this discovery known to man, until
it was mproved, upon the same principles, by Sickles, Corliss,
Thompson, and others. i

Watt, by his investigation of the action of steam in the
cylinder of the Newcomen engine, revealed the fact and im-
portance of that waste by cylinder condensation, which is only
to-day becoming recognized as an essential element in the
theory of the ‘‘real” steam engine of the engineer, as dis-
tinguished from the ‘‘ideal”’ engine of the authors of the theory
of thermodynamics, and which is recognized as imperatively
demanding consideration, if that theory is to be made of prac-
tical use in engineering.

Watt’s discovery of this ‘‘cylinder condensation’ led him to
the invention of his separate condenser, and of the long
neglected but now familiar steam jacket, an attachment which
was, for many years, only seen upon the Watt’s Cornish
engine, and was almost never used elsewhere. It has now
come in with the compound engine, and is familiar to every
engineer.

He invented the ‘“‘Indicator,”” an instrument which gives us
a graphic representation of the force exerted by the steam, and
proves the truth of the laws he discovered.

He invented the ‘‘fly-ball governor?®’ for maintaining uniform
speed of the engine under varying conditions of load and
pressure.

He also invented a great number of subordinate details too
numerous to mention here; and, as if to admonish the world
not to depart from these principles, he invented the ‘‘copying
press’’ now in common use everywhere.

When he died he seems to have left no successor capable of
| appreciating the discoveries he made, and for a generation after
his death the art of producing power from fuel by the interven-
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tion of a steam engine retrograded, so that less power was
obtained from a pound of coal consumed than could be obtained
by the use of methods invented and fully explained by James
Watt,

The problem is to convert the work of combustion into
dynamic power, and that steam engine is the best which can
obtain the most power from the least coal.

These three laws are the key to the whole problem, and they -
were all discovered by James Watt:

First—A cubic inch of water converted into steam, will lift
a ton a foot high.

Second—It costs no more fuel to evaporate a cubic inch of
water at the pressure of 200 pounds to the sqnare inch than it
does to evaporate it in an open vessel; and ‘

Third—The gain of power depends upon the number of times
the compressed steam is permitted to expand after it has done
the work of lifting a ton a foot high.

Founded upon these principles, the steam engines which
were made by Watt and his associates and pupils, before 1830,
produced a horse-power with less than two pounds of coal an
hour. These engines are known as the Cornish pumping en-
gines; and if we look into the history of these machines, we
will find them reported as doing a ‘‘hundred millions of duty,”
which is a technical phrase intended to express the fact that a
hundred million pounds of -water were lifted a foot high for a
hundred weight of coal consumed. Turning that into horse-
power, it means about two pounds of coal per lour per horse-
power. 'This result was produced by cutting off steam in the
cylinders at one-eighth or one-tenth of the stroke, and allowing
it to expand eight or ten times. The engines of that day,
of course, were very imperfectly constructed, and great losses
occurred from leaking pistons and from imperfectly constructed
boilers; but notwithstanding that loss, the result was equal to
two pounds of coal per hour per horse-power.

Reconstruct these engines with the tools and machinery of
to-day, and the result would be appreciably higher. Or, in
other words, an engine expanding steam ten times, and evapor-
ating eight pounds of water to a pound of coal in the boiler,
and without any losses from leakage, ought to make a horse-
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power with a pound and a half of coal an hour. ‘These results
were obtained by obeying Watt’s laws, already stated, as nearly
as it was possible then to do.

The work of Watt in the systematic experimental study of the
steam engine was not taken up by his successors in the pro-
fession until about 1850, when it was done by G. A. Hirn, and
others.

Watt made the first perfect steam engine in 1764.

Thomas Paine first proposed the application of steam naviga-
tion in America in 1778.

In 1785 two Americans published a work on the steam
engine.

Oliver Evans, a native of Philadelphia, constructed a locomo-
tive or steam carriage to travel on turnpike roads in 1793.

The French Academy of Sciences having offered a prize for the
successful application of steam power for the propelling of ves-
sels, one Bonouville wrote an essay in 1753, in which he
demonstrated the principle that it could be accomplished by
the rotary motion only, and he won the prize as having offered
the most feasible plan.

Genevois, a Frenchman, tried the experiment of operating a
paddle in the form of a duck’s foot, with an opening and closing
motion, but it proved a failure.

Another Frenchman, the Marquis de Jouffroy, was also an
unsuccessful experimenter.

It is also said that a Scotchman of the name of Miller moved
a boat along the Firth of Clyde canal by steam power, at the
rate of seven miles an hour; but Miller himself pronounced his
trial a failure and his machinery unfitted for the purpose.

It was not until after Watt, in 1784, produced his rotary
steam-engine, that it was made possible to successfully use
steam as a propelling power in navigation; but he never made
the attempt of so applying it. In fact, it was not until the in-
vention of the tubular boiler by Mr. Read, and his application
of Watt’s rotary engine, that the thing was made possible in
1789.

At the time Mr. Read was in New York prosecuting his ap-
plication for a patent, in 1790, he met and explained to General
Stevens his drawings and models of a tubular boiler and paddle-
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wheels, in combination with Watt’s double-acting rotary
engine. In the very next year Gemeral Stevens, who was a
man of great wealth, began his experiments in steam naviga-
tion, and is erroneously recorded by Renwick, in his ‘‘History
of the Steam-Engine,”” as being the inventor of the tubular
boiler; but it is plain that Stevens had formed no idea of a
tubular boiler himself] or any ideas whatever of steam naviga-
tion, except as derived from Read.

It was eight years afterwards, in 1797, that Chancellor Liv-
ingston commenced his projects with steam on the Hudson, and
in 1801 he went as Minister to France, and there met Robert
Fulton, who had been for five years experimenting unsuccess-
fully under the patronage of the French government.

In 1803, Livingston employed Fulton, and under his patron-
age made his first attempt to propel a boat by steam and paddle-
wheels, using Read’s invention of a tubular boiler and Watt’s
rotary engine, and in a trial on the Seine that same year, suc-
ceeded in attaining a rate of speed of four miles an hour. Living-
ston then arranged with Fulton to construct a boat of large size
for use on the Hudson. In this arrangement General Stevens
became a partner of Livingston. In the new boat they substan-
tially adopted the same ideas and methods of Read; the very
same style of tubular boiler and paddle-wheels that he invented,
together with one of Watt & Boulton’s double-action rotary
engines made in England, which was delivered in New York,
‘n 1806, and in 1807 the famous ‘‘Clermont’’ was launched on
the Hudson, and made her notable and very successful trip to
Albany, eighteen years after Mr. Read’s successful steaming
across the bay between Danvers and Beverly. ‘

The First Steamship to Cross the Ocean.

One of the most curious things in the history of Transatlantic
steam navigation is the claim that has been set up on the other
side of the water to the construction and fitting out of the first
pioneer Transatlantic steamers, or, more strictly speaking, to
the proprietorship of the first vessels which crossed the ocean
propelled exclusively by steam-power. These pioneers, it is
claimed, were the Sirius and the Great Western, the former
built for another class of voyages, and afterward lost on the sta-

210261



38 THE STEAM-ENGINE AND THE INDICATOR.

tion between Cork and London, the latter built expressly fo
Atlantic navigation. They made the voyage in 1838, which,
as will be seen, was fwenty years too late for pioneers. If ‘‘ex-
clusively propelled by steam-power,”’ as is urged for them,
means that no sails were set during the passage, the claim may
be founded on fact, but that it is deceptive and misleading,
there is surely no doubt. The Savannah, an American steam-
ship, was the first ever built to cross the ocean, and, if she
carried auxiliary sails and set them when the wind was fair, she
did no more than every steamer has done from that time up to
the present, and could by no means be forced on that account to
forego her claim to being the first steamship that crossed the
seas. She was built in 1818, by Col. John Stevens, of New
York, and the news of her master’s intention to tempt the seas
soon reached the English world, being heralded by the London
Times in its issue of May 11, 1819, in the following paragraph:

‘‘Great experiment.—A new steam vessel of 300 tomns has
been built at New York for the express purpose of carrying
passengers across the Atlantic. She is to come to Liverpool
direct.” ‘This was the Savannah, which, in May, 1819, left the
port of New York for Savannah, from which port she sailed,
under the command of Capt. Moses Rogers, bound for St.
Petersburg via Liverpool. She reached the latter port on June
20, having used steam 18 days out of the 26, and thus proved
the feasibility of T'ransatlantic steam navigation.

The Savannah, when first descried on the southern coast of
Ireland, was reported as a ship on fire at the mast, and moving
without sail. The admiral, who lay in the cove of Cork, dis-
patched one of the King’s cutters to her relief. But great was
their wonder at their inability, with all sail, in a fast vessel, to
come up with a ship under bare poles. After several shots were
fired from the cutter the engine was stopped, and the surprise
of her crew at the mistake they had made, as well as their
curiosity to see the singular Yankee craft, can be easily im-
agined. They asked permission to go on board, and were much
gratified by the inspection of this novelty.

A distinguished scientist-had declared long before that it was
not possible to cross the ocean by steam. Indeed, so sure was
he that it could not be done that, when he heard that Captain
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Rogers proposed to make the attempt, he declared that he
would swallow the first vessel that should safely reach the
British Isles from this country. It would not, therefore, have
seemed immodest had Captain Rogers, upon the arrival of the
Savannah, have called upon the sawazé to fulfill his promise
and swallow the ship.

*“On approaching Liverpool, hundreds of people came off in
boats to see the steamship. She was compelled to lie outside
the bar until the tide should serve for her to go in. During
this time she had her colors all flying, when a boat from a
British sloop of war came alongside and hailed. The sailing
master was on the deck at the time, and answered. The
officer of the boat asked him, ‘Where is your master?’’ to which
he gave the laconic reply, “‘I have no master, sir.”” ‘‘Where’s
your captain, then?” ‘‘He’s below. Do you wish to see
him?”? “I do, sir.”” The captain, who was then below, on
being called, asked what he wanted, to which the officer an-
swered, ‘‘Why do you wear that pennant, sir?’’ ‘‘Because
my country allows me to, sir.”” ‘‘My commander thinks it
was done to insult him, and if you don’t take it down he will
send a force that will do it.”’ Captain Rogers then exclaimed
to the engineer, ‘‘ Get the hot water engine ready.”’ Although
there was no such machine on board the vessel, the order had
the desired effect, and John Bull was glad to paddle off as fast
as possible.

Several naval officers, noblemen and merchants from London
came down to visit her, and were very curious to ascertain her
speed, destination, and other particulars.

It is curious in looking over the English newspapers of that
date to see how suspiciously the English authorities regarded
the American steamer. America was looked upon as very
ambitious, and an enterprise like this on the seas, filled the
British breast with great alarm. It seems that Napoleon being
now in captivity at St. Helena, his brother had offered a large
reward to whoever should rescue him, or rather there was, it
would appear, a rumor to that effect, and the British press was
sure that this Yankee steamer was in European waters for no
other purpose.

The Savannah remained nearly a month in British waters.
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On the 23d of July, the Savannah set out for St. Petersburg,
under steam. She stopped at Copenhagen and also at Stock-
holm, where, as in England, she was the object of general
attention, being visited by all the members of the royal family
and the nobles. Captain Rogers’ diary says: ‘‘Mr. Huse
(Christopher Hughes, the American Minister) and lady, and all
the Furran ministers and their Laydes, of Stockholm, came on
board.” In her passage up the Baltic, and while lying in the
port of Cronstadt, she was saved from wreck during a terrible
storm, in which many vessels were lost, only by the assistance
rendered by her paddles. While at Stockholm, Captain Rogers
took aboard, as an invited guest, Lord Lynedock, a distinguished
English general, who made the journey to St. Petersburg
aboard the steamer. When he left the ship, he presented Cap-
tain Rogers with a massive gold-lined tea-kettle. ‘This tea-
kettle is yet preserved by the descendants of Captain Rogers.
It bears the following inscription:

“Presented to Captain Moses Rogers, of the steamship Sav-
annah (being the first steam vessel that had crossed the At-
lantic), by Sir Thomas Graham, Lord Lynedock, a passenger
from Stockholm to St. Petersburg, September 15th, 1819.”

During her stay at St. Petersburg, Alexander, Emperor of
the Iron North, pleased with the novel idea of a steamship,
presented Captain Rogers with two iron chairs, one of which
(one of the only relics left of the adventurous bark) was up to a
late period in the possession of Mr. Dunning, of Savannah.

The Savannah sailed for America on October 1oth, 1819, and
reached Savannah, Ga., November 3oth.

Thus it will be seen that the Savannah, which, by the way,
was lost off the south side of Long Island, anticipated the
alleged steam pioneers Sirius and Great Western by nearly
twenty years.

And to-day, viewing one of those gigantic engines to be seen
in some of our large steamboats, who will deny that there is
something awfully grand in the contemplation of it? Stand
amidst its ponderous beams and bars, its wheels and cylinders,
and watch their increasing play, how regular, yet how wonder-
ful! A lady’s Waltham watch is not more nicely adjusted—the
rush of the waterfall is not more awful in its strength. Old
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Gothic cathedrals and ruined abbeys are solemn places, teach-
ing solemn lessons touching solemn things; but to the contem-
plative mind, a steam engine can teach a solemn lesson too:
it can tell him of mind wielding matter at its will; it can tell
him of intellect battling with the elements; it can tell him of
genius to invent, skill to fashion, and perseveraace to finish.

Many men of genius fill obscure graves in whose souls the
living fire of poetry, or the bright sparks of genius, lay hidden
and lost, merely wanting opportunity or fortuitous circum-
stances to have enabled them to shed a lustre over their race.
And in some retired spot, may remain the mortal tenement
from which the soul of an Arkwright, a Davy, a Watt, an Evans,
or a Webster may have fled, which merely wanted education
and opportunities for this development. The fact should be a
lesson to those who laugh at novelties and put no faith in fur-
ther invention, that the mighty steam engine, the trivmph of
art and skill, was once the laughing stock of jeering thousands,
and once the waking dream of a boy’s mind, as he sat, and in
seeming idleness, mused upon a small column of steam spouting
from a tea-kettle.

To Watt, however, must always be awarded the first place
amongst the inventors and improvers of the steam-engine.
For, although the scope of its application and usefulness has
since been much extended, and numberless improvements in
detail have been effected, the principles and action of the steam-
engine remain much as Watt left them, nor has the economy of
its running been greatly increased.



CHAPTER III.

HEAT AND WORK.

THE materiality of 4eat was discredited even by the earliest
of philosophers, whose writings are preserved to us, and specu-
lations were originated which indicate great philosophic intui-
tion, and at some points approach very closely to the theories
now almost universally accepted.

These, however, were hypotheses merely until Rumford
proved experimentally that Zeat could not be a material sub-
stance, but was probably a manifestation of work Mayer
suggested the identity of %eat with work, and the interchange-
ability of Zeat and motive force. Joule proved by a long series
of experiments that the production of /%eat was attended by the
disappearance of a definite amount of mechanical wor4.

The labors of Mayer and Joule resulted in the important
discovery of the dynamical value of %eat, or as it is usually
termed, the mechanical equivalent of %eat. This was found to
be equal to 772 foot pounds for a degree Fahrenheit, communi-
cated to one pound of water at its greatest density.

On the basis of this important discovery, and mainly by the
labors of Rankine and Thomson, the experimental and other
investigations of Black, Carnot, Rudberg, Regnault, and others
have been elaborated into the science of thermodynamics.

The knowledge which the above law gives us is exceedingly
valuable. From it we learn that in the very best engines that
can be made, we are getting only about ten per cent. of the
actual power of the coal employed.

If we take a condensing engine averaging 350 horse-power,
with a consumption per hour of 630 pounds of coal on the fire-
grate, the consumption per hour per horse-power will be:

650

= 1.8 pounds of coal.
350

The average anthracite coal contains about eighty-five per

(42)
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cent. of carbon. Throwing away the other constituents, we are
burning eighty-five per cent. of 1.8 pounds of pure carbon; or

Carbon = 1.8 X 0.85 == 1.53 pounds.

Experiments show that a pound of carbon generates, while
burning to carbonic acid, 14,500 units of heat, that is, it gives
off as much heat as will raise 14,500 pounds of water one degree
Fahrenheit; and therefore 1.53 pounds will generate

14,500 X I.53 = 22,185 units of heat,

We are, therefore, generating in round numbers 22,000 units
of heat, and getting in exchange one indicated horse-power.

Above we have seen that one unit of heat is equivalent to
772 pounds raised one foot high; and therefore 22,000 units of
heat are equivalent to

22,000 X 772 == 16,984,000 foot pounds.

But an indicated horse-power means 33,000 pounds raised one
foot high per minute, which is equivalent to 33,000 multiplied
by 60 minutes:

33,000 X 60 = 1,980,000 foot pounds per hour,

From this we see that we are burning coal sufficient to raise
16,984,000 foot pounds.
16,984,000
S SEoleoohe 8.58.
Therefore we are, in fact, out of one of the very best steam
engines, getting but one-ninth, or about ten per cent., of the
power we should do:

100 — 8,58 = 91.42 or ten per cent.

Water.

Water was supposed to be an element until the latter part of
the eighteenth century, when Priestley discovered that when
hydrogen was burned in a glass tube water was deposited on
the sides.

It is due to Cavendish and Lavoisier, who investigated water,
that its chemical composition was determined.

The several conditions of water are usually stated as the
solid, the liquid and the gaseous. I'wo conditions are covered
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by the last term, and water should be understood as capable of
existing in four different conditions—the solid, the liquid, the
vaporous and the gaseous. At and below 32° Fahr. water ex-
ists in the solid state, and is known as ice. According to
Rankine, ice at 32° has a specific grav1ty of 0.92. Thus a cubic
foot of ice weighs 57.45 pounds.

When water passes from the solid to the liquid state, heat is
required for liquefaction sufficient to elevate the temperature of
one pound of water 143° Fahr. This is termed the latent heat
of liquefaction. According to M. Person, the specific heat of
ice is 0.504, and the latent heat of liquefaction 142.65.

From 32° to 39° the density of water increases; above the
latter temperature the density diminishes.

Water is said to be at its maxium density at 39° Fahr, and
under pressure of one atmosphere weighs, according to Berze-
lius, 62.382 pounds per cubic foot.

Water is said to vaporize at 212° Fahr, and at a pressure of
14.7 pounds (one atmosphere), but Faraday has shown that vapor-
ization occurs at all temperatures from absolute zero, and that
the limit to vaporization is the disappearance of heat. Dalton
obtained the following experimental results on evaporation be-
low the boiling temperature:

Temp. Rate of Evaporation. Barometer.
3 & I00 . ¢ o o o s o o v s o » 4 29.92
3¢9 5'ar0 00 0 oo O D Bt (290 0 0 olo o g, ol0 OGRS 15.27
164 S0 a5 5 oo 0.33: ¢ o ¢ s o o o o 0 s 10.59
AT T IS o a0 38310 & 7.93
I44 ¢ o v o o o o o 0 o s o (10670 00 il B AY 5T ¢ 6.49
138 ola’s o ofdla o3 (B {AENENEAS Bl 6 (g 5 o 5.57

From this, the general law is deduced that the rate of surface
evaporation is proportional to the elastic force of the vapor.

Thus, suppose two tanks of similar surface dimensions and
open to the atmosphere, one containing water maintained con-
stantly at 212° Fahr., and the other containing water at 152°
Fahr.

Then for each pound of water evaporated in the last tank,
four pounds will be evaporated in the first tank.

It should be understood that the law of Dalton holds good
only for dry air, and when the air contains vapor having an
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elastic force equal to that of the vapor of the water, the evapo-
ration ceases.

The boiling point of water depends upon the pressure. ‘Thus
at 14.7 pounds (barometer 29.22”") the temperature of ebullition
is 212°. With a partial vacuum, or absolute pressure of one
pound (2.037 inches of mercury) the boiling point is 1or.36°
Fahr.

Upon the other hand, if the pressure be 89.7 pounds absolute
(75 pounds by the gage), the temperature of evaporation be-
comes 320.10° Fahr.

The vaporous condition of water is limited to saturation.
That is to say, when water has been converted by heat into
steam (vapor), and when this steam has been furnished with
latent heat sufficient to render it anhydrous, the vaporous con-
dition ends and the gaseous state begins. Superheated steam
is water in the gaseous state. Steam exists only as saturated
and as superheated steam.

The temperature of the gaseous state of water, like that of the
vaporous, depends upon the imposed pressure. Under pressure
of 14.7 pounds, water exists in the solid state at and below 32°
Fahr., from 32° to 212° it exists in the liquid state, at and
above 212° in the vaporous state, and above saturation in the
gaseous state.

It has been stated that water boils at 212° but MM.
Magnus and Donney have shown that when water is freed of
air and is elevated in temperature to 170°, it will boil.

The specific heat of water under the several conditions is as
follows:

Lo s JROGTVI 5 e oy R LA p i O 1310 Vaporous, 0.475 to 1.000.
Liquid’s T'Oe0 ISl AR S-S ERNNRg I 15T £ Gaseous, 0.475.

Boiling.

The temperature at which the formation of vapor takes place
internally as well as on the surface of a liquid, is called the
boiling point, and depends on the essential nature of the liquid
and the superincumbent pressure. Water boils at 212° Fahr.
under the normal atmospheric pressure of 29.92 inches of
mercury, equal to a pressure on the square inch of 14.696
pounds, very nearly. It is common to say that an atmopshere
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is 15 pounds on the square inch, or 3o inches of mercury.
When evaporation occurs in a closed boiler, the space unoccu-
pied by water is speedily filled with steam mixed with the air
already present. 'To the pressure of the air the tension of the
steam is now added, and consequently the water cannot boil at
212° Fahr. If the mixed air and steam are allowed to escape
until the former has been entirely expelled, and the outlet valve
is then closed and the temperature kept constant, in a short
time as much steam will be formed as is possible at that tem-
perature, and no further evaporation can take place. The
steam has reached its maximum density and tension, and is
termed saturated. Steam of higher pressure cannot exist at
that temperature. A rise of temperature causes fresh evapora-
tion, but this only continues until the steam attains the maxi-
mum pressure corresponding to the new temperature, hence the
unit of volume of saturated steam weighs more than at a lower
temperature, and therefore its density must be greater. Density
and pressure of saturation (tension) stand in a fixed and invari-
able relation to each other, dependent upon temperature, and
this forms the principal difference between steam and the so-
called permanent gases. The latter follow Mariotte’s law, and
independently of temperature may be reduced to all degrees of
density and pressure which are attainable by ordinary means.
So long as water is present, steam in an inclosed. vessel will
remain saturated at all temperatures, but if heated when in-
closed in a vessel by itself, the tension will rise in the same way
as with gas; at the same time, however, the steam ceases to be
saturated, and assumes the condition known as superheated.
In this condition, of course, neither volume nor density can be
changed. If saturated steam be allowed to expand at constant
temperature, it ceases to be saturated, and decreases in tension
and density, and behaves like superheated steam.

All steam may be considered as superheated which possesses
a higher temperature at an equal density, or a lower density at
an equal temperature, than saturated steam.

Steam which is greatly superheated approaches in its beha-
vior a perfect gas, but if only slightly superheated, it is subject
to special laws which lie between the two extremes of saturated
steam and perfect gas.
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Slight superheating frequently occurs without additional
extraneous heat, for instance by throttling it in its passage.
Should the steam in a pipe suddenly encounter an obstacle in
the form of a reduction of section, an increase of speed at once
takes place in the flow of steam; but, as this increase necessarily
involves a lessening of the pressure, the steam behind the con-
traction 1is superheated, that is to say, its temperature is
higher than the existing pressure warrants.

Steam.

Steam, like air, is an elastic, invisible fluid, into which
water is converted by heat. It is a great mistake to imagine
that the cloudy vapor that is seen issuing like white smoke
from steamboats or locomotives is steam: the moment it be-
comes thus white and cloudy it ceases to be steam.

These misty particles are particles of water, and not steam.
If a glass vessel is filled with pure steam, the steam will be as
invisible as is the atmosphere. Steam is a gas made from water
by the application of heat.

Steam may exist in different states of density; the pressure or
elasticity is in proportion to the density.

It is well known that about 5.55 times the quantity of heat is
necessary to convert a given quantity of water, at a temperature
of 212 degrees, into steam, as is required to raise the same
quantity of water from 32 to 212 degrees (Fahrenheit), and it
further has been ascertained that steam, when produced under
the pressure of the atmosphere (or 15 pounds per square inch),
expands to nearly 1700 times the volume of the water which
was evaporated, and that, during the process of evaporation, the
temperatures of both water and steam continue at the same point
as that of the water when ebullition commenced, which, under
the pressure of 15 pounds per square inch, was 212 degrees Fahr.

The same law obtains at every degree of pressure under
which steam might be formed, that is, until the whole of the
water subjected to the experiment is evaporated; and however
ardent the heat applied may be, the water and steam main-
tain the same temperature at which ebullition commenced.

"This temperature varies with the pressure; and the volume is
in the inverse ratio of the pressure—nearly.
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The quantities of heat required to convert equal quantities of
water into steam are theoretically the same under every pres-
sure; but it must be observed that low pressure steam, when
passing off rapidly from the vessel in which it is formed, con-
tains many particles of water in mechanical combination with
it. On the other hand, under high pressure, the water is thor-
oughiy evaporated; hence the ratio of volume to pressure, and
to the consumption of fuel, is augmented. The volume is also
further increased under these circumstances, in consequence of
the higher temperature. Water is familiar to us in three con-
ditions, namely,

78320 0" Mllo 0 © 0 OOmO 0 0 0 0 G D 0D T DD As a Solid.
Second. « « v v i v e et e e e e e As a Liquid,
“05Vi 0 o oMb 0 00 G 0w 0 00 00 D 0 0 o, old© As a Gas.

1st. It requires 140 degrees of heat to convert a pound of ice
at 32 degrees into a pound of water at 32 degrees, with a de-
crease of volume of about one-ninth (3).

2d. It requires 180 degrees of heat to raise waterat 32 degrees
to the boiling point (212 degrees under a pressure of 15 pounds
per square inch), with an expansion of 0.0433.

3d. It requires about 1000 degrees of heat to convert a given
quantity of water into steam at 212 degrees, with an increase
of volume of 1700 under a pressure of 15 pounds per square inch.

The temperatures at which fluids boil depend on the pressure.

The volume of steamn produced depends on the pressure and
temperature.

The elasticity varies with the temperature. An increase of
pressure augments the temperature, and vice versé. ‘The den-
sity of steam, considered as a gas, varies inversely with the
temperature under ke pressures; and is directly as the pres-
sure under Zke conditions of femperature.

It is inversely as the volune.

The specific gravity of steam under the pressure of the atmos-
phere is equal to 625, that of air being equal to 1000.

The weight of a cubic foot of air at 6o degrees is 535.68
grains. ‘The weight of a cubic foot of steam at 212 degrees is
254.3 grains. The weight of a cubic foot of water at 60 degrees
is 62.5 pounds.
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Atmospheric Pressure.

The pressure of the atmosphere varies a little at different
times in the same localities, and the variation is not the same
in one locality as compared with another, but the pressure is
generally taken at 147 pounds per square inch, as the average
pressure at the sea level; and is most commonly reckoned at
15 pounds in mechanical calculations, in order to avoid the frac-
tion 5.

At 1445 pounds per square inch the atmosphere will balance
a column of mercury (quicksilver) of about 30 inches in height.
If a vacuum gage (either a spring gage or a column of mercury
like a barometer), attached to the condenser of a steam-engine
should indicate 147 pounds, the condenser would be void or
empty, that is, no steam or air would be in it. But should
there be air or vapor in the condenser, the gage will show the
pressure of the same by a fall in the mercury’s height, or a fall-
ing back of the index of the gage. Thus, should the mercury
stand at 29, 28, or 27 inches, or at 137, 1275 or 11y pounds by
the spring gage, then there would be a back pressure of 1, 2,
or 3 pounds per square inch in the condenser.

All pressures are measured from zero, or nothing, or from a
vacuum, which word signifies vozd, or containing nothing.

Vapors.

A vapor is a gas at a temperature near to that at which con-
densation occurs. _All bodies assume the gaseous condition at
suitable temperatures. In an intensely heated furnace even
carbon has been made to appear as a gas, although only in a
small quantity. Most solids- liquefy before becoming gaseous;
but some appear to become gases at once when subjected to in-
tense heat.

According to Professor James Thomson, this always occurs
when the boiling point of the substance at the given pressure is
lower than the freezing point for the same pressure.

Vapors are formed more readily 22 vacuo than in the air; but,
for any given temperature, the quantity of vapor which will form
in a space from an exposed liquid is the same, whether air or
other gases be present or not, the vapor being formed almost
instantaneously in the second case, and requiring more or less
time for formation in the first.

Ho T Lory
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The pressure which this vapor eventually adds to the pressure
of gases already existing in the space, depends on the tempera-
ture only, and is the same, no matter what may have been the
previously existing pressure. When no more liquid will change
into vapor, we may say that the space is saturated.

Unsaturated vapors follow approximately the laws of gases in
expanding with heat. Steam, when passing along hot pipes to
the engine, may be superheated; and its co-efficient of expan-
sion will be found to differ very little from that of common air.
By superheating steam we increase its volume, whilst its pres-
sure, within certain limits, is unchanged. We also render it
less liable to condense in the cylinder; and we convert into
steam many particles of water which are often carried over
from the foam in the boiler when the steam is not superheated.

Steam or Aqueous Vapor.

Water evaporates at all temperatures, and even ice, when
exposed to the air, loses weight on this account. The evapora-
tion of water takes place only on the surface in contact with air.

When the temperature of the water is elevated to or above
that of the boiling point, then evaporation takes place in any
part of the water where the temperature is elevated.

The weight of water evaporated in a given time is dependent
on the following circumstances : )

First. 'The area of the surface of exposed water.

Second. 'The temperature to which it is subjected.

Third. The movement of the atmosphere. When in a state
of tranquillity, the air immediately above the water which is
evaporating becomes saturated, and evaporation can then only
continue as vapor, already set free, escapes by diffusion. When,
on the contrary, the air is agitated, the damp strata are contin-
ually borne away and replaced by drier ones, and thus the pro-
cess of evaporation is facilitated.

Fourth. The relative humidity of the atmosphere. The fur-
ther the air is from its point of saturation, the more rapidly
does evaporation take place,

Fifth. The pressure of the atmosphere. The less the pres-
sure, the swifter the evaporation.

Stxth. By reason of adhesion to any moist body with which
the water may be in contact.
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The temperature of the boiling point depends upon the pres-
sure on the surface of the water.

P=pressure in pounds per square inch above vacuum on the surface of
the water.
T* —=temperature Fahrenheit of the boiling point.

(e AT
To=200/P—I0T .+ « ¢« v v o ¢ ¢ o o « « » o slo o ole B

_ [Te—101]®
P_[TJ ........... C et e e e 2
. Example 5. At what temperature will water boil under a
pressure of P=38 pounds to the square inch ?

This is under a vacuum of 14.7—8=6.7 pounds to the square
inch.

Cprat
Temperature, To = 200}/ 8—10I = 181.8°

Example 2. What pressure is required to elevate the tempera-
ture of the boiling point of water to T° = 330°?

0
ﬁ%ﬂ] 2l 100 pounds.

Pressure P= [

The temperature of the boiling point is the same as that of the
steam evaporated under the same pressure.

Supposing the above formulas to be correct, the ideal zero of
aqueous vapor should be at —101 degrees Fahr., or at the tem-
perature 101 degrees below Fahr. zero, there is no pressure of
the vapor; that is, the force of attraction between the atoms is
equal to the force of expansion by heat.

Latent Heat of Steam.

One pound of water heated, under atmospheric pressure, from
32° to 212°, requires 180.9 units of heat. If more heat is sup-
plied, steam will be generated without elevating the tempera-
ture until all the water is evaporated, which requires 1146.6
units of heat, and the steam volume will be 1740 times that oc-
cupied by the water at 32°.

Then, 1146.6—180.9=965.7 units of heat will be absorbed
in the steam, the temperature of the latter not being raised. This
is what is called latent keat, because it does not show as tem-
perature, but is the heat consumed in performing the work of
converting the water into steam.
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One cubic foot of water at 32° weighs 62.387 pounds; if
heated to the boiling point, 212°, there will be required:

62.387 X 180.9°=11285.8 units of heat,

and if evaporated to steam under atmospheric pressure, there
will be required:

62.387 X 1146.6=71532.9 units of heat,
of which
71532.9—11285.8=60247.1 will be latent,
It is this latent heat which generated 1740 cubic feet of stean
from the cubic foot of water.
The work accomplished by these latent units of heat against
the atmospheric pressure will be:

K=144% 14.7 X (1740+1)==3681115 foot pounds.

R 3681115
Foot pounds per unit of heat, Joule=¢g > 47'1=61,1.

The heat expended in elevating the temperature of the water
from 32° to 212° is not realized as work.

Volume of Water.

Water, like other liquids, expands in heating and contracts
in cooling, with the exception that in heating it from 32° to
40° it contracts, and expands in heating from 40° upwards.
The greatest density or smallest volume of water is therefore at
40° Fahr.

Latent and Total Heat in Water from 82 Degrees.

When water expands it absorbs heat, which is not indicated
as temperature, but remains latent. ‘

The latent heat in water heated from 32° to'40° is negative,
that is, the water indicates more temperature than units of heat
imparted to it. The volume at 32° is 1.000156, and the heat
units required to raise the temperature of one pound of water
from 32° to 40° or 8° are:

0.999844 X 8=7.99875 units.

The heat units required to raise the temperature of one pound
of water from 32° to 212° or 180° are 181 units. The heat
units required to raise water from 32° to 350° or 318° are 322
units, or 4 units more than the increase of temperature,
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Temperature of Boiling Liquid.

While the temperature of saturated steam always corresponds,
when protected against cooling, to the pressure, that of the
liquid from which the steam is formed may vary within a few
degrees; for, when the latter begins to boil, the lower layers
which lie immediately above the heated bottom are hotter than
the upper. The steam bubbles which form at the bottom of the
vessel condense as they rise with noise (illustrated by the so-
called singing of the water that takes place in the common tea-
kettle), and only reach the surface when the temperature
throughout becomes more uniform.

For the formation of such bubbles in a liquid, it is necessary
that the cohesion of the particles among themselves, and their
adhesion to the sides of the vessel, be overcome.

Condensation of Steam.

Steam is condensed either by cooling or compression, passing
during the process of condensation from the unsaturated to the
saturated, and finally into the liquid state. As a very large
amount of heat is set free by condensation, steam is, for many
purposes, a very convenient vehicle for the conveyance of heat.

Wet and Dry Steam.

Steam which is formed rapidly carries with it from the boiter
fine drops of water, and is called ‘‘wet steam;”’ to distinguish it
from ‘‘dry steam,” which is unmixed with liquid. The em-
ployment of wet steam causes a great loss, as the heat contained
in the water is not available in either the steam-engine or the
heating apparatus, while the water itself collected in the steam
pipe is apt to give trouble in the cylinder. Therefore, the best
steam boilers are those provided with a steam dryer. Steam is
especially moist when the evaporation follows decrease of pres-
sure.

Throttling of Steam.

When steam is reduced in pressure by passing it through a
contracted passage, as in a stop-valve partly closed, the speed
of the steam in passing through will increase correspondingly.
As soon as the narrow part is passed, however, the normal speed
is resumed, and the force acquired by the steam escapes as heat.
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Any water it may have originally conveyed is, by the increase
of heat, converted into steam, and thus the steam is drier than
before the throttling.

Low and High Pressure Steam.

Steam, or the vapor of water, when produced at the usual
pressure of the atmosphere and 15 pounds above, is commonly
called low pressure; and that which exceeds 15 pounds per
square inch is termed kigk pressure.

The early steam engines used steam at the atmospheric pres-
sure, or a few pounds per square inch above the atmosphere,
and were fitted with a condenser, and by condensing the ex-
haust steam gained the additional pressure due to the atmos-
phere; and were usually called low pressure engines, instead of
condensing engines, their proper name.

In the present advanced state of the art, high pressure steam
is now most generally used for supplying condensing engines.

The proper terms for engines at the present time are condens-
ing, compound condensing, non-condensing and non-condensing
compound engines, respectively.

Absolute Pressure.

It is customary to express the elastic force of steam in three
ways:

First. In pounds of pressure that it exerts on the square inch.

Second. The height of the column of mercury which it sus-
tains.

Third. In atmospheres. As the actual pressure of the atmo-
sphere is continually varying, engineers have decided to employ
29.922 inches of mercury, which is equal to a pressure on a
square inch of 14.696 pounds, nearly, but in practice 14.7
pounds is used.

Water evaporated in the open air is said, according to this
notation, to be transformed into steam of zero pressure, instead
of steam of 14.7 pounds pressure per square inch, which pres-
sure counter-balances that of the atmosphere. If such steam is
used in a condensing engine, the effect is said to be due to
vacuum, which is still regarded by some people as a separate
force unconnected with steam, and in fact operating on the
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opposite side of the piston. When steam of higher pressure is
used, it is customary, in finding the horse-power, to add the
vacuum to the steam pressure, thus carrying out the same idea.

The absolute pressure of steam is measured from zero or
perfect vacuum, and consists of the pressure as shown by the
steam-gage (which only shows the pressure above atmospheric
pressure), and as before stated, the pressure of the atmosphere
is indicated by the barometer. ‘The latter may, for all practical
purposes, be taken at 15 pounds, corresponding to 30.6 inches
of mercury. The vacuum gages in general use are usually
graduated to agree with the scale of the barometer, and the
vacuum is usually stated in inches of mercury. To the steam
pressure shown by gage, add 15 pounds for total pressure.
Thus, if the pressure gage indicates 75 pounds, the total or
absolute pressure is go pounds per square inch. When the
piston moves forward in an engine, the total pressure on steam
side at any point in the stroke of piston is, the pressure above
the atmosphere plus 15 pounds, and the total pressure for whole
stroke is the mean pressure above the atmosphere plus 15
pounds. ‘Thus, if the mean pressure for the whole stroke is 25
pounds as per gage, the total mean pressure is I5 4 25=40
pounds; and this 40 pounds, whether the engine is operated as
a condensing or non-condensing engine, is the variable factor
in estimating the load on the engine.

Now if the engine be operated as a non-condensing one,
the 15 pounds (pressure of atmosphere) on steam side is bal-
anced by a like pressure of atmosphere on exhaust side of piston,
and its effect is annihilated or reduced to nothing. But, if the
engine be operated as a condensing one, a large proportion of
the pressure of atmosphere on the steam side of the piston is
made to do useful work. With well-proportioned condensing
apparatus, the pressure of the atmosphere on the exhaust side of
the piston can be reduced nearly wminety per cent.—in other
words, a vacuum in the exhaust end of the cylinder of 26.5
inches (13 pounds) may be maintained, and this 26.5 inches or
13 pounds per square inch of area of the piston is an absolute
gain, and should in all cases be utilized.

Absolute or total pressure means the steam pressure in pounds
per square inch, including the pressure of the atmosplere, and
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is generally denoted by P; and p is used to denote the steam
pressure above atmosphere, as is shown on the ordinary steam
gage. If a mercury column is used, it is shown in inches and
fractions of an inch. The specific gravity of mercury at 32°
Fahr. is 13.5959, compared with water of maximum density at
39°.  One cubic inch of mercury weighs 0.491 of a pound; and
a column of 29.922 inches is equivatent in weight to that of the
atmosphere or 14.7 pounds per square inch, very nearly.

Latent Heat and the Heat of Chemical Combination.

If we warm a pound of ice, having a temperature of 32 de-
grees Fahr., we find that when all the ice is melted the water
exhibits no augmentation of temperature, the thermometer still
standing at 32 degrees, although heat enough has been added to
have heated one pound of water, at 32 degrees, to 143 degrees
Fahrenheit. If, again, we continue to heat the resulting water,
the temperature rises until the thermometer stands at 212 de-
grees, when the water begins to boil. The thermometer now
remains stationary, and the water gives off steam, at the same
temperature, until it is all boiled away; and to convert the
pound of water, at 212 degrees, into a pound of steam at the
same temperature, g66.6 times as much heat is required as is
needed to raise one pound of water one degree of Fahrenheit.
Hence the latent heat of water is said to be 143 degrees; that of
steam 66.6 degrees Fahrenheit; so designated by those who
first observed the phenomenon, because the heat thus employed
to melt the ice, or evaporate the water, was hidden and not
sensible to the thermometer. T'he mechanical theory of heat,
however, explains what has become of this hidden heat. It de-
clares that the heat thus expended is consumed in doing internal
work. It separates the particles of the ice to form water, or of
the water to form steam, and it is'given off whenever the water
is frozen or the steam condensed. The quantity of heat which
is evolved in these changes of state is but very small compared
to that set free when the constituent elements of the water
undergo combination.

Units.

The exact determination of the equivalent values of the units
is very difficult, and has been the subject of much scientific in-
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vestigation. When a quantity can be measured directly, the
unit is generally of the same quality as the thing to be meas-
ured; thus, the unit of time is time, as a day or second; the un:t
of length is length, as one inch, foot; the unit of wolume is
volume, as one cubic foot; the unit of money is money; of
weight is weight; of momentum is momentum. The wunit of
work or power is one pound raised omne foot high, or one pound
of force acting through one foot of distance, and is called the
foot-pound, and is taken as our standard ### of work done.

33,000 foot-pounds, or units of work, performed in one min-
ute, or 550 pounds in one second, represent one horse-power.

The wnit of elasticity, by which the expansive force exerted
by elastic fluids is measured, is, for popular use, one pound on
one square inch.

The scientific unit of elasticity is one atmosphere.

One atmosphere is equal to 29.9218004 inches of mercury.

One atmosphere is equal to 406.814704 inches of water.

One atmosphere is equal to 14.696303 pounds on the square
inch.

Omne pound on the square inch is equal to 27.68143 inches of
water.

One pound on the square inch is equal to 2.03601 inches of
mercury.

The wunit of temperature is the degree Fahrenheit, or 1}y part
of the distance on the thermometric scale between the freezing
and the boiling points of water, under the pressure of one
atmosphere.

‘The unit of heat is the quantity of heat necessary to be added
to one pound of water, at or near to its freezing point, to raise
its temperature one degree Fahrenheit. Water at 32° Fahren-
heit is the unit, or standard, of comparison employed for all
measurement of the capacities for heat of all substances what-
ever. If the specific heat of water were constant, then the unit
of heat would be merely the quantity of heat required to raise
the temperature of one pound of water one degree, which would
be the same throughout the entire thermometric scale; but
since the specific heat of water is not constant, the unit must
be the quantity so required at the temperature at which the
specific heat of water is one, and that is 32°. It is immaterial
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what the volume of a pound of water may be, as the density of
water has no relevancy to this branch of the subject.

One unit of heat is equivalent to 772 units of work. ‘This is
known as the mechanical equivalent of heat, or in honor of the
physicist by whose investigations this relation has been estab-
lished, is known as ‘‘Joule’s equivalent.”’

The specific heat of a body is the quantity of heat necessary
to be imparted to it in order to raise its temperature one degree,
as compared to the quantity that is required to raise by one
degree the temperature of an equal weight of water at or about
the temperature of 32 degrees. The specific heat of water is
greater than that of any other substance, so that this being
taken as ome, that of any other substance is expressed in
decimals.

The specific heat of superheated steam was investigated by
M. Reynault, who ascertained it to be 0.48051.

The wnit of specific gravity is the weight of water. The
specific gravity of a body is its weight at the temperature of
32 degrees Fahrenheit, compared with that of an equal volume
of water.

The volume of water being 1—

That of the same weight of air at 32° is 773.283.

And that of the same weight of mercury at 32°, 0.0735514.

The volume of one pound of water is 27.68143 cubic inches,
or 0.01602 of a cubic foot.

The weight of a cubic foot of water is 62.4245 pounds.

‘The weight of a cubic foot of air is 0.080727 of a pound.

The weight of a cubic inch of water is 0.036126 of a pound.

The weight of a cubic inch of mercury is 0.49116 of a pound.

Expansion.

The rate of expansion of water by heat varies more than that
of any other substance. Between 39.1° and 212° its volume
increases from 1 to 1.04332, and its expansion for each one
degree added to its temperature, increases from o at 40° to
0.00044 at 212°. Above the latter point nothing is known
about it.



CHAPTER IV.

EXPANSION.

WHEN a volume of air is compressed into a smaller volume, a
certain amount of power is expended in compressing it, which
power, as in the case of a bent spring, is given back when the
pressure is withdrawn. If, however, compressed air is suddenly
released into the atmosphere, the power expended in compress-
ing it is lost. But the work existing in such compressed air
can be readily utilized in propelling a piston by its expansion.
Now, the steam used to propel engines is in the condition of
air already compressed, and to save the power which would be
lost if the steamn were suddenly released into the atmosphere, it
must be used expansively, and to use it expansively with regard
to economy, it must be cut off, that is, the steam-port inust be
closed before the piston has completed its stroke. If the flow
of steam to an engine be cut off when the piston has performed
one-half stroke, leaving the stroke to be completed by the ex-
panding steam, it has been found by experiment that the effi-
cacy of a given quantity of steam will be increased 1.7 times
beyond what it would have been if the steam at half-stroke had
been released into the atmosphere, instead of allowing it to
expand in the cylinder. If cut off at one-third of the stroke,
the efficiency will be increased 2.1 times; at one-fourth stroke,
2.4 times; at one-fifth, 2.6 times; at one-sixth, 2.8 times; at
one-seventh, 3 times; and at one-eighth, 3.2 times.

Expansion of Steam.

The law of the expansion of steam is established with hardly
less certainty than that the attractive force of gravity is in-
versely as the square of the distance. Whatever pressure may
be exerted upon the piston of a steam engine, while the com-
munication between the boiler and the cylinder is open, it is
absolutely certain that unless the steam be immediately con-
densed or discharged into the air, pressure will be exerted after

(59)
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the communication with the boiler has been closed. If the
piston be free to move along the cylinder, a gradually diminish-
ing pressure, corresponding to the increased volume to which the
steam is thus expanded, will be exerted. All the force thus
obtained while the piston is in motion, and after the closing of
the valve, is so much gain over and above the effect due to the
same amount of steam when employed in the manner known as
“full stroke,” inasmuch as nome of this additional pressure
would have been exerted had the stroke of the piston termi-
nated at the point at which the steam was cut off. From this
gain, however, whatever it may be, is to be deducted the friction
of the engine while running with expanded steam, and as the
steam loses a considerable part of its temperature during expan-
sion, there is a further loss also from the fact that the cylinder is
cooled, and it thus condenses a certain amount of steam on the
next stroke, before its temperature is restored. These losses
may be measured, however, and they should never, as they sel-
dom do, exceed the gain realized from expansion. To secure
the highest gain from expansion, the engine must be fitted with
a condenser.

To simplify the action of expanding steam let us take an up-
right cylinder one inch in diameter and at least 1,700 inches in
height, pour into it one cubic inch of water, fit into it a steam
tight piston, resting on the water, so counterbalanced as to be
weightless, and so arranged as to work without friction, and
then place a lamp under the cylinder; we then notice that so
soon as the water reaches the temperature of 212 degrees, it
will begin to boil and produce steam, and the steam will begin
to push up the piston. So long as the lamp continues to burn
and the water continues to boil, so long will the steam continue
to push up the piston, until all of the water has been evaporated
into steam. When all of the water has so evaporated, it will
be found that from one cubic inch of water there has been pro-
duced 1,700 cubic inches of steam, and as this would fill 1,700
cubic inches of the cylinder, and as the pressure of the atmo-
sphere—the only resistance in this case to be overcome—is 13
pounds (14.7 exact) to the square inch, this experiment would
show that one cubic inch of water wholly evaporated into
steam, will push or lift, say 15 pounds 1,700 inches, or 142 feet.
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If, now, the experiment be carried a little further with a similar
cylinder and piston, and 15 pounds be loaded on the piston,
making with atmospheric pressure 30 pounds, we shall find
that under this additional pressur'e the temperature of the water
must be raised to 252 degrees, instead of 212 degrees, before it
begins to boil, and before the steam begins to push up the
piston, and that when the whole of the water is evaporated,
there will be only 850 instead of 1,700 cubic inches of steam,
and the piston will be pushed or lifted up only 850 instead of
1,700 inches, or in round numbers, 71 feet. If, then, one
cubic inch of water wholly evaporated, will produce steam
enough to push or lift 15 pounds 142 feet, and 30 pounds 71
feet, it would produce steam enough to push or lift 142 times
15 pounds, or—
142 X 15 = 2,130 pounds—

say one ton one foot. When, then, the steam from one cubic
inch of water has pushed or lifted one ton one foot, it has done
all it can do, and, if the experiment is to be repeated, this spent
steam must be released by means of a valve, called the exhaust
valve, and more steam admitted or generated to push or lift up
the piston. The machinery used in this experiment represents
simply a full-stroke or non-expansion engine, making one
stroke, and for each stroke made by such an engine, the utmost
possible power to be obtained is equivalent to one ton lifted one
foot for every cubic inch of water evaporated, no more, no less.
This is all the power we can get out of a steam engine without
a cut-off.

But let us experiment a little further. Suppose we load the
piston with omne ton of bricks, and suppose, instead of opening
the exhaust valve, we remove one of the bricks, the load being
thus to this extent diminished, the steam, no longer compressed
by the whole ton, will expand a little and push or lift up the
rest of the bricks a little further, and as brick after brick is
removed, the steam will push or lift up the rest of the bricks
further and further, until the last brick having been removed, it
will be found that the steam has pushed or lifted up the piston
to the full height of. 1,700 inches, or 142 feet. Now, it will be
seen from this experiment, that all the power which was exerted
by the steam, as the bricks were successively removed, was a
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clear gain, as it cost no fuel or steam other than that which had
already pushed or lifted the one ton one foot, and it could do
no more, unless and until the steam was relieved of a part or
the whole of the resisting weight or pressure. This principle,
the law of expanding steam, was discovered by James Watt.

The Most Economical Point of Cut-off.

The higher the grade or ratio of expansion the greater is
the economy; but the result is somewhat modified by other
considerations.

First. 'The higher the rate of expansion the lower is the
mean or average pressure throughout the stroke, and a low
mean pressure involves the use of a large engine for a given
power.

Second. With a high rate of expansion the mean pressure is
much lower than the initial pressure, and although the power
of the engine is only due to the mean pressure, the strength of
the engine must be sufficient to withstand the initial pressure.

Third. A very high rate of expansion also leads to a very low
final pressure, and as to drive the engine itself against its own
friction only, and to expel the steam from the cylinder, seldom
requires less than three pounds above the external pressure, it
follows that if the steam is so far expanded that the terminal
pressure falls below this, the expansion is excessive, and the
reverse of advantageous.

In non-condensing engines the lowest final pressure is deter-
mined by the pressure of the atmosphere, say 15 pounds per
square inch, and 18 pounds may be taken as the lowest pressure
to which steam can be expanded with advantage. If the ex-
haust passages are small or the exhaust steam damp, a higher
final pressure will be more economical. In condensing engines
the temperature of the condenser is generally about 100 degrees
Fahr., and the pressure corresponding to this is about one
pound per square inch, but the presence of air in the condenser
generally prevents the pressure there falling below two pounds
per square inch. From four to five pounds may be taken as
the lowest advantageous final pressure.

Fourth. The highest advantageous rates of expansion, even
with jacketed cylinders, appear in practice to be between fwelve
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and sirteen times. Higher rates are and should be aimed at,
but with our present arrangement of engine, it is doubtful
whether the increased economy of very high ratio or grades,
pays for the increased complications and the extra cost of the
apparatus required to attain it. In unjacketed cylinders the
limit of advantageous expansion is much under the lowest of
the grades named.

In practice the best result of steam engines does not convert
mote than fen per cent. of the heat used by it into work, and
this too in engines of comsiderable size, and with boilers and
furnaces fairly efficient. In small engines it is much less; in-
deed, it is certain that few among the thousands of steam
engines in daily use below five horse-power, give an efficiency
greater than flve per cent. 'The great cause of loss is the
amount of heat necessary to change the water from the liquid to
the gaseous state, most of this being expelled with the exhaust
either into the condenser or the atmosphere. Many attempts
have been made to use liquids of lower specific heat than water,
and requiring less heat for evaporation, the principal being
alcohol, ether and carbon bisulphide; but for obvious reasons
no success has been attained.

Action and Work of Expanding Steam.

When steam is supplied to move a piston alternately in a
cylinder, and the valve for admission of steam is open during
the full stroke of the piston, the cylinder is filled with steam at
every stroke, of a pressure nearly equal to that of the boiler,
and is exhausted at nearly the samne density. The following
diagram, Fig. 4, was taken under such circuinstances.

In order to save steam, or more correctly to employ its effects
to a higher degree, the admittance of steam to the cylinder is
cut off when the piston has moved a portion of its stroke.
From the cut-off the steam acts expansively with a decreased
pressure on the piston, as shown in the following diagram,
Fig. 5.

If we admit steam of 85 pounds boiler pressure, to which we
add 15 pounds, the atmospheric pressure, the total pressure per
square inch in the cylinder will be as follows:

85 - 15 = 100 pounds per square inch,
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Now if we cut off the steam when the piston has traveled half
the length of the stroke, from £ to ¢, the steam remaining in
the cylinder will expand to double its volume in forcing the

F16. 4.

BV/k

Vi

piston to the end of the cylinder, and a certain amount of wor£
has been done with half the quantity of steam, as illustrated in
the shaded diagram Fig. 5. The steam in expanding after the

v

port is closed, during the rest of the stroke continues to do work,
as the pressure of the expanding steam is greater in the cylinder
than that in the condenser. Now this work performed after
the steam was cut off, is greatly in excess of that performed in
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Fig. 4, as compared to the respective volumes, as 5 is to 10,
and has been obtained by the use of expansion. In this latter
case the steam expanded twice its volume, and its pressure was
exactly half what it was before; namely, 50 pounds per square
inch.

In making this calculation for pressure of steam after it has
expanded, the fofal pressure P, must be used, which is reckoned
from perfect vacuum.

In Fig. 4, VB is the diameter, and 4D the length of the
stroke; the pressure during the stroke, when there is no expan-
sion, is assumed at 85 pounds, as per steam gage, plus 15 pounds
for perfect vacuum.

85 + 15 = 100 pounds total pressure per square inch.

Now, if the steam is cut off when the piston has moved one-
half the length of the cylinder, see diagram Fig. 5, from £ toe,
the steam, the volume of which is ¥ B, ¢ and », must expand
and fill the whole cylinder, its pressure getting less and less, so
that such lines ase, m, 7, 2, and g, V| in Fig. 5and ¢, m, 7,
2, 3,4 and g Vin Fig. 6, represent pressure at different parts of
the stroke, and the curve ¢, £, 7, 3, and g, is the expansion curve.

Fi1G. 6.

Q
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The above diagram, Fig. 6, represents the same engine cut-
ting off at one-quarter the stroke, the average pressure being
59.65 pounds mean pressure.

In fact, Figs. 4, 5 and 6 (heavy shading) are theoretical indi-

5



66 THE STEAM-ENGINE AND THE INDICATOR.

cator diagrams, supposed to be taken from a condensing engine.
The diagram on the face is the ideal one. The average pressure
from a non-condensing engine would be arrived at in the same
way, but 15 pounds would be deducted after the calculations
were made to allow for pressure of the atmosphere, and hence
their areas indicate the relative amounts of work performed in
a single stroke of the engine, when there is:

First. No cut-off.

Second. Cut-off at half stroke.

Third. Cut-off at one-fourth of the stroke.

Now the area of Fig. 5is nearly equal to that of Fig. 4, so
that when expansion is allowed, a cylinder kalf full of steam
will perform more than #kree-fourths as much work as the
cylinder full of steam at the same initial pressure, can perform
without expansion.

As a further illustration, Fig. 6 is the diagram that would be
made if the steam were cut off after the piston had traveled one-
fourth of the stroke. In this case only one-fourth the steam
would be required, as was for Fig. 4, performing more than one-
half as much as the latter with one-fourth of the steam.

Assuming that in the cylinder the volume of steam varies
inversely as the pressure, the work done in one stroke of the
piston is:

AIPE4HX) e e v oo e e I.

Or, in words, the work done is the value of the hyperbolic
logarithm x, from table 2, page 69, plus one, multiplied by the
product of the initial pressure 7, multiplied by /, (the distance
the piston moves before steam is cut off), and this product by
the area A, of the cylinder in square inches.

Where A4 = area of cylinder or piston in square inches ;

L = length of stroke of piston in inches ;

! = distance traveled by the piston before the steam is cut
off;

3 SN E;

g = grade or ratio of expansion 5

x = hyperbolic logarithm of g (see table 2);

P = initial pressure of steam in pounds per square inch,
measuring from perfect vacuum in cylinder before cut-off takes
place ;—
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Then mp — mean average pressure after cut-off takes place and
during full stroke, in pounds per square inch, and is found by
the following formula:

mﬁ=§(t+x) ................ 23

Mean Pressure.

When the steam is expanded in the cylinder, the mean pres-
sure (mp) throughout the stroke of the piston, will be less than
the initial pressure 2 'The mean pressure mp during expan-
sion, will be according to formula 2; or in words:

Rule.—Divide the initial pressure P by the proportion or
grade g of the stroke, during which the steam is admitted, and
multiply the quotient by the hyperbolic logarithm z, plus one
(take the value x from table 2).

Ratio, or Grade of Expansion.

The proportion or grade g of the stroke during which the
steam is admitted, is found by dividing the length Z in inches
of the cylinder swept through by the piston by the length /in
inches of the space into which the steam is admitted.

Example.—Suppose the length of the stroke of the piston is
L = 8o inches, the initial pressure P = go pounds per square
inch, and the steam to be cut off at / = 20 inches of the stroke,
what will be the mean pressure?

Formula 2:

B
mp = 7( 14 x).
g 8o
Grade or ratio g = 20 =4 grade.

Hyperbolic logarithm of 4 = 1.386 (see x in table No. 2).
Then we have

mp = —%9- X (1 + 1.386) = 53.68 pounds per square inch,

the mean pressure required.

The initial pressure £ given above is the total pressure, meas-
ured from perfect vacuum. To find the initial pressure 7, add
the atmospheric pressure 15 pounds to the pressure g, as shown
by the steam gage, and from the mean pressure (725) found as
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above, subtract the counter or back pressure from effective
mean pressure exerted. Thus, in the above case the steam
gage is supposed to show a pressure p of 75 pounds, to which is
added 15 pounds for the atmosphere, making

75 + 15 = go pounds total pressure.

Assuming the engine to be condensing, in practice we must
deduct for loss from imperfect vacuum not less than four
pounds, and for a non-condensing engine the pressure of the
atmosphere. Any estimated counter or back pressure above
that must be subtracted from the mean pressure obtained by the
calculation.

TABLE ‘NO. 1.
HYPERBOLIC LOGARITHMS.
I. 0.00000 2.6 0.95548 4.2 1.43505 5.8 1.75785
1.1 0.09530 2.7 0.99323 4.3 1.45859 59 1.77495
1.2 0.18213 2.8 1.02962 4-4 1.48161 6. 1.79175
1.3 0.26234 2.9 1.06473 4.5 1.50408 6.1 1.80827
1.4 0.33646 3. 1.09861 4.6 1.52603 6.2 1.82545
1.5 0.40505 3.1 113140 4.7 1.54753 6.3 1.84055
1.6 0.46998 3.2 1.16314 4.8 1.56859 6.4 1.85629
1.7 0.53063 3.3 1.19594 4.9 1.58922 6.5 1.87180
1.8 0.58776 3.4 1.22373 5. 1.60944 6.6 1.88658
1.9 0.64181 3.5 1.25276 5.1 1.62922 6.7 1.g0218
2. 0.69315 3.6 1.2 5.2 1.64865 6.8 1.91689
2.1 0.74190 3.7 1.30834 5.3 1.66770 6.9 1.93149
2.2 0.78843 3.8 1.33046 5.4 1.68633 7 1.94591
2.3 0.83287 3.9 1.36099 5.5 1.70475 743 1.96006
2.4 0.87544 4. 1.38629 5.6 1.72276 LY 1.97406
2.5 0.91629 4.1 1.41096 5.7 1.74046 7.3 1.98787
7.4 2.00149 8.8 2.17482 12 2.48491 26 3.25810
7.5 2.01490 8.9 2.18615 13 2.56494 27 3.29584
7.6 2.02816 9. 2.19722 14 2.63906 28 3.33220
ULk 2.04115 9.1 2.20837 15 2.70805 29 3.36730
7.8 2.05415 9.2 2.21932 16 2.77259 30 3.40120
7.9 2.06690 9-3 2.23014 17 2.83321 31 3.43399
8. 2.07944 9.4 2.24085 18 2.89037 32 3.46574
8.1 2.091g0 9.5 2.25129 19 2.94444 33 3.49651
8.2 2,10418 9.6 2.26191 20 2.99573 34 3.52636
8.3 2.11632 9.7 2.27228 21 3.04452 35 3.55535
8.4 2.12830 9.8 2.28255 22 3.09104 36 3.58352
8.5 2.14007 9.9 2.29171 23 3.13549 37 3.61092
8.6 2.15082 10 2.30258 24 3.17805 38 3.63759
8.7 2.16338 1 2.39589 25 3.21888 39 35.66356

Hyperbolic Logarithms.

In estimating the power which an engine will exert with a
given pressure of steam, to be cut off at any given point of the
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stroke, we ascertain the mean pressure on the square inch
which will be exerted during the stroke by means of the table
of hyperbolic logarithms, which latter are calculated for expan-
sion according to the law of Boyle and Mariotte.

The common logarithm multiplied by 2.30258509 gives the
hyperbolic logarithm, and the hyperbolic logarithm multiplied
by 0.43429448 gives the common logarithm.

The above table contains hyperbolic logarithms for num-
bers up to 39, which is considered sufficient for application to
expansion of steam.

TABLE NO. 2.
: . Mean Pressure| Percentage
Portla()ltn‘:}f'i‘:slfroke Grade gz Ratio Hyperlét:lic dof Steam of Gaixsf
¥ . Logarithm, uring the in Fuel or
Steam is Cut-off. | Expansion. Whole gtroke. Ty
/! : g x mp %

1o Oor 0.1 10.0 2,302 3.302 230.0
4 oro.125 8.0 2.079 3.079 208.0
‘}6 or 0.166 6.0 1.791 2.791 179.0
or 0,2 5.0 1.609 2.609 161.0

1 oro.25 4.0 1.386 2.386 130.0
5 Or 0.3 3.33 1.203 2.203 120.0
or 0.333 3.0 1.099 2.099 110.0

% oro.375 2,66 0.978 1.978 97.8
or.0.4 2.5 0.916 1.916 91.6

1 oro.s 2.0 0.693 1.693 69.3
1 or 0.6 1.666 0.507 1.507 50.7
4 or o.625 1.6 0.470 1.470 47.1
4 or 0.666 1.5 0.405 1.405 40.5
75 Or 0.7 1.42 0.351 1.351 35.1
% oro.7s 1.33 0.285 1.285 22.3
s oro.8 1.25 0.223 1.223 20.5
§ or 0.875 1.143 0.131 1.131 13.1
15 Or 0.9 LII 0.104 1.104 10.4

The above, Table 2, contains the hyperbolic logarithms for numbers run-
ning from 1.11, the grade, or ratio, of %, or 0.9 cut-off, up to 4 or o.1, repre-
senting v cut-off, which is considered sufficient for application to expansion
of steam for all practical purposes.

Expansion of Steam and Its Effects with Equal Volumes
of Steam.

The theoretical economy of using steam expansively is shown

by the foregoing table, the same volume of steam being ex-

pended in each case, and expanded to fill the increased spaces.
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In Table No. 2, no deductions are made for a reduction of the
temperature of the steam while expanding or for loss by back
pressure,

The same relative advantages follow in expansion, as given
in the above table, whatever may be the initial pressure of the
steam,

The pressure of the atmosphere is to be included in calculat-
ing the expansion. It must, therefore, be deducted from the
results in non-condensing engines. In condensing engines a
deduction must be made for perfect vacuum. ‘This will amount
to about (2% pounds per square inch) five inches in well pro-
portioned engines.

Where there is no cut-off, as in diagram Fig. 4, the work
done equals 4 P L, or the area ,A of the cylinder, multiplied
by the absolute pressure 7, and this product by the length of
stroke L of the piston in feet.

When the cut-off takes place at one-fourth of the stroke Z, at
the point ¢, diagram Fig. 6, there is only one-fourth as much
steam admitted as in case of diagram Fig. 4, but the work, in-
stead of being

APL  IXTOXTI_

2, 'y
4 4 >

will be as before stated
AeP (14 x),0r1 X o025 X 1 (1 + 1.386) = 59.65 pounds.

To make this more clear to the general reader, we will as-
sume an engine doing actual work. It is well known that the
most convenient way of calculating the horse-power of an
engine, is to multiply the area of the piston in square inches by
the speed of the piston in feet per minute, and divide this pro-
duct by 33,000. The result so obtained will be the horse-power
of one pound mean effective pressure, and is called the horse-
power constant, which, if multiplied by the whole mean effec-
tive pressure on the piston during the stroke, will give the
indicated horse-power of the engine.

For example, suppose that the engine that would produce
indicator diagrams as represented by Figs. 4, 5 and 6, had a
stroke L = 3 feet, making » = 100 revolutions per minute, and a
diameter of piston 4 = 110 square inches,and a piston speed of
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100 X 3 X 2 = 600 feet per minute.

Then the horse-power value of one pound mean effective
pressure will be as follows:

Horse-power constant = M = 2 horse-power,
33,000

Now diagram Fig. 4 averaged initial pressure 2= 100 pounds,
or a mean effective pressure throughout the stroke. ‘T'he horse-
power, therefore, will be as follows:

Horse-power = 100 X 2 = 200 horse-power.

In diagram Fig. 6, the steam was cut-off after the piston had
moved from B to e, or one-fourth of its stroke, the grade or
ratio of expansion being 3¢ — 4. Therefore, the mean effective
pressure 72p, will be, according to formula (2):

mp= 2 (14x);

or substituting values,
mp = I%o (1 - 1.386) = 59.65 pounds per square inch ;
‘or to simplify it still further, it will be as follows:

% = 4 hyp. log. of 4 = 1.386 4 1=2.386;

then
100

o 25 X 2.386 = 59.65 pounds per square inch.

Now diagram, Fig. 6, shows a mean effective pressure »zp
= 59.65 pounds per square inch, which muiltiplied by the horse-
power constant will be:

P = 59.65 X 2 = 119.30 horse-power.

Therefore, we see that one-fourth of the steam expanded per-
forms three-fifths, or nearly sixty per cent. of the whole work,
so that by using expansion the work obtained from one pound
of steam is 2.386 times what was obtained when permitting full
stroke without expansion, as shown by diagram, Fig. 4, or a
gain of forty per cent. by using steam expanding threefourths
of the stroke.

TR L2005 T1G/50

5 = 40.5 per cent. of gain.
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The number 2.386 has lately been called the ‘‘indicator co-
efficient” of the engine. By cutting off at one-fent of the
stroke, the efficiency of the steam is increased 3.3 times, that is,
the ‘“‘indicator co-efficient’’ is 3.3.

Expansion is valuable in another way. At the end of every
stroke the piston stops momentarily, returning on its old
path, and it is advisable to prepare for the sudden reversal of
motion of the piston, by diminishing the steam pressure.
Now, when expansion is used, the greatest pressure is exerted
at the beginning of the stroke, when the piston moves slowly,
and when it is most advisable to get up a great velocity. The
pressure after cut-off diminishes gradually until it is very little
greater than that of the atmosphere, so that the steam experi-
ences little difficulty in escaping by the exhaust passages on the
return stroke. In fast-running engines the exhaust ports are
opened before the end of the stroke, and the exhaust port on the
other side of the piston is closed, that there may be a cushion
of the steam to prevent ‘‘shocks’ or ‘‘jars.”

Action of Steam when Expanded.

Steam in its ordinary condition as saturated steam, though it
does not rank as a perfect gas, nevertheless acts in the cylinder
of a steam engine so much to the same effect as a perfect gas
could do, that its performance may be treated in the same way
as if it were perfect as a gas. The quality in consideration of
which a gas is said to be perfect is, as has already been stated,
its property of expanding into a larger volume in the same pro-
portion inversely as the pressure falls, the temperature being
supposed to remain the same. Now, though saturated steam
does not and can not exactly follow this ratio, seeing that the
pressure falls more rapidly than the volume increases, yet it is
found that the work performed by steam by expansion in the
cylinder of an engine is practically the same as if it acted on the
principle of a perfect gas.

Therefore, it will be seen that the curve described by the
pencil of an indicator indicating the falling pressure of dry
saturated steam expanding behind an advancing piston is, if
not exactly, nearly hyperbolic in its nature, or such that the
products of the pressure at all points of the stroke multiplied
by the respective volumes of steam, are equal to each other.
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TABLE NO. 3.
INITIAL AND MEAN EFFECTIVE PRESSURE IN THE CYLINDER.
Assuming that the pressures are inversely as the volume.

73

Mean Pressure

Initial Pres.

3 c during the sure in Cyl-
POmZtn u?l{lcslir el Gradegtx_' EaLy Hypert;}c;hc Strolke, %he In-| inder, t}l;e
: : Logarithm. | itial Pressure Mean Pres-
Steam is Cut-off. | Expansion. 8 being taken | sure being
as I. taken as I.
I'4 g £ mp /2
% oro.75 1.333 0.2876 0.965 1.036
-yg 0ro.7 1.428 0.3506 0.949 1.054
% or 0.666 1.5 0.4055 0.937 1.067
1% or 0.6 1.666 0.5108 0.904 1.106
} oro.s 2.0 0.6931 0.846 1.182
5 Or 0.4 2.5 0.9163 0.766 ' 1.305
$ oro.333 3.0 0.0986 0.669 1.495
15 0ro.3 3-333 1.2040 0.661 1.513
} oro.25 4.0 1.3863 0.596 1.678
% Or 0.2 5.0 1.6094 0.522 1.916
or 0.166 6.0 1.7918 0.465 2.150
or 0.142 7.0 1.9459 0.421 2.375
or 0.125 8.0 2.0795 0.385 2.598
4 oro.1ix 9.0 2.1972 0.355 2.817
g Or 0.1 10.0 2.3025 0.330 3.030
1 Or 0.09 11.0 2.3979 0.309 3.236
15 Or 0.083 12.0 2.4849 0.293 3.448
1 Or 0.076 13.0 2.5649 0.274 3.649
+1 Or 0.071 14.0 2.6391 0.260 3.846
+'5 Or 0.066 15.0 2.7081 0.247 4.048
v Or 0.062 16.0 2.7726 0.236 4.237
,l., or 0.058 17.0 2.8332 0.226 4-425
s Or 0.055 18.0 2.8904 0.216 4.629
P5 Of 0.052 19.0 2.9444 0.208 4.807
25 or 0.05 20.0 2.9967 0.200 5.00
3T OF 0.047 21.0 3.0445 0.192 5.208
25 Or 0.045 22.0 3.0910 0.186 5.376
75 Or 0.043 23.0 3.1355 o.180 5.555
7 OT 0.041 24.0 3.1781 0.174 5.747
s or 0.04 25.0 3.2189 0.169 5.917

Expansion Diagram of Steam in a Cylinder.

The hyperbolic curve of expansion, expressive of the falling
pressure, relative to the increasing volume, is represented by C
£ on diagram, Fig. 7.

The rectangle "B C I is supposed to be the section of a
cylinder having a stroke of 24 inches.

into 24 parts, or inches of stroke.

The diagram is divided
During five of these, that is

six inches of the stroke, or one-fourth B e, the steam is ad-
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mitted, and it is expanded during the remaining three-fourths
m D. Assuming that there is no clearance, the terminal pres-
sure g D would be one-fourth of the initial pressure 7, during
admission, that is, it would be equal to the initial pressure /2,
taken in this case at 100 pounds total pressure per square inch,
multiplied by the period of admission, and divided by the
length / = 6 inches of the stroke; or

6 -
« 100 X 2 = 25 pounds per square inch,
the terminal pressure.

Fi1c. 7.
B e c

;

v v
123 45 678 01011121314 15161718 192021222824

The pressure for any intermediate point of the stroke may be
found similarly, by taking the portion of the stroke described
from the commencement to the given point, as the divisor.
Thus at the end of 12 inches of the stroke, the total pressure is:

100 X % == 50 pounds per square inch.

Finding the pressure similarly for each intermediate inch of the
stroke, and drawing ordinates for each inch of stroke, the curve
may be formed by tracing it through the extremities of the
ordinates, as shown in Fig. 6, shown in shaded lines. The
one in outline is the best that can be produced in practice. See

page 65.
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From the above it will be seen that the work done by expan-
sion may be calculated from the particulars without the aid of
hyperbolic logarithms.

The Theoretical Gain by the Expansion of Steam.

To find the increase of efficiency arising from using steam
expansively:

Rule.—Divide the total length of the stroke by the distaunce
(which call one) through which the piston moves before the
steam is cut-off. The Napierian logarithm of the part of the
stroke performed with the full pressure of steam before cut-off
represents the increase of efficiency due to expansion.

Example.—Suppose that the steam be cut-off at () two-
tenths, or 0.2 of the stroke, what is the increase of efficiency due
to expansion?

Now, 0.2 of the whole stroke is the same (}) one-fifth of the
whole stroke; and the ratio, or grade, of the expansion equals 5.
The hyperbolic logarithm of 5 is 1.609, which, increased by 1,
the value of the portion performed with full initial pressure,
gives:

1.609+ 1=2.609
as the relative efficiency of the steam when expanded to this
extent (eight-tenths), instead of 1, which would have been the
efficiency if there had been no expansion.

If the steam be cut off at the followiug points of the stroke,
the respective ratios, or grades of expansion, will be as follows:

Cut off at 1, 7, 15 1 5 o 7o 7 OF Ysth
Grade of expansion I0, 5, 3.33, 2.5, 2.00, 1.66, 1.42, I.25, I.IT,
Hyperbolic logarithm 2.303, 1.609, I1.203, 0.916, 0.693, 0.47, 0.351, 0.223, 0.104.

Cutoffat}, 4, 4, 4 §, §or §
Grade of expansion 8, 4, 2.66, 2, 1.6, 1.33, 1.143.
Hyperbolic logarithm 2.079, 1.386, 0.978, 0.693, 0.47, 0.285, 0.131.

With the above data, it will be easy to compute the mean
pressure of steam of any given initial pressure when cut off at
any eighth or any tenth part of the stroke; as we have only to
divide the initial pressure of the steam in pounds per square
inch by the ratio of expansion, and to multiply the quotient by
the hyperbolic logarithm, increased by one, of the number re-
presenting the ratio or grade, which gives the mean pressure
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throughout the stroke in pounds per square inch. Thus, if
steam of 65+15=80 pounds absolute, be cut off at half stroke,
the ratio or grade of expansion is 2; and 8o divided by 2=4o0,
which multiplied by 140.693=67.72 mean pressure in pounds
per square inch throughout the stroke.

The terminal pressure is found by dividing the initial pres-
sure by the ratio or grade of expansion; thus, the terminal pres-
sure of steam of 8o pounds cut off at half stroke will be:

i:- =40 pounds per square inch.

Ezxample.—What will be the mean pressure, throughout the
stroke, of steam of 160 pounds per square inch cut off at one-
eighth of the stroke?

First we divide 160 by 8==20, which, multiplied by the hyper-
bolic logarithm of 8, which is 2.079+1=3.079. 3.079X20=
61.580 pounds per square inch, which is the mean pressure ex-
erted on the piston throughout the stroke. If the steain were
cut off at t of the stroke instead of + then we should divide

— =16,
10

This, multiplied by 2.303+1=3.303 gives:
3.303 X 16 = 52.85 pounds per square inch,

which would be the mean pressure on the piston throughout
the stroke in such a case.

If the initial pressure of the steam were 10 pounds per square
inch, and the expansion took place throughout 4 of the stroke,
or the steam were cut off at #th, then 10 divided by 5= 2,
which multiplied by 1.609 + 1 = 2.609; then

2.609 X 2 = 52.18 pounds per square inch,
the mean pressure.

Saving in Fuel by Expansion.

When steam is cut off before the end of the stroke in a
cylinder, the pressure effected by it for the portion at which it
flowed for full stroke is represented by 1, and the pressure ex-
erted afterwards by the result due to the relative expansion.
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The total pressure or work is represented by the sum of these
units. If the steam had flowed for the full stroke of the piston,
the pressure would have been 1 added to the proportionate
distance during which the steam was admitted had it been used
expansively.

The gain of expanding steam by cutting off the supply after
the piston has traveled a portion of the stroke:

Cutting off at v%; the stroke, efficiency is increased 3.3 times.
« . “ “
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From the above we can compute the gain in fuel as follows:

Rule.—Divide the relative effect, or in other words, the num-
ber of times the efficiency is increased by the grade of expansion
£ (see table of hyperbolic logarithms), and divide 1 by the
quotient. ‘The result is the initial pressure of steam required
to be expanded to produce a like effect of steam at full stroke.
Divide this pressure by the number of times the steam is ex-
panded, and subtract the quotient from 1. ‘The remainder will
give the percentage of gain of fuel.

Ezxample.—Suppose the steam in an engine cylinder to be cut
off after the piston has moved one-fourth the length of the
stroke, what is the gain in fuel?

The relative effect (see efficiency due to expansion above)
equals 2.386, and the number of times of expansion equals 4.

Then

2.386 divided by 4==0.5965,
and
1 divided by 0.5965=1.69 initial pressure,
and
1.69 divided by 4=o0.41,
and

1.—0.41=0.59 per cent.



78 THE STEAM-ENGINE AND THE INDICATOR.

Terminal Pressure.

Rule for finding the pressure at the end of the stroke, or at
any point during expansion:

P = initial pressure of steam in pounds per square inch, in-
cluding the pressure of the atmosphere.

L = distance travelled by the piston when the pressure of
steam equals z.

/ = distance travelled by the piston before the steam is cut off.

x = pressure of steam in the cylinder, including the pressure
of the atmosphere, when the piston has travelled a distance Z.

x—‘£z
=V

or, in words, the terminal pressure for any cut-off is the abso-
lute pressure A, multiplied by the distance /, the piston has
moved when steam is cut off, and this product divided by
stroke Z.

The steam pressure on the boiler is readily known; but the
steam in its passage to the cylinder is subject to various losses,
as ‘“‘wire-drawing,” condensation, friction, etc., so that fre-
quently the pressure on the piston does not exceed two-thirds
of that on the boiler.

Therefore, recourse must be had to the indicator for furnish-
ing ‘the exact data for ascertaining the precise pressure in the
cylinder, so as to ascertain the power exerted by the engine,
namely, the mean or average pressure of steam; or, more ac-
curately, the excess of pressure on the acting side of the piston
to produce motive force. And from no other source can it be
accurately learned.

In every branch of science our knowledge increases as the
power of measurement becomes improved; and we have now to
discuss the measuring instrument peculiarly appropriated to the
steam-engine, namely, Zke Indicator invented by Watt. ‘The
student must thoroughly understand the reading of an indicator
diagram before he can appreciate the reason for the various
methods of construction adopted with reference to some of the
working parts of an engine.
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Expansion Curves of Indicator Diagrams.

A correct curve does not zecessarily show an economical
engine, since the leakage out may balance the leakage in, in
rare cases, and not affect the diagram. But the opposite is in-
disputable, that an incorrect curve necessarily and infallibly
shows a wasteful engine, to at least the amount calculated upon
the diagram.

As indicator diagrams represent the measure of force or pres-
sure of the steam in the cylinder at every point of the stroke,
the actual card from an engine, as compared with the theoretic
diagram (other things being equal), indicates the working value
and economy of the engine.

Therefore they should truthfully represent the real perform-
ance of the engine. Diagrams vary in form from various
causes; namely, quality or condition of the steam, leakage,
condensation, adjustment, and construction; their influence
being most noticeable in the expansion curve. This curve will
not, in practice, conform exactly to the true theoretical curve.
The terminal pressure will always, under the most favorable
conditions, be found relatively too high, the amount being
greater as the ratio or grade of expansion increases. Where
this is not the case and the expansion curve of the diagram
coincides exactly with the theoretic curve, the conclusion can-
not be otherwise than that the leakage is greater than the
re-evaporation; but in the present state of the arts there are no
practical means of working steam expansively and preserving
the exact temperature due to the pressure while expanding.

When the expansion curve falls throughout its entire length
below the hyperbolic or theoretical curve, it is evidently due to
leakage. The expansion curve of the indicator diagram, in all
ordinary cases, terminates above that of the theoretical curve,
in fact, sometimes far above it, due to the re-evaporation of the
moisture in the cylinder. An engineer when indicating an
engine should see to it that the piston and valves are tight.
Unless they are so, the diagram will not indicate what the
engine is really doing, and the engineer cannot ascertain the
causes of any peculiarities in the form of the diagram.



CHAPTER V.

THE INDICATOR.

THE use of the indicator is now very general, and its value is
becoming more and more appreciated as an instrument which
gives, in skilled hands, exact and valuable information upon
various matters connected with the working of the steam engine
which formerly were enveloped in mystery. Few high grade
engines are now set up without having their valves adjusted for
greatest efficiency, as shown by diagrams taken with the indi-
cator, nor are these engines accepted by the purchasers without
having diagrams taken to show whether the steam is acting
properly or not, and to ascertain the horse-power which is
developed by the engine, when running at its intended speed
and under its proper load. When a man buys an engine, he
generally wants to know what it will cost to run it. There is
a certain standard to which any engine may be referred in order
to judge of its economy, and this is the amount of coal con-
sumed per hour for each horse-power developed. Many manu-
facturers, while aware of what amount of coal is consumed, are
totally ignorant of what power is being yielded by their engines,
and hence do not know whether they are working economically
ornot. They may be losing annually a large amount of money
in consequence of having an engine which is wasteful of fuel,
and it therefore becomes important to know just what a horse-
power is costing, and whether an engine of certain size is really
developing that power which calculation shows it ought to
be giving. Engines, designed with a special view to great
economy, have been run with an expenditure of fwo pounds of
coal per hour per horse-power, and even less than two pounds;
but in general an engine may be considered as very good, if it
yields a horse-power for every three pounds of good coal con-
sumed, per hour. Fuel of poorer quality will require perhaps
three and one-half to four pounds, which, bearing in mind the
quality of coal, may still be considered a good performance.

(80)
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Engines in general will consuine various amounts of coal, other
than these figures,.sometimes running as high as nine to twelve
pounds per hour per horse power, which is extremely wasteful.

An indicator diagram enables us to calculate the exact horse-
power developed, and, knowing what coal is consumed, we can
easily find how much is required per hour per horse-power, and
compare the figure found with figures which are considered to
represent good economy. Large engines will, in general, be
found much more economical than smnall engines, because,
although the sources of loss are the same, the proportion which
they bear to the total power is very much less. But it must be
remembered that the standard for efficiency referred to, includes

‘the working of both engine and boiler, and that, to produce the

best results, each must be designed to secure the highest possi-
ble economy. Sometimes a good economical engine is supplied
with steam from boilers whose evaporative efficiency is very
low, and in such a case, it is not fair to charge the engine with
a defect which properly belongs to the boiler. Insuch instance
there can be made a separate test of the boiler. Starting
with the known fact that an economical boiler should evaporate
say nine pounds of water per pound of coal, and ascertaining
next the evaporative capacity of the boiler under test with the
coal it is consuming to evaporate a given quantity of water, we
will at once arrive at a knowledge of how much below the
standard is the boiler under test.

The indicator enables us also to discover whether there are
any defects in those parts of the machinery by which the steam
is admitted to the piston, as follows:

First.—It indicates whether the valves are properly set.

Second.—It indicates whether the steam ports are large
enough.

Third.—1t indicates whether the steam valves are leaky.

Fourth.—Whether a different arrangement of the working
parts of the machinery would be advisable.

Fifth.—It will at any time of application, and under any
given circumstances, when it may be desirable to apply it, in-
dicate what is the actual power developed by the engine.

In fact, in the hands of a skillful engineer, the indicator is as
the stethoscope of the physician, revealing the secret workings

6
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of the inner system, and detecting minute derangements in
parts obscurely situated, and it also registers the power of the
engine.

In principle the indicator is nothing more than an instrument
for registering the varying steam pressures in the cylinder dur-
ing a complete revolution of the engine shaft, or if there is no
shaft, during a complete reciprocation of the piston.

Construction of the Indicator.

The indicator considered in its simplest form consists merely
of a sinall piston working in a cylinder with considerable clear-
ance, carrying a pencil at the end of its piston rod. One end
of this small cylinder is placed, at pleasure, in connection with
either end of the steam-engine that is to be indicated, by meauns
of a cock and pipes, and the other end of the indicator cylinder
is in free communication with the air, by means of holes drilled
in the npper portion of the indicator cylinder or cover, so that
if steam goes into the steam-engine cylinder, the pressure is
admitted directly to the bottom side of the indicator piston,
while upon the other side the air presses continually with
whatever the barometric pressure may be at the time.

A spiral spring is attached to the cover of the indicator
cylinder at one end, and to the indicator piston itself at the
other end. 'This spring regulates the movements of the piston,
and as the steam is at a greater or less pressure, so the spring is
more or less compressed.

Assuming that the piston of the steam-engine is at one end
of the stroke, and just commencing to move, the indicator spring
will be compressed by the steam pressure under it, and the
amount to which the indicator piston rises is a measure of the
steam pressure. For example, supposing that the spring is
compressed one-eighth (1§) inch for every pound, then, if the
steam pressure is ten pounds, the piston will rise one and one-
quarter (114) inches. As the piston of the engine travels for-
ward on its stroke, the steam pressure begins to diminish, and
becomes less and less able to compress the indicator spring, and
consequently the indicator piston continually falls. In order te
register these continually varying pressures, a piece of paper is
held on a small cylinder or barrel, in front of the pencil on the
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indicator piston, and as the engine piston moves backward and
forward, the barrel of the indicator partially rotates backward
and forward; and the curved line traced by the pencil moving
vertically up and down on the paper, moving at right angles to
the up and down movement of the pencil, is called an indicator
card or diagram. The diagram is nothing more than a register
of the varying pressures in the cylinder as the piston moves to
and fro.

The best forms of indicator as made and sold are commercially
known as the ““Thompson,”’ ‘‘Crosby’’ and ‘‘Tabor,’’ and are
so well known and described in the circulars of their respective
manufacturers that I will not repeat them here.

After a card or diagram is taken from a steam-engine, we
must see what use can be made of this register of pressures.
The connection between a curved figure and the power de-
veloped by the engine is not at first sight apparent; and before
showing what it is, it is necessary for me to endeavor to clear
away all misunderstanding as to what is a true measure of
power exerted. Without a most clear and definite conception
of what constitutes a mechanical expenditure of work done, it
is impossible to form any notion either of what is meant by
economical use of steam, or of the connection between the indi-
cator diagram and the indicated horse-power.

The simplest example of an expenditure of power, and also
the commonest, is that of a weight raised from the ground. If
one pound has been raised one foot high, just half the work has
been required which would be required to raise two pounds one
foot high. ‘This is so simple a conception as not to require
further explanation. A little consideration will show that,
generally speaking, the work required to lift any weight to any
height may be said to be equal to a certain number of pounds
raised one foot high; or what is just the same thing, one pound
raised a certain number of feet high, is equal to a certain
number of foot-pounds.

It is a general law in mechanics that when work or power is
expended, some resistance has been overcome through some
distance, and what is really done in raising a weight is to over-
come the attraction of the earth, or gravity, through a certain
distance. If we had overcome any other resistance than the






CHAPTER VI.

THE ACTION OF STEAM IN THE CYLINDER OF AN ENGINE.

THE force of steam in a cylinder is exerted for the perform-
ance of work. Steam is introduced into the cylinder at nearly
the pressure and temperature at which it is generated. Steam
operates in the cylinder in a two-fold manner. First, it is ad-
mitted, with a greater or less degree of freedom, from the boiler
into the cylinder, during a portion of the stroke, following the
piston at or near the boiler pressure. When the communica-
tion from the boiler to the cylinder is cut off, and the flow
stopped, the quantity of steam enclosed within the cylinder con-
tinues, though isolated, to force the piston to the end of the
stroke by expansion.

A two-fold action takes place as follows:

First. 'The steam flows into the cylinder and forces the piston
to the point of cut-off.

Second. After cut-off it is ‘“worked expansively’’ upon the
piston to the point of exhaust.

In fact, the whole process is essentially one of expansive ac-
tion, as the steam admitted direct from the boiler flows into the
cylinder by virtue of the expansive force of the steam already
generated and being generated, the boiler constitutes the
fulcrum or basis. The process is continued on a more limited
scale within the cylinder after the steam is cut off, the steam
continuing, in virtue of its own elastic force, its expansive action
against the piston, when the end of the cylinder constitutes the
fulcrum.

The difference of the steam pressure during the two periods,
that of admission and that of expansion, is found by the appli-
cation of the indicator. But in certain conditions and adjust-
ments of the valves the difference disappears. The uniform
pressure of the steam.on entering the cylinder is not in all cases
maintained, and it will be found that the steam line falls, as-

(85)
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suming the characteristic of expanding steam. ‘This falling
pressure, which takes place while the communication between
the boiler and the cylinder is open, is the result of what is ex-
pressively called a ‘‘wire-drawing”’ of the steam, the flow of
steam into the cylinder being partially arrested at the ‘‘steam
port”’ or inlet, by the slide-valve when nearly closed, and the
volume being thus reduced or ‘‘wire-drawn’ to a lower
pressure.

After the steam has passed into the cylinder, and done its
appointed work, it is to be expelled, and its discharge should be
effected by the time the piston has completed the stroke. It is
discharged either into the atmosphere, if a non-condensing
engine is employed, opposed by a pressure of 14.7 pounds per
square inch, or in round numbers, 15 pounds, or into the con-
denser, if a condensing engine is employed, opposed by a resist-
ance of about one pound per square inch more or less, according
to the excellence of the means of condensation. ‘The piston of
an engine, in fact, works between two pressures, and continues
in motion or has a tendency to do so as long as the pressure in
the boiler is greater than that of the atmosphere or that in the
condenser, or more exactly, in the exhaust passage, and when
steam is very greatly expanded in a condensing engine, a low
pressure in the condenser is no less necessary than a high pres-
sure in the boiler. If all losses and difficulties incidental to
and perhaps in some degree inseparable from the use of steam
of very high pressure be neglected, then it must be maintained
that the highest pressure in the boiler, coupled with the lowest
pressure in the condenser, would give the highest duty for a
given quantity of heat, provided the steam is expanded in the
cylinder from the greater pressure down to, or nearly down to,
the lower pressure.

It may here be remarked, that the term ‘‘vacuum’ is liable
to a double interpretation, signifying either the absolute pres-
sure in the condenser, or the difference between this and the
atmospheric pressure. Now, in regard to the question affecting
the quantity of work of steam and its efficiency in the steam-
engine, there are the total pressures respectively in the two
separate vessels which require to be considered; that is to say,
the initial pressure in the cylinder, and the total pressure in the
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condenser, into which the exhausted steam is propelled by the
boiler pressure on the piston. If the pressure of the atmosphere
were 10 or 30 pounds, in place of (14.7) 15 pounds per square
inch, as it is, it would not at all affect the action of a condens-
ing engine further than slightly diminishing or increasing the
force required to work the air pump, and causing a greater or
less weight to be placed upon the safety-valve, in order to obtain
the same total pressure in the boiler. When the mercury in an
ordinary barometer is observed to stand at a height of 30 inches,
and the mercury in another tube communicating with the con-
denser of a steam-engine at a height of g inches, instead of de-
scribing the conditions of the case as representing a vacuum of
25 inches of mercury, it would afford a clearer conception of the
matter to consider that the total pressure in the condenser is
equal to g inches of mercury, while the total pressure in the
boiler is equal to 30 inches of mercury plus the load on the
safety-valve. In short, thie operations of a condensing engine
are practically independent of the incidental variations of
atmospheric pressure.

But, the operations of a non-condensing engine, exhausting
into the atmosphere, are referable to the atmospheric pressure,
as it affords the datum or base line to which the expansive and
exhaust pressure should be approximated, and below which the
former should not, and the latter cannot, be extended. It is
usual, therefore, in dealing with non-condensing engines, to
designate the pressure of steam by the difference or excess of its
pressure above that of the atmosphere—mnamely (14.71) 15
pounds absolute pressure per square inch; this absolute pressure
being adopted for the zero of the non-condensing scale.

In supplying an engine with steam, four distinct events take
place in consecutive order with respect to each end of the
cylinder, as follows:

First—The admission of the steam at, or just before, the be-
ginning of the stroke.

Second—The suppression, or cut-off, of the steam.

Third—The release, or exhaust, of the steam.

Fourth—The closing of the exhaust valve, causing ‘‘com-
pression,’’ or ‘‘cushioning,” of the exhaust steam, prior to
the opening of the steam port.
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These four events, together, constitute the ‘‘distribution’’
for the cylinder; and their duration, measured in parts of the
stroke, are the ‘‘periods of the distribution.””

By the aid of the indicator, which, as its name implies, is a
sort of stethoscope for the observation of what transpires within
the cylinder—a simple instrument for receiving and registering
the pressure of the steam—a minute and accurate picture of the
operation within is transferred by pencil to paper, affording
valuable and, indeed, indispensable data for the measurement
of the power and efficiency of the steam in the cylinder.

The Action of Steam in the Cylinder as Shown by the Indi-
cator Diagrams.

The action of steam is illustrated in its most simple form in
the non-condensing or ‘‘high-pressure’’ engine, in which the
question of the vacuum does not enter.
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The function and utility of the indicator, as a means by
which the action of the steam in the cylinder is portrayed, will
appear by an examination of the diagram Figure 8.

The base line 4 D is the line of atmospheric pressure, 7 D
represents the stroke of the piston, and the irregular space
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m, &, ¢ and D, may be supposed to be the interior of the
cylinder. The heavily lined figure %, ¢, £, g, %, and ¢, is a
diagram of the indicated action of the steam, when the piston
moves in the cylinder at an average speed of 100 feet per min-
ute; and shows by its angularity how the steam is controlled by
the valve, and the precise points of the stroke at which the
changes of the distribution take place. The piston is repre-
sented as having started from the left-hand end of the cylinder,
under an initial steam pressure of 45 pounds per square inch
above the atmospliere, the line of pressure being traced from
the upper left-hand corner 4, until it reaches the point ¢ of cut-
off. The admission being terminated, the period of expansion
is commenced, the pressure falls as the piston advances before
the expanding steam, and continues to do so until the piston
reaches the point of release £ At this point the piston enters
on its third and last stage of progress toward the end of the
stroke; the steam primarily admitted at 45 pounds above the
atmosphere, and reduced to 15 pounds pressure previously to
being released, quickly discharges itself into the atmosphere,
by its elasticity, and is entirely discharged before the end of the
stroke, as indicated by the rapid fall of the steam line during
the period of exhaust towards the point g. The exhaust is,
however, only relative, not absolute, as steam of atmospheric
pressure remains in the cylinder, though not obviously sensible
in the indicator diagram, during the return stroke; therefore,
the valve ought to maintain the exhaust end of the cylinder
continuously open, to allow the steam of one atmosphere of
pressure to escape from before the returning piston. The
benefit of this provision is proved by the diagram, in which it
appears that during the continuation of the exhaust the steam
of latent pressure remains at the zero point of the scale; at the
instant the exhaust valve closes at the point of compression 2,
and there is no longer an exit for the latent steam before the
piston, the exhaust line commences to rise upwardly towards
the left-hand side, and the steam is compressed against the end
of the cylinder. While the volume of the compressed steam is
being thus forcibly reduced, the pressure is increased; the pres-
sure is raised until the accumulation of back pressure so induced
is merged at 7, with the boiler pressure of the steam admitted at
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this point by /ead during the remainder of the return stroke for
the supply of the next stroke.

The action of the steamn in the cylinder may thus, with the
aid of the indicator-diagram, the different sections of which are
distinctly marked, be clearly traced through the revolution of
the engine.

The period of admission, in the example just described, is
about two-thirds of the whole stroke; that of expansion about
three-tenths; and a simple inspection of the diagram shows that,
in this case, nearly one-third of the work of the steam is per-
formed by simple expansion while shut up in the cylinder.
Even the period of exhaust supplies its quota of effect, inasmuch
as the exliaust is a work of time; and the extra positive pressure
so yielded is represented by the small triangular space fg-and &,
between the point of release and the end of the stroke at D. The
force developed by the compression space % »2 and ¢ is properly
designated resistance, as it is opposed to the motion of the
piston, and must be classed with the slight opposition also made
by the Jead or entering steam at ¢ for the next stroke.

Engine Power.

To ascertain what power an engine is exerting, the simplest
way is to find out how many pounds weight it raises in a min-
ute, and through how many feet it raises such weight; the term
minute is used as a convenient unit of timne, and it is the unit
generally adopted.

Now, let us take as an example the following indicator
diagram Fig. 9, and divide it into ten equal spaces. The dis-
tance from A to B is one-tenth of the wlole length of the indi-
cator card, and during the time the card traveled horizontally
from A to B, the piston of the engine traveled one-tenth of its
stroke; while the card traveled from B to C, the piston of the
engine traveled another one-tenth oftits stroke, and when the
piston had traveled its whole stroke, the card would have
traveled from A to K, and so backwards on the return stroke.
It is not a matter of any importance what the length A K is
when compared with the stroke of the piston, and for conveni-
ence A K is usually made about four inches, excepting in high
speed engines. All that we care about is, that when the piston
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has moved through one-tenth of its stroke, the card shall have
done so also, and that the motions go on corresponding in this
way throughout the stroke. ‘Then we have only to look at the
indicator card to see what pressure of steam there was in the
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cylinder at any part of the stroke. In this particular case
a 75 spring was attached to the piston of the indicator, which
means that for every one pound pressure on the square inch of
the piston, the pencil of the indicator will rise 7% of an incls.
If we have 48 pounds boiler pressure, the pencil will rise two
(2) inches as soon as the steam is admitted up to the point 1;
then, as the piston and card move, the pencil, still held up by
the steam, moves to 2, then to 3. Somewhere about this point
the steam is cut off, then the steam pressure falls as the piston
moves on, and the pressure can no longer compress the spring
so much, and the pencil falls gradually to 4, then to 5, and so
on to 10, where the steam is exhausted into the air, and the
spring being no longer compressed, the pencil falls to the line
called atmospheric line.

At 11 the engine begins the return stroke, and up to 19 the
steam continues to exhaust into the air; at this point the valve
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closes, and what is left in the cylinder is compressed until the
point 21 is reached, when steam is admitted again aud the
spring compressed up to I.

From this curved figure we must now find what power the
engine was exerting. We measure the distance in the center
of each of the spaces 4 B, B C, C D, up to and including / X,
by a scale which has the inch divided into 24 spaces, each space
on the scale represents one pound, on dotted lines drawn be-
tween the above spaces A B etc. These pressures added to-
gether and divided by ten—the number of spaces—will give
the mean effective indicated pressure acting on the piston
during one stroke.

To find the foot pounds raised per minute, we multiply the
area of the piston by the mean pressure and by the stroke
multiplied by two.

Fi6. 10.

28.16 20.22

If the engine is a double-acting one, the diagrams for each
end of the cylinder are usually taken on the same card, giving
a double figure, as in fig. 0. Each of these diagrams has its
own mean pressure, and they are rarely the same. In practice
they are nearly always treated as above; the horse-power for
each end of the cylinder being rarely calculated separately. In
the present instance the mean pressitire of the left-hand diagram
is 28.16 pounds, and that of the right-hand one 29.22 pounds;
the mean of both is 28.69 pounds. To find the foot-pounds
raised per minute we multiply the mean pressure, 28.69, by
twice the stroke in feet, by the number of revolutions per min-
ute, and by the area of the piston in square inches.

Example.—Assuming the diameter of the cylinder to be 12
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HORSE-POWER.

THE power of a horse, or that part of his muscular force
which in traveling he is capable of applying upon the load, has
been variously stated by different authors. It is not the force
exerted by a dead pull, or for a short period, by which we are
to estimate a horse’s strength, but what he can exert daily, for
a long period, without inmjury to his powers. That is the
standard for practice.

The real horse-power, that which a good horse can lift, ac-
cording to experiments made by Smeaton, is twenty-two thou-
sand (22,000) pounds one foot high per minute. This power
was derived from the average force exerted by the ordinary
draft-horses working at mines. FEarly English miners had no
other means of raising ore. ‘Their apparatus consisted of a fixed
pulley at the surface, over which a rope passed. T'o one end of
this rope a horse was hitched, and to the other end a bucket,
which latter, on being lowered in the mine and loaded, was
raised to the surface by the horse walking horizontally from the
pit. London brewers also used horses for pumping by gins
and winches.

Horse-power of a Steam-engine.

When James Watt began to replace the old-fashioned horse-
gins and winches for pumping water with his steam-engine, he
soon found that some standard of power should be adopted, to
enable his customers to obtain an engine suited to the purpose.
It was natural that the horses supérseded by the steam-engine
should be used as the standard of comparison, and thus the
term ‘‘horse-power’’ was introduced. About the year 1784,
James Watt was making engines for the London brewers, who
were using horses for pumping purposes. When they wished
to know what power one of Watt’s engines would exert, they
asked him how many horses it would be equivalent to.

(94)
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Watt set to work to determine by a series of practical experi-
ments what a horse-power was. It meant nothing to tell them
that the engine had such a sized cylinder, made so many revo-
lutions per minute, with steam of so many pounds pressure per
square inch. They knew nothing of cylinders and steam pres-
sures, but as long as the term ‘‘horse-power’ was one of
definite meaning, they could understand that. Watt ascer-
tained, therefore, that a good London horse could go on lifting
otie hundred and fifty (150) pounds over a pulley at the rate of
two and ome-half (25) miles an hour, or two hundred and
twenty (220) feet per minute, and continue the work for eight
(8) hours a day. Now the mechanical work done in this case is
the samme as lifting 220 times the weight through the ;1 part of
the distance in the same time, thus:

5280 X 2.5 = 13,200 feet traveled per hour,

_ 13,200 _ ;20 feet traveled per minute,

220 X 150 = 33,000 pounds lifted one foot high per minute, or
33,000

= — 350 pounds lifted one foot per second.

This experiment resulted in his taking as a unit of power
33,000 pounds lifted one foot high in a minute, which is the
same as a force of 550 pounds acting with a velocity of one foot
per second. He called this manifestation one Lorse-power.

This power he guaranteed to all his early engines, so that the
purchaser, having one and a half times the power of a good
horse, should not be in a position to complain of the engine as
being inadequate.

This standard, or unit of power, has been retained to the
present day to express a hiorse power. In his own practice he
obtained an effective steam-pressure, including the vacuum, of
course, (for he used steam but little above the atmospheric pres-
sure, ) of seven (7) pounds per square iuch; and he found that his
piston speed was about one hundred and twenty-eight (128)
times the cube root of the stroke of the cylinder in feet per
minute, being one hundred and twenty-eight (128) feet for a one
foot stroke, and two hundred and fifty-six (256) feet for an eight
(8) foot stroke, It became his habit, therefore, to estimate the
power of his engines, and as he took good care to conformn to
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his actual practice, his estimates were always very near the
mark.

‘At the time Watt introduced this measurement, steam was
used only at the atmospheric pressure, or (14.7) 15 pounds on
the square inch, of which 4.7 pounds was considered to be lost
by imperfect condensation, and three pounds by the friction of
the engine, leaving, as before stated, seven (7) pounds for
effective steam-pressure upon the piston. The speed of piston
employed averaged two hundred and twenty (220) feet per
minute. :

Watt then calculated the power of his engine by multiplying
the square of the diameter of the piston in inches by the cube
root of the stroke in feet, and dividing the product by sixty (60).
Tlis rule would give a horse power for about seven (7) pounds
per square inch of piston, supposing it to move at one hundred
and twenty feet per minute.

When Watt first used the term horse power for raising coal
and pumping water, it meant work actually done in the pumps,
etc., not the work done by the steam.

To determine the horse-power of an engine, Watt, and those
who immediately followed him, supposed every square inch on
the piston to be able to lift a weight of seven pounds; and when
doing this work, it was found that the piston would move
through two hundred to two hundred and fifty-six feet a minute
in a double-acting engine. ‘T'he area of the piston in square
inches multiplied by seven pounds, multiplied by the number
of feet traveled through per minute, divided by thirty-three
thousand (33,000), was called a horse-power. It is curious to
observe that the seven pounds mentioned here were not sup-
posed to be seven pounds of mean steam pressure on the piston,
but seven pounds of pressure actually transmitted through the
pump-rods, and was equivalent to considerably more than seven
pounds of steam-pressure, for all the friction of the machine had
to be added, as well as the power required for the air pumps, etc.

Smeaton considered that in his improved engines of New-
comen’s type, which preceded Watt’s, while his mean steam-
pressure was 10.5 pounds, 1.74 pounds or 16% per cent. of this
was exerted in overcoming friction. Now it means the work
done by the steam; from this the friction of the moving parts .
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must be deducted before we get at the power transmitted through
the shaft.

All of Watt’s calculations were made accordingly, and thus
at its first introduction the term ‘‘nominal horse-power”’ really
meant something which bore a fixed relation to a real horse-
power, and at the time, the use of the term was found not only
convenient but almost indispensable.

At the present day, pressures are employed as high as five
hundred pounds per square inch, and instead of piston-speeds
of one hundred and twenty-eight times the cube root of the
stroke, the length of stroke is now known to have but little in-
fluence on the speed, and we have many engines running at six
hundred times the cube root of the length of their stroke, in
feet per minute.

Originally, the number of horse-power defined at once the
size and the power of an engine; but when a variety of steam-
pressures and speeds came to be employed, the same expression
could no longer answer both purposes, and a distinction was in-
troduced, which still prevails, between the nominal and the
actual horse-power; the former being applied to the size of
engine, irrespective of the pressure or speed employed, and the
latter to the power which they exert.

The term nominal horse-power has, moreover, acquired a
variety of significations in different localities, and it has become
difficult to tell, in any case, precisely what is meant by it. In
fact, it is merely an expression for the diameter of cylinder and
length of stroke, or a measure of the dimensions of an engine,
without any reference to the amount of power actually exerted
by it.

The term nominal is now commonly confounded with the
term commercial as applied to the horse-power of engines, and
the name theoretical horse-power is substituted to represent the
received scientific horse- power of 33,000 foot pounds lifted one
foot high in one minute.

In the present advanced state of engineering the term nominal
horse-power is seldom used; engineers, although employing the
term, do so with mental reservation, or at least mentally define
it in consideration of pressure per square inch, area of piston in
square inches, and velocity of piston in feet per minute.

7
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Work is done when a force overcomes resistance through any
space. For instance, the force of gravity acting on a mass of
one pound of anything is commonly called a force of one pound;
and if the weight be allowed to move downwards any distance,
whether we still hold it in our hand, or allow it to fall freely
vertically, or down a curve or an inclined plane, so that there
is always a distance traversed by it in a vertical direction, the
Jorce of gravity is said to do work. Again, in lifting a weight,
we do work, for we overcome the force of gravity through a
distance. Pressure in a boiler does no work on the shell, but
the steam, if properly directed, will do work. Pressure on a
piston does work when the piston yields to it. 'This work,
divided by the time in which it is executed, gives the power.

Work is, therefore, the product of three simple elements,
Jorce, velocity and fime, as has been already stated.

Power is the product of force and velocity; that is to say, a
force multiplied by the velocity with which it is acting is the
power in operation.

The work done by a force is measured by the product of the
force into the distance through which it acts. The unit of
work commonly employed is the work done by gravity on the
mass of one pound in falling through one foot, and is commonly
called a foot-pound. A force of fifty pounds acting through a
distance of four feet is said to do:

50 X 4 = 200 foot pounds of work.

The number of units of work performed in a given time, say
one minute, is a measure of the efficiency of the agent em-
ployed.

Man-power.

Man-power is a unit of power, established by Morin, to be
equivalent to fifty foot-pounds of power, or fifty effects; that is
to say, a man turning a crank with a force of fifty pounds and
with a velocity of one foot per second is a standard man-power.
An ordinary workman can exert this power eight hours per day,
without overstraining himself.

Horse-power is a unit, as before stated, of power established
by Watt, to be equivalent to a force of five hundred and fifty
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pounds acting with a velocity of one foot per second, which is
the same as a force of thirty-three thousand pounds acting with
a velocity of one foot per minute. That is to say, one horse-
power is five hundred and fifty foot-pounds of power or effects,
or eleven man-power of fifty effects each. The product of any
force in pounds, and its velocity in feet per second, divided by
550, gives the horse-power in operation.

In Watt’s rule for horse-power is given a velocity of only one
foot per minute, which is equal to two-tenths (0.2) or ¢ of an
inch per second—about the velocity of a smail. The force
corresponding to this velocity is 33,000 pounds, or about 15
tons, which is too large for a clear conception of its magnitude,
and a horse can never pull with such a force. A horse can pull
550 pounds with a velocity of one foot per second, which is the
most natural expression for horse-power. This expression is
used on the continent of Europe.

FOREIGN TERMS AND UNITS FOR HORSE-POWER.

: English n English
Countries, ‘Terms. saAaafionY Unit. Equivalent,
English. . . . . [Hors 3 Hor: 3 foot-pound: 550 foot-pounds.
French . . {Force &le cheval. Force-ﬁorse. 75 kilogr.-metres. |542.47 foot-pounds.
German, . {Pferde-kraft. Horse-force. |3513 Fuss-pfunde. |582.25 foot-pounds.
Swedish. . |Hist-kraftl, Horse-force. (600 skal-pund-fot. [542.06 foot-pounds.
Russian. ... . Sul-lochad. Force-horse.  (sso Fyt-funt. 550 foot-pounds.

An engine which raises 550 pounds through one foot in one
second is said to accomplish one horse-power.

When absolute horse-power of a steam engine is required, the
‘“ Indicator”’ is attached to the engine cylinder so as to be in
communication with each side of the piston, and the action of
the steam in the cylinder is registered on a piece of paper called
a card or diagram, from which the average steam-pressure on
the piston can be calculated.

Example.—A steam-engine the area of whose piston is 4 =
110 square inches, the mean pressure on the piston by the in-
dicator diagram is p = 50 pounds per square inch. Now the
product, 4 p = 110 X 50 = 5500 pounds, expresses the whole
pressure on the piston; this multiplied by the length of the
stroke, L = 2 feet, will give 5500 X 2 == 11,000 foot-pounds,
the amount of work done in one stroke of the piston; and this
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product multiplied by the number of strokes, s = 10 in one
second, gives:

ApLs=110X 50 %X 2 X 10= 110,000 foot-pounds done by
the steam in one second of time; this divided by 550 gives the
horse-power; hence the expression:

b B ) RO I S PR TEL B o horse-power.

550 550
Duty.

In large engines, especially pumping engines, the term
““duty” is a measure of their efficiency, and is applied to indi-
cate the number of mz//ions of pounds raised through a height
of one foot by the burning of one hundred pounds of coal—in
England one hundred and twelve (112) pounds is used. But
this measure, though suitable for estimating the work done by
pumping engines, is not convenient for other purposes, and it
has become the more common practice to estimate the perform-
ance of an engine by ascertaining the number of pounds of coal
burnt per hour for each horse-power at which the engine is
working. This gives a useful measure in small nunbers, easily
remembered.

It was formerly a common performance with steam-engines
to consume from four to ten pounds of coal per hour per horse-
power. In the present state of the arts a first-class automatic
cut-off engine very seldom exceeds the former, and in order to
form an idea of the number of pounds that should be consumed
per hour per horse-power, we deduce the duty of a modern
engine as follows:

Example.—Let the duty be estimated by the burning of one
hundred pounds of coal. Then four pounds do the work rep-
resented by 550 X 60 X 60 = 1,980,000 foot-pounds per hour.
T'herefore one hundred pounds do the work represented by:

1,980,000 X 100

A =— 49,500,000 foot-pounds, the duty of the engine.

This being so, it follows that the duty of an engine which
would produce a horse-power by the consumption of one pound
of coal per hour per horse-power would be four times as great,
or would be represented by 198,000,000 foot-pounds.
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The progress made in the economy of fuel by successive im-
provements in the steam engine may be readily traced by com-
parison of the number of pounds of coal burnt per hour per
Lorse-power.

Thus, in Smeaton’s early engines, on- Newcomen’s principle
in 1775, the consumption was thirty pounds of coal per hour
per horse-power. In his later engines it was improved to
eighteen pounds per hour.

In Cornish pumping engines originally the consumption was
eleven pounds, in the year 1811; in 1842, one and three-quarter
pounds; and in 1872, it had increased to three pounds. Itis
said that Watt began with eight pounds and reduced the con-
sumption to three pounds.

Mr. George H. Corliss, in 1878, reduced the consumption of
coal per hour, per indicated horse-power, to one and seven-tenths
pounds; coal per effective horse-power per hour was one and
eight-tenths pounds; duty 109,979,487 foot-pounds for each one
huundred pounds of coal.

Mr. E. D. Leavitt, Jr., about the same time, consumed one
and sixty-three hundreths pounds of coal per indicated horse-
power per hour, and the duty was 111,548,925 foot-pounds for
each one hundred pounds of coal consumed.

Prior to 1860, the average consumption of coal for driving the
best marine and stationary engines was about four pounds per
hour per horse-power, as per indicator diagrams. In 1872 it
appeared, from a comparison of nineteen ocean steamers, that
the consumption had been reduced to an average of two and one-
tenths pounds, being a saving of about fifty per cent., and in
stationary engines the average was three pounds, a saving of
about thirty-three per cent.

One pound of ordinary coal develops in its combastion about
ten thousand units of heat, which, in their turn, represent:

10,000 X 772 = 7,720,000 foot-pounds of work.

This number of foot-pounds represents a consumption of about
one-quarter of a pound of coal per hour per indicated horse-
power; whereas few engines of the present day produce an in-
dicated horse-power with less than fex times that consumption,
or say fwo and one-half pounds of coal.
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Horse-Power by the Indicator.

From the experiments of Watt the standard wnzf of work or
power, as before stated, is one pound lifted twelve inches, or
one pound of force acting through one foot of space, and is
called the foot-pound; and 33,000 foot-pounds, or units of work,
performed in one minute, or 550 foot-pounds in omne second,
make a horse-power.

We have also shown how to calculate the number of foot-
pounds raised by the engine per minute, and if we divide that
number by 33,000 we get the indicated horse-power of the
engine.

If the engine is a single-cylinder one, the indicated horse-
power is:

Area of Cylinder X Mean-pressure X Revolutions X 2 X Stroke
33,000.

If the engine were a double-cylinder one, the power of both
cylinders would have to be added together to get the power of
the engine.

Where there are a number of cards all taken from the same
engine to be calculated out, a further simplification is inade.
Instead of multiplying the area of the piston by 2, and by the
stroke, and dividing by 33,000 each time for each card, we may
find what this sum, which is invariable for each particular
engine, is, and multiply it by the mnean pressure and the revo-
lutions. -‘This quantity is called the Zorse-power constant for the
engine, and is the number of horse-powers which would be ex-
erted by one pound of mean pressure. It is found by multiply-
ing together the area of the piston in square inches and the feet
traveled by it per minute, and dividing the product by 33,000.

In illustration of the above rules, we will compute the horse-
power exerted in the following diagram, taken from the cylinder
of a Corliss engine. ‘The diameter of piston was six inches, the
length of stroke sixteen inches, and the revolutions per minute
108; diameter of piston rod one and one-half inches. What is
the horse-power of this engine by the indicator?

Cylinder, 6 inches diameter; stroke, 16 inches; revolutions,
108; boiler pressure, 70 pounds. To find the mean effective
pressure on the piston, proceed as follows:
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Divide the card into ten equal spaces and measure the length
of each dotted line or ordinate by the scale corresponding to the
spring of the indicator (which in this case is 30 pounds equal
to one inch in height). ‘The sum of the lengths of the ten or-
dinates amounts to 344 pounds, which divided by ten, the num-
ber of ordinates, gives an average mean effective pressure of
34.4 pounds per square inch.

F1G. 11.

v v

To calculate the indicated horse-power, multiply the area of
the piston in square inches by twice the length of the stroke in
feet, and the product by the number of revolutions per minute.
(This product is known as the *‘piston displacement.”) Divide
this product by 33,000 and the result is the ““%orse-power con-
stant,”’ or the power developed for every pound of mean effective
pressure. Multiply the quotient by the mean effective pressure,
(ascertained from the diagram) and the result will be the indi-
cated horse-power. :

The area of the piston = 6 X 6 X 0.7854 = 28.274.”

The area of the piston rod = 1.5X 1.5 X 07854 0.883.
2
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Average area of piston, less one-half area of rod, = 27.391.
(28.274 — 0.883 = 27.391.)

16 X 2 X 108
12

The speed of piston in feet per minute = — 288 feet.

The constant for this engine is, therefore,

HP = 27.391 X 288 0.239, the horse-power constant.
33’m0 :
The mean pressure, as per diagram, is 34.4 pounds, and the
power developed is,

HP = 34.4 X 0.239 = 8.22 horse-power.

Where great accuracy is required in estimating the power of
steam-engines from indicator diagrams, care should be taken to
calculate the power of forward and back strokes separately, as
the mean effective pressures are not always alike.

In this manner the power exerted by an engine may be as-
certained under every variety of circumstances, and also the
power required for every kind of machine.

Measuring the power required by a single machine among
many running in a manufactory requires great care, but can be
done with certainty, even to a small fraction of a horse-power.
It is necessary that every thing should be in the same condition
during the whole experiment. ‘The proper time to test is after
running for several hours, and directly after stopping, when
everything is in the best working condition; say, at noon-time,
First indicate for the shafting 'alone, afterwards put on the
machine to be tested, the power required for which is to be as-
certained; after it has been rumning for a few minutes, and,
finally, after the belt has been thrown off, indicate for the shaft-
ing again. 2

In case the pencil should run over the paper several times, it
should be ascertained if it follows the diagram exactly when re-
moved a little from the paper. The first and third diagrans
(that is the friction diagram of the shafting) should be identi-
cal, and the excess of the second diagram is the power required
by the machinery tested. Care should be observed that all
the diagrams are taken at the same speed of the engine.
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In all cases the greatest pains should be taken to determine
if the diagrams are a true representation of the power exerted.
Se¢ if the pencil will repeat the diagram both when in contact,
and when not in contact with the paper. Often the diagram
will not repeat exactly. Whenever this is the case, the pencil
must be allowed to run over thie paper a sufficient number of
times, and the average of all the figures must be taken as the
true one.

As before stated, the indicator-card is usually run out, or in
other words, the mean pressure of the card is usually ascertained
by reading off with the aid of the scale the different mean pres-
sures on each of the ten spaces; then adding them together and
dividing them by ten, or whatever number of spaces there are.
This is correct, provided each reading is an accurate one. The
following is a far better and easier method: Take a long strip
of paper, say one-half an inch wide, and from 10 to 20 inches
long, according to the nature of the card. Mark a starting
point on the edge near one end. Then lay the strip of paper
along the first dotted line and mark off the length of second
dotted line, then lay it on the second space and add the length
to second dotted line, and so on to the tenth dotted line. By
this means the lengths of each of the ten lines are laid end to
end. If we now take a rule and read off how many inches there
are in the whole length, and divide them by ten, we get the
number of inches in the mean pressure of the whole card.

Generally expressed, we multiply the total number of inches
read off the strip by the scale, and divide by ten.

This is one of the best and safest, if not the very best, way of
finding the mean pressure of a card or diagram; it is certainly
greatly superior to the method of reading off ten different pres-
sures, and adding them together and dividing by ten as hereto-
fore described.

How to Divide a Line Into a Number of Equal Spaces.

A foot-rule or scale is usually divided into inches, halves,
quarters, eights and tenths of an inch; and, when the line
to be divided into a required number of equal spaces is a
multiple of those spaces, it is, of course, easy to divide it.
Thus it is easy, by applying the rule, to divide a line four
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inches long into four inch spaces, or eight half-inch spaces
or sixteen quarter-inch spaces, or thirty-two eighth-of-an-
inch spaces. But, when the line is not such a multiple of
the space, it cannot be divided by applying the rule to it; and
the following method may be used: For instance, a line 43
inches long is to be divided into Zen equal spaces. First draw
a line at right angles to the given line, at one end of it; then
take a strip of paper, and, applying the rule to the strip, mark
off on it Zen equal spaces, which together will exceed the length
of the given line; then place one end of the strip at the open
end of the given line, and carry the other end of the strip up

F16. 12.

a b c a e f g h i m B

until the last point marked off on it touches the right-angled
line, and through the points on the strip draw lines parallel
with the right-angled line to the given line; and the given line
will be divided as required.

Thus let A B, Fig 12, be the given line; draw B D at right
angles to it; the first 10 equal spaces on the rule, which will
exceed the length of 4 B (24 or:2.062) will be ten one-quarter
inches; mark this ten one-quarter inches off on a strip A to C;
place the end A of the strip to the end A4 of the line, and move
up the strip until the point C touches B D, and, through points
1, 2, 3, 4, 5, 6, 7, 8 9, and 10 on the strip, draw lines 4, , ¢, d,
e, /s &, &, 7, and m, parallel with B D; and the line A B will
be divided into ten equal spaces.
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To those who are frequently in the habit of computing the
horse-power of engines from diagrams, this method will be
found very advantageous.

The Planimeter.

In the present state of the arts there is a most ingenious in-
strument called a planimeter, which is now in general use for
finding the mean pressure. ‘This instrument not only enables
one to measure the areas of indicator diagrams correctly, but the

FIc. 13.

mean pressures may at once be read off, without the aid of in-
tricate mathematical calculations. The action of the plan-
imeter is quite simple, as will be readily understood by Fig. 13.

It consists only of two arms, hinged together, and a wheel.
At the end of each arm there is a sharp point. In using the
instrument one of these points is stuck lightly through the
paper, and the other is moved along the line drawn by the indi-
cator pencil, until it has passed entirely around and returned to
the point it started from. Meanwhile the wheel rolls about on
the paper. On the edge of the wheel there are numbers, and
opposite the upper part of it there is a pointer or zero mark.
Wheun the instrument is in position and the engineer is ready to
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move the point along the line, as already described, he reads
the number opposite the pointer. He reads it again when the
pointer comes back to the starting place, and the difference be-
tween the two readings is the area of the card in inches. He
next measures the length of the card by means of a machinist’s
scale, graduated say to hundredths, and he divides the area, as
found by the planimeter, by the length, as found by the scale.
The result is the average height of the card. Multiplying by
the scale of the card gives the average effective pressure.

The planimeter is one of the most wonderful instruments yet
invented. It will find the area of the most irregular card just
as easily and just as exactly as it will find the area of a square.
It is so very simple in construction that it was announced, when
it was first introduced, that there was something mysterious be-
hind it. This is not so, however, for its action can be fully
explained, though not without the use of algebra and higher
mathematics.

Directions for Using the Planimeter.

To find the area of a diagram, place the instrument on the
drawing (whether a plan or indicator diagram), in about the
position shown, that is to say, so as to allow perfect freedom of
motion in every direction in which it is necessary to move; sink
the needle-point 2P a little so that the needle will remain fixed,
and place the weight upon it.

Then place the point of the tracer, 7, upon any given point,
say Q, of the outline of the figure to be measured, and either
adjust the wheels to their respective zeros or take a first reading
where they happen to stand; follow the outline of the figure
carefully with the tracer-point, moving in the direction taken
by the hands of a watch, returning to the starting point, Q;
then the index must be read. .

Having started from zero, suppose we find that the highest
figure on the roller wheel, 2, that has passed by zero on the
vernier is 2, which in this style of planimeter represents units,
and we find the number of intermediate graduations that have
also passed zero on the vernier to be 4, then we find the number
of the graduation on the vernier, £, which exactly coincides
with a graduation on the wheel, to be 8; then we have 2.48
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square inches as the area of drawing. If we start with an old
reading, instead of from zero, the first reading should be de-
ducted from the second reading, then the dzfference represents
the area of the drawing. If the amount of the first reading
should exceed that of the second, 10 should be added to the
second reading before subtracting. If the figure is drawn to a
scale, multiply the result by the square of the scale for the actual
contents of the surface which the drawing represents. If itis
an indicator diagram, and we have found the areas, as per above
directions, to be 2.48, divide this by the length of the diagram,
which we will assume to be 4 inches, and we have 0.62 inch as
the average hieight; multiply this by the scale or number of the
spring, which in this instance we will call 40, and we have 24.8
pounds as the average pressure per square inch on the piston.

Fi6. 14.

Al

When a set of diagrams are taken, which are of the same
length, it is only necessary to multiply the area in square inches
with a co-efficient obtained by dividing the ‘‘scale’ with the
length in inches. ,

For instance:

Area = 3.80 square inches

Length of diagram = 4. inches

Scale = 30. pounds per square inch

3% — 7.5 co-efficient

3.80 X 7.5 = 28.5 pounds per square inch.

In calculating the power from diagrams of condensing
engines, it is usual to measure the area above and below the
atmospheric lines separately. ‘This method gives the value of
the average vacuum obtained, and thus indicates the extent to
which the back pressure is reduced below atmospheric pressure.
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pounds of force exerted in one minute. This divided by 33,000,
gives the number of horse-power. It is to be observed, that in
this calculation force and distance are treated as convertible.
However extremely unequal, as in Fig. 17, the pressures may
be at different points of the stroke, these are all reduced to an
average pressure, which is conceived to be uniformly exerted
throughout the stroke. Then, finally, all the power exerted in
a minute is conceived as a certain number of pounds of force
exerted through omne foot.

The above calculation gives what is called ‘‘the indicated

F16. 17.

D
0.72 0" ;

Y- v

power” of the engine—not the gross power exerted by the
engine. ‘The included area of the diagram represents only the
difference between the opposing forces which act to produce and
to resist the motion of the piston. The force of the steam must
in all cases be first applied to overcome what is called the back
pressure. In a non-condensing engine this must be at least the
pressure of the atmosphere. It is always, in fact, more than
this, by the amount of force that is required to expel the ex-
haust steam through the port, passages, and pipe, against the
resistance of the atmosphere. Sometimes the excess of back
Pressure above that of the atmosphere is scarcely preceptible, as



112 THE STEAM-ENGINE AND THE INDICATOR.

in diagram Fig. 18. In badly constructed engines, on the other
hand, the force required for this purpose may be very great, as
in diagram Figures 14 and 15, which are almost too bad in this
respect to be credited, but the writer has the originals in his
possession.  ‘T'he usefulness of the indicator in revealing defects
of this nature can hardly be estimated. ILocomotives were run-
ning before the introduction of indicators, for high speeds some
twenty years ago, with a back pressure of fen fo twenty pounds
above that of the atmosphere. The office of the condenser and
air-pump is to remove the back pressure, or resistance of the
atmosphere, from the piston of the engine to the piston or

Fi1G, 18.

plunger of the air-pump; by which means indeed, it is, to the
extent of the vacuum obtained, got rid of altogether, since the
atmosphere exerts there the same force to produce motion in
one direction that it does to oppose it in the contrary one. But
in all cases it is only the net power exerted, after deducting
that which is necessary to overcome the back pressure, as rep-
resented in the included area of the diagram.

A diagram from a condensing or ‘‘low pressure’’ engine
differs from one produced by a non-condensing or ‘‘high-pres-
sure”’ engine, from the fact that in the former the line of back
pressure, instead of being a little above atmospheric pressure.
approaches more or less to that of perfect vacuum.
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In calculating the power from diagrams of condensing or
“low-pressure’’ engines, it is usual to measure the area above
and below the atmospheric line separately. = This method gives
the value of the average vacuum obtained, and thus indicates
the extent to which the back pressure is reduced below atmo-
spheric pressure; see diagram, Figure 19.

F1G. 19.
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Scale: 16 pounds equal 1 inch.

In this the average mean pressure due to the steam was 21 +
21 + 6 = 48 pounds, which divided by 1o (the number of
divisions on the card) equals 4.8 pounds; and the average
vacuum realized was 12 + 12 + 12 + 11 + 9 + 6.5 + 5 + 4.5 +
4 + 2.5 = 78.5 pounds, which divided by 10 equals 7.85 pounds;
showing that the power realized in this case by removing the
resistance of the atmosphere was about six#y per cent. of that
shown by tle indicator, thus:

% =%;_8 = 60 per cent.

In well constructed engines with an early cut-off, the expan-
sion curve, ¢ g, (diagram 19,) will often cross the atmospheric
line, 4 D, before the piston has moved half the length of the
cylinder. In such cases as this the mean pressure represented

8
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by the area above the atmospheric line, A D, will be less than
below it, which difference is due to the reduced back pressure
by reason of the comparative vacuum in the condenser. The
above diagram, Figure 19, indicates a large amount of expan-
sion.

Indicated Horse-power.

The indicated horse-power is the power developed by the
steam on the piston of the engine, without any deduction for
friction. ‘The indicated horse-power is calculated from the
diagram or cards taken by the application of the indicator to the
steam engine cylinder. It is the total unbalanced power of an
engine employed in overcoming the combined resistance of
friction and the load.

Effective Horse-power.

The effective horse-power is the actual and available horse-
power delivered to the belt or gearing, and is always less than
the indicated, from the fact that the engine itself absorbs power,
due to the friction of its moving parts.

Engine Friction.

The power absorbed in driving an engine against its own
friction is a most variable quantity. With a good and well
constructed engine having ample bearing surfaces, efficient
means of lubricating them, and valves nearly balanced without
over-complication, the friction may not exceed fen per cent. of
the indicated power. But in badly constructed engines the
friction may be nearer fifty per cent. In the case of an engine
having ordinary unbalanced slide valves, it is probable that
quite one-third of the whole frictional resistance is due to the
valve cut-off. The heat due to the internal engine friction—
that is to say, the friction of the valves and piston—is imparted
to the steam, and either the whole or greater part of it is carried
to the condenser or atmosphere with the exhaust steam.

The power absorbed in overcoming friction is not only wasted,
but it is wasted in wearing out the engine.

In the diagram, Figure 11, the calculation gave what is called
the indicated power, that is, the effective available power of the
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engine. It does not show the gross or whole power of the
engine. ‘This gross power is reduced to effective motive power
in three ways, namely:

First. In expelling the steam left in the cylinder at the end
of the stroke, the expelled steam carrying its keaf with it to the
atmosphere in a non-condensing or ‘‘high-pressure’” engine,
and to the condenser in a condensing or ‘‘low pressure’’ engine.

Second. In compressing the steam in the cylinder after the
exhaust-port is closed, but as this steam is again used after com-
pression, the power used in compressing it is not necessarily
wholly wasted.

Third. Inovercoming the friction of the moving parts of the
machinery, including, in locomotives, the friction on rails, and,
in stationary engines, the friction of the belt or gearing.

The effective, available motive power will therefore vary in
proportion to the power lost through these reducing causes.
The less power required to expel and compress the steam left in
the cylinder and to overcome the friction, the greater will be
the effective motive power, and zice versa.

In calculating this power, however, from a diagram, only the
first and second of these causes are, or can be, considered.

The piston of an engine is always acted upon by two oppos-
ing forces, one propelling and the other repelling, and the
difference between them is what in practice is called the effective
motive force or power.

The propelling force must, of course, in all cases be suffi-
cient at least to overcome the repelling force or back-pressure.
This back-pressure, as will presently be seen, is always greater
in non-condensing or ‘‘ high-pressure’’ engines, than in con-
densing or ‘“‘low-pressure’ engines. In the former the pro-
pelling steam left in the cylinder at the end of the stroke (that
is, the exhaust steam) escapes, or is expelled into the air; in
the latter, into the condenser. In the former the back-pressure
must necessarily be at least the pressure of the atmosphere,
which averages about fourteen pounds to the square inch (see
Fig. 11), but it is always greater than this, because of the fric-
tion of the exhaust steam in the ports and pipe connections, and
in badly constructed engines it is much greater. In condens-
ing, or ‘‘low-pressure’’ engines, the back-pressure should
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always be less than the pressure of the atmosphere, depending
upon the approximation to vacunm obtained in the condenser.

In the diagram, Fig. 20, taken from a non-condensing engine,
it will be seen that the back-pressure line, g 4 4, is considerably
above the atmospheric line, A4 D, indicating excessive back-
pressure.

Excessive back-pressure in a non-condensing engine is cansed
by, or results from, too great impediment to the escape of the
exhaust steam, and in condensing engines to imperfect vacuum
in the condenser. The value of the indicator in revealing de-
fects of this kind cannot be overestimated.

FI1G. 20,
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The difference between a non-condensing and a condensing
engine is, as has been seen, that in the former the exhaust
steam escapes or is expelled mote or less directly according to
the construction of the port-passages and pipe connections into
the air, and in the latter into the condenser.

In the former the back-pressure is the pressure of the atmos-
phere increased more or less as the escape of the exhaust steam
is more or less impeded. In the latter the back-pressure de-
pends chiefly upon the pressure of the exhaust steam, or, in
other words, the degree of vacuum, in the condenser.
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A perfect vacuum cannot in practice be had—but an average
of about 26 inches or 13 pounds is usually obtained by the gage;
diagrams generally show from 3 to 4 pounds less. ‘T'he approxi-
mation to a vacuum, and corresponding diminution of back-
pressure, are effected in three ways, namely:

First. ‘'The temperature of the condensing water.

Second. 'The pressure of the atmosphere.

Third. 'The friction of the exhaust-pipes and ports.

First. If the temperature should be 32 degrees Fahrenheit,
the pressure would be only 0.085 pounds to the square inch,
and the vacuum as nearly perfect as is obtainable. The con-
densing water is, however, usually taken at 40 to 8o degrees,
and leaves the condenser at from go to 120 degrees, making the
temperature in the condenser gemerally about 100 degrees,
which would give a back-pressure from this cause alone of
about one pound to the square inch.

Second. If the barometer stands at only 28 inches, 13.7 pounds
would be a perfect vacuuin; 30 inches of mercury being equiv-
alent to 14.7 pounds; and if the water in the condenser be at a
temperature of 130 degrees, its vapor will form a resistance of
2.21 pounds; therefore the lowest attainable vacuum would be
but 13.7—2.21 = 11.49 pounds. Whereas, if the barometer
stood at 31 inches, a perfect vacuum would be 15.2; and if the
water was but 100 degrees its vapor would give a resistance of
ouly 0.9 pound, and consequently the highest attainable
vacuum would be 15.2— 0.9 = 14.3 pounds, making a differ-
ence of 2.81, or a gain of twenty per cent.

Tird. 'The friction of the exhaust-pipe and ports will be ex-
cessive, if they are too small, to the same extent as in the case
of non-condensing engines.

The water used for steam engine purposes invariably contains
more or less air, which if allowed to accumulate would grad-
ually destroy the required vacuum. It is necessary, therefore,
to draw off this air as well as the water, and this is done by
means of an ‘‘air pump’’ worked by the engine; and, of course,
the power required to do this, although needfully expended, is
so much power to be deducted from the given power, reducing
the efficient motive power of the engine. The power thus ex-
pended is usually equivalent to from one-half to one pound
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pressure. But it is frequently necessary to raise the condensing
water from a lower level to the line of the condenser, and in
that case the power required to do this work is also power to be
deducted from the gross power, also reducing the efficient mo-
tive power of the engine. In all cases it is only the net motive
power, after deducting the power needed to overcome the back-
pressure, that is represented in the area of the diagram.

The pressure of the atmosphere is usually taken as 15 pounds.
which is too high, being correct only when the barometer
stands at 30.54 inches—a most unusual occurrence; but the
error is unimportant, and it is very convenient to avoid the use
of a fraction, and to say that 30 pounds, 45 pounds, 60 pounds,
and so on, represent 2, 3, 4, 5, 6 atmospheres of pressure.

Mercury in Pounds, and Vacuum in Inches.

TABLE NO. 4.
Inches of Inches of
Mercury. Pounds. Mercury. Pounds.
2.037 I 16.300 8
4.074 2 18.337 9
6.111 3 20.374 10
8.148 4 22.411 11
10.189 5 24.448 12
12.226 6 26.485 13
14.263 7 28.522 14

The principal object of knowing the exact pressure of the
atmosphere is to ascertain the duty performed by the condenser
and the air pump. The temperature of discharge being known,
the pressure of vapor inseparable from that temperature is also
known (see Nystrom’s Pocket Book, page 400). and this being
deducted from the actual pressure of the atmosphere, the re-
mainder is the vacuum in which the water would boil. The
power of the air-pump is shown*in the closeness with which the
vacuum approaches this point.

The vacuum shown by the indicator will generally vary from
that shown by the vacuum gage, when it is constructed with a
glass tube, heremetically sealed at the top; for such gages are
designed to show the variation from a perfect vacuum without
reference to the weight of the atmosphere; but the vacuum
shown by an indicator is affected by all its variations.
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Vacuum Gage.

The common gage for indicating the vacuum of a condenser,
consists of an inverted syphon, or {J shaped tube, the lower
part of which contains mercury, and whose legs have a scale at-
tached to them, divided into divisions 1.018 inches apart, and
indicate pounds pressure, for the reason that the descent of
1.018 inch in one leg, causes a rise of 1.018 inch in the other,
making a difference in the level of the mercury of 2.036 inches,
which corresponds to one pound. One leg, by means of a con-
nection, communicates with the condenser; the other is open to
the air. The mercury stands lowest in that leg in which the
pressure on its upper surface is most intense; and the difference
of level of the mercury in the two legs indicates the difference
between the pressure in the condenser, and the atmospheric
pressure. Mercurial vacuum gages are made, which indicate
directly the absolute pressure within the condenser, by being
constructed like a barometer, having the leg containing the
mercurial column that balances the pressure to be measured her-
metically closed at the top, with vacuum above the mercury,
produced in the usual way, by inverting the tube and boiling
the mercury in it. It is necessary to lay out the scale accu-
rately and have it exactly vertical.

On diagrams representing condensing engines, the line of
perfect vacuum should be drawn at the bottom, and the line of
the boiler pressure, as shown by the steam gage, at the top.
The line of perfect vacuum varies in its distance from the
atmospheric line, or, more correctly, the latter varies in its
distance from the former, according to the pressure of the atmos-
phere, as shown by the barometer, from 13.72 pounds on the
square inch when the mercury stands at 28 inches, to 15 pounds
when it stands at 30.6 inches, and it should be drawn according
to the fact, if this can be ascertained. The engineer should
always have a good aneroid at command.

The principal object of knowing the exact pressure of the
atmosphere is to ascertain the duty performed by the condenser
and air-pump. The temperature of the discharge being known,
the pressure of vapor inseparable from the temperature is also
known, and this being deducted from the actual pressure of the
atmosphere, the remainder is the total attainable vacuum a¢
that temperature.
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As before stated, the areas of the diagram above and below
the atmospheric line, are usually calculated separately, to ascer-
tain how effectually the resistance of the atmosphere is removed
from the non-acting side of the piston, by those parts of the
engine whose function this is. In case of engines working very
expansively, however, the expansion curve crosses the atmos-
pheric line, and sometimes at an early point of the stroke, as in
diagram, Fig. 19. In such cases, the whole space between the
atmospheric line and the line of counter-pressure should be
credited to the condenser and air-pump; not, of course, to be
considered in estimating the power exerted, but for ascertaining
the degree of economy in the consumption of steam, which de-
pends greatly on the amount of vacuum maintained.

The lines having been accurately drawn, as above directed,
ascertain, by careful measurement with the scale or planimeter,
the mean pressure in each division, between the atmospheric
line and the upper outline of the diagram, until this crosses
the former, if it does so. Add these together, and point off one
place of decimals, or divide their sum by the number of
divisions, if there are more than ten, and the quotient will be
the mean pressure above the atmosphere during the stroke.
Then repeat the process for the area between the atmospheric
line, or the expansion curve, after it has crossed this line, and
the lower outline of the diagram. Add the two mean pressures
to ascertain together which will give the mean average pressure
per square inch. ‘Then find the number of square inches con-
tained on the surface of the piston; this latter mnultiplied by the
average pressure as found above, this product by the mean
velocity of the piston in feet per minute, and divided by 33,000,
and the quotient will be the gross indicated horse-power ex-
erted; or the power represented by the two areas of the diagram,
above and below the atmospheric line, may be calculated sep-
arately. >

The strictly accurate mode of measurement is, to measure the
pressure of steam from the line of perfect vacuum, when the
line of 15 pounds pressure will come a little above the attnos-
pheric line, but it is more convenient, and answers all the pur-
poses of the diagram better, to measure each way from the latter.

The space above the steam line and between this and the line
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of boiler pressure, shows how much the pressure is reduced in the
cylinder by throttling, or by the insufficient area of the ports,
proper allowance being made for the difference of pressure nec-
essary to give the required motion to the steam in the pipe;
whilst the space between the line of counter-pressure and the
line of perfect vacuum shows the amount of resistance to the
motion of the piston.

On diagrams for non-condensing engines, the line of boiler
pressure should also be drawn at the top, and it is well to draw
the line of perfect vacuum also, that the engineer may be able
to see at a glance the quantity of steam consumed, and to com-
pare with it the amount of work done. It is not possible that

FI1G. 2I.
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the back pressure resisting the motion of the piston shall be
less than the pressure of the atmosphere, but it may be a great
deal more; and very frequently in non-condensing engines, the
line of resistance is as much as 2 or 3 pounds above the atmos-
pheric line, though it is quite possible to avoid this excess
altogether, as is shown in diagram, Fig. 18, page 112.

The mean pressure is ascertained in the manner already
directed for obtaining the pressure above the atmospheric line
in condensing engines, and the power is calculated in the same
way.

In the same maunner, on stationary engines, the power shown
by the frictional diagrams can be calculated, and also the va-
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rious powers shown by diagrams, Figs. 17 and 21, taken when
the shafting only was being driven, and when greater or less
proportions of the whole resistance are being overcome; whilst
on vessels, the effects of different depths of immersion can be
determined.

So also the power required in non-condensing engines, to
overcome the resistance of the atmosphere, is readily ascertained.

It often happens, in non-condensing engines working expan-
sively, that the expansion curve falls below the atmospheric

FI1G. 22.
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line, as illustrated in Fig. 17, and the following Fig. 21. In
such cases the enclosed area below the atmospheric line must
be deducted from that above this line, to give the power really
exerted; for it is obvious that dafing the latter portion of the
stroke, while the expansion curve ran below the atmospheric
line, the pressure of steam was insufficient to overcome the re-
sistance of the atmosphere, which was then exerted, in that
degree, to retard the motion, and this deficiency must be made
good during the earlier portion of the stroke.

Generally, engines will give the same figure at each revolu-






CHAPTER VIIL

DIAGRAMS SHOWING THE ACTION OF STEAM IN A STEAM—-
ENGINE CYLINDER.

SOME of the disturbing causes on diagrams of a steam-engine
which make the real differ from the ideal form of the diagram,
have already been considered incidentally. At present the
more important and usual of these deviations, are to be classed
and considered in detail.

These causes affect the power of the engine, as well as the
character and shape of the diagram.

The indicator diagram 1is, of course, the key to the action of
the steam in the cylinder. A part of the work performed by
the steam is spent in overcoming the friction of the engine
itself, and consequently, the efficiency of the engine is most
fairly tested by the amount of external work absolutely per-
forined against a brake or otherwise.

Where the efficiency of the steam alone is concerned, how-
ever, the diagram is the only true criterion; and it will be nec-
essary to deal with its theory carefully to prevent misunder-
standings, which are frequent in practice.

The Action of Steam in the Cylinder.

The action of steam in any steam-engine cylinder is best
understood from a diagram representing the varying pressures
and volumes through the stroke.

An Ideal Diagram.

Such a diagram is usually obtaited by an indicator applied
to the cylinder, and in such case the pressures shown are
actually those of the steam in use. For purposes of comparison
and calculation, however, it is more convenient to construct an
ideal diagram, as nearly as possible, such as would be given by
an indicator applied to an engine as nearly perfect as practicable,
working under the same conditions. Such a diagram is shown

(124)
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in Fig. 23, where horizontal distances represent volume and
vertical distances pressure.

The several lines on the ideal diagram will be designated
here, reference being had to this diagram.

The base lines of the theoretical diagrams are as follows:

The Atmospheric Line.

When the atmosphere has free access to both sides of the pis-
ton of the indicator before steam is admitted, a straight line, 4
D, will be drawn by applying the pencil to the moving paper;
this line is called the line of atmospheric pressure, or zero, on
the steam gage. From this line we measure pressure for non-
condensing engines.
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The atmospheric line should not be taken until after the rest
of the diagram has been completed; because as the parts become
warm by the steam, slight variations occur in its position, de-
pending principally on the alteration in the force of the spring;
and since this line serves as the origin from which the pressures
are dated, it is necessary to have it laid down as correctly as
possible.

The Line of Perfect Vacuum.

The line I/ I/ represents it. This line cannot be drawn by
the indicator, but must be drawn by hand, parallel with the
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atmospheric line, and at the proper distance below it to repre-
sent the pressure of the atmosphere, as shown by the barometer,
according to the scale of the indicator diagram. When the
actual pressure is not known, it is to be assumed at 15 (14.7
pounds exact) on the square inch, corresponding almost exactly
with 30 inches of mercury, which is about the average pressure
at the level of the sea. The barometric column falls one one-
hundredth of its height for every two hundred and sixty-two
feet of elevation above the sea level.

The Line of Boiler Pressure.

This line is represented by the letters 2 C, aud is also drawn
by hand, parallel with the atmospheric line, and at the proper
distance above it to indicate the steam pressure per square inch,
as shown by a correct steam gage, measured off by the scale of
the indicator diagram. It can be drawn by the indicator
attached to the cylinder only when the engine is at rest, and
while an equilibrium of pressure is established between the
boiler and cylinder. It is generally somewhat higher than the
initial pressure in the cylinder.

The Clearance Line.

This line is represented by B I} and is at right angles to the
atmospheric line 4 D, and at such distance from %7 m and »,
that the included space, B A V; 2 m and %, correctly represents
the clearance.

This clearance is the cubical contents of the steam-port pas-
sages and the space between the piston and the end of the
cylinder, or head, to which it is nearest at the end or beginning
of a stroke, supposing them, when added together, to be at eacl
end omne-twelfth of the whole cubical contents of the cylinder
for one stroke of the piston, then the distance A4 », would be
made one-twelfth (z) of 7 D. In the diagram, Figure 23, one-
twentieth (v%) has been taken, so that the line A4 , is one-
twentieth (75) of the length of m D. It is necessary to take
these cubical contents into account, for the passages and clear- -
ance must always be filled with steam at each stroke, which is
compressed and expands just precisely the same as the rest of
the steam in the cylinder does after the steam has been cut off.
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It is necessary to draw this line and to add this space to the in-
dicator diagram, whenever the theoretical curve is constructed
to compare with the actual curve traced by the indicator, and
must be reckoned as part of the diagram in calculating the
average pressure, and in producing the theoretic curve, or line
of perfect expansion. The clearance is, however, rarely given,
and it varies in different engines from one to twenty per cent.
of the space swept through by the piston in one stroke. If we
have the drawings of the engine we can calculate it; if we know
the style of engine we can approximate it.

The best method, providing the piston is tight, is as follows:

Put the engine on the center, remove the valve chest cover,
uncover the steam-port on the end where the piston is, fill the
steamn passage and piston clearance full with water up level with
the valve seat; allow it to remain a few minutes, and if it main-
tains its level it is evident the piston is tight; then draw off the
water, measure or weigh it, reduce it to cubic inches, and we
have it exactly. The number of cubic inches of clearance di-
vided by the cubic inches of space swept through by the piston
in one stroke gives the ratio of cylinder capacity to clearance.
This matter will be more fully illustrated hereafter.

Division of the Outline Drawn by the Instrument During
a Revolution of the Engine.

The diagram, Fig. 23, shows all the lines that would be
traced by the pencil of the indicator during one revolution of
the engine, assuming the action of the steam to be nearly theo-
retically correct. In order that the student may better under-
stand the subject matter, the following names have been given
to the lines represented as follows:

The line from 7 to £, the admission line.

The line from £ to ¢, the steam line.

The line from ¢ to g, the expansion line.

The line from g to d, the exhaust line.

The line from d to %, the back pressure, or line of counter pressure.
The line from £ to 7, the compression line.

Of these divisions, the first four are drawn during the forward
stroke of the piston and until it is at, or very close to, the
termination of its stroke, and the last two are drawn during the
return stroke.
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Admission Line.

The admission line, ¢ £, shows the rise of pressure due to the
admission of steam to the cylinder. This line is generally very
nearly vertical, and when this is the case, it shows that steam
of nearly boiler pressure is had at the commencement of the
stroke while the piston is nearly stationary. Should this line
incline forward, as shown in Figure 15, or at £ in Figs. 17
and 29, curve with the steam line the reverse as indicated; or
should this line continue vertically beyond, and then suddenly
drop to the level of the steam line, Fig. 16, it signifies that the
steam is wire-drawn, and cannot keep up the full pressure as
the piston starts forward; but should this line, after projecting
above, be suddenly depressed below the level of the steam line,
vibrating back and forth one or more times on the latter line
with acute angles of return, it may be attributed to the moinen-
tum of the reciprocating parts of the indicator while running at
very high speeds: this will be hereafter more fully explained.

The Steam Line.

The steam line, % e, is traced while the steam is being ad-
mitted to the cylinder, and should be nearly parallel to B C,
and is invariably several pounds pressure below it; this loss in
pressure occurs from radiation and friction in the pipes from the
boiler to the cylinder. This line also represents the initial
pressure acting on the piston up to the point of cut-off, and
should be of unvarying height to show that full boiler pressure
is maintained. It also shows at its termination the point at
which the valve closes, or steam is cut off.

To maintain a proper steam pressure in the cylinder depends
of course, in the first place, upon the amount of steam-port area.
It will be noticed in diagram, Fig. 11, taken from a Corliss
engine, that the piston obtained nearly the full boiler pressure
at the very commencement of thé stroke—the initial cylinder
pressure was g7 per cent. of the pressure in the boiler; while in
the diagram, Fig. 22 (fitted with the ordinary slide-valve and
the steam controlled or regulated by a valve in the steam pipe),
the maximum cylinder pressure reached but 66 per cent. of the
boiler pressure, notwithstanding the slower speed of the engine,
the former making ninety, and the latter but forty revolutions
per minute.
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An important consideration in connection with the admission
of steam is that the maximum cylinder pressure be fully main-
tained until the closing of the valve; in other words, that the
steam line traced by the indicator should, as much as possible,
run in a horizontal direction. (See Figs. 9, 10, 11, 18, and 23.)
To effect this, it is necessary to have the steam-port fully un-
covered early in the stroke, so that the steam can be rapidly
introduced into the cylinder. Referring to the above mentioned
diagrams, we find that the steam-line is kept well up to the
boiler pressure, and this pressure is nearly fully maintained
until the point of cut-off is reached. If we take into considera-
tion the small amount of lead obtained in these cases, we must
attribute the comparative good results solely to the employment
of Corliss and Buckeye valves, which permit—with a smaller
amount of angular advance of the eccentric—a very rapid and
good introduction of steam. In locomotive engines the dia-
grams taken with a high rate of expansion, more particularly at
high speeds, the steam line generally falls more or less during
the period of admission, indicating that the steam-port opening
is too small.

The Point of Cut-off.

This takes place at e. In the theoretical diagram the corner
is abrupt, but in practice it is more or less rounded. The dia-
gram does not always show clearly the exact point where the
convex curve of the rounded corner changes to the concave
curve of the expansion line, but the point of cut-off is properly
located at the point where the direction of curvature changes
from convex to concave.

The Expansion Curve.

This is represented by the line ¢ g, and results from a fall
of pressure due to the expansion of the steam remaining in the
cylinder after cut-off takes place. ‘T'he actual curve, as drawn
by the indicator, will be above the theoretical curve laid down
by the law of Boyle and Mariotte hereafter explained. That
is to say, the pressure is inversely as the volume, and the
curve which expresses the pressure for every point of the stroke
is an equilateral hyperbola. In all indicator diagrams, a mate-
rial difference will be noticed between the true ratio of expan-

9
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sion and the corresponding pressures; the amount of departure
of the actual pressures from the theoretical curve bearing, how-
ever, a certain relation to the degree of expansion, as will be
seen hereafter.

There are various causes which produce this action during
the period of expansion, but their precise influence is more or
less difficult to ascertain. In the first place, leakage at the
valves or past the piston is, of course, calculated to alter the
actual expansion curve.

The effect of leakage, if such occurs, is generally easily de-
tected by the irregular form of the indicator curves. The main
cause of the peculiar action of the expanding steam is, according
to a large number of experiments made, the heat given off by
the cylinder to the contained steamn after its communication
with the boiler has been cut off. This condition is facilitated
by the presence of a certain quantity of water, which at the
commencement of the expansion has the temperature of the live
steam; but as the pressure is reduced in the cylinder this water
will be instantaneously evaporated, and thus abstract from the
cylinder a certain amount of heat. The heat absorbed with
such rapidity is sufficient to raise the pressure considerably
above that which would have existed had no condensation and
re-evaporation taken place. The amount of heat which can be
absorbed depends, of course, upon the difference of temperatures
between the steamn and the metal.

On the other hand, the mean temperature of the cylinder is
influenced by the amount of protection against radiation and
conduction of heat from the cylinder, by the amount of ‘‘ throt-
tling”’ from the boiler to the cylinder, by the extent to which
expansion has been carried, and by the speed in revolutions per
minute.

When the communication between the boiler and the piston
is o, -n, the cylinder will acquiré a temperature practically the
same as that of the boiler pressure, and if the cylinder contained
nothing but dry, or superheated steam, this temperature would
probably be maintained for the greater part of the stroke; but
owing to a certain amount of water which has been deposited
in the cylinder, and which is re-evaporated at the expen e of
heat imnparted to the cylinder, this latter will become materially
cooled by the time the piston has reached the end of the stroke,
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For these considerations the relative effect of the various de-
grees of expansion and of speed will readily be appreciated. As
the degree of expansion is increased the quantity of water con-
verted into steam becomes also greater, necessitating, however,
a larger condensation of high pressure steam during admission;
and the longer the duration of the stroke—in other words, the
slower the engine is running—the more heat will be absorbed
from the cylinder by the conversion of this water into steam.

The Point of Release or Opening of the Exhaust-port.

This is at g, Fig. 23. To provide a rapid egress for the
exhaust steam, and in order that its pressure may be as nearly
as possible at a minimum, after the work in the cylinder has
been performed, it is necessary that the exhaust-port should be
opened before the piston reaches the end of its stroke. The
proper amount of this pre-release depends, of course, upon the
velocity of the piston and the quantity of steam to be discharged,
or the grade of expansion. If, on the contrary, the steam be
confined until the last instant, the back pressure at the com-
mencement of the return stroke will be considerably increased,
or in proportion to the'period of admission. The deficiency of
early release produces in the indicator-curves a sharp corner at
£, at the end of the stroke, as shown in diagrams 11 and 2zo.
It will be noticed, also, that a considerable loss of effective pres-
sure is caused, for the samne reason, as clearly shown by the re-
duction of the area of the indicator diagrams. The amount of
back pressure against the piston during the remainder of the
exhaust, also depends directly upon the amount of release, and,
indirectly, upon the speed of the engine. If the exhaust-port
is not well open at the end of the stroke, it is evident that the
greater volume of the steam must be discharged during the re-
turn stroke of the piston until the closing of the exhaust-port;
but as the piston attains its maximum velocity at half-stroke,
the minimum back pressure above the atmospheric line must
then be greater than it would be under the more favorable con-
dition of premature escape of the steam. Therefore, the non-
telease of the steam before the end of the stroke involves not
only a direct loss of the work done by the steam, as shown by
the corner cut off from the indicator diagrams 11 and 20, but
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its injurious effect is also manifest during the greater part of the
return stroke. ‘The loss of work done through an early release
of the exhaust is more than regained during the return stroke,
the back pressure against the piston becoming reduced to that
of the atmosphere in non-condensing engines. See Figs. g and
18.

The Exhaust—lipe.

It is, of course, desirable that the pressure of the steam be got
rid of as completely as possible before the piston commences its
return stroke. ‘This is accomplished by having the exhaust-
port and passages sufficiently large, and opening the port a
sufficient time before the termination of the stroke, according
to the density of the steam to be released and the velocity of the
piston.

The exhaust line commences at the point of release g, Figs.
18 and 23, where the expansion-curve changes to convex as
the pencil travels to the line of counter pressure, and shows the
fall of pressure caused by the release or opening of the exhaust-
port for the escape of the steam before the forward stroke is
finished, in order to diminish the back pressure. In an engine
in which there is no pre-release (the exhaust port opening ex-
actly at the end of the forward stroke), the diagram during the
return stroke is usually a curve more or less similar to the line
g d, see Fig. 20.

The lower side of the theoretical diagram, Fig. 23, used in
calculations, being the line I V] representing the pressure in the
condenser, or in non-condensing or ‘‘high pressure’’ engines
the atmospheric pressure line, 4 D.

By making the release occur early enough, for example, at
the point corresponding to g, in Fig. 23, the entire fall of pres-
sure may be made to take place towards the end of the forward
stroke, so as to make the back-pressure coincide sensibly with
that corresponding to the line I/ I then the end of the dia-
gram will assume a figure represented by the line ¢ D &, in
Fig. 23, which is usually more or less concave. The greatest
amount of work is insured by making the release take place at
point g, so that about one-half of the fall of pressure shall take
place at the end of the forward stroke, from g to D, and the
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other half at the commencement of the return stroke, as indi-
cated by the curve, D d. 'The line g D dis traced while the
excess of pressure remaining at the point of exhaust is being
released.

Back-pressure, or Line of Counter-pressure.

If the steam used in working engines were unmixed with air,
and if it could escape without resistance, and in an inappreciably
short time from the cylinder after having completed the stroke,
the back-pressure would be simply, in non-condensing engines
(called “%igh pressure engines’®), the atmospheric pressure for
the time; and in condensing engines, the pressure correspond-
ing to the temperature in the condenser, which may be called

F16. 24.
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Scale: 40 equal 1 inch.

the pressure of condensation. 'The mean back-pressure, how-
ever, always exceeds the pressure of condensation, and some-
times in a considerable proportion. One reason for this, which
operates in condensing engines omly, is the presence of air
mixed with the steam, which causes the pressure in the con-
denser, and consequently the back-pressure also, to be greater
than the pressure of condensation of the steam. For example,
an ordinary temperature in a condenser when working properly,
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is about 100 degrees Fahrenheit, to which the corresponding
pressure (absolute) of steam is about one pound on the square
inch. But the absolute pressure in the best condensers is
scarcely ever less than two pounds on the square inch, or nearly
double the pressure of condensation.

The principal cause, however, of increased back pressure, is
resistance to the escape of the steam from the cylinder, by
which in condensing engines, the mean back pressure is caused
to be from omne to three pounds on the square inch, greater than
the pressure in the condenser.

In non-condensing engines, experiments show that the excess
of the back pressure above the atmospheric pressure varies
nearly as the square of the speed; this excess of back pres-
sure is less, the shorter the cut-off is, in other words the greater
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the ratio or grade of expansion; that is to say, the longer the
time during which the expansion of the steam lasts. In cylin-
ders with a mean of 16 per cent. of release, that is, with the ex-
haust port opened when the piston had performed 0.84 of its
stroke—with steam cut off at one-half the length of stroke—
that is, with a ratio or grade of expansion of 2 nearly, and with
a piston speed of 600 feet per minute, being the maximum of
speed in a good engine, the excess of the back-pressure above
atmospheric pressure was about 0.163 of the excess of the pres-
sure of the steam at the instant of release above the atmospheric
pressure. When the pressure falls during expansion, as in Fig.
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24, as low as the return or back-pressure, this exhaust line does
not exist.

When the steam is exhausted below the return pressure, as in
Figs. 17, 21 and 25, and the exhaust line is forced up from x to
/, it indicates a rush of steam from the exhaust chamber back
into the cylinder. ‘This shows that the engine is too large for
the work, and is working at a loss.

When the steain is exhausted at a high pressure, and through
cramped passages, the exhaust line extends over most of the re-
turn stroke, as shown in Fig. 20.

The Back-pressure Line.

This is represented by the line & %, Fig. 23, and is the pres-
sure behind the piston during the return stroke, and is called
back-pressure because it acts in opposition to the return move-
ment of the piston. In diagrams from non-condensing engines,
(commonly called ‘‘high-pressure’’ engines) it is coincident
with one or more pounds pressure above the atmospheric line,
(see diagrams, Figs. 11 and 26) while in diagrams from con-
densing engines (commonly called ‘‘low-pressure’’ engines) it
is 22 or 24 inches of vacuum below, or such a distance below
the atmospheric line as will coincide with the vacuum attained
in the condenser (see diagrams, Figs. 16 and 19). The resist-
ance offered to the escape of the released steam has the effect of
reducing, by a corresponding extent, the effective or indicated
power of the engine. When the steam escapes from a non-
condensing engine, the back-pressure cannot be less than the
atmospheric pressure (14.7 pounds) at the time; and when it
escapes from a condensing engine into a condeunser, the back-
pressure upon the piston cannot be less than the pressure of
vapor existing in the condenser. The excess of resistance over
these limits depends chiefly upon the state of the steam, the size
and direction of the exhaust passages, and the speed of the
engine.

Therefore, the passages and pipes communicating with the
atmosphere should be at least fif?y per cent. larger than the
ports, and as free from angles as possible.

These requirements apply to condensing engines even more
strongly, and in addition the condenser and air-pump must be
able to maintain a proper vacuum.
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The Point of Exhaust Closure.

This is shown at £ in diagram, Fig. 23, and is where the ex-
haust port is closed against the escaping steam. It cannot be
located in all cases very exactly by inspection, for while, like
the point of cut-off and exhaust, it is anticipated by a change
of pressure due to a more or less gradual closing of the valve, it
is not marked by a change in curvature of the line.

The Line of Compression or Cushioning.

This line, when it exists, is formed by closing the exhaust
before the end of the return stroke—for example: at the point
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corresponding to %, on Figs. 18, 23, 26 and 27. A certain
quantity of steam in the cylinder is then compressed by the
piston during the remainder of the return stroke, and the rise
of its pressure is represented by the curve % 7. In the dia-
grams, Figs. 17, 18, taken from one of the most advanced types
of engines, this curve terminates at 7, and represents the mos¢
advantageous adjustment of confpression, which takes place
when the quantity of confined or cushioned steam, is just szi-
cient to fill the clearance at the initial pressure.

If this line should be projected above the initial pressure, and
then suddenly drop nearly perpendicular to the level of the
steam line, thus forming a loop, see Fig. 27, it would indicate
an excess of compression, due to closing the exhaust too soon.
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It is evident that this would be very objectionable, involving a
loss of efficiency. In computing such a diagram, the area con-
tained in the loop X, at the commencement of the stroke, deriot-
ing negative work as it were, should be subtracted from the
total area included in the indicator diagram.

Comnpression, aiso, has a useful effect in the working of an
engine, by providing an elastic cushion, whereby the momen-
tum of the piston and its connections is gradually absorbed,
and the direction of motion reversed without ‘‘thump” or
“shock,” so there is no ‘‘jar’’ from the entering steam when
a new stroke begins. " The proper regulation of compression
serves to make an engine work easily and smoothly, and con-
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sequently reduces the wear and tear of the working parts. The
pressure due to the momentum of these parts will, of course, de-
pend upon their weight and velocity, increasing directly as the
square of the speed. These data being given, the amount of
cushion or pressure required to counterbalance work stored up
in the reciprocating parts, can easily be ascertained. It follows
that the compression should decrease rapidly as the speed di-
minishes, and zice versa.

In-fast running engines, especially locomotives, compression
also serves to prevent waste from clearance. The capacities of
the clearance spaces and the steam-ports are relatively larger
than in most other steam engines, on account of the higher
speed of the former. These spaces must be filled at the com-
mencement of the stroke with high-pressure steam, which is
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obtained either by taking a supply of live steam from the boiler,
or by compressing into the clearance spaces the low pressure
steam that remains in the cylinder at the closing of the exhaust
port. But in the latter process a certain quantity of steam is
saved at the expeuse of increased back-pressuve. It should be
borne in nind, also, that the total heat of the compressed steamn
increases with its pressure, and as this latter approaches the
boiler pressure, the temperature of the steam in compression is
also raised, from that of about atmospheric pressure to nearly
the temperature of the boiler pressure. ‘These changes of tem-
perature, which the steam undergoes, will affect the surface of
the metal with which the steam is in contact during the period
of compression. It follows, of course, that the ends of the
cylinder principally comprising the clearance spaces, acquire a
higher temperature than those parts where only expansion
takes place. This is an important consideration, since the
fresh steam from the boiler comes first in contact with these
spaces, and by touching surfaces which have been thus pre-
viously heated by the high temperature of the compressed steam,
less heat will be abstracted from the live steam, and therefore a
less amount of water be depesited in the cylinder.

Power expended in compression lessens the available power
of the engine without necessarily lessening the efficiency of the
steam. Under proper management, as stated above, the com-
pressed steam gives out during its re-expansion the power
directly expended in compressing it. ‘There is, no doubt, a
somewhat great proportional loss by friction, but to counter-
balance this, the wasteful back pressure is reduced by the
earlier closing of the exhaust.

Tlhe termination of the compression curve should coincide
with the beginning of the admission line, 7 4, see Fig. 23, page
125.

As in expansion so in compression—the actual curve as shown
by the indicator diagrams generally, and more especially those
taken from locomotives, do not coincide with the theoretical
curve. Here again the application of the law of Boyle and
Mariotte, namely, the volume of the retained steam being in-
versely as the pressure, comes nearest to practical results. It
will not be difficult to account for the fact that the indicated
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compression curve should be below the theoretical curve.
During the period of exhaust the surface of the cylinder cover,
piston, and cylinder have become materially cooled. When the
exhaust port closes, the pressure and temperature of the retained
stean rapidly rise, the temperature of the metal in contact with
it rising simultaneously, but owing ‘to the surfaces being large
in proportion to the quantity of stean, a portion of the steam
will be condensed. This loss of compression pressure is at-
tended by a corresponding gam of total useful pressure; thus
the departure of this curve, as well as that of the actual expan-
sion line, below and above the theoretical curves, respectively,
shows a proportional increase of the power exerted by the
~ engine, which is clearly demonstrated by the increase of area
included in the indicator diagrams.

Lead.

Lead means the amount of opening given to the steamn port,
so as to admit fresh steam into the space where the cushioning
is going on, just before the piston comes to the end of the
cylinder. In such a case the valve is said to anticipate or lead
the motion of the piston, and the lead of @ valve may be defined
as the width of opening of the steam port when the piston is at
the end of its stroke.

By giving lead to a valve the boiler pressure is brought
against the piston just as it is reaching the end of its motion in
one direction, and the strain upon the crank-pin is correspond-
ingly relieved. The more rapid the motion of the piston, the
greater the necessity for giving lead, and accordingly we find
that in locomotive engines and the fast running automatic
engines, such as the Porter-Allen, Westinghouse, and others,
the lead is very considerable.

The lead, of which mention has been made, is outside lead,
that is, it relates to the admission of steam, but of course lead
can be given on the exhaust side of the valve, and in that case
it would be called zzside lead.

The lead and the period of admission should be the same for
each end of the cylinder, for each point of cut-off, and, if pos-
sible, in locomotive engines in the back as well as the forward
gear.
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It is found necessary, especially with high speeds of piston,
in order to insure good action of the steam, that the maximum
cylinder pressure should be attained at the very commencement
of the stroke. If the steam-port is not opened until after the
piston has commenced its stroke, especially where there is but
little compression, some appreciable time would be consumed in
filling the clearance space and the steam passages with steam.
In locomotives where the slide valve is worked by the ordinary
link-motion, the steam-port will not open rapidly enough to
enable steam of the maximum boiler pressure to fill the space
after the receding piston, unless the valve begins to open the
steam-port before the piston begins its stroke; that is, before the
end of its preceding stroke. The Baldwin Locomotive Works
allow from 7% (0.0625) to ¥s (0.1875) inch lead according to the
class of locomotives, but in ordinary cases from sz or 0.03125 to
5 or 0.0625 of an inch will be sufficient.

When the maximum cylinder pressure is attained at the com-
mencement of the stroke, the admission line of the indicator
diagram—the piston being at the end of the stroke—will rise in
a vertical line (see Figs. 11, 16, 19 and 23), but if the maxiinum
pressure is not so attained the admission line will deviate
slightly from the vertical (see Figs. 14, 15, and 20).

Lead and compression both regulate the steam admission.
If the clearance space at the beginning of the admission is
already filled with compressed steam, a less amount of lead is
necessary, and vice versa.

In locomotive engines with the shifting link motion, however,
not only the lead but also the compression increases rapidly as
the link approaches mid-gear or half stroke; this is not a draw-
back, as the increased compression is calculated to facilitate
greatly the attainment of the full pressure of steam in the
cylinder at the commencement of the stroke.

Furthermore, it should be rementbered that a good admission
of the steam depends, not only on the amount of lead, but also
on the cominencement of it, or, in other words, on the period
at which the valve opeuns the connection with the steam chest
preparatory to the next stroke of the piston.
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The Mean Effective Pressure.

The mean effective pressure is the difference between the mean
or average propelling pressure, and the mean or average back
pressure. ‘This pressure is best obtained from indicator dia-
grams. ‘T'o arrive at it correctly we divide the length of the
card into ten or more equal spaces so arranged that thereis a
half space at each end (see dotted lines, Figs. g and 11). Ten
is a convenient number, but this is immaterial; any other num-
ber may be used; the more numerous the spaces, of course, the
greater the accuracy.

The Terminal Pressure.

This term is sometimes applied to the pressure at the exhaust
point when the steam is released, but as it is an indispensable
factor in the calculations, it is properly defined as the pressure
that would exist at the end of the stroke if the steam had not
been released at that earlier point. A continuation of the ex-
pansion curve, as at g, in Fig. 29, page 145, see dotted line,
will explain the method of finding it; Figs. 9, 10, 11 and 19
show that the exhaust has taken place at the end of the stroke;
hence in those diagrams terminal and exhaust pressure are the
same. ‘This pressure is measured from the extremity of the
curve to the vacuum line, I V] hence it is the absolute terminal
pressure.

The Initial Pressure.

‘The initial pressure is that pressure which acts upon the pis-
ton at the beginning of its stroke up to the point of cut-off, and
is always less than that of the boiler, because as soon as the
steam leaves the boiler it begins to condense and decrease in
pressure. It can receive no more heat from any source, but it
must impart heat to everything, and supply all loss resulting
from radiation. A portion of the steam is always condensed as
it enters the cylinder, from coming in contact with the surfaces
which have just been cooled down by being exposed to the
colder vapor of the exhaust steamn; more especially is this so in
slow-running engines where little or no compression takes
place.
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Initial Expansion.

Initial expansion is the expansion that takes place during the
admission of steam before the steam is cut off. The steam line,
% e, in diagram Figs. 22 and 28 shows considerable initial ex-
pansion, which is desirable in a ‘‘throttling’’ engine; from the
fact that saturated steam becowmes superheated during the pro-
cess of ‘‘throttling;’ but is not desirable in cut-off engines.

Wire-drawing and Throttling.

When steamn is reduced in pressure by passing through a con-
tracted passage, as in a stop-valve partly closed, or in the com-
mon ‘‘throttle-valve," it is said to be ‘‘ throttled,”” and is shown
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by the fall of the steam line, £ to ¢, as exhibited in Figs. 22, 28,
and 6o.

The term ‘“‘wire drawing’’ is almost identical in meaning
with throttling, but refers especially to the slow cutting off of
steam by an ordinary slide valve, the result in the diagram be-
ing a gradual slanting downwards of the steam line until it
passes imperceptibly into the expansion line. Diagram Fig. 28
is an example of this, and the dotted lines show what the effect
of a quick cut-off would accommplish by means of an expansion
valve.

With the ordinary valve-gearing, especially the shifting link
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in common use in locomotive engines, or when a single eccen-
tric connected directly to the valve-rod is used, it is impossible
to obtain an early cut-off without a certain amount of wire-
drawing. If, under these circumstances, an earlier cut-off than
half stroke is attempted, wire-drawing becomes excessive.

The above diagram, Fig. 28, taken from one of the most ad-
vanced types of locomotives, exliibits considerable wire-drawing.
The dotted line shows the pressure that might have been ob-
tained with the samie amount of steam more rapidly introduced
into the cyliuder, indicating a loss from this cause alone of
about fen per cent. of the whole power of the engines.

In fact, wire-drawing is due to the area of the port getting
less and less in area, the steam undergoing a reduction of pres-
sure owing to frictional resistance it has to overcome. This
phenomenon is called wire-drawing, or more properly by the
French, lamination of steam.

Diagram, Figure 28, is worthy of study and emulation by
builders of fixed cut-off engines, for the locomotive has simply
a fixed cut-off engine, variable by hand. But so long as fixed
cut-off engines are controlled in speed by the present system of
governor, which, as it were, throttles the steamn supply to the
engine in the act of respiration, but little improvement can be
expected in the realized effect of valve motion.

The ordinary.throttling governor is a nuisance that should
not be tolerated by intelligent steam-engine builders, for in the
best forin it robs the steam of fwenty per cent. of its work in
effecting regulation, and the high relative economy of the
standard automatic cut-off engine is entirely due to admitting
steain at or near the boiler pressure, and cutting off the quantity
required to overcome the resistance, instead of wire-drawing the
steam until the mean pressure is equivalent to the resistance
per square inch on piston.

In the locomotive engine, whilst the communication between
the steani-dome and cylinder is not as free with early points of
cut-off as in the automatic engine, the wire-drawing is very
much less than in throttling engines; and if a valve gear be
devised for locomotives which will produce a maximum opening
of steam port for all points of cut-off, then for equal initial
pressures and grades of expansion the economy of the locomo-
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tive and automatic engines (size of cylinder and speed of piston
considered) would approximate.

For a given speed, given load, and given condition of track,
the resistance is represented by a certain mean pressure per
square inch of piston for a single stroke or for any number of
strokes, with the elements affecting the resistance unchanged;
and a nearer approximation of the initial pressure in the cylinder
to that of the boiler, reduced friction in the port opening as the
steam flows in, steam line declining less to the point of cut-off,
earlier cut-off and higher grade of expansion, would improve
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the economy in performance of the locomotive without impair-
ing its efficiency otherwise. It is possible to do all this without
materially altering the existing valve gear.

Modern automatic cut-off valve arrangements are so designed
as to avoid wire-drawing with high rates of expansion; the
commonest and simplest being by means of double eccentrics,
one of which is operated by the governor so as to give a suffi-
ciently rapid and early cut-off; see diagrams Figs. 8, 9, 11 and 18,
which show a perfectly steady steam line up to point of cut-off,
with expansion through the rest of the stroke.

It is an established fact that ‘‘wire-drawing” and ‘‘throt-
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tling” are accompanied by direct loss due to the reduction in
pressure which takes place during the process, and by indirect
waste owmg to the increased proportion of work expended in
overcoming the back- -pressure.

Aside from the economic loss, there is the no less serious ob-
jection to contracted passages, that, as the cylinder pressure is
reduced, (and, therefore, the power of the engine in the same
proportion), a large sized engine becomes only equal to one of
less size, weight and cost, with more liberal steam passages.

Undulations, or Waviness of the Expansion Line.

The waviness sometimes seen in expansion lines is caused by
the inertia of the indicator piston, and in some cases by the use
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of a weak indicator-spring on high speed engines; see diagram
Figs. 29 and 30. The weaker the spring the more rapidly the
steam will compress it, and consequently the greater will be the
velocity of the indicator-piston in rising; but the momentumn
(which is proportional to the square of the velocity) carries the
piston above the point to which the steam pressure alone would
have compressed the spring. When the momentum has been
destroyed by the spring, the spring then forces the indicator
piston below the point where it and the steam would be in
equilibrium, and it is again forced too high. ‘These alternate
up and down movements produced by the momentum, combined
10
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with the lateral movement of the card, give the wavy line, as
shown in Fig. 30.

These lines are of great value, as they show precisely the
degree of suddenness or violence of the action of the indicator.
They may occur at the point of admission, of cut-off, and of
exhaust.

Diagram, Fig. 29, taken from a high speed engine running at
the Brush Electric Light Station, Philadelphia, Pa., in 1882, at
292 revolutions per minute, affords a beautiful illustration of
this action.
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To diminish the extent of these undulations, the spring of the
indicator should be stiff, and its mechanism light. ‘These
undulations when excessive make it extremely difficult to
determine the mean effective pressure from the diagrams when
measured by ordinates. To determine the area it is customary,
and more accurate, to sketch a diagram freed from these undu-
lations, over the actual diagram taken (as represented by dotted
lines in Fig. 30), midway between the crests and hollows of the
waves. 'This is better than drawing a line inclosing the same
area with the wavy line.

Where the fall of the expansion line is a succession of steps
(see diagram, Fig. 31), it shows slight friction in the instrument
and that there is no rise of the pencil; no reaction.
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The Expansion Curve of Indicator Diagrams.

A correct curve does not necessarily show an economical
engine, since the leakage out may balance the leakage in, in
rare cases, and not affect the diagram. But the opposite is
indisputable—that an incorrect curve necessarily, and infallibly,
shows a wasteful engine, to at least the amount calculated upon
the diagram.

As indicator diagrams represent the measure of force or pres-
sure of the steam in the cylinder at every point of the stroke,
the actual card from an engine as compared with the theoretic
diagram (other things being equal) indicates the working value
and economy of the engine.

Therefore, they should truthfully represent the real per-
formance of the engine. Diagrams vary in form, from various
causes; namely, quality or condition of the steam, leakage,
condensation, adjustment and construction; their influence
being most noticeable in the expansion curve. This curve will
not in practice conform exactly to the true theoretical curve.
The termminal pressure will always, under the most favorable
conditions, be found relatively too high, the amount being
greater as the ratio or grade of expansion increases. Where this
is not the case, and the expansion curve of the diagram taken
coincides exactly with the theoretic curve, the conclusion can-
not be otherwise than that the leakage is greater than the re-
evaporation; but in the present state of the arts, there are no
practical means of working steam expansively, and preserving
the exact temperature due to the pressure while expanding.

When the expansion curve falls, throughout its entire length,
below the hyperbolic or theoretical curve, it is evidently due to
leakage. The expansion curve of the indicator diagram in all
ordinary cases terminates above that of the theoretical curve;
in fact sometimes far above it, due to the re-evaporation of the
moisture in the cylinder. - An engineer when indicating an
engine should see to it that the piston and valves are tight.
Unless they are so, the diagram will not indicate what the
engine is really doing, and the engineer cannot ascertain the
causes of any peculiarities in the form of the diagram.



CHAPTER IX.

CORRECT INDICATOR DIAGRAMS.

IN order that the indicator diagrams shall be correct, it is
essential, first, that the motion of the paper drum shall coincide
exactly with that of the engine piston; and second, that the
position of the pencil shall precisely indicate the pressure of
steam in the cylinder.

The first condition is frequently somewhat difficult to bring
about, because it is not only necessary that the beginning and
end of the motions shall be coincident, but that these and all
intermediate points shall be so. Owing to the irregular motion
of the engine-piston, consequent upon the varying angularity of
the connecting-rod, it is generally advisable to connect the
cord in some way to the piston-rod cross-head. If any other
point be chosen, it must be carefnlly seen that the motion given
does not vitiate the diagram.

As the motion of the parts mentioned exceeds in length the
motion of the indicator, it must be reduced in length by levers
of such proportions as may be required for that purpose. For
example: If the stroke of the engine is thirty-six inches, and the
length of the diagram is to be four inches, then the lengths of
levers are as one is to nine, or if only one lever is used, then the
indicator motion must be taken from a point on the lever suffi-
ciently far from its fixed end to obtain the reduced travel
required.

A convenient method to obtain the reducing motion of the
piston for the paper drum of the instrument is by a lever swing-
ing on a fixed centre, and connected-at its free end to the cross--
head of the engine, either by a connecting rod, or a pin on the
free end, working in a slot of an arm secured to the cross-head;
and on this lever a stud is fixed at the proper distance from the
fixed centre (as above shown by calculation), to give the required
motion by transmitting it by a cord to the indicator.

Either of these arrangements is easily made, and they are

(148)
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very convenient, since the motion of the pin to which the cord
is attached is simply a vibrating one, and it can generally be
so placed as to enable the cord to lead directly to the indicator,
in a direction, of course, at right angles to the mean position
of the lever. The cord used should be of braided linen, about
one-twelfth of an inch in diameter. It should be well stretched
before being used, then gone over with a piece of bees-wax, and
afterward with a piece of soft pine wood, with a notch in it,
keeping it well stretched all the time. If the above directions
are not carried out, much inconvenience may be the result. (A
fine piece of piano wire is often used, and is a good substitute.)
Convenient means should be provided for attaching it to, and
detaching it from, the short length of cord on the indicator
paper drum. k

In case of a beam-engine, a point on the beam, or beam-
centre, or on the parallel-motion rods, where these are employed,
will give the proper motion; but care must be taken that the
cord be so led off, that when the engine is on half stroke, it will
be at right angles to whatever gives it motion, a requirement
too often omitted. Afterwards its direction of motion may be
changed as required, care always being taken, however, to use
as few carrying pulleys as possible, and the shortest practicable
length of cord.

It is perhaps needless to say that the reason why the use of a
short direct cord is to be preferred, is that the shorter the cord
the less it will stretch, and guide-pulleys may cause slight ir-
regularities, beside stretching the cord more because of increased
friction and inertia.

The Proper Place to Attach the Indicator.

For great accuracy in fast running engines, the common
practice of connecting the two ends of the cylinder together by
pipes leading to the indicator is incorrect, as the steam pressure
will be seriously diminished by passing through long pipes of
small diameter. ‘Two indicators should always be employed.

In most cases only one is used, but it is always desirable to
indicate both ends of the cylinder as nearly simultaneously as
possible, so as to avoid unknown changes of load while shifting
from one end to’the other. As before stated, it is best to run
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half-inch pipe from each end of the cylinder to a three-way cock
at the middle, where the indicator is to be attached. There
should also be angle stop-valves in the pipe close to the cylinder
ends, the angle stop-valves being merely used to shut off the
additional clearance due to the volume of the pipe. If the
three-way cock is dispensed with and a tee (T) fitting put in its
place, the steam when admitted will rush by the tee (T) outlet
to the other valve before it reacts up the outlet of the tee (T) to
the indicator. If a three-way cock is not used, put two straight-
way cocks as close as possible to the tee (T).

In applying the indicator, especially in high-speeded engines,
the connection should be made at some part of the cylinder
where the steam is as quiet as possible, so that the pressure in
the instrument may be the same as in the cylinder, since, from
the well-known laws of fluids, if the connection be made at a
point where there is a strong current of steam, the pressure in
the ‘indicator will be materially affected. ‘The cylinder heads,
therefore, will be the best place to make the connection, the
hole being drilled for the connection on the opposite side of the
steam-port, and not so low down as to be liable to receive
the water of condensation, as the latter makes the action of the
indicator very irregular. ‘The connecting pipes should be as
short as possible, and no more bends or turns should be used
than are absolutely necessary, so that the pressure may not be
reduced by the friction that these give rise to, and with the
same object the pipe should be of large diameter, say not less
than one-half inch internally.

When taking diagrams they should be repeated several times
in order to obtain a good mean value. It is important to know
the effect of changes which take place in the cylinder during
the motion; the indicator diagrams are best taken on the same
paper, in order to make a comparison.

Those who have never taken indicator diagrams from engines
running at over 300 revolutions per minute, must not think
it is unattended with difficulties. Although these difficulties
exist, they are far from being insuperable. To insure success
under such conditions, the indicator drum must be fitted with
stiff springs, the length of the diagrams must be made very
short, and stiff springs inust be used in the indicator cylinder.
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In addition to these precautions, care must be taken that the
passage between the cylinders and the indicator are short and
as straight as possible, and the indicator must be driven in the
most direct manner that can be arranged, and with the least
possible length of cord, as at high speeds the elasticity of the
cord is a source of trouble.

The circumstances under which the diagram was taken should
be marked upon the card at once, when it is removed from the
drum of the instrument.

Among the facts in regard to which these diagrams will
testify are:

First—All the functions of the valve motion.

Second—Accidental circumstances, such as leaks, contracted
steain passages, defective packing, &c.

Third—The quantity of steam contained in the cylinder at
any moment or point of stroke, throwing light on the amount
of condensation that takes place.

Fourth—The horse-power that the engine is developing.

Fifth—The efficiency of the steam ports and passages for the
admission or discharge of the steam, including the effect of the
condenser.

Sizth—From the air-pump the nature of the performance of
the pump, and the power required to operate it.

Seventh—1It will show the line of pressure in the condenser,
and that of the back pressure in the cylinder, which will always
be less than that shown by the vacuum gage.

FE7ghth—On the steam chest the loss of pressure due to an
insufficiency of area in the steam pipe.

Ninth—On the exhaust pipe to show the cause of excessive
back pressure, whether due to too small an exhaust pipe or port
opening.

Tenth—On the boiler to register the pulsations caused by the
sudden closing of the cut-off valve.

Length of Indicator Diagrams.

In slow running engines, the diagram should be at least four
inches in length, as a long card is better than a short one, when
taken for adjusting valves, because slight variations are rep-
resented at correspondingly greater magnitude. On the other
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hand, and particularly at high speed, long cords will sometimes
introduce errors that should be avoided.

Cards from high speeded engines should not exceed three
inches in length, according to speed and other conditions. It
must be borne in mind that at high speed the inertia of the
paper-drum becomes an important factor, and in long cards this
will affect its correctness.

As I have before stated, the indicator is an instrument by
means of which a steam engine is caused to write on a piece of
paper an accurate record of the performance of the steam that
takes place within the cylinder. It gives a record which to the
uninstructed eye is unintelligble, but by engineers it is looked
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upon as the most reliable statement they can have of the work
done by an engine, inasmuch as it tells at each and every part
of the stroke of the piston what are the effective pressures tend-
ing to produce motion, and what are the back pressures tending
to detract from the effective pressures.

Indicator Diagrams.

Assuming that we have an indicator attached to a steam
engine cylinder, and so connected that the drum containing the
paper is moving to and fro, coincident with the piston of the
engine, if before letting in steam to the indicator or cylinder,
we apply the pencil to the surface of the paper, it will draw
upon the paper a horizontal line, 4 to D, in length propor-
tionate to the stroke of the engine. See Fig. 32.
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Now, if we open the cock attached to the indicator cylinder,
and assume that the engine piston has just commenced to move
from A to D, the indicator piston will also move vertically, and
the pencil will trace the line, 4B, representing the pressure per
square inch of the steam in the engine cylinder.

Assuming that the indicator spring is one which would com-
press one inch for every forty pounds pressure per square inch
acting on the piston, then if there were 100 pounds pressure per
square inch on the engine piston, the pencil would rise two and
a half inches from A4 to B. Now, suppose the engine piston to
have completed its stroke: the pencil having traced the line
B, and the slide valve to have opened the exhaust port so as
to allow the steam to escape, then the indicator piston will fall,
and the line CD will be traced.” On the return stroke, the

FIG. 33.
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pencil would follow the line DA, with the exception of any
diversion caused by steam that might remain in the cylinder in
consequence of the steam not having been perfectly exhausted.
Leaving this out of the question, it would have returned to the
point /), and thence to A thus describing a parallelogram, of
wlich the horizontal line 4D would represent the stroke of the
piston, and the vertical line VB would represent the steam
pressure upon the piston. The area of this parallelogram
would, therefore, represent pounds pressure into feet moved
through by the piston in its stroke, or revolution of the engine.
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Now, for simplicity, suppose that the line 4D, Fig. 32, rep-
resents a foot stroke of the piston of one foot; that the piston
has an area of g9 sqnare inches, and that the line, VB, repre-
sents 100 pounds pressure to the square inch, then we shall have
100 pounds wmultiplied by  one foot, and this equals 100 foot
pounds, which multiplied by g9 square inches (area), will equal
9,900 pounds as the work perforimed by the piston in one stroke,
or half revolution. For both strokes, we have g,9oo multiplied
by two, equaling 19,800 pounds as the force exerted by the
engine through one revolution. If the engine makes 100 revo-
lutions per minute, then 19,800 X 100 = 1,980,000 pounds,

FIG. 34.
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would be the force exerted by the piston of such an engine in
one minute, ‘This, divided by 33,000, gives sixty-horse power,
which is called the gross indicated horse-power.

Diagram, Fig. 32, is one that seldom if ever occurs in practice.
When such are produced, they are only justified by the desire
to obtain the greatest possible power from a given size of engine
withont regard to the highest economy. It will be seen that
steam was supposed to have been admitted during the whole
length of the stroke, and that no advantage whatever has been
taken of the expansive property of the steam.

Diagram, Fig. 33, shows steam used expansively.

Assume the same data as in former case, the 100 pounds pres-
sure above the atmosphere has raised the pencil from 4 to 5;
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also assuming that the steamn has been admitted to the engine
cylinder up to the point ¢, (half the length of the stroke,) and
then cut off by the valve; the steam now in the cylinder begins
to expand, and as it expands it loses pressure. By the time,
therefore, that the piston has arrived at g, from ¢, the steam will
have lost pressure, and the pencil will gradually fall and trace
the curved line e¢g. By the time the piston has reached the end
of the stroke, the pressure will further have diminished, say to
£, and when the exhaust opens it falls down to D.

It will be seen by this diagram that, although only half as
much steam was admitted into the cylinder, as in the case of
diagram, Fig. 32, the area of the diagram is very much more
than half of that of Fig. 32; as a matter of fact, it is about 0.83
of that area, and thus a power 0.83 has been obtained by using

F16. 35.

expansively half the steam that was required in the case of Fig.
32.

As a further illustration, Fig. 34 is a diagram that would be
produced if the steam were cut off when the piston had moved
one-fourth of the stroke. In this instance only one-fourth the
steam required, as for Fig. 32, would be needed; but the total
area of the diagram is about o0.54 of that of Fig. 32, so that
0.54, or more than one-half as much work, is obtained for one-
fourth the steam. ]

Figure 35 is a diagram taken from a Corliss engine 8 inches
diameter and 24 inches stroke; go revolutions per minute.
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Starting from the top corner B, the steam pressure remains
uniform to about point ¢; here the cut-off valve being closed,
the pressure commenced to fall, as represented by the curved
line e g, until it reached the point g, when the exhaust-valve be-
ing opened (allowing the steam to pass into the atmosphere), it
quite suddenly drops from g to D; when the piston begins to
return. ‘There remains a slight pressure in the cylinder, until
the time the piston gets to %, that is the back-pressure through-
out the stroke, so that it keeps the line of the pencil about 0.6
of a pound above the atmospheric line A4 D, until the closing
of the exhaust-valve, which occurs at the point %, after which
time the steam remaining in the cylinder is compressed, raising
the indicator-pencil and forming the curved line % 7.

In this case, the effective work done by the engine is repre-
sented by the area contained within the irregular figure £, e,
g, % and 7 This is after allowing for the back-pressure and
the compression, which are contained between that figure and
the lines 7, 2 and D.

We have now described how a diagram is taken from one end
of the cylinder. To obtain it from the other, all that has to be
domne is to make a pipe connection from the two cylinder heads
fitted with a three-way cock (as before described) and diagrams
may be got on the same piece of paper, and would, if the engine
were perfectly equal in performance at the two ends, be repre-
sented as it was in this case by the dotted line on Fig. 26. The
sum of these two areas will represent pounds pressure through
the length of the stroke of the piston in a whole revolution,
which multiplied by the area of the piston and the number of
revolutions per minute, will give the foot-pounds. This divided °
by 33,000, will give the gross indicated horse-power of the
engine.

Use of the Indicator for Showing the Condition of the

Engine.

The indicator tells us not merely the power exerted by the
engine, but the nature of the faults by which the power is im-
paired. Thus. the shape of the indicator diagram may show
that the steam or exhaust-ports are too small, or that the valve
has not sufficient lead or is improperly set. Let us take, for ex-
ample, the following diagram, Fig. 36.
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When the indicator pencil is at the point £, the engine
piston is at the commencement of its stroke, the paper-drum in
motion. The line is traced from % to e, and thence to g, at
which point the stroke is finished in this direction. At the
point e, the valve closed the steam port, or, in other words, the
steam was cut off, and while the line from e to g was being
traced, the steam pressure in the engine cylinder was expand-
ing, and its pressure consequently decreasing, as shown by the
falling of the line ¢ g. ‘The line from ¢ to g being convex, in-

j 3

stead of concave in shaded diagram, shows that either the slide
valve or the piston, probably both, were not in good order, and
admitted steam during expansion. The fall of the steam line
from £ to ¢ also shows that the steam ports are too small. At
the point g, the exhaust valve is open to the atmosphere, the
steam escapes, the pressure in the engine cylinder falls, and the
pencil descends towards 2. ‘The diagram, as here,given, shows
that the exhaust port is opened too late, for this corner of the
diagram should be very nearly square (see diagram outside of
shaded one). The engine piston now commences its return
stroke, and the line g /% is traced, representing the exhaust line,
and before reaching the end of its stroke, it commences to rise
again at %, thus indicating that there is some pressure arising
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from the compression of the steam and vapor remaining in the
cylinder. 'This is due to the closing of the exhaust port %, be-
fore the end of the stroke, causing the curved line % 7. The
rounded corner at %4 shows that the valve is wanting in ‘‘lead,”
or in other words the steam port was opened too late, as is also
the case at g the exhaust end; in the latter case showing that the
release of the exhaust Steamn is not early enough, and that in
consequence of this the back pressure at the commencement of
the return-stroke is much too high. This shows that the slide-
valve was improperly set, a defect which can be remedied by
shifting the eccentric slightly ahead. This will improve the
exhaust by causing an earlier opening, shown by the dotted
curved line e g”, also causing earlier compression, as shown by the
outside line at the point of compression, as well as the increased
lead and initial steam pressure at B. ‘The power exerted is thus
increased at least ten per cent. with the same amount of steam.
The steam-line should be parallel with the atmospheric line up
to point of cut-off, or nearly so. Should it fall, as the piston
advances, the opening for the admission of steam is insufficient,
and the steam is wire-drawn.

The point of cut-off on all engines should be sharp and well
defined: if otherwise, it shows that the valve does not close quick
enough.

By having an indicator at each end of the engine cylinder,
the back and forth action of the steam in the cylinder is simul-
taneously recorded in the form of a diagram, as before stated, by
horizontal and vertical lines and curves. This diagram com-
prises time of adnission, steam-line, point of cut-off, expansion
curve, terminal pressure, point of exhaust (or relief exhaust)
line, back-pressure line, compression curve, initial pressure and
initial expansion. From these records the total work done by
the steam can be accurately ascertained. Very accurate mens-
urations have.been made by the indicator, but the average area
of indicator cylinders is only about one-half of a square inch,
while that of cylinders indicated may vary from ten square
inches to as many square feet. By the use of the indicator, the
determination between nominal (calculated), indicated (real) and
effective horse-power is found; the variations between which are
very marked.
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The indicator also furnishes one of the data for ascertaining
the power exerted by the steam engine; namely, the mean or
average pressure of the steam during the stroke, on each square
inch of the piston; stated more accurately, it shows the excess
of pressure on the steam side of the piston to produce motion
over that on the exhaust side to resist it; and from no other
source can it be so accurately ascertained.

The pressure in the boiler is readily known, but the steam in
its passage to the cylinder is subject to various losses, such as
wire-drawing, condensation, friction, etc., so that, frequently,
the pressure on the piston does not exceed two-thirds of that on
the boiler.

The Geometry of the Indicator Diagram.

It is now generally admitted that the true curve traced by the
pencil of the indicator, when the steam is expanding in the
cylinder, is hyperbolical; and as the remainder of the penciled
figure is a portion of a parallelogram, the curve is the only
geometrical question to dissect. When the pencil was station-
ary, the atmospheric line 4 22 (in Fig. 34, page 154) was drawn
straight, from the fact that there was no steam pressure to move
the indicator piston; but when the steam pressure acted on it,
the pencil rose vertically to B. At this point the indicator paper
drum commenced to move, and therefore, as the pencil was
maintained at this height by the steam pressure acting on the
piston during the steam supply, a straight horizontal line was
traced from B to e; at ¢, the steam was cut off from the cylinder, -
and the expansion of the steam enclosed in the cylinder com-
menced, due to the forward motion of the engine piston, and the
steam pressure gradually commenced to fall as the paper drum
of the indicator moved forward. coincident with the engine
piston, and the indicator pencil described a curve as it descended,
until reaching the point ¢ below the atmospheric line. At this
point the paper drum stopped, from the fact that the engine pis-
ton had reached the end of its forward stroke, and the pencil con-
tinued to fall at right angles to the steam line £ ¢, until the
vertical line D V' was traced, the point 7 indicated the amount
of vacuum attained in the cylinder; the pencil then became sta-
tionary, from the fact that the atmospheric pressure forced the
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indicator piston down and kept it in that position while the
vacuum was maintained, as firmly as the steam held it up dur-
ing the time the steam pressure was acting on the piston. From
this it will be seen that the indicator pencil is always motionless
when the fic/l pressures are acting on either side of the indicator
piston. When the pencil stopped at I, the paper drum com-
menced to move in the opposite direction, and thus the line 771/
was traced, at the end of which the paper drum again stopped,
and when the steam was admitted again into the cylinder the
pencil instantly rose, and completed the line I” B, thus forming
the theoretical diagram, Fig. 34.

The movement of the pencil is therefore instantaneous, verti-
cal from "to B and D to I] ¢ g is a gradual descent, while £ ¢
and V7V have no motion. The line 4 B being the admission,
% e steam supply, e g expansion, g I exhaust, J7 }/ continuous
exhaust, and /7 A readmission.

Back Pressure.

If the steam used to run steam-engines could escape freely
without resistance, the back pressure would be simply the
pressure of the atmosphere in non-condensing engines, and in
condensing engines it would be the pressure corresponding to
the temperature in the condenser, which is called the ‘‘pressure
of condensation.”” ‘The mean back pressure, however, always
—sometimes considerably—exceeds the pressure of condensa-
tion. Onmne cause of this, in condensing engines, is the pressure
-of air mixed with the steamn, which causes the pressure in the
condenser, and also the back pressure, to be greater than the
pressure of the condensation of the steam. The ordinary tem-
perature in the condenser in proper working order is about 100
degrees Fahrenheit, for which the pressure is about one pound
per square inch, whilst the actual pressure in the best condenser
of ordinary engines may be scarcely less than 1.15 to 2 pounds
to the square inch. ‘The principal cause, however, of increased
back pressure is resistance to the escape of the exhaust steam
from the cylinder, due to the exhaust pipes being too small,
amounting to from one to two pounds per square inch, greater
than the pressure in the condenser.

There is no doubt that practically in condensing engines, the



CORRECT INDICATOR DIAGRAMS. 161

back pressure increases with the speed of the engine, and also
with the density of the exhaust steam and with a reduced size
of the exhaust ports.

But with a well constructed and proportioned condensing
engine, a gain of about fen pounds or 20.4 inches mean effective
pressure over, that of a non-condensing engine can be effected.

In non-condensation engines, especially in locomotive engines,
the excess of back pressure above atmospheric pressure, varies
nearly as the square of the speed to the pressure of the exhaust
steam at the commencement of the exhaust, and inversely as
the square of the area of the orifice of the blast pipe, that it is
less the greater the ratio of expansion, that it is less the longer
the time during which the exhaustion of the steam lasts, and
that it is increased when the steam is wet. Sometimes the
excess of back pressure above that of the atmosphere is scarcely
perceptible, as in diagrams Figs. 24 and 26. In a badly con-
structed engine, on the other hand, the force required for this
purpose may be very great, as in diagrams Figs. 14 and 84.

II



CHAPTER X.

STEAM EXPANSION CURVES OR PRESSURE OF STEAM IN
CYLINDER.

THE action that takes place in the cylinder of a steam-engine
during the period of expansion is of special importance, for the
purpose of comparing the various theories respecting the action
of the steam in an engine. The essential difference of these
theories consists solely in thie application of several hypotheses
relating to the relative pressures and volumes of saturated steam.
The results of practice show, however, a marked discrepancy
between the theoretical curves of expansion and the actual ex-
pansion line drawn by the indicator, and I will now explain
how they are produced and the cause of their differences.

There are three curves of the hyperbolic form that it is neces-
sary to consider in comparing the lines of indicator diagrams
taken from steam engines.

First—The curve fortned when the expanusion takes place by
the law of gases, known as either Boyle’s law, or the law of
Mariotte, which is stated by Regnault as follows:

*“The volumne of a given weight of a gas, at a constant tem-
perature is inversely proportional to the pressure which the gas
sustains; or, in other terms, the densities of the gas, at the same
temperature, are proportional to the pressure.”” ‘The theory of
the law is, that gas being perfectly elastic, its density must vary
directly, and its volume inversely, as the pressure to which it is
subjected. ‘‘We are accustomed,’’ says Regnault, ‘‘to regard
the law of Mariotte as the mechanical expression of the perfectly
gaseous state.”

The difference between a gas and a vapor is this: A vapor is
a gas near its liquefying point—so that the difference is not one
of composition, but of condition.

Steam is a vapor, and the atmosphere is a mixture of gases.
It is supposed to be impossible, by any simple means now

(162)
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known, either to compress or to cool the gases which form the
air until they become liquid; nor can they be liquefied by both
pressure and cold combined; but steam would very soon become
liquid under either influence. 1

It is necessary to note this difference between gases and
vapors, because they behave differently under similar circum-
stances.

Fi6. 37.
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The relationship which exists between the pressure and the
volume of a gas as above stated was first announced, independ-
ently, in the latter part of the seventeenth century, by the
English philosopher Boyle, and by the French Abbe Mariotte,
namely: that if a gas (not steam, for reasons I will show pres-
ently) inclosed in any vessel like a steam engine cylinder with
a piston 2 (see Figure 37, where its pressure and volume can be
accurately observed), assume the gas against the piston 2 in
space a, to be 100 pounds per square inch, after the piston has
moved one fourth the length of the cylinder. Now, if the
piston move, as represented by 7', the space a 4 will be filled
with gas of a pressure of 50 pounds, or one-half the pressure of a.
Again, if the piston was forced still farther, as shown by piston
£, the original pressure of @ will be one-third, and occupy the
space indicated by a, & and ¢. And when the piston reaches the
end of the cylinder 7, the pressure will be one-fourth. In
accordance with this law a reverse condition exists when the
piston is forced from o to a. That is to say when the volune
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is made one-half, the pressure is doubled when the piston
becomes P', and when it becomes 7, it becomes the original
volume of 100 pounds pressure, the temperature of the apparatus
and the gas being kept the same throughout.

If the pressure and volume vary inversely (for example, if
when you double the one you halve the other), it is clear that
the two multiplied together must always be equal to a constant,
that is, an unchanging quantity, and accordingly Boyle’s and
Mariotte's law is usually expressed thus: ‘‘Pressure multi-
plied by volume equals the constant quantity.” Thus we say
in symbols:

PEVI=Ic}
P = The absolute pressure (measuring from the vacuum line).
v = The volume.
¢ = The constant quantity.

The constant quantity ¢ is known, and whatever change is
made in either pressure 2, or volume z, will produce a change
in the other; namely, volume z, or pressure 7, which may be
found from above equation.

Ezxample.—Suppose the volume v to be five cubic feet, and
pressure P to be one hundred pounds, then:

Pv=100 X 5=j500=c.
Now let pressure 2 become forty pounds, then:
¥ == 500 + 40 == 12.5 cubic feet.

This is a law which holds good with all gases under the fol-
lowing conditions: That they shall be taken at such a tempera-
ture and pressure, that either or both together may be varied
through wide limits without the gas approaching that point
where it begins to condense into a liquid, and that the temper-
ture of the gas shall be kept the same throughout the experi-
ment. When we work with atmospheric pressures and tem-
peratures, we may make wide variations, either way, with both
pressure and temperature, and never come near the liquefying
point.‘ But when we consider steam, we shall find that al-
though in practice it does so happen that when it expands the
pressure follows the above law, we shall also find that the tem-
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perature varies much, and consequently, if we were to put
steam through the same experiments as if it were a gas, we
should find its behavior quite different.

When steam is first admitted into the cylmder at the begin-
ning of the stroke it comes into contact with surfaces having a
temperature much below its own, and a certain proportion of
the steam is thus condensed in raising the temperature of those
surfaces. So long as the inlet port is open, the steam thus con-
densed is made up by an additional supply from the boiler; but
after the cut-off has taken place, the new portions of the cylinder
surface exposed by the piston as it advances have to be heated
by the condensation of part of the steam shut into the cylinder,
and the consequence is that the pressure at first falls in a more

Fi16. 38.

rapid ratio than that due to the expansion alone. As the ex-
pansion proceeds, however, and the pressure falls, the tempera-
ture of the steam becomes lower than that of the internal sur-
face of the cylinder, and then commences the re-evaporation of
the thin film of moisture which has been deposited on the sur-
face during the earlier part of the stroke. The quantity of
steam present being thus augmented, the pressure becomes
higher than that due to theory by this reboiling. ‘The result of
these operations on the expansion curve drawn by the indicator
is to cause it at first to fall below, and subsequently to rise
above the theoretical expansion curve, as will be seen by the
above diagram (Fig. 38).
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The theoretic expansion curve a, e, y, 7, being drawn to coin-
cide with the expansion curve of the diagram at its commence-
ment from the point of cut-off ¢, the expansion curve of diagram
commences at y, to rise to x, near the end of the stroke. This
is due to the hoiling and re-evaporation of the condensed steam
as the piston nears the exhausting point 7 If it were not for
this 7e-reboiling and re-evaporation the .pressure would have
terminated at 7.

The hyperbolic curve &, x, f; g, in dotted line, was drawn to
coincide with the terminal prussure g, I of the indicator dia-
gram.
¢« The phenomenon of a higher terminal pressure, in cylinders
using steam more expansively than the law of the expansion of

Fic. 39.

@©

A

v v

gases could account for, hereafter referred to, was generally ex-
plained, until quite recently, by supposing that the valves
leaked; but when it was found to be universal, and most notice-
able where the steam was most saturated, thoughtful men were
not long in detecting the true cause. The temperature of this
moisture, as it enters the cylinder, is the same as that of the
steam, and being, in great part, relieved from pressure by the
expansion will instantly assume the gaseous form; provided the
heat (which must be rendered latent on its change of state) is
furnished. ‘This heat is abstracted from the surfaces with which
the saturated steam comes in contact, and the excess of terminal

ressure above that which should exist measures ¢he heat thus
lost, and which must be regained at the commencement of the
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next stroke from the entering steam as the piston nears the
exhausting point £ If it had not been for this re-boiling and
re-evaporation, the pressure would have terminated at 7.

The indicator diagram, Fig. 39, shows the effect due to a
leaky piston, and exhaust-valve, the indicator expansion curve
falling below the hyperbola, all the way from the point of cut-
off ¢, this latter curve being drawn to coincide with the point
of actual cut-off.

Steam 1nay, in driving an engine, expand under very differ-
ent influences according as the heat lost in working is or is not
returned to it, and the indicator cards that would be given are
known by the names respectively ‘‘ Isothermic or Hyperbolic
and ‘‘Adiabatic.”

When steam expands, and its temperature is maintained by
re-evaporation nearly the same throughout the experiment, the
curve formed is termed by engineers an sothermic one, signify-
ing equal heat. But when it expands and there is no re-evapo-
ration, the curve becomes an adiabatic one. In an adiabatic
curve it is assumed that no heat is lost by the steam while do-
ing work, while in an dsothermic curve, as already shown, the
lost heat is returned by the re-boiling and re-evaporation of the
water condensed in the cylinder after cut-off takes place.

Therefore, when saturated steam, such as is usually generated
in steam boilers, expands while doing work, but meanwhile re-
ceiving lieat, not only equal to the work performed, but suffi-
cient’to convert a portion of the condensed steam into saturated
steamn by the end of the stroke, the expansion curve is zsother-
mal or, approximately, a common ZAyperbola.

This is a very common case, and from the ease with which
calculations can be made in accordance with it, the hyperbolic
curve is, in practice, generally assumed for all engine diagrams,
and when the amount of clearance is known this curve can be
very readily laid down (as will be shown hereafter).

Second.—The other curve, the adzabatic, is produced when
dry, saturated steam in a non-conducting or non-radiating
cylinder is expanding against pressure, or, in other words, do-
ing work without losing heat, in which case pressure varies
(according to Professor Rankine), approximately, as the recipro-
cal of the tenth power of the ninth root of the voluine, or space
occupied; that is to say, in symbols:
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P« v — ¥ nearly.

or more intelligibly.
Po 3.

P = The absolute pressure of the steam.

v = The volume.

« = Infinite, or denotes that one quantity varies as another; as P
varies as {.

This formula means that the absolute pressure 7, existing at
one point of the stroke during expansion, is equal to the tenth
power of the ninth root of the volume o, of the cylinder, includ-
ing clearance at the point of cut-off, divided by the tenth power
of the ninth root of the corresponding volume at the point of
stroke in question, and multiplied by the absolute pressure 2 at
the point of cut-off.

The above formula applies when the initial pressure is not
less than fifteen pounds, nor more than one hundred and eighty
pounds per sqnare inch.

This curve, although useful in certain theoretical investiga-
tions, is of little practical use, because non-conducting and non-
radiating cylinders do not exist.

Third—When dry saturated steam expands, doing work as .
before, but receiving meanwhile, heat to prevent liquefaction,
and the pressure at all points of the stroke is that due to the
volume and temperature of saturated steam, the pressure (ac-
cording to Rankine) varies nearly as the reciprocal of the sev-
enteenth power of the sixteenth root of the space occupied;
that is to say, in symbols:

P « v — }i very nearly.

This curve cannot be laid »down geometrically, but this
equation is very convenient in calculation, because the six-
teenth root can be extracted with great rapidity, to a degree of
accuracy sufficient for practical purposes, by the aid of a table
of squares alone; and by a little additional labor, without any
table whatsoever.

“This formula has been tested for initial pressure ranging
from thirty to one hundred and twenty pounds to the square
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inch, and for grades or ratios of expansion varying from four to
sixteen.”’

It is found in practice that the greatest quantity of work is
obtained from a given quantity of %eat, when sufficient Zeat is
imparted during the expansion, as in the case of steam-jacketed
cylinders, or superheated steam, which prevents any portion of
the steam in the cylinder from falling to water—the fall of
pressure being in this case less rapid, owing to a portion of the
heat converted into work, being supplied by the condensation
of the steam in the jacket.

FIc. 40.
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The Theoretical Diagram.

The diagram, Figure 40, represents a theoretical diagram
with expansion curves produced under the different conditions
before explained.

The adiabatic curve ¢, 1, g, represents the expansion line for
saturated steam, dry on its admission, in a non-conducting and
non-radiating cylinder; the absolute pressure varying inversely
as the tenth power of the ninth root of the volume, or nearly so.

This cannot, as before stated, be perfectly realized in practice ;
and therefore it only represents the limit which practical results
may approach, but cannot attain.

The curve ¢, 2, g, is the expansion line when saturated steam,
dry on its admisson and during its expansion, is prevented from
partially liquefying by means of a steam-jacket supplying heat
through the cylinder. The absolute pressure varies inversely,
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as the seventeenth power of the sixteenth root of the volume, or
nearly so.

This is, probably, the best result actually attainable in prac-
tice with steam that is not superheated.

The curve ¢, 3, g, represents a common hyperbola, the
pressure varying inversely as the volume. To produce such a
curve the steam must contain a little absolute water on admis-
sion, or immediately afterward, and that water must be evap-
orated during the expansion by heat drawn from the cylinder.
This is the form of diagram, as before stated, on which calcula-
tions are most commonly based, and differs but little from the
preceding.-

Therefore, in all comparisons in this series made by the use
of a theoretical diagram, the curve used will be that of a
common hyperbola.

FiG, 41.
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The Theoretical Diagram.

The diagram, Fig. 41, represents the theoretical curve of
expansion, supposing the engine to be perfect.

The horizonal line 717 of exhaust, is supposed to coincide
with a perfect zacuum (the baronietric pressure standing 30.00).
The reason for this is that in inquiring into the action of ex-
panding steam, we must deal with the w/kole of the work per-
formed, and not with that part of it only which is utilized
through the piston-rod. The back pressure is a force which
opposes the advance of the piston. In every diagram the total
amount of work done during omne stroke is represented by the
area, not the figure usually taken by the indicator, but by one
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carried right down to the perfect vacuum line; while another
diagram, taken simultaneously from the exhausting side of the
piston, and bounded above and below by the back pressure and
perfect vacuum lines respectively, would represent the value of
the work wasted thus:

The area of Fig. 43, subtracted from Fig. 42, will give the
amount of work which has been utilized in a perfect non-con-
densing engine,

B

.

This is best understood by placing the one upon the other,
with the vacuum lines in contact, thus: as in Fig. 44.
The diagrams obtained in practice differ from the latter, from

F1G. 43.

the fact that diagram Fig. 43 deducted on account of back-pres-
sure from that of diagram Fig. 44, representing the total work,
is taken from the same side of the piston as the steam line, and
at another time; whereas the opposing force must obviously act
on the other side of the piston, simultaneously with the back-
pressure of the steam which it resists.

The included area of an indicator diagram is commonly sup-
posed to represent the pressure of the piston at each point of
the stroke. A moment’s reflection will show, however, that it
does not. What we, for convenience, call the upper and lower
lines of the diagram, have, in fact, no relation to each other.
To get a correct idea of the nature of the diagram, we must dis-

v
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abuse our minds of the confused notions which result from this
inexact use of language. There is, in reality, no lower line
ever drawn by the indicator. ‘Thereal lower line of the diagram
is always the line of perfect vacuum. During one revolution
the indicator draws, from opposite sides of the piston, the upper

lines of four separate diagrams, and the two which appear to-
gether as parts of the samie outline are the ones which do not
belong together, having no relation to each other whatever.

FIG. 44.

D

V

For example: On the forward stroke a line is drawn by the
indicator, showing at every point the height at which the pencil
is raised by the pressure on that side of the piston upon which
the steam is admitted. Beneath this line, at the proper dis-
tance, let the line of perfect vacuum be drawn, and the extrem-
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ities of the two connected by lines perpendicular to the latter.
We have now a correct and complete diagram of the pressure on
that side of the piston during that stroke.

To illustrate this, we will take diagram, Fig.. 45.

The following diagram, Fig. 46, represents the pressure on
the acting side of the piston during the stroke when the upper
line of that diagram was drawn. !

FI1G. 46.
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The lower line of diagram, Fig. 46, was commenced after the
upper one was finished, and is, in truth, the upper line of
another diagram, of which also the line of perfect vacuum is
the lower line, and which represents the pressure on the same

Fic. 47.

side of piston during the next stroke. Diagram, Fig. 47, drawn
in the manner above directed, represents this second diagram.
We say that this last diagram (Fig. 47,) represents the pres-
sure exerted by the exhaust steam and atmosphere to oppose the
return of the piston; in fact, the piston is always acted upon by
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two opposing forces, of which the difference is the motive force.
At every point in the motion of the piston the motive force is
the difference between the two opposing forces. To ascertain
this, we should, in this case, have the diagram representing the
opposing force exerted simultaneously with the force repre-

FIc. 48.

sented by diagram, Fig. 46. ‘That would be the diagram, the
upper line of which was taken during the same stroke from the
opposite end of the cylinder. Diagram, Fig. 48, it is assumed,
will represent the force which was exerted in opposition to that
shown in diagram, Fig. 47.

Let us now place one of these over the other, their bases and

FI1G. 49.

extremities coinciding, and we obtain Figure 49. So far as one
covers the other, the two forces neutralized each other, and may
be disregarded. The projecting portion 4. B, ¢, ¢, of the first
figure, shows the force applied to the piston at each point in its
stroke, up to the point ¢, to produce its motion, and that ¢
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D, of the second one, shows the force applied to it at each
point beyond ¢, and represents effective pressure opposing the
advance of the piston. The two forces, A, ¢, D, V, V; neu-
tralized each other. 1

Diagram Fig. 49 is the real one, as it shows the pressure act-
ing on each side of the piston. For computing the power ex-
erted by an engine, it makes no difference from which end of
the diagram the compression is deducted, and so, when one does
not care to know the effective pressure on the piston to produce
or to resist its motion at each point of its stroke, or the distribu-’
tion of force through the stroke, the diagram as produced by
the indicator is sufficient. But in the real diagram, Fig. 49,
we see in every case, at a glance, the total opposing forces. We
see to what extent they neutralize each other, at what point of
the stroke they are in equilibrium, and at every other point in
what degree one or the other preponderates. This diagram
(Fig. 49) ought, in fact, to be always drawn, for that described
by the indicator is liable to convey an erroneous impression re-
specting the distribution of force through the stroke, and by
this means only the truth in this respect can be clearly appre-
hended.

A simple and ready method of doing this is the following:
Lay the diagram from opposite ends on the cylinder one over
the other, with the atmospheric lines and extremities of the
diagrams coinciding, against a window-pane. Then trace on
the upper one with a pencil. Every diagram should be carried
down to the line of perfect vacuum; this will represent at a
glance the actual steam consumed, the quantity of heat lost by
conversion into forces that neutralize each other, and the pro-
portion which the heat so wasted bears to that which is con-
verted into effective work.

The Relation Between the Pressure and Volume of Satu-
rated Steam, as Shown by the Indicator Diagram.
Hitherto I have spoken of the expansion of air according
to Boyle's or Mariotte’s law, as in an adiabatic curve, but in
applying the results of experiments on the expansion of steamn
to a practical use, it becomes important to regard the behavior
of that particular substance from another point of view.
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It has been shown that the pressure and temperature of satu-
rated steam rise conjointly, though not in the same degree, and
tables have been formed expressing the relation between the
pressure, volume, and temperature of saturated steam. It will
be borne in mind that steam in contact with the water from
which it is generated is called saturated steam; and further,
that when saturated steam at a high pressure expands while do-
ing work, its temperature falls, and a portion of the steam is
re-converted into water. Furthermore, if we operate with sat-
urated steam at a given temperature and endeavor to compress
it, we may reduce its volume, but we cannot increase its pres-
sure. Each temperature has its own corresponding pressure
(see Nystrom’s ‘‘ Pocket-Book of Mechanics,”’ page 400), which
cannot be varied; and, as I have shown, if the volume be dimin-
ished while the temperature remains constant, the only result
will be that more and more of the steam will be re-converted
into water, the pressure remaining unchanged.

If the relation between the pressure and volume be plotted
out for any given weight of steam, we have a curve, which is
of great value in interpreting the diagrams given by an indi-
cator. It differs from Boyle's and Mariotte’s curve of expan-
sion, it differs from the curve of expansion of superheated steam,
which would be that of a perfect gas; it is a curve furnished by
experimental data, and expresses the conditions which obtain
when saturated steam changes its state of pressure, volume,
and temperature, without ceasing to be saturated.

The table generally used is as above stated, and has been de-
duced from Regnault’s experiments as regards the temperature,
and the volume of steam of the corresponding temperature T,
as compared with that of water of maximum density at 40°
Fahr., is calculated from the formula of Fairbairn and Tate.
The substance being saturated steam, those numbers only are
required for the present example:

By ‘‘specific volume,” or, as it is sometimes termed, ‘‘rela-
tive volume,” is meant the volume of the steam as compared
with that of the water from which it is generated; and since the
nuimbers are large, it is common to reduce them by increasing
the unit of volume fifty times.

Assuming now that we deal with a given weight of saturated
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steam at a steam-pressure of 40 pounds, and a volume 627.91,
and allow it to expand three times doing work. Therefore:

627.91 X 3 = 1883.73 volume.

From the above it is apparent that if the expansion be carried

TABLE NO. 5.

From Nystrom’s *‘ Pocket-Book of Mechanics,” page 400,
Pressure in pounds per] .. |Specific volume of water
square Ex’t(;ch. Temperature Fahrenheit. equals 1 at 40°.
E I v
10 . 193.20 2373.

12 201.90 1994.

13 205.77 1845.5
14.7 212.00 1641.5
20 227.95 1219.7
25 240.07 984.23
30 250.26 826.32
35 259.22 713.8
40 267.17 627.91

to three times the original volume, the pressure will become
about 13 pounds, whereas, according to Boyle’s and Mariotte’s

law, it should be exactly 13.33 pounds (4?0 = 13.33]. There

is, therefore, a small deviation from Boyle’s law in the form of
the curve.

The point to be noticed is that the curve, when obtained,
represents a theoretical indicator diagram. In the present ex-
ample, setting out a number of intermediate points for pressures
at 10, 20, 30 and 4o pounds, and registering the corresponding
volumes, also calling 627.91 unity, we have the following dia-
gram, Fig. 50, where all vertical lines represent lines of pres-
sure, and all horizontal lines refet to volumes, and where the
steam is maintained in its (hypothetical) conditional state by a
supply of heat from without.

Let the horizontal line terminating at g represent the travel
of the piston of an engine which is supplied with saturated
steam at 25 pounds pressure (steam-gage), and let the pressure
be continued constant during one-third the stroke, as indicated
by B e. 'The steam now expands along the curved line ¢ / g,

12
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and its pressure falls to g y, which is a little under 12 pounds.
A full opening is then made to the exhaust; and if the conden-
sation of the steam were instantaneous and perfect, the pressure
would fall to zero, and would remain so during the return stroke:
assuming that the condensation is instantaneous, but that the
pressure falls only 12 pounds below the atmosphere, represented
by line x y, and remains constant until the piston reaches the
end of its stroke.

F1c. 50.
267-71° R&
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The area A B e fg y x will represent the whole work done
in the double stroke, and is contrasted with the area 4 B e m
and x, which represents the work which would have been per-
formed by the same weight of steam if there had been condensa-
tion without expansion.

In 1849 Mr. C. Cowper published a complete diagram of the
expansion of saturated steam, ranging from a vacuum of 13
pounds per square inch, and up to 120 pounds boiler-pressure.
He stated that the diagram was intended to facilitate the calcu-
lations of the amount of power obtained by different methods
of employing steam. There were two scales—namely:

First.—A vertical scale of pressures from zero up to 120
pounds per square inch.

Second.—A horizontal scale of volumes, giving the volume
of the same weight of steam at each different pressure as com-
pared with the water from which it was generated, one division
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on the scale representing 50 units of volume. The general
character of the diagram is shown in Fig. 51, each little square
being further sub-divided into twenty-five squares in the pub-
lished card. ‘The dotted line represents the curve of expansion
from the top of the figure according to Boyle’s law.

FIG. 51.
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As this curve is generally employed for obtaining the normal
or theoretical form of an indicator diagram, the following dia-
grams, which when rightly understood presents a summary of
successive improvements in the steam-engine from the atmo-
spheric engine to the present day.

Fi1Gs. 52 and 53.

The shaded rectangle 4 D m = is the diagram of work done
by a given weight of steam when employed in a condensing
engine with steam at atmospheric pressure. The rectanglar
space z m I V, at the base, represents the loss by imperfect
condensation.

The diagram, Fig. 53, represents the work done when steam
at the atmospheric pressure is expanded fwo and one-kalf times
with condensation, as in Watt’s early engines, before the em-
ployment of high pressure steam.






PRESSURE OF STEAM IN THE CYLINDER, 181

Clearance.

This term includes not merely the clearance proper—the
space between the eylinder-head and the piston at end of stroke
—but also the space of the steam ports. By clearance is meant
the whole space between the piston and the valves, and is a
source of loss which canmnot in practice be entirely avoided. It
is evident that this space must be filled with steam, which ex-
pands, and is compressed, precisely as the rest of the steam in
the cylinder after the steam is cut off, and it is necessary to take
the cubical contents of clearance into account in ascertaining
the volume of steam in the cylinder.

F16. 56.

_

The Effect of Clearance.

The proportion borne by the capacity of the clearance to the
effective cylinder capacity, varies in different engines; it may
be as little as one per cent. or as much as twenty per cent.
The smaller the engine the greater the loss by clearance, and
as it always diminishes the efficiency of the engine, it should
be reduced to the utmost extent practicable.

One of the first things that attracts attention in analyzing an
indicator diagram is that the terminal pressure is usually very
much higher than it would be if found according to rule, by
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dividing the initial pressure by the proportion which the stroke
before cut-off bears to the whole stroke. The reason is that
this proportion does not accurately represent the grade, or ratio
of expansion, for the length of the stroke, multiplied by area
of the cylinder, does not represent the: total space finally occu-
pied by the steam; neither does that portion of the stroke during
which steam is admitted before cut-off represent the whole
initial volume, as the clearance space is already filled with
steam before the stroke commences. This steam in the clear-
ance expands with the admitted steam, and must be taken into
consideration, both before and after expansion. The total
initial volume will, therefore, be the steam occupying the space
in the cylinder passed through by the piston up to cut-off, plus
the steam occupying the clearance space. The final volume
will be the steam occupying the space passed through by the
piston to the end of its stroke, plus the steam occupying the
clearance space. The grade, or ratio of expansion, (the relation
between cut-off and the whole stroke,) will be the quotient
resulting from the division of the latter by the former; in
other words, the quotient resulting from the division of the
whole stroke, p/us clearance by the stroke to apparent cut-off
plus clearance.

For example.—The clearance space for one end of the cyl-
inder of diagram, Fig. 57, is, as has been shown, 0.05, or five
per cent. of the capacity of the cylinder. This is the product
of the area of the cylinder multiplyed by the whole stroke.
Now if the cut-off takes place at quarter stroke, the grade of
expansion is not 1 divided by 0.25 = 4, but:

1 + 0.05 it I.05__35
0.25 +0.05 o0.30 >

It follows that the earlier the cut-off, in such a case, the
greater will be the relative proportion of clearance.

Thus, if the cut-off should take place at one-tenth of the
stroke, in the given case, the grade of expansion would not be
1 divided by 1.10 = 10, but:

1 4+ 0.05 RO, OF e
0.25 + 0.05 o+15 &
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and the conclusion is that when a high rate of expansion (a
very short cut-off) is required, the clearance must be reduced
to the minimum.

While, therefore, an indicator diagram -accurately represents
by its area the work performed, and by its vertical dimensions
the pressure of the steam at each point of the stroke, it does not
accurately represent by its horizontal dimensions the volume of
the steam. To show this, and complete the diagram, a line
V' B must be drawn back of the admission end of the diagram,
at such a distance from it as will accurately represent the clear-
ance space. Thus, in Fig. 57, the shaded part /' B £ o shows
clearance space.

FI1G. 57.
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This modification of the diagram corroborates what has
already been shown—that the loss by clearance is greater in
proportion with an early, than with a late cut-off, because the
earlier the cut-off the greater the proportion of clearance to the
actual work performed. In this diagram the shaded portion is
clearance.

Suppose the stroke to be 20 inches, and the steam cut off
when the piston has moved 2 inches, from o to 2 (Fig. 57), and
the grade should be taken as 42 — 10. This would be incorrect,
for although the steam is cut-off at # of the stroke, the cylinder,
at the point of cut-off, contains not only a volume of steam
equal to # of the piston’s displacement, but an additional
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volume from V to o, equal to clearance capacity. If then the
clearance contains #; of the piston displacement, there would
be in the cylinder, at cut-off; a volume of steam equal to % + 7
or # from B to ¢, and the actual grade, or ratio of expansion,
if continued to g, the end of the stroke, instead of being 20
divided by 2 = 10, would be 22 divided by 4 = 5.

With even this moderate clearance, the utmost possible prac-
ticable grade, or ratio of expansion, in this case, could not ex-
ceed 11; that is 20 inches, plus 2 inches clearance, or 22 inches,
divided by 2 = 11, which would be attainable if the steam
should be cut off immediately after the piston begins its stroke,
so that only the clearance space would be filled with full pres-
sure steam, and the entire stroke performed by and during its
expansion,

The expansion attainable with a given cylinder is controlled
by the amount of clearance, and the character of the steam in
it, as the expansion of steam in the clearance, unless of initial
pressure, lessens the actual expausion arising from a given cut-
off.

It is impossible, in practice, to avoid clearance altogether.
The capacity of ports cannot by any arrangement be reduced to
absolutely nothing, but loss resulting from it nay be reduced,
if not almost entirely obviated, by closing the exhaust valve at
such point in the return-stroke as will cause sufficient exhaust
steam to be compressed, and thus fill the clearance space with
steam of initial pressure. Such steam acts as a constant spring,
giving out in its expansion the force necessary to compress it
again,

The smaller the clearance space the greater will be the pres-
sure from the closing of the exhaust valve at a given point of
the stroke, and the less will be-the area of the cooling surface,
so that the gain from reducing theclearance will be threefold.

In fast running engines the clearance space must be filled
with steam at the commencement of the stroke, by steam equal
to that of the boiler, which is obtained either from the boiler,
or by compressing into the clearance spaces the exhaust still re-
maining in the cylinder, at the closing of the exhaust-port.

By this latter process, a certain quantity of steam is saved af
the expense of increased back-pressure. The total heat of the
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compressed steam increases with its pressure, and as this latter
approaches the boiler-pressure, the temperature of the steam, in
compression, must also have been raised from that of about at-
mospheric pressure, to nearer the temperature of the boiler
steam-pressure. ‘These changes of temperature which the steam
undergoes, will affect the surface of the metal with which the
steam is in contact during the period of compression. It follows
from this, that the ends of the cylinder principally comprising
the clearance spaces, must acquire a higher temperature than
those parts where expansion only takes places. This is an im-
portant consideration, since the fresh steam from the boiler
comes first in contact with these spaces, and by touching sur-
faces which have thus been previously heated, as it were, by the
high temperature of the compressed steam, less heat will be ab-
stracted from the entering steam. and therefore a less amount
of water will be deposited in the cylinder.

From the above it will be seen that when the clearance is so
regulated that the cushion of steam at the end of the stroke
would attain the initial pressure of the cylinder, we may entirely
dispense with the consideration of clearance in calculating the
efficiency of an engine.

Other things being equal, the following principles always
hold good, and may be easily remembered:

A large clearance space requires a large ratio of compression.

An early cut-off requires a large ratio of compression.

A small clearance requires a small ratio of compression.

A late cut-off requires a small ratio of compression.

Effect of too Much Clearance on the Diagram.

The following diagram, Fig. 58, was taken from an engine
having a cylinder 48 inches in diameter, with a stroke of 8 feet,
running 15 revolutions per minute. The diagram in dotted
line, was taken when there was an excessive amount of clear-
ance, the cut-off valve being placed in the steam-pipe; therefore,
the steam contained in the steam-pipe and steam chest expanded
after the cut-off valve was closed. The effect of the extra clear-
ance between the slide valve and cut-off valve has raised the ex-
pansion curve at the point of exhaust some ten pounds above
vacuum line, ¥ V. 'That such is the case will be seen by refer-
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ence to the second diagram, in black lines. This diagram was
taken when the engine was refitted with a cut-off valve on the
back of the main valve, the expansion curve falling within
seven pounds of vacuum line by reason of the diminution of
clearance,.

It will be observed that the pressure of steam is not the same
at the beginning of the stroke in the respective diagrams, nor is

FIG. 58.

v

the point of cut-off exactly the same, so that the comparison is
not perfect; but, as before shown, clearance must be allowed for
in estimating the expansion curve of an indicator diagram; other-
wise the information given is deceptive. Another point is, that
excessive clearance diminishes the excellence of the vacuum,
by reason that the condensation is less perfect when a portion
of steam is stored in the passages. This is apparent from the
diagrams, the vacuum having inmproved from eight pounds in
the first diagram to ten pounds in the second, solely from the
lessening of the amount of clearance. Had there been an earlier
release of the steam on the exhaust side, the vacuum would have
been further improved, at least five per cent.
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The Expansion Curve.

When steam is used expansively, in either condensing or non-
condensing engines, the line produced from the point where the
cut-off valve closes, to the end of the stroke, (if the valveis
properly constructed and the cylinder sufficiently protected,)
should be nearly a hyperbolic curve, and may be thus described.

The Mariotte, or Boyle, curve, as has previously been stated,
is the standard by which the character of all expansion curves
actually drawn by the indicator is compared, from the fact
that it is a determinate mathematical curve, a hyperbola. This
can be readily and precisely drawn, and the best curves attain-
able in practice coincide with it very nearly, if not exactly.

FIG. 59.
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The diagram, Fig. 59, has been drawn to illustrate the appli-
cation of this curve to the expansion of steam. The pressure is
represented by the vertical height, being forty pounds absolute
pressure to the square inch., Its length represents the stroke
of a piston, including clearance, divided into ten equal parts.
The base represents the line of perfect vacuum, assuming the
barometer to stand 30.75 inches of mercury, and the left-hand
boundary the commencement of the stroke.
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The diagonal of a square, drawn from the point of intersection
of these lines, from the commencement of the stroke and the
vacuum line, is the axis or centre line of every hyperbola that
can be described, representing expansion, (according to the law
of gases,) from any point of the stroke, and from any pressure
whatever.

Curves are described, in diagram Fig. 59, representing this
expansion from nine different points of cut-offi The figures at
the terminations of the curves give the terminal pressures, and
those at the commencement give the mean pressures during the
stroke.

Now, we assume that the steam used has an elastic force of
twenty-five pounds per square inch above the atmosphere. As
shown on a correct steam-gage, and with fifteen pounds pres-
sure due to the atmosphere added, this will be equal to forty
pounds absolute pressure.

If steam at the total pressure of forty pounds be admitted
into the cylinder, from o to 1, a distance equal to one-tenth the
stroke, and then cut off| its terminal pressure will be four pounds
or ome-tenth when the piston has moved two-tenths of the
stroke, or from o to 2, the pressure of the steam will be reduced
to eight pounds, or one-fifth, When the piston has moved
five-tenths (to the fifth division), it will be reduced to twenty
pounds, or one-half of its original pressure; if to eight-tenths,
to thirty-two pounds, and so on to the end of the stroke, where
the terminal pressure will be forty pounds, or the absolute
pressure at the commencement.

Now, if a line be drawn through the above mentioned several
points, it will represent the curve due to such a proportion of
cut-off; and the area described will give the average pressure
exerted by the steam during the stroke, as above stated. Fig.
59 represents such a curve, and also such other curves as would
have been described had the steam been cut off at either of the
other points.

Now we will endeavor to show how to apply a hyperbola to
a diagram. The hyperbola may be commenced at either end of
the expansion curve, but generally it will be found more ac-
curate to commence near the point of release. Both methods
will be illustrated and described geometrically.



CHAPTER XI.

COMPARATIVE INDICATOR DIAGRAMS.

IN order to compare one engine with another, they should be
in precisely similar circumstances. As, however, this rarely
occurs, it is necessary to have some standard by which all
engines may be compared, and their relative performances
determined. The best means of doing this is to compare each
engine with a theoretically perfect engine of a similar size under
similar circumstances, and the engine which most nearly ap-
proaches the theoretical is evidently the best.

The expansion of steam, as before stated, follows a certain law
of gases (Boyle and Mariotte) and the quantity of steam being
known, as well as the space which it occupies, it is possible to
tell the correct pressure for each variation in the space occupied.
A curve can thus be calculated which will give a diagram of the
theoretical action of a given amount of steam in a given size of
cylinder.

A diagram taken from any engine may thus be compared
with a theoretical diagram for an equivalent quantity of steam
used in the same sized cylinder, and the ratio existing between
the actual and the theoretical diagrams will serve as a measure
of the perfection of the engine.

In the ordinary commercial steam engine the total clearance
averages not less than one-tenth () the piston displacement.

The following dimensions taken from an actual engine will
illustrate how to calculate the clearance:

Biamielar: ofichlinder inithckesit d0. IV g W G0 O 10.

Length of stroke in inckes, . . . . . . & D g POt 20.

Clearance space between piston and cylmder cover, one-half inch,
or o.5. y

Dimensions of steam port and passage:

Steam port length, in inches, . . . . . . R Ay R

Width in inches, . . . . . R R R R T - % 7o, 1. o Ll el
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Length of stcam port, in inches, from face of valve to cylinder inlet, 12.
orio x I X I2.
Capacity of working part of cylinder or space swept through for
one stroke of the engine:
10 X 10 X 0.7854 X 20 = 1570.8 cubic inches.
Capacity of clearance for one end of cylinder:
10 X 10 X 0.7854 X 0.5 = 39.27 cubic inches.
Capacity of steam port and passage-way:
10 X I X 12 = 120 cubic inches.
Total clearance for one end, 39.27 ++ 120 = 159.27 cubic inches.
Ratio of cylinder capacity to clearance:

15927 - 00.101 = 10.1, Say ten per cent.
1570.8

Having determined the clearance, as above arrived at, we add
this length to the indicator diagram. In the present example

Fi1c. 6o.
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one-tenth has been assumed, so that the line A4 » in diagram,
Fig. 60, is one-tenth of the length of the line 4 D. We then
draw a line B C, representing the boiler pressure, which was
75 pounds per square inch by the steam gage, measuring from
th«:e atmospheric line 4 D, with the indicator scale, which in
this case was 40 pounds to the inch, and also a line ¥ I7of no
pressure, or perfect vacuum corresponding to the barometric
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reading; this being as before stated 30.75 inches, corresponding
to 15 pounds. We then divide the length of the diagram,
including clearance, into ten equal spaces, or erect eleven ordi-
nates and number them from o to 10. We next measure the
pressure at the point of release f; or exhaust, which is in well
constructed engines usually a little—say seven-hundredths (0.07)
of the stroke as in Fig. 60o—before the end of the stroke. This
pressure is found by extending the expansion curve of the
actual diagram to the end of the stroke, /g, Fig. 60, and meas-
uring the height of the extremity of the curve above vacuum
line V.

Having found the terminal pressure, g I; to equal 29 pounds,
in Fig. 60, the pressure at any-other point of the stroke is easily
found by the usual formula, or what is known as Boyle's or
Mariotte’s law, according to which, as before stated, the pressure
of gases is inversely as the space occupied, and if, as in practice,
assumed applicable without qualification to steam, the expan-
sion curve of a diagram should be of such a shape that the pres-
sure represented by it at different given points would be in-
versely as the distance of those points from the commencement
of the stroke. i

Thus, if at one inch from the commencement of the stroke
the pressure (above vacuum line) is 100 pounds, it will be 50
pounds at 2 inches; 33.33 at 3 inches; 25 pounds at 4 inches,
and so on. Hence, if the distance from any point in the expan-
sion curve to the clearance line B V] be multiplied by the pres-
sure at such point, the product will be the same wherever the
point be located.

This engine was regulated by a throttle valve in the steam
pipe, governing the amount of steam required by a Le Van
governor.

Diagram Fig. 60, from this engine, will illustrate the simple
manner in which a theoretical diagram can be constructed, as-
suming that the pressure of steam varies inversely as the space
occupied; the clearance being taken at fen per cent. of the piston
displacement. Assuming that the barometer stands at 30.75
inches of mercury, which represents a pressure of about 15
pounds, then measure off 15 pounds with the scale correspond-
ing (in this case 40 pounds equal one inch) to the indicator
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spring below the atmospheric line 4 D. In considering all
questions of expansion and compression of steam, it is the zzal
pressure, measuring from the line of no pressure V7V which
we must consider.

The atmospheric line, it must not be forgotten, is merely a
line showing what the pressure of the atmosphere happens to be
at the time, and the expansion curve has nothing whatever to
do with it. This should be well understood.

Where there are ten divisions of the diagram, as in Fig. 6o,
the several ordinates of the expansion curve may be obtained by
multiplying the terminal pressure g 7] by the following series
of numbers:

I, I.I1, 1.25, 1.429, 1.667, 2, 2.5, 3.333, 5 and 10. Or more
simply still, by dividing the terminal pressure g J] at the end
of the stroke, by the number of the ordinates up to the point of
cut-off, as follows:

In the example, diagram Fig. 6o, the terminal pressure g, be-
ing fourteen pounds above the atmospheric line 4 D, and the
distance D J being fifteen pounds, we have 14 + 15 = 29
pounds terminal pressure. Now divide this terminal pressure
by the ninth ordinate, thus: 4* = 32.2 -pounds as the pressure
to lay off on space number nine; and 32 = 36.2 pounds to lay
off on space number eight, and so on for number seven, six,
five, four, and three. For number three the pressure becomes
96.7 pounds, which exceeds the boiler pressure (75 4 15 = go
pounds absolute), but we extend the ordinate to this point—
namely, x on the diagram.

Now having found the theoretical pressure at each of the
several divisions of the diagram, we then trace a curve x fg
from x to g. Through these points (and where the curve thus
found intersects the line B C of boiler pressure) is the point of
theoretical cut-off, £, at which theadmission of steam must be
suppressed in our theoretical card to give the same terminal
pressure as in the actual card where the cut-off is at ¢ in that
diagram.

On the return stroke to form the theoretical diagram complete,
the line D A4 is traced to clearance line 4 B, and up that to
boiler pressure line B C as this engine was non-condensing.
Had it been a condensing engine, the return line would have
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followed the line I V] of no pressure, or absolute vacuum, and
up to boiler pressure.

Now we have two diagrams: the theoretical always larger
and enclosing the other, the actual diagram. The inner one,
or the real diagram, represents the work the steam actually per-
formed in the engine: the outer one in shaded lines is what the
same amount of steam should have done in a perfect engine of
similar capacity. ‘The proportion which the area of the smaller
bears to the larger represents the relative perfection of the
mechanism which was used for developing the power of the
steam. This may be expressed in percentages of the theoretical,
as follows:

Take off the back pressure. "In this case, 15 pounds repre-
sented by the space marked vacuum, bounded by A4 D and V' V.
Also, leave out the first space 4 B p, and m, representing clear-
ance. Measure the other nine spaces on dotted lines as marked;
add up the pressures thus:

26 4 34.5+ 32.5 + 31 + 20 426 422 4 18 4 13= 232.

‘This sumn divided by nine (the number of spaces) gives 23z =
25.77 pounds for the mean effective pressure. All that part of
the diagram below # D, marked vacuum, is loss. This will
perhaps help to explain why a condensing or ‘‘low-pressure’’
engine is more economical than a non-condensing or ‘‘high-
pressure’’ one.

Measuring the different pressures by the scale corresponding
to the indicator spring, they were, in the engine under consider-
ation, as follows:

Absolute initial pressure from line ¥ I to .S, 54 pounds.

Absolute terminal pressure from line g to 7, 29 pounds.

Absolute back pressure from line 4 D to V" I} 15 pounds.

Absolute average pressure from line 2e¢ fg to 'V, 38.77
pounds.

And 38.77 — 15=23.77, actual mean pressure in potnds.

The real expansion of this card, that is, from cut-off ¢, to
terminal point g, is 4 or 0.44 of total diagram. Including clear-
ance it is %, or 0.4 of the actual working part of cylinder.

Now proceed to measure the theoretical diagram in the same
manter; add up the pressures as noted on the spaces marked
vacuum (see diagram, Fig. 60), and we have:

13



194 THE STEAM-ENGINE AND THE INDICATOR.

75+ 75+ 68 + 49 + 37 + 30+ 23.5+ 19 +15.5=392.

This total, divided by mine (the number of spaces) gives
231 = 43.57 pounds for the mean effective pressure.

The theoretical available mean effective pressure being greater
than the actual mean pressure of the engine diagram by 43.57
—25.77 = 17.8 pounds, the percentage of the actual to that of
the theoretical diagram is as follows:

= 2577 — 59.14 per cent. of the theoretical diagram.
4357

A good and well made modern automatic expanusion engine
would realize nznety per cent. of the theoretical.

The Advantage of Variable Automatic Expansion.

The simplest method of ascertaining the increase of economy
which can be gained in an engine, under conditions of variable
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automatic expansion, is to estimate what the maximum work
which could have been obtained from an equal amount of steam
used at the fullest rates of expansion would be.

This increase we can find by constructing an ideal expansion
diagram, which shall represent exactly the same amount of
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steam finally exhausted into the atmosphere, as in the case of
the actual diagram in Fig. 60, produced by the throttling
engine under notice.

Diagram, Fig. 61, is an ideal diagram erected from the
volume of steam swept through the cylinder, and calculated
from the terminal pressure of diagram, Fig. 60; it illustrates the
gain in effect if the engine had been fitted with an antomatic
cut-off valve, in place of a throttling governor valve. The sum
of the pressures by the dotted ordinates is as follows:

16 4- 20 + 24 + 29 + 35 + 43 + 60 + 65 + 50 = 342,

which divided by nine gives 242 = 38 pounds, mean pressure in
excess of that of the former example, Fig. 60o—namely:

38 — 25.77 = 12.23 pounds more, mean effective pressure.

This diagram also shows an effect equal to ezghty-eight and
Jour-tenths per cent., nearly, of the theoretical diagram. The
average mean pressure of the theoretical diagram being 43
pounds, and the automatic expansion diagram 38 pounds, a
gain of:

43— 38 X 100
43

= 11.6 per cent,

or a gain over the throttling engine, as per diagram, Fig. 6o, of:

38 — 25.77 X 100

= 32 per cent.
38 32 p

The Further Advantage of Variable Expansion and
Condensing.

The secret of economy in using steam expansively in engines
is in the adaptation of the highest practicable pressure of steam,
the earliest cut-off at which the engine will do its work, and as
perfect condensation of steam as possible after the steam has
done that work.

If the engine that produced diagram, Fig. 61, had been fitted,
in addition, with the automatic cut-off, and a condenser, the
niean pressure as shown by diagram, Fig. 62, would be 49
pounds, as follows:

60 + 78 + 72 + 56 + 47 + 40 + 34 + 29 + 25 = 441
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This total, divided by nine, gives 241 = 49 pounds mean
pressure in place of .38 pounds as per diagram, Fig. 61. ‘This
is a gain of fez pounds of mean effective pressure, and of 22.4
per cent., as follows:

49 — 38 X 100
49

= 22.4 per cent,

This gain being made by removing the resistance of the
atmosphere. .
All the above shows that the automatic engine is capable of
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developing a given power at a reduction of 25 to 75 per cent.,
as compared with the cost of power by the average throttling
engine. Under the most favorable conditions, the loss in
economy by the slide-valve throttling engine, as compared with
the cut-off, is nearly 30 per cent. The performance of throt-
tling and cut-off engines, by actual test, shows that 25 per cent.
is the minimum saving by automatic cut-off engines.

To the practical eye of the engineer the gain and advantages
are seen at a glance. In such an engine, with steam admitted
at nearly the boiler pressure, the duration of admission is pro-
portional to the resistance or load, the full initial pressure being
maint‘ained to the point of cut-off.



COMPARATIVE INDICATOR DIAGRAMS. 197

With the throttling governor, on the other hand, the boiler
pressure is greatly reduced in its passage from the boiler to the
cylinder by cramped port openings, and is ‘‘wire drawn’’
through the governor throttle valve. In this latter fault we
have the explanation of the diminished efficiency of the throt-
tling engine, for a large portion of the work due from the
steam, in such an engine, is expended in getting it into the
cylinder, see actual diagram, Fig. 60; whereas, with an auto-
matic cut-off engine, in which the main valve opens for steam
admission directly to the cylinder, no obstruction exists to the
free flow from the boiler until the proper amount has been ad-
mitted to maintain uniform speed, see Fig. 61, when an instant
cut-off is effected and expansion of the enclosed steam com-
pletes the stroke of the piston to exhaust. This, when the
engine is proportioned to its work, amounts to a mere w/hzf.
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The Theoretical Diagram: How to Construct it
Geometrically.

The expansion curve of a theoretical diagram may also be
easily drawn by finding a few points on the actual diagram by
geometrical construction. There are so many ways of con-
structing a hyperbolic curve that it is well to insert one which
will not confuse or put to unnecessary expense those who are
interested in learning how to draw it. For this purpose we
have taken an indicator diagram, Fig. 63, from a non-cou-
densing engine, over which has been erected the theoretical
diagram as shown in shaded lines.
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First.—Calculate the clearance space, as before explained;
then lay off the distance B g, and draw the line B I} the area
enclosed by B, p, m and A represents the clearance space. Also
draw the line I/ 7 to represent the vacuum line parallel to the
atmospheric line A4 D, and 14.7 pounds below it. Draw the
line of boiler pressure B C also parallel to the atmospheric line,
and as many pounds above as is shown by the steam gage (as
before explained).

Second.—Select a point £ which must not be later than the
commencement of exhaust opening. From f draw line f 7
parallel to atmospheric line, and line f 6, at right angles to it.
From 6 draw the diagonal line 6 7] and from its intersection
with or crossing the line / F, and £, erect the perpendicular
line £ F; the point £, on line B C, is the theoretical point of
cut-offt

F1c. 64.
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Third.—Draw any desired number of vertical lines, as 1, 2, 3,
4 and 5, downwards, from points in line B C, and from the
same points draw diagonal lines to point ¥ from the intersec-
tion of each of these diagonal lines, 7 £, draw a horizontal line
intersecting the vertical lines drawn from £ C. These inter-
sections with the vertical lines locate points /] , d,¢, dand a, for
the desired curve.

The few points being found in this way, the curve can be
drawn in by hand, which will be found to be a hyperbola; any
one familiar with the properties of conic sections will recognize
it as that of a rectangular hyperbola.

This curve is called the isotkermal curve (signifying equal
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heat), because it is constructed on the assumption that the tem-
perature of the steam is the same at all pressures.

How to Lay Out the Hyperbolic Curve from the Point of
Cut-off.

In the diagram, Fig. 64, let the height p ¢ represent the total
or absolute pressure of the steam at the point of cut-off, or at
sone point subsequent to the cut-off, if the position of the
latter be not accurately known. Also, let £ ¢ represent the
length of the cylinder filled with steam of the pressure p ¢; let
a ¢ represent the clearance space. Then the area «, B, ¢, p, will
represent the quantity of steam to be expanded. Next, on the
line of perfect vacuum, ¥ 7, mark off a series of spaces, p o, 0 /,
/% 7d, and d x, each equal to a p, and at the points o, /£ 7, and
d, erect perpendiculars, as shown. Then draw diagonal lines

Fi1G. 65.
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from the point ¢ to each of the points o f 7, &, and #, and the
point at which each of these oblique lines intersects the perpen-
dicular next to that to the vacuum line of which it is drawn, is
the point in the desired curve. For instance, / #, #, and g,
are such points in diagram.

The curve may, of course, be extended indefinitely towards
the right, according to the length of stroke and degree of expan-
“ion,

.
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How to Fix the Clearance Line when not Known.

The clearance space is rarely given, and it varies in different
engines from one to twenty per cent. of the space swept through
by the piston in one stroke, as before stated.

Where the dimensions are not given, it can be computed from
the expansion curve as follows:

Take two points, @ &, on the diagram, Fig. 65, assuming the
curve to be a common hyperbola. Join the points a, 4, by a
straight line, ¢, a, 4, and x, and parallel to this line draw
another line through the point ¢. ‘The intersection of this latter
line at &, with the horizontal line passing through the point a,
will give the distance of clearance line, B V] from diagram.

Fic. 66.
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Or we may assume two points, 1 and 2, in the compression
curve, see diagram, Fig. 66, and connect them by a line, 1 and
2, and continuing this line until it intersects the line of perfect
vacuum, V' V) at . Draw the vertical lines, 1, 5, and 2, 4, and
make J/ 5equal to4x. Then erect the vertical line 7.5, which
will form the end of the theoretical diagram, including clear-
ance, and the distance of 7B from the boundary line 7 £, of the
indicator diagram, is the clearance in the scale of the length of
the diagram which represents the stroke of the piston.

The Disadvantages of Too Large an Engine.
If an engine is too large, condensation in the cylinder takes
Pplace to the fullest extent.
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The cut-off takes place early in the stroke, hence the expan-
sion and consequent fall of temperature are excessive. The
whole surface of the cylinder must be heated, and the condensed
steam be re-evaporated at the expense of the next admission of
steam. This being small in quantity, from the light load, will
condense very largely. With an engine suitable for the load,
the expansion and cooling are much less, and the amount of
steam admitted to restore the heat is much larger.

In the non-condensing, or ‘‘high-pressure” engine, a direct
loss occurs by the steam expanding below the atmospheric line,
thus creating a vacuum on the impelling side of the piston

Fi1c. 67.
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which must be overcome by the momentum of the fly-wheel.
Diagram, Fig. 67, shows this plainly.

We have here a diagram from a steam engine for four-tenths
of the stroke, while for the remainder of the stroke it becomes
an air-pump, whose piston is dragged against 4.2 pounds re-
sistance per square inch (which is the average pressure of area
enclosed below atmospheric lines) by the momentum of the fly-
wheel.
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In a diagram, similar to Fig. 67, from a non-condensing
engine expanding below the atmospheric line, then, the pressure
for that part of the curve below atmospheric pressure is to be
considered negative, as follows:

Above the atmospheric line, 30 4 24 4 10 4 3 = 67 pounds.

The first four-tenths of the diagram is, as above, 67 pounds,
which, divided by the ten spaces, is 4} = 6.7 pounds. This is
all the forward pressure that we have; for, just at the end of the
fourth division or space at x, the expansion curve crosses the
line of counter-pressure. If we were to divide the sum of the
pressure by four, the number of equal divisions through which
the forward pressure continues, we would have a mean pressure
of % = 16.75 pounds during that portion of the stroke. This,
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however, would be of no use to us; we want to know what this
pressure would average, supposing it to be extended over the
entire stroke. We, therefore, get this by dividing the sum of
the mean pressure by ten, the whole number of equal divisions,
and the result is $§ = 6.7 pounds. The mean pressure to be
deducted from this is ascertained in a similar mannuer, and is as
follows:

Below the atmospheric line: 6 +6+ 544+ 34+ 1 = 25
pounds, $ = 2.5 pounds mean pressure per square inch.
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Then 6.7 —2.5 = 4.2 pounds effective pressure throughout
the forward stroke, or in other words the suin of the ordinates
below the back pressure line is negative, and the sum of their
length (2.5) must be subtracted from the sum of the positive, or
the length of the ordinates (6.7) above back pressure.

For the economical use of an engine its work should be such
that the indicator diagram would show not less than four pounds
terminal pressure above atmosphere. See Diagram, Fig. 68.

When the terminal pressure falls to the atmospheric line, as
shown in Diagram, Fig. 69, though the diagram is very correct
and fine in its lines, the engine is working at a loss, because
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there is not sufficient steam left behind the piston to keep the
cylinder heated, and to furnish a cushion on the return stroke.

In fact, the actual loss is still greater than that accounted for
by the indicator, as the indicator does not show the friction of
the engine.

Diagram, Fig. 70, was taken from an automatic cut-off
engine; cylinder, 22 inches diameter, stroke, 44 inches; speed,
of piston, 520 feet per minute; scale, 40 pounds to the inch;
clearance, 1.75 per cent. of the space swept through by the pis-
ton; mean effective pressure, 36 pounds per square inch. It
shows very perfect performance—its absolute terminal pressure
£ V, being 22 pounds.
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Condensation in Steam-Engine Cylinders.

The utmost heating power of one pound of carbon is equal to
the evaporation of about 15 pounds of water, from a temperature
of 212 degrees. The quantity of heat necessary to raise the
temperature of one pound of water through one degree Fahren-
heit, is termed a ‘‘unit of heat,” and as the total temperature
of steam is about 1178.6 degrees, or 966 degrees above the boil-
ing point, a pound of carbon is capable of imparting from 14,000
to 15,000 ‘‘units of heat.” Different substances, however, take
up very different amounts of heat, and the quantity of heat
which would raise the temperature of one pound of water
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through one degree, would raise that of nine pounds of iron to
the same extent. ‘Thus, if all the heat which could be derived
from the combustion of one pound of coal, were imparted to 100
pounds of water, the elevation of thé temperature of the latter
should be about 150 degrees. But the combustion of the same
weight of coal in contact with a mass of iron weighing goo
pounds, should raise its temperature 150 degrees, or that of 100
pounds of iron by 1,350 degrees. The termn ‘‘specific heat” is
employed to express the relative capacities of bodies for absorb-
ing different amounts or quantities of heat at the same temper-
ature. Water being taken as unity or the standard of specific
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heat, that of iron is 0.14, and it may be easily ascertained by
experiment, that one pound of iron heated to 1,200 degrees, or
a bright red heat, will raise the temperature of one pound of
water (at say 55 degrees) by less than 130 degrees. Half a
pound of red-hot iron may be cooled in a pint of water (1.08
pounds) without heating the latter much above blood heat.

In these facts we have the key to one of the most important
sources of loss in steam engines, as ordinarily worked, and they
enable us to comprehend why high expansive working, as com-
monly carried out, has given such unsatisfactory results. With
all our knowledge of the nature of steam, its expansion in a
cylinder, after the communication from the boiler has been
shut at one-third stroke, should afford an additional power equal
to the whole amount exerted up to the point of cut-off; or in
other words, the effect of steam should be doubled by cutting
off at one-third stroke. On the first admission of steam to a
cold cylinder, a considerable quantity is condensed into water,
and this is often produced to such an extent that, but for open-
ing the cylinder cocks, the cylinder head would be knocked off.
“The cylinder and its attached parts in contact with the steam
may weigh 1,000 pounds, and may have to be raised in temper-
ature by 200 degrees on the average of the whole weight of
metal. ‘This warming corresponds to heating 112 pounds (one-
ninth of 1000 pounds) of water through 200 degrees into steam.
This is about the quantity of heat ordinarily obtained from the
combustion of three pounds of coal, all of which, therefore, may
be considered as expended in warming the cylinder up to a point
at which high pressure steamn will not condense in it.

If, now, after the cylinder had been once warmed, it would
retain its temperature, we might carry expansion to a high
pitch by cutting off at an early point of the stroke. The temper-
ature of the cylinder, however, is constantly varying when the
engine is running. Steam of 100 pounds pressure, on its ad-
mission to the cylinder, should heat it to its own temperature
of nearly 340 degrees. When, however, this steam is exhausted
into the air, the temperature within the cylinder falls to 212
degrees, and if the steam be discharged into a condenser, the
temperature falls to 100 degrees. Nothing is better known than
that the expansion and consequent rarification of steam, air and
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simple gases, is attended by cooling. Now the cylinder is not
heated and cooled at each stroke, fo the same extent as the
interior space to which the stean is admitted. If it were, the
steam engine in its present form would be impracticable, for in
a fifteen-inch cylinder and thirty-inch stroke (the cylinder
weighing about 1,000 pounds) about three pounds of coal would
be expended af every stroke in warming it up from the temper-
ature to which it was cooled by the exhaust at the preceding
stroke. As it is, the inner surface of the cylinder is usually
cooler than the steam at the beginning of each stroke, and
hotter than the same steam at the end of each stroke. Experi-
ments have been made by placing a glass tube in communica-
tion with the cylinder, and at each stroke the interior of this
tube was covered with moisture at the beginning of the stroke,
while, although the steam was considerably expanded and con-
sequently cooled by cutting off, the tube was always dry at the
end of each stroke. A still more striking illustration of the
varying temperature of the cylinder is afforded by some of the
large Cornish pumping engines, to which high pressure (40
pounds) steam is admitted to only the upper end of a ten-foot
stroke. The cylinder is, of course, bored cylindrically from
end to end, but the top remains permanently hotter than the
bottom, and the difference of temperature and consequent differ-
ence of expansion is so great that, while the piston packing is
quite tight at the bottom of the stroke, it often blows steam at
the top. In this case, the highest temperature of the steam at
the top of the stroke is some 289 degrees, but as the steam is
expanded eight or ten fold, the bottom of the cylinder can
never be heated above 180 degrees, (the steam being finally dis-
charged into a condenser.) If steam were to be admitted also
at the bottom, the condensation, therefore, on the first upward
stroke, or until the cylinder was warmed, would be enormous.
We see, in a surface condenser, how instantaneously steain is
condensed when in contact with a cool metallic surface, and a
steam cylinder acts, partially, as a surface condenser at every
stroke of the piston.

But whatever may be the rapidity with which a cooled cast-
iron surface absorbs the heat of steam, by condensing that in
front to make room for more behind, the same cast-iron does

.
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not radiate its heat with the same rapidity into steam or air,
cooler than itself. ‘Thus while both the steam and the cylinder
may be at a temperature of 300 degrees at the beginuing of the
stroke, the latter does not fall with the former to a temperature
of 212 degrees, or less, at the end of the stroke. If indeed the
cylinder lost ‘10 degrees at each stroke, there would be a great
expenditure of fuel in keeping it up to the working temperature.

The above shows the value of short strokes and high rotative
speeds. It is far better to use a lttle steam at a time, to use it
very quickly, and to keep it hot. 'This is the fundamental prin-
ciple of high rotative speeds, and there is nothing more practi-
cally important in steam-engineering.

I have already above noted the fluctuation of temperature of
the interior of cylinder surfaces with each stroke with slow
motion. The cooling effect of the expansion penetrates further
into the metal of the cylinder, requiring more condensation at
each admission to reheat it.



CHAPTER XIIL

STEAM-JACKETS.

THE actual value of the steam-jacket is frequently called in
question, but the best engineers are unanimous in adopting it.
The heat abstracted from the steam-jacket transfers the lique-
faction from the cylinder to the jacket, and the water so formed
in the jacket should invariably be returned to the boiler.

Watt was the first to use the steam-jacket, but for a long time
its action was not clearly understood, and many engineers con-
sidered it an expensive and useless refinement. Nevertheless,
with the increasing application of high pressure and greater
rates of expansion,.all those designers that aimed at the most
perfect and economical performance of the steam engine, found
it necessary to apply the steam-jacket. )

By enclosing the cylinder in an outside jacket or envelope,
and keeping the space between the two filled with steam from
the boiler, or better still by steam from a separate boiler carry-
ing a high pressure, the alternate heating and cooling of the
cylinder will almost wholly be prevented, and the steam will
enter the cylinder without loss. There will then be no initial
condensation; and the condensation in the performance of work
will also be prevented, as heat will pass from the jacket to the
expanding steam, sufficient in many cases to keep the steam in
the saturated state throughout the stroke. In engines with
long stroke it is generally sufficient to jacket the cylinder only;
but in some cases the cylinder-heads are also made hollow to
receive steam. In marine engines, where the stroke is neces-
sarily short, the cylinders large, and the rate of expansion high,
the piston itself is formed to receive steam, as well as the heads
and ordinary jacket.

In practice there are three conditions of the steam cylinder in
the usual working of an engine, as follows:

First.—The cylinder may be entirely unprotected by any
covering whatever.,

(208)
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Second.—The cylinder may be coated with felt and wood, or
some non-conducting miaterial.

Third.—The cylinder may be surrounded by the annular
space filled with steam direct from the boiler, or in other words,
steam-jacketed; this jacket itself being covered with a non-
conducting material.

It is evident, and no doubt clear to any intelligent engineer,
that the first mode of using steam is wrong and wasteful. Now
in order to impress the student with this view, I will refer him
to the following diagram, Fig. 71, which will give a very good
idea of the action of steam in an expansive engine.

The upper curve a g would be obtained by the use of a steam
jacket, while the lowest, ¢ g, shows how the initial pressure is
lowered where there is no jacket; the middle curve,b g, shows
the effect of re-evaporation.

Of course, a certain quantity of heat is lost by condensation

F16. 71.
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in the jacket, but as the pressure there does not vary, and the
condensed water is drained off, 2¢ cannot regenerate into the state
of vapor, absorbing a great amount of keat, as it would do in the
cylinder. Thus, the heat lost in the jacket is not so great as it
would be if the steam were condensed in the cylinder. But
even stpposing that the losses were equal, there would still be
the advantage that the power of the engine would be unimpaired.

It is well known to all engineers that toward the end of the
stroke, the pressure and temperature of the expanding steam
having fallen considerably, the water in the cylinder, due to the

14
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above, is evaporated again, abstracting the heat from the nietal
of the cylinder and piston. If there is no stean jacket, these
parts have to be heated again by the incoming fresh steam, and
a considerable fall of initial pressure is the result—see diagram,
Fig. 71, at & This effect can also be seen on any indicator
card, by drawing on it a theoretical expansion curve. The
actual curve will always be inside the theoretical diagram dur-
ing the first part of the expansion, while toward the end it will
come up to it, and may in some cases even rise above it.

One reason why engines are often not given a steam-jacket,
is, that it adds something to the cost of the engine; and the
full value of the steam-jacket has not been sufficiently known,
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or understood. The whole question has been believed to be
one of radiation, whereas the loss is by no means measurable
by the loss from radiation, but is a much larger loss, and arises
from the fact of the inner surface of the cylinder being cooled
and heated by the steam at every stroke of the engine. 'This
action is clearly demonstrated by the diagrams, Figs. 72, 73,
74, and 75. ‘They show the pressure really attained, together
with the true expansion curve for the whole quantity of steam
that entered the cylinder, dotted in, and which dotted curve



STEAM-JACKETS. 211

would have been described, if the cylinder had been jack-
eted. The difference between these curves represents the
amount of loss from the want of the steam-jacket, and in Fig. 72
this loss amounts to 11.7 per cent.; in Fig. 73, to 19.66 per cent.,
there being rather more variation of temperature in this case,
owing to there being more expansion.

In Fig. 74 the loss is 27.27 per cent.; whilst in Fig. 75 the
loss rises to the formidable proportions of 44.58 per cent. ‘This
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loss is caused by the circumstance that the mass of the cylinder
must remain at the average temperature intermediate between
the highest and the lowest temperature of the steam, so that
when high-pressure steam, which also has a high temperature,
enters the cylinder, a considerable quantity of steam is at once
condensed, owing to the abstraction of heat by the metal, (see
page 209) and also to the transformation of a part of the heat into
mechanical power. So soon as the steam is cut off and allowed
to expand, it falls much more rapidly in pressure than answers
to its augmented volume, owing to still increased condensation,
more of it being condensed into water. The action of steam is
to heat the inner surface of the cylinder; and towards the end
of the stroke, when the steam is much lower in pressure, and
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consequently in temperature, than it was at first, the tempera-
ture of the cylinder, relatively, is sufficiently high to boil off the
water that was condensed from the steam as it entered the
cylinder; and such water becoming steam causes the pressure to
rise, and thus the curve approaches the true expansion curve at
the end of the stroke. The cylinder is cooled by the loss of the
heat used in boiling off the water shut within it, and the cooled
cylinder condenses the next volume of steam that enters to per-
form the next stroke. ‘Thus it follows, that without steam-
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Jjackets a large quantity of steam passes through the cylinder in
the form of water, without doing work; whereas, if the cylinder
is steam-jacketed, no condensation takes place, and the whole
steam does its full duty according to the degree to which it is
expanded. Indeed, without steam-, or hot-air-jackets, or other
equivalent means of keeping up the temperature of the cylinder,
it will follow that the cylinder will act to some extent as a con-
denser at the beginning of the stroke, and as a boiler at the end
of the stroke.

The diagram, Fig. 76, shows the expansion curve of steam
in an imperfectly protected cylinder, as contrasted with the
true theoretical curve, which would have corresponded with
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the weight of steam found in the cylinder at the end of the
stroke.

In this diagram, ¢ f g represents the actual expansion curve
of the steam, and a & g that which should have been the expan-
sion curve if the walls of the cylinder had detracted nothing
from the work done, ‘The steam loses pressure on its entrance
by the chilling from the colder metal (see @ ¢), and there is an
immediate drain upon the molecular motion within the cylinder,
on which we rely for the movement of the machinery outside.

Fi1c. 75.
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The escape or loss of heat, from whatever cause it may arise,
is a direct subtraction from the efficiency of the work to be
done, and in the advanced state of the arts it can scarcely be
necessary to marshal all the reasons to be urged against such a
practice.

In the second case, where the cylinders are clothed with some
non-conducting material (and here it is essential to remember
that steamn cannot expand and do work behind a piston without
a fall in temperature), if the steam enters the cylinder direct
from the boiler, as is commonly the case, it will be saturated,
and reduction of temperature will cause partial condensation.
As the expansion goes on, it appears that the temperature of
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the steam will fall below that of the surface surrounding it, and
toward the end of the stroke the heated metal will boil off the
water deposited and send it out as steam into the condenser.
By such an action steam will have passed through the cylinder
without doing work. A cylinder of metal may be covered with
non-conducting covering, but it is still a mass of metal, and it
is impossible to reason about it as if it were not alternately

FiG. 76.
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heated and cooled during the running of the engine. It was
this alternate heating and cooling which Watt strove to elimi-
nate by a separate condenser and a steam-jacket.

The curve, @ 4 g, of expansion, in diagram, Fig. 76, appears
to rise more than is usual toward the end of the stroke, and this
indicates, as clearly as if the thing were spoken in words, that
the steam which had been condensed by chilling is re-evapor-
ated by the walls of the cylinder toward the close of the stroke.

It has been found in practice that with a high grade of expan-
sion, and a marked difference in temperature at the beginning
and end of the stroke, the cylinder acts somewhat as a condense1
to the entering steam, and as a boiler just before it escapes.

That this is so, has been proved by an experimental trial,
where a glass tube, closed at one end, was fitted to the non-
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jacketed cylinder of a high-pressure engine working expan-
sively. It was found that the steam condensed in a cloud
inside the tube at the beginning of each stroke, and re-evapor-
ated before its conclusion. By holding a shovel of hot coals
near the tube, the heat effectually prevented condensation, for
it acted as a steam-jacket.

The point I make is, that no covering to the cylinder would
raise its temperature permanently to that of the entering steam,
for the heat deposited on condensation would not remain, but
would be carried away afterward, during the re-evaporation.

Third.—The steam-jacket is held by quite a number of
engineers as a mere contrivance for keeping the cylinder warm;
and that while it might do this, it did it by the waste of more
steam than would have been wasted in the unjacketed cylinders;
the excess being in Tredgold’s judgment, that due to the extra
size of the jacket over and above that of the cylinder which it
enveloped.

After so great an engineer as Tredgold had fallen into this
error, and though clear in almost every point connected with the
steam engine, was wrong on the steam-jacket and its office, and
led, from that error, to condemn Watt’s use of the steam-jacket
as a mistake, no engineer need be ashamed to confess that he
does not see how a steam-jacket may be an advantage.

The steam-jacket is of especial use in the expansive engine,
and the greater the amount of expansion, the greater is the
need for and the use of the steam-jacket.

Now, for illustration, I will assume the case of an expansion,
non-condensing (high pressure) engine, without a steam-jacket,
the piston having made the forward stroke, and the pressure
per square inch of the exhaust being 1 or 2 pounds above the
atmosphere, and the temperature, therefore, practically that of
boiling water.

The metal of the cylinder walls has, so far as the interior
skin or surface is concerned, been cooled down to the tempera-
ture of the exhaust steam. In this condition of things, steam,
say at 100 pounds per square inch above the atmosphere, and at
a temperature of 338 degrees, about, is admitted from the boiler
into a cylinder, the walls of which are 126 degrees lower than
the steam. A quantity of steam sufficient to restore the heat of
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the walls of the cylinder must therefore be at once condensed;
this is done, and the condensed steam remains in the form of
water in the cylinder until the main slide valve has shut off
communication with the boiler. The steam in the cylinder
then begins to expand and the pressure to be reduced. The
water arising from the steam which was first condensed is now'
in contact with the walls of the cylinder, which are heated to a
temperature of 338 degrees, due to 100 pounds pressure, while
the pressure in the cylinder has diminished from 100 pounds
gradually down to, say 10 pounds, above the atmosphere; the
inevitable result of this is, that the water which was first con-
densed becomes re-evaporated and turned into steam to be used
in the cylinder. It may be said thatif thisis so, its power,
which was lost in the act of condensation, will be brought back
again by its re-evaporation. But it must be recollected that its
power was lost when it was 100 pounds pressure, and that while
it is being re-evaporated, it is at all sorts of intermediate pres-
sures between 100 pounds and 1o pounds pressure. ‘The differ-
ence in effect will, of course, be very great. This may be made
clear to the eye by constructing two diagrams.
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Indicator Diagram from an Expansive Engine with a
Non-Jacketed Cylinder.

Diagram, Fig. 77, shows a card from an expansion engine
without a jacketed cylinder; the black lines are those made by
the indicator, and they would appear to represent that while nc
greater quantity of steam than was equal to the space conm-
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tained in the parallelogram, % ¢ m #n, (namely, one-fourth of the
stroke of the engine with a steam pressure of 100 pounds), had
been consumed, the work performed had been as much as was
equal to the area contained by the black lines, less say 2 pounds,
average back pressure, as indicated by the space between the
atmospheric line, A4 D, and the dotted line immediately above.
In fact, it would be found, if this diagram were contrasted with
one taken from a steam-jacketed cylinder, that the area of the
unjacketed diagram, representing the work dome, would be
greater than that of the jacketed.

Fic. 78.
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Indicator Diagram from an Expansive Engine with a
Jacketed Cylinder.

Diagram, Fig. 78, shows a card taken from a stean jacketed
cylinder; and if it be laid over the diagram, Fig. 77, it will be
found that the dotted expansion curve, ¢ g, is lower than the
expansion curve, ¢ fg. ‘That is to say, that the height, g D,
of Fig. 78, is less than the height, ¢’ & D, of Fig. 77.

Therefore, it may be said that the unjacketed engine of dia-
gram, Fig. 77, made a better use of the amount of steam that
came into the cylinder than that of the steam jacketed engine,
Fig. 78; but the fact is, that while in diagram, Fig. 78, the
parallelogram, A4 B e m, truly represents the quantity of 100
pounds steam pressure which is delivered into that cylinder, the
parallelogramn, £ e m », of diagram, Fig. 77, does not represent
it, because it does not show the actual quantity of 100 pounds
steam pressure which came into the cylinder, as a portion was
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condensed in heating up the walls of that cylinder. In order to
make diagram, Fig. 77, correct, there should be added to it a
portion, as A4 B % »n, to show the steam condensed on its enter-
ing the cylinder. If this were dome, it would be ascertained
that that steam ought to have produced, if utilized, the whole
of the area A B e f g’ D, instead of the area 2 e g’ D n. The
rise in the diagram of Fig. 77, from g to g/, represents of
course the re-evaporation of the condensed steam.

Now, it is upon these facts that the utility of steam-jacketed
cylinders is based, and it will be seen to consist in the preven-
tion of the condensation of high pressure steam in the cylinder,
and its re-evaporation in that cylinder as low pressure steam.

The steam-jacket makes the curve of pressure follow more
nearly the isothermal line, and so enables the engine to do a
larger quantity of work without sensibly increasing friction and
other resistance, and to use a higher rate of expansion to obtain
the same power, which in the case of steam implies higher
initial pressure, and comsequently temperature of a greater fall
of the latter in the working substance, and hence economy.

The loss which takes place on the outside of the jacket is one
which may be materially diminished by proper cleading (lag-
ging), and is a mere loss by conduction and radiation from the
surface; about such as would take place from the surface of the
cylinder itself. It must follow, from what has been said here
upon steam-jacketing, that to be of use the steam in the jacket
should be at all times as high as the very highest steam em-
ployed in the cylinder; in fact, it has often been proposed in
large engines to jacket the cylinder with steam from a special
boiler kept at a higher pressure. If these facts were borne in
mind, we should see no more attempts at abortive steam-jacket-
ing, by surrounding the cylinder with steam upon the engine
side of the throttle-valve—that is, with steam reduced by wire-
drawing below the boiler pressure—or by jacketing with ex-
haust steam from the engine.

The real advantage of the steam-jacket must be sought for in
the fact that the condensation in the cylinder, which it is in-
tended to prevent, is indirectly a great source of loss. A cloud
or mist is produced, which is densest at the end of the stroke,
and during the exhaust. ‘This removes heat from the cylinder,
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partly, perhaps, by direct conduction, but chiefly settling as
dew on the surface during the exhaust when the pressure is re-
duced. ‘The latent heat taken up during this evaporation is
borrowed from the metal of the cylinder, and must be repaid by
the steam which enters for the next stroke, and which can ill
afford to be thus cooled at the outset. A certain amount of
alternation of temperature is a necessary consequence of expand-
ing under ordinary circumstances, and any cooling of the metal
of the cylinder which takes place during the stroke, adds, by
heating the steam, to the small end of the diagram; while the
reheating at the commencement of each stroke takes away an
equal portion from the other end.

FIG. 79.
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The dotted line in diagram, Fig. 79, represents this action,
and it is evident that no great loss results so far. But any cool-
ing of the cylinder, which takes place during the exhaust, re-
quires the subtraction from the beginning of the diagram with-
out any correspounding compensation at the end, as I have be-
fore stated, and this cooling is greatly assisted by the presence
of moisture. It will vary in extent in different cases, being very
slight where the terminal pressure in the cylinder is the same
as the back pressure in the condenser, and increasing as the
difference between these increases. Where a steam-jacket is
used, and condensation during expansion consequently reduced
to almost nothing, the only source of loss of heat during the ex-
haust is by conduction and radiation, and it is no doubt not very
great; although reheating of the metal of the cylinder com-
mences probably very soon after the exhaust opens.
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The use of the steam-jacket has been somewhat extended of
late. It was originally applied to the body of the cylinder
only; then to the end and cover; and finally, some engineers
have admitted steam to the piston. This is, of course, expen-
sive, and involves extra joints; but it no doubt tends to
economy, appreciably, where the surfaces are large. It seems
probable, however, that more advantage accrues from the
steam-jacketing of one square foot of the working cylinder,
than of an equal area of cover or piston; since the former is
always kept comparatively clean by the friction of the piston,
while the latter surfaces soon become coated with a black car-
bonaceous deposit, the product of the partial decomposition of
the lubricants, which prevents the passage of heat to the steam
in the cylinder; just as in a familiar experiment, a similar
deposit on the bottom of a kettle protects the hand on which it
rests.

The practice of jacketing with exhaust steam is happily now
almost entirely abandoned, and it is surprising that any one
should have expected that steam of 220 degrees would give up
heat to steam of 300 degrees and onwards. It is also objection-
able to supply the jacket with steam which is on its way to the
cylinder, the result being to condense the steam partially before
instead of during expansion. The steam for the jacket may be .
taken from the steam-chest, or steam-pipe, but should not be
returned; thie condensed water should be trapped out.

Where the cylinder is covered both at its ends and sides by a
steamn-jacket, the external casing being also protected by a
covering of non-conducting material, under these circumstances
the walls of the cylinder may be kept nearly as hot as the
entering steam, and the chilling effect of the metal surface is to
a great extent eliminated. Enough has been stated heretofore
to demonstrate the serious waste of heat which is inevitable
with even the best-constructed engines, and it is a clear advan-
tage to get the greatest possible amount of work out of the
steam just at the precise instant when it is in action. ‘T‘here is
no known material which is insensible to.the action of heat;
that is, which cannot be warmed or cooled, and which will not
conduct or radiate heat. Of necessity a cylinder is made of
metal, a material peculiarly sensitive to changes of temperature,
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and possessing every quality, except strength, which we should
prefer not to find in it. It would, therefore, appear that the
most reasonable course would be to inclose the cylinder in a hot
envelope, which may serve to maintain its temperature at a high
point, and to supply the heat which is otherwise escaping.
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Diagram Fig. 80 was taken from an engin® with a steam-
jacket over the ends and sides, and the curve of expansion was
nearly that given by theory. At the end of the expansion the
true curve is represented by the dotted line, and it appears that
the actual expansion rises above it, showing that the steam was
a little superheated by the hot steam casing.

For the best economical running, then, it is plainly necessary
to prevent, as far as possible, any condensation of steam, either
at the period of admission or during expansion. High speed,
which allows but a very short time for any transfer of heat to
take place, is a very excellent way to lessen loss from this
cause; but principally may we prevent loss from condensation
by using a steam-jacket. When a steam-jacket is employed,
the cylinder is kept always at the same temperature, which is
at least as high as that due to the initial steam pressure. In
this way there is no initial condensation, nor is there any con-
densation during expansion, since the quantity of heat which
disappears by doing work is supplied by the jacket, and the steam



222 THE STEAM-ENGINE AND THE INDICATOR.

is kept saturated. At the time of exhaust opening, when con-
nection is made with the condenser, the steam expands as
before, but it is now dry, saturated steam, which receives and
parts with heat slowly, so that it does not abstract as much
heat from the cylinder when expanding into the condenser, as
did the wet steam in the former case. There is also no water
or moisture in the cylinder to be re-evaporated as soon as pres-
sure is relieved, and so although the steam-jacket does supply
enough heat to prevent liquefaction, and also heats up the
cylinder from the temperature due to the exhaust to that of the
entering steam, yet this quantity of heat is much less than that
which is extracted when the cylinder is unjacketed.

It is not correct to say that steam in the jacket is condensed
without doing any work; it does perform work, because the
units of heat supplied correspond to that heat which disappears
for the performamnce of work in the engine, and which causes
liguefaction in an unjacketed cylinder. There is also supplied
the quantity of heat required to make good that extracted dur-
ing exhaust, and which otherwise would be just so much taken
from the effective work of the steam in the engine.

The relative efficiency of steam, according to recent experi-
ments made witM engines both jacketed and unjacketed, have
shown a saving of 5 to 15 per cent., according to the grade or
ratio of expansion, in favor of jacketed cylinders, or somewhat
more if the heat carried away by the liquefied steam be also
considered.

The actual loss arising from expanding steam at high grade
in an unjacketed cylinder is invariably much more than 15 per
cent. e

First.—Because the expansion curve frequently rises above
the common hyperbola.

Second.—Because the cooling during exhaust is much greater
than the cooling during expansion. In other words, of the
total quantity of heat Jent the cylinder at the beginning of a
stroke, only a part is returned during the expansion, and the
remainder during the period of exhaust.

With low rates of expansion, say two or three times, it is
found that a moderate degree of superheating prevents very ap-
preciable loss, but in the absence of superheating the use of a
Jjacket is advisable.
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In all cases the jacket should be distinct from the cylinder, as
when the steam is passed through a jacket on its way into the
cylinder, the water condensed in the jacket is carried with the
steam into the cylinder, and the result is much the same as
would be produced without the jacket.

The adinission of wet steam into a steam-jacketed cylinder is
also productive of great loss, owing to the evaporation of the
contained water during the stroke by /4eat abstracted from the
jacket. It is not unusual to see engine diagrams in which the
expansion curve rises considerably above even the hyperbolic
curve. In all such cases the loss must be very considerable.

It is probably chiefly owing to this source of loss that the
utility of the steam-jacket is so often called into question. But
a steam-jacket may be quite ineffectual, or somewhat worse than
ineffectual, if without the means of removing air and water
from it.

For ordinary cases we may reckon upon securing an economy
of fen per cent., and this with large engines, if of enough im-
portance to warrant the use of a steam-jacket.



CHAPTER XIIL

VARIETIES OF STEAM-ENGINES.

THE steam-engine in practice assumes many different forms
and arrangements, each of which has a distinguishing name,
such as vertical, horizontal, beam, inclined, inverted, rotary,
etc. But these arrangements do not in any way affect the ac-
tion or use of the steam. It is usual, also, to divide engines
into two main classes: non-condensing, or ‘‘high pressure,”’ and
condensing, or ‘‘low pressure,” the latter being provided with
apparatus for condensing the steam.

Non-condensing engines are, on the whole, less economical
of fuel than condensing engines; but as they have fewer parts,
and occupy less space, they are much used where simplicity and
compactness are considered of more importance than economy
of fuel. A second mode of classing steam-engines is founded on
the manner in which the steam acts upon the piston, and is as
follows:

First.—Single-acting engines, in which the steam performs its
work by its action on one side of the piston only.

Second.—Double-acting engines, in which the steam performs
its work on either side of the piston alternately.

Third.—Rotary engines, in which the steam drives a piston
revolving around the shaft.

A third mode of classification distinguishes engines into:
First, non-rotative, in which no continuous rotation of a shaft
is produced, as in single-acting pumping-engines, steam-ham-
mers, and direct-acting beetling-machines. Second, rotative
engines, in which the motion is finally communicated to a con-
tinuously revolving shaft. Rotative engines are now the most
common. Non-rotative engines are exceptional.’

A fourth mode of classing engines is founded on their pur-
poses, as follows: First, stationary engines, such as those used
for pumping water, for driving manufacturing machinery, etc.
Secoud, portable engines, which can be removed from place to

(224)
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place, but are stationary when at work. Third, marine engines,
for propelling vessels. Fourth, locomotive engines, for use on
railways. Stationary engines exist of all the three modes of
classification. Portable engines are usually non-condensing, to
save space and to adapt them to situations where condensing
water cannot be obtained in sufficient quantity. Most of them
are also double-acting and rotative. Marine engines are, in
general, condensing, double-acting, and rotative. ILocomotive
engines are non-condensing, a few compound, and all double-
acting and rotative.

Condensing Engines.

Steam, the vapor of water, when produced at the usual pres-
sure of the atmosphere, is commonly denominated low-pressure,
in opposition to that which is formed at a higher pressure than
that of the atmosphere, and accordingly called high-pressure
steam. In common language, however, the term, low-pressure
steam, is also applied to steam which has a pressure of several
pounds to the square inch, and formed at a temperature higher
than 212 degrees. Steam-engines supplied with condensers,
when first made, used low-pressure steam, and, by condensing
the exhaust, gained the additional pressure due to the atmo-
sphere; were usually called low-pressure engines, instead of con-
densing-engines, as they should have been. In the present ad-
vanced state of engineering, high-pressure steam is now gen-
erally used in condensing engines, and to distinguish the differ-
ent classes they are called condensing engines, and non-condens-
ing engines.

Condenser.

The function of the condenser is to -cool down the exhaust
steam so as to reduce its pressure to a minimum, and in doing
so the steam is converted into water. The very early engines
could only work by the aid of condensation, as the steam with
which they were supplied was generally of a lower pressure than
the atmosphere; it is, in fact, owing to this that the steam-
engine owes its birth, for steam was preferred by the early
mechanicians because it was so readily changed from a gas to a
liquid, and so produced that vacuum which Nature was sup-
posed to abhor, and to fill which she would do the work of

8]
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horses. The exact relation of the condenser is better under-
stood by following the early history of the steam-engine from
the day when cooling water was admitted to the cylinder after
the steam, and then allowed to run freely away from the bottom
on the descent of the piston, to the time when Watt, having
perceived the waste of work in always forcing the piston up
against the atmospheric pressure, and in admitting the hot
steam into the cold cylinder, made the engine double-acting,
and effected the condensation in a separate chamber. The jet
of water continued long after Watt’s time as the means of cool-
ing the steam, and gave in later days the distinguishing name
to the condenser, which is now nearly entirely suspended by a
more perfect apparatus.

Jet Condenser.

In a modern condensing engine, the exhaust steam has com-
munication from both sides of the piston, through the exhaust
pipes and valves, into a tight vessel or chamber, termed the
condenser, where the exhaust steam is condensed by being
intercepted by a spray or jet of cold water, which takes up the
sensible and latent heat in the steam, and converts it from an
elastic vapor to liquid water, and creates a partial vacuum (a
perfect vacuum is never formed in steam engine practice,
neither is it desirable, for the extra economy of the perfect
vacuum, as compared with the partial vacuum, is neutralized
in effect by the extra load on the air pump and diminished
temperature of water to the hot well).

The vacuum created in the condenser extends to the exhaust
end of the cylinder, and the moving piston, instead of working
against an atmospheric resistance of 14.5 ponnds, meets a resist-
ance of about 1.5 pounds, the remaining 13 pounds of atmos-
pheric load having been removed: by the vacuum thus formed
in the condenser.

The capacity of the condenser is from one-fourth to one-half
that of the steam cylinder. The area of the injection orifice is
about ,3,th of that of the steam piston in ordinary engines, or
th of a square inch per cubic foot of water evaporated by the
boiler per hour.

The temperature of the condenser is generally reduced to 100
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degrees, consequently the vapor has an elasticity of about one
pound per square inch.. This pressure, measured by the Zndi-
cator, is generally found to run from one to four pounds in the
cylinder; the latter pressure proves that the exkaust passages
are too small.

Sometimes, when pure water is scarce, suzface-condensation is
employed. Here the steam passes into a number of tubes, and
is pumped from a vessel connecting their lower extremities by
means of a small air-pump. The best effects of surface-conden-
sation were obtained by ‘‘Joule,” who passed the condensing
water through pipes, each of which surrounded a copper steam
tube. 'The water flowed in a direction opposite to that of the
steam current. He found it possible to condense 100 pounds of
steam per hour per square foot of tube.

In some experiments on marine engines, using surface-con-
densation, it was found. that three to four pounds of steam per
hour were condensed per square foot of tube-surface; the pres-
sure of uncondensed steam and air being 1.7 pounds per square
inch. Perhaps the best results are obtained when the exhaust
steam is first subjected to surface-condensation, the change in
state being completed with the help of a small injection-jet.

With surface-condensation there is no great expenditure of
water, so this may be very pure when it is first put into the
boiler, and may be kept pure by replacing that which leaks
away by separate distillation. Sometimes the condensing-water
is also dispensed with, the surface condenser being formed of a
great number of tubes revolving rapidly in the air.

It has been found in practice that the best result is produced
by keeping the condenser at a low temperature. Even when
very hot feed-water is required, it is better to heat it during its
passage to the boiler, than to have it hot on leaving the con-
denser.

It has been found, that when the condenser is kept at 100 de-
grees Fahr., the ratio of the amount of effective condensation to
the amount of water lifted by the air-pump is a maximum.

From all condensers the water must be pumped away, and it
is necessary for the pump to overcome the pressure of the atmo-
sphere. Now, when the condenser is elevated 33 feet above the
ordinary level, and when the water of condensation falls into a
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long pipe, the lower opening of which is beneath the surface of
water in a cistern, a column will always be maintained in the
pipe by atmospheric pressure, and the condensed water will
escape at the bottom into the cistern. At first sight it may
seem, that with this arrangement there is no loss, as in an air-
pump; but a little consideration will show that the engine still
does work in removing the condensed water. In fact, the steam
and the injection-water have to be raised to a height of 33 feet;
and in doing this, whether by creating a vacuum, or otherwise,
an amount of work is done which is equivalent to that done by
an ordinary air-pump. In the jes condenser, also, the air-pump
is dispensed with. The velocity with which steam, even when
at a low pressure, enters a vacuum, is taken advantage of to
convey the water of condensation into the hot-well. The central
jet of injection-water is surrounded by a mozzle for exhaust
steam; and the receiving-pipe gradually expands towards the
hot-well. This condenser is on the principle of the Giffard’s
injector. :

The area of the foot-valves varies from 14 to 7§, or in pumps
whose buckets move very fast, to the full size of the area of the
opening in the bucket.

Condensers are generally provided with blow-through valves,
communicating with the cylinder, usually shut, but capable of
being occasionally opened, and with a skzf#ing valve opening out-
wards to the atmosphere. Through these valves steam can be
blown to expel air from the cylinder and condenser before the
engine is set to work.

A good condenser will increase the economical power of an
engine from 20 to 40 per cent., or for the same power effect a
corresponding saving in the amount of steam used and fuel con-
sumed. With an engine of any considerable size, a condenser
may always be employed with economical advantage, or we can,
when desirable, increase the power of an engine of given size
without adding anything to initial steam pressure, or boiler
capacity. Condensers owe their efficiency to the fact that they
create a partial vacuum on the exhaust side of the piston, and
thus reduce back pressure in proportion to the perfection of the
‘vacuum. Atmospheric pressure, such as non-condensing engines
work against, amounts to 14.7 pounds per square inch; from 10
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to 13 pounds of this may be removed by means of a condenser,
and is just so much added to the mean effective pressure, without
any additional cost, except for power required to operate the air
pump, which gives the injection and removes the condensed
steam and injection water, and aselsewhere explained, the
steam necessary to develop this power need not be lost when we
employ heaters. Since a condenser will thus add so largely to
the power and economy of an engine, with but slight additional
outlay, a condenser should always be used whenever a sufficient
supply of good water can be obtained for rejection.

It has been my practice to employ, whenever the conditions
will warrant it, an independent condensing apparatus; because
the vacuum is had at starting and may always be maintained,
regardless of the speed of the engine or varying temperatures
of the injection water; we can use a smaller air pump and do
not have to operate at all times a larger pump than necessary
in order to provide for emergencies; and the power required to
operate the pump does not act in any way to disturb the work-
ing of the main engine.

The amount of injection water required is from 20 to 25 times
the quantity fed into the boilers. Water discharged from the
condenser has a temperature of 100° to 120° Fahr. A portion
of this water may be fed into the boiler, but by far the greater
part has torun to waste. We may remark, in passing, that
this is a serious and, at present, unavoidable source of loss,
which is to a greater or less degree common to all steam engines.
In round numbers, if 1100 units of heat are contained in one
pound of steam, entering the cylinder, from goo to 1000 of the
units, are carried off by the exhaust steam and imparted to the
condensing water. ‘This explains why we can only realize a small
percentage of the power contained in each pound of coal; only
about 4 per cent. to 16 per cent. can be counted upon, and only
about 29 per cent. is possible, supposing steam of 100 pounds to
be expanded down to the line of perfect vacuum. The remain-
ing heat is necessarily lost, because there is no means by which
any further expansion and resulting work can be secured. But
while the percentage of power obtained is low, compared with
the power which could be realized with perfect mechanisin ex-
tracting all the heat, yet, compared with the amount of heat
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which is possible to utilize, it may be shown that some of the
best types of engines yield about 50 per cent. of the highest
efficiency; and future improvements may be expected to in-
crease this figure, which is still so far below what may be con-
sidered attainable.

The above shows the importance of utilizing ‘any standing
water in ponds or wells, in case no flowing water is obtainable.
Whenever the height from the surface of water in the well,
pond, or other body of water, from which the injection water is
taken, to the centre of injection pipe, does not exceed about 20
feet, there is no separate pump for injection water required; for
as a vacuum is created in the condenser, the atmospheric pres-
sure forces the water into the condenser, where it enters in the
form of fine spray.

Lifting Condensing Water.

It is generally supposed by engineers, that there is a loss
of power involved in condensing water being lifted to a con-
denser by the action of the vacuum in the latter, or to speak
more correctly, by the pressure of the atmosphere on the surface
of the pond or well, from which the water is drawn. I find that
this is a subject on which some misapprehension exists, and will
endeavor to make the matter plain to all.

The lifting of injection water to a condenser, in the manner
referred to, does not involve a loss of power. All water drawn
from a condenser, by an air-pump, requires as much power to
extract it as if this water was lifted to a height equal to that of
the head of water corresponding to the vacuum in the condenser,
and this power is unaffected by the manner in which the water
is supplied to the condenser. On the other hand, the resistance
to the water entering the condenser, must be such that the work
expended in overcoming it, will balance the power exerted by
the pump. In the majority of instances, the chief portion of the
work done by the entering water, is expended in overcoming
the frictional resistances encountered in passing the injection
valve or cock, rose, etc., while in cases where the injection water
rises to the condenser, the power corresponding to this lifting,
forms part of the expenditure of work, balancing the power re-
quired to drive the air-pump. For instance, let us suppose the
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vacuum in a given condenser to correspond to a 28 feet head of
water; and let us further suppose that this condenser can be sup-
plied with injection water from either of two sources, one situ-
ated 20 feet above, and the other 20 feet below, the level at
which the water enters the condenser. Now, when derived from
the upper source, the water would enter the condenser at a rate
of flow corresponding to its head, as follows:

28 4 20 = 48 feet,

and the injection cock or valve would have to be set accord-
ingly. On the other hand, if the water was drawn from the
lower source, the effective head—vacuum—causing the flow into
the condenser, would be as follows:

28 — 20 = 8 feet,

and to obtain the same amount of injection water as before, the
injection cock or valve would have to be opened wider. In
other words, the frictional resistances offered by the injection
cock or valve in the two cases would be adjusted so as to
counter-balance the effect due to the different heights from
which the injection water was drawn, leaving the work to be
domne by the air-pump constant. Of course the fall of the water
in the one case, and its lifting in the other, would be at-
tended with a rise and fall of temperature, respectively; but
inasmuch as the sudden arresting of a particle of water, after
falling 772 feet, would only cause its temperature to be raised
one degree Fahrenheit, the alteration of temperature, in such
cases as we have supposed, would be practically inappreciable.

So far we have only referred to the work done in extracting
water from the condenser; of course if the air-pump has to lift
the water after its extraction, all such lift represents extra work
done, as it adds to the mean effective pressure on the top of the
air-pump bucket.

Air-Pump.

The air-pump when single acting has a capacity usually from
one-fifth to one-sixth of that of the cylinder. When the air-pump
is double acting, it may, of course, be made oue-half smaller.
The valves through which it draws the water, steam and air
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from the condenser, are called foof valves, those through which
it discharges those fluids into the %ot well, delivery valves. A
singleacting air-pump has ducket valves opening upwards in its
piston. Flap valves and other clacks of various forms are used
as air-pump valves. ‘The ratio of the area of the valve passages
to that of the air-pump piston, ranges in different engines from
one-third to equality, being made greater, as the speed of that
piston is greater, so that the velocity of fluids pumped may not
in any case exceed about ten or twelve feet per second.

The resistance to the motion of the air-pump bucket may be
measured by a back pressure in the steam cylinder of from one
quarter to one-half pound per square inch.

The air-pump communicates with the %o well through the
delivery valve, and the hot well, which is a vessel generally
placed on the top of the condenser, communicates with the
waste water pipe.

The air-pump worked by the engine removes the water of
condensation, condensing water, air and vapor from the con-
denser, and delivers into a hot well, from which the water is
drawn to supply the boilers.

The expense of engine power in working a well proportioned
air-pump is trifling, and should not be considered in the selec-
tion of condensing apparatus. In adapting engines for maximum
economy, care should be had that the terminal pressure, or
pressure at release, should never fall below atmospheric pres-
sure, otherwise the vacuum will be but partially utilized.

High-Pressure Steam.

Hornblower invented the double or compound cylinder en-
gine for expansive working, and he intended (as did Watt in
his patent of 1782), to employ steam at or near the atmospheric
pressure. ‘T'o Oliver Evans must be ‘awarded the credit of hav-
ing built and put in operation the first practically useful high-
pressure steam-engine, using steam at 1oo pounds pressure to
the square inch, or more, and dispensing with the complicated
condensing apparatus of Watt. The high-pressure engine of
Evans had advantages in its great simplicity and cheapness, and
ever since his day it has continued the standard steam engine
for manufacturing purposes in this country.
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The economy resulting from the expansion of steam at a high
pressure was, however, first insisted upon by Arthur Woolf, a
Cornishman, who converted Hornblower’s double cylinder en-
gine into a form suitable for driving machinery, for which he
took out a patent in 1804 (No. 2,772) for certain improvements
in the construction of steam engines, in which he proposed to
employ two steam cylinders of different dimensions, each furn-
ished with a piston, the smaller cylinder having a communica-
tion at the top and bottom with the boiler, but communicating
also with the two ends of the larger cylinder, in such a way that
the steam should cause both pistons to rise and fall together.

The specification describes the admission of steam at a pres-
sure of 40 pounds on the square inch into the smaller cylinder,
so as to drive the piston down at the same time that steam from
below the same piston is expanding into the larger cylinder,
and forcing its piston also in the same direction.

Hence, the two pistons are similarly actuated by the joint
pressure of the steam in each cylinder. Woolf was here adopt-
ing Hornblower’s engine to a new purpose. Woolf erected one
of his engines working with high-pressure steam and condensa-
tion at Meux’s brewery in 1806. Woolf entertained the 1nost
fanciful and enormous ideas as to thé power of high-pressure
steam when expanded, but, although quite wrong in his theory,
he persevered in the construction of his engines, and erected sev-
eral which ran with a steam pressure of from 40 to 60 pounds
above the atmospheric pressure.

Although Woolf had peculiar theories, he was a thoroughly
practical mechanic, and performed more admirable work in the
construction of high-pressure engines, and in advocating tubular
boilers for the generation of high-pressure steam.

Down to the year 1814 the pressure of steam in Cornish
engines never greatly exceeded that of the atmosphere, and at
this low initial pressure there was practically but little economny
resulting from expansive working; whereby it appears that
after Watt’s immediate connection with the mining districts
ceased, expansion fell rapidly into neglect. Then it was Evans
in America, R. Trevethick and Woolf in England; the latter
both advocated in Cornwall the economy of high pressure steam
with expansion, a mode of working which was applied by
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Hornblower, in Watt’s single cylinder engine, and by Woolf in
the double cylinder engine.

It was, indeed, proved that by high pressure of steam and
expanding by the new method, it was possible to raise the dusy
of an engine from twenty million of foot pounds for one bushel
of coal, at which point Watt had left it, to fifty or sixty million,
and at the present day as high as one hundred million foot
pounds.

Up to 1850 marine engines were run at a pressure on the
boiler from 5 to 15 pounds above the atmosphere. Within the
last twenty years, however, a great change has occurred in the
construction of both marine and stationary engines. The
ordinary boiler pressure now runs from 8o to 160 pounds per
square inch. It is an everyday occurrence for a stationary
engine to develop a horse-power per hour with a consumption
of three pounds of coal, and compound marine engines with zzwo
pounds.

Comparative Efficiency of Different Engines.

I shall discuss the performance of steam-engines by reference
to the indicator diagrams taken from them, and shall commence
with the atmospheric engine of Newcomen, as his was the first
that was considered a steam-engine. The apparatus of Savery
was not what would be called to-day a steam-engine, as it had
no moving parts, but consisted of either a single pair of closed
vessels or three vessels, one of which was a boiler, and the other
or others, metal chambers of spherical, cylindrical or ellipsoidal
form, which were at once condensers and pumps. The latter
were filled with steam, which being condensed, the water rose
into and filled them, and was then forced out by a succeeding
charge of steam, of pressure exceeding that of the head against
which the lift took place. The usual pressure was about (45)
forty-five pounds per square inch, and the consumption of coal
amounted to about #iirty pounds of coal per hour, per horse-
power, as a minimum.

The ‘‘Atmospheric Steam-Engine’ consisted of a steam
cylinder, with a piston taking steam at the bottom; the upper
end of the cylinder being open to the atmosphere, the piston
actuating a ‘‘ walking-beam,”’ and, through the latter, working



VARIETIES OF STEAM ENGINES. 235

pumps attached to the opposite end. Neither crauk, shaft, nor
fly-wheel was used, the action of the engine being controlled
entirely by the adjustment of its valves. In its operation, steam
at a little higher than atmospheric pressure, was admitted below
the piston; the weight at the pump end depressed that extremity
of the beam, raising the piston. The steam below the piston
was then condensed by a jet of water thrown into the cylinder,
producing a vacuum, and atmospheric pressure finally forced
the piston down, raising the pump-rod and plunger. The
weight on the latter was adjusted to the work, so that, when
steam was admitted, this weight should force the pumps to dis-
charge the water. The only function of the steam was the dis-
placement of the atmosphere, or counterbalancing it, by entering
below the piston, and thus permitting the formation of a vacuum.
The coal consumption was, at best, about twenty pounds per
hour per horse-power.
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In the diagram, Fig. 81, the steam pressure never rises above
the atmospheric line A4 D, the horizontal lines represent vol-
umes occupied by steam in the cylinder, otherwise the amount
of travel of the piston, for one stroke is identical with the other.
The diagram being intersected by ten vertical lines at equal dis-
tances, dividing the length of stroke into ten equal parts, the
first thing to be done is to determine the mean pressure of the
steam in each of these divisions.

The action of the steam is quite intelligible. The pressure is
maintained during the upward stroke, but there is a loss at the
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beginning due to the injection water, which remains in the
cylinder. On the downward stroke the condensation is imper-
fect at first, but improves afterwards, and the pressure of vapor
in the cylinder falls to two and one-half pounds, or five inches
of vacuum.

Now, by adding the number of pounds pressure at each divis-
ion together, we find that the sum is

15+ 13 4 13 + 13 + 12.5 + 12.5 4 12 4 II + 10 4 5 = 115,

which, when divided by fen, gives 11.4 ‘as the mean effective
pressure on the piston in pounds per square inch during one
stroke. The dimensions of the engine and rate at which the
piston moves are now to be taken into account. The cylinder
of this engine was 8o inches in diameter and ten feet stroke, and
the number of strokes ten per minute; hence;

Area of piston = 80 X 80 X 0.7854 = 5026.5 square inches.
Travel of piston, per minute, 10 X 10 = 100 feet.

Indicated horse-power = 5026.5 X 100 X 11.5 175 horse-power.
33,000

Single Acting Engines.

The best type of a single acting engine is the Cornish pump-
ing engine, as invented by Watt in 1778. In this class of
engine there is always steain above the piston, and steam and
vacuum alternately beneath; but about the year 1780 it occurred
to Watt that the condensation might be made more perfect, and
a better result be realized, if these conditions were reversed, and
a perfect vacuum maintained beneath the piston, while an
alternate steam pressure and vacuum was used above it. When
the engine is applied to work a common pump, the force being
needed only when the pump buckets are raised, not in their
descent, an arrangement was required in the cylinder by which
the piston should be only driven by steam in its descent, the
pump buckets being then raised by the other end of the beam;
but in its ascent the piston would be lifted by the weight of the
descending buckets, without any aid from the steam. Engines
adapted to work pumps are therefore so arranged that the valve
shall only admit steam above the piston, a vacuum being made
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below it in the descent. Engines constructed in this manner
are called single acting engines, while those in which the steam
acts both above and below the piston are called double acting
engines. i

The single acting engine in its principle differs in no respect
from those I have described. A valve is provided at the top of
the cylinder by which steam is admitted above the piston when
it begins to descend. Anmnother valve is provided at the bottom,
by which the steam under the piston passes to the condenser;
and the piston descends exactly in the same manner as in the
double acting engine. But when the piston has reached the
bottom of the cylinder, a valve is opened which gives a com-
munication between the top and the bottom of the cylinder, so
that the steam which has just forced the piston down now
passes equally above and below it, the piston being then drawn
up by the weight of the descending buckets. The steam which
was above it passes below it, through a tube attached in which
the valve just mentioned, communicating between the top and
bottom of the cylinder, is placed. When the piston has reached
the top of the cylinder, the steam which previously filled the
cylinder above the piston will now fill it below the piston; and
when the piston is about to descend by the pressure of steam
admitted above it, the steam below it is discharged to the con-
denser by another valve already mentioned, and so the opera-
tion proceeds.

Single acting engines are only applicable to pumping or to
some other operation in which an intermitting force, acting in
one direction, is required.

The most remarkable examples of the application of the
single acting steam-engines to pummping are presented in the
mining districts of Cornwall in England, where engines con-
structed on an enormous scale are applied to the drainage of
mines. ‘The largest steam-engines in the world are used for this
purpose. Cylinders eight and nine feet in diameter are not
unknown. The expansive principle may here be applied with-
out limit, inasmuch as regularity of motion is not necessary.
Steam of fifty pounds per square inch above the atmosphere is
admitted to act on the piston, and cut off after performing from
1 to ¢, of the stroke, the remainder of the stroke being effected
by the expansion alone of the steam.
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Double acting engines are only applicable in pumping by the
use of double-acting pumps.

The following indicator diagram, Fig. 82, was taken from a
single acting engine, or Cornish pumping engine, having a
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cylinder 70 inches in diameter, making four strokes per minute,
under a mean pressure of fourteen and three tenths pounds per
square inch.

In the single acting engines two diagrams must be taken, one
from the top and the other from the bottom of the cylinder. It
will be seen that these diagrams are quite unlike in form, for
the action during the down-stroke. is not repeated during the
up-stroke as in a double acting engine, and our first task will be
to comprehend the reasons of the particular conformation ob-
served. Each diagram must be interpreted in its turn.
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As far as the upper diagram is concerned, that figure indicates
the admission and cut-off of steam, together with the opening
of the equilibrium valve, which corresponds to an ordinary dia-
gram from a condensing engine. The lower diagram, Fig. 83,
has reference to the state of things below the piston, where the
equilibrium and exhaust valves are opened consecutively.



VARIETIES OF STEAM ENGINES. 239

Beginning at the point 7 with the piston at rest at the top of
the cylinder, we note that the pressure rises until the down-
stroke commences, when the steam line £ ¢, and the expansion
e g, is traced out. 'The portion £ ¢ is horizontal, and cut-off
takes place at 2. The line @ p indicates that the equilibrium
valve is open, and that the steam pressure has fallen somewhat
during the circulation which takes place. At the point p the
equilibrium valve is closed, and compression or cushioning be-
gins, just as in a double acting engine. At the point 7 the pis-
ton is coming to rest, and there is a drop in the curve which is
often much more marked than in the present example, and
which indicates loss of pressure before the down-stroke begins.
Such loss would be due to leakage of the compressed steam
round the circumference of the piston, or perhaps to loss of heat,

As to the lower diagram, the nearly horizontal line, @ p, shows
that the equilibrium valve is opened. When compression be-
gins at p, above the piston, expansion will also begin to a much
less extent below it, and there will be a slight drop towards the
end of @ p, otherwise the lines @ p and « nearly coincide, and
would absolutely if there were no disturbing causes at work; but
the diagram shows some difference of pressure at the two ends
of the cylinder, when the equilibrium valve is open.

With regard to the work done, the piston is driven down by
the steam from above it, as opposed by the back pressure of the
exhaust space underneath, and that part of the action is fully
determined by comparison of the lines, £ ¢, g and @ . But the
whole work done by the steam in the double stroke is, accord-
ing to our principles, obtained by a careful measurement of the
areas of the enclosed diagrams.

At first sight the student might imagine that the horse-power
may be calculated by simply noting the pressures indicated by
the steamn and exhaust lines, the cutting away of any part of
the intermediate area—as by compression, or by want of coinci-
dence of the lines 2 p and e—affecting only the up-stroke, when
the weight of the pump rods is the moving force. But a little
consideration will show that this view is erroneous, and that the
compression of steam in the up-stroke, and the resistance to the
motion of the piston due to inequality of pressure when the
equilibrium valve is open, must be deducted from the total
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efficiency. The steam opposes the piston in its ascent, to some
degree, and this gives rise to negative work, which must be de-
ducted from the positive work accomplished in the down-stroke.
In other words, during the down-stroke the steam does the
work, and during the up-stroke work is done upon the steam.

It follows, therefore, that the portion of unoccupied space be-
tween the two intermediate horizontal lines is a veritable sub-
traction from the efficiency of the agent.

To calculate the horse-power in the case of a single acting
pumping-engine, having a cylinder 1oo inches diameter with a
stroke of 10 feet, and making eight strokes per minute.

Taking the steam pressures as noted on the diagram Fig. 82
in their order, there is above the atmospheric line a series
amounting to—

Above the atmosphere:

20420414 4844+ 1=67
Below the atmosphere:

3+64+6+6+64+6+5+4+3+2=47
Lower diagram:
25+3+3+3+3+3+3+3+3+25=29
T'his total divided by the ten ordinates = 43 — 14.3 pounds aver-
. 10
age pressure.

HP.=°'7854 X 100 4 100 + 10 4 2 4 8 4- 14.3 __ 574 + HP.
33000

Double-Acting Engines.

When steam acts on both sides of the piston alternately, the
engine is called double-acting. In fact, it is only in rare cases
that a single-acting steam-engine is now nsed. Gas engines are
single-acting.

In the following Fig. 84, diagram X, was taken from a
double-acting engine, with steam at atmospheric pressure only.

This engine had a cylinder 36 inches diameter, and a stroke
of 5 feet,

The vacunm gage attached to the condenser exhibited a con-
stant vacuum of about 28 inches, or 14 pounds, and it was
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thought to be doing good duty; but on the application of the
indicator, it was found that the average vacuum acting upon
the piston was not over 17% inches.

By resetting the valves, and giving a little lead to them also
cutting off after the piston had moved yths of the stroke and
increasing the steam to one pound above the atmosphere, to
compensate in part for this loss of power due to cutting off, a
much superior vacuum was produced, and the power of the en-
gine increased with a saving in fuel of about a ton of coal per
day. See diagram /A in shaded lines, Fig. 84.
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The diagram, Fig. 85, was taken from a condensing-engine,
some thirty years ago, and will give an idea of a first-class en-
gine, working under a steam-pressure of from five to seven
pounds per square inch above the atmosphere.

The engine had a cylinder 8o inches diameter, with a stroke
of 6 feet, making fifteen revolutions per minute.

The steam pressures above the atmospheric line at the differ-
ent spaces are as follows:

55+5+5+5+45+45+3+2+1=355.
The pressures due to vacuum are as follows:
11 4 12 4 12.5 + 12.5 + 12.5 + 12 + 12 4 12 4 12 4 8 = 116.5

. i MotalEsgteq st o & & & 152.0
16
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Mean pressure, 152 =+ 10 = 15.2 pounds.

P 80 X 80 x .7854 X 6 X 2 X 15 X 15.2 — 416.48 HP
33,000

Automatic Steam-Engines.

Within the last few years variable cut-off engines for station-
ary uses are the rule and not the exception. ‘The fundamental
idea upon which this class of engines are designed is that of
variable expansion.

The following are the most prominent in general use in the
United States: The Corliss, Greene, Buckeye, Porter-Allen,
Straight Line, etc., etc. Engines of this class have no regulat-
ing valve, but full boiler pressure is maintained in the valve
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chest, and admitted to the cylinder at the commencement of
each stroke, and the governor adjusts the force to the varying
resistance, acting directly on the main valves, and changing
the point of cut off. The action of the regulating valve raises
or lowers the steam line on the diagram, while that of the vari-
able cut-off lengthens or shortens it, as the load on the engine
is increased or diminished. s

The object of using steam expansively is to obtain a high
mean pressure throughout the stroke with a low terminal pres-
sure, on the assumption that while the former represents the
work done, the latter represents the quantity of steam expended
in doing it.

It is readily demonstrated and abundantly proved in practice,
that the greatest difference between the mean pressure in the
cylinder through the stroke and that at the the end of the stroke,
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or at the point of exhaust, is obtained by admitting the highest
attainable pressure at the very commencement of the stroke,
maintaining it up to the point of cut-off, cutting off early and
sharply, and permitting the enclosed steam to exert its expan-
sive force to the end of the stroke. Theoretically, the earlier
the cut-off, and the further expansion is carried, the better; but
this is greatly modified by various practical considerations.

It is well known that steam-engines in which uniformity of
speed is maintained by variable cut-off, under the direct control
of the governor, are, other things being equal, superior in point
of econony in the use of steam to similar engines which are
regulated by a throttle valve in the steam-pipe throttling
engines, so called; and that engines of the first mentioned class
also possess much greater efficiency with the same capacity of
cylinder, than engines of any other class.

To the practiced eye of the engineer these qualities are
revealed by a glance at the indicator diagram.

It is seen that with the variable cut-off, steam is admitted to
the cylinder at very nearly the full boiler pressure, and the du-
ration of admission is proportioned to the resistance, or work,
and controlled by the governor, and speed.

With the throttle-valve, on the other hand, the pressure is
greatly reduced in its passage from the boiler to the cylinder,
during regular, ordinary work; admitted at higher than the
ordinary pressure, for increase of resistance or work, by the
slow-moving governor, and reduced to still more attenuated
pressure for any decrease of resistance by the more rapidly re-
volving governor.

It will readily be seen that we have in this reduced pressure
an explanation of diminished power, or efficiency, of the throt-
tled engine with given capacity of cylinder, speed of piston, and
steam pressure in the boiler.

Other causes, some of which will be noticed further on, con-
spire with this to the same result; and all these causes, while
they promote efficiency, aiso promote economy, as will be seen
from an analysis of indicator diagrams from each style of en-
gine.
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Economy in Using Steam Expansively.

The secret of economy in using steam expansively in engines
is in the adoption of the highest practicable pressure of steam;
thorough jacketing about the cylinders, steam-pipes, and valve-
chests, the earliest cut-off at which the engine will do its work,
and as perfect condensation of steam as possible after the steam
has done that work. The steam should have the readiest pos-
sible access to the cylinder, and the only principle upon which
any valve, however ingenious, can work successfully, is that of
providing a large opening immediately at the commencement
of the stroke, with prompt cut-off at whatever point may be
determined upon, and in early and unobstructed exhaust.

No steam-engine can run economically at a high grade of ex-
pansion, except it be fitted with a condenser, for the greatest
economy of working expansively is in expanding below the
pressure of the atmosphere. The highest attainable economy
would be in expanding down to a perfect vacuum, thereby re-
lieving the boiler from overcoming the pressure of the atmos-
phere at each half revolution of the engine, as is the case with
all non-condensing engines. ‘The valve-gear and condenser for
attaining these resnlts, may possess different degrees of mechan-
ical merit; but none can be considered as successful which (with
an evaporation of from eight to ten pounds of water in the
boiler, per pound of coal burned) require more than fwo pounds
of coal per hour per horse-power.

The steam-engine is still in an exceedingly imperfect condi-
tion, and we do not doubt but that it would be rapidly improved
were it not that there is so little room for additional discovery,
and that so little is left to be patented. ‘The great principles of
steam-engine economy are open to the free application of all,
and they are so simple that none- should fail to recognize and
adopt them.

The action of steam in an engine cylinder is developed in its
most simple form in the non-condensing or high pressure engine,
in which the vacuum takes no part.

The class most in use is the non-condensing throttling engine,
in which the steam follows to the end, or nearly to the end, of
the stroke, and in all cases where the pressure is reduced be-
tween the boiler and the cylinder by the action of the regulating
valve—that is, by throttling.
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The diagram given by such engires (see Fig. 86) isas follows:

The steam-line, £ g, rapidly declines, from throttling of the
steam; this also occurs when the steam-ports, or steam-pipe, are
too small.

When the pressure declines throughout the stroke of the
engine, as above, on_account of the contraction of the steam-
pipe area by the governor-valve, the steam is said to be ‘‘ wire-
drawn.” 'The engine being non-condensing, the atmospheric
line is below the whole enclosed area of the diagram. See A4, D.,
Fig. 86.
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In order to save steam, or more correctly, to employ its effect
more economically, we must, of course, admit the steam at a
greater pressure than if we are using it full stroke, because we
must obtain the samne mean pressure. Taking, for example, an
engine using a steam pressure of 75 pounds per square inch, and
following the piston full stroke, how much must that pressure
be increased to run the same engine with steam expanded?
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Diagram, Fig. 87, exhibits the improvement made in modern
engines in the valve motion. The distance between £and e
shows the travel of the piston during steam admission; at e the
lap on the valve covers the port, the steam is cut off, and the
distance between ¢ and g represents the travel of piston during
the expansion in the cylinder. ‘To avoid excessive back pres-
sure at the commencement of the return stroke as shown in
diagram, Fig. 87, the steam is released at /, the distance from
! to g being the travel of the piston after the exhaust-port is
opened; the space between the atmospheric line 4 D, and bot-
tom or exhaust line of diagram, represents the back pressure.
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The rising curve at the lower left-hand end from /% to ¢ is the
cushion or compression. ‘The mean back pressure is less than
five-hundredths (0.05) of the mean direct pressure.

In the above diagram, the piston has moved to about five-
eighths (0.63) of the stroke when the cut-off took place. The
cut-off is obtained with a single slide-valve and eccentric; at the
point /, the exhaust-port opens after the steam has expanded
from e to /, or about 93 per cent. of the stroke; the early release
at /, allows the spent steam to discharge itself so that the press-
sure falls to a minimum on the return stroke.
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Non-condensing, automatic cut-off engines are those in which
the movement of the cut-off valve (which is sometimes indepen-
dent of the main valve) is so controlled by the governor as to
cut off the steam earlier or later in the stroke, as may be re-
quired to maintain the desired uniformity of speed under varia-
tions of load and steam pressure. It is so called in contradis-
tinction to the throttling or *‘ wire-drawing’’ engine, in which
the governor effects the desired regulation by throttling the
steam more or less in its passage to its work.

Automatic Expansion Engines.

The fundamental idea upon which automatic expansion en-
gines are designed, is that of variable expansion. Engines
of this class have no regulating valve in the steam pipe, but full
boiler pressure is maintained in the valve chest, and is admitted
to the cylinder at the commencement of each stroke, and the
governor adjusts the force to the varying resistance by changing
the point of cut-off. ‘The action of the governor-raises or lowers
the steam line on the diagram, while that of the variable cut-off
lengthens or shortens it, as the load on the engine is increased
or diminished. The object of using steam expansively is to
obtain a high mean pressure throughout the stroke with a low
terminal pressure, on the assumption that while the former
represents the work done, the latter represents the quantity of
steam expended in doing it.

It is readily demonstrated, and is abundantly proven in prac-
tice, that the greatest difference between the mean pressure in
the cylinder through the stroke, and that at the end of the
stroke, or at the point of release, is obtained by admitting the
highest attainable pressure at the very commencement of the
stroke, maintaining it up to the point of cut-off, cutting off
early and sharply, and permitting the confined steam to exert
its expansive force to the end of the stroke.

Theoretically, the earlier the cut-off and the further expan-
sion is carried the better, but this is greatly modified by various
practical considerations.

While engineers are agreed in employing some degree of
expansion, perhaps no two would recommend precisely the
same. Expansion can certainly be overdone.
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To Frederick E. Sickles, of New York, must be given the
credit of the liberating valve-gear. The apparatus devised by
him for its application to the double-beat-valves employed on
steamboat engines on the North River and Long Island Sound,
was singularly ingenious and efficient, and has for the last fifty
years or more been known as the Sickles cut-off. It combined
an opening, at first exceedingly gradual, and then accelerated
as the motion of the piston was increased with an almost instan-
taneous closing of the port.

The reasoning of the advocates of this system was short, and
in their own view, conclusive. It ran as follows:

‘‘Steam to be expanded to the best advantage must be cut off
sharply. The sucking in of steam into the cylinder through a
gradually contracting passage technically terined ‘ wire drawing,’
involves a great loss, and is not to be tolerated in any degree.
A valve closed by a return of the opening motion cannot effect
a sharp cut-off; but if it could have a motion sufficiently rapid
for this purpose, then the opening motion would need to be
equally so, and this would admit the steam so suddenly and
violently on the centres as soon to destroy the engine. The
admission must be gradual, the cut-off must be sudden. The
liberating gear only can give to the valve a slow opening and
a swift closing movement. Zsgo, all the world must sooner or
later come to use the liberating valve gear.”

The theory of working by variable expansion requires the
following distribution of the steam:

First.—The load on the valve should be constant, or the
same for all points of cut-off, admitting the full pressure at the
beginning of the stroke.

Second.—The opening should be sufficient to enable this
pressure to be maintained in the cylinder up to the point of
cut-off, and the cut-off should be so rapid that the pressure shall
not fall during the operation of closing the port.

Third.—The exhaust action should not be affected by changes
in the point of cut-off; should permit the confined steam to exert
its expansive force, as nearly as possible, to the end of the
stroke, and then discharge it without loss of power from back
pressure.

Thus every feature of the diagram is invariable, except the
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point of cut-off, which is moved by the action of the governor,
according to the changes occuring in the load. From the
above it will be seen that it is not possible to effect all these
objects by means of a single valve.

The exhaust-valves must differ from the admission-valves
both in their dimensions and in their movements. Each must
be adapted to the performance of its own function, and to this
end must be quite independent of the other.

Automatic Cut-Off Engines.

The fundamental idea upon which these engines are designed
is that of variable expansion. Engines of this class have no
regulating valve in the steam-pipe, common to all ordinary
throttling slide-valve engines, but the full boiler pressure is
maintained in the valve-chest, and admitted to the cylinder at
the commencement of each stroke, and the governor adjusts
the force to the varying resistance by changing the point of
cut-off. The action of the regulating valve raises or lowers the
steamn-line on the diagram, while that of the variable cut-off
lengthens or shortens it, as the load on the engiue is increased
or diminished. The object of working steam expansively is,
to obtain a high mean pressure through the stroke with a low
terminal pressure, on the assumption that, while the former
represents the work done, the latter represents the quantity of
steam expended in doing it. It is readily demonstrated, and is
abundantly proven in practice, that the greatest difference be-
tween the mean pressure in the cylinder through the stroke and
that at the end of the stroke, or at the point of release, is ob-
tained by admitting the highest attainable pressure at the very
commencement of the stroke, maintaining it up to the point
of cut-off, cutting off early and sharply, and permitting the
confined steam to exert its expansive force to the end of the
stroke.

Theoretically, the earlier the cut-off, and the further expan-
sion is carried, the better; but this is greatly modified by vari-
ous practical considerations. i

In 1849, George H. Corliss brought out the modern “‘cut-off
engine,”” and advocated a boiler pressure of seventy pounds per
square inch in combination with a piston speed of 450 feet per
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minute, by which means he reduced the coal consumption from
six to eight pounds of coal per horse-power per hour, in the
best engines, to three pounds.

When Corliss first offered to sell his engine to manufacturers,
they could not understand it, although he explained to them
that the efficiency of it was due to a higher initial steam-pres-
sure in the cylinder; the steam-line maintained without expan-
sion; the rapid closing of the steam-valves, whereby wire-
drawing was prevented, and the whole expansive force of the
steam secured; a low terminal, and a free exhaust. Under
these conditions, the steam was expanded until there was no
more work in it. But with all the above advantages, Mr. Cor-
liss could not introduce his engine at the advanced price he
asked over that of those then in use, except by agreeing to take
the saving in fuel for a stated period for his pay. This state of
affairs only lasted a few years, when the reputation of the
engine became well-established, and it was copied all over the
world on the expiration of the patent.

The following indicator diagram (Fig. 88) from a non-con-

Fic. 88.

Q

4
D

V- v

densing Corliss engine, is a fair sample of the distribution of
steam in the cylinder.

The knowledge acquired in the time of Watt, of the essential
principles of steam-engine construction, has since become
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familiar to intelligent engineers. - It has led to the selection of
simple, strong, and durable forms of engine and boiler, to the
introduction of various kinds of valves and valve-gearing,
capable of adjustment to any desired range of expansive work-
ing, and to the attachment of efficient governors to regulate the
speed of the engine, by determining automatically the point of
cut-off which will, at any instant, adjust the work exerted by
the expanding steam to the load.

The value of high pressure, and considerable expansion, was
recognized in the early part of the present century, and Watt
gave the steam-engine very nearly the shape it has to-day. The
compound engine, in principle at least, was invented by con-
temporaries of Watt, and the only important modifications since
are the introduction of the ‘‘drop cut-off,”’ the attachment of
the governor to the expansion apparatus in such a manuer as to
control the degree of expansion, the improvement in propor-
tions, the use of higher steam and greater expansion, and the
employment of double-cylinder engines, after the rise in steam
pressure, and the discovery of internal condensation and re-
evaporation in the cylinder, which were entirely unknown to
Watt and his contemporaries.

The Corliss engine was followed by the Greene engine, built
by Thurston, Greene & Co., of Providence, R. L., and at the
present time by the Providence Steam-Engine Co. ‘This engine
was invented by Noble T\ Greene, and patented in 1855. Itis
similar to the Corliss in having four valves—two steam, and two
exhaust—so placed as to reduce clearance to a minimum, the
only difference being in the type of valve, Corliss using a
vibrating valve worked by a ‘‘ wrist-plate’’ connected to a single
eccentric, and the Greene engine using a plain slide-valve for the
steam, and gridiron slides for the exhaust, the latter set at right
angles to the steam valves; each are worked by a separate
eccentric. Other automatic engines are the Wright, Brown,
Fitchburg, etc.

In the present advanced state of the arts, it looks as if the
‘‘drop cut-off ”* will be superseded by the ‘‘positive-motion cut-
off,” especially for direct connection, due to the high rotative
speed in demand by the introduction of electric lighting. In
this respect, it is but a repetition of the transition in hydraulics,
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which dispensed with the ponderous overshot and breastwheels,
and substituted in their place the fast-runniug and close-gov-
erning turbines.

One of the greatest losses of the steam-engine is the conden-
sation of steam and loss of heat at entrance into the cylinder,
by the action of the metal surfaces to which it is exposed on all
sides at the beginning of the stroke, and this is augmented,
when at work, by light loads, large cylinders, and low rotative
speeds; the remedy is the converse. In nou-condensing engines,
a direct loss occurs by expansion below the atmosphere, thus
creating a vacuum resistance on the impelling side of the pis-
ton, at the expense of the fly-wheel, see diagrams, Figures 17,
21 and 67, which show this plainly. High-pressure steam
should mean dry steamn, and as a consequence there will be less
condensation at the commencement of the stroke. High rota-
tive speed, also, to a greater or less extent, diminishes cylinder
condensation. It is evident that the longer time steam remains
in contact with a cooler surface, the more it will be condensed.
To use a little steam at a time, to use it very quickly, and to
keep it hot, is the fundamental principle of high rotative speed<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>