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PREFACE

It has been the aim of the author in the production of this work
to fully meet the wants of the student and engineer in all the prac-
tical requirements for obtaining a mastery in the application and use
of steam for power and other purposes in the full range of its use-
fulness.

A further object has been to bring the mathematical side of
Steam-Engineering into such practical conditibnis that the engineer

-or student may be able to grasp the whole subject with only ordinary
arithmetical acquirements by meaus of the figured repetition of the
formulas.

In the forty-two tables included will be found a ready reference,
covering all conditions of the properties of steam and its application
for the production of power, ratios, engine parts and proportions,
most useful in the service now devolved upon the duties of a suc-
cessful engineer.

Owing to the wide experience of the author, who well knows the
points a book like this must cover to be of greatest service to the
men for whom it is written, he has treated at length the subject of
Superheated Steam and the practical operation of the Plain Slide-
and Piston-Valves and their gear, the Corliss Valves and valve-gear,
also the Triple- and Quadruple-Expansion Engine and the work of
the Indicator, as well as the Steam-Turbine, which is now coming to
the front as a power-producer.

The duties of an Engineer, who is entrusted with the management
and use of Steam in a private or public capacity, are given, as well as
chapters on Refrigeration-Plants, Elevators, and Electric-Light Plants.

Questions as asked by the Examining Board are included, as well
as their answers, which will prove of greatest help to those prepar-
ing for and desiring to procure a License as a Steam-Engineer.

Much time has been spent and great care taken in the prepara-
tion of this work, and the author trusts that it will many times over
compensate the reader for its perusal.

Garbxer D. Hiscox.
NOVEMBER, 1906.
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CHAPTER 1
INTRODUCTION—HISTORICAL

STEaM has been known as a source of power since the earliest
historic time.

It lifted the cover of the boiling-pot, even with a stone upon it,
through the patriarchal ages, and later, with a tight-covered boiler,
as designed by Heron of Alexandria, it became a source of power
for motion in a rotary engine and
in lifting a ball in a jet of steam, as
here illustrated. Steam as a mo-
tive force appears to have been
well known to the priesthood and
magicians of Egypt as described in
their incantations for creating awe
and fear in the ignorant and super-
stitious people in that benighted
age. There are reasons for believ-
ing that the expansive force of the
steam that was evolved in heat-
ing the immense volumes of water
for the hot baths at Rome, was employed to elevate and discharge
the contents of the boilers; such being indicated by the investiga-
tions at Pompeii.

Steam was used in a feeble way by pressure and condensation
for raising water during the first fifteen centuries of the Christian
era, when its coming power only then began to enlighten the in-
dustrial horizon as the dawn of its brilliant day four hundred years
later. ‘

The experimental development of the properties and power of
steam during the sixteenth century—the steam-played organ of
Gerbert, the steam-gun of Leonardo da Vinci, the steam-boat of Blasco

de Garay, the steam water-elevators of Baptist Porta—was a prog-
15

Force of the Heron’s eollplle
steam-jet.
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ress that to the acute mind of Roger Bacon opened a vista of the
future which he expressed in the following prophetic words:

“Men may construct for the wants of navigation such machines
that the greatest vessels, directed by a single man, shall cut through
the rivers and seas with more rapidity than if they were propelled by
rowers; chariots may be constructed which, without horses, shall
run with immeasurable speed. Men may conceive machines which
could bear the diver, without danger, to the depth of the waters.
Men could invent a multitude of other engines and useful instru-
ments, such as bridges that shall span the broadest rivers without
any intermediate support. Art has its thunders, more terrible than
those of heaven. A small quantity of matter produces a horrible
explosion, accompanied by a bright light; and this may be repeated

so as to destroy a city or
entire battalions.”

Bacon was not a man
to speak or write in this
manner at random. His
experiments led him to the
conclusions he has thus
recorded, for he was by
far the most talented and
indefatigable experimental
philosopher of his age.

Destruction of Denys Papin’s steam-boat in 1695, The first application of
by the bargemen of the Seine (by Figuier). steam under pressure to
the propulsion of a boat

was made by Blasco de Garay at Barcelona, Spain, in 1543, although
a few experiments on the power to lift water by steam-pressure
were made at an earlier date and continued into the seventeenth
century by De Caus, Branca, and the Marquis of Worcester. Dr.
Denys Papin, in 1695, was probably the first to use the moving
piston and the walking-beam on a steam-boat in the river Seine in
France. To Dr. Papin may be attributed the origin of the steam-
engine for power use. Steam under high pressure was used by him
in the “Papin digester,” a name surviving at the present time.
Savory, a contemporary of Papin, in England, built water-raising

S
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engines by direct action of steam and a vacuum; but little progress
was made until Newcomen brought out the piston and walking-

beam engine, for deep-well
and mine pumping, in 1705;
from which time there was
but little improvement for a
half century, until the time of
James Watt, although Leu-
pold, in 1720, invented a two-
cylinder, single-acting piston-
engine, moved by steam-
pressure and exhausting into
the atmosphere.

James Watt commenced
experimental work on the
steam - engine about 1761,

Newcomen’s pumping-engine.

making rapid progress in improvements of single-acting types, and
by closing the top of the cylinder for the double-acting effect. The

Watt's single-acting condensing-engine.

water-spray or separate con-
denser and air-pump, the atmos-
pheric siphon condenser, the
steam-jacketed cylinder, the par-
allel-motion crank, the fly-wheel,
and the fly-ball governor were
invented or applied by Watt
previous to 1782, at which time
he received a patent for the cut-
off for using steam expansively
in the cylinder. Thus it seems
that the main features of the
modern steam-engine were in
use at the close of the eighteenth
century.

Efforts to apply this pioneer
of motive power to boats were
made during the early part of

the eighteenth century, and later in the century to vehicles, with

a few improvements in its action and economy.
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The compound steam-engine was patented in 1781 by Hornblower,
in England, from which time steam-pressure as a practlcal power
became progressive.
~ During the first century of the usefulness of steam little or no -
pressure was used in its operation for power, and not until the close
of the eighteenth century was the then-called high-pressure engine
brought into use, when 25 pounds per square inch was considered
high pressure, and during the first half of the nineteenth century
50 pounds was named as high pressure, although much higher pres-
sures were used for special purposes. In 1840 the Perkins steam-
gun was operated by the author in New York City, with a steam-
pressure of 1,000 pounds per square inch. It made wafers of bullets
against an iron target; but the steam-gun did not prove practicable.
At the dawn of the nineteenth century patents upon the principles
of the application of high-pressure steam to engines were held by
Trevethick and Vivian, in England, which were a menace to progress
by contemporaries; yet progress in design and application to the
propulsion of boats and the locomotive began the infancy of its
future career.

In the hands of Stevens and Fulton in the United States, and of
Bell, Dodd, and others in England, steam navigation made a won-
derful stride during the first half of the century; while the stationary
engine plodded along seemingly in the rut of the slide-valve move-
ment and slow speed. The cylindrical multitubular boiler became the
leading type for the economical generation of steam and, with the
internal furnace, the fixed type for marine and locomotive service.

The duty of a motive power is measured by the foot-pounds work
produced per pound of a given heat-unit capacity of the fuel, or the
initiative value of the power-producer. The progress of improve-
ment during the first half of the nineteenth century was registered
by the improvement in pumping service, which gradually advanced
from a duty of 20,000,000 at the beginning of the century, to 108,-
000,000 in 1842, per bushel of 94 pounds Welsh coal, or equivalent
to 1,148,936 foot-pounds per pound of coal; all due to improvements
in boiler and engine design, compounding, and more perfect condens-
ing effect.

During the latter half of the nineteenth century the duty in pump-
ing-engines of the larger size had been raised to above 1,600,000
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foot-pounds per pound of coal yielding 10,000 heat-units from the
boiler in steam. This advance was largely due to increased boiler-
pressure, 160 to 185 pounds gauge, and triple-expansion engines, giv-
ing efficiencies of above 21 per cent. '

In this period the relative proportions of cylinder size and stroke
have been changed to more nearly equalize the volume and wall sur-
face, which means short stroke and larger diameter; types of the high-
speed, tandem compound engines of to-day. From the middle of the
century on, improvements in valve-gear continued to be made; the
poppet-valve became established for engines in marine and river

Hornblower’s compound pumping-engine.

service, and steam and exhaust lap and lead became an established
principle in engines of the slide-valve and other types.

The latter half of the nineteenth century was a marked period in
developing the efficiency and usefulness of the steam-engine.

Compression of the exhaust at the terminal of the piston-stroke
became a fixed principle in design for smooth running in high-speed
engines, although its efficiency is still a matter of discussion.

The quick and controllable valve-movement came with the Corliss
type and established an advanced efficiency in the development of
steam-power, and with increased steam-pressure, short cut-off and
compounding have brought the coal value of a horse-power below
1 pound per hour.
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The quadruple-expansion system seems to have reached a point
that bars further progress in that direction; but with the opening
of the twentieth century the long-dormant rotary principle received a
new and practical impulse in the successful instalment of the steam-
turbine; although not showing as yet an advance in steam efficiency,
it fills a long-felt want for compactness and speed for marine and
electric requirement, and thus has become the means for making a
great advance in the usefulness of steam-power.

The principle of Heron’s engine was the utilization of the reaction
caused by the escape of steam from jets protruding tangentially from
a hollow globe, this reaction causing the rotation of the globe.

More than seventeen hundred years later—in 1629—Giovanni
Branca, an Italian inventor, devised an impact steam-turbine em-
bodying the same principles as the familiar impact water-wheel of to-
day, except that a jet of steam instead of water impinged upon the
vanes of the paddle-wheel and caused it to revolve. The advent of
the reciprocating steam-engine early in the eighteenth century di-
verted attention from the earlier attempts to perfect a rotating engine,
and it was not until near the end of the nineteenth century that the
steam-turbine again made its appearance as a commercial possibility.
De Laval, in Sweden, in 1883, and Parsons, in England, in 1884, con-
structed successfully operating steam-turbines, and a continuous
process of development and improvement has demonstrated the prac-
ticability and commercial value of this form of motor in two distinct
types, obtaining efficiencies which rank with the best reciprocating
engines. The performance of the steam-turbine, with the several
very important advantages, justifies the belief that the field held
for more than a century by the reciprocating engine of Watt is likely
to be seriously invaded by this modern application of the earliest
principles of steam-engineering, which is made possible by the better
materials and workmanship and the more intelligent skill now avail-
able.

We cannot improve on the expressions of Prof. R. H. Thurston
in regard to the progress in the realization of the practical possibilities
and economics from the power of steam:

“The end of the nineteenth century is that of one which will always
remain preéminent in history as the age in which the steam-engine
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took shape in the hands of Watt and Sickles and Corliss and Greene,
of Porter, and their successors, and thus brought in the factory
system and all our modern methods of production, in the improve-
ment of the condition of the people, and in all the material advance-
ment in the industrial arts, which has made the century distinctively
one of supremacy of the mechanic arts. The close of the century
finds the steam-engine, though threatened with displacement by
other motors, in the view of many writers, nevertheless the great
motor of the age. Substantially all of the power employed by the
civilized world is supplied by this great invention—congeries of in-
ventions, rather—the product of a series of improvements, of an
evolution effected during the hundred years or more just past. The
limit to be possibly attained in its development and perfection will
always remain a subject of intense interest to the profession and to
the world.

“Reviewing the history of the growth of this form of steam-
engine, it will be seen that its progress has illustrated that of the
machine in all its forms, and that the steam pumping-engine gives
the engineer a record of greater extent and of more representative
character, as exemplifying the evolution of the machine, than does
any other type.

“The twentieth century will very probably see a change in the
curve of our lines, if not, in some respects, a decided halt or a reversed
curvature, and it is perhaps even more probable that the field of the
steam-engine will become greatly restricted by the introduction of
other heat-motors, as well as by the general employment of electricity
as a medium of extensive power-distribution from hydraulic and
pneumatic prime movers. .

“The steam-engine has now been so far perfected, and the prac-
tical limits of pressure are coming to be so nearly approached by
steam-boiler constructors and users, that but little more can be ex-
pected of the designer; and even with the costlier types of engine,
practically justifiable with exceptionally high costs of fuel, uninter-
rupted working, and low values of money, as in some instances with
the steam pumping-engine, commercially practicable progress seems
likely henceforth to prove very slow. These costly types of engine
must necessarily have a comparatively narrow field. With the com-
mon case of moderate cost of fuel, intermittent duty, comparatively
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high value of money in the business, or absolute scarcity with the buyer,
gains seem likely hereafter to be rather in the direction of cheapened
methods of construction and simplification of design.”

The progress in the economy of fuel by increased steam-pressure
in marine service during the past three-quarters of a century has
been most marvellous, and, together with the improvements in con-
struction of both engines and boilers, multiple expansion with sur-
face condensation, has resulted in the saving of about 900 per cent,

-012wmmum Caloric Engine

.035 e Direct Acting Pump

0717 Early Slide Valve

a2 Automatic High Speed

a4 = Simple Condensing

a8 Steam Turbine

a8 Corliss Condensing

a9 Compound Condensing
216 : Triple Condensing
.23 Quadruple

.30

Explosive Motor
Diagram of progress.

reducing the old-time consumption of about 10 pounds to nearly 1
pound of coal per indicated horse-power. The progress in the rise
of steam-pressure and consumption of coal per indicated horse-power,
with few exceptions, is shown approximately in the following table:

YEAR. Steam-pressure. Coal per 1. H. P.
1830........ccinn.. 13 to 14 Ibs. gauge 9 to 10 Ibs. per hour
1840......... ... 18 ¢« 25« “ 54 “ 6 « ¢« «
1850. .. ... vieent.. 24 “ 40 “ « 4 ¢« 5 « « o«
1860 40 (g 50 g o 3 ‘“ 3& “ " “
1870“"."‘::'~" :::: 50“ 75“ [ 2* “" 3 [ I3 g
1880 ..o 75 4100 ¢ “ 2p « 23 « o«
1890. ... .............. 125 ¢ 150 “ “ 14 ¢« 2 « « o«
1900.................. 160 ““ 200 ¢ 13 ¢ 13 ¢« o« o«
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In stationary service the steam-pressures have been greater than
above stated in the earlier years, and the coal-saving has been im-
proved in the most modern designs for the greatest possible expan-
sion and mechanical efficiency for high-power service. The diagram of
progress shows, in percentages, the approximate progress of thermal
efficiency in different types and designs of engines for motive power.

The rapid progress recently made in steam-turbine design has
given it a leading position in its special field of usefulness. Speed
with power is a rare combination for useful effect in electrical gen-
eration, as well as in marine propulsion, in which both have made
new records in their respective lines of practical operation.

We can scarcely realize the fact of the startling changes in the
industrial and financial values in all the civilized world that have
occurred within our memory and that have been due to education
and its bearing upon this inventive age, and in which steam, with its
work, with been one of the principal factors.



CHAPTER II

STEAM AND ITS PROPERTIES

STEAM, the vapor from water, is, like water, the product of a com-
bination of the so-called permanent gases, hydrogen and oxygen,
in the proportion by weight to one of the former to eight of the latter
gas, and by volume one of hydrogen to two of oxygen.

This combination of these gases to form water, or its vapor, and
steam is permanent up to a temperature to or above 2,000° F., when
dissociation takes place from heat alone; but at much lower tempera-
tures when in contact with ignited carbon in coal and other fuels;
the oxygen combining with the carbon forming carbonic acid, CO»,
and carbonic oxide gas, CO, setting hydrogen free, and thus forming
hydrocarbon compounds.

Water vaporizes at temperatures below its freezing-point, and as
ice its vapor-pressure becomes zero at about —101° F. At 32° F. the
vapor of water exceeds 208,000 volumes at as near a vacuum as
practically . possible, with an increasing density to about 20,000
volumes at 1 pound absolute pressure and temperature of 102° F.,
and to 2,361 volumes at 10 pounds absolute pressure and temperature
of 193° F. As the temperature of the boiling-point is neared its den-
sity increases, and under atmospheric pressure (14.7 absolute), at
212° F. its vapor capacity ‘is 1,646 volumes, or 26.36 cubic feet per
pound of steam, weighing .03794 pound per cubic foot.

Steam when blown into the atmosphere expands to atmospheric
pressure with a temperature of 212° F., and has but one-half the density
of the atmosphere; hence it rises quickly, and, mixing with the air, is
cooled, and by condensation into vesicles becomes a cloud. Pure
steam is perfectly transparent, and so appears when looking through
a jet close to the nozzle. The liberation of steam and vapor con-
tinues below atmospheric pressure in increasing volume per pound
of water or vapor with a decreasing temperature of its boiling-point
and absolute pressure. This property of evaporation at negative

pressures and low temperatures has become a most valuable adjunct
24



STEAM AND ITS PROPERTIES 25

of industrial work, indispensable in the modern methods of sugar
and salt manufacture, and largely in use in the so-called vacuum-
drying of various kinds of material and the condensation of liquids.

The following tables give the volume of 1 pound of water in
vapor at various temperatures and pressures from and below the
boiling-point of water at atmospheric pressure, and the elastic force
of vapor at various temperatures.

TABLE 1.—BoiLING AND VAPORIZING TEMPERATURES OF WATER, AT AND BELOW
ATMOSPHERIC PRESSURE, WITH PRESSURES AND THE VOLUME OF 1 Pounp

OF VAPOR. (Claudel.)
PRESSURE. 1 PRESSURE.
Tempera Volumeo! Tempera- | — { Volume of
ture, 1 oum ture, 1 Ll!ld,
F%‘:;:“‘ Mercury , gql:f:re I cul!;:c feet. F&hz::ll‘ Mercu ry, gql\:zl;e c\lb‘l)g feet.
inches. | inch, inches. inch,
|pounda. pounds i
212° | 29.92 ‘ 14.70 | 27.2 120° 3.43 1.68 204.9
210 28.75 | 14.12 | 28.2 115 2.97 1.46 234.7
205 25.99 | 12.77 , 31.0 110 2.57 1.27 268.1
200 23.46 | 11.52 | 34.1 105 2.23 1.09 307.7
195 21.14 | 10.38 | 37.6 100 1.91 94 | 353.4
190 19.00 9.33 415 95 1.64 .81 | 408.2
185 17.04 8.37 45.9 90 1.41 .69 471.7
180 15.29 7.51 |- 50.8 85 1.20 .59 |  549.5
175 13.65 6.71 | 56.4 80 1.02 .50 641.0
170 12.18 5.98 62.4 75 .87 .43 746.3
165 | 10.84 | 533 | 69.8 70 73 36 | 877.2
160 9.63 4.73 | 175.0 65 .62 .30 1031.0
155 8.53 4.19 \ 87.3 60 .51 25 | 1220.0
150 7.55 3.71 97.8 55 42 21 | 1429.0
145 6.66 3.27 110.0 50 .36 18 1695.0
140 5.86 2.88 124.1 45 .30 15 | 2041.0
135 5.17 2.54 140.1 40 .25 12 1 2439.0
130 4.51 2.21 | 158.7 35 20 10 2941.0
125 3.93 1.93 | 180.5 32 18 09 y 3226.0

TaBLE I1.—EvLasTIiC FORCE OF VAPOR OF WATER AT TEMPERATURES FROM 0 TO
212° F., AND ATMOSPHERIC PRESSURE OF 14.7 Pounps. BAROMETER, 29.92.

Tempera- | Elastic ‘ Tempera- | Elastic Tempera- | Elastic Tempera- | Elastic
ture, force, | ture, force, ture, force, ture, force,
Fahren- inches, ;| Fahren- | inches, Fahren- inches. Fahren- inches.
heit. mercury. | heit. { mercury. heit. mercury. ||  heit. mercury.
0° 044 |62 | 556 1220 | 3.621 || 182° | 15.960
12 074 72 .785 132 4.752 | 192 19.828
22 8 | 82 ‘ 1.092 142 | 6.165 || 202 | 24.450
32 .181 92 1.501 152 7.930 | 212 29.921
42 .267 | 102 2.036 162 10.099 ||
52 .388 112 ] 2.731 172 12.758 |
i
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Table II will be found convenient for aiding the formulas for
computing the evaporation in Table IV for other air temperatures
and humidities as stated in the heading of that table.

TaBLE III.—BoILING-PoINT OF PURE WATER AT PRESSURES BELOW THE ABSOLUTE
ATMO8PHERIC PRESSURE OF 14.7 PoUNDS PER SQUARE INCH.

Absolute l Absolute
Barometer, gauge- Boiling-point, || Barometer, gauge- Boiling-point,
inches. pressure, Fahrenheit. inches. pressure, Fahrenheit.
pounds. I ! pounds.

29 .92 14.70 212° ! 20.25 9.94 193°
29.33 14.40 211 19.82 9.73 192
28.75 14.11 210 19.41 9.53 191
28.18 13.83 209 19.00 9.33 190
27.61 13.55 208 18.59 9.12 189
27.08 13.28 207 18.19 8.93 188
26.52 13.02 206 17.81 8.74 187
25.99 12.76 205 17.42 8.55 186
25.46 12.50 204 17.05 8.36 185
24.94 12.23 203 16.31 8.00 182
24 .44 12.00 202 14.27 7.00 174
23.94 11.75 201 12.23 6.00 166
23.45 11.51 200 10.19 5.00 157
22.97 11.28 199 8.16 4.00 147
22.49 11.04 198 6.09 3.00 135
22.03 10.81 197 4.07 2.00 123
21.57 10.59 196 2.04 1.00 109
21.13 10.37 195 0.00 0.00 98.7
20.68 10.15 194

Pure water is said to boil in as near a perfect vacuum as its rising va-
por by its rapid expansion will allow, at a temperature of 98° F. This
was indicated by the double-bulb vacuum-tube in Franklin’s experi-
ment. The author has seen a carafe, partly filled with water at 50° F.,
placed under a nearly perfect vacuum made by the pump of a vacuum
ice-making machine; the water boiled violently for a few seconds, the
agitation not ceasing until ice began to form and became solid in a few
minutes. The violent agitation was caused by the liberation of air.

Water holding salts and other substances in solution has its boiling
temperature raised above 212° F., and thus becomes a valuable means
of transmitting heat for boiling or concentrating liquids at open-air
exposures and temperatures slightly above the boiling-point of water.

The following are convenient solutions for limiting temperatures in
double-jacket kettles:

Common salt, for any temperature up to its point of saturation,
227° F.
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Carbonate of soda, up to 220° F.

Nitrate of potash, up to 240° F.

Nitrate of soda, up to 250° F.

Carbonate of potash, up to 275° F.

Acetate of potash, up to 336° F.

The operation of chemical and industrial processes with heat
above the boiling-point of water is a most important point for ob-
taining uniform results in the vast chemical, pharmaceutical, and
provision-canning industries of this age. When absolute uniformity
of temperature at a few degrees above the boiling-point of water is
required, there is no more safe and reliable method than by the use of
one of the above-named salts in part, as a bath or a saturated solution
in open single-jacketed kettles heated by fire, or in double-jacketed
kettles heated by steam, in which the boiling temperature of the
heat-transmitting medium can always be under observation with a
thermometer. By the direct heat of steam, as in the usual method
of taking steam from a high-pressure factory-boiler, the pressure and
temperature are often regulated by guess, a safety-valve, or a regu-
lator; but these have their troubles and dangers.

TaBLE IV.—APPROXIMATE HEAT REQUIRED FOR EVAPORATING WATER AT AND
BeLow THE BoILING-POINT, FROM OPEN VESSELS IN CALM AIR AT A TEMPER-

ATURE OF 52° F. AND 86 PER CENT HumipiTy. (Box.)

WATER EVAPO- Heat Total geu::nef

RATED PER BQUARE | Time to | lost by hegt Total | o= :"

Tem- '?:Tc:::: ‘:;):. ® | evapo- '?-d"' c:{r:laoti ll;:at:l:)% evnp? heat per | 500
perature rate f '°:l off by | vapor- rate &%‘:"‘r toevap-
of water. 1 “?d au?lce air. isation. | 1 pound hou':e orate 1
Depthin | in hours. | Units | UBits. | Units. jofwater.| fpie, | pound

Pounds. | & ches. ! per hour mite. water.
62° .0143 | .00275 | 70.0 11.3 888 1,071 | 2,750 39 | 4,807
72 .0343 | .0066 |29.2 23.4 753 1,064 | 2,500 86 | 2,036
82 .0615|.0118 |16.3 35.2 649 1,057 | 2,280 140 | 1,160
92 .0986 | .0190 |10.2 47.0 555 1,050 | 2,080 204 747
102 .150 | .0288 6.67 62.7 449 1,043 | 1,910 287 486
112 .221 | .0425 4.52 76.7 387 1,036 | 1,770 392 350
122 .315 | .0606 3.13 91.2 326 1,029 | 1,640 524 253
132 .454 | .0873 2.20 | 106.8 278 1,022 | 1,535 698 184
142 .634 |.122 1.58 | 122.5 241 1,015 | 1,450 918 146
152 .871 |.168 1.15 | 141.1 206 1,008 | 1,376 | 1,197 112
162 1.18 .227 .848 | 156.4 193 1,000 | 1,326 | 1,564 95
172 1.57 .302 637 | 175.5 179 993" | 1,284 | 2,016 81
182 |2.06 .396 . 193.2 168 986 | 1,248 | 2,573 70
192 2.66 .512 .374| 215.7 164 979 | 1,224 | 3.268 64
202 3.41 .656 .293 | 237.7 161 972 | 1,203 | 4.106 58
212 4.32 .831 .232| 257.0 160 966 | 1,186 | 5,112 54
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The above table was derived from Regnault's experiments and
verified by Box practically as to quantity, depth, and time. The
formula for evaporation is (1) E=(243+ (3.7 Xt) X (V—v), in which
E =evaporation per square foot per hour in grains; t=temperature
of the water; V =elastic force of vapor at temperature t; v=force of
vapor in air due to its percentage of humidity; or, by the table, II.
V=388 for 52° and v =.388 X.86=.334. For example, for water 62°,
air 52°, and humidity .86,

(1) E=(243 + (3.7 X62) X (.556 — 334) =472.4 X .222 = 104.8 grains, and
1048
7,000

The second and third columns in the table represent the experi-

mental values.

=.0149 pound theoretical evaporation per hour.

The employment of a vacuum in boiling and evaporating
water in the art of food preparation has become an important
item in the industrial economy of these
times. Among the many devices of the
vacuum system of evaporation we il-
lustrate the principles of its operation
in an apparatus (shown in Fig. 9) for
obtaining fresh water from salt water

To Distitier
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i N d Boder
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Fic. 9.—Fresh-water still. Fi6. 10.—Vacuum salt-pan.

by the use of steam as the heating medium, which represents a
fresh-water still:
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The chamber is kept supplied half full of salt water and kept be-
low saturation by blowing off. The vapor is drawn off through the
perforated pipe at the top through a condenser by the vacuum-pump.

Fia. 11.—Elevation of a sugar-pan.

The boiling temperature of the salt water of the ocean is about
153° F., with a 26-inch vacuum. The condensed steam from the coils
is saved and fed to the boilers. The condensed vapor from the salt
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water is aerated and cooled for drinking. For the distillation of
water for ice-making this principle seems to be the most economical
conserver of heat known. By devices of double and triple effect,
with coal at New York prices, pure distilled water can be produced
at a cost of about 75 cents a thousand gallons; and when using the
exhaust steam from a power-plant, the cost of producing a limited
amount of distilled and aerated water is a mere nominal item.

The manufacture of salt by the vacuum process is becoming an
important item in this industry. In Fig. 10 is shown the initial
evaporating section of a triple-effect system consisting of three evap-
orating-pans set side by side with their terminal connected with the
condenser and air-pump.

In this salt-making apparatus A is the vapor section, B the
heating section, consisting of a series of vertical tubes connected
from the boiler or the exhaust from an engine by the pipe E. In a
triple-effect system the vapor-chamber A is connected with the
heating section B of the next effect, and so on to the third effect,
which has its chamber connected to the condenser and air-pump. G
is the brine-inlet and C the crystallizing-chamber, from which the
crystallized salt is discharged into the settling-chamber D through a
slide-valve or gate. This is a continuous system and needs no sus-
pension of the evaporating effect in each of the three sections as a
triple effect.

In Fig. 11 is shown the elevation of one section of a sugar-boiling
plant, operated on the dry system of evaporation, in which the vapor
enters a jet-condenser and the condensed steam and water pass
down a stand-pipe or siphon by gravity to a cistern 35 feet below the
condenser, which seals the exit-pipe against atmospheric pressure.
The air-pumps are only required to keep the system relieved of air
and uncondensed vapor.

In this type of evaporator a series of copper coils enters the evap-
orating-pan from a header, and, circling around the inside, gives
sufficient surface for the work of evaporation. Sometimes a surface
condenser 1s used with a second pump for discharging the water of
condensation.
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GENERATION OF STEAM

FURNACES AND THEIR ADJUNCTS

THE economical generation of steam is becoming one of the most
essential features in the world of engineering design for the produc-
tion of power. The vast progress in manufacturing and producing
industries of this age and their competitive relations not only require
the utmost economy in the production of power, but even the fuel
for power has its limit of production and its liability to increased
cost; this serves as a warning to harbor our resources of the present
for future emergencies.

The generator of steam and its power-developing agent, the
steam-engine, have had a slow growth in development during the
progressing ages of civilization, and only during the past century of
scientific research have the principles for the economical application
of this vast power been mathematically realized and applied.

The greatest economy in the production of steam begins at
the furnace-door—the method of firing by which the most perfect
combustion is produced and every atom of heat-producing fuel
is consumed for the evolution of the highest temperature in the
furnace.

Of the fuels in use for generating steam, anthracite and bitu-
minous coal stand at the head, in accordance with their respective
qualities in the carbon element. Wood, saw-mill refuse, lignite, peat,
planing-mill shavings, bagasse, tan-bark, are in use with appropriate
furnaces; while crude petroleum is gaining a leading fuel value in
districts where it is cheaper than coal and in countries having small
coal resources. The anthracite coals vary from 83 to 90 per cent in
fixed carbon, with the volatile matter generally varying inversely
to the fixed carbon, so that the total combustible averages about 90

per cent. With bituminous coals the volatile element is very large,
31
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and with this perfectly consumed, its steam-making value is fully
equal to anthracite per pound of combustible.

The steaming value of anthracite coal varies somewhat with its
size for a given weight, as the ash products in merchantable coals
vary from about 5% per cent in broken and egg size to above 16 per
cent in pea and buckwheat sizes; yet with properly designed grates for
burning the small sizes they are the most economical steam-makers
from their low price.

Wood for steam-making is but little used, and is mostly derived
from the waste in lumber-making, such as slabs, sawdust, mill-
shavings, etc. Cord-wood, such as used for steam-making, contains
about 55 per cent of its weight in combustible, combined with about
40 per cent of oxygen, which adds nothing to its heat-producing
value, and only makes the wood highly inflammable. An average
of 2} pounds of dry wood is equal to 1 pound of good anthracite
or bituminous coal. In the following table are given the average
weight of air-dried cord-wood per cord and its equivalent weight in
anthracite or bituminous coal:

TABLE V.—AVERAGE WEIGHT OF AIR-DRIED CORD-Wo0OD AND IT8 EQUIVALENT
WEIGHT IN CoOAL.

Kinp. Pounds per cord. | Pounds of coal.
Shell-bark hickory ......................... ... 4,470 1,987
Whiteoak ............... 3,821 1,700
Red-heart hickory........ 3,705 1,646
Beach, red and black oak. .. 3,250 1,444
Southern pine (pitch-pine) ................ ... .. 3.375 1,500
Maple.... ... 2,878 1,279
Virginia pine.................. . . .. 2,690 1,151
Spruce and New Jersey pine.................... 2,137 949
White and yellow pine, hemlock................. 1,900 844

Lignite, or brown coal, is of recent geological formation. When
dry it ignites easily and burns freely, and as a steam-producing fuel
is between wood and coal as to bulk. Its specific gravity is from 1.10
to 1.25. It is used in many localities where it can be obtained at a
less cost per combustible weight than coal or wood.

Peat or turf is of little value for steam-making. In a few locali-
ties, and in Germany, it is briquetted by drying and compressing, in
which form it has been in use for some time, burning much like wood.
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Coke is but little used for steam-making; it has a higher carbon
value per pound than coal and makes a hot, clear fire.

Sawdust and shavings are used in wood-working mills for steam-
fuel, more for the economy of disposing of them than for their steam-
making value.

Bagasse and straw in the sugar and agricultural districts are
used for steam-making as a means of disposing of by-products, and
with bagasse fired in special furnaces under the long cylinder boilers
set for this purpose, it seems to be a measure of real economy in turning
the immense by-product of a sugar plantation to the best account.

The use of petroleum for steam-making has made a vast stride
in late years, and especially in and near the oil districts, where its
price competes with that of coal.

The oil constituents vary somewhat in different localities, with an
average of carbon .86, hydrogen .13, oxygen .01, with their specific
gravity varying from .80 to .94 and weighing from 6.6 to 7.6 pounds
per gallon. The total heat of combustion varies from 19,000 to
22,000 heat-units per pound, with a theoretical evaporative power
of from 19.6 to 22.7 pounds of water per pound of oil.

From comparison of the constituents of coal and petroleum the
heating value of the oil is about 13 times that of the coal; but in
practice the heating value of oil has been found to be equal to twice
the value of coal per pound in evaporating power. This has been
accounted for by the more complete combustion of the liquid fuel
and freedom of the tubes from soot and ashes. The admission of
air being under complete control with the fine atomizing of the oil,
brings the air and fuel into immediate and perfect contact with but a
very small excess of air; while with coal much of the loss by com-
bustion is due to excess of air. Another point in favor of oil fuel is the
saving in banked fires and the convenience of instantaneous starting
and extinguishing the furnace fire; while, with a well-constructed
furnace and boiler-setting, the boiler will retain sufficient heat during
the night for a quick morning start.

Natural gas, which is largely in use in the gas districts, with a
heating capacity of from 900 to 1,200 thermal units per cubic foot,
is a matter for economical consideration as to its cost per 1,000
cubic feet.
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Mr. J. M. Whitham, who has investigated the natural-gas question,
has summarized the subject in the following brief paragraphs:

1. In regard to burners, there is but little advantage possessed
by one burner over another.

2. As good economy is made with a blue as with a white or straw
flame, and no better.

3. Greater capacity may be made with a straw-white than with a
blue flame.

4. An efficiency as high as from 72 to 75 per cent in the use of
gas is seldom obtained under the most expert conditions.

5. The “air for dilution” is greater with gas than with coal, so
that possible coal efficiencies are impossible with gas.

6. Don’t expect, in good commercial practice, to get a boiler horse-
power on less than from 43 to 45 cubic feet of natural gas, the same
being referred to 60° F. and 4-ounce pressure above a barometer of
29.92 inches. '

7. Fuel costs are the same under best conditions with natural gas
at 10 cents per 1,000 cubic feet and semibituminous coal at $2.87
per 2,240 pounds. This is based on 3.5 pounds of wet coal being
used per boiler horse-power per hour, or 45 cubic feet of natural gas.

8. Expressed otherwise, a long ton of semibituminous coal is the
equivalent of 28,700 cubic feet of natural gas; while a short ton of
such coal is the commercial equivalent of 25,625 cubic feet.

9. As compared with hand-firing with coal in a plant of 1,500
boiler horse-power output, coal being $2 per 2,240 pounds—consider-
ing labor-saving by the use of gas—natural gas should sell for about
10 cents per 1,000 cubic feet.

The largest constituent of natural gas is marsh-gas, CH,, varying
from 96 to 67 per cent; the next is hydrogen, H, varying from 22 to
6 per cent; the balance being ethane, C;H,, from 18 to 5 per cent,
with traces of CO and CO; and free oxygen and nitrogen.

The economy of combustion in a boiler furnace is so much a
matter of experience in the management of the fire and the relative
volume of air allowed to pass through the furnace that is not required
for combustion, and so much depends upon good practice derived
from experience and good judgment in the handling of a fire, there
is but little of value to be said in regard to its details.
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In the disposition of the fuel elements by combustion, 1 pound of
carbon requires 2.66 pounds of oxygen or 12 pounds of air or 162 cubic
feet at boiler-room temperature for coinplete combustion, and having
a heat value of 14,600 thermal units.

One pound of hydrogen requires 8 pounds of oxygen, 364 pounds
of air, 490 cubic feet, for complete combustion, with a heating value
of 62,000 thermal units. Thus, for example, for anthracite coal with
carbon .91, hydrogen .028 per cent—162 .91 =147} cubic feet of air
for the carbon, and 490 X .028 =137 cubic feet of air for the hydrogen,
or 161 cubic feet of air per pound of coal for perfect combustion.

In practice perfect combustion cannot be obtained with less than
from 1} to 2 times the quantity of air actually nezded for perfect
combustion.

The necessities for feeding the fire with open doors, and the faulty
practice of letting too much air into the furnace for the consumption
of the gaseous distillates above the fire, and for smoke consumption
of bituminous fires, are serious drawbacks to the ultimate heat pro-
duction of the furnace.

The volume of gases passing to the chimney is largely increased
by excess of air to the furnace above the actual requirement for com-
“bustion, which for each pound of carbon in the coal and 50 per cent
excess of air the products of combustion will increase in volume
nearly in proportion to the excess of air, or to 18 pounds of air; and
as the gases are expanded to nearly double their initial volume at the
chimney temperature of 500°, it indicates a chimney volume of about
500 cubic feet of gases for each pound of carbon consumed in the
furnace. Assuming that there is no air passing up the chimney other
than that which has passed through the fire, the higher the tempera-
ture of the fire and the lower that of the escaping gases the better
the economy, for the losses by the chimney gases will bear the same
proportion to the heat generated by combustion as the temperature
of those gases bears to the temperature of the fire. Then, if the tem-
perature of the fire is 2,500°, and that of the chimney gases 500° above
that of the atmosphere, the loss by the chimney will be %%% =20 per
cent. As the temperature of the escaping gases cannot be brought
down to that of the boiler, which is fixed, the temperature of the fire
must be high in order to secure good economy.
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BOILER-FURNACES, GRATE-BARS, AND
MECHANICAL STOKERS

The boiler-furnace, its type and special design of firing appliances,
are matters of no small moment in their contribution to the economy

Fia. 12.—Tupper model.

of steam-generation. Of the num-
erous models of shaking and tipping
grates on the market, we can only
illustrate examples of a few leading
types.

The grate-bars in the Tupper
furnace are in two sections so that
one-half of the fire can be dressed

at a time. The bars are placed crosswise and rock on trunnions
by a hand-lever and connecting-bar. The diagonal spaces in the

bars are made for any
size coal required.
The McClave grate
is made in fore and
aft sections, so that
by separate connec-
tions the front or rear
section may be shaken
or tipped for dump-
ing the fire. Each bar
forms a toothed comb
with a beli-crank or

Fic. 13.—McClave shaking grate.

stub-lever and connecting-rod, pivoted to all the bars in the sec-
tion. When the bars are closed the whole grate is a continuous

F1a. 14.—Sector grate-bar.

surface upon which a slicing-bar may
be used.

Fig. 14 shows a shaking and dumping
grate composed of toothed sectors set
astride pivoted crossbars with lever ex-
tensions, connected to transverse bars, so
divided that the grate may be shaken in
two or three sections. Heavy side-bars
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carry the pivoted crossbars. The individual sectors can be readily
removed when burned out and new ones inserted at trifling expense.

MECHANICAL STOKERS

The Roney mechanical stoker consists of a hopper for receiving
the coal, a set of rocking, stepped grate-bars, inclined at an angle of
37° from the horizontal, and a dumping grate at the bottom of the

Fi6. 15.—Roney mechanical stoker.

incline for receiving and discharging the ash and clinker. The
dumping grate is divided into several parts for convenience in handling.

The coal is fed onto the inclined grate from the hopper by a
reciprocating pusher, which is actuated by an agitator. The grate-
bars rock through an arc of 30°, assuming alternately the stepped
and the inclined position. The grate-bars receive their motion from
a rocker-bar and connecting-rod, and these, with the pusher, are
actuated by the agitator, which receives its motion through an
eccentric from a shaft attached to the stoker-front, under the hop-
per. The range of motion of the pusher is regulated by the feed-wheel
from no stroke to full stroke, and the amount of coal pushed into the
furnace is adjusted according to the demand for steam. The motion
of the grate-bars is similarly regulated and controlled by the position
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of the lock-nuts on the connecting-rod. Each grate-bar is composed
of two parts: A vertical web provided with trunnions at each end,
which rests in seats in the side-bearers; and a fuel-plate, ribbed on its

F1G. 16.—Acme stoker.

under side, which bolts to the web. These fuel-plates carry the bed
of burning coal, and, being wearing parts, are made detachable, thus
reducing the cost of repairs to the minimum. The webs are perforated
with longitudinal slots, so placed that the condition of the fire can be
seen at all times without opening the
doors, and free access had to all
parts of the grate to assist, when
necessary, the removal of the clinker.
These slots also serve an important
purpose in furnishing an abundant
supply of air for combustion.

The Columbian stoker is a special
design for soft coal, which falls from
the hopper into an upward inclined chute, and is pushed by a
plunger onto a coking-plate and fixed small grate with an independent

F1a. 17.—Soft-coal stoker.
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air-feed chamber for regulating the coking. The pushing of the
fresh coal against and under the coking-bank causes the coked coal
to slide down the inclined grate. A supplementary rocking grate at
the rear discharges the refuse. The air-feed to the small chamber
at the top of the grate may be under pressure from a blower, and,
thus mixing air with the smoke or distillates of the fresh coal, com-
pletes its combustion in the hot part of the furnace.

The travelling chain-grates are receiving much attention, and we
illustrate the principles of several designs in this type of grate for
soft coal.

In the Playford model a multilink-grate moved by a sprocket-
shaft carries the coal, fed from a hopper, forward under the boiler;
the grate returning over a drum at
the bridge-wall. A screw-conveyer
brings the ash and clinker forward
to the pit.

At the front of the furface, im-
mediately above the coking end of
the grate-surface, is a fire-brick arch
made of common sized fire-brick.

The arch becomes highly heated, Fia. 18.—Playford stoker.
thus making the front end of the

furnace a reverberatory chamber in which the gases are liberated
from the coking fuel by distillation. The coked fuel in process of
combustion is carried by the grate toward the rear of the furnace, while
the ash and refuse are dumped automatically under the flat arch at
the bridge-wall. Forming the top of that which otherwise would
be an ordinary bridge-wall is a straight arch, overhanging the rear
end of the grate-surface.

The Green travelling link-grate, which we illustrate in Fig. 19, is
made up of long thin links of considerable depth and a large and
uniform air-space around each link has been provided. The longer
links afford an increased overhang, so as to shear any clinker which,
during the travel of the grate, may be brought up to the bridge-wall,
while at the same time it completely clears the ash from all the air-
spaces of the chain at every turn around the rear sprockets. The
links of the chain are connected together by bars of oval section,
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which pass through round holes in the links or clips. The clips are
engaged by the bars, and they in turn are locked and held in correct
position by binding links at each end. The holes in the clips have
a slot extending to the bottom edge, permitting any link or clip to
be removed and replaced by another one without breaking the chain,
removing the bars, or interfering with the service.

The chain is supported at frequent intervals by rolls extending
under the entire width.

The framework is well braced and stiffened, to meet the require-
ments of hard service. In stokers exceeding 74 feet in width there is

F1g. 19.—Green travelling link-grate.

provided an additional girder in the centre for the support of the upper
roll-shafts.

The driving mechanism consists of an eccentric with a rod and
lever, communicating motion by a ratchet and pawls to a train of
gearing. This arrangement permits quick adjustment of speed of
travel within a wide range. The gearing rests in a strongly braced
frame. Steel pinions and gears are used throughout. The eccentric-
connections from the shaft, placed either above or below, are made
through a long relief-spring, thus preventing undue strain upon the
gear-train or the chain in case of accident or stoppage.

A single large grate completely filling the entire furnace width is
desirable, and more effective than two small grates occupying the
same space. The flat coking-breast or ignition-arch combined with
a chain-grate, as previously described, permits the successful use of
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grates of any required width, and also obviates the further necessity
of limiting the size of boiler-units because of inability to provide
adequate grate-area.

In the American stoker the coal is carried under the grate from
the hopper by a spiral screw and forced up over the grate. The
screw - conveyer or worm
(shown in the cut) is located
in a trough that extends un-
der the magazine, beneath
which is the air-box under
pressure from a blower.

In operation the coal is
fed into the hopper, and is
carried by the conveyer into the magazine, which it fills, and, over-
flowing on both sides, spreads upon the sides of the grate. The coal
is fed slowly and continuously, and, approaching the fire in its upward

ae View of Noker. End View.

F1a. 20.—American stoker.
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F16. 21.—American stoker under a Worthington water-tube boiler.

course, it is slowly roasted and coked, and the gases released from it
are taken up by the fresh air entering through the tuyeres, which
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ignites them, and the coal is then delivered as coke on the grate
above. The continuous feeding gives a breathing motion to this coke-
bed, thus keeping it open and free for the circuiation of air.

Every pound of coal fed into the hoppers passes through the gas-
making process. The non-combustible matter is taken from the
furnace in the shape of the usual ash. There is practically no soot.
With these results it is obvious that the combustion must be extraor-
dinarily good, resulting in a practically smokeless stack.

The finest of slack coal and also lump coal can be used, as any
lump that can be fed into the hoppers will be crushed by the conveyer,
there being provided a set of teeth, placed at the mouth of the con-
veyer, against which the coal is squeezed and broken.

The end-thrust of the conveyer is taken by a frictionless ball-
bearing.

The conveyer-shaft is a 23-inch steel shaft, on which are strung
what are called ““flights.” These “flights,” by their reduced diameters,
distribute the coal equally over the entire width and length of the
furnace. The entire mass of coke above the tuyére-blocks and over
the side-grate is ignited. The air enters the stoker from front or
rear beneath the hopper, and discharges through the tuyére-openings.
The discharge of air into each stoker is regulated by a wind-gate
located at the mouth
of the wind-chamber.
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] 1S R S S S S S | consists of a plunger
F1a. 22.—Jones stoker. which may be oper-

ated directly by a
steam-piston, and which pushes a charge of coal, falling from the
hopper onto the fore-plate of the grate, where it is coked, the smoke
and gases being drawn into the hot fire and burned. These stokers
are well adapted to other than boiler-furnaces and operated by levers
n place of the steam-cylinders.
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LIQUID FUEL

Of all forms of liquid fuel crude petroleum has become the standard
for economy, and its increasing production has so decreased its cost
for fuel that in many parts of this courtry and in other countries it is
cheaper than other fuels.

The methods of its economical use have been so improved by
trials and experience derived from the various detailed tests of the
past few years, that its best results are now realized in very exact
designs of furnace-construction.

Some of the advantages in the use of petroleum for steam-making
are that its heating power is greater per pound than that of any solid
fuel; that it permits of continuous firing in a closed furnace, free from
draughts of cold air; that its combustion is complete, with no loss of
heat by ashes, smoke, or soot; and that the quantity of heat required
to maintain a constant pressure of steam may be controlled by the
simple adjustment of a valve in the oil-supply pipe. The boiler-tubes
are always clean and in the best condition for the transmission of heat
to the water; starting and discontinuing of the fire are but the work
of a moment, and all cleaning of ashes and débris avoided. The ad-
mission of air being under complete control, and the fuel being burned
in atomized particles in contact with the air, only a small excess of air
above that actually necessary for the complete combustion of the fuel
being required; all these are points of economy.

The relative commercial value of coal and petroleum for steaming-
fuel, apart from their convenience in operating a steam-plant, may be
summed up in their relative heat-unit values. A net ton of coal is
credited with 29,000,000 heat-units; a barrel of oil of 42 gallons,
weighing 6.8 pounds per gallon, at 19,000 heat-units per pound, foots
up to 5,426,400 heat-units, or 5} barrels to equal 1 ton of coal; so
that at 90 cents per barrel for oil, it is equal in heat-unit value to coal
at $4.80 per ton; but where coal is dear and oil as low as 50 cents
per barrel, it is equal to coal at $2.60 per ton, and in locations where
coal is about $6 per ton the difference in favor of oil is very apparent.

The burners or injector-nozles are made in a variety of forms;
but all operate on the same principle. The steam-and-air method of
atomizing the oil has not as yet become assured as to the use of
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one or both combined, but so far the practice has favored steam as
the atomizing agent, with an indraught of air by the force of the jet.
A combined steam-and-air jet or an air-jet alone requires the use of
an air-compressor, and if such is installed with independent power
the steam can be left out of the process with the most economical
results, for the steam requires a high temperature added before
dissociation, and only then returns its absorbed heat by the reunion
of its hydro-oxygen elements.

There is quite a wide-spread misconception regarding the part
that the steam which is used for atomizing purposes plays in effecting
combustion. It is supposed by many that after atomizing the oil
the steam is decomposed and that the hydrogen and carbon are again
united, thus producing heat and adding to the heat value of the fuel.
While it may be true that the presence of steam may change the
character and sequence of the chemical reaction, and result in the
production of a higher temperature at some part of the flame, such
an advantage will be offset by lower temperatures elsewhere between
the grate and the base of the stack. All steam which enters the fur-
nace will, if combustion is complete, pass up the stack as steam, also
carrying with it a certain quantity of waste heat. The amount of
this waste heat will depend upon the amount of steam and its tem-
perature at the entrance of the furnace. The quantity of available
heat, measured in thermal units, is undoubtedly diminished by the
introduction of steam. In an efficient boiler it is quantity of heat
rather than intensity that is wanted. For many manufacturing
purposes intensity of heat may be of primary importance, but in a
steam-generator a local intense heat is objectionable on other grounds
than those of economy, viz., its liability to cause leaky tubes and
seams from the unequal expansion of heating-surfaces.

In a series of naval official trials with crude-petroleum fuel, the
following conclusions were arrived at:

“q. That oil can be burned in a very uniform manner.

“b. That the evaporative efficiency of nearly every kind of oil per
pound of combustible is probably the same. While the crude oil
may be rich in hydrocarbons, it also contains sulphur, so that, after
refining, the distilled oil has probably the same calorific value as the
crude product.
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‘““¢. That a marine steam-generator can be forced to even as high
a degree with oil as with coal.

“d. That up to the present time no ill effects have been shown
upon the boiler.

‘““e. That the firemen are disposed to favor oil, and therefore no
impediment will be met in this respect.

“f. That the air requisite for combustion should be heated if pos-
sible before entering the furnace. Such action undoubtedly assists
the gasification of the oil-product.

‘““g. That the oil should be heated so that it can be atomized more
readily.

‘““h. That when using steam higher pressures are undoubtedly more
advantageous than lower pressures for atomizing the oil.

‘7. That under heavy forced-draught conditions, and particularly
when steam is used, the board has not yet found it possible to prevent
smoke from issuing from the stack, although all connected with the
tests made special efforts to secure complete combustion. Particularly
for naval purposes is it desirable that the smoke nuisance be eradicated,
in order that the presence of a warship may not be detected from
this cause. As there has been a tendency of late years to force the
boilers of industrial plants, the inability to prevent the smoke nuisance
under forced-draught conditions may have an important influence upon
the increased use of liquid fuel.

“j. That the consumption of liquid fuel cannot probably be forced
to as great an extent with steam as the atomizing agent as when com-
pressed air is used for this purpose. This is probably due to the
fact that the air used for atomizing purposes, after entering the fur-
nace, supplies oxygen for the combustible, while in the case of steam
the rarefied vapor simply displaces air that is needed to complete
combustion.

“k. That the efficiency of oil-fuel plants will be greatly dependent
upon the general character of the installation of auxiliaries and fit-
tings, and therefore the work should only be intrusted to those who
have given careful study to the matter, and who have had extended
experience in burning the crude product. The form of the burner
will play a very small part in increasing the use of crude petroleum.
The method and character of the installation will count for much,
but where burners are simple in design and are constructed in ac-
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cordance with scientific principles there will be very little difference
in their efficiency.”

It may be further said that the heat of steam at high boiler-
pressure adds greatly to the atomizing effect by heating the oil in its
passage through the injector and thus vaporizing its more volatile
constituents; whereas the cooling effect, by the expansion of com-
pressed air, would have an opposite effect, unless the compressed
air could be highly heated by passing through a coil in the smoke-
chamber.

PETROLEUM-0OIL BURNERS

In Fig. 23 we illustrate an oil- and air-burner in which the oil
enters by the pipe A to the central nozle with its regulating-valve C.
The compressed air enters through the
pipe B and issues through an annular
nozle, and is retained by an outer nozle
which may be more or less extended for

a thorough atomization of the oil.
A burner of English origin is shown
in Fig. 24, for the combined use of oil,
Fig. 23—Oil- and air-burner.  5t€am, and air, which are combined in
an expanding nozle. The oil enters by
the rear pipe, and its flow is regulated by a needle-valve. Steam
enters by the middle pipe, forming an annular jet around the oil, while

Fia. 24.—Oil-, steam-, and air-burner.

the air enters by the large pipe and forms an annular jet surrounding
both oil and steam as the combination enters the expanding nozle.

In Fig. 25 is shown, in plan and section, an oil-burner used on the
locomotives of the Southern Pacific railroads.
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It is a combined oil-, steam-, and air-burner with a wide, thin mouth
and chambers closed at the sides, so that the compartments are

END VIEW

N
F16. 25.—Flat-nozle burner.

separated in tiers, one above the other. Oil flows along the flat top
chamber, with the steam in the central chamber to heat the oil, and
the oil, steam, and air meet at the
end of the inner nozle, where the
oil is atomized in contact with
the air and steam and projected
through the end nozle.
In Fig. 26 is illustrated the
Urquhart type of burner, in use on
the Russian railways. Itisa com-
bined oil-, steam-, and air-burner.
Steam enters the hollow valve-spin- Fia. 26.—Urquhart burner.
dle through side-ports, while the oil
enters by a side-pipe and through an annular aperture outside of the
steam, the nozle of which extends into a hollow stud between the
plates of the boiler-front. A plate held off from the boiler carries
the injector with an air-space to give air to the jet in the stay-tube.
The Oil City burner (Fig. 27) is of the oil and steam combination
type, with a cap over the end for inducing a draught of air around
the oil- and steam-jet. The nozle is made long that the steam on the
outside of the oil-nozle heats the oil for more perfect atomization.
The oil- and steam-flow are both adjustable by valve-wheels.
The F. M. Reed burner (Fig. 28) is somewhat novel in the manner
of combining the oil, steam, and air.
The oil-flow, regulated by an outside valve, enters through the
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valve-spindle, surrounded by steam from a side entrance, both issuing
through a short expanding nozle into a chambered nozle, which
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Fia. 27.—O0il City burner.

completes the atomizing of the oil; outside of this is a larger chambered
nozle through which air is drawn by the force of the jet, and, mixing
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Fi1a. 28.—F. M. Reed burner.

with the atomized oil and steam, the final issue to the furnace is ready
for complete combustion.



CHAPTER 1V

TYPES OF BOILERS

ONE of the earliest types of the modern water-tube boiler was
made in 1804 by John Stevens at Hoboken, N. J., and with its twin-
screw propellers is now preserved in the Stevens Institute as the cen-
tury memento of our present water-
tube boilers and of the principles of
twin-screw propulsion. After forty
years the same boiler, engine, and
screws were placed in a boat of the
original dimensions and propelled at
the rate of eight miles per hour.

Boilers of the shell type continued
in use as standard form during the FYe. 29 —Stevens boiler.
nineteenth century, with an occa-
sional interpolation of a water-tube boiler, a flash-boiler, and inter-
circulating coil-boilers, as, for example, the Perkins type, which carried
steam at 1,000 pounds pressure per square inch and was applied to
a steam-gun which was exhibited in New York in 1839 and operated
by the author.

The most simple form of boiler is the long, plain shell now much
used on sugar-plantations, and under which bagasse is used for fuel.

éHmj

F16. 30.—Cylinder boiler.

These boilers are usually set in nests hanging from beams supported
by the side walls, and are closed in at their half-diameter. Their
boiler-power may be computed at one-half their shell-area divided by

10 per horse-power.
49
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The double-flue, eylindrical shell-boiler was a favorite form with
wood-burning furnaces for steam-boats and wood-working mills,

Fi1G. 31.—Double-flue boiler.

and is still in use in modified forms. One-half the shell- and all the
flue-surface, divided by 11, equal the boiler horse-power.

The internally fired flue-boiler is now becoming antiquated from
its limited furnace capacity, and has finally merged into the cor-
rugated tubular furnaces of the marine type.

The horizontal tubular boiler has been a standard type for three-
quarters of a century, and is yet the leading steam-maker within the
range of its allotted pressure. For ease of care and convenience of
repair it stands at the head
of the list in number in use
in all countries. When well
gy proportioned for its work

its economy is unchallenged,
and at pressures of 100

Fia. 32.—Cylindrical tubular boiler. pounds, and under, it is,
when well constructed and

cared for, as safe from rupture as other types.

One-half the shell- and all the outside tube-surface, divided by
14, equal the boiler horse-power.

The Galloway boiler, an English type, has a cylindrical shell with
an oval flue and is internally fired. It has two furnaces which merge
into a combustion-chamber at the rear. This chamber is fitted with

Fig. 33.—Galloway boiler.
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tapered water-tubes for the purpose of increasing the effective heat-
ing-surface of the boiler and of promoting a better circulation of water;
they also act as stays, largely increasing the strength of the flue to
which they are fitted.

The heated gases after passing through the internal combustion-
chamber return along the outside of the shell to the front and again
to the rear end and to the chimney. It is considered an efficient
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F1G. 34.—Plan and section of boiler-setting.

boiler. All the internal surface of flue and tubes and the shell exposed
to heat, divided by 12, equal the boiler horse-power.

The setting and care of a cylindrical tubular boiler are matters
of careful consideration. Air-leaks in the brickwork adulterate the
hot gases of combustion and are the cause of fuel loss; so that too
much pains cannot be taken in making the joints as close as the bricks
will allow and fully flushing every joint with mortar.

Fig. 34 shows the plan and elevation of a flush-front boiler-setting
with a filled-in rear chamber and recesses for catching the light ashes
that pass over the bridge-wall. The air-space in the walls is shown
in the cut much wider than needed, as 2 inches is wide enough for
the largest boilers.
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The filling of the rear chamber is of doubtful value, as the large
area of this chamber serves as a setting-place for the light ashes that
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Fic. 35.—Section with flush front, open chamber.

are carried over the bridge-wall, and the large volume of hot gases
and ashes is a strong radiant of heat to the rear end of the boiler.

In Fig. 35 is a section with solid brick walls carried above the top
of the boiler and with an extension of the grate-surface onto the
bridge-wall and a support of the back-chamber closure by a T beam.
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FiG. 36.—Plan and section of overhang boiler-front setting.

Domes on this type of boiler are not recommended, because they
are a source of weakness; but, they have their advocates on the plea
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that they are steam-reservoirs and promoters of dry steam. A trifle
larger shell and a dry pipe at the same cost is the safe and preferable
plan.

Fig. 36 shows the plan and section of the setting of a boiler with
an overhang front smoke-chamber, which rests on a half-front frame.

THE ROBB—-MUMFORD BOILER

This internal-fired cylindrical boiler is a recent type of construc-
tion, with an internal fire-box of the Morrison corrugated type
and with its full area of head filled with tubes; the lower shell is
inclined, as is also the steam-
drum above, in order to facilitate
water-circulation. The design is
very compact and enclosed in
a brick-lined metal casing. It
appears to be a good steamer.
The fire-surface of the tubes,
fire-box, and all of the shell ex-
posed to heat, divided by 12,
equal the boiler horse-power.

The “Continental type” of marine boiler has a double corrugated
tubular furnace with cylindrical shell and return-tubes. This form
of construction is the general one for marine use, and is made in the

Fi1G6. 37.—Internal fired, cylindrical tub-
ular boiler.

F1a. 38.—Marine boiler.

large units with multiple furnaces. It is a modification of the “Scotch
boiler” and is also made with double ends, set back to back with
common or separate combustion-chambers.
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The down-draught system of combustion as applied to a Hein boiler
is shown in Fig. 39, in which is illustrated the Hawley furnace; c is a
tubular grate; d, tube-connec-
tion between the grate-header
and front drum; b, tube-con-
nection between the grate-
header and rear drum, with
blow-off.
The Hein boiler has its
water-legs in form of a
wrought-iron chamber flanged
and riveted to the steam-
and water-drums, which are
stayed throughout their breadth. The tubes are expanded in the
heads, with a hand-hole plate opposite each tube for cleaning and
repairs. Their steaming capacity is
about 11 feet of heating-surface per
boiler horse-power.

Among the many pipe-boilers
on the market for special purposes
and claims for efficiency and high-
pressure safety, we illustrate the
Herreshoff boiler (Fig.40), which has
gained much credit in the steam-
yacht service. The inner coil is the
evaporator and receives the feed-
water through the heater-coil in the smoke-chamber. The conical
coil at the top also acts as a heating-cham-
ber and feeds the inner coil, while the
outside coil is the superheater.

A separator-drum at the side entraps
any superfluous water that may be fed to
. A the boiler, and also acts as a separator,
) S debmimchinf. iVing to the superheater dry steam.

——— 0O o The Thornyeroft boiler (Fig.41) is shown
F16. 41.—Thornycroft boiler. . L.

as a type in principle of a number of water-
tube boilers on the market in Europe and the United States. It
consists of a large steam-drum above and a water-drum below, con-

Fig. 39.—Down-draught furnace.

Fic. 40.—Herreshoff boiler.
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nected with a large number of bent tubes. The water-return is
through a large tube at the rear end of the boiler. The same princi-

ple of action, with different de-
signs in construction, is carried
out in the Yarrow, the Moyes,
and the See water-tube boilers,
with straight tubes; the Boyer
water-tube boiler, with return
bend coils, and the Meehan and
Sterling water-tube boilers, with
bent tubes. The Du Temple ma-
rine water-tube boiler (Fig. 42),
made in France, is of the Thorny-
croft type and is here illustrated.
Although patented in 1876 it
has all the essential qualities of
the later water-tube boilers. A
quick and powerful steamer, it
has been much in use in the

Fi1g. 42.—Du Temple boiler.

F16.43.—Wood vertical water-
tube boiler.

torpedo-boat service. Ample circulation is
provided for by the direct back connections
between the steam- and water-drums. The
cut shows a half-section of each side.

We do not deem it expedient as the
object of this work to illustrate the large
number of boilers on the market, whose
builders claim merit and public favor for
their special designs; nor can we go into
the merits of their tests of economy and
usefulness with any degree of safe judg-
ment; rather let their work with users tell
the story of their worth.

Among the vertical water-tube boilers
with straight tubes between the steam-
and water-drums with outside furnaces we
illustrate the Wood boiler (Fig. 43), which
has large steam- and water-drums with
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stayed heads; the tubes are arranged in front and back sections with a
brick or tile partition carried up from the lower head to near the
top, so that the products of combustion traverse the whole length
of the tubes up and down and out to the chimney at the rear.

F16. 44.—Cahall boiler.

The arched furnace projects at the front,
and the whole boiler is enclosed in brick
walls. Circulation is obtained by the more
active upward current, with its steam in the
fire section and induced down-flow in the
rear section.

Another design is the Cahall water-tube
boiler (Fig. 44) with straight, nearly vertical
tubes between an annular steam-drum at the
top, through which the smoke passes, and a
water-drum at the bottom. The furnace
and combustion-chamber project outside at
the front, and a circulating-pipe is carried
from the steam-drum to the water-drum

outside of the brick setting.

In Fig. 45 is shown the duplex water-tube boiler made by the
Philadelphia Engineering Works. This boiler has straight vertical
tubes between a pair of steam- and water-drums. The steam-drums

are connected with several cross-pipes, as
shown in the cut, and the water-drums are
connected by a single neck. A brick wall
between the two stacks of tubes directs the
products of combustion upward through the
tube-stack next to the furnace and down
the opposite stack and to the chimney.
The water-circulation takes the same course
through the tube-stacks and drum-connec-
tions.

In Fig. 46 is a section of the Sterling
water-tube boiler, which consists of three

Fia. 45.—Duplex boiler.

upper or steam-drums and one lower or mud-drum, with the tube-
ends bent so that all of them can properly enter the drums.

The steam-spaces of all the upper drums are connected, while the
water-spaces of only the front and rear drums communicate. The
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drums are made of flange steel, while the tubes are lapwelded steel,
tested at 1,500 pounds pressure per square inch. These drums and
the tubes form the boiler proper.

It is designed to be a safety-boiler, and the absence of flat sur-
faces renders stay-bolts and braces unnecessary; it will be seen that a
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Fia. 46.—Sterling water-tube boiler.

fire-brick arch is built over the grates and immediately in front of the
first section of tubes. This arch absorbs heat from the fire on the
grates and becomes an incandescent, radiating surface. Tile parti-
tions are so arranged that the hot gases pass the entire length of the
three stacks of tubes.

The feed-water enters the rear upper drum, the coolest part of the
boiler, and as it descends to the mud-drum is gradually heated by the
gases, passing to the chimney to a sufficient extent to render insoluble
much of the sediment that it contains, which is deposited in the mud-
drum in the form of mud or sludge, from which it may be blown
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off. The mud-drum is protected from the intense heat of the furnace
by an ample bridge-wall, and acts as a settling-chamber.

The middle drum is connected to a supplementary drum by a
series of tubes in the same manner as the others, and receives the
priming, which, falling through the
tubes to the lower drum, is recon-
verted into steam and superheated.

By suitably disposed fire-tile
partitions or baffle-walls, the gases
from the furnace are led first up
among the first bank of tubes, de-
pending from the front drum, thence
down the middle bank, thence up
the rear bank, and on into the
chimney at a reduced temperature.

In this long and circuitous pass-
age the gases come in contact with
all the tubes, which method insures
a more or less complete delivery of their heat to the water.

In Fig. 48 is illustrated the latest style of the Babcock & Wilcox
water-tube boilers, the most compact and economical design of all
of their extensive manufacture, and best suited for generating high-
pressure steam.

The vertical header style has the same general features of construc-
tion as their other styles, with the exception of having the tube-sheet
side of the header “stepped” so that the header may be placed at
right angles to the drum, instead of having it inclined, as in previous
designs. This form permits of a shorter brick setting, thereby re-
ducing the cost of erection and the floor-space occupied.

The last step in the development of the water-tube boiler, beyond
which it seems almost impossible for science and skill to go, consists in
making all parts of the boiler of wrought steel, including the sinuous
headers, the cross-boxes, and the nozles on the drum. This was
demanded to answer the laws of some of the Continental nations, and
the Babcock & Wilcox Co. have at the present time a plant turning
out forgings, as a regular business, which have been pronounced to be
“a perfect triumph of the forgers’ art.”

One of the important points in the generation of steam is that it

Fic. 47.—Sterling water-tube boiler.
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should be dry as it leaves the boiler; and in this class of boilers the
large disengaging surface of the water in the drum, together with the
fact that the steam is delivered at one end and taken out at the other,
secures a thorough separation of the steam from the water, even
when the boiler is forced to its utmost. Most tubular, locomotive,
and sectional boilers make wet steam, “priming” or “foaming " as it
is called, and in many “superheating surface” is provided to “dry

Fia. 48.—Babcock & Wilcox vertical header-boiler.

the steam”; but such surface is always a source of trouble, and is
incapable of being graduated to the varying requirements of the
steam. No part of a boiler not exposed to water on the one side
should be subjected to the heat of the fire upon the other, as the un-
avoidable unequal expansion necessarily weakens the metal and is a
serious source of danger. Hence a boiler which makes dry steam is
to be preferred to one that dries steam which has been made wet.

The vertical cylindrical tubular boiler is a convenient type for
cramped fire-room space and for portable use. It is most suitable for
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small units of power, but is not considered to be of economical form.
We illustrate three models which cover their essential differences.

F1a. 49.—Vertical sub-
merged-head boiler.

First, an English design with submerged
tubes and enlarged water- and steam-spaces, and
in which a diaphragm is inserted among the
tubes to divert the circulation across the tubes
and clear the tube-head from accumulation of
steam.

Secondly, a submerged-tube vertical boiler
as ordinarily constructed, in which all the tube-
surface and the surface of the furnace divided
by 10 equal the boiler horse-power.

Thirdly, the one more commonly in use, the
through-tube model, in which the upper ends
of the tubes are exposed to undue temperature

and to the troubles arising from overheating the upper ends and tube-
head, which condition weakens the expanded joints, causing leakage.
This, together with the difficulty of cleaning the tubes on the inside
and of removing the scale from the outside, or clearing the fire-tube

Fi16. 50.—Submerged-tube vertical boiler. F16. 51.—Vertical-tube boiler.
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sheet from scale and mud that fall upon it, is a serious drawback
in the use of this type of boiler, except for temporary or portable
necessity.

The water-surface of such boilers is small for the quiet delivery of
steam; foaming is waste, and they should not be forced beyond two-
thirds of their rated power.

THE HORSE-POWER RATING OF BOILERS

The work of a boiler to convert water into steam requires some
unit to represent its general efficiency as a steam-producer. The
method of Watt, now abandoned, was the evaporation of 1 cubic
foot of water per hour to equal a boiler horse-power. The method
of to-day is one that figures on evaporating 30 pounds of water per
hour from 100° F. and at 70 pounds gauge-pressure as equivalent to 1
boiler horse-power. This standard is also equivalent to the evapo-
ration of 34.5 pounds of water per hour from and at 212° F. Asa
boiler can in no way develop power of itself, it would seem that to
assign to it the term ‘“horse-power’ is illogical, because economy in
the use of steam must depend upon the engine alone, and economy
varies greaily with the various types of engines.

The term ‘“horse-power” as applied to a boiler seems justified,
however, as a matter of convenience, and probably conveys as in-
telligent an idea as to the power the boiler is able to furnish as any
other term.

The power of a boiler to make steam depends upon the amount
of heat generated in the furnace, and on the proportion of that heat
which is transmitted to the water in the boiler.

The amount of heat liberated through combustion depends upon
the quality of the fuel, the rate of combustion, and the size of the grate.

The rate of combustion varies with the draught, quality of coal, and
the skill with which the fire is handled. As a general rule a moderate
rate of combustion is preferable, as the combustion is more likely to
be complete and the heating-surfaces are thus permitted to take up
a larger portion of the heat produced, while if the combustion is too
rapid a large amount of heat escapes to the stack. On the other
hand, when the combustion is too slow a considerable excess of air
is admitted to the furnace through the grates and the loss of heat by
radiation and conduction is proportionately increased.
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The heating-surface of a boiler is a factor which also requires
consideration. The heating-surfaces of the various kinds of boilers
differ in their efficiency; thus, for instance, the tubes of a return
tubular boiler are not equal in radiating value to the shell for equal
areas. Neither can both ends of a tube be of equal value, as the
value decreases with the length of the tube. It is therefore of little
advantage to have the length of the tube more than fifty times its
diameter.

The rating of a boiler as now sold is figured from the amount
of its heating-surface, allowing from 11 to 12 square feet per horse-
power. It is evident that this method of rating is an invitation to
boiler-makers to increase the heating-surface at the expense of the
boiler capacity.

This has no bearing upon the power that can be obtained from a
horse-power of the boiler. The type and model of the engine in its
economy of steam used in pounds per horse-power are the real factors
that give the value in power that can be obtained from a boiler
horse-power; so that a boiler horse-power divided by a steam-engine
horse-power in pounds of steam, equals the steam-engine horse-power
available per boiler horse-power.

HEATING- AND GRATE-SURFACE FOR BOILERS

The amount of heating-surface per horse-power varies very much
in the different types of boilers and with the amount of fuel burned
per square foot of grate. The square feet of heating-surface and

TABLE VI.—APPROXIMATE PROPORTION OF HEATING-SURFACE AND GRATE-SURFACE
PER HORSE-POWER, ETC., OF VARIOUS TYPES OF BOILERS.

Conal ‘
per Rela- .
Square feet | square | Rela- ' tive Heating- ' Poundsof | Pounds of
of heating- |footof | tive rapid- | surface per coal per water per
surface per | heat- | econ- ity of | squarefoot square foot pound

horse-power. | ing- omy. steam-| of grate. of grate. of coal.

sur- ing.
face.

Typr oF BOILER.

Water-tube. . . .. 10 to 12 .3 1.00 1.00 | 35 to 50 l 12to 20 | 9 to 12
Cylind’l tubular.| 14 “ 16 .25 .91 60 | 25“ 35 ¢ 10“ 15| 8 11
ertical tube....| 15 “ 20 .25 .80 60 | 2530 « 10“ 15| 8
Locomotive. . ... 12 “ 16 | .275| .85 .55 | 50 “ 100, 20 “ 40| 8 “ 11
4 8
7

Flue ........... 8 “12 |. 791 .25 20«25 10 “ 20
Plain cylindrical.[ 6 “ 10 | .5 .69 | .20 15420 15 “ 25
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grate-surface are so variable in the various types and many designs
of the same type, that no condition as to actual performance or effi-
ciency of any boiler can be made except as deduced from the actual
work of one of its own type and model under equal conditions of
operation.

In the foregoing table are values nearly covering the limits of
practical work with various types of boilers.

THE INDICATORS OF BOILER-CONTROL

The safety-valve, the pressure-gauge, and the water-gauge are the
safety-indicators of all steam-generators and as such are to be watched
with all the care of the engineer as indicating what is the condition
between the furnace and the engine.

The size of the safety-valve is an important matter, and it is well
to consider the area of the grate, the weight of fuel burned, and
the steam-pressure when calculating the required area of a safety-
valve, because, other things being equal, the volume of steam gen-
erated in a given time will depend upon the weight of the coal burned,
and the velocity of escape will depend upon the pressure.

A general rule or formula given by Professor Thurston is: Area=
0.5w

l—)':—la, in which w=weight of steam made per hour in pounds, and p

the gauge-pressure. Another formula, of unknown source, is based
upon the grate-surface and gauge-pressure: Area of va]ve=——p2i'g%2,

in which G =grate-surface in square feet; p =gauge-pressure.

When the area of the grate and the steam-pressure are not con-
sidered, 1 square inch of valve-area should be provided for each
3 square feet of grate-surface for spring-loaded or “pop” valves,
and 1 square inch of valve-area for each 2 square feet of grate-
surface for the lever-and-weight variety. A safety-valve should be
proportioned for the lowest regular pressure to be carried because
steam of higher pressure possesses a smaller volume and escapes at a
much higher velocity, so that a smaller valve will discharge the same
weight of steam in less time; therefore, as the pressure becomes higher
the valve may be made smaller.
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In the following table are given the safety-valve areas in square
inches per square foot of grate and various pressures based on the
velocity and weight of issuing steam at the different pressures.

TaBLE VIL.—AREAs oF LEVER SAFETY-VALVES FOR EacH SQuare Foor ofF

GRATE-SURFACE.
Gauge- Area in I Gauge- Area in Gauge- | Area in Gauge- Area in
pressure. | Pauare |! pressure. | SIUare { pressure. e || pressure, | AueTe
!
15 1.250 | 65 468 || 15 | 288 | 165 208 .
20 1.071 || 70 441 120 0277 170 .202
25 937 || 75 .416 125 | .267 175 .197
30 .833 80 .394 130 .258 180 .192
35 750 '\ 85 ..375 || 135 .250 185 .187
40 681 | 90 .357 140 .241 190 .182
45 625 || 95 .340 145 .234 195 .178
50 576 | 100 .326 150 .227 2 174
55 .535 || 105 .312 155 .220 225 .166
60 .500 “ 110 .300 160 .214 250 .158

In Fig. 52 is shown the lever safety-valve, the lever of which is
of the third order. O is the fulerum; A the distance from the fulerum
> —» to the centre of the valve; B the dis-
b e . ¢ tance from the fulcrum to the centre
o . of gravity of the lever; C the distance

e # from the fulerum to the centre of the
weight; D total length of the lever,
and S the diameter of the valve-open-
ing, all in inches. G=the weight of
the lever at its centre of gravity, and W the weight of ball; V =the
weight of the valve and spindle; P =pressure in pounds per square
inch.

Lm\\\c‘

- .
F1a. 52.—Lever safety-valve.

W___Szx.7854xP>éA—(G><B)—(Vﬁé)
~ S2X. 7854 XP XA — (G XB) —(VXA)
B w

In Fig. 53 is shown a differential safety-valve in which the enlarged
area of the upper valve compensates for the differential tension of
the spring upon opening the valve, thus causing the valve to open
wide without increase of boiler-pressure.

Another form of spring safety-valve, known as the “pop” or reac-
tionary valve, of which the Ashcroft is a good example, is one in

C
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which the steam issuing from under the valve is deflected by a curved
lip or flange in such a manner as to cause an additional pressure by
its reaction that aids effectively in raising the valve. The pressure
at which a “pop” valve will blow cannot, as a rule, be as closely

Fia. 53.—Differential safety-valve. Fia. 54.—‘Pop"’ safety-valve.

estimated as with the lever-and-weight style, and must therefore be
finally adjusted by trial. Fig. 54 shows a section of the consolidated
pop safety-valve with wing-guides. The seat is narrow and at an

angle of 45°, above which are the enlarged
lipped area and shield.

Water-gauges and their position, with the
facilities for keeping them in perfect condition,
are essential to the welfare of a steam-plant.
Their length should correspond with and cover
the range of water-level assigned for the different
sizes and types of boilers. In all cases they
should be fixed to water-columns or stand-pipes
containing the gauge-cocks; although with the
ordinary vertical boilers this is not always a
fast rule.. Their pipe-connections should be so
arranged that dry steam enters the top of the
water-column and water enters the bottom from
a quiet part of the boiler-water, with blow-off
valves for both water-column and water-gauge.

F1g. 55.—Quick-clos-
ing water-gauge.
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A water-column should be blown out at least once a day, and
as often as three or four times a day, depending upon the quality of
the feed-water employed. The gauge-
cocks should be opened after blowing
out the column or the glass to see that
the water-level in the glass tallies with
the level indicated by the gauge-cocks.

Pressure-gauges should as a rule be
placed convenient for observation, with
the shortest piping possible, and with a
siphon beneath the gauge for its protec-

F1a. 56.—Bourdon gauge. tion from injury from steam within its

spring. A cock on the gauge is neces-

sary, and if the pipe is of a length to accumulate water, a pet-cock at

its lowest point near the gauge serves to blow out any sediment and
prove the proper connection of the gauge with the boiler.

One of the most satisfactory and convenient instruments for the
engine-room or office, to show the range of boiler-pressure during the

daily run, is an Edson recording

L) steam-gauge, which we illustrate

» % in Fig. 57 and detail in Fig. 58.

The diaphragm D is so corru-

Fia. 57.—Edson recording gauge. Fia. 568.—Section of gauge.

gated that its movement under pressure shall be practically uniform for
equal increases of pressure. From this diaphragm a connecting-rod, G,
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actuates a small crank, H, the shaft of which bears an open segment,
which actuates a pinion on the arbor of an index showing the pressure
on the diaphragm. At the same time, by means of levers H2, H3,
vertical movement is communicated to a pencil-point, which records
gradually on a graduated paper ribbon the pressure shown by the
index as being on the diaphragm. The paper strip has given to it by
clock-work a regular motion from the drum K to K2, and has marked
on it vertical spaces corresponding to hours. By this means, not only
the index-hand shows the pressure put on the gauge, but the pencil
makes a continuous record showing all fluctuations and when they
occurred. There is also an electrical-alarm attachment by means of
which, when the pressure passes a certain

limit, a bell is rung.

Fusible plugs are in use and are required
by law to be applied to boilers of sea-going
vessels. They are generally composed of
pure Banca tin, which melts at 443° F.| in-
cased in a brass shield and screwed into the
boiler-sheet from the water side and at the
highest point subject to exposure to the
furnace-heat by low water. In Fig. 59 is Fa. 50.—Safety-plugs.
shown an inside and an outside fusible
plug of the model required by the United States Inspection Service.
No composition metal is allowed; the diameter of the water-end of
the tin plug is about one-half inch.

The feed-pipe should enter a boiler at a convenient point and be
so arranged on the inside as to prevent as much as possible the
immediate contact of the feed-water with the highly heated furnace-
plates or hot part of the tubes. There are many designs of the
arrangement of feed- and blow-off pipes, adapted to the different
types and models of boilers in use, so that no fast rule can be
quoted.

STRENGTH OF CYLINDRICAL SHELL-BOILERS

As there are apprehensions among some engineers in regard to
the direction of the strains in the shell of a cylindrical boiler, we illus-
trate in Fig. 60 these conditions, which are shown by the directions
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of the arrows in the upper and lower half of the shell. It will be seen
that the actual direction of the pressure is radial; but the resultants
of the directions of the arrows are only fully effective at the points of

o Dt t.heu' angles of position apd only as t.;he

e — o Sine of the angle for any single collective
point in the circumference, and for the
diameter, as in the diagram; the results
due to the sines of the radial stresses in
the upper half are shown in the direction
of the arrows in the lower half of the
diagram. The pressure in pounds per
square inch, multiplied by the semidi-
ameter of the shell in inches, equals the
strain in a section of the shell 1 inch
Fia. 60.—Strains in a boilershell. Wide.

The resistance in the shell is the
tensile strength per square inch, multiplied by the thickness in deci-
mals of an inch for the sheet alone and an allowance made for the
loss in strength by the riveted sean.

For single-riveted seams an allowance of from 40 to 45 per cent.
of the tensile strength of the sheet should be made and for double-

ot

ool | ¢
ot

F1a. 61.—Double-lap joint.

riveted seams an allowance of 33 per cent.; making their tensile strength
55 and 67 per cent. of that of the plate. The strength of the single-
riveted girt-seam is much greater for any size shell than a single- or
double-riveted longitudinal seam; besides, the head-support from the
tubes is fully equal to the strain within their area. The strength of
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the longitudinal seam in all forms of boiler-shells, steam-drums, riveted
pipes and tanks, determines to a marked degree the pressure which
the structure is capable of carrying continuously and with safety.
Boilers are now so generally made of steel plates and rivets that
we give some details of the make-up of these seams. In Fig, 61 is
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Fig. 62.—Triple-lap joint.

shown the lay-out of a double-riveted lap-joint with the rows staggered,
which is the strongest joint with two rows of rivets; and in Fig. 62 the
lay-out of a triple-riveted seam, with an accompanying table of
thicknesses of plates, sizes of rivets and holes, and their distance
apart; also the percentage of the strength of the seam in proportion
to the strength of the plate.

TaBLE VIII.—PrororTiONS FOR BoILER-JoINTS; DoUBLE-RIVETED.

DIAMETER. Prrce or RIVETS. f»“.,ffﬁé PERCENTAGE OF JOINT.
Centre of ‘
Thicknesa h;’,}'?ﬁ‘: e Lo comtre | u Steel plate

plate, | Rivet | Hole. | ofplate. | —— riveting. | —

zol?trai. Vertical. Iron ' Steel

rivets. rivets.

A A B | Cc E | F -

3 f 1 1 2 | 1} 2 | .48 | 72.48

{K B 3 1} 2 16 28 67.01  71.46

3 {3 1% 23 13 23 62.54 | 70.42

f‘ 1 i 14 2L 1 2% 59.4 69.55

3 14 13 2{& 1 244 58.44 68.07

tg {2 1 13 3 1 3 57.87 66.65

1 11\; 1 3% 1% 3} 56.46 66.00

ié 145 1 14 35 | 1H 38 54.29 | 66.05

14 1% 13 s | 11 3i 54.42 | 64.82
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PROPORTIONS FOR BOILER-JOINTS ; TRIPLE-RIVETED.

P ‘ 1 : 1 5 79.14 | 80.34
;n, | 3% | # 14 g*i 1,‘»5 5% ‘ 72.74 | 79.25

BN AN RENE A
f‘ |_ I R 15, 4 113 63 64.39 | 76.56
| 1 |1 14 44 13 63 | 63.15 | 75.78
A 111,; 1& 4} 2 | 62.27 | 75.04
1 ‘ I 1 1 I 211; 4| 61.84 | 74.27
3 ] 13 4 | 2 7% | e1.22 | 7363

The hydraulic test of a boiler should be at a pressure not more
than one and a half times the working pressure.

TaBLE IX.—SAFE WORKING PRESSURE FOR WELL-MADE CYLINDRICAL TUBULAR
BoiLERS WITH STEEL SHELLS; DoUBLE- AND TRIPLE-RIVETED.

Diam- Thick- Steel shell. | Steel shell. l Diam- Thick- | Steel shell. | Steel shell.
eter. ness. Iron rivets. | Steel rivets. eter. ness. Iron rivets. | Steel rivets.
36 Py 111 121 {111 123 56 W5 82 89 88 97
s 128 139 (137 151 3 92 101|104 116
38 3 105 115|105 116 58 W5 79 8| 85 94
f5 121 132|129 144 3 89 98 100 112
40 1 100 109|100 110 60 et 77 83| 82 91
5 1156 125|123 136 3 85 95| 97 108
42 3 95 104 95 105 62 i 83 92| 94 104
“ f‘ 110 119|117 1% o4 %15 92 103|108 180
91 99| 91 1 81 89| 91 101
B 105 114|112 124 1% 89 100|105 117
46 1 87 95 87 96 66 3 78 86| 88 98
g 100 109|107 119 5 87 97 1102 113
48 it 96 104(102 114 68 | 76 84| 86 95
3 107 118121 135 s 80 94| 99 110
50 L5 92 100! 98 109 70 3 74 81| 83 92
3 103 113|116 129 % | 82 91| 96 107
52 & 89 96| 95 105 72 3 72 79 | 81 90
i |99 100112 124 | % |79 89| 93 104
54 1;5 % gg gé lg(l) H 89 98 | 104 117
1 1 1 1
|

Perhaps the most important detail in boiler-construction is the
bracing of flat surfaces. The end-surfaces of steam-boilers are stayed
by means of braces extending from the heads to the shell or by longi-
tudinal stays extending from head to head. In all flue-boilers in
which the flues are riveted to the heads, the flues themselves act as
stays, and usually have strength enough to dispense with other stays
below the water-line, except in very large boilers or those adapted
to very high pressures. The holding-power of wrought-iron tubes
expanded in the heads is sufficient to withstand any working pressure
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occurring in that portion of the boiler in which the tubes are lo-
cated. This refers especially to stationary boilers.

Flanging the edges of a boiler-head increases its stiffness along
the outer edge, and for this reason 2 inches of this outer flanged

AREER
0O000T 00000

Fra. 63.—Stayed boiler-head.

surface may be left to take care of itself. The influence of the
flange extends inward, and no braces need be located within 4 inches
of the flange radius for pressures less than 150 pounds per square
inch.

The holding-power of the tubes imparts sufficient stiffness to the
boiler-head not to require braces nearer than 4 inches, so that in all
ordinary calculations the area to be supported would be represented

Fig. 64.—Diagonal and direct stay.

by the segment of a circle (as shown in Fig. 63) of 6 inches less radius
than the boiler-head and its base-line or chord 4 inches above the
tubes.

The location of the stay-centres is not easily worked out except
on the drawing-board, but the area to be stayed in any given case can
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be obtained by computation of the area within the lines as above de-
scribed. For example, for a boiler-head 58 inches in diameter with
a required braced area of 353.77 square inches, the load to be carried
by the braces will be equal to the area found multiplied by the maxi-
mum safe working pressure in pounds. If the pressure is to be, say,
130 pounds per square inch, then the total load will be 353.77 X130 =
45,990 pounds. No boiler-brace should be allowed a greater stress
than 6,000 pounds per square inch, measured at the smallest part.
The number of braces required may be found by dividing the total
load by what one brace will safely carry, which in this case is 45,990
+6,000="7.65, say 8 braces; that is, it will require 8 braces having
an area of 1 square inch, which corresponds to about 1} inches
diameter.

The surface or area supported by each brace is found by dividing
the whole area to be supported by the number of braces, which gives

F1c. 65.—Gusset-brace.

353.77 +8=44.22 square inches. The square root of this number
will give the distance between the braces or the pitch, which is 6.64
inches, or 61 inches.

Table X gives the proper distance between the stays in a boiler for
different maximum pressures.

The table gives the size of stays corresponding to the several
pressures when the stays run at right angles to the head, as at a in
I'ig. 64; but when they are placed at an angle, as at ¢, their holding-
power for a given area of cross-section is considerably reduced, and
in order to maintain the holding-power the area of the stays must
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be increased. The required area of a diagonal stay may be obtained
by dividing the area of the direct one by the cosine of the angle that

the brace bears to the axis of the shell.

TaBLE X.—DIRECT STAYS FOR BOILERS.

Number of inches square each brace will sustain

Di Area, Worki under the following pressures:
ininches. | oauare | GOLoRE '

75 Ibs. 100 Ibs. 125 Ibs. 150 Ibs.

I
3 .60 3,600 lbs. 7. 6. 5.4 ‘ 4.9
1 .78 4,712 ¢ 7.9 6.9 6.1 ! 5.6
13 .99 5,964 8.9 7.7 6.9 6.4
14 1.23 7,362 ¢ 9.9 8.6 7.7 l 7.0
1§ 1.48 8,880 ¢ 10.7 9.5 8.5 7.7
13 1.77 10.620 11.9 10.4 9.2 8.5

The stresses in boilers and the constructive details, as to the
strength of shells, seams, heads and braces, are given here as belong-
ing to the special duties and practice of the engineer, as an inspector

of the steam plant in his charge.

There is much more that might be written in regard to the dc-
tails of boiler construction, which, for the information of engineers
interested, we refer to works treating exclusively upon this subject.



CHAPTER V

BOILER-CHIMNEY AND ITS WORK

THE power of a chimney to create draught depends somewhat
on its form as well as height; but the main force of draught is in the
difference of outside and inside temperatures. The ratio of wall-sur-
face to its area is in evidence in the draught problem; and in
general terms a round chimney is first in efficiency because its wall-
surface is least in proportion to its area, the ratio being for equal
areas about 13 per cent. greater wall-surface in a square chimney.

Theoretically the strongest draught in a well-proportioned chim-
ney is claimed to be obtained by a difference of absolute temperatures
of 25 to 12, or when the atmospheric temperature is 60° and the
chimney temperature 622° F. For internal chimney temperatures
above 622° the densities of the gases decrease faster than the velocity
increases, so that the weight of the gases passing up the chimney is
at a maximum at about this temperature; but the draught-pressure
increases with the height within reasonable limits.

The effective area of a chimney varies inversely as the square
root of the height, and is less than the actual area, owing to the friction
of the gases against the walls, on the basis that this is equal to a
layer of gas 2 inches thick on the wall-surface. The formula:

03 H - . . .
Effectual area= vho also equals A — 0.6 /A, in which H is the

boiler horse-power, h height of chimney, and A the actual area. Also,
the boiler horse-power of a chimney may be computed from the
formula: H=3.33E +'h, and the height for any horse-power from
2

h=(g'3E—H) , in which E is the effective area.

The diagram, Fig. 66, shows the draught in inches of water for
a chimney 100 feet high with different temperatures above the ex-
ternal atmosphere, say 60° F. The vertical lines represent the

chimney temperatures above 60° F. and the horizontal lines are 20 to 1
74
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inch. The upper curved line shows the ratio of the flow of gases at
the various temperatures along the vertical lines in pounds per hour,
which may be computed by multiplying the height of the curve at
any given chimney temperature above that of the atmosphere by

Fic. 66.—Draught and weight of chimney-gases.

the vertical scale in decimals of an inch, and by 1,000 times the ef-
fective area in square feet, and by the square root of the height in
feet. S 1,000F 4'h=pounds per hour, in which S = decimals of an
inch on the vertical scale, E =effective area, and h =height of chimney.
The pressure-curve in decimals of an inch of water is computed from
the formula: h (-%Q—i—g>, in which h=height of chimney in feet,
a ‘C

t. is the absolute temperature of the air entering the furnace, and t,
the absolute temperature of the chimney-gases.

For example, for a chimney 100 feet high with air and gas tem-

peratures of 60° and 660° F., 100 (572'30—171‘300)=.756 of an
inch water-pressure. !

From this formula Table XI has been computed for external
temperatures of from 10° to 90° F., and for chimney temperatures
from 240° to 700° F.

For any other height of chimney than 100 feet, the water-pressure
will be approximately in proportion to the height, so that the pres-
sures in the table columns at the junction of the external and chim-
ney temperatures, multiplied by the decimal representing the pro-
portion to 100 feet, will give the required water-pressure.

For example, for the respective temperatures of 60° and 600° F.,
and 160 feet in height, 1.6 X.716 =1.14 inches water-pressure.
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TaBLE XI.—DRAUGHT-PRESSURE IN INCHES OF WATER.

IN A CHIMNEY 100 Feer Hica.

Temperature of external air. (Barometer, 30 inches.)

Temper-

ature in

chimney. 10°
240° .488
260 .528
280 .549
300 .576
320 .603
340 .638
360 .653
380 .676
400 .697
420 .718
440 739
460 .758
480 .776
500 .791
550 .835
600 .872
650 .906
700 .936

20° 30° 40° 50° 60° 70° 80° 90°

|
|
|
P
i
'

.451 .421 .388 .359 .330 .301  .276 | .250
.484 .453 .420 .392 .363 .334 | .309 | .282
.515 .482 .451 .422 .394 .365 | .340 | .313
.541 .511 .478 .449 .420 .392 | 367 | .340
.568 .538 .505 .476 447 .419 | .394 | .367
.593 .569 .530 .501 472 .443 | .419 | .392
.618 .588 .555 .526 .497 .468 | 444 | .417
.641 .611 .578 .549 .520 492 1 467 | .440
.662 .632 .598 .570 .541 .513 | .488 | .461
.684 .653 .620 .591 .563 .534 | .509 | .482
.705 674,  .641 .612 .584 .5556 | .530 | .503
.724 .694 | .660 .632 .603 .574 | .549 | .522
.741 .710 .678 .649 .620 .691 | .566 | .540
.760 .730 .697 .669 .639 .610 | .586 | .559
.801 .769 .738 .698 .679 .652 | .625 | .600
.838 .806 775 .735 .716 .689 | .662 | .637
.872 .840 .809 .769 .750 723 ' .696 | .671
.902 .870 .839 .799 .780 753 726 | .701

A simple form of draught-gauge is shown in Fig. 67. It consists
of a small glass tube bent into a U shape, one-half filled with water,

Fia. 67.
Draught-gauge.

with a scale of tenths of an inch fixed between the
legs; or the actual difference in level of the water
may be measured when one of the legs is connected
to the chimney by a tube. Usually a piece of }-inch
iron pipe is passed through a hole in the main flue
and connected to the gauge with a piece of rubber
tube.

The size and height of a chimney and its boiler
horse-power depend upon the amount of coal assumed
to be burned per horse-power, which requires a varia-
ble size and height to meet the assumed economy of
a steam-plant.

Table XII is based on the average consumption of
5 pounds of coal per hour per horse-power, which is
assumed to be the maximum amount in any well-

proportioned power-plant. For any less amounts of coal burned, a
reduction in chimney height and area or an increase in the boiler-
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horse-power columns may be made, proportionable to the amount
of coal assigned per horse-power hour.

For example, for a power-plant assumed to use but 2} pounds of
coal per horse-power hour, any boiler-power in the table may be
. divided by 2, and its amount compared with other chimney sizes and
heights for selecting the required size and height of chimney.

The formula by which the table has been computed is: Boiler
horse-power = (3.33A —0.6 4/A) +h, or 3.33E #h; E=A-0.6 ¥A;

2 —
D=13.54VE+4; h=(0—;3ﬁ) ; S=12 /E+4, in which A=area of
chimney in square feet; D=diameter in inches; E =effective area;
S =side of square chimney of equal effective area; h =height in feet;
H =horse-power.

Fig. 68 is an example of a steel chimney about 200 feet high, lined
with brick, and anchored to a deep foundation by 12 long bolts 1}
inches in diameter. It is 13 feet aiameter inside and equal to a
draught for 5,000 horse-power.

Fig. 69 is an example of a brick chimney of varying dimensions
suitable for a power-plant, as shown; it is subject to details suitable
for any required power.

The main point to be observed in the construction of a chimney,
after the height and internal diameter are fixed, is its stability or power
to resist with safety the overturning force of the highest winds,
which requires a proportionate relation between the weight, height,
breadth of base, and exposed area of the chimney. This relation is
expressed in the equation C d—ll;z =W, in which d = the average breadth
of the shaft; h =its height; b=the breadth of base—all in feet; W=
weight of chimney in pounds, and C=a coefficient of wind-pressure
per square foot of area. This varies with the cross-section of the
chimney, and =56 for a square, 35 for an octagon, and 28 for a round
chimney. Thus, a square chimney of average breadth of 8 feet, 10
feet wide at base and 100 feet high, would require to weigh 56 X8 X100
% 10 = 448,000 pounds to withstand any gale likely to be experienced.
Brickwork weighs from 100 to 130 pounds per cubic foot; hence such
a chimney must average 13 inches thick to be safe. A round stack
could weigh half as much, or have less base.
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Fra. 68.—Steel chimney. Fig. 69.—Brick chimney and power-plant.
79
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The external diameter of a brick chimney at the base should be
one-tenth the height, unless it be supported by some other structure.
The “batter” or taper of a chimney should be from 1 to } inch to the
foot on each side.

FIRING AND THE CHIMNEY-DRAUGHT

The chimney-draught is one of the first things to be studied in
the design of a power-plant, since upon it primarily depend the
power and performance of the boilers. The amount of fuel that can
be burned in a given time on a square foot of grate-surface depends
on the strength of the draught, and draught, coal consumption, and
efficiency are so closely allied that a discussion of one naturally brings
in the others. If the draught is poor the fires have to be carried thin,
and in this way a larger amount of air than is necessary for the combus-
tion of the coal comes up through the grates; this excess air is not
only useless, but it entails a loss by lowering the average temperature
of the furnace, and the heat will not transfer to the water so rapidly.
By careful nursing a heavy fire may be built up with a poor draught,
but the average fireman is not a good nurse; he will either poke the
fire or leave it alone, and his ideas of when to do these necessary parts
of firing are generally as nearly right as are the ideas of many of
- those who try to show him how. Natural draught gives its best
economy with a low rate of combustion, and as a general rule the
fires should be carried as thick as the draught will burn without the
fires having to be broken up more than once an hour. The stronger
the draught, the more coal can be burned before the economical
limit is reached.

When forcing the fires with a strong chimney-draught there is the
same loss as with thin fires and poor draught, namely, too much air
per pound of coal burned, and another and greater loss, that of the
increased temperature of the flue-gases to maintain the stronger
draught; for after the temperature of the flue-gases exceeds
600° F. it takes more heat to strengthen the draught. Under the
conditions found in the ordinary plant with natural draught, the
coal burned per square foot of grate-surface per hour averages from
10 to 25 pounds, and the air used per pound of coal runs from 20 to
30 pounds.  Twelve pounds of air per pound of coal is all that is
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required for its complete combustion, and the average plant uses
nearly twice this amount. Anything that will cut down the amount
of air used per pound of coal will effect a saving. The most that can
be saved in this way is about 5 per cent. of the coal.

With natural draught the only way of limiting the amount of air
used is by keeping thick fires. But thick fires are apt to be neglected,
because the fireman knows that if the steam gets down he can stir up
the fires and have it right up again, while he would manage thin fires
in a better manner, because he cannot take any chances with them.
Furthermore, there are some kinds of coal which lie on the grates
like sand, and it is impossible to get enough draught with a chimney
to burn a thick fire of such coal.

This brings us to a consideration of some of the kinds of forced-

draught apparatus. When speaking of forced draught the general
idea is that the air supplied by a fan or other apparatus will cause a
higher rate of combustion of the coal than is possible with the rare-
faction of air in a chimney. This was the practice at first, but forced
or induced draught is now used for all rates of combustion. When
coal is dear more attention is paid to ways of burning cheap coal
economically, for some of these coals will evaporate nearly as much
water as high-priced coal, and cost less than half as much. The
cheapest apparatus for this purpose is some form of steam-jet,
either one that produces a partial vacuum in the chimney, as in
a locomotive, or one that blows into a closed ash-pit and carries
a large body of air in with the steam.
But on account of the large amount of
steam required for operation, a steam-
jet is only advisable where fuel is very
cheap.

In Fig. 70 is illustrated one of many
models of steam-jet blowers, with an
annular cast-iron chamber perforated Fia.70.—Annular steam-blower.
for steam-jets at an angle that projects
the jets in a converging direction that draws in the air with a force
corresponding with the pressure of the steam. This class of blowers
are much in use and are connected with the ash-pit and in short
chimneys at their base.
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In Fig. 71 is illustrated one of the Korting type of steam-blowers,
with a double-nozle air-inlet and double-cone nozle for steam. A
needle-valve regulates the flow of steam from the central jet, which

Fi6. 71.—Korting steam-blower.

is reenforced by the combined steam and air in the larger nozle, by
which a larger volume of air is induced and expanded in the
diverging-nozle.

In Fig. 72 is illustrated a low-speed fan-blower of large volume
and force. Its particular feature is in the narrow curved blades set in
the periphery of the wheel and close together, which prevent local
eddies and greatly increase the efficiency of the fan.

A well-designed forced-draught fan will run with less than 1 per
cent. of the steam supplied to the engines, while the amount of heat

i B
Fi1a. 72.—Sirocco fan-blower.

that a chimney requires for its operation will be equal to 30 per
cent. of the steam supplied to the engines. Practically it is impos-
sible to save this 30 per cent., on account of the cost of apparatus
for reducing the temperature of the flue-gases to that of the air enter-
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ing the ash-pit. The first saving a fan-draught will make is in the .
lessened amount of air per pound of coal. A number of tests have
been reported where the air supplied was less than 15 pounds to each
pound of coal. The temperature of the furnace with a lessened air-
supply will be higher; and the heat will be more quickly transferred
from the gases to the water of the boiler. The gases will travel more
slowly over the heating-surface, and the temperature of the chimney-
gases will be lower. Economizers placed between the boilers and the
chimney will heat the feed-water and save more than enough to pay
for themselves in a short time.

The use of hot air for the furnace effects a saving in fuel, and with
a fan-forced draught taking the air from the ceiling or roof of the
boiler- or engine-room, where it is often at a temperature above
100° F., makes a saving of from 10 to 20 per cent. of the coal over the
waste from a low natural draught, besides the comfort of a modified
temperature of the room. A fan should be large enough to furnish
the required amount of air at as moderate a speed as will give the
proper pressure, for the power to drive a fan increases as the cube
of the speed.

A fan, the tips of its blades running at 65 feet a second, will give a
draught of 1 inch of water. If possible, coal should not be burned
with a stronger draught than this, for with a stronger draught the fires
need very careful watching to prevent holes from burning through
and letting in too much air, although mechanical stokers which have
a constant-feeding attachment may have as much as 3 inches of
draught without affecting the economy, for a strong draught will
force the air through a heavy fire in more intimate contact with the
fuel, and in this way be an aid to perfect combustion. A draught
of } inch of water is about as low as it is possible to obtain complete
and smokeless combustion. With this amount of draught from 12
to 20 pounds of coal per hour per square foot of grate-surface may
be burned.
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CHAPTER VI

HEAT-ECONOMY OF THE FEED-WATER

THE saving of heat that would otherwise be wasted or lost by the
exhaust-steam and the chimney-gases is of great consideration in the
economy of steam-power. The exhaust-steam water-heater and the
chimney-heat economizer are the only real saving devices that affect
the cost of fuel. The live, steam heaters free the water from its
incrusting elements, and injectors are only convenient mechanical
substitutes. The following table shows the saving in percentage of
the total fuel used by heating the feed-water between various initial
and final temperatures:

TABLE XIII.—PERCENTAGE OF SAVING IN FUEL BY HEATING FEED-WATER. STEAM
AT 70 PounDps GAUGE-PRESSURE.

)

Sg .| TeMPERATURE TO WRICH FEED 18 HEATED.

?}gz - i ' | i ' |

€2 1100°110°|120° | 130° l40°'150° 160°l 170°j 180°i 190°' 200° | 210° | 220° | 250° | 300°

— | |

- : { | ! ! I
35° /5.53'6.38(7.24(8.09 8.95'9.89 10.66'11.52 12.38,13.24 14.0914.95 15.81 19.40/29.34
40° 5.12 5.97/6.84(7.69(8.56/9.42/10.28 11.14 12.00/12.87 '13.73 14.59'15.45/18.89(28.78
45° '4.71,5.57/6.44(7.30(8.16/9.03| 9.90 10.76 11.62/12.4913.36 14.22 15.09/18.3728.
50° 4.30 5.16,6‘03 6.89(7.768. 9.5110.38'11.24/12.11 12.98 13.8514.72'17.87|27.67
55° '3.89 4.75.5.63|6.49|7.37/8.24 9.ll| 9.9910.8511.73 12.60 13.48'14.35 17 27.12
60° [3.47'4.345.21/6.08/6.96,7.84( 8.72 9.6010.47 11.34'12.22 13,10 13.98'16.8626.56
65° '3.05,3.92/4.80(5.67(6.56/7.44| 832 9.20 10.08/10.96 11.84 12.72(13.60,16.35,26.02
70° i2.62.3.50i4.38 5.26/6.15/7.03 7.92[ 8.80 9.6810.57 11.45 12.34113.22'15.84 25.47
75° 2.19 3.07!3.96(4.84|5.73/6.62| 7.51' 8.40 9.28/10.17'11.06 11.95 12.84 15.33/24.92
&0° 1.76 2.65|3.54 4.42(5.32(6.21| 7.11) 8.00 8.8 | 9.78 10.67 11.57 12.46/14.81 24.37
85° 1.30 2.22/3.11{4.00(4.905.80| 6.70; 7.59 8.48' 9.38 10.28 11.18 12.07 14.32 23.82
90° 10.89'1.78/2.68|3.58 4.48'5.38( 6.28 7.18' 8.07 8.98 9.88 10.78 11.68/13.82,23.
95° ',0.45|1.34 2.25|3.15(4.05/4.96| 5.86, 6.77 7.66/ 8.57 9.47 10.38 11.29 13.31:22.73

100° ,0.00 0.90(1.81 2.71 3.62|4.53 5.44! 6.35 7.25| 8.16 9.07I 9.98 10.88(12 80;22.18

| | [ | 1 |

The feed-water furnished to steam-boilers has to be heated from
the normal temperature to that of the steam before evaporation can
commence, and this generally at the expense of the fuel which should
be utilized in making steam. This temperature at 75 pounds pressure
is 320° F., and.if we take 60° F. as the average temperature of feed,
we have 260 units of heat per pound, which, as it takes 1.151 units to

evaporate a pound from 60° F., represents 22.5 per cent. of the fuel.
84
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All of this heat therefore which can be imparted to the feed-water is
just so much saved, not only in cost of fuel but in capacity of boiler.
But it is essential that it be done by heat which would otherwise be
wasted. All heat imparted to feed-water by injectors and live-steam
heaters comes from the fuel and represents no saving.

The number of square feet of surface required in feed-water
heaters, for each horse-power, assuming an abundance of exhaust-
steam is available, may be found by the following formula: S =.227

log.10 %—:Ti, in which S =square feet of tube-surface per horse-power,

or the surface required to heat 34.5 pounds per hour; Ts=tempera-
ture of the steam; T, =temperature of the water entering the heater,
and T, =the temperature of the water leaving the heater. The horse-
power of heater per square foot of surface is 1+S. The result
obtained by the use of the formula should be multiplied by 1.12 for
brass tubes and by 1.67 for iron tubes.

Table XIV gives the tube-surface in square feet required to heat
34.5 pounds of water per hour, or for each boiler horse-power.

TaBLE XIV.—ARrA oF HEATING-SURFACE REQUIRED IN FEED-WATER HEATERS
PER BoiLER HorseE-PowegRr, 344 Pounps PErR Hour.

TEMPERATURE OF BoiLer-Frep.

170° ‘ 180° 190° 200°

‘Initial

o
ature.

Copper.| Brass. | Iron. Copper.: Brass. | Iron. | Copper.| Brass. Iron.|{Copper.| Brass.| Iron.

50° | .15 | .17 .24} .20 | .23 | .34
60° | .14 | .16 | .23 | .19 | .22 | .33
70° | .13 | .15 | .22 .18 | .21 | .31} .20 | .22 | .34 .27 | .30 | .44
80° | .12 | .14 | .21 .17 | .20 |.29) .19 | .21 |.32| .26 | .29 | .43
90° | .11 13 .19 .16 | .18 | .28 | .18 | .20 | .30|| .25 | .28 | .41
100° | .10 | .12 | .17} .15 | .17 | .26 .17 | .19 | .29 .24 | .27 | .40
110° | .09 | .10 | .16} .14 | .16 | .24 .16 | .18 [ .27 || .23 | .26 | .38
120° | .08 | .09 | .14 | .13 | .16 | .22 .15 | .17 | .25 .22 | .24 | .36
130° | .07 | .08 | .12 | .12 | .13 |.20 .14 | .15 |.23| .21 | .23 (.34

22 | .24 | .36 .29 | .32 | .46
.21 .23 | .35 .28 | .31 | .45

The extent of heating-surface given in the table for 1 horse-power
will generally be found ample for coil-heaters and for horizontal
double-flow water-tube heaters having copper coils and copper tubes
respectively, and for vertical water-tube heaters with corrugated
copper tubes when the aggregate tube-area corresponding to the direc-
tion of flow is not large, thus insuring a more rapid circulation.
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FEED-WATER HEATERS

Feed-water heaters are made of both the closed and open types.
In the closed type the water is caused to circulate through tubes
arranged in different ways, while the exhaust-steam envelops the
tubes from end to end in passing from the inlet to the outlet. In
other heaters of the closed type the water is outside and the steam
inside the tubes. The former method of heating, however, is the
better, because a positive and more rapid circulation of the water is
thus secured; and it has been found that the efficiency of a feed-water
heater depends largely upon proper circulation, the absorption of
heat taking place more rapidly with a brisk circulation than when the
circulation is sluggish. Horizontal tubes frequently give somewhat
better results for a given area of heating-surface than do vertical
tubes, but the slight loss due to the position is fully compensated
for in the vertical types by allowing slightly more surface and caus-
ing the water to flow from top to bot-
tom against the current of steam, so that
it makes but little difference in practice
whether a horizontal or vertical heater is
selected, as far as being able to heat water
to the desired temperature is concerned.
When certain constructions of closed
heater are employed, notably the coil, a
somewhat smaller heater may be used,
owing to the positive and rapid circulation
and the efficient form and arrangement of
the heating-surfaces. The closed heater
is also adapted to use with condensing-
engines. Either type may be successfully
Fio. 73.—Multicoil-heater.  €MPloyed in connection with heating sys-
tems, the shells being made of ample
strength to resist the pressures generally employed in heating by
exhaust-steam. The temperature of the water leaving the heater is
usually about the same with both the closed and open types under
the same conditions. The shells and pipes should be covered with
some non-conducting material to prevent radiation, so that as much
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steam as possible may be provided for other purposes when the steam
is to be utilized after passing through the heater.

The open heater is not necessarily subjected to any pressure
either of steam or water except that due to the weight of the
water it contains. This type of heater furnishes a settling-chamber
for the impurities in the feed-water, which with muddy water, or
water containing large quantities of other impurities, is of great ad-
vantage. By introducing suitable trays or pans a considerable
quantity of scale-making material may also be removed, while the
condensation of a portion of the steam furnishes a certain amount
of pure water, which is added to that in the heater. One of the
greatest difficulties formerly experienced with open heaters was
found in avoiding the effects of the cylinder-oil carried into the heater
by the exhaust-steam. In but few cases at present is this difficulty
experienced, the construction being such as to exclude the greater
part of the oil, and to give the water sufficient time in the heater to
permit the remaining oil to rise to the surface of the water and be
drained off through suitable waste-pipes. When selecting an open
heater it is important to investigate the provisions made for disposing
of the oil and preventing it from entering the boiler. The open
heater should be so constructed as to permit easy and frequent cleans-
ing, when necessary, and the ready removal of the filtering material
and of pans or trays when these are employed.

The open feed-water heater is designed so that the water entering
at the top will be finely divided and will fall through the reservoir of
steam in the form of a fine spray or a very thin film, thus bringing
practically all the water into close contact and causing an intimate
commingling with the steam in the shortest time possible, that is
when considering the total time required for the water to pass through
the heater. The time during which the water is passing downward
from the inlet to the water-reservoir at the bottom is, however, made
as long as possible so as to secure the thorough absorption of the heat
in the steam, for upon the thoroughness of this process depends the
temperature to which the water can be heated with a given initial
temperature and a given temperature of steam.

In Fig. 74 is a sectional view of the Berryman heater, in which the
exhaust-steam passes through the inverted U-shaped tubes, which
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permits both ends of the tubes to be expanded into the same tube-
sheet, and thus they cannot be affected by expansion or contraction.
Each tube is absolutely independent of every other tube. They
seldom coat or scale, and thus their full
heating-surface is indefinitely maintained.

The head. into which the tubes are set is
cast-iron, from 2 to 3 inches in thickness.
The holes for receiving the tubes are first
drilled the size of the inside of the tubes,
then counterbored to within 4 inch of the
bottom of the tube-head, leaving a solid
shoulder on which the tube rests. A groove
is cut in the centre of the bore of the thick-
ness of the tube. The U-shaped tubes are
then expanded in these grooves, their shape
preventing any strain from expansion or
contraction, which, together with the man-
ner of setting them, prevents leaking or
getting loose.

Fic. 74.—Berryman heater. The tube-head is concave, and at its
lowest point a mud blow-off is arranged,
through which the sediment and other impurities can be removed.
It should be opened for a few seconds as often as the condition of the
water necessitates, which can readily be determined by experiment.

The exhaust-steam enters at one side of the heater, passes up
through the tubes and down and out on the other side. The ports
in the heater may be arranged to meet the needs in any case.

The water enters the heater at the side, but at a sufficient distance
from the bottom to prevent disturbing the sediment which has col-
lected. :

The water leaves the heater through a pipe which extends down
a few inches from the top, and is thus taken at the hottest part.

The Wainwright heater, Fig. 75, has the advantage derived from
the tubes being corrugated, which not only gives increased surface
to the tubes, but makes them elastic, and thus insures their tightness
in the tube-heads. There is an ample settling-chamber at the bot-
tom and a surface blow-off and storage-room at the top. The tubes
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occupy only one-fourth of the shell-area, and the net shell-area is at
least three times as large as the area of the exhaust-pipe. This allows
the steam to flow freely about the small columns of moving water.
The water-chambers are divided into several compartments, and
the partitions are so arranged that they direct the flow of the feed-
water back and forth through the heater, using the various groups of
tubes in succession, with a consequent increase in velocity over that
obtained in the non-return type of hLeater. Each of these groups
of tubes contains a sufficient number of tubes to give a sectional

=
==
I
Q| ==

LTI 7010700 0040777777
Fia. 75.—Wainwright F16. 76.—Cookson heater, purifier,
heater. and oil-separator.

area which is at least twice the sectional area of the feed-pipe. This
increase in the speed of the feed-water brings all parts of it into con-
tact with the heating-surface and insures a uniform use of all the
tubes. Experiments have shown that in some constructions of multi-
tubular heater the water may remain almost stagnant in a portion
of the tubes. The practical result is that there is offered in the even
flow a heater with which there can be a very high final temperature,
approximating 212° F. under ordinary conditions of exhaust with non-
condensing-engines.

In the Cookson heater, Fig. 76, the steam enters the side and strikes
the V-shaped, oil-separating plates which divide the volume of steam,
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the ribs on the plates catching the oil and moisture in the steam.
The steam then enters the enlarged portion of the exhaust-tube,
where it passes into the opposite expansion and oil-separating cham-
ber and discharges into the atmosphere or
heating system. At the top of the heater
is a vent-pipe for carrying off the air re-
lieved from the water in heating. The
vent-pipe is to be connected with the
exhaust-outlet. The cold-water supply en-
ters in a spray and condenses the steam,
forming a partial vacuum, which draws
the required amount of steam to heat the
water through the large tube in the centre.
Only that amount of steam necessary to
heat the water comes in contact with it,
the remainder passing on to the heating
system or the atmosphere.

The water-supply is connected with the
water-inlet valve, which is opened and
closed by the water-regulator, maintaining
at all times a uniform water-level in the heater. The water entering
the spray-box at the top of the heater overflows in a spray to the pan
below, and, overflowing this pan, falls in a spray into the next. The
water passes from this third pan over its outer edge, following down on
the under side to the next pan below, and so on down. The last pan
is bolted to the top of the exhaust-tube. The water sprays from
this last pan to the water below. All pans, with the exception of
the bottom one, are loose, made in halves, and are readily removed
through the man-hole. The object of these pans is to catch the lime
deposits. The water, after having been heated in direct contact
with the steam, enters the hollow partition at the back of the exhaust-
tube. The water discharges from the hollow partition near the front
into the filtering-chamber below, where the remaining impurities in
suspension are removed by filtration. The filtering-chamber is filled
with coke or excelsior, and at the back of this chamber is a perforated
plate preventing the filtering material from passing through to the
pump. A strainer-plate is also placed at the blow-off connections.
The blow-off and oil-discharge pipes are placed on the side opposite

Fi1a. 77.—Feed-water heater
and filter.
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the exhaust-inlet. The two oil-separating chambers are connected
by a small opening through the hollow partition at the bottom,
through which the oil and condensed steam drain, passing from
there into the oil-discharge pipe and thence to the sewer.

In the feed-water heater and filter, Fig. 77, the exhaust-steam
enters at the bottom and flows into the first compartment through
a short pipe, thence through the annular opening surrounding the
second compartment into the latter, thence through another annular
opening into the next compartment. After passing through the
annular openings the steam comes in contact with baffle-plates, which
direct the steam through the falling water and condense it. A ring-
pipe at the top distributes the water upon a baffle-plate, from which
it falls upon the top filter and so on through the three filter sections.

The Hoppes standard feed-water heater, shown in Fig. 78, is sup-
plied with pans of the same design as those in the live-steam, feed-
water purifier. The water in flowing over the sides and bottoms

Fia. 78.—Hoppes feed-water heater.

of the pans comes in direct contact with the steam and is heated
nearly to the temperature of the exhaust-steam.

- This heater is especially designed to be used where the water is
bad, and one peculiar advantage is had in the fact that the water
flows along the under side of the pans, or the lime formation thereon,
and thus comes in direct contact with the exhaust-steam, no matter
how thick the lime formation may be on the pans. The apparatus
is provided with a large oil-catcher, located in the rear, and through
which all the steam passes and is purified before entering the heater.
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A float is provided which operates a balanced valve for the regulation
of the feed-water. The entire front head is easily removed and
swung to one side by a crane provided for this purpose, so that the
pans may be readily removed. As the pans contain all of the lime
and other solids formed in the heater, the entire work of cleamng is
performed outside of the heater.

THE GREEN FUEL-ECONOMIZER

This apparatus consists of a stack of tubes arranged vertically in
the flue leading from the boiler to the chimney (as illustrated in Fig.
79), and is designed to utilize the waste heat in the gases passing off
from the furnace. This is accomplished by absorbing the low-tem-

F1a. 79.—Green fuel-economizer.

perature heat of the gases in heating the feed-water, which is pumped
through the economizer before entering the boiler. The waste gases
are led to the economizer by the ordinary flue from the boilers to the
chimney.

The feed-water is forced into the economizer by the boiler feed-
pump, or an injector, at the lower branch pipe nearest the point of
exit of the gases, and emerges from the economizer at the upper
branch pipe nearest the point where the gases enter.
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Each tube is provided with a geared scraper, which travels con-
tinuously up and down the tubes at a low rate of speed, the object
being to keep the external surface clean and free from soot.

The mechanism for working the scrapers is placed on the top of
the economizer, outside the chamber, and is very simple and effective;
the motive power is supplied either by a belt from some convenient
shaft or by a small independent engine or motor. The power required
for operating the gearing is very small.

The apparatus is fitted with blowoff- and safety-valves, and a
space is provided at the bottom of the chamber for the collection of
the soot removed by the scrapers.

The scrapers are three in number and encircle the pipes with the
joints overlapping one another. They have thin, beveled cutting-
edges which entirely remove any accumulation of soot. Under
conditions where a forced circulation may be an advantage, circu-
lating blow-off manifolds are introduced. By means of these mani-
folds any portion or the whole of the economizer can be made to cir-
culate, and at the same time every section can be thoroughly blown
off. As the economizer should be blown off for a few moments at
least once a day, the valves are connected together by a long lever,
which makes the operation very simple and takes the least possible
time to operate.



CHAPTER VII

THE INJECTOR AND THE STEAM-PUMP

~ THE injector and its theory were matters of much discussion
during the early years of its use, and its final solution has been mathe-
matically demonstrated as the elimination of the volume of the
steam-jet at a high velocity by the instantaneous absorption of its
latent heat in contact with the incoming water, thus imparting its
velocity momentumn to the water around it, by which interchange of
temperatures the volume of the steam is reduced to the volume of
its water-base. By this action its proportionate velocity is imparted
to the incoming annular water-jet, which becomes a solid water-jet
at the end of the combining-nozle, the momentum of which is far
greater than is required to overcome the resistance of the boiler-
pressure, and the jet crosses a starting relief-space and enters the
delivery-nozle, opening by its force the boiler check-valve.

The formulas representing the action of an injector are as follows:
For the velocity of the injection at the exit of the combining-nozle
we have, V=12.19 4/p in feet per second, in which p = the gauge-press-
ure. The volume of water and condensed steam passing the nozle
of the combining-tube, per second, will be 0.016 (W +W,); and if A
be the area and W the weight of the steam, and Wy the weight of the

A=0.016 (W+W,)
\f
The velocity of the steamm may be found from the formula:

V =23.2687 4/ pv (1 - (-*’-2>0.1189), in which p = absolute initial
P

water, then ; in which V =velocity, as found above,.

pressure, v=volume of steam at initial pressure, and p,=pressure in

the chamber between the nozles—generally atmospheric pressure.
Table XV is an approximate service of a simple injector, equal

to the delivery of about 1 pound of water per second at a tempera-

ture of 160° F. from feed-supply at 60° F.
94
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TABLE XV.—GAUGE-PRESSURES, NOZLE-DIAMETERS, AND VELOCITIES OF STEAM AND
WATER AND THEIR RaATIOS.

D, L . Veloci . . .
Gauge. | Diameter | Dismoter | Velocity | eamy and | Ratio of | Ratioof | Ratioof
pm"‘i;e' nosle, nosle, feet per | WAter. feet| o mto water to | steam to
pounds. inches. inches. second. ”g:':d water. | steam. water.
30 0.28 0.21 2007.9 66.7 30. | 10.3 55.9
40 « 0.24 0.20 2178.8 77.1 28. 10.3 46.2
50 0.22 0.19 2213.5 86.2 25. 10.4 39.4
60 0.20 0.18 2428 .8 94 .4 25. 10.5 34.4
70 0.18 0.178 2522.3 101.2 25. 10.5 30.4
80 0.17 0.172 2554.1 108.0 24, 10.5 27.6
90 0.167 0.166 2590.6 115.6 22. ' 10.5 25.2
100 0.159 0.160 2735.8 121. 22. | 10.5 22.8
120 0.142 0.154 2842.7 133.5 21. ¢ 10.6 19.6
140 0.133 0.149 2922.3 144.2 20. ' 10.6 17.2
160 0.127 0.143 2099.7 154.2 19. ' 10.6 15.3

Under ordinary conditions an injector will feed about 12 pounds
of water to a boiler per pound of steam, or 13 pounds including its own
weight.

The limit of the feed-water temperature for an injector is about
110° F., so that open feed-water heaters cannot supply the water;
but injectors can feed boilers through closed heaters to advantage,
with possibilities of raising the temperature of the feed-water to near
212° F.

Of the many models of injectors on the market, the tandem and
double combining-tube models are taking the lead for efficiency and
reliability. Following are illus-
trated some of the various
models in section, showing
their details of construction:

The Penberthy injector, Fig.

80, special model, has three

fixed nozle-tubes in line. The

opening of a detached valve

gives steam to the chamber E

through the annular orifice be- Fia. 80.—Penberthy injector.
tween the combining- and re-

ceiving-nozles at F, and by its pressure opens the relief check-
valves C and D. When the water-current is established, the pressure
in the chamber next to the boiler check-valve closes the check-valve
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D, which by the contact of its wings with the check-valve C closes it,
and the full pressure opens the boiler check-valve.

The Little Giant, Fig. 81, is an adjustable injector in which two of
its three tubes are fixed. The combining-tube is movable for adjust-
ment by the lever-handle, which by drawing the combining-tube
toward the steam-nozle regu-
lates the flow of water, and the
steam is regulated by a de-
tached valve. The relief check-
valve C automatically closes on
the establishment of the water-
current.

The Lunkenheimer injector,
Fig. 82, has four fixed nozle-
tubes, with all the valves required for operating it attached to the
injector. The steam-regulating valve is adjusted by a lever as shown;
D is the stop-check to the overflow, which is carried around the body
of the injector to the nozle below. In starting, the pressure, by the
escape of steam at the annular orifice into the chamber E, opens the
relief-check C. When the water-current is established, the overflow-
check at D is closed, and the pressure from the nozle of the second
section of the combining-tube
in the chamber S closes the
check-valve C, and the water
and steam pass this gap in a
solid stream.

F1a. 81.—Little Giant injector.

Of the tandem nozle-injec-
tors there are a great variety
of models on the market, each
having its own peculiar feat-
ures. The double-tube injec-
tors, although seemingly some-
what more complex in their construction, are claimed to deliver the
feed-water at a higher temperature by the fact that the water passes
successively through two combining-nozles.

As an example of this class we illustrate in section, in Fig. 83, the
Metropolitan double-tube injector.

Fia. 82.—Lunkenheimer injector.
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The steam is turned on from a separate valve; the first movement
of the handle opens the first section of a double-beat valve at b, and
gives the steam to the lifting-
nozle A; the overflow passing
freely through the check-valve
C and the open valve at D. A
further movement of the handle
opens the second section of the
double-beat valve B, and closes
the overflow-valve D, when the
flow of warm water from the first
tube, M, flows into the chamber Fio. 83.—Metropolitan injector.

F, and to the second tube, and
. through the chamber G to the bon]er The pressure in G at the mo-
ment of discharge of the second tube closes the overflow-valve C.

The Korting injector, Fig. 84, is of the double-tube variety, with
an automatic movement by which the difference in area of the valve-
disks at A and B allows the balance-lever to open the lifting-nozle
first, and by a further movement of the handle opens the force-
nozle B. The overflow is self-adjusting for both nozles.

The real efficiency in the injector, and its economy in saving part
of the heat lost by the exhaust, are found in the exhaust-injector

Fi6. 84.—Korting injector. Fic. 85.—Exhaust-injector.

(shown in Fig. 85) of the triple-tube model, in which the centre or
combining-tube has a hinged section which opens automatically by
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the incoming exhaust, and allows a free flow to draw the water into
the nozles and through the overflow. When the water-current is
established the hinged section of the combining-tube automatically
closes, and the injector operates the same as others for feeding a
boiler. The portion of the exhaust not used by the injector may
pass through a heater which the injector feeds, thus increasing the
feed-water temperature.

The efficiency of the injector as a heat device is claimed to be
theoretically perfect, as it returns all the heat it receives from the
boiler save the radiation and the small losses in starting; but as a
pump for elevating water its efficiency is very low in comparison with
the steam-pump, being about one-fifth asefficient. The work of forcing
water into a boiler, say at 80 pounds pressure, in the proportion of 13
pounds of water to 1 pound of steam, as shown in Table XV, is, 144 X
80x13%0.016=2,396 foot-pounds. One pound of steam in the
direct-acting steam-pump will, at 80 pounds boiler-pressure, do the
actual work of 10,000 foot-pounds, or over four times as much as an
injector. A pump feeding a boiler at 80 pounds pressure which
generates 8% pounds of steam per pound of coal consumes about 2
per cent. of the fuel.

THE STEAM-PUMP AND ITS WORK

The power required to force water against a given pressure or
height must include in its resistance the height of the draught or
suction and the friction of the pump as a machine, as the three static
elements against which the pump must work; and also the element
of action to keep the pump moving at the required speed. The
friction and action elements of pump-work, especially in small pumps,
may be as much as 60 per cent. greater than the total static force of
the pump’s work.

In pumps used for boiler-feeding with pressure-supply, the usual
ratio of diameter of steam-cylinder to water-cylinder is from 1.20 to
1.25; but where extreme suction-lift has to be overcome, a ratio of
1.30 is a safer assurance of proper action, and in such cases only
pumps with very small clearance can be relied upon.

The formulas for the balance of pressure and areas in steam-
pumps, to which should be added the necessary steam-pressure for
actuating the pumps, are:
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water-pressure
area steam - cylinder + area water - cylinder

=steam-pressure.

area water-cylinder X water-pressure
—_—— e : = steam-pressure.
area steam-cylinder

water-pressure area steam-cylinder

steam-pressure area water-cylinder

area steam-cylinder X steam-pressure
water-pressure

=area water-cylinder.

area steam-cylinder X steam-pressure
area water-cylinder

= water-pressure.

For obtaining the actual horse-power that is required to operate
a pump, we have weight of water in pounds per minute Xheight (or
pressure X 2.3) -+ 33,000 = horse-power.

The decreasing pressure of the atmosphere at a height above sea-
level materially affects the suction-lift of a pump. Assuming that
the practical lift of a pump at sea-level is 25 feet, the following table
shows the comparative height, pressures in pounds, and equivalent
head of water in feet, and the corresponding practical lift of pumps:

TaBLE XVI.—HEIGHT AND ATMOSPHERIC PRESSURE, WITH EQUIVALENT HEAD OF
WATER AND Pump-LIFT.

Aumoos Asove Seaavis, T poue | Eqemienthnd | Prgges uotion
At sea-level.................... ‘ 14.70 33.95 25.
{ mile= 1,320 feet............ 14.02 32.38 24,
4 =2640 ¢ ............ 13.33 30.79 23.
3¢ =3960 “ ............ 12.66 . 29.24 21.
1 “ =5280 “ ............ 12.02 27.76 20.
13 “ =6,600 “ ............ 11.42 26.38 19.
13 “ =7920 «“ ............ 10.88 25.13 18.
2 4 =10,660 ¢“ ............ 9.88 22.82 17.

In the ordinary practice of piping pumps for feeding boilers the
friction of the water in the pipes is not considered; but sometimes
long suction-pipes are required, when the friction may be serious, or
an obstacle to high lifts. Five hundred to 1,000 feet are feasible dis-
tances for pump-suction with an ample air-chamber on the suction-pipe
near the pump and with lifts as in the table, less the friction-head for
pipe and fittings.
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T2 -
The formula for straight pipe is: I—; X%———? =friction-head in feet.

L =length in feet; d =diameter in inches; V =velocity of the water
in feet per second. An elbow is equal to 60 diameters, and a globe-
valve equal to 90 diameters, of the pipe, and should be added to the
length of the pipe.

Of the many models of boiler-pumps, we can illustrate only a
few of those having special features.

In Fig. 86 is shown a sectional view of the Knowles steam-pump.
Freedom from stoppage on a dead centre of the valve-movement is

Fig. 86.—Knowles single pump.

secured by the use of the auxiliary piston A, which works in the steam-
chest and drives the main slide-valve M. This main valve is of the
B form and moves on a flat seat; it has on top a stem which fits into
a recess in the piston A. The chest-piston A has a slight rotation
from the curved rocker-bar R, which alternately covers and uncovers

Fi6. 87.—Knowles duplex pump.

small ports, S, S, which enter the cylinder at each end near the head.
The steam-piston runs over the main ports, and by its cushion operates
the piston-valve and the main valve,
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The Knowles duplex pump is shown in section in Fig. 87. This
pump has a double set of steam-ports which produce a cushion at

each piston-stroke by covering
the inside ports alternately; the
plain D valve making the clos-
ure by its movement. A rocker-
arm linked to the piston-rod of
each side of the pump operates
the opposite valve.

The Worthington duplex
pump, Fig. 88, has the same
valve-movement and cushion-
ing-ports as above described;

F1a. 88.—Worthington duplex pump.

but the water-piston is of the plunger form, with the inlet-valves at

the bottom of the cylinder.

Fig. 89 shows the vacuum-pump and jet-condenser, and Figs.
90 and 91 show the details of the valve-gear used on the Deane single-
cylinder steam-pumps. The main valve is operated by a small piston
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Fi1c. 89.—Deane vacuum-pump with jet-
condenser.

(3

called the valve-piston. The
cars on the main valve fit
tightly in a slot cut in the
valve-piston, so that when
the valve-piston moves in
either direction it carries the
main valve with it.

The valve-piston is fitted
to and slides in a cylindrical
bore in the valve-chest, and
is actuated by steam ad-
mitted to the opposite ends
of the chest. The admission
and exhaust of this steam
are controlled by a second-
ary valve, which admits or

exhausts the steam for the valve-piston through the small ports at

the sides of the cylinder and chest.

The secondary valve derives its

motion, through the valve-rod, tappets, and links shown, from the
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main piston-rod. Thus, the movement of the secondary valve, and
hence the valve-piston and main valve, are controlled by the main

\\\\\\\‘é\&\:\:\?\ /
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F16. 90.—Valve-gear, Deane pump.

piston. The valve-piston, it will be noticed, has a steam-jacket which
insures equal expansion of the parts and prevents binding.

The piston-rod arm is fastened to the piston-rod, and through the
connection of lever and links its motion causes the tappet-block to
slide back and forth on the valve-rod between the two tappets. These
tappets are keyed to the valve-rod so that when the tappet-block
strikes either tappet it carries with it the valve-rod and secondary
valve. When the piston moving in the direction indicated by the arrow
has come almost to the end of the stroke, the tappet-block comes in
contact with the left-hand tappet, and the further movement of the
piston throws the secondary valve to the left until the edge A, Fig. 91,

A
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Fic. 91.—Valve-chest and auxiliary valve.

uncovers the small port S. The port S, together with passages in
the cylinder- and valve-chest, allows the steam to fill the space between
the right-hand end of the valve-piston and the valve-chest head,
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and exerts a pressure forcing the valve-piston in the direction indicated
by the arrow. In the illustration, Fig. 90, the valve-piston has already
moved part of the way, carrying the main valve with it far enough to
partially open the steam-port which admits steam to the right-hand
end of the cylinder, and the main piston is ready to start back in the
other direction. The port E and the chamber F.in the secondary
valve, as shown in Fig. 91, provide for the exhaust of steam from
behind the left-hand end of the valve-piston in the same manner and
at the same time that steam is admitted behind the right-hand end.
The location of the exhaust-ports in the chest is such as to allow for
proper cushioning of the valve-piston to prevent its striking the heads.
The small ports on the
other side of the steam-
cylinder control the mo-
tion of the valve in the
other direction, and act in
exactly the same manner,
In case the steam-pressure
should for any reason fail
to start the valve-piston
at the proper time there
is a lug, B, Fig. 90, pro-
vided on the valve-rod
which comes in contact
with the valve-piston and
brings to bear the whole
power of the steam-cylin-
der to start it. It is readily seen that the correct timing of the
valve-movements is independent of the position of the tappets. If
they are too near together the valve will be thrown too soon, and
thus the stroke of the pump will be shortened; while, on the other
hand, if they are too far apart, the pump will complete its stroke -
without moving the valves.

In the Cameron pump the plunger is reversed by means of two
plain tappet-valves, shown in Fig. 92, and the entire mechanism thus
consists of four pieces only, all working in direct line with the main
piston. It is simple and without delicate parts.

A is the steam-cylinder; C, the piston; L, the steam-chest; F, the

Fia. 92.—Sectional view of Cameron pump.
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chest-plunger, the right-hand end of which is shown in section; G, the
slide-valve; H, a lever, by means of which the steam-chest plunger F
may be reversed by hand when expedient; I, I are reversing-valves;
K, K are the reversing-valve chamber-bonnets, and E, E are exhaust-
ports leading from the ends of the steam-chest direct to the main
exhaust by means of passages, M, M, which lead directly thereto,
although the connection is not shown, being cut away in the sectional
view, and closed by the reversing-valves I, 1.

The piston C is driven by steam admitted under the slide-valve G,
which as it is shifted backward and forward alternately connects
opposite ends of the cylinder A with the live-steam pipe and exhaust.
This slide-valve G is shifted by the auxiliary plunger F; F is hollow
at the ends, which are filled with steam, and this, issuing through a
hole in each end, fills the spaces between it and the heads of the steam-
chest in which it works. Pressure being equal at each end, this plunger
F, under ordinary conditions, is balanced and mctionless; but when the
main piston C has travelled far enough to the left to strike and open
the reversing-valve I, the steam exhausts through the port E from
behind that end of the plunger F, which immediately shifts accordingly
and carries with it the slide-valve G, thus reversing the pump. No
matter how fast the piston may be travelling, it must instantly reverse
on touching the valve I. In its movement the plunger F acts as a
slide-valve to close the port E, and is cushioned on the confined steam
between the ports and steam-chest cover. The reversing-valves I, T .
are closed, as soon as the piston C leaves them, by a constant pressure
of steam behind them, direct from the steam-chest through the ports
N, N, shown by the dotted lines.

In the McGowan single-cylinder pump the main valve is of the B
form and is driven by a chest-piston or valve-driver, as shown in Fig.
93. Steam is alternately admitted through one of the cavities in the
valve and is released through the other, the central port in the valve-
seat admitting the live steam. Immediately below the ends of the
steam-chest are two tappet-valves, which normally cover the auxiliary
ports (shown by dotted lines), leading to the ends of the steam-chest
and connecting the latter with the main exhaust-ports. The tappet-
valves are raised by means of levers, the ends of which project
downward and into the cylinder, so that when the piston nears
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the ends of the stroke it comes into contact with the levers and
raises them slightly, the movement being merely sufficient to unseat
the tappet-valves.

The tappet-valve levers are pivoted on a pin in a recess near the
main ports, the latter being indicated by dotted lines.

When the piston reaches the end of the stroke, one of the tappet-
levers is raised slightly and the corresponding valve is raised from its
seat. This opens the port leading from the end of the steam-chest to
the main exhaust-port
and permits steam to
escape into the latter.

The pressure is thus les- (@]

sened on one end of the

chest-piston or valve-

driver, and the steam

pressing on the opposite it “

end forces the valve- N g

driver to the opposite > OXA= X

end of its stroke, thus : N7
reversing the distribu- i
tion of steam to the A%
cylinder and starting the :
piston on the return |/ =
stroke. The chest-piston
is caused to move back
and forth by live steam,
the ends. of the Stea,m ~ F1G. 93.—Sectional view of steam-end, McGowan
chest being filled with pump.

steam at initial press-

ure. Permitting steam to escape from one end of the steam-chest
causes a difference of pressure on the two ends of the chest-piston,
which difference represents the propelling force that moves the main
valve. The tappet-valves have a very slight lift, so that they operate
without shock or noise and with the minimum of wear. The main
valve is connected with the chest-piston or valve-driver in such a
manner that all lost motion and wear is taken up automatically.

A short rocker-shaft, extending through the steam-chest and at
right angles to the valve-travel, carries a toe which depends in a slot in

TTN]
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the top of the chest-piston, so that in event the latter should chance
to stop with the ports closed, the valve can be moved by hand without
disconnecting any part of the pump.

THE GUILD & GARRISON PUMP

The steam-chest of this pump is a rectangular chamber, provided
at each end with suitable cylinders to receive the pistons of the valve-
driver E, Fig. 94. At the side of the valve-driver E, and in the
steam-chest, is an auxil-
iary slide-valve, G, Figs.
94 and 95, which admits
and releases the steam
from the ends of the
valve-driver. Thevalve-

770 » driver E has two slots
“ at the centre, the lower

I - 7 one receiving the lug on
L2 = Y the back of the main
Srr valve, and the upper one

A the toe on the rocker-
|  shaft D. The rocker-
N\ shaft has two toes, the
larger one engaging with
5 the valve-driver, and the
\ smaller one with the
, auxiliary slide-valve G,
Fia. 94.—Steam-cylinder, Guild & Garrison pump. 88 shown in Fig. 96.

Both the main and the
auxiliary valves are plain slide-valves, so fitted as to take up wear
automatically. The pendulum-lever J, Fig. 96, causes the shaft D to
rotate, and by means of the toes previously referred to the valves are
caused to move in unison.

The auxiliary valve G is in every respect similar to the slide-valve
of an engine, and admits and releases the steam to and from the ends
of the valve-driver.

The operation of the valves is as follows: The piston being at the
end of the stroke, steam is admitted by the main valve, and the piston
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moves toward the opposite end of the stroke.

107

The two valves are

also moved in the same direction by means of the rocker-shaft and the

toes. This movement is con-
tinued until the piston has
nearly completed the stroke,
when the auxiliary valve opens
one of the small ports leading

to the end of the valve-driver,

thus admitting steam at one
end and releasing it from the
other, which causes the valve-
driver to move from one end
of the steam-chest to the other,
which movement also shifts

Y
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F1a. 95.—Sectional view of valve-chest,
Guild & Garrison pump.

/

the position of the main valve and reverses the motion of the main

piston.

Fra. 96.—Auxiliary valve, Guild & Garrison pump.

The valve-driver is moved the greater part of the distance by

means of the toe on the
rocker-shaft, the stroke
or travel of the driver
being completed, thusre-
versing the steam-distri-
bution by steam-press-
ure, which brings the
opposite end of the slot
in the driver in position

to be again engaged by the toe on the rocker-shaft for the return stroke.

In the Blake single-cylinder pump the main valve, which controls

the admission of steam
to and the escape of
steam from the main
cylinder, is divided into
two parts, one of which,
G, Figs. 98 and 99, slides
upon a seat on the main
cylinder, and at the same
time affords a seat for

Fiac. 97.—Plan of Blake pump-valve.

the other part, DD, which slides upon the upper face of G. As shown
in the illustrations, D is at the left-hand end of its stroke, and G at the
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opposite or right-hand end of its stroke. Steam from the steam-
chest J is therefore entering the right-hand end of the main cylinder
through the ports E and H, and the exhaust is escaping through the
ports H;, E,, K, and M, which causes the main piston A to move from
right to left. When the piston has nearly reached the left-hand end
of the cylinder the valve-
motion moves the valve-
rod P, and thus causes G,
together with its supple-
mental valves R and S,
S1, Fig. 99 (which form,
with G, one casting), to be
moved from right to left.
This causes steam to be
admitted to the left-hand
end of the supplemental
cylinder, whereby the pis-
ton B will be forced to-
ward the right, carrying
D with it to the opposite or right-hand end of its stroke; for the move-
ment of S closes N, the steam-port leading to the right-hand end, and
the movement of S; opens Ny, the steam-port leading to the opposite
or left-hand end, at the same time the movement of V opens the right-
hand end of this cylinder to the exhaust, through the exhaust-ports
X and Z. The parts G and D now have positions opposite to those
shown in the cuts, and steam is therefore entering the main cylin-
der through the ports E; and
H,, and escaping through the
ports H, E, K, and M, which
will cause the main piston A
to move in the opposite direc-
tion, or from left to right, and
operations similar to those al-
ready described will follow when the piston approaches the right-
hand end of the cylinder. By this simple arrangement the pump is
rendered positive in action; that is, it will start and continue working
the moment steam is admitted to the steam-chest.

The main piston A cannot strike the heads of the cylinder, for

F1G. 98.—Section of Blake pump.

Fi1c. 99.—Main valve and rider.
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the main valve has lead; or, in other words, steam is always admitted
in front of the piston just before it reaches either end of the cylinder,
even though the supplemental piston B be tardy in its action and
remain with D at that end toward which the piston A is moving,
for G would be moved far enough to open the steani-port leading to
the main cylinder, since the possible travel of G is greater than that
of D.

The supplemental piston B cannot strike the heads of the smaller
cylinder, for in its alternate passage beyond the exhaust-ports X
and X, it cushions on the
vapor entrapped in the ends
of the cylinder.

The Dean duplex pump,
Fig. 100, varies but very little
in its valve-gear from the
Worthington and Knowles
pumps of the duplex model,
while its water-cylinder and valves are the same as the Knowles pat-
tern.

These sectional views represent the valve-gear and general action
of a majority of the boiler feed-pumps on the market, and a further
illustration may not be desirable.

F16. 100.—Dean duplex pump.

The basket-strainer, Fig. 101, is a most desirable appendage at
or near the entering end of a suction-pipe drawing water from a river
or pond, and consists of a perforated
plate or frame covered with wire
cloth, slid into a cylinder, as shown,
with a cover and yoke which allow of
cleaning and of removal of fish and
floating vegetation (eels often give
much trouble in suction-pipes) with-
out having to take up a submerged
strainer.

Pumps should go slow for their
best work, especially when drawing
from long suction-pipes; although a large air-chamber on the suction-
pipe near the.pump will help matters in regard to the pounding caused

F1c. 101.—Basket-strainer.
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by the piston by rapid motion in running away from the water-
supply.

In the pumping of hot water this effect is so strong that at tem-
peratures near to the boiling-point a pump will not lift the water;
in such cases the pump should be set below the bottom of the hot-
water tank.

The air-chamber on the discharge side of a pump performs a
most important service in equalizing the flow of water through long
pipes and for preventing the noise and hammering in the pipe-lines
by the elasticity of the air in the chamber which compensates for the
intermittent action of the piston.

The volume of the air-chamber varies in different makes of pumps
from 2 to 34 times the volume of the water-cylinder in single-cylinder
pumps, and from 1 to 24 times the volume of the water-cylinder in
the duplex type. The volume of the water-cylinder is represented
by the area of the water-piston multiplied by the length of stroke.

For single-cylinder, boiler-feed pumps and those employed for
elevator and similar service the volume of the air-chamber should be
3 times the volume of the water-cylinder, and for duplex pumps not
less than twice the volume of the water-cylinder. High-speed pumps,
such as fire-pumps, should be provided with air-chambers containing
from 5 to 6 times the volume of the water-cylinder.

The diameter of the neck should not exceed one-third the diameter
of the chamber. When the pumps work under pressure exceeding
85 or 90 pounds per square inch, it is frequently found that the air
gradually disappears from the air-chamber, the air passing off with
the water by absorption. In this case air should be supplied to the
air-chamber unless the pump runs at very low speeds, say, from 10 to
20 strokes for the smaller sizes and from 3 to 5 strokes per minute
for pumping-engines. At higher speed and with no air in the air-
chamber the valves are apt to seat heavily and cause more or less jar
and noise, and the flow of water will not be uniform. Inlarge pumping-
plants small air-pumps are employed for keeping the air-chambers
properly charged. In smaller plants an ordinary bicycle-pump and
a piece of rubber tubing are used to good advantage. The water-
level in the air-chamber should be kept down to from one-fourth to
one-third the height of the air-chamber for smooth running at medium
and high speeds.



CHAPTER VIII

INCRUSTATION IN BOILERS, AND ITS REMEDY

AprART from the frequent blowing off of boilers for discharging the
floating material that otherwise would settle upon the tubes or plates
and form incrusting scale, there are ingredients needed to so change
the chemical combination of the scale-forming matter that it may be
made soluble at the boiler temperature and blown out or changed into
solid particles that do not crystallize on the surface of tubes and plates,
and that can be partially blown out or cleaned out at stated periods.

A knowledge of the nature of the scale-forming material in water
that is to be used for steam-making is essential, and if this cannot be
readily obtained from tests, a sample of the scale may give a clew to
its chemical composition. The principal compounds found in such
material are carbonate of lime, sulphate of lime, carbonate of magnesia,
and sulphate of magnesia; any of which may be nearly pure, or com-
bined or mixed with clay, fine sand, or mud, which tends to modify
the hardness of the scale or settles in the boiler as a sludge. The
scale from water containing carbonate of lime alone is not as hard as
the scale from the sulphate, and is detached much easier. The sul-
phate scale may be recognized by its sulphurous fumes when heated.

The base of many boiler-compounds made for feeding to boilers
with the water is carbonate of soda. Caustic soda and sodium
tannate, or extract of oak, sumac, and hemlock bark—mixed with sal
soda, sal ammoniac, and triphosphate of sodium—are also used. For
the sulphate-of-lime water caustic soda gives a strong reaction, in
which sulphate of soda is formed—which is soluble—and hydrate of
lime falls as a powder.

PURIFICATION OF BOILER FEED-WATER

In large steam-plants the purification of the water before feeding
it to the boilers is most desirable in the line of economy and dura-

bility. For this purpose a water-purifying apparatus is in order, and
111
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we illustrate in Fig. 102 an automatic one in use by the Chicago &
Northwestern Railway Co. for purging the water for their locomo-
tive service. The following table of the causes of incrustation and
corrosion, with their effect and remedies has been formulated to meet
these troubles with approved treatment:

TaBLE XVII.—Cavuses oF INCRUSTATION, CORROSION, AND THEIR REMEDIES.

Cause of trouble. Incrustation. JI Treatment of water.
Carbonate of lime.............. Soft scale... . . .| Slaked lime, sal-soda.
‘“ of magnesia.......... ‘ool ‘“ “ “
Sulphate of lime............... Hard scale.. . . .| Sal-soda, caustic soda.
‘“  ofmagnesia........... “ ....| Slaked lime and sal-soda.
Chloride of magnesia........... gormsion ..... Sal-soda, or caustic soda.
. recipitation,
Sediment of sand, clay, and mud { or soft scale. } Alum, and filter.
Organic matter. ............. % Fo&nr%onan d; Slaked lime, sal-soda, or caustic
Frequent blowing off from boiler,
Alkaline water................ Foaming. ... { or neutralize with hydrochloric
acid.
Acidwaters................... Corrosion.. . . .. I Slaked lime, sal-soda.

Triphosphate of sodium may be also used instead of lime, but is
somewhat more expensive than the lime treatment.

In the use of a purifying apparatus it is necessary to find by trial
how much of the chemicals is required in a saturated mixture with
water, which should be stored in a tank from which the proper
quantity may be automatically drawn and mixed with the water-
supply and allowed to settle in large tanks.

In Fig. 102 is shown a cross-section of the apparatus, which con-
sists of a receiving-tank for the chemicals, a, with a filter-screen at b,
from which the chemicals are drawn into a stirring-tank to keep the
mixture uniform, whence they are forced to flow to and mix with the
boiler-feed water at a uniform rate by measurement in a tilting-tank.
By opening the valve e this solution is allowed to run into the chemical
tank d. To thoroughly mix and keep the solution stirred up in the
chemical tank d, stirring-blades are fixed on the vertical shaft g,
which rotates in the centre of this tank. In order to measure and
deliver predetermined quantities of the chemical solution, the chem-
ical tank d is provided with two pumps, & and 4!, Fig. 103, connected
at the lower portions to the chemical tank d through the T’s [ and 11
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The upper portions of these pumps have discharge-pipes, m and m?,
which discharge into a funnel, n, attached to an elbow terminating
on the hard-water supply-pipe, so that just before the hard water
passes out of this pipe the chemical solution is mixed with it.

To obtain the best results it is essential that the quantity of the
standard chemical solution and hard water be mixed in proper
proportions, and also that this be done regularly whenever the ap-
paratus is being used; also that it be done economically. To do

F16. 102.—Cross-sections of purifying apparatus.

this a tilting-vessel, p, Fig. 103, is used. It is supported on a shaft, ¢,
which is located directly under the elbow from which the mixed hard
water and chemical solution are discharged.

This tilting- and measuring-vessel is divided into two compart-
ments of equal capacity, p! and p2. When it is in the position shown
in I'ig. 103, the mixture of hard water and chemicals falls from the
discharge-elbow o into the compartment p!. When this compart-
ment is nearly filled it counterbalances the weight of the other com-
partment, p?, so that the vessel tilts until it strikes the spring 30,
emptying the contents of the compartment p!, and at the same time
bringing the other compartment, p2, under the discharge-elbow o.
When this in turn is filled it reverses the movement of the tilting-
vessel p, emptying the contents of the compartment p2, and bringing
the compartment p! again under the elbow 0. For convenience these
compartments, p! and p2, are made of such size that 100 gallons of
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water are required to fill them to the point where they commence to
tilt and empty their contents.

Having determined the amount of a standard solution of chemicals
required to precipitate the scale-forming compounds from, say, 100
gallons of any hard water, it is necessary to mix it with the 100
gallons of hard water in one of the compartments p! or p2. This is

Fia. 103.—Elevation-tanks and pump.

done by regulating the length of the stroke of the pumps ¥ and !,
which pump the standard chemical solution from the tank d into the
funnel n. These pumps, £ and k!, are operated by the tilting-vessel
p in the following manner:

The plungers u are connected to a walking-beam, v, which is rotably
mounted on the shaft w. The ends of this walking-beam are con-
nected, by means of the chains z and z!, with studs, 22, on each end of
the tilting-vessel. If the parts are in the position shown in Fig. 103,
when the tilting-vessel p is tilted downwardly to the left the plunger
of the pump k& is raised so that a quantity of the standard chemical
solution is delivered into the funnel n, and flows with the hard water
into the compartment p2. When 100 gallons are in it, the tilting-
vessel p operates in the opposite direction, causing the other pump,
k', to operate, and delivers a quantity of the standard chemical solu-
tion into the funnel n, whence it flows with the hard water into
the compartment p!. It will be understood that the hard water is
running constantly through the elbow o, and that the two pumps &
and k! are intermittent in their action. The quantity of the standard
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chemical solution delivered at each stroke of these pumps is regulated
by the length of the strokes. This can be adjusted by the length of
the chains z and z!, so that a predetermined quantity of chemical
solution will be delivered at each stroke. From this description it
will readily be seen that a fixed quantity of chemical solution is dis-
charged into the elbow o and flows with the hard water into each
compartment of the tilting-vessel p, in proportion to the amount of
hard water that is required to cause this vessel to tilt.

It is desirable to automatically and economically operate the
vertical shaft ¢ in the chemical tank d, so that the horizontal blades
attached to it will keep the chemical mixture thoroughly agitated.
To do this it is geared to the horizontal shaft w by the pinions y and y!.
The other end of the horizontal shaft w is provided with a sprocket-
wheel, y2, around which a link-belt chain passes, the ends of this chain
being attached to the ends of the tilting-vessel by the studs y*. It

e

F1G. 104.—Pump-house and settling-tanks.

will readily be seen by this arrangement that whenever the tilting-
vessel p moves, the stirring-blades attached to the vertical shaft ¢
in the chemical tanks also move, thus agitating the chemical mixture
in the tank d.

For convenience in measuring the height in the tank of this
chemical mixture, a pipe, z, Fig. 103, is attached to the side of the tank
d near its bottom. In this pipe is a float, 2!, attached to a graduated
scale, 22, from which can be read the quantity of liquid in the tank d.
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The above-described apparatus automatically mixes the proper
quantity of the chemical solution with each 100 gallons of hard
water delivered by the steam-pump, and utilizes the weight of the
water to furnish power to operate it. The result of this mixture is
that the scale-forming matter that was in solution in the hard water
is thrown out of solution, but remains in suspension in the treated
water. This is separated from the treated water in the following
manner:

By referring to Fig. 104 it will be seen that the apparatus is located
in the second story of the pump-house, and that the pump-house is
located between two tanks placed on the ground. The tilting-vessel
above described empties its contents into a wooden box which is
provided with troughs leading to the two settling-tanks. These
troughs are provided with shut-off gates, so that the water can be run
into whichever tank is desired. It will be seen that the troughs
empty their contents into vertical pipes that extend to the bottom
of the tanks and terminate in elbows, so as not to disturb the clear
water drawn from the top.

The water for boiler use is drawn from the float-nozles at the
surface of the water, which swing downward as the water-level is
drawn down. The tanks are cleaned alternately.

From records of many trials of the effect of incrustation on fuel-
consumption in Europe and the United States, it has been found that
there is an average loss of 15 per cent. in full by {%-inch scale, and
a greater loss as the scale thickens,

THE FACTOR OF EVAPORATION

To determine the efficiency of a boiler, or the amount of water
evaporated by a pound of fuel, it is necessary to reduce the amount
of evaporation which actually takes place from the temperature of
the feed-water at the temperature of the steam, to an equivalent
amount at and from 212°F. The factor of evaporation at 212° F.
and atmospheric pressure = 1.00.

Then from the total heat-units in Column 6 of Table XX of the
properties of saturated steam for any absolute pressure, subtract
the heat-units in the feed-water from 32° F. to its temperature; divide
the remainder by the constant 966.1 (the latent heat of steam at 212°
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F.), and the quotient will give the factor of evaporation as per Table
XVIII. For example: the factor of evaporation for 100 pounds abso-
lute pressure—85.3 gauge-pressure—from water at 212° F. and feed-
water at 100° F., will be 1181.9-68 18;6?3;68= 1.153, as in the table, Column
100, and opposite 100° F. in the first column.

The total heat-units from the feed-water temperature in the
steam, at any given pressure, may be readily obtained by multiplying
the total heat-units at 212° F. as a constant (966.1), by the factor of
evaporation for the feed-water temperature in the first column at
the intersection of its line in the columns of absolute pressure, Table
XVIIL

Intermediate temperatures and pressures may be obtained by
interpolation. The use of the factor of evaporation is apparent as a
ready method for obtaining the actual number of pounds of water
evaporated in a boiler from and at a temperature of 212°F. per
pound of coal or of combustible, if the combustible value of the coal
is known.

For example: with feed-water at 100° F., average steam-pressure
during trial 75.3 gauge =90 pounds absolute, with say 40 pounds coal
burned for any unit of time and 340 pounds of water fed to the boiler for
the same unit of time; then 34%=8.5 pounds of water evaporated at
100° F. per pound of coal. Then for the evaporation from and at
212° F., the factor of evaporation for 100° and 90 pounds is by the
table 1.151, and 8.5X1.151=9.27 pounds water evaporated at
212° F.

THE JET-CONDENSER

Where a sufficient quantity of water suitable for boiler-feeding
purposes is available, the jet-condenser, being the simplest and easiest
to operate, is preferable. Where, however, water suitable for boiler-
feeding is not available, a surface-condenser may be used. In this
type the steam is condensed in a condensing-chamber on the surface
of tubes through which cold water is circulating, and the distilled
water so furnished may be again fed to the boilers. Where any con-
siderable amount of cylinder-oil is used, some provision must be
made with surface-condensers to remove this oil before the water is
fed to the boilers. With either type the quantity of water to be
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circulated through the condenser should be from twenty to forty
times the quantity of steam to be condensed, depending upon the
temperature of the water available for condensing purposes.

Condenser manufacturers have recently introduced several types
of self-cooling condensers by which the hot water delivered from the
condenser-pumps can be cooled and reused, so that with water suffi-
cient in quantity for boiler-feed purposes only, the plant may be
located at any convenient point and still retain the fuel-saving and
other benefits of high steam-pressures and con-
densers.

The condenser-head, shown in section in Fig.
105, consists of a suitable steam-chamber, usually
in the form of a large return-bend. This is fitted
with a relief-valve at the top which closes auto-
matically, due to its own weight aided by a light
spring. When a vacuum exists in the condenser-
head, the valve is pressed more firmly against its
seat by atmospheric pressure of about 15 pounds
per square inch.

Connected with one of the openings in the
steam-chamber, or return-bend, is the regulating-
nozle, which is movable vertically and is raised by
means of a threaded stem and hand-wheel. The
nozle regulates the width of the inlet-orifice for the condensing water
according to the load, the water entering the side of the nozle-chamber
and surrounding the nozle, flows in a thin sheet or film through the
annular orifice formed between the nozle and its seat.

Below the chamber is connected the throat or combining-tube,
the bore of which gradually contracts toward the middle of its length
and then enlarges toward the lower end, where it is connected to
the tail-pipe, which extends to 34 feet below the nozle and dips into
the hot-well for the purpose of a water-seal to prevent air entering
the pipe and to resist the atmospheric pressure from without. There-
fore, if the tail-pipe were less than 34 feet long, measured between
the points mentioned, water supplied to the condenser would not
leave the latter without the use of a pump. But with a fall of 34
feet, a given quantity of water admitted around the hollow cone, or
nozle, causes the discharge of a corresponding amount into the hot-

Fia. 105.—Siphon
condenser.
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well, so that the level in the condenser never can rise to the water-
inlet.

Water passing through the annular orifice formed by the hollow
cone flows downward in a cone-shaped film into the contracted throat,
where its velocity is sufficiently increased to enable it to carry air
along with it, thus producing a vacuum in the exhaust-pipe. Steam

Discharge
Exhaust

‘Water Supply Pipe

Pump

“Hot Well
Fia. 108.—Siphon condenser connected.

flows downward through the regulating-nozle and into the cone-shape
film of water, where it is condensed. The continuous condensation
of steam and the ability to get rid of the water may sometimes cease,
when the exhaust-valve will be raised, allowing the steam to escape
into the atmosphere. If it becomes necessary to break the vacuum,
the relief-valve can be opened from the engine-room floor by means
of chains connected with a lever attached to the valve. There are a
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number of this type of condensers, of various models, on the market,
all involving the same principles as here shown.

The ejector-condenser, Fig. 107, is of the Korting type, with a
three-way valve by which the exhaust-steam is passed to the atmos-
phere or is condensed by the multiple-nozle water-jet. The high
velocity of the water-jet past the angular orifices in the nozle main-
tains the required vacuum without recourse to a pump or long vertical
pipe.

A sectional view of a Worthington direct-acting jet-condenser is
given in Fig. 108. In all essential features it is a duplex, direct-acting

E

" F16. 107.—Ejector-condenser. Fia. 108.—Jet-condenser pump.

pump with a condensing-chamber or cone connected with the pump-
suction or suction-chamber. The exhaust-pipe from the engine is
connected at A, and the pipe supplying the injection-water is con-
nected at B, which point on the condenser should never be more than
18 feet above the surface of the water from which the supply of con-
densing water is to be drawn. The discharge from the condenser
flows out at J through a pipe leading to the hot-well.

When the pump is started, a partial vacuum is created in the
suction-chamber above the valves H, I, in the cone F, in the exhaust-
pipe at A, and in the injection-pipe connected at B. As soon as suffi-
cient air has been exhausted, water begins to flow through the pipe C
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and the spray-nozle D. Continued motion of the pump increases
the vacuum up to the working point, 26 or 27 inches. Water issuing
from the nozle D is broken into a fine spray which completely fills
the condensing-chamber or cone beneath it, so that upon starting
the engine the exhaust-steam is compelled to flow into the spray of
cold water.

The mixture of condensed steam and injection flows downward
through the tapered throat F into the suction-chamber of the pump
with sufficient velocity to carry with it any air that may have leaked
into the exhaust-pipe, together with the air brought in with the injec-
tion-water. The direction of the water in the pump may be easily
traced, the pump discharging both water and air through the dis-
charge-valves I, I and outlet J.

Many manufacturers of pumps are now making the condenser
attachments to their vacuum-pumps.

WATER REQUIRED FOR CONDENSING THE
EXHAUST

Evidently the heat given up by the steam must equal the heat
gained by the cooling water, and for each pound of steam condensed
there will be a certain number of pounds of cooling water used under
a given set of conditions. This makes it possible to determine the
theoretical ratio between the weight of condensed steam and the
weight of cooling water used, and this theoretical ratio will for the
jet-condenser correspond to the actual ratio. For the surface-con-
denser the amount of cooling water used will be about 20 per cent.
in excess of the theoretical value.

The heat removed from a pound of steam, with variable terminal
pressure, is but slight within practical limits. For instance, at 30
pounds absolute terminal pressure, the heat contained is 1,190.3
thermal units, while at 5 pounds absolute pressure it is 1,163.5 thermal
units, a difference of a little over 2 per cent.; hence, it is not necessary
to figure on small differences in terminal pressure. Table XIX shows
the ratio of the cooling water to the condensed steam, or, in other
words, the number of pounds of cooling water needed per pound of
steam for the terminal pressure of 15 pounds absolute, and for final
temperatures of the condensed steam from 90° to 134° F.
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TaBLE XIX.—Pounps oF WATER REQUIRED To CONDENSE 1 PoUND oOF STEAM
AT EXHAUST-PRESSURE OF 15 POoUNDS ABSOLUTE, IN JET-CONDENSERS.

ENTERING TEMPERATURE OF INJECTION-W ATER.

5o

§="3534o|45|50 55|60 esh7o’75‘so|ss’90
E'aé '
& Pounds of condensing water required per pound of steam.

90 [20.0/122.0|24.4]/27.5|31.4|36.7|44.0|55.0|73.3|110.0/220.0|.....
92 (19.2]21.1|23.4|26.1(29.7|34.3|40.7|49.9(64.6| 91.5(156.8{549.0
94 |18.6/20.3|122.4124.9|128.1|32.2|37.8|45.7)|57.7| 78.1(121.8(274.0
96 |17.9|119.5/21.4|23.6|26.7|30.4|35.3|/42.1|52.1| 68.4| 99.4/182.3
98 |17.3|18.8|20.6|22.7|25.4|28.7|33.1|39.0|47.5| 60.7| 84.0,136.5
100 | 16.8118.2|19.8|21.1|24.2|27.2|31.1|36.3|43.6| 54.5| 72.7(109.0
102 |16.2(17.5/19.1|20.9|23.1)|25.9|29.4|34.0|40.3)| 49.5| 64.0| 90.7
104 |15.7)17.0(18.4|20.1|22.2|24.7(27.8|31.9|37.4| 45.2| 57.2| 77.6
106 |15.3|16.4|17.8|19.4|21.3|23.6(26.4(30.1{35.0| 41.7} 51.6| 67.7
108 | 14.8(15.9|17.2|18.7]|20.4|22.5|25.2|28.5|32.8| 38.6| 47.0! 60.1
110 | 14.4|15.4(16.6| 18.0{19.6(21.6|24.0(27.0({ 30.9( 36.0| 43.2| 54.0
112 |14.0|15.0| 16.1|17.4|18.9(20.7(22.9|25.7(29.1| 33.6| 39.9| 49.0
114 |[13.6(14.5|/15.6|16.8|18.2]|19.9|22.0| 24.5|27.6| 31.6( 37.1| 44.8
116 [13.3(14.1|15.1]16.3|17.6(19.2|21.1|23.3|26.2| 29.8] 34.6| 41.3
118 |12.9|13.7|14.7|15.8|17.0| 18.5(20.2(22.3|24.9| 28.2| 32.5! 38.3
120 |12.6|13.4/14.3|15.3|16.5|17.8|19.5|21.4|23.8}| 26.7| 30.6| 35.7
122 112.3{13.0({13.9(14.8|15.9|17.2|18.7]20.5(22.7| 25.4| 28.9| 33.4
124 |112.0|12.7|13.5|14.4|15.4|16.7|18.1(19.7|21.8| 24.2| 27.3| 31.4
126 |11.7|12.4|13.1|14.0|15.0]/16.1|17.4(19.0(20.9| 23.1| 26.0!| 29.6
128 [ 11.4(12.1(12.8|13.6|14.5(15.6|16.9(18.3|20.0| 22.1{ 24.7| 27.9
130 | 11.2|11.8|12.5|13.2|14.1)15.1{16.3|17.7119.3| 21.2| 23.6| 26.5
132 [10.9(11.5}12.2|12.9(13.7|14.7|15.7|17.1|18.6( 20.3| 22.5| 25.2
134 110.7]11.2/11.9|12.6|13.4|14.3|15.3{16.5(17.9| 19.6| 21.6| 24.0
This table has been computed from the formula Q= 1,190—T’ in
T—t

which Q =quantity of water in pounds to condense 1 pound of steam,
or 25.85 cubic feet at exhaust temperature of 213.1° F.; T =tempera-
ture of water discharged from the condenser; t=the difference in
temperature between the injection- and the discharge-water, and
1,190 = the total heat of the steam, plus the loss from radiation in the
operation of the condenser.

The surface-condenser, so useful in the line of~economy where
the cost of water claims a saving of its waste in the jet-condenser,
comes to the front in connection with the cooling-tower as an econo-
mizer in the generation of steam-power. There are a number of
models in design with claims of efficiency.

In Fig. 109 is shown a two-section condenser with a cast-iron shell
and brass tubes. The difference in expansion between the brass
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tubes and the cast-iron shell is provided for by stuffing-boxes and
glands at one or both ends. The cooling water enters through the

/> i SSSSSSSSSSSN I S .
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Fi1a. 109.—Surface-condenser.

lower tier and discharges through the upper one for the best efficiency
of the condenser, with the steam passing in the opposite direction.
A three-section surface-condenser and heater is shown in Fig.
110. 'The upper section is divided in two parts as a feed-water heater,
through which part of the water used for condensing is passed through

Fia. 110.—Combination condenser.

one part of the upper section and returned by the other side-chamber.
By this arrangement the feed-water is heated to as high a tempera-
ture as practicable by first contact with the exhaust-steam.

The double-tube type, Fig. 111, is one in which the shell encloses
both tube-heads at one end, in one of which the central tubes are
carried through the inner compartment, and both inner and outer
concentric tubes are expanded in their respective heads.

The outside tubes are capped or welded close at their farther
ends. The circulation is made complete by its discharge from the inner
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to the outer tube, which is the condensing-surface; thus all troubles
from expansion are avoided.

A novel system of surface-condensation is shown in Fig. 112, in

which a cylinder is filled with small brass tubes, open for receiving a
spray-jet of water at one
end; a cone and suction- ﬁ‘m il ouTLeT
blower are at the other
end, as well as the usual
vacuum-pump. In its ac-
tion a spray-jet of water is
thrown against the tubes at
one end, and with a large
volume of air is drawn
through the tubes by a T ]
suction-blower at the end Fra. 111.—Concentric tube-condenser.
of the conical chamber.
The water is vaporized, and with the air takes up the heat of the
exhaust-steam, which is discharged in a vapor by the blower. The
economical claim for this arrangement is that but 1 pound of water is
used for condensing 1 pound of steam.

F1a. 112.—Spray surface-condenser.

The large number of oil-extracting devices on the market, of various
models, need no discussion as to their merits, as each has a claim to
be the best. They are a great need and in general use, and are usually
connected in the exhaust-pipe near the surface-condenser. The leading
principle of action of these separators is their sudden deflection of
the passing steam by an apron, which may be curved or flat, pierced
with slots, holes, or with corrugated surfaces, arranged to catch the
oil and drain it to a receptacle below.
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In Fig. 113 is shown a vertical and a horizontal pattern of the
Austin Separator Co., and in Fig. 114 a separator of the Lippincott
pattern, with a broad spherical apron at A and catch-plates at B, C, D,
the steam being deflected around the outside of the spherical plate A.

Fra. 113.—Oil-separators.

Fia. 114.—Lippincott separator.

A combined vacuum air-pump and water-circulating pump for
large condensing-engines is shown in Fig. 115. It is of the Conover

type of the Watson Machine Co.

Fo. 115.—Air- and circulating-pump.

Its compact design makes it a good
study for the student and engineer.

It is operated by a pair of
compound Corliss eylinders, with
dash-pots complete. The beam-
ends connect with the steam-
cylinders, and at mid-distance
to its centre are connected to the
pumps, and from one of these to
the crank, the shaft of which is
seen in the centre of the illustra-
tion. The shaft carries a fly-
wheel at the rear end and drives
the governor. The air-pump is
single-acting; the circulating-
pump is a double-acting trunk
pattern, located at the right.
The receiver is attached to the

frame just below the beam. This type of air- and circulating-pumps
is made for engines of from 5,000 to 20,000 horse-power.
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A novel air-pump for medium-sized condensing-engines is the
Edwards type, Fig. 116, which has no suction-valves. Ports around
the cylinder are opened by passing the piston past them to the bottom

of the cylinder.

The water and air enter above the piston and are discharged
through valves above, which are water-sealed; the discharged water
flowing over a dam, as shown by the arrow. A

water-filled cup seals the piston-rod below the
stuffing-box gland. The descent of the piston
forms a vacuum above it, which is a powerful
draught at the moment of opening of the cylin-
der-ports by the piston.

WATER-COOLING TOWERS

The saving of water in locations where it is
deficient for the necessities of steam-power is a
matterof great importance,asinarid regions,and

Fig. 116.—Edwards’s
air-pump.

of economy, where its cost is of material amount.

Fia. 117.—Air-cool-
ing tower.

The main feature of the cooling-tower is derived
from the intimate contact of cool air, circulated by
a fan driven by any convenient power, or by the
natural draught caused by the heating of the air
by contact of the falling spray or sheets of hot
water. In this manner the hot water from a jet- or
surface-condenser may be cooled sufficiently for
use again in the condenser.

The cooling-towers are filled in a variety of
material and forms, such as hanging curtains of
galvanized-iron netting, or strips of thin wood and
tile in tiers crossing each other, so arranged as to
give the greatest wet surface and also the greatest
area of airway.

In Fig. 117 we illustrate by a section the
Worthington water-cooling tower, which consists
of a cylindrical steel shell open at the top, sup-

ported upon a suitable foundation, and having fitted at one side
a fan, the function of which is to circulate a current of air through
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the tower and filling This filling consists of layers of cylindrical
tubular tiling, which rest upon a grating supported by a brick wall .
extending around the circumference of the tower. The heated dis-
charge-water from the condenser enters the tower at the side, passes
up the central pipe, and is delivered on the upper layer of tiling and
over the whole cross-section of the tower by a distributing device con-

Hot Well

Fia. 118.—High-vacuum installation with cooling-tower.

sisting of four pipes, which are caused to rotate about the central
water-pipe by the simple reaction of the jets of heated water issuing
from one side of each pipe. The water thus delivered spreads over
the outside and inside surfaces of the walls of the tiling and forms a
continuous sheet, which is presented to the action of the air.

In Fig. 118 is represented a complete power-plant of the Worth-
ington model with a jet or barometric condenser, natural draught-
cooling tower, combined hot- and cold-water pump, and a vacuum-

pump.
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It will be seen on inspection that the exhaust from one or a series
of engines passes into a trunk-pipe from which a rising pipe leads to
the head of the ejector-condenser and on to a relief-valve. The cold-
water cylinder of the circulating-pump takes its suction from the cold-
water well in the tower and discharges into the head of the jet-con-
denser. The hot-water cylinder of the same pump takes its suction
from the hot-well of the condenser and discharges at the top of the
tower in fine streams that trickle over the surface of the tiling in
contact with the up-flowing air. In order, however, to obtain the
highest vacuum without using an abnormal amount of water to carry
off the air, a separate dry-vacuum pump is used, as shown in the
illustration. The air that is not carried off by the water is taken
from the space under the spray-cone in the condenser. By this means
it is possible to get as much as 29 inches of vacuum under the most
favorable conditions.

The loss of water is minimized in this arrangement to the amount
vaporized to the air in the cooling-tower and the leakages.



CHAPTER IX

STEAM ABOVE ATMOSPHERIC PRESSURE

STEAM under pressure and confined, as in a boiler, has a potential
energy due to its pressure, which becomes kinetic, a moving force,
when following the piston of an engine from the boiler-pressure or by
its force of expansion.

Steam, like fluids under pressure, becomes a force by momentum
from its pressure and expansive velocity when impinging on the
blades of the steam-turbine.

The derivation of its energy, both potential and kinetic, is from
heat in its specific and latent forms, which, combined with water,
gives it the elastic properties produced in its vapor.

Heat is the basis of energy in nature, in life, and in work of the
most important value to our industries; it has a measured value,
the heat-unit or British thermal unit, equivalent to the amount
received to raise 1 pound of water at the temperature of its greatest
density, 39° F., through 1 degree of the Fahrenheit scale.

DIAGRAM OF STEAM-GENERATION

The rise in temperature of water in its frozen state from absolute
zero, its absorption of heat in thermal units, its further absorption of
heat in melting and rise of temperature to its boiling-point, and its
conversion into steam, are graphically shown in the diagram (Fig. 119)
in which the vertical scale represents the temperature from absolute
zero, and the horizontal scale the heat-units absorbed during the
change from ice to steam.

The divergent lines at the right show the thermal-heat difference
of steam at constant volume (C,) and constant pressure (C,). All the
inclined lines should be slightly curved to show the change in specific

heat, but it is not readily shown on so small a diagram.
130
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Steam is treated in its work under different conditions, essential
to its economical use:

1. As saturated steam; its condition when generated in quiet
contact with its water of generation.

2. As wet steam; its condition when by the violent action of
its generation from an overworked or foaming boiler it is loaded
with minute vesicles of
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QUANTITY OF HEAT IN BRITISH THERMAL UNITS

generated, either by some
peculiar boiler construc-
tion, or at a temperature largely increased by passing through a
superheater.

The temperature of water and its steam when confined in contact
and under pressure may be computed from the sixth root of the
absolute pressure in inches of mercury, or the absolute pressure in
pounds per square inch multiplied by 2.036. Multiply the sixth root
of this product by 176.4, and from the last product subtract 100 for the
temperature in Column 3 of the tables of the properties of saturated
steam.

F1a. 119.—Diagram of steam-generation.
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For example:

(1) . . At 100 pounds absolute, ¥p x2.036 =4/203.6.

As the sixth root is the cube root of the square root of the number,
then 4/203.6=14.2688, and the $/14.2688=2.42516x176.4=427.7-
100 =327.6°, as in Column 3.

The specific heat of water (which has been assigned as 0), at the
zero of absolute pressure and 32° F. of temperature, gradually in-
creases in its heat-unit quantity, equivalent to its thermometric
temperature, so that at 212° it has absorbed 180.5 heat-units per
pound to raise its temperature from 32° to 212° F., with an increasing -
ratio throughout the range of pressures and temperatures in use.
The formula for the specific heat of water as given by Regnault and
Rankine for any temperature T, above 32° F., is
(2) . . T-32°+0.000,000,103 X[(T —39.1)3 +(7.1)%] = the number
of heat-units imparted to the water as represented in Column 4, Table
XX, of the properties of saturated steam.

The latent heat of vaporization of water, Column 5 in the steam
table, is from Rankine's formula:
(3) . . L=1,091.7-(.698(t—32°), in which t=the thermometric
temperature in Column 3.

The total amount of heat in steam, as in Column 6, consists of the
amounts in Columns 4 and 5 added, and may be computed from the
formula of Regnault, in which
(4) . . H=1,091.7+(.305(t—32°), t being the thermometric tem-
perature in Column 3. For example:

212°-32°=180X%.305=54.9, and 54.9+1,091.7=1,146.6, as in
Column 6 of the table of properties of saturated steam. The specific
heat of steam is uniform throughout the range of temperatures in
contact with its water of generation, and is assigned as 0.305
(water 1).

The specific heat of steam may also be used for obtaining the
heat-unit values in Column 6, Table XX. The latent heat of steam
at zero pressure is 1,082 heat-units; then the temperature due to the
absolute pressure multiplied by the specific heat, plus 1,082, equals
the total units above 32°F.
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For example: (212°x.305) +1,082=1,146.6 heat-units, as in Col-
umn 6; also at 100.3 gauge-pressure = 115 absolute, the temperature
in Column 3: (337.9 X.305) +1,082=1,185.05, and so on.

Steam has its critical temperature at about 2,052° absolute
(1,592° F.), above which the latent heat of evaporation will be zero and
there would be no difference between the liquid and vaporous forms,
as its liquid volume will have disappeared.

The values in Columns 7, 8, and 9 are relative, so that

Column 9

Column 7 ==523

(weight of water per cubic foot);

1 _ 6243
Column 8= Column 7’ and Column 9= Column 8
The volume of steam per pound of water at any temperature may
be obtained from the formula:

He

dp t, in which He =the foot-pound value

dt

(5) e e s Vo=V 4

of the latent heat in Column 5; Vz=the volume of saturated steam
in cubic feet; t=absolute temperature of water and steam; dp=dif-
ferential pressure per square foot; dt=differential temperature or
1° F.; V,=volume of water at temperature t.

The difference in pressure per degree F'., at atmospheric pressure for 1
heat-unit, is —3—?=gx144=42.408 pounds per square foot; then

as water increases in volume .04775 per unit of heat from its maxi-

mum density (39.1° F.), its volume per pound is therefore 5 ‘1125=

0.01602 cubic foot. Then 0.01602 X 1.04775 = 0.01678, its increased
volume for 1 heat-unit.
The cubic feet of steam per pound of water at atmospheric pres-
sure may be computed from the following formula:
966.1 X778

6) . . 0.01678+m=26.37, as in Column 7.
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For 30 pounds absolute pressure the difference in temperature per
pound of pressure from Column 3 is

1
o
(7) . . 1.886°F. and 18%6

939X778 730,542
710.96 X76.35 ~ 54,281.8~

=.5302 %X 144 =76.35, the ratio.

Then 0.01678 +
in Column 7.

For 100 pounds absolute the ratio will be —;=1.43x144=205.9.

13.458 +.017 =13.475, a8

883.8 X778
788.26 X205.9

Again, for 200 pounds absolute, the ratio of pressure to dif-

(8) . . Then 0.01678+ =4.2274+.017=4.244.

ferential temperature is 741—1 =2.44x144=351.3.

843.4 X778
842.26 X 351.3
cutting off of fractions making a slight discrepancy from the tables
as established.

9) . . Then 001678+ =2.217+0.017=2.234, the

The total heat-units in Column 6 may be obtained directly from
the temperature in Column 3 by the formula

(10) . . 1,091.7+.305 (Column 3)-32, in which 1,091.7 is the
total value in heat-units of the vapor of water at the absolute zero
of pressure, and .305 the specific heat of saturated steam.

Then, for example, at 100 pounds absolute pressure, from the
temperature in Column 3, we have,
(11) . . 327.6 — 32 =295.6X.305 = 90.15 + 1,091.7=1,181.85, as
in Column 6.
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TABLE XX.—PROPERTIES OF SATURATED STEAM—PRESSURES, TEMPERATURE,
Vorume, WEIGHT, ETC.

g s . <. s ]

. . 5.3 8t P < . - . -
$6g (384 382 |BaE 182 | B2s, | U3 Sgg 83
ik g5f |Zos8| Eoi 3555 | S8 | 885 | 23
4% (<58 Es2 83| 338 | &87 | =% | 5mg | %

1 2 } 3 4 5 6 7 8 [}
2.035| 1 |102.0°( 70.0 | 1,043.0 | 1,113.0 | 330.4 | .00303 |20.628
407 | 2 |126.3| 94.4 | 1,026.1 | 1,120.5 | 171.9 | .00582 |10,730
6.105| 3 |141.7 | 109.8 [ 1,015.4 | 1,125.2 | 117.8 | .00852 | 7,325
8.14 | 4 |153.1|121.3 | 1,007.4 | 1,128.7 | 89.51 | .01117 | 5,
10.175| 5 | 162.4 | 130.6 | 1,000.9 | 1,131.5 | 72.56 | .01378 | 4,530
12.21| 6 |170.2|138.4 | 995.4 | 1,133.8 | 61.14 | .01636 | 3,816
14.245| 7 |176.9 | 145.2 | 990.7 | 1,135.9| 52.89 | .01891 | 3,302
16.28| 8 |183.0 | 151.3 | 986.5 | 1,137.8 | 46.65 | .02144 | 2,912
18.315| 9 | 188.4 [ 156.7 | 982.7 | 1,139.4 | 41.77 | .02394 | 2,607
20.35 | 10 [ 193.3|161.7 | 979.3 | 1,141.0 | 37.83 | .02644 | 2,361
22.385( 11 | 197.8 | 166.2 | 976.1 | 1,142.3 | 34.59 | .02891 | 2,151
24.42 | 12 (202.0|170.5| 973.1| 1,143.6 | 31.87 | .03138 | 1,990
26.455| 13 | 205.9 [ 174.4 | 970.4 | 1,144.8 | 29.56 | .03383 | 1,845
28.49 | 14 | 209.6 | 178.1 967.8 | 1,145.9 | 27.58 | .03626 | 1,721
29.92 | 14.7 212.0 | 180.5 | 966.1 | 1,146.6 | 26.37 | .03793 | 1,646
. .3 |15 [213.1]181.6 | 965.3| 1,146.9 | 25.85  .03869 | 1,614

&1.3 |16 |216.3|184.9| 963.0| 1,147.9 | 24.33 | .04111 | 1,519
223 |17 [219.5] 188.1 960.8 | 1,148.9 | 22.98 | .04352 | 1,434
S 3.3 |18 |222.4]191.1 958.8 | 1,149.9 | 21.78 | .04592 | 1,359

4.3 |19 [225.3]|193.9| 956.7 [ 1,150.6 | 20.70 | .04831 | 1,292
5.3 |20 [228.0196.7 | 954.8| 1,151.5 | 19.73 | .05070 | 1,281
6.3 |21 |[230.6]199.3| 952.9( 1,152.2 | 18.84 | .05307 | 1,176
7.3 |22 |233.1]201.8( 951.2| 1,153.0 | 18.04 | .05545 | 1,126
8.3 |23 [235.5]|204.3| 949.5| 1,153.8 | 17.30 | .05781 | 1,080
9.3 |24 |237.8|206.6 | 947.8| 1,154.4 | 16.62 | .06017 | 1,038
10.3 |25 |240.1 | 208.9 | 946.3 | 1,155.2 | 16.00 | .06252 998.4
11.3 |26 [242.2 | 211.1 944.8 | 1,155.9 | 15.42 | .06487 962.3
12.3 |27 |244.3]213.2| 943.2| 1,156.4 | 14.88 | .06721 928.8
13.3 |28 |[246.4 | 215.3 | 941.8 | 1,157.1 | 14.38 | .06955 897.6
14.3 |20 [248.4 | 217.3| 940.4 | 1,157.7 | 13.91 | .07188 868.5
15.3 |30 |250.3]219.3| 939.0 1,158.3 | 13.48 | .07420 841.3
16.3 |31 |252.2(221.2| 937.7( 1,158.9 | 13.07 | .07652 815.8
17.3 |32 [254.0]223.0| 936.4| 1,159.4 | 12.68 | .07884 791.8
18.3 |33 |[255.8 | 224.8| 935.1( 1,159.9 | 12.32 | .08115 769.2
19.3 [ 34 [257.5|226.6 | 933.9| 1,160.5 | 11.98 | .08346 748.0
20.3 [35 [259.2|228.3| 932.7| 1,161.0 | 11.66 | .08577 727.9
21.3 |36 [260.9|230.0| 931.5| 1,161.5 | 11.36 | .08807 708.8
22.3 |37 [262.5|231.7| 930.4] 1,162.1 | 11.07 | .09036 690.8
23.3 |38 [264.1233.3| 929.3| 1,162.6 | 10.79 | .09266 673.7
24.3 [ 39 [265.6 | 234.8| 928.1| 1,162.9 | 10.53 | .09495 657.5
25.3 |40 |267.2 | 236.4| 927.0 1,163.4 | 10.28 | .09723 642.0
26.3 |41 [268.7 |237.9| 926.0| 1,163.9 | 10.05 | .09951 627.3
27.3 |42 [270.1 1 239.4| 924.9| 1164.3 | 9.826| .10179 613.3
28.3 |43 [271.6 | 240.8 | 923.9 | 1.164.7 | 9.609| .10407 599.9
20.3 |44 [273.0|242.3| 922.9| 1,165.2 | 9.403| .10635 587.0
30.3 |45 |274.3|243.7| 921.9| 1.165.6 | 9.207 .10862 574.7
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TABLE XX.—PROPERTIES OF SATURATED STEAM—PRESSURES, TEMPERATURE,
Vorume, WEIGHT, ETC.—(Continued.)

| 8 s | s, | Bes . % w.o | « E

o 8g. 33 |E4¢ one Sa. Ot Cod [
gEf 12E4 BRd IBNER| SEE ZEDs | gES | 23 | fu
e85 935 EFe |iGeh| Esc  g25E | 33 %3s | 2Ew
voEg a;ﬁo‘ g gk 3 8§g go“= 552 e°3 CEERS

&% j=af eeg =SS | =S e Paak BTR e

1 2 | 3 4 | s 6 7 8 9
31.3 ‘ 46 275.7°| 245.1 920.9 | 1,166.0 9.018 | .11088 563.0
32.3 47 277.0 | 246.4 920.0 | 1,166.4 8.838 | .11315 551.7
33.3 ' 48 278.3 | 247.8 919.1 | 1,166.9 8.665 | .11541 540.9
4.3 49 279.6 | 249.1 918.1 | 1,167.2 8.498 | .11767 530.5
35.3 ' 50 280.9 | 250.4 917.3 | 1,167.7 8.338 | .11993 520.5
36.3 @ 51 282.2 | 251.6 916.4 | 1,168.0 | 8.185 | .12218 510.9
37.3 ' 52 283.4 | 252.9 915.5 | 1,168.4 8.037 | .12443 501.7
38.3 53 284.6 | 254.1 914.7 | 1,168.8 7.894 | .12668 492.8
39.3 54 285.8 | 255.3 913.8 | 1,169.1 7.756 | .12893 484.2
40.3 55 287.0 | 256.5 912.9 | 1,169.4 7.624 | 13112 475.9
41.3 56 288.1 | 257.7 912.1 | 1,169.8 7.496 | .13341 467.9
42.3 57 289.3 | 258.9 911.3 | 1,170.2 7.372 | .13565 460.2
43.3 58 290.4 | 260.0 910.5 | 1,170.5 7.252 | .13789 452.7
44.3 59 291.5 | 261.1 909.7 | 1,170.8 7.136 | .14013 445.5
45.3 60 292.6 | 262.2 908.9 ! 1,171.1 7.024 | .14236 438.5
46.3 61 293.7 | 263.3 908.2 | 1,171.5 6.916 | .14459 431.7
47.3 | 62 204.7 | 264.4 907.4 | 1,171.8 6.811 | .14682 425.2
48.3 63 295.8 | 265.5 906.6 | 1,172.1 6.709 | .14905 418.8
49.3 64 206.8 | 266.6 905.9 | 1,172.5 6.610 | .15128 412.6
50.3 65 297.8 | 267.6 905.2 | 1,172.8 6.515 | .15350 406.6
51.3 66 208.8 | 268.6 904.4 | 1,173.0 | 6.422 | .15572 400.8
52.3 67 299.8 | 269.7 903.7 | 1,173.4 6.332 | .15794 395.2
53.3 68 300.8 | 270.8 903.0 | 1,173.7 6.244 | .16016 389.8
54.3 69 301.8 | 271.7 902.3 | 1,174.0 6.159 | .16237 384.5
55.3 70 302.8 | 272.7 901.6 | 1,174.3 6.076 | .16458 379.3
56.3 71 303.7 | 273.6 901.0 | 1,174.6 5.995 | .16679 374.3
57.3 72 304.7 | 274.6 900.2 | 1,174.8 5.917 | .16900 369.4
58.3 73 305.6 | 275.6 899.6 | 1,175.2 5.841 | .17121 364.6
59.3 74 306.5 | 276.5 898.9 | 1,175.4 5.767 | .17342 360.0
60.3 75 307.4 | 277.4 898.3 | 1,175.7 5.694 | .17562 355.5
61.3 76 308.3 | 278.4 897.7 | 1,176.1 5.624 | .17783 351.1
62.3 77 309.2 | 279.3 897.0 | 1,176.3 | 5.555 | .18003 316.8
63.3 78 310.1 | 280.2 896.4 | 1,176.6 5.488 | .18223 342.6
64.3 79 311.0 | 281.1 895.7 | 1,176.8 5.422 | 18443 338.5
65.3 80 311.9 | 282.0 895.1 | 1,177.1 5.358 | .18663 334.5
66.3 81 312.7 | 282.8 894.4 | 1,177.3 5.296 | .18882 330.6
67.3 82 313.6 | 283.7 893.9 | 1,177.6 5.235 | .19102 326.8
68.3 83 314.4 | 284.6 893.3 | 1,177.9 5.176 | .19321 323.1
69.3 84 315.3 | 285.4 892.7 | 1,178.1 5.118 | .19540 319.5
70.3 85 316.1 | 286.3 892.1 | 1,178.4 5.061 | .19759 315.9
71.3 86 316.9 | 2R87.1 891.5 | 1,178.6 5.006 | .19978 312.5
72.3 87 317.7 | 287.9 801.0 | 1,178.9 4.951 | .20197 309.1
73.3 88 318.5 | 288.8 890.3 | 1,179.1 4.808 | .20416 305.8
74.3 89 319.3 | 289.6 889.8 | 1,179.4 4.846 | .20634 302.5
75.3 90 320.1 | 290.4 889.2 | 1,179.6 4.796 | .20853 299 .4




STEAM ABOVE ATMOSPHERIC PRESSURE 137

TABLE XX.—PROPERTIES OF SATURATED STEAM—PRESSURES, TEMPERATURE,
VoLume, WEIGHT, ETc.—(Continued.)

so lsggl B3 | 2xa8 Bhs | fa. ey | B.E | es
PRI CERE R B I PRt I
Sii A3 pED Eec? BE: | E3EE 0 2R | gfs | i

25 T EeE k& S| 33 | &S £-8 | BT} ]

1 2 3 ‘ 4 5 6 7 8 9
76.3 g 91 | 320.9°| 291.2 ' 888.7 | 1,179.9 A 4.746 | .21071 296.3
77.3 - 92| 321.7 | 202.0  888.1 | 1,180.1 ' 4.697 | .21289 203.2
78.3 93 | 322.4 | 292.8 I 887.6 | 1,180.4 ’ 4.650 | .21507 290.2
79.3 94 | 323.2 | 293.5 887.0 | 1,180.5  4.603 | .21725 287.3
80.3 95 | 323.9 | 294.3 886.4 | 1,180.7 | 4.557 21943 284.5
81.3 96 | 324.7 | 295.1 885.9 | 1,181.0 , 4.513 22160 281.7
82.3 97 | 325.4 | 295.8 885.3 | 1,181.2 ‘ 4.469 22378 279.0
83.3 98 | 326.2 | 296.6 884.8 | 1,181.4 4.426 | .22595 276.3
84.3 99 | 326.9 | 297 .4 884.3 | 1,181.7 ‘ 4.384 | .22812 273.7
85.3 100 | 327.6 | 298.1 883.8 | 1,181.9 | 4.342 23029 271.1
86.3 101 | 328.3 | 298.8 883.2 | 1,182.0 ; 4.302 | .23246 268.5
87.3 102 | 329.1 | 299.6 882.8 | 1,182.3 | 4.262 | .23463 266.0
88.3 103 | 329.8 | 300.3 882.2 | 1,182.5 | 4.223 | .23680 263.6
89.3 104 | 330.5 | 301.0 881.7 | 1,182.7 4.185 | .23897 261.2
90.3 105 | 331.2 | 301.7 881.2 | 1,182.9 4.147 24114 258.9
91.3 | 106 | 331.9 | 302.4 880.7 | 1,183.1 4.110 | .24330 256.6
92.3 ' 107 | 332.6 | 303.2 880.3 | 1,183.5 | 4.074 24547 254.8
93.3 | 108 | 333.2 | 303.9 879.7 | 1,183.6 4.038 | .24763 252.1
94.3 | 109 | 333.9 | 304.6 879.2 | 1,183.8 4.003 | .24979 246.9
95.3 110 | 334.6 | 305.2 878.8 | 1,184.0 | 3.969 | .25195 247.8
96.3 111 | 335.3 | 305.9 878.3 | 1,184.2 3.935 | .25411 245.7
97.3 112 | 335.9 | 306.6 877.7 | 1,184.3 ' 3.902 | .25626 243.6
98.3 113 | 336.6 | 307.3 877.3 | 1,184.6 3.870 | .25842 241.6
99.3 114 | 337.2 | 308.0 876.8 | 1,184.8 3.838 | .26058 239.6
100.3 115 | 337.9 | 308.6 876.4 | 1,185.0 | 3.806 | .26273 237.6
101.3 116 | 338.5 | 309.3 875.9 | 1,185.2 3.775 | .26489 235.7
102.3 117 | 339.2 | 309.9 875.4 | 1,185.3 3.745 | .26704 233.8
103.3 118 | 339.8 | 310.6 875.0 | 1,185.6 | 3.715 | .26920 231.9
104.3 119 | 340.4 | 311.2 874.5 | 1,185.7 3.685 | .27135 230.1
105.3 120 | 341.1 | 311.9 874.0 | 1,185.9 3.656 | .27350 228.3
106.3 121 | 341.7 | 312.5 873.7 | 1,186.2 | 3.628 | .27565 226.5
107.3 122 | 342.3 | 313.2 873.2 | 1,186.4 3.600 | .27780 224.7
108.3 123 | 342.9 | 313.8 872.7 | 1,186.5 | 3.572 | .27995 223.0
109.3 124 | 343.5 | 314.4 872.3 | 1,186.7 3.545 | .28210 221.3
110.3 125 | 344.1 | 315.1 871.8 | 1,186.9 3.518 | .28424 219.6
111.3 126 | 344.7 | 315.7 871.4 | 1,187.1 3.492 | .28639 218.0
112.3 127 | 345.3 | 316.3 871.0 | 1,187.3 3.466 | .28853 216.4
113.3 128 | 345.9 | 316.9 870.5 | 1,187.4 3.440 | .29068 214.8
114.3 129 | 346.5 | 317.5 870.0 | 1,187.6 3.415 | .29282 213.2
115.3 130 | 347.1 | 318.1 869.5 | 1,187.8 3.390 | .29496 211.6
116.3 131 | 347.6 | 318.7 868.9 | 1,188.0 | 3.370 | .29700 210.1
117.3 132 | 348.2 | 319.3 868.3 | 1,188.2 | 3.355 | .29900 208.6
118.3 133 | 348.8 | 319.9 867.9 | 1,188.3 3.340 | .30060 207.1

- 119.3 134 | 349.4 | 320.6 867.5 | 1,188.5 3.328 | .30220 205.7
120.3 135 | 350.0 | 321.3 867.0 | 1,188.7 3.304 | .30580 204.2
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TaBLE XX.—PROPERTIES OF SATURATED STEAM—PRESSURES, TEMPERATURE,
VoLumE, WEIGHT, ETC.—(Continued.)

e . | ' . g
] ~ . - g - . -

5 | $Pe S5F | aegs §ad FED S<3 So 03,
g8 |2f2 BE2 Eng 255 | IRs | SR | 22l | £y
8% |BB% 22f 3eii Bfg | 33EF | 2B | EEn ) 2

&5 | =E3S ) 332 | A >Te 8 >

1 |2 ! | 4 | s 6 7 8 9

|
121.3 | 136 | 350.5°| 321.9 | 867.6 | 1,188.9 | 3.280 | .30840 | 202.8
122.3 | 137 | 351.1 | 322.5 | 867.1 | 1,189.0 | 3.260 | .31045 | 201.4
123.3 138 | 351.8 | 323.1 |, 866.6 | 1,189.2 | 3.240 | .31202 | 200.0
124.3 | 139 | 352.2 | 323.7 | 866.1 | 1,189.4 | 3.220 | .31313 | 198.7
125.3 | 140 | 352.8 324.3  865.6 | 1,189.6 | 3.201 | .31534 | 197.3
126.3 | 141 | 353.3 | 325.0 | 865.1 | 1,189.7 | 3.182 | .31752 | 196.0
127.3 | 142 | 353.9 | 325.7 | 864.5 | 1,189.9 | 3.163 | .31950 | 194.7
128.3 | 143 [ 354.4 | 326.3 | 863.9 | 1,190.0 | 3.144 | .32110 | 193.4
129.3 | 144 [ 355.0 | 327.1 | 863.2 | 1,190.2 | 3.123 | .32320 | 192.2
130.3 | 145 | 335.5 , 327.8 | 862.6 | 1,190.4 | 3.101 | .32530 | 190.9
131.3 | 146 | 356.0 328.4 | 862.2 | 1,190.5 | 3.067 | .3274 | 189.7
132.3 | 147 [ 356.6 ' 328.9 | 861.8 | 1,190.7 | 3.050 | .3295 | 188.5
133.3 | 148 | 357.1 {3295 | 861.4 | 1,090.9 | 3.03 | .3316 | 187.3
134.3 | 149 | 357.6 | 330.0 | 861.0 | 1,191.0 | 3.01 | .3337 | 186.1
135.3 | 150 | 358.2 ; 330.6 | 860.6 | 1,191.2 | 2.99 | .3358 | 184.9
136.3 | 151 | 358.7 ; 331.1 | 860.2 | 1191.3 | 2.97 | .3379 | 183.7
137.3 | 152 | 359.2 | 331.6 . 859.9 | 1,191.5| 2.95 | .3400 | 182.6
138.3 | 153 | 359.7 | 332.2 | 859.5 | 1,191.7 | 2.93 | .3421 | 181.5
139.3 | 154 .2 332.7 | 89.1 | 1,091.8 | 2.91 | .3442 | 180.4
140.3 | 155 | 360.7 ' 333.2 | 858.7 | 1,192.0 | 2.89 | .3463 | 179.2
141.3 | 156 | 361.1 ( 333.8 | 858.4 | 1,192.1 | 2.87 | .3483 | 178.1
142.3 | 157 | 361.8 , 334.3 | 858.0 | 1,192.3 | 2.85 | .3504 | 177.0
143.3 | 158 | 362.3 ' 334.8 | 857.6 | 1,192.4 | 2.84 | .3525 | 176.0
144.3 | 150 | 362.8 1 335.3 | 857.2 | 1,192.6 | 2.82 | .3546 | 174.9
145.3 | 160 | 363.3 ' 335.9 | 856.9 | 1,192.7 | 2.80 | .3567 | 173.9
146.3 | 161 | 363.8 | 336.4 | 856.5 | 1,192.9 | 2.79 | .3588 | 172.9
147.3 | 162 | 364.3  336.9 | 856.1 | 1,193.0 | 2.77 | .3600 | 171.9
148.3 | 163 | 364.8 | 337.4 | 855.8 | 1,193.2 | 2.76 3630 | 171.0
149.3 | 164 | 365.3 | 337.9 | 855.4 | 1,193.3 | 2.74 3650 | 170.0
150.3 | 165 | 365.7 | 338.4 | 855.1 | 1,193.5 | 2.72 3671 | 169.0
151.3 | 166 | 366.2  338.9 | 854.7 | 1,193.6 | 2.71 | .3692 | 168.1
152.3 | 167 | 366.7 | 339.4 | 854.4 | 1,193.8 | 2.69 | .3713 | 167.1
153.3 | 168 | 367.2 1 339.9 | R54.0 | 1,193.9 | 2.68 | .3734 | 166.2
154.3 | 169 | 367.7  340.4 | 853.6 | 1,194.1 | 2.66 | .375¢ | 165.3
155.3 | 170 | 368.2 : 340.9 | 853.3 | 1,194.2 | 2.65 | .3775 | 164.3
156.3 | 171 | 368.6 | 341.4 2.9 | 1,094.4 | 2.63 | .3796 | 163.4
157.3 | 172 | 369.1  341.9 | 852.6 | 1,194.5| 2.62 | .3817 | 162.5
158.3 | 173 | 369.6 ' 342.4 | 852.3 | 1,194.7 | 2.61 | .3838 | 161.6
159.3 | 174 | 370.0 | 342.9 | 851.9 | 1,94.8 | 2.59 | .3838 | 160.7
160.3 | 175 | 370.5 | 343.4 | 851.6 | 1,194.9 | 2.58 | .3879 | 159.8
161.3 | 176 | 371.0 | 343.9 | 851.2 | 1,195.1 | 2.56 | .3900 | 158.9
162.3 | 177 | 371.4 | 344.3 | 850.9 | 1,195.2 | 2.55 | .3921 | 158.1
163.3 | 178  371.9 | 344.8 | 850.5 | 1,195.4 | 2.54 | .3942 | 157.2
164.3 | 179 | 372.4 ' 345.3 | 850.2 | 1,195.5 | 2.52 | .3962 | 156.4
165.3 | 180  372.8 | 345.8 . 849.9 | 1195.7 | 2.51 | .3083 | 155.6
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TABLE XX.—PROPERTIES OF SATURATED STEAM—PRESSURES, TEMPERATURE,
VoLume, WEIGHT, ETc.—(Continued.)

| e o . | -, - ]
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1 2 3 4 ! 5 6 7 8 9
166.3 181 373.3°| 346.3 849.5 1,195.8 | 2.50 .4004 154.8
167.3 182 373.7 | 346.7 | 849.2 1,195.9 | 2.48 .4025 154.0
168.3 183 374.2 [ 347.2 ' 848.9 1,196.1 | 2.47 .4046 153.2
169.3 184 374.6 | 347.7  848.5 1,196.2 | 2.46 .4066 152.4
170.3 185" 375.1 | 348.1  848.2 1,196.3 | 2.45 .4087 151.6
171.3 186 375.5 | 348.6 847.9 1.196.5 | 2.43 .4108 150.8
172.3 1871 375.9 | 349.1 | 847.6 1,196.6 | 2.42 .4129 150.0
173.3 188: 376.4 | 349.5 | 847.2 1,196.7 | 2.41 .4150 149.2
174.3 189 | 376.9 | 350.0 | 846.9 1,196.9 | 2.40 .4170 148.5
175.3 190 377.3 | 350.4 846.6 1,197.0 | 2.39 .4191 147.8
176.3 191 377.7 | 350.9 . 846.3 1,197.1 2.37 4212 147.0
177.3 192 378.2 | 351.3 845.9 1,197.3 | 2.36 .4233 146.3
178.3 193 | 378.6 | 351.8 845.6 1,197.4 | 2.35 .4254 145.6
179.3 194| 379.0 | 352.2 845.3 1,197.5 | 2.34 . 4275 144.9
180.3 195| 379.5 | 352.7 | 845.0 1,197.7 | 2.33 . 4296 144.2
181.3 196 | 380.0 | 353.1 | 844.7 1,197.8 | 2.32 .4317 143.5
182.3 197 | 380.3 | 353.6 | 844.4 1,197.9 | 2.31 .4337 142.8
183.3 198 | 380.7 | 354.0 | 844.1 1,198.1 2.29 .4358 142.1
184.3 199 | 381.2 | 354.4 | 843.7 1,198.2 | 2.28 .4379 141.4
185.3 200| 381.6 | 354.9 ' 843.4 1,198.3 | 2.27 .4400 140.8
190.3 205! 383.7 | 357.1 « 841.9 1,199.0 | 2.2 .4503 137.5
195.3 210| 385.7 | 359.2  840.4 1,199.6 | 2.17 .4605 134.5
200.3 215| 387.7 | 361.3 | 838.9 1,200.2 | 2.12 .4707 131.5
205.3 220| 389.7 | 362.2 | 838.6 1,200.8 | 2.06 .4852 128.7
215.3 230 393.6 | 366.2 | 835.8 1,202.0 | 1.98 .5061 123.3
225.3 240! 397.3 | 370.0 | 833.1 1,203.1 1.90 .5270 118.5
235.3 250i 400.9 | 373.8 | 830.5 1,204.2 1. .5478 114.0
285.3 300 417.4 | 390.9 | 818.3 1,209.2 1.535 .6515 95.8
335.3 350 432.0 | 406.3 | 807.5 1,213.7 | 1.325 .7545 T 82.7
385.3 400 444.9 | 419.8 | 797.9 1,217.7 1.167 .8572 72.8
435.3 450 | 456.6 | 432.2 | 789.1 1,221.3 | 1.042 .9595 65.1
485.3 500 | 467.4 | 443.5 | 781.0 1,224.5 .942 | 1.062 58.8
535.3 550 | 477.5 | 454.1 | 773.5 1,227 .6 .859 | 1.164 53.6
585.3 600 486.9 | 464.2 | 766.3 1,230.5 .790 | 1.266 49.3
635.3 650 495.7 | 473.6 | 759.6 1,233.2 .731 | 1.368 45.6
685.3 700| 504.1 | 482.4 | 753.3 1,235.7 .680 | 1.470 42.4
735.3 7 512.1 | 490.9 | 747.2 1,238.0 .636 | 1.572 39.6
785.3 800| 519.6 | 498.9 | 741.4 1,240.3 .597 | 1.674 37.1
835.3 850 526.8 | 506.7 ; 735.8 1,242.5 .563 | 1.776 34.9
885.3 900 | 533.7 | 514.0 | 730.6 1,244.7 .532 | 1.87 33.0
935.3 950 | 540.3 | 521.3 | 725.4 1,246.7 .505 | 1.980 31.4
985.3 |1,000| 546.8 | 528.3 | 720.3 1,248.7 .480 | 2.082 30.0




CHAPTER X

FLOW OF STEAM THROUGH ORIFICES, NOZLES, AND PIPES

THE flow of steam from an orifice into a vacuum may be com-
puted with approximate accuracy by the formula:

(12) . . . ¥T+460.6x60.2, or the square root of the absolute
temperature multiplied by 60.2, and the product by .54, the coefficient
for the velocity at initial density for an orifice.

For example: at 75 pounds absolute pressure, 60 pounds gauge-
pressure, the temperature is 307.4, and

4/307.4+460.6 =4/768 =27.712X60.2 = 1,667 X .54 =899.7,

velocity of steam at its initial density.

Into the atmosphere, steam flows through a thin plate-orifice, at
its initial density due to its absolute pressure, with a velocity of
3.5953 #'height in feet of a column of steam, uniform in density,
equal to its weight at its initial pressure per square foot. The height
is equal to the volume of 1 pound of steam, as in Column 7, Table
XX, of the properties of saturated steam, multiplied by 144 square
inches in 1 square foot. For example:

For 100 pounds absolute pressure it
is 100 X4.342x144=62524.8 feet, and
¥/62,524.8 =250.7 X 3.5953 =901.3 feet per
second.

The velocity of the jet of steam from
an orifice or nozle is increased in the ratio
of 1.624, so that in a short straight nozle,

Fra. 120.—Straight nozle.  F18. 120, of from two to two and one-half

times its diameter in length, with good

entrance-curves, the velocity may be 901 X1.624=1,463 feet. In the

expanding nozles, as designed for steam-turbines of the Delaval class,
a much higher velocity is claimed.

The velocity of flow of steam in pipes depends upon the pressure-

head, which is the height in feet of a column of steam of a uniform
140
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density of the steam at the entrance of the pipe—the length and
diameter of the pipe in feet—a fractional exponent—and the head
against which it is flowing at the terminal.

The formula much in use for steam flowing from a long pipe into
the atmosphere is:

13 . . . 0¥ —IL d=velocity in feet per second.

L and d=length and diameter of the pipe in feet or decimals
of a foot for d.

Then, as in the previous example, for 100 feet in length of a
1-inch pipe, and boiler-pressure of 100 pounds absolute, 85.3 gauge,
the height h, as before explained, is 62,524.8, and

v 6—2’1?;)4'8 X 0833 =4/70.6=8.402 X 50 = 400.1 feet. per second.

The acceleration in velocity of steam by its expansive effort in
passing from a converging section to and through a diverging section
of a jet-nozle, such as used for impulse energy in steam-turbines,

F1G6. 121.—Steam-nozle. FiG. 122.—Expanding nozle.

is due to its expansive volume being greater than the increasing area
of the diverging walls of the nozle, less the loss by cooling, as the
expansion is adiabatic. From the general formula 4T +460.6 X60.2
for 75 pounds absolute pressure, the velocity at initial pressure gives
1,667 feet per second in the throat of an expanding nozle. Then
the relative volumes per pound, of steam at 75 pounds and atmos-
26.37
5.69
panding nozle are as 1 to 2, the volume at the mouth of the nozle

pheric pressure, is: =4.63; and if the relative areas of the ex- -
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will be: é‘7)6§=2.315, and deducting the shrinkage from the adiabatic

expansion, 2.315'*=1.78; then 1,667 X1.78=2,968 feet per second.

Fig. 123 shows the diverging forms of nozles for impact-wheels, in
which the angle of impact should be as near 20° from the plane of
rotation as possible.

It is claimed, as stated by D. K. Clark, that when steam flows
from a nozle of the best form, “the velocity does not increase when
flowing into a resisting medium at any pressure below 58 per cent.

FiG. 123.—Diverging nozles. F16. 124.—Nozle of best form.

of the initial pressure.” Then 160 pounds absolute pressurex58
per cent.=92.8 pounds absolute, the lowest resisting pressure at
which the velocity ceases to increase.

The ratio of the volumes at these pressures is: i;g= 1.643. Then,

using the temperature formula 4T +460.6x60.2 for 160 pounds
absolute pressure, we have

28.7%X 60.2=1,727.7 X.58 =1,002 X 1.643 = 1,646 feet per second.

Again using the formula 3.5953 ¢ height, we have 160 X 2.8 X 144
=64,512 feet, and

¥64,512=253.9 X3.5953 =912.8, and 912.8 X 1.643 = 1,499 feet per
second.

In a diverging continuation of the nozle, as used for steam-turbines
of the Delaval type, the acceleration in velocity due to expansion,
less the adiabatic condition of expansion, will be in the ratio of the
expanding-nozle areas at initial and terminal ends. Then if the ratio
is 1 to 2, the velocity from the above equation should be: 1,499 X2 =
2,998 feet per second.
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A formula deduced from Professor Rateau’s formula, based on
the area of the entropy diagram for the velocity of steam in feet per
second, is: B
14 . . voouy/ (T T‘)(T ',f,i +$‘) in which

224 =4/2g X 778.

T, =absolute initial temperature of saturated steam; T, =absolute
terminal temperature at, say, 100 +460.6° F.; r =latent heat of vapor-
ization at temperature Ty, as in Column 5 of steam table. Then from
a nozle of best form with steam expanding from an initial pressure of
160 pounds absolute into a vacuum of a little less than 1 pound ab-
solute pressure, or 28 inches of mercury, at which pressure the absolute
temperature T2 =100 +460.6 =560.6, and substituting figures for the
letters in the formula, we have for 160 pounds absolute:

856.9 263.6
224$/8239 5606(8242 13848

) =4,027, the velocity in feet per

second.

The following table has been computed for velocities from a
pressure of 160 pounds absolute, expanded to various stages of lower
pressure by Rateau’s formulas, in which the figures in the tables of
properties of saturated steam were used. For the dryness of steam
from condensation, 1=dry saturated steam, and 1—x=the per-
centage of moisture or condensation by expansion.

This is found by the formula:

T, (Lh.T;
(15) L. h. Tz( T,
of dry steam after expansion, in which T, is absolute temperature
after expansion; T, absolute initial temperature; 1. h. T;.,, latent
heat of vaporization, as in Column 5, steam table XX.

For example, substituting the values for expansion from 160
pounds absolute to atmospheric pressure, we have:

672.6,(856.9 824.2 _
966. 1(824 g Thy. log: 672.6)_x’ as in Table XXI.

For the area of a nozle of best form, as in Column 9 of Table

XXI, the formula is: D\
in a foot, and the product divided by the product of the density and

— +hy. log. $ ) x, the relative amount

(Column 8), multiplied by the square inches
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TaBLE XXI.—THEORETICAL VELOCITY AND AREAS OF AN EXPANDING NozLE OF
Best ForM FOR DRY STEAM, EXPANDED FROM 160 PoUNDs ABSOLUTE PREs-
SURE PER SQUARE INCH To LOWER PRESSURES.

Pressure] T ,
absol'te, nbsoﬁlte 'ge-T,s. hD. :el., v P x, oA;:)m PrgPle
Ioa-per'| ‘dogrees | Ao | Ign R | fuker | DYV p |pep et oo eate
1 2 3 4 [ 5 | 6 7 8 9 10
160 | 823.9 |....... 3567 (e [..... 1.000 | 1.000 | 2.31
150 [ 818.8 | 5.1 | .3358 519 | 174.2 | .937 | .992 | .818 | 1.86
140 | 813.4 | 10.5 | .3153 745 [ 234.8 | 875 | .987 | .609 | 1.38
130 | 807.7 | 16.2 | .2049 916 | 270.1 | .812 | .982 | .524 | 1.21
120 | 801.7 | 22.2 | .2735 | 1,088 | 297.5 | .750 | .975 | .472 | 1.09
110 | 795.2 | 28.7 | .2519 | 1.236 | 311.3 | .687 | .960 | .448 | 1.03
100 | 788.2 | 35.7 | .2303 | 1,383 . 318.5 | .625 | .963 | .444 | 1.02
90 | 780.7 | 43.2 | .2085 | 1,525 | 317.9 | .562 | .957 | .433 | 1.00
70 | 763.4 | 60.5 | .1645 | 1,813 | 208.3 | .437 | .942 | .454 | 1.04
50 | 741.5 | 82.4 | 1199 | 2,129  255.1 | .312 | .923 | .521| 1.20
30 | 710.9 [ 113.0 | .0742 | 2525 | 187.3 | 187 | .894 | .740 | 1.70
15 | 673.7 | 150.2 | .0386 | 2,934 ' 112.9 | .094 | .865 | 1.103 | 2.54
5 |623.0200.9 | .0137 | 3412 | 47.3 | .031 | .817 | 2.489 | 5.72
2 | 586.9 | 237.0 | .0058 | 3,752 ; 21.7 | .012 | .786 | 5.202 | 12.01
1 | 562.6 | 261.3 | .00303 | 4,027 | 12.2 | .006 | .769 | 9.07 | 20.94

velocity in Column 6. The weight of steam discharged per second
DV '
x 144
The proportional diameters of an expanding nozle for the theo-
retical expansion of steam, from 160 pounds absolute, isgivenin Column
10, and its form shown in Fig. 125, which is a profile of an expanding

per square inch of area will be: in pounds.

»

4.
3. // 3.
_J =t — N~ // 2
- - To——t-———4 e
—/'—‘—"_‘_'_ ,--—; 1 \
N
N

1 .2 3 4 5 6 a2 8 9 10
F16. 125.—Theoretical curves of expanding nozles.

nozle to meet the conditions of velocity and expansion. In practice,
the expanding part of the nozle is much reduced in order to increase its
velocity by reducing the lateral expansion. Fig. 125 shows the theo-
retical profile of an expanding nozle in which the practical lines of the
expanding part are shown by the dotted lines as used for turbine-nozles.
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ENERGY OF STEAM

The theoretical energy of steam in foot-pound power is due to the
difference in the heat-unit values between which it is expanded,
and which, multiplied by 778, the foot-pound value per heat-unit,
equals the total foot-pound value due to expansion per pound of
steam. For example: the heat-units in 1 pound of steam at 160
pounds absolute are 1,192.7, and the heat-units in 1 pound at
atmospheric pressure are 966.1; then, 1,192.7 —966.1 =226.6 X778 =

176,294 foot-pounds, and ~o=2%

33,000 =5.34 horse-power per pound of
steam per minute.

FLOW OF STEAM THROUGH LONG PIPES

The weight and volume of steam which will flow through a pipe
in one minute from a given pressure, and any designated loss of
pressure from friction, may be obtained from the following general
formula for the flow of gases and vapors:

ae . . . .. 87/‘/D(P1 p2)d®

L(7)

W =total weight in pounds, which, divided by the weight of 1 cubic
foot =cubic feet per minute; D=density or weight per cubic foot
at initial pressure, p;; p.=terminal pressure at end of pipe; d=
actual diameter of the pipe in inches; L =length of pipe in feet.

The following table represents the weight of steam that will flow
per minute through a straight, smooth pipe of 240 times its internal
diameter, with a loss of 1 pound in the pressure:

For sizes of pipe less than 6 inches, the flow is calculated from
the actual areas of “standard” pipe of such nominal diameters.

For horse-power, multiply the figures in the table by 2. For any
other loss of pressure, multiply by the square root of the given loss.
For any other length of pipe, divide 240 by the given length expressed
in diameters, and multiply the figures in the table by the square root of
this quotient, which will give the flow for 1 pound loss of pressure.
Conversely, dividing the given length by 240 will give the loss of
pressure for the flow given in the table.
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TaBLE XXII.—FLow oF STEAM THROUGH P1pPES OF 240 TiMEs THEIR DIAMETER,
WITH A Loss oF 1 PounD IN PRESSURE.

2 i ’ Diameter of pipe in inches. Length of each = 240 diameters.

tog

§5§| '

£35 1 |13 | 2 2}.3|4l5|6‘8)10 12

2.9"5 H | i

eFt . — 4

E Fl | Weight of steam per minute in pounds, with 1 pound loss of pressure.

li2.07 5.7/10.27 1-5.45.’2-5.38l 46.85| 77.3 .115.9|211.4| 341.1] 502.4
10:2.57| 7.1{12.72/19.15/31.45| 58.05 95.8,!143.6 262.0| 422.7| 622.5
20i3.0‘2 8.3/14.94({22.49:36.94| 68.20(112.6.168.7307.8;| 496.5| 731.3
30{3.40| 9.4/16.84(25.35/41.63| 76.84 l26.9i 190.1|346.8| 559.5| 824.1
40:3.74/10.3|18.51(27.87 45.77| 84.49|139.5'209.0{381.3| 615.3] 906.0
5014.04(11.2{20.01{30.13,49.48( 91.34(150.8 226.0(412.2| 665.0] 979.5
60(4.32/11.9(21.38/32.19/52.87| 97.60 161.1[241.5 440.5| 710.6{1,046.7
70/4.58(12.6/22.65 34.10i56.00 103.37 170.7]255.8 466.5| 752.7/1,108.5
80(4.82|13.3(23.82/35.87:58.91|108.74|179.5'269.0|490.7| 791.7/1,166.1
90(5.04(13.9({24.92(37.52/61.62|113.74 187.8;‘281.4 513.3| 828.1{1,219.8
100/5.2514.5({25.96 39.07|64.18 118.47 195.6|293.l 534.6| 862.6(1,270.1
120(5.63(15.5(27.85|41.9368.87|127.12 209.9:314.5|573.7| 925.6 1,363.3
150 6.14|17.0 30.37 45.72'|75.09 138.61 | 228.8 | 343.0 6'25.5| 1,009.2|1,486.5
i |

The loss of head due to the friction of the steam entering the pipe,
and passing elbows and valves, will reduce the flow given in the table.
The resistance at the opening, and that at a globe-valve, are each
about the same as that for a length of pipe equal to 114 diameters
divided by a number represented by 1+ (3.6 +diameter). For the
sizes of pipes given in the table, these corresponding lengths are:

25

34‘41

The resistance at an elbow is equal to two-thirds that of a globe-
valve. These equivalents—for opening, for elhows, and for valves—
must be added in each instance to the actual length of pipe. Thusa
4-inch pipe, 120 diameters (40 feet) long, with a globe-valve and three
elbows, would be equivalent to 120 +60 + 60 + (3 X40) =360 diameters
long; and 360 +240=13. It would therefore have 1} pounds loss of
pressure at the flow given in the table, or deliver (1+4/14 =.816) =81.6
per cent. of the steam with the same (1 pound) loss of pressure.



CHAPTER XI

SUPERHEATED STEAM AND ITS WORK

SATURATED steam, or steam which has exactly the temperature
due to its pressure, has aptly been described as steam saturated with
heat, and the chief peculiarity which it possesses is that the slightest
abstraction of heat is followed by a corresponding condensation.

Superheated steam is generated by the addition of heat to satu-
rated steam. The behavior of superheated steam is similar to that of
gases; it is a poor conductor of heat, and has the special peculiarity of
losing a certain amount of heat without becoming saturated or wet
steam. The specific heat of steam is only 0.48, and therefore very
little heat is required to superheat steam; but as the steam loses
the heat as quickly as it acquires it, every passage conveying super-
heated steam should be well covered with non-conducting material.
Although there are some losses on account of the heat-radiation
when using superheated steam, they are very much smaller per volume,
because the loss of heat from superheated steam has lower calorific
value than the latent heat of saturated steam.

The economy effected by using superheated steam in engines is
remarkable, and, acknowledging this fact, a great number of steam-
users superheat the steam, although in many cases only a few degrees;
yet a considerable saving in steam and coal is always the result. To
obtain the full benefit, the required temperature of superheat should
be 600° F., and to stand this temperature the engines should be
specially designed.

The use of highly superheated steam does not require high boiler-
pressures; 160 pounds is the highest to be recommended, as no ad-
vantage can be derived by exceeding this. As the amount of heat
transmitted from the steam to cylinder-walls, and vice versa, is
much lower with superheated steam than with saturated steam, the
whole range of temperature from boiler-pressure to vacuum can take
place in two cylinders, so that the use of a triple-expansion engine does

not make very much improvement in economy.
147
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In view of the great advantages of steam-superheating, and the
great number of engines running at present satisfactorily, it is aston-
ishing that a few failures have caused prejudices among some engineers,
who make the general introduction of the use of superheated steam
very difficult. It will be worth mentioning that the results of a great
number of trials have always proved a great saving in steam and
coal, and even with small plants and simple piston-valve engines
almost the same good economy is obtainable as with large engines
with most exact valve-gears. It is therefore recommended that
superheated steam should be used in connection with all engines;
the only question to be settled is the degree of superheat, which
largely depends on local circumstances and the construction of the
engine.

Superheated-steam engines use on an average 30 to 40 per cent.
less steam than saturated-steam engines of the same type. Con-
sequently boilers can be made 30 per cent. smaller, and the difference
in price will nearly cover the cost of the superheater. For the same
steam-consumption the superheated-steam ‘engine is cheaper, as it
may be worked with a lower boiler-pressure.

One of the most troublesome effects of expansion is found in the
action of the steam-valves. Slide-valves and Corliss valves are nat-
urally affected by the high temperatures, 480 to 500° F. being the
upper limit for the latter. Piston-valves, when carefully constructed
and proportioned, answer well, but they must be made especially
for the service. The longitudinal expansion of the cyvlinder tends to
deform the steam-chest and valve-seat, and provision must be made
for such effects. Rings and springs in valves are objectionable, as
it is difficult to keep the steam from getting between the rings and
creating increased pressure and friction. Poppet-valves have been
used with much success.

The adoption of superheated steam in steam-engines was made
possible by the manufacture of heavy mineral oils with high-ignition
points and by the now common practice of using metallic packing.
From a purely theoretical point of view the advantage gained is small,
and if the conditions were those of the ideal engine, superheating would
never have been heard of. On entering the cylinder of a steam-engine
part of the steam is condensed, without doing any work, by coming in
contact with the walls and piston, cooled from the previous exhaust-
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stroke. This reduces the working value of the steam and coats the
cylinder with a film of water, which conducts the heat much more
readily to the cylinder-walls than in the case of dry steam.

The principal object of superheating is to reduce this transfer of
heat and initial condensation; for although the superheated steam
gives up some of its heat to the metal on admission, there is no
condensation, the only effect being a reduction of volume and a
fall in temperature. Superheating also tends to prevent leakage at
sliding surfaces, such as piston-rings, valves, etc. No matter how
tight they are when at rest, a film of water, creeping along between
the sliding surfaces, will cause steam to leak through when the
engine is running.

At 300° F. of superheat the volume of steam is increased about
50 per cent., and owing to this increase in volume less heat is required
to produce the same volume for superheated steam than for saturated
steam at the same pressure. Thus less heat enters the cylinders at
each stroke, and as the same amount of heat is converted into work
in each case, the economy of superheating is apparent.

It has been found that to attain a certain velocity of steam in a
pipe, superheated steam requires a smaller drop in pressure than
saturated steam and, as less steam is required per horse-power when
superheated, a reduction may be made in the size of the piping,
which again will reduce the cost as well as the loss from radiation.

A separator will be unnecessary, which also reduces the radiating
surface; and the absence of water in the steam-pipes does away with
all risk of getting water into the cylinders.

The superheater may have three different positions relative to the
boiler: 1. It may be placed in the flue so as to extract heat from the
gases as they leave the boiler, which is the most economical method of
obtaining superheat. 2. It may be placed in the path of the gases
between the fire and the boiler proper. 3. It may be quite separate,
and independently fired.

In case 1, a good boiler should take up enough of the heat from
the gases to allow them to pass out at a temperature but little above
that of the boiler. If only a low degree of superheat is required, this
position is much the simplest and cheapest.

Case 2 is the most economical method from point of view of fuel
required, but the difficulty of regulating the temperature is much
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greater. In Case 3 the temperature can be easily regulated and the
superheater readily cut out when required. It is a more wasteful
method than either of the other two, but as little coal is required
by the superheater when compared with the boiler, the loss does not
count for much.

It may be taken as a general rule that the better the economy of
an engine, the less gain there will be from superheat. Thus the best
results should be looked for in a simple engine with a low steam-
pressure.

The question of the cost of the additional heat is sometimes raised,
but it can be shown that much less heat is required to produce a cubic
foot of superheated steam than to generate a cubic foot of saturated
steam of the same pressure.

In triple and quadruple expansion the gain is small unless the
superheating is carried to a high temperature. It varies, of course,
with the point of cut-off and the ratio of expansion.

There is little gain due to superheating in any cylinder after the
stage is reached in which the steam is kept dry throughout the whole
expansion, the only object of taking the superheat higher is to obtain
dry steam as far as possible during the whole expansion of the engine.

The same effect may be obtained by reheating the steam in the
receivers between the different cylinders, so that it will enter each
cylinder superheated sufficiently to insure dryness at the end of the
stroke in that cylinder. This can be effected by passing the super-
heated steam through coils in the receiver, so as to give up part of its
heat to the steam that has already expanded in the previous cylinder
and pass on to the steam-chest of the engine at a lower degree of
superheat. This method gives the advantage of a high degree of
superheat without the disadvantage of extremely high temperature in
the cylinders. i

The effect of superheating in turbines is somewhat different from
that in engines. In some turbines the potential energy of the steam
is transformed into kinetic energy before being available for doing
work. This is effected by means of a large drop of pressure through a
small nozle. Some of the heat appears as kinetic energy, and if
saturated steam were used, there would be water present at this
pressure. If superheated, the extra heat in the steam would prevent
any condensation and increase the volume and velocity of the steam.
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With this form of turbine the high-temperature steam never comes in
contact with the frictional parts, and the only limit to the degree of
superheat is apparently the temperature at which the strength of steel
begins to be affected. Results of a trial have been published on a
De Laval turbine using steam at 930° F., with no serious difficulties
encountered.

The ideal efficiency of a heat-engine is determined by the range of
temperature through which it works and not by the medium through
which that heat is used. This theoretical fact is employed as an argu-
ment in favor of superheated steam. It is pretty generally recognized
now that one of the losses of the steam-engine is the interchange of
heat which goes on between the cylinder metal and the working steam.
To prevent this interchange it is usual to superheat the steam so that
less of it may turn into water, for it is in the form of water that the
working fluid exerts its worst effects.

Theorists who look on superheat as a means of raising the tempera-
ture of the working fluid, overlook some important practical considera-
tions. During the period of time that the admission-port of the
cylinder is open, the piston of the engine is pushed forward by the
pressure of the steam in the boiler. The steam in the pipe does not
expand. It flows into the cylinder in obedience to the push which it
receives from behind, and this push is not even due in all cases or
entirely to expansion in the boiler. It is due directly to the heat of
the fire, which causes the water to turn into steam. It is this bulk
of new steam that pushes the engine-piston, and the steam between
the boiler and the moving face of the piston is simply a strut; for,
since it maintains a constant pressure, it cannot expand. In its
passage from the boiler to the engine through a superheater it re-
ceives additional heat per given volume of saturated steam, and
expands to a new volume, due to the amount of superheat, without
receiving any addition of water, and thereby assumes the condition of
a gas. As a gas it does work by expansion, without loss from con-
densation, until its temperature falls to the saturation-point, when
its further expansion assumes the condition of saturated steam.

Therefore there can be no practical economy, considering the
heat-troubles from wear and tear, by using superheat at a greater
temperature than will insure dry steam to the end of its expansion-
work.
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TasLe XXIII.—Speciric VOLUME OF SUPERHEATED STEAM IN Cusic FEET PER
PouUND AT TEMPERATURES ABOVE THAT OF SATURATED STEAM.

Sg' E S Specific volume for degrees of superheat, Fahrenheit.
23 ggg

"-—-4
%g E78 | 200 | 40 | eo° | 80° | 100°  120° ; 140° | 160° | 180° | 200°
70 | 6.14 [ 6.47| 6.64 | 6.81 | 6.98 | 7.15 { 7.32 1 7.49 | 7.66 | 7.83 | 8.00
80 |5.42(5.72| 5.88|6.03| 6.17| 6.32 ; 6.47 6.62 | 6.77 | 6.92 | 7.07
90 | 4.86 | 5.15| 5.28| 5.41 | 5.54| 5.67 | 5.81 { 5.94 | 6.07 | 6.20 | 6.33
100 | 4.04 | 4.67 | 4.79| 4.91 | 5.03| 5.15 | 5.27 | 5.39 | 5.51 | 6.63 | 5.75
110 | 4.03 | 4.29 | 4.42| 4.51 | 4.61 | 4.72 | 4.83 1 4.94 | 5.05 | 5.15 | 5.26
120 | 3.71 | 3.96 | 4.06 | 4.16 | 4.26| 4.36 | 4.46 | 4.56 | 4.66 | 4.75 | 4.85
130 | 3.44 | 3.69| 3.78 | 3.87 | 3.96| 4.05 | 4.14 ‘ 4.23 | 4.32 | 4.41 | 4.51
140 | 3.21 | 3.45| 3.53| 3.62| 3.69( 3.79 | 3.87 | 3.96 | 4.05 | 4.13 | 4.20
150 | 3.01 | 3.24| 3.32| 3.40| 3.48| 3.55 | 3.63 | 3.71 | 3.79 | 3.87 | 3.95
160 ( 2.83 { 3.05| 3.13| 3.20| 3.28 | 3.36 | 3.42 | 3.50 | 3.57 | 3.64 | 3.72
170 | 2.67 | 2.89| 2.96| 3.03 | 3.10| 3.17 | 3.24 | 3.31 | 3.38 | 3.45 | 3.52
180 | 2.53 | 2.75| 2.81 | 2.88| 2.94| 3.01 | 3.07 | 3.14 | 3.21 | 3.28 | 3.34
190 | 2.41 | 2.62| 2.68 | 2.74 | 2.80( 2.87 | 2.93 ' 2.99 | 3.05 | 3.12 | 3.18
200 | 2.29 | 2.50| 2.56 | 2.62| 2.68| 2.74 | 2.80 i 2.86 |2.912.97 | 3.03

The above table has been computed by Schmidt's formula based on
Hirns’s experiments, namely:
441.4+T
P 2
in which Sv =specific volume in cubic feet per pound, T =temperature
of saturated steam +superheat, P =absolute pressure in pounds per
squareinch. The percentage of increase in volume from superheat, apart
from its freedom from condensation, is the most essential factor of econ-
omy from the use of superheat; for instance, the volume of saturated
steam at 160 pounds is 2.83 cubic feet per pound, and is increased
3.72
283" 1.31,
or 31 per cent. increase in volume; and at only 100° of superheat,
which may be saved from the chimney-gases, the increase in volume
3.36
2.83
The following table represents a fair approximation to ordinary
practice, but does not meet the extraordinary tests that have been
published for short runs with superheat reaching near or quite to the
temperature of incandescence. Such tests may make a good showing,
but are not practicable for continued service. Mineral oils will not
give the required service at temperatures above their boiling-point.

an . . . . . Sv=0.59276 X

by 200° F. superheat to 3.72 cubic feet per pound, and

is =1.116, or over 11 per cent.
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The superheat of from 400° to 700° F. seems practically absurd, and
the claim of less than 10 pounds of steam per horse-power is only
suited to an experimental test.

The saving in steam by superheat, as shown in Table XXIV,
say, for example, at 160 pounds, with the varying mean pressures due

to cut-off, is, for 200° F. superheat at } cut-off = 1;:3 1.291; at 1
18.23 19.04 . .
cut-off 1Bi- 1.294; at } cut-off 1473= 1.292, showing a uniform

increase of volume of 29 per cent. for various degrees of cut-off at
200° F. superheat. At 300° F. the increase in volume is 47 per
cent.

Superheating should not be regarded as a means of carrying more
heat to an engine, but only as a preventive of waste through con-
densation. It has been proved by experiment that about 8° F. of
superheat are required to prevent each 1 per cent. of moisture in the
cylinder at cut-off when using saturated steam. If the specific heat
of superheated steam at constant pressure be taken as 0.48, it follows
that a rise of 8° F. in the temperature above the normal temperature
of saturated steam of the same pressure represents the expenditure of
0.48 X8=3.84 thermal units. Assuming the initial condensation of
the entering steam to be about 20 per cent., then 3.84X20=76.8
thermal units which must be added in the form of superheat to in-
sure dry steam at cut-off.

The amount of fuel required to superheat steam, and the quantity
of fuel that must be burned to continue this heat, are greater than is
commonly supposed. It takes, as will be noticed in steam table XX,
approximately 1,100 thermal units to convert a pound of feed-water
at ordinary temperatures into steam at the usual temperature. By
the addition of 76.8 thermal units in the form of superheat, we have
increased the expenditure of heat by about 7 per cent. If all the 20
per cent. of condensation is saved there is undoubtedly a decided
gain; and this fact is true, that a small amount of superheat is desirable
in all forms of engines. It is in the higher degrees of superheat that
this difference vanishes, because the specific heat of superheated steam
increases with the degree of superheat.

The specific heat at constant pressure, C,, of superheated steam
at atmospheric pressure and near the point of saturation was found by
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Regnault to be 0.48, and until recently this value was thought to apply
to the specific heat at higher pressures. It probably varies, as does
the specific heat at constant volume, C,, which has been assigned a
slightly decreasing value for superheat with increasing pressure, as
follows: :

Pressure 50 100 200 300

C, 0348 0346 0344 0.341

for steam of moderate superheat. By recent investigations it has
been shown that the specific heat at constant pressure, C,, is not
constant, but that it is approximately 0.65 for 100° F. superheat, and
0.75 for 200° F. superheat. Using these values, it can be calculated
that the fuel used to generate saturated steam with superheat must
be increased by the following percentages in order to superheat the
steam to the various degrees named:

Degree of superheat. Additional fuel needed.
75° 5 per cent.
lmo 7 113 €«
lmo 1 1 [13 (13
2(x)° 15 €« 113

Whether, therefore, it is advisable to superheat the steam by
direct furnace heat and increase the fuel-consumption or whether it is
best to use saturated steam is a problem of finance rather than of
engineering. The exception is costless superheat by the waste gases.

Test trials by Professor Schroter, in Belgium, have shown a most
decided economy of superheated steam as compared with saturated
steam .in the same engine, compound-condensing.

The total cylinder-condensation when running with .saturated
steam was 9 per cent. of the total steam entering the high-pressure
cylinder, while with superheated steam the cylinder-condensation was
but 43 per cent. This was at 90 pounds pressure, with superheat at
220° F. The computed economy of superheat for steam, from an
average of many trials, was 12 per cent., and for fuel economy an
average of 6 per cent.

Saturated steam on leaving the boiler carries water along with it,
and to this is added the water of condensation in the pipes and engine-
cylinder, amounting to 40 per cent. or more according to the plant
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arrangement and to the type of engine. Cylinders provided with
jackets heated by saturated steam seldom fulfil their purpose, and
then with but small gain; and experience has shown that at times
jacketing is a disadvantage. Also, with saturated steam there is the
danger of water-hammer in the cylinder and valves. This may be
easily prevented where superheated steam is used; for in this case
the steam is kept dry until a short time before leaving the cylinder.
On account of the much greater volume of superheated steam, a
smaller weight is needed to fill the cylinder, or, in other words, the same
result is accomplished by the use of a smaller quantity of steam, and
this in the case of a condensing-engine means that less water may
be circulated in the condenser and consequently smaller pumps may
be used. Although the temperature of the exhaust-steam is higher
with superheated than with saturated steam, the smaller weight of
superheated steam more than compensates for its high temperature,
and thus less circulating water is necessary.

Exhaustive comparative tests of saturated and superheated steam
for marine purposes have recently been carried out on a steamer called
the James C. Wallace. This vessel is one of the largest “freighters”
on the lakes, and has lately been put into service. She is equipped
with two Babcock & Wilcox marine water-tubular boilers with super-
heaters, and the arrangement is such that the latter may be dispensed
with and saturated steam used. The engine is of the quadruple-
expansion, vertical direct-acting, jet-condensing type. A comparison
based on dry coal shows a net saving in fuel, with superheated steam,
amounting to 14.5 per cent. This result represents the combined
increased efficiency of the machinery plant. The highest amount of
superheat was 91° F.

While differences of opinion may still exist as to what type of
superheater is the best, the patient investigation and experiments
that have been carried on in Germany have established the fact that
superheated steam can be used with locomotives as well as with
stationary engines. When the much greater efficiency of superheated
over ordinary steam is taken into consideration there seems strong
reason to believe that the success already obtained by the stationary
engine will be repeated with the locomotive—that materially superior
economy in power will be attained by the use of superheated steam,
which will in time come into general use for locomotives.



SUPERHEATED STEAM AND ITS WORK 157

In Europe superheated steam is used with any type of engine,
equipped as it may be with poppet-, slide-, piston-, or Corliss valves;
and plants built to use saturated steam have later shown the greatest
economy with superheated steam. Lubrication of the valves and
cylinder is generally accomplished by means of a separate small
oil-pump operated by the engine through a ratchet attachment.
With compound engines a separate pump is usually provided for each
cylinder. The oil used is a high-grade mineral oil with a very high
flashing-point, and is extremely thick. With turbines a comparatively
smaller pump, operated from the turbine-shaft, is used to supply oil
to the steam-inlet and regulating mechanism. A small pump answers
the purpose, as a turbine uses only one-sixth to one-tenth of the oil
necessary in a reciprocating engine. The stuffing-boxes are made of
hard metal; bronze or hard compositions and asbestos or asbestos-
graphitic packing are much used.

The mechanical difficulties due to the use of high-temperature
superheat will no doubt become a bar to its extensive and continued
use. The disintegrating effect upon the best lubricants and the un-
usual friction-wear of metal and packings at high heat will eventually
confine the superheat system to a limited or moderate temperature
and to the more economical appliances for heat derived from the
waste gases of the chimney—instead of wasting the heat that should
go to the steam in the boiler—by the use of fire-chamber devices,
or from the losses due to furnace management in separately fired
superheaters.

One of the principal wastes in steam-making comes from the heat
lost in the chimney, and any saving in this is an economical gain.
The temperature of the chimney-gases ranges from 250 to 400 or more
degrees Fahrenheit above the temperature of the steam in the boiler,
and often much higher than necessary for maintaining proper draught.
Every thermal unit rescued from the chimney and added to the
steam in the cylinder is a gain that costs nothing for fuel and may
add much to the economy in the generation of steam-power, and may
be further increased by the decreased consumption of fuel under the
boiler.

The saving due to the rescue of heat from the chimney may range
from 5 to 14 per cent. of the boiler-fuel, according to the size and
economic design of the boiler to meet its required work. Often,
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boilers that furnish a scant supply of steam at their limit of pressure
may be made to meet the full requirements by the simple addition of
a superheating-coil in the chimney-flue.

The value of the specific heat of superheated steam has been
the subject of careful experiment, and by a formula from Greisman'’s
experiments the value for superheat is given, for constant pressure, as:

as) . . . . . C,=.00222t,—.116, in which t,

is the sum of the saturated and the superheat in degrees Fahrenheit.

This gives for 100 pounds absolute pressure and 100° F. superheat:

327.6 + 100 =427.6 X.00222 =.949 — .116 = .833; and for the mean spe-

cific heat for both saturated and superheated steam at constant
pressure. A modification of Greisman’s formula, viz.,

C _.833+ .48

s

S = 65,

has been proposed, which is claimed to be more nearly correct than
by using the accepted formula, viz.,

19) . . . . . .C,=.00222 (t '2”)__116,

which for 100 pounds absolute pressure and 100° F. superheat is

00222 (427'62————%5) —116=72.

Using this formula for the varying mean specific heat for different
pressures and degrees of superheat, the total heat is computed by
the formula:

20) . . . . . 1,091.7+.305(t —32) +Cp(t,—t)

by which the following table (Table XXV) of total heat has been
computed for various temperatures of superheated steam and abso-
lute pressures, using the varying values of C,, as computed from

formula (19). For example: for 500°F. C,=.00222 (5004;3633>

-

—.116 = .842, and 1,091.7 + .305(363.3 — 32) + .842(500 — 363.3) =
1,307.8, or 1 308 as in the table in the column under 160 and opposite
500° in the first column.
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TaBLE XXV.—TorAL HEAT OF SATURATED AND SUPERHEATED STEAM ABOVE
32° F., AT TEMPERATURES IN COLUMN 1, AND ABSOLUTE PRESSURES AT THE
Heap oF THE OTHER COLUMNS.

2 .

EE 100 110 120 130 140 150 160 | 170 180 | 180 | 200
&6

380,1,217.0/1,214.8(1,212.6(1,210.5|1,208 | 1,206 {1,205 |1,203 1,201 {1,199 ....
390 /1,224.4(1,222.2]1.220.0/1,218.0(1,216 1,214 |1,212|1,210(1,208 | 1,206 | 1,204
400|1,232.0(1,229.8|1,227.6(1,225.5(1,223 | 1,221 |1,219 (1,217|1,215(1,214|1,212
41011,239.9{1,237.6|1,235.5|1,233.4 (1,231 | 1,229 (1,227 {1,225|1,223 {1,222 1,220
42011,247.9(1,245.7|1,243.5|1,241.41,239 (1,237 {1,235 (1,233 1,231 (1,230 |1,228
430(1,256.3|1,253.9(1,251.8(1,249.7(1,247 | 1,246 {1,244 |1,242|1,240|1,238 |1,236
440(1,264.6{1,262.41,260.3{1,258.2(1,256 | 1,254 |1,252 | 1,250 (1,248 | 1,246 {1,244
45011,273.3{1,271.2(1,269.0!1,266 0{1,265 (1,263 |1.262 (1,259 1,257 (1,255 |1,253
460|1,282.3|1,280.1|1,277.9(1,276.0{1,273 | 1,271 (1,269 (1,267 |1,266 (1,264 | 1,262
470(1,291.41,289.3(1,287.1 l,285.0|1,283 1,281 11,279 11,277 (1,27511,273 11,271
48011,300.8{1,298.7(1,296.5(1,294.0!1,292 ;1,290 | 1,288 | 1,286 |1,285|1,283 | 1,281
490(1,310.41,308.3(1,306.11,304.0(1,302 | 1,300 {1,298 | 1,296 | 1,294 1,292 1,290
500(1,320.2/1,318.1/1,315.9(1,314.0/1,312 1,310 | 1,308 | 1,306 (1,304 {1,302 | 1,300
510(1,330.2{1,328.2(1,326.01,324.011,322 {1,320 1,318 |1,316|1,314]1,312|1,310
520{1,340.6(1,338.41,336.2;1,334.0/1,332 |1,330 {1,328 | 1,326 |1,324|1,322|1,320
530(1,351.0{1,349.0/1,346.0 1,345.0!1,342 1,341 (1,339 [1,3371,334]1,333(1,331
540(1,361.8/1,359.0|1,357.0(1,355.0,1,353 (1,351 | 1,349 (1,347 |1,346|1,344 |1,342
55011,372.9(1,371.0{1,368.0'1,366.0 1,364 | 1,362 |1,360 1,358 1,357 |1,355|1,353

SUPERHEATERS AND THEIR CONSTRUCTION

The most simple formm of a superheater is a coil of ordinary steam-
pipe, extra heavy for wear, bent into a circular shape or made up
with return-bends, and set in the chimney-flue, or, if needed, over the
fire in a separately fired furnace. The bent pipe-coils are much in use
for obtaining high temperatures from superheated steam in japanning-
ovens and in vulcanizing processes for hard-rubber goods. In this
manner, by circulating superheated steam in pipe-coils, an oven tem-
perature of 275° may be readily obtained.

Any form of superheating-coil placed in the chimney-flues of
boilers having ample heating-surfaces for their required output of
steam, and in which the economy from chimney-waste has been kept
within reasonable limits above the steam temperature, and from which
any degree of superheat can be obtained, is a saving without cost.

In the vast number of so-called economic types of boilers and their
setting, a saving of 100° F. from the chimney-gases by superheat in the
steam will make a decided saving in fuel and in boilers having large
heat-waste from overwork; a considerable increase in power may be
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obtained at the first cost of a simple coil of pipe and its setting in the
chimney-flue.

In Fig. 126 is shown a group of tubes ready for setting in a flue or
separate furnace; it consists of pairs of cast-iron pipes with solid
bends, arranged as shown, and
filled with iron-wire coils that
produce intercirculation of the
steam for quick-heat action by
convection.

In Fig. 127 is shown the
arrangement of the heater in a
special furnace—H. W. Bulkley
type. Steam may be heated to 800° in these superheaters, the tem-
perature of which is shown by a pyrometer in the exit-pipe.

In Fig. 128 is shown the Metesser type of superheater-coil, which
consists of steel tubes bent into the form shown, with their ends ex-
panded into a thick steel plate with a steel or cast-iron backing divided

Fig. 126.—Bulkley superheater.

F16. 127.—Bulkley superheater in brick setting.

into two compartments. The two parts are bolted together with
corrugated copper gaskets between the flanges. The tube-section
may be hung in a flue-chamber or placed across the rear end of a
water-tube boiler, in which latter case the superheater is placed in and
securely bolted at the tube-sheet end to an iron frame, which is firmly
anchored in the boiler-wall, while the free ends of the tubes enter a
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recess in the opposite wall and are prevented from sagging by supports
placed between them. By this arrangement no joints of any kind

are in the hot gases.

In Fig. 129 are represented the pipe-connections for a return-bend
superheater placed across and over the tubes of a duplex water-tube

F1g. 128.—Metesser superheater. Fia. 129.—Superheater in rear

end of boiler.

boiler. Provision is also made for flooding the superheater with
water from the boiler when the engine is not running.

In Fig. 130 is shown a cluster-tube superheater set in a flue-
chamber, in which steel tubes of suitable size, bent into U-shape,

are flanged on, or screwed to the headers
with right-and-left couplings in rows
and in number of tubes to contain the
required fire-surface.

In Fig. 131 is shown a superheater
made with pipe and return-bend with
rib-flanges pushed over pipes for ex-
tending the heating-surface and for pro-
tection from the direct contact of the
gases. It is placed vertically in the rear
chamber of a horizontal tubular boiler.
‘This position of the superheater does not

ﬁ
[N

el

[l =D
b e e mantd

S —)

F1a. 130.—Flue-chamber super-
heater.
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contribute to the efficiency of the boiler, although it may be an effec-
tive superheater. The principle of abstracting heat that should pass
through the tubes of the boiler is of doubtful economy.

In Fig. 132 is shown a return-bend coil with rib-flanges placed
in the rear fire-chamber of a marine boiler. This form is also ap-
plicable to the smoke-boxes of locomotives, and in the various ways
and designs in which it may be applied adds largely to counteracting

FiG. 131.—Rear-chamber super- Fi1g. 132.—Superheater at rear
heater. end of marine boiler.

the effect of cylinder-exposure; as applied to a marine boiler the
separate fire, with its inconvenient conditions, is avoided.

In Fig. 133 is shown a sectional view of a separately fired super-
heater and furnace. In the bridge-wall of the furnace there is an air-
inlet for tempering the heat of the furnace before it reaches the
superheater-coil. In this way the amount of superheat is controlled
and overheating of coil prevented when the engine is not running.

In Fig. 134 are shown the details of construction of the Schwoerer
superheater, much in use in Europe. The inside ribs and outside
flanges, cast in and on the pipe, with the method of connecting them
with the return-bends, are shown. The tubes may be disposed either
vertically or horizontally according to the place where they are to he
located, and may be installed either in the uptake from the boiler,
in the boiler-furnace, or in a setting to be separately fired. The
tubes are of cast iron, with transverse flanges on the outside to take
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up heat from the gases, and longitudinal ribs on the inside to give
up heat to the steam. These flanges and ribs are necessary on ac-

Fig. 133.—Superheater with separate furnace.

count of the poor conducting power of the superheated steam, which
makes it necessary to have large surfaces for the transfer of heat.
This cast-iron construction gives a large mass of hot metal which
serves as a magazine for heat and acts to hold at an even tempera-
ture the superheated steam which is delivered. In making joints be-
tween the tubes and the connecting-bends, strong flanges are used con-
nected by heavy bolts. Each flange is turned with a circular groove

2
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1 F1a. 134.—Schwoerer superheater. Fig. 135.—Foster superheater.

of triangular section, and into these grooves are placed steel rings of

corresponding form. These steel rings, strongly compressed between

the flanges, give an iron-to-iron joint which is sure to remain tight.
In Fig. 135 are shown some of the details of the Foster superheater,
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illustrating the ends of the elements connected by a return-header.
The elements consist of concentric, seamless, drawn-steel tubing pro-
tected by cast-iron rings, shrunk on. The inner tubes are closed to the
steam, which is thus forced through thin annular spaces and rapidly
superheated.

In Fig. 136 is illustrated a longitudinal section of the Babcock &
Wilcox water-tube boiler, with the location of the superheater, and in
Fig. 137 a cross-section of the superheater and its steam-connections.

F1a. 136.—Longitudinal section of Babcock & Wilcox boiler and superheater.

This superheater is not subject to the immediate action of the
fire, as the furnace-gases must first pass through the front part of the
boiler, which comprises a considerable heating-surface. Assuming
the boiler to be in regular work and the firing even, no great fluctua-
tions in temperature can take place where the superheater is fixed.
Moreover, it is readily accessible for examination and for the renewal
of tubes.

There are no flanged joints; all the tube-joints are expanded and
freedom for expansion is provided by the tubes being free at one end,
and by the manifolds not being rigidly connected with each other.
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Prevention against overheating during steam-raising is insured
by the arrangement for flooding with boiler-water and using the super-
heater as part of the boiler heating-surface while steam is being raised
or when it is desired to use satu-
rated steam.

As will be seen, the tubes are
bent into a U-shape and con-
nected at both ends with mani-
folds, one of which receives the
natural steam from the boiler, the
other collecting the superheated
steam after it has traversed the
superheater-tubes and delivering
it to the valve placed above the
boiler.

The flooding arrangement con-
sists merely of a connection with
the water-space of the boiler-drum
and a three-way cock, by which the water enters the lower manifold
and fills the superheater to the boiler water-level. Any steam formed
in the superheater-tubes is returned to the boiler-drum through the
collecting-pipe, which, when the superheater is at work, conveys
saturated steam into the upper manifold through the heating-tubes,
and from the lower manifold, by two tubes outside of the drum, to
the fitting at the top of the boiler.

In Fig. 138 is shown a section of the W. Schmidt superheater.

The management of superheaters is of interest, and we append a
short description of the Schmidt superheater, which is also applicable
to other types or models.

Superheating steam under the Schmidt system may be effected
in one of two ways, either by placing the superheater in a chamber
between the boilers and the main flue—this being known as the flue-’
fired superheater—and using a portion of the hot gases direct from
the boiler-flue, or by having an independent, direct-fired superheater
through which the saturated steam from the boiler, or battery of
boilers, is made to pass before reaching the engine. The illustration
(Fig. 138) represents a section of the setting and the construction
of the apparatus.

Fi1c6. 137.—Cross-section Babcock & Wil-
cox superheater.
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The saturated steam enters through the valve at the top, and,
having been dried in the upper half of the apparatus, is led through
suitable passages to the bottom tubes, cooling them from the inside
and so protecting them from deterioration. It then flows in the same
direction as the flue-gases, taking up heat from them on the way.
The higher the temperature of the steam, the less that of the gases,
and the steam leaves the superheater when it is hottest. The gases

leave the superheating-
coils at about 900° F.,
and pass on to the drying-
coils, whence they enter
the main flue at a tem-
perature of about 460° F.
The heat of the gases is
thus utilized to the high-
est possible extent, while
at the same time the tubes
are sufficiently protected
from excessive heat.

The superheater con-
sists of a number of coils
of equal size and dimen-
sions, the ends of which
are fixed to -cast-iron
junction-boxes. All boxes
are placed outside the

Fi16. 138.—Schmidt superheater. chamber, thus avoiding

contact with the flue-

gases, and are easily accessible even when the superheater is in service.

Each coil can be taken out separately and a new one put in without

removing the others or dismantling the plant. If one coil becomes

" defective, it need not be replaced at once; the ends can be stopped

with blank flanges in a few minutes, and the tube replaced when
convenient.

All the water produced by condensation while the superheater isidle
collects in the bottom junction-box and escapes through the drain-cock.

The outside of the coils should be cleaned at intervals according
to the nature of the fuel employed. The cleaning is effected with a
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jet of steam in the usual way. A steel mercury thermometer, scaled
to 900° F., is fitted where the superheated steam enters the main
steam-pipe, and has a red mark to indicate the maximum tempera-
ture. When this mark is passed, an electric bell rings as long as the
maximum temperature is exceeded. A thermometer-pocket is also
provided, in which a glass thermometer can be placed for checking
the steel mercury thermometer.

When starting, the superheater should be warmed with steam
while the engine is warming up, and care should be taken to leave
the drain-cock open until the engine has actually started. After the
engine has run for a few minutes the cock should be closed and the
superheater brought into operation.

If by chance the steam should be suddenly cut off, the air-door
underneath the lowest junction-box should be opened to enable cool
air to enter and protect the tubes from the fire and from radiation of
heat from the walls. This door is automatically worked by a valve
kept closed by a weight attached to an outside lever. A chain con-
nects the weight with the air-door and tends to keep it open. As
soon as the steam begins to flow it presses the valve downward, and
as the valve falls the weight is lifted and closes the door.

Where an engine works continuously, and is in charge of a com-
petent stoker, this apparatus is unnecessary, and can be put out of
action by merely disconnecting the chain, but in cases of irregular
working, and especially when the engine is liable to be stopped sud-
denly without the stoker’s knowledge, the arrangement is of the
greatest importance.

As a general rule the stoking of the superheater should cease
about three-quarters of an hour before the engine is to be stopped, so
that when the superheater is put out of action the fire will be out
and the bricks cooled down to some extent. During this period the
temperature gradually decreases, but the stored heat is sufficient to
keep the steam at the required temperature until the engine stops.

This apparatus is manufactured by the Providence Engineering
Works.

The conditions for enabling the use of high-pressure steam and
high superheat with safety may be summarized as follows:
1. A large factor of safety.
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2. Steam and water capacity sufficient to care for suddeh fluctua-
tions of load.

3. A proper arrangement of heating-surface to thoroughly absorb
the heat of the gases.

4. The absence of any stayed surfaces.

5. Straight tubes, so that they can be cleaned easily, and so that
one can see through them and know that they are clean.

6. Sectional construction to insure safety and ease of repair.

7. Wrought-steel construction throughout.

8. Ample surface to disengage the steam easily so as to avoid
priming or a fluctuating water-level.

9. Expansion and contraction properly provided for.

10. And last, but not least, a perfect and positive circulation of
the water in the boiler. "

Added to the above it is imperative, on the score of economy, that
the soot can be easily removed from the heating-surface while the
boiler is in operation, preferably by means of air- or steam-jets.

In Fig. 139 is illustrated a high-pressure boiler of the Babcock
& Wilcox type with a double bend superheater coil set in the upper

MR
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F1G. 139.—Boiler and superheater for 200 pounds pressure and 150° F. superheat.
Babcock & Wilcox type.
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chamber with its connections to the boiler shell, arranged as before
described.

In conclusion, it might be well to further emphasize the advantages
of moderate superheat of, say, 100 to 150° F.

In most plants, if properly piped and protected, this amount of
superheat will not only avoid condensation in the steam-mains, but
will practically eliminate the condensation losses in the high-pressure
cylinders of the engine, and this alone will show an actual saving,
varying from 10 to 25 per cent. according to the class of engine and
its condition. This, coupled to the saving effected by the use of high-
pressure steam, and to boilers that can be cleaned and kept up to their
efficiency while at work, is of such importance in considering the
cost of operation that no thinking user of steam can afford to dis-
regard it.

THE MEASUREMENT OF STEAM-CONSUMPTION

The quantity and value of steam sold for heating and power
purposes to other parties, and which must be delivered through

Fia. 140.—Steam-meter. F16. 141.—Section of the steam-meter.

pipes, may be measured with fair accuracy, even when its use is varia-
ble or intermittent.

In Figs. 140 and 141 we illustrate the automatic recording steam-
meter of Mr. G. C. St. John, of New York City, which makes a record
on a chart moved by clock-work that shows the horse-power that is
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being used at all times, and the aggregate per day or month. Many
hundreds are in use in the New York steam service and throughout the
country. The lifting of a conical valve by differential pressure allows
the required quantity of steam to pass through the annular area, which
is the measure under the initial pressure. The valve-lift is recorded
on a strip of paper moved by a clock; the mean of the record-curves
being the measure for the time. The marking-hand is moved by a
lever from the conical valve and by a small transfer-shaft through the
projecting hollow arm from the cylinder. The small chamber at the
bottom is a dash-pot filled with water, which keeps the valve from
chattering.

The sale of steam for power and for heating purposes, in manu-
facturing districts, is generally made in horse-power units, and when
supplied to engines only, the indicated horse-power of the engine is
the usual measure of the steam-supply, unless the waste by condensa-
tion in long pipe-lines may require an additional allowance.

For heating purposes the unit for the price may be the same as
for power; but the method used for obtaining the unit, when meter
measurement is out of tae question, is often a matter of controversy
from personal differences in regard to space, and exposure of heated
areas and their required temperature. The only reliable method
of measurement that is available is derived from the weight of water
drained from the heating-pipes and its weight as steam at the pressure
in the supply-pipe.

The horse-power in ordinary slide-valve engines varies somewhat
from 20 pounds per horse-power hour, which may be taken as a fair
average for indicating the amount of steam used for heating purposes.




CHAPTER XII

ADIABATIC EXPANSION OF STEAM

In adiabatic expansion without loss or gain in heat from outside
source or from the walls of a cylinder, the terms of expansion are:

PV thon P2V g Vi (Pa\L
PoVyY=PaVe%; then 5= and 3 = (P,)” also,

(%—;—)y ' (%)VTI, and is also applicable to the relation of pressures
and volumes to temperatures, and
(%)y l =¥—‘f and (Ilz—j)%l=%;also, (%)y 1 =',%, in which P =pres-
sure in pounds absolute or per square foot, V=volumes in cubic feet,
r=ratio of volumes. T=temperatures before and after expansion.
The ratio exponent in any equation for the adiabatic expansion
of steam is variable as discussed by leading authorities, and as a
sensibly perfect gas or superheated steam is given as 1.35; and
for saturated steam varying from 1.3 to 1.111, by different authors,
or 12 as adopted by Rankine for the consideration of the actual
condition of steam behind a moving piston. Probably there is no
exact empirical value for ¥ for the varying influences in the make-up
and time of expansion in a steam-cylinder. Professor Wood gives
the specific heat of steam at constant pressure, C,=373.44, and for

- Cp —_ §z3i4 i =Yy 1
constant volume, C,=290.16, and C. 20016 1.2869 =7 for their

ratio in foot-pound values.

Professor Zeuner found that the value of ¥ depended upon the
specific volume of the steam for the same initial condition at from
1 to 4 atmospheres, and that the true value may be represented
by the empirical formula:

(21) . . ¥=1.035+0.100x, x being derived from the formula used for
computing Column 8, Table XXI, which is proportional for the expan-

sion of steam from 160 absolute to other lower pressures.
171
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Then for any degree of expansion between limited pressures the
exponent ¥ will be 1.035+0.100x, as computed by formula (21).
For expansion from 160 to 15 pounds absolute x may be taken

as .865 x 0.100 = 0865 + 1.035 = 1.1215 = 7, and % — 891. Then

1
(%)§=%=10.66 log. 1.027787 X891 =0.915758217 =index 8.237,
2
the volume of saturated steam expanded from 160 to 15 pounds
absolute.

The water of condensation by the expansion of steam in this ex-

TaBLE XXVI.—REeAL Cur-OFF, CORRESPONDING TO THE APPARENT CuT-OFF, FOR
DIFFERENT FRrACTIONS OF CLEARANCE.

Real cut-off for fraction of clearance of

B

£2

58 | .o | w02 | 08 | .08 | .05 | .08 | .07 | .08 | .00
.08 .080 .098 .106 115 124 .132 .140 .148 | .155
.10 .109 118 .126 .135 .143 .151 .159 .167 | .174
.12 .129 .138 .146 .154 .162 .170 177 .185 | .192
.14 .149 .158 .165 174 .181 .189 .196 .204 | .211
.16 .169 177 .184 .193 .200 | .207 215 222 | 229
.18 .189 .197 .204 212 .219 226 .233 .240 | .247
.20 .208 .216 .223 .231 .238 .245 .252 .259 | .266
.22 .228 .236 .243 .251 .257 .264 .271 .277 | .284
.24 .248 .256 .262 .270 .276 .283 .290 .296 | .303
.26 .268 .275 .281 .289 .295 .302 .308 .315 | .321
.28 .288 .295 .301 .308 .314 321 .327 .333 | .339
.30 .307 .314 .320 .327 .333 340 .346 .352 | .358
.32 .327 .334 .340 .346 .352 .359 .364 .370 | .376
.34 .347 .354 .359 .366 .371 .378 .383 .389 | .395

.36 .367 .373 .378 .385 .390 .396 .402 .407 | .413
.38 .387 .393 .398 .404 .409 .415 .420 .425 | .431
.40 .406 412 417 .423 .429 .434 .439 444 | 450
.42 .426 .432 .437 442 .448 .453 458 .462 | .468
.44 .446 .452 .456 . 462 .467 472 477 .481 | .486
.46 .465 471 .475 .481 .486 .490 .495 .500 | .504
.48 .485 .491 .495 .500 | .505 .509 .514 .518 | .522

.50 .505 .510 .514 .519 .524 .528 .533 .537 | .541
.52 .525 .530 .534 .538 .543 547 .551 .555 | .559
.54 .545 .550 .554 .558 .562 .566 .57 .574 | 578
.56 .564 .569 .573 877 .581 .585 .589 .593 | .596
.58 .584 .589 .593 .596 .600 .604 .607 .611 | .614
.60 .604 .608 .612 .615 .619 .623 .626 .630 | .633
.62 .624 .628 .632 .634 .638 .642 .645 .648 | .651
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ample is: 1 —.865, or 13} per cent.; and from the ratio of volumes at the

25.85 8.237

above pressures 2,80 =9.232,and 9.232
from the effect of expansion alone.

In practice, the cooling effect of the cylinder-walls increases the
percentage of condensation, which may reach 25 per cent. in slow-
running engines. Thus the speed of piston is one of the claims for
economy for high-speed engines.

The values of the real cut-off in the table are derived from the

=.111 per cent. condensation

equation ;—:Ec» in which r=the ratio of the apparent cut-off, and ¢ =

the percentage of clearance. For example: for .30 cut-off with 7 per
cent. clearance, .30+ .07 =.37, and 1%7—.3451, or .346, as in the table.

The formulas for mean forward pressure of expanding steam, as
given by authorities who have critically investigated this subject,
vary somewhat from the results given by the hyperbolic formula,
which is now accepted as more nearly meeting the exact conditions

of steam-engine practice. Rankine’s formula P, ('—:'-)——9—> seems to

9
give for mean forward pressure about 2 per cent. in excess of the

hyperbolic formula.

In Table XXVII are given the decimal multipliers for the mean
forward absolute pressure, with the apparent or nominal cut-off and
clearance of from 1 to 10 per cent. of the stroke of the piston.

For obtaining the multiplier for mean forward pressure for any
absolute pressure, as shown in the table, from the hyperbolic formula,
we have

22 . . (ﬂ%&_ﬂx 1+ c) —c, in which R =the ratio of ex-

pansion, or as in Table XXVI. Then by substituting the

real cut-off’
values for, say, .30 cut-oﬂ' and 7 per cent. clearance, we have

37 . .
107= =.346, and 3 46—2.89, the ratio R of expansion, the hyp. log.
2.0613

of which is 1.0613 + 1 =—‘2—@—=.713X1.07=.762—.07-.692, as in
the table.
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TaBLE XXVII.—MEAN FORWARD PRESSURE FROM ABSOLUTE INITIAL PRESSURE,
WITH ACTUAL CLEARANCE DUE To THE NoMmiNaL Cut-OFF.

o Clearance, per cent. of stroke.

&
SE
8| .o0 | .02 | .03 | .04 | .05 | 06 | .07 | .08 | .09 | 10

.10 .344 | .357 | .369  .381 | .392 | .402 | .413 | .423 | .432 | .441
.111 | .368 | .380 | .391 | .402 | .413 | .423 | .433 | .442 | .451 | .459
.125 | .397 | .403 | .418 | .429 | .439 ' .448 | .457 | .467 | .474 | .482
.143 | 432 | .442 | .452 | 460 | .470 | .479 | .488 | .495 | .503 | .510
.167 | .475 | .484 | .493 | .501 | .509 ' .517 | .524 | .531 | .538 | .545
.20 .530 | .538 | .545 | .552 | .559 .566 | .572 | .578 | .584 | .590
. . . .615 | .621 | .626 | .631 | .637 | .641 | .646 ! .650
.30 .666 | .671 | .675 | .679 | .685 : .688 | .692 | .697 | .701 | .705
.333 | .704 | .708 | .712 | .716 | .719 | .722 | 726 | .731 | .734 | .737
.40 .769 | .772 | 776 | .778 | .781 | .784 | .787 | .789 | .791 | .794
.50 .848 | .850 | .852 | .854 | .856 | .858 | .860 | .861 | .863 & .864
.625 | .919 | .920 | .921 | .923 | .925 | .925 | .926 | .927 | .927 | .928
75 .967 | .967 | .968 | .968 | .969 | .969 | .969 | .970 | .970 l .970
|

spsp-opout- o - o-ob-t-etct-F- |
2
&
g

From the mean absolute forward pressure the actual back pressure
must be subtracted for obtaining the mean effective pressure due to
the piston-stroke. If the exhaust is directly to the atmosphere, the
atmospheric pressure, plus the back pressure due to the friction in
pushing the steam before the piston and through the exhaust-pipe,
will be the total back pressure.

The variation of the atmospheric pressure may be from 14 to 15
pounds, according to the barometric pressure, and the back pressure
from 1 to 3 pounds more, depending upon the frictional conditions
in the exhaust.

Terminal pressure is due to the stroke as 1 divided by the ratio of
expansion, or 1 divided by the real cut-off, as found in Table XXVI,
which gives the ratio of expansion; and for the last example

1 1 - -
%=2.89, and r89=.346, the multiplier for the initial absolute
pressure.

For example: for 100 pounds initial absolute pressure, {% cut-
off with 7 per cent. clearance the mean forward pressure per Table
XXVII is .692; the real cut-off per Table XXVT is .346, which is
also the ratio for the terminal absolute pressure in Table XXVIII.

Then, for example, 100 X.692 X .346 = 23.94, absolute, and 23.94—
14.7=9.2, the terminal gauge pressure. .
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TaBLE XXVIII.—TERMINAL ABSOLUTE. PRESSURE DUE To THE ABSOLUTE FORWARD
PRESSURES AND CLEARANCE, AS GIVEN IN TABLE XXVII. ABsoLUTE INITIAL
PrRESSURE X MEAN FORWARD PRESSURE X TERMINAL PressURE DuE t0 CuT-
OFF =TERMINAL ABSOLUTE PRESSURE.

e l Terminal absolute pressure for fraction of clearance of

? | —

8 | .o 02 | .03 | .04 | .05 08 | .07 08 | .09
.08 .09 .098 .106 115 .124 .132 .140 .148 155

.10 .109 .118 .126 .135 143 .151 .159 .167 174
12 .129 .138 .146 .154 .162 1701 177 .185 .192
.14 .149 .158 .165 174 .181 .189 .196 .204 211
.16 .169 177 .184 .193 .200 | .207 .215 .222 .229
.18 .189 .197 .204 212 .219 .226 | .233 .240 .247
.20 .208 .216 .223 .231 .238 .245 .252 .259 .266
.22 .228 .236 .243 .251 .257 .264 271 277 .284
.24 .248 .256 .262 .270 .276 .283 .290 .296 .303
.26 .268 .275 .281 .289 .295 .302 .308 3156 .321
.28 .288 .295 .301 .308 .314 .321 .327 .333 .339
.30 .307 .314 .320 .327 .333 .340 .346 .352 .358
.32 .327 .334 L340 | .346 .352 .359 .364 | .370 .376
.34 .347 .354 .359 .366 .371 .378 .383 .389 .395
.36 .367 .373 .378 .385 .390 | .396 .402 .407 .413
.38 .387 .393 .398 .402 .409 .415 .420 | ..425 .431
.40 .406 .412 .417 .423 .429 .434 .439 .444 .450
.42 .426 .432 .437 442 448 .453 .458 .462 .468
.44 .446 .452 .456 .462 .467 .472 477 481 .486
.46 .465 .471 .475 .481 .486 .490 .495 .500 .504

50 | (505 | .510| .514| .519 | .524 | .528 | .533 | .537 | .541

The available heat in steam for power is essentially the sensible
heat, that can create energy by expansion from any initial temperature
and pressure to some lower temperature and pressure. The total
available energy from 85 pounds gauge, 100 absolute, is: 327.6 —212
=115.6° F. X778 =289,936 foot-pounds, or nearly 2} horse-power per
pound of steam—Iless friction, condensation, radiation, and leakage—
in any mechanical device for utilizing its energy.

The available heat of the exhaust (latent heat) is between its
temperature at atmospheric pressure and the temperature of the
water after condensation, say 150° F.; then 212—-150=62°X778=
48,226 foot-pounds, or nearly 134 horse-power per pound of steam.
Then 4} horse-power is the greatest available energy that can be
obtained from 1 pound of steam, at 85 pounds gauge-pressure, by
expansion and condensation. The practical operation of conversion
is variable, and much less than the theoretical deduction.
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Steam, when suddenly expanded, as in a cylinder, suffers condensa-
tion by a small percentage, and the latent heat thus liberated is added
to the remaining uncondensed steam. The amount, independent of
the condensation by contact with the cylinder-walls, is shown in
Column x, Table XXI, and by the formula from which that column
was computed.

When steam is compressed, as in cylinder-compression, the contrary
effect is produced; the heat generated by compression is added to the
steam and it becomes superheated. The economy of high-pressure
steam has become more evident as discussion and experimentation
have greatly advanced its possibilities during the past two decades;
so that practically, from theoretical deduction, the total heat that is
available for power advances with the initial pressure at a greater
rate than the latent heat, as shown in the total latent-heat col-
umns of the table of properties of saturated steam (Table XX). Ior
instance, the difference at 100 pounds absolute is 298.9 heat-units,
and at 200 pounds is 355 heat-units, or over 18 per cent. in available
heat-units.

The interchangeable heat effect from steam in contact with the
surface of the cylinder-walls is made evident by the well-known
difference in temperature of the steam at entrance and at exhaust.
From the initial temperature during the period of admission, every
part of the cylinder-wallsin contact with the incoming steam—cylinder-
head, piston, piston-rod, and passages—receives heat from the initial
temperature of the steam; during which time condensation takes
place upon their surface, and the latent heat liberated by condensation
is absorbed by the cylinder-walls, which have become cooled by the
lower temperature of the previous exhaust. During the period of
expansion the temperature of the steam falls, so that at near the
terminal it is below that of the walls that received heat by the previous
admission, and reévaporation takes place; thus latent heat is liberated
by transfer during admission and absorbed by reévaporation during
expansion and the exhaust. The balance is small with high-speed
pistons, yet in no case is there an absolute balance obtained, except
at the expense of steam-jacket addition of heat to counteract radiation
and air-convection.



ADIABATIC EXPANSION OF STEAM 177

ECONOMY OF THE SIMPLE HIGH-SPEED
ENGINE

During the past two decades the economy of steam-engine design
and its use of steam has been a fruitful source of discussion and ex-
periment, resulting in reducing the comparative length of stroke, in
increase of speed, and in the adoption of more perfect and automatic
valve-motion and economic cut-off. These points are still variable
in the designs of engine-builders, but are verging toward a uniform
ideal. Both theory and practice now show that increased economy
in the use of steam is found from increased pressure to certain limits
for single-expansion, from the fact that there is more heat in higher-
pressure steam available for doing work, in proportion to the amount
of heat required to generate the steam, than in the case of low-pressure
steam with its proportionate loss in doing useless work; nor is there
any gain in extremely high pressure for single-cylinder engines, because
of the loss from condensation due to the extreme range of temper-
ature that would result from extreme pressures.

In a simple non-condensing, high-speed engine the limit of economic
pressure may be at 115 pounds gauge-pressure, and in simple con-
densing-engines there is little advantage with steam above 90 pounds.

In the long-stroke system, with single valves and long steam-
passages, it is certain there is a large amount of cooling-surface that
the steam is in contact with, while entering the cylinder, that is cooled
by the lower temperature of the exhaust through the same passages.

When the valves are close to the ends of the cylinder, as in Corliss
and other types of four-valve engines, the surfaces of the ports and
port-passages are reduced to only a trifle greater than due to the thick-
ness of the cylinder-wall, which leaves only the cylinder-heads and
piston with the small section of cylinder-wall to condense the incoming
steam. In this type of engine there is economy.

In the single-valve automatic engine we have a condition that,
while simple and compact, loses a little in economy, because of the
long steam-passages, and from the fact that the cool exhaust-steam
must pass through the same passages and the same valve from which
the live steam enters. With engines having the single valve there is
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not as good steam-distribution as when two or four valves are used,
with double eccentrics. In the single-valve engines the characteristics
are that the earlier in the stroke the steam is cut off, the greater will
be the compression, and that at very early cut-off the compression will
become excessive; thus we see that it is not possible to operate the
engine with an early cut-off and realize the full benefit of expansion.
The clearance-surfaces are, however, warmed up by the compression,
which is a benefit in its way.

There is no definite rule which would tell how far to carry the
expansion in any particular case, although it is generally considered
that the best results are obtained in the case of non-condensing engines
when cutting off at about one-third stroke. With a simple condensing-
engine the best results are usually obtained when cutting off at from
one-sixth to one-fourth stroke. In compound engines varying de-
grees of expansion are used, the point of cut-off in the high-pressure
cylinder usually being adjusted to give from 12 to 20 expansions in
both cylinders.

When an engine is overloaded it is useless to expect to operate
with economy, and the same will apply when the engine is too large
to do the work, because the point of cut-off will come in one case too
late, and in the other too early, for the economical use of steam. If
the cut-off occurs too early there will be an increased loss from cylinder-
condensation, and if too late, the expansion of the steam will not be
carried out as far as it should be. It has been found that when an
engine is running under these conditions it is better, if possible, to
change the steam-pressure, or else the speed of the engine, so as to
allow the cut-off to occur at a point more nearly at its correct position.

Quoting from a series of tests which we have before us and which
were made upon Corliss engines of medium size, we find that the amount
of condensation and leakage, taken together up to the point of cut-off,
was 60 per cent. of the steam consumed when the cut-off was at 5 per
cent. of the stroke, 45 per cent. with the cut-off at 10 per cent., 35
per cent. with the cut-off at 15 per cent., 30 per cent. with the cut-off
at 20 per cent., 20 per cent. with the cut- off at 30 per cent., and 15
per cent. with the cut-off at 40 per cent.

It will be seen from the above that the percentage of loss decreases
as the point of cut-off grows later, and the later cut-off may cause as
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much condensation, and even more, as with an early cut-off, owing
to the large quantity of steam used when the cut-off is late in the
stroke. It is evident that it is better to operate an engine with too
heavy a load than with too light a load, as far as the consumption of
steam is concerned.

If an engine is overloaded, the surest way of improving the opera-
tion is to add a condenser, the gain of which is from 20 to 25 per
cent., when account is taken of the steam-consumption of the engine
only; but if measured from the coal-consumption the gain will be less,
because it is not possible to heat the feed-water to so high a temperature
by means of exhaust-steam when a condenser is used as when running
non-condensing.

STEAM-WASTE FROM LEAKAGE

The steam-leakage past the valves and pistons of both high- and
low-speed engines is of notable amount; at high speed the increase of
leakage, with the greater difference of pressure on each side of the
piston, is less than at low speed, and with jacketed, less than with
non-jacketed cylinders. It has also been noted that good lubrica-
tion of valves and cylinders reduces the leakage materially.

In experiments made to determine what effect superheating
would have on leakage loss, it was found, as has been the case in some
other similar experiments, that superheating would reduce the leak-
age loss about 25 per cent., the reason being, apparently, that a less
weight of superheated steam than of saturated steam flows through
a narrow fissure, and the condensation is reduced.

In trials with the valve stationary there was less leakage than
when it was moving; but when the valve was moving, the leakage
became less as the speed of running became greater. Experiments
made with the valve stationary in different positions seem to show
that the leakage is approximately in inverse proportion to the amount
of overlapping of the port and valve; that is, the greater the amount
of overlapping the less the leakage.

Experiments on the leakage of steam past the piston, by admitting
steam to one end of the cylinder and blocking the port at the other end,
and by weighing the condensation in the dead end, showed that this
leak is less than 2 per cent. of the steam-consumption of the engine.
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It is evident that with a valve-leakage error of from 4 to 20 per cent.
and a piston-leakage error of from 1 to 2 per cent., experiments on
initial condensation which do not take these factors into account
will be misleading.

An unlooked-for result was the discovery that the loss due to
condensation on the cylinder-walls of unjacketed engines diminishes
with a rise of initial pressure and temperature, the ratio of expansion
being constant, and that this law holds without regard to the speed
of the engine.

THEORETICAL EFFICIENCY OF THE
STEAM-ENGINE

An engine receiving all its heat at some given temperature, and
rejecting the heat (not lost by expansion) at some lower temperature,
must, with its conveyer, pass through a series of changes in pressure
and volume, according to Carnot’s cycle, without loss or gain of heat
from outside sources. Such an engine would be reversible. No such
engine can be constructed or practically operated; but its theoretical
efficiency serves as a standard of comparison, toward which the modern
ideal design and construction are tending. The efficiency of the per-
fect elementary engine depends only upon the highest and lowest
temperatures between which it is worked, and is independent of the
nature of the working substance.

The following table has been computed from the formula TTI,le

in which T represents the absolute temperatures of the initial and
exhaust steam derived from their absolute pressures. The upper
horizontal line contain the barometric negative pressures due to the
absolute pressure in pounds in the second horizontal line.

A study of the above table will show approximately the saving
that may be effected by reducing the back pressure of any engine,
which in many cases is ignored because the effect is not readily seen.
It has been observed, in trials, that the back pressure may be as great
as 3 or more pounds above atmospheric pressure from the use of
long or small exhaust-pipes, many elbows, defective valve-movement,
or small ports or steam-passages in the cylinder.
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TaBLE XXIX.—THEORETICAL HEAT-EFFICIENCY OF A PERFECT STEAM-ENGINE
AT VARIOUR ABSOLUTE INITIAL AND BACK PRESSURES, SHOWING PERCENTAGE
ofF EFFICIENCY.
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For a back pressure of 3 pounds the loss in efficiency may
be 1.3 per cent. at ordinary initial pressures, more at low pressures,
and less at the high pressures; but when condensation and its value
are considered, the saving is very much more apparent, and becomes
a strong plea in favor of the use of compound condensing-engines
wherever it is possible to operate them. Since surface-condensers
have become so perfected and water-cooling towers available, the
compound condensing-engine has become of the first consideration
in the instalment of factory and electric power.

ACTUAL EFFICIENCY

The actual efficiency of any type of steam-engine has been usually
derived from the number of pounds of steam used per hour, or of water
fed to the boiler, divided by the horse-power. Thus, an ordinary
engine, using 500 pounds of water per hour and developing 15 in-
dicated horse-power, will consume %=33.3 pounds per horse-power
hour. As a horse-power corresponds to the development of 33,000
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foot-pounds per minute, and as 778 foot-pounds is the equivalent of

one thermal unit, then 3:;’?30=42.42 units per horse-power, which
may be a constant for obtaining the thermal efficiency of the engine,
42.42

d. - . —— minute = thermal efficiency.
thermal units per horse-power

Then, for example, with a simple engine running with an initial
pressure of 75.3 by gauge, and exhausting at atmospheric pressure,
the formula for the thermal units per pound will be
(23) . . xr+qi—qg, in which x=the percentage of moisture in the
steam; r =the latent heat in the steam; q; =the units of heat in the
water at the initial pressure, and qz=the units of heat in the water
at atmospheric pressure or at exhaust-pressure.

Using the values in the formula, we have: .98 X 888.4 +291.2 —-180.9
980.9 xX33.3 pounds _ 544.4

60
thermal units per minute, and the thermal efficiency will be
4242
"5'14—.1=.017.

The best record that we have for multicompound condensing-
engines is for about 200 thermal units per horse-power minute, which

42.42 . .
200 .212; and with superheating there

=980.9 thermal units per pound; then

shows a thermal efficiency of

are possibilities of from 10 to 20 per cent. additional thermal efficiency
in the use of steam and a saving of from 6 to 8 per cent. in coal-con-
sumption, depending upon the method of obtaining the superheat.

COMPRESSION AND BACK PRESSURE

From a perusal of the large amount of discussion which has per-
vaded the technical journals of late years, the economical value and
use of compression seem to be very much tangled, although its
mechanical value is generally conceded by the evidence of its useful-
ness as shown in actual trials, in which it has been found indispensable
in high-speed engines with a graduation due to the degree of speed.

Its economy of steam and power seems to be the principal field of
discussion, from which the facts should decide the points at issue.
As its mechanical effect upon the momentum of the moving parts of
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an engine to the extent of producing its silent action at various speeds
is obvious, it only needs the computed amount formulated from the
experience of trials.

The principal facts shown by the indicator-card are that the clear-
ance- and steam-passages must be filled, for each stroke of the piston,
with a volume of steam equal to the total clearance, less the exhaust-
pressure; which adds 3 per cent. to the mean effective pressure at
1 cut-off and 5 per cent. clearance. Then the total value of the
clearance-volume at } cut-off being but 3 per cent. of the mean
effective pressure and the clearance 5 per cent. of the stroke, the loss
of steam due to clearance will be % =16 per cent. loss, and 16 —3 per
cent. gain in power equals 13 per cent. loss due to clearance.

On the other hand, if compression is carried up to the initial
pressure of say 100 pounds, the heat generated by compression will
raise the temperature of the compressed exhaust from 213° to above
600° F., or about 260° above the temperature of the initial steam,
the superheat of which will be given to the cylinder-walls of the cut-
off and clearance-space. The back pressure due to compression will
be fully compensated by the expansion of the accumulated pressure
behind the piston for the next stroke, and the clearance-volume of
initial steam will be saved. Thisshould hold as a proportion for any
degree of compression.

As excessive compression is not needed for counteracting the
momentum of the moving parts for smooth running, a noted builder
of high-speed engines assumes that for 130 revolutions per minute,
24-inch stroke, compression should commence at 9 per cent. from
the terminal of the stroke; for 160 revolutions per minute, 24- inch
stroke, 12 per cent.; and for 240 revolutions per minute, 16-inch stroke,
19 per cent.

The author suggests that a more equable ratio of compression for
balancing momentum would be derived from the equation:

2) . . 1/ TEV.PL. ML b of o .
@4) stroke in inches ength of compression in inches

This may not answer fully for the difference in weight of the
moving parts as designed by different builders and for different
pressures.

Of late years there has been much discussion in regard to the
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economy of compression and also as to its mechanical value. This
discussion, and the arguments advanced for and against compression,
have as yet proved nothing, and experiments so far made have
shown such discordant results as to cause distrust in their methods.

Experiments in Belgium and Germany have shown a marked falling
off in efficiency with heavy compression, the difference amounting in
one case to an increase of 50 per cent. in the steam-consumption.

For instance, the experiments of Professor Dwelshauvers-Dery, at
Liége, showed, as the compression was increased from 10 up to 30
per cent., an increase of 21 per cent. in the steam-consumption, and
for a further rise of 40 per cent. compression an increase of 50 per
cent. in the steam used over that with no compression. On the other
hand, careful experiments at Stevens Institute and at Cornell Univer-
sity show only a slight change in the steam-consumption accom-
panying increased compression.

It is difficult to believe that any such difference as that shown by
the European experiments could result from so slight a cause. The
only loss that can result from an increase of compression is the loss of
work shown by the rounding of the heel of the diagram, which is
largely offset by the decrease in the amount of fresh steam required
to fill the clearance up to the initial pressure. There is some con-
densation of the cushion-steam, but this helps to warm up the cylinder
and piston-ends and to diminish the initial condensation.

THE ECONOMY OF HIGH-PRESSURE STEAM

The economy due to high pressure has been slowly developed in
practice by its gradual increase for power during the latter part of
the nineteenth century; so that the general limit of 50 to 60 pounds
rose to 80, 100, and even to 160 pounds for special purposes in a single
cylinder; and for multiple expansions, 150 to 200 pounds, which is
probably nearing its practical limit, although 250 pounds was ex-
ploited many years since in single cylinders by Perkins, in England,
with practical failure, and 1,000 pounds was used in a steam-gun of
Perkins’s design by the author sixty years ago in New York, which
proved a practical failure for that purpose.

A standard boiler is assumed to evaporate 34.5 pounds of water
per hour from and at 212° F. at atmospheric pressure, to indicate a
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boiler horse-power. This rate of evaporation is approximately used
for the relative size of a boiler for the required consumption of steam
per horse-power in any engine. The actual evaporation at higher
pressures is less by a small percentage, for its rating for at 75 pounds
pressure it is 33.85 pounds, and at 150 pounds it is 32.89 pounds.

The weight of steam per cubic foot increases in a far greater ratio
in a rising pressure than is due to the decrease in boiler-evaporation,
being .0380 pound at atmospheric pressure, .208 pound at 75 pounds
gauge, and .367 pound per cubic foot at 150 pounds gauge-pressure;
inversely, the relative volumes vary greatly from 1,646 cubic feet per
pound at atmospheric pressure—which is valueless as a power from
pressure alone—to 299 cubic feet per pound at 75 pounds pressure,
and 169 cubic feet per pound at 150 pounds pressure.

With any given single-cylinder engine using steam at 75 pounds,
cutting off at 1% with 5 per cent. clearance, the quantity of steam
used per cubic foot of cylinder-volume will be .208 X .4 =.0832 pound
per cubic foot, with a mean effective pressure of 58.6 pounds and
terminal of 25 pounds absolute. For the same cylinder using steam
at 150 pounds, cutting off at { with 5 per cent. clearance, the
quantity of steam used per cubic foot of cylinder-volume will be
.367 X.1=.0367 pound, with a mean effective pressure of 58.8 pounds
and terminal of 8.4 pounds absolute, thus obtaining a saving in steam
of 56 per cent. for the same power. The saving in boiler-capacity
and fuel will approximate this proportion. In ordinary practice these
figures may not be reached, but a great saving has been proved under
practical conditions.

The losses and gains in economy of the use of steam are well illus-
trated by the following diagrams. In Fig. 142 is shown the loss by
decrease in the ratio of expansion.

‘The solid outline represents the work-area due to expansion of
steam when the cut-off occurs at half-stroke. That is, gm =2ga, or
the number of expansions is two. If, now, the number of expansions
is increased to three, so that gn=3ga, then there is added an area
bedf, shown in dotted outline, which represents an extra amount of
work obtained without increasing the quantity of steam used, since
there is no alteration of the volume of steam previous to cut-off.

For example, at 100 pounds absolute initial pressure, with 50 per
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cent. cut-off, the mean effective pressure will be 84.6 pounds for two
expansions; if expanded three times, the mean effective pressure will be

g [ m n
T

Fia. 142.—Loss in expansion.

69.9 pounds, with 50 per cent. more work at the reduced mean effective
pressure, or as 84.6 is to 69.9+34.9; then %%;807, or nearly 20
per cent. more work for the same volume of steam.

Manifestly, then, the increase of ratio of expansion has made a

greater amount of work available from the amount of steam used,

i

F16. 143.—Higher pressure and the vacuum.

and it is evident that the greater the ratio the larger becomes the ad-
ditional area bcdf, and consequently the less the steam-consumption
per unit of power developed.

The ratio of expansion may be increased by increasing the initial
pressure and shortening the cut-off. The final volume will thus
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remain the same, but the initial volume will be less than before, and
consequently the number of expansions will be greater.

Fig. 143 represents an indicator-diagram from one end of a simple
non-condensing engine. Suppose that the pressure is increased 12
pounds, and cut-off shortened so that exhaust will occur at the same
pressure as before. Then the steam-line will be raised to the shaded
position and an extra amount of work will be obtained, represented
by the area shaded with double cross-section lines. 1If, on the contrary,
the initial pressure be left unchanged and a condenser added, so that
the back pressure is reduced 12 pounds, then the area representing

O
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Fi1G. 144.—Ideal and actual curves.

increased work will be that shown by plain cross-sectioning. A
comparison of the two areas, which are to the same scales, makes
plain the gain to be derived from reducing the back pressure in a
non-condensing engine, rather than by increasing the initial pressure.

To illustrate further the economy of the use of steam at high
pressure, the diagram (Fig. 144) shows the relation of the ideal and
actual curves with the steam-consumption at varying pressures in
condensing-engines.

The curve shown solid is for the ideal engine, and consequently
is practically valueless, inasmuch as it does not pertain to actual
results obtained. But it does show what the perfect engine might
accomplish, and it thus forms a basis of comparison for results
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which have been secured in practice. The curve shown dotted is
plotted from the results of tests made upon actual engines at various
steam-pressures, the results showing highest economy being taken
in plotting the curve. As can be seen, the actual curve approaches
the ideal as the pressure rises, indicating that as the pressure is in-
creased the economy of the actual engine approaches more nearly
that of the ideal engine.

-

THE MOST ECONOMICAL POINT OF CUT-OFF

This was a much-discussed question a few years since, and the
cut-off was claimed to be equal to the
absolute back pressure
absolute initial pressure’
but as nothing was proposed in regard to the effect of the clearance
in this formula it should be added to give the real cut-off. For ex-

3

r Effective Horsepower
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&
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»
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F16. 145.—Diagram of economical cut-off.
ample, an initial pressure of 90 pounds and terminal pressure of 1

15"_,=.15 cut-off, which would give
104.7
a mean engine-pressure of 44 pounds without clearance, and 52 pounds
with 10 per cent. clearance, with a corresponding increase of steam

equal to a 20-per-cent. cut-off without clearance.

pound by gauge; this would be
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The experiments of Professor Denton show a larger cut-off for
the above conditions by a possible addition of the clearance to the
theoretical cut-off as above given.

In Fig. 145 is a diagram of the curves showing the most eco-
nomical cut-off at different pressures and the consumption of steam
corresponding with the cut-off. The engine was a 17 X30-inch non-
condensing, double-valve type, with clearance stated to be large.

In the diagram the vertical lines represent the cut-off, and the
horizontal lines the pounds of steam consumed per effective horse-
power. The intersection of the curves with the vertical lines shows
the variation of the weight of steam for each advance in the point of
cut-off. It will be seen from tracing the curves that the best result
for 30 pounds pressure was obtained at about %% cut-off, that for
60 pounds at about %% cut-off, and that for 90 pounds at about
15 cut-off. For a short distance each side of these points of cut-
off the economy shows but little variation, and that with increasing
pressure the point of economical cut-off has an inverse decreasing ratio.

From these and other experiments a formula has been deduced
for approximately the most economical cut-off for a non-condensing
simple engine, in which the cut-off =4——2103-I;, in which P is the initial
gauge-pressure, or above the atmospheric, and above a vacuum for a
condensing-engine.

The cut-off in a single-cylinder engine is limited, by an initial
gauge-pressure of about 110 pounds with 5 per cent. clearance, to a
minimum of one-fifth of the stroke for economic effect, as in this case
the terminal pressure will be but 1 pound above atmospheric and will

about equalize engine-friction.



CHAPTER XIII

THE INDICATOR AND ITS WORK

THE means of knowing what are the steam conditions within the
cylinder of an engine is a most important one to all concerned in the
operation of steam-power.

The interpreter is found in the indicator, a recorder of the varying
pressures within the cylinder from which the action of the valves
and valve-gear is noted upon sight, and by means of which the value
of the steam used is made a matter of rapid computation.

The indicators in use are of several patterns, all made on the
same general principle, namely, a light-moving piston, pressed by the
steam against a delicate
and accurately gauged
spring,operating a light
parallel-motion device,
which marks the lines
of pressure by a pencil
on a paper moved too
and fro, and which is
placed upon a cylinder
and actuated by the
motion of the pis-
L ' Nl L ton within the engine-

o toie) B cylinder.
e—‘)W_HHIH (=

In Fig. 146 we illus-
Frg. 146.—Indicator and reducing-wheel. trate one of the latest
patterns of an indicator

having a light aluminum reducing-wheel attached directly to the
diagram-drum. The reducing-wheel has a number of bushings for
its upper section, of sizes to equalize the length of diagram or card to

any length of piston-stroke. This method of reducing the piston-
190
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stroke of the engine is so neat, complete, and accurate that we forego
illustration of the many awkward reduction-devices in use.
In Fig. 147 are shown the details of the construction of the Lip-

pincott indicator. It
will be noted that
the indicator-cylinder
is steam-jacketed, with
steam-inlets below the
piston so that the cylin-
der and piston temper-
atures are always the
same and are also un-
der the same pressure
—a great advantage
when indicating under
high pressures.

A special feature in
its construction is the
free-moving piston,
which has a guide-rod
to which it is fixed,
with bearings at the
top of the spring and

Fia. 147.—Lippincott indicator.

in the cylinder beneath the piston, giving a perfect and free lineal

3
7 7 e

e

)

Fig. 148.—High-press-
ure piston.

motion to the piston and being practically
frictionless. The piston-area is usually exactly
4 inch for use up to 100 pounds pressure, with
springs of 60, 50, and 40 pounds per inch of
height in the card, while the high-pressure piston-
area is exactly 1 inch, and is suitable for indi-
cating up to 200 pounds pressure with the No.
60 spring.

THE ALUMINUM REDUCING-WHEEL

It is unnecessary to go into the relative merits
of the reducing-wheel versus the pendulum,
lazy-tongs, pantagraph, etc., as the superiority
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of a good wheel over these antiquated devices is conceded by all
up-to-date engineers. We admit that some reducing-wheels give so
much trouble from disarrangement of cords, breakage of springs,
and excessive wear that some engineers have gone back to the
old methods; but we have yet to learn of a case where a user of
the aluminum wheel has discarded it. By the aid of this wheel
directly connected to the indicator it is possible to indicate several
different engines in a day; but we have known of hours being con-
sumed in securing material for, and rigging up, a pendulum, and often
with inaccurate results.

The general design of the wheel is shown in Fig. 146. It is com-
pact, and at the same time has not been made so small that it is
subjected to rapid wear by use, or so that its application to long-

stroke engines will seriously tax
' I its capacity.

‘ The main-cord wheel is made
of aluminum, turned inside and
out, and perfectly balanced. This
wheel is capable of operating on
strokes as high as 7} feet, or more,
but by substituting a smaller pul-
ley it becomes suitable for short
strokes and high speeds, its range
then being from 6 to 24 inches.

The spring-case spindle ex-
tends through the case, and is
provided with a coarse square thread, eight to the inch, upon which is
a suitably shaped composition-nut, to which is attached the guide-
pulley arm.

Each revolution of the main-cord wheel moves the guide-pulley
across the face of the wheel about { inch, so that the main cord is
guided perfectly on the wheel, no matter in what direction it is led.

F16. 149.—Close-connected indicators.

The setting of an indicator is an important matter when accurate
results are sought. The point most desired is to have a quick transit
of the pressure in the cylinder to the piston of the indicator, and
for this purpose the indicator should be attached directly to the
clearance-space, of the cylinder without piping, elbows, or cocks,
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save the one on the indicator.

cross-pipe, with the indi-
cator in the centre, as
shown in Fig. 150. When
the connecting-pipes are
desired to be retained,
the angle-cocks at each
end are needed to lessen
the clearance. In this
case, with long-stroke
engines the cross-pipe
should be one size larger
than the thread of the
indicator-cock ; but a
better way is to use two
indicators.

A too long pipe-con-
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This is most desirable on high-speed
engines, as shown in Fig. 149; but as this needs two indicators, the
usual way for a single indicator is to connect the clearance-spaces with a

F16. 150.—Cross-pipe connection.

nection or a too small one produces freak cards, which do not represent

the true action of the steam within the cylinder.

(

1

S

=

L

il

F1a. 151.—Side connection.

be used to advantage to keep the cord uniformly taut.

On Corliss and other
four-valve engines the in-
dicator is attached at the
side of the cylinder, as
shown in Fig. 151. In
connections to vertical
cylinders care should be
had to prevent water from
filling the indicator-con-
nection, as it tends to pro-
duce a freak card for the
lower end of the cylinder.

When a pendulum or
pantagraph reducing-gear
is employed a light and
very flexible spring may
An arrange-

ment of this kind is shown in Fig. 152, in which a loop or hook
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attached to the cord may be extended by a light cord to a spring at
the side of the cylinder or engine-frame—a needed arrangement for

high-speed engines.

Spmw Indicator Wire—”

Loop and Hook /

o

Fi6. 152.—Slack-spring attachment.

Indicators are made right-and-left-hand, or with adjusting parts
to make the same instrument set both ways, as will be seen in Fig.

Fig. 153.—Right- and left-hand indicator.

153, in which the pencil-
holder may take the pen-
cil in opposite directions,
the stop-screw being
changed from one to the
other side of the arm,
and the drum shifted to
notches provided for the
change.

The details for oper-
ating the various makes
of indicators are sent
with the indicators, and
much of their mechanism
becomes apparent to
engineers on inspection.
The pencil should be

hard and sharp and the paper hard, cold-pressed letter-sheet or
bond-paper, which gives a good marking with the lightest pressure

of the pencil-arm.
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MEASUREMENT OF THE INDICATOR-CARD

The method of measuring the mean engine-pressure from the in-
dicator-diagram is shown in the double card (Fig. 154), which is the
usual way for taking the card for both forward and back strokes. To
lay off the diagram for measurement, run off on the straight edge of
a piece of paper with a dividers, eleven spaces that will overrun the
length of the diagram. Draw vertical lines at both ends of the diagram
and two lines below it, parallel with the atmospheric line, for a register
of the measurement. Lay the scale diagonally across the diagram,
as shown in the illustration, at an angle that will just divide the end-
spaces over the vertical lines at each end of the diagram; then mark

_ H. 3665 C. 366, o
T —— -

38.025 )
\ B.P. 3. 2 41"
Mees /| & - r

B \ . ,,::—-""P-C
[ S =3
R > g B N
. _:I"” /L/ \\
L—T i\
s 3 g & R a3 -I' ®
¢ = = 2 1!3 8 s 3 3 8

F16. 154.—Diagram lay-out.

with a point or pencil on the diagram the ten divisions on the scale,
and draw vertical lines across the marks, continuing them over the
outside register-spaces. Then proceed to measure, with the scale
corresponding with the indicator-spring, between the steam- and ex-
pansion-lines and the exhaust line and compression line. Enter the
amounts under the heads H and C in the columns below. Divide
their sums by 10 for the mean forward pressure of head- and crank-
ends, and equalize for their combined mean forward pressure, less the
back pressure; from which the horse-power may be computed, and
from the established point of cut-off the steam-consumption may be
found, as described in previous sections of this work. See ‘“Com-
pression”” and “Steam Used per Horse-Power.”
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THE PLANIMETER AND THE MEASUREMENT OF
THE INDICATOR-DIAGRAM

The most perfect measurement of the area and mean pressure of
an indicator-diagram may now be made by the use of the planimeter
which has been perfected in all its details.

In Fig. 155 is shown the Amsler planimeter, which consists of
two legs jointed with points at their ends, one of which is fixed, and
the other, the tracer, is moved
over the diagram in the same
direction as the indicator-
pencil. At their juncture is a
small shaft with a sharp-edged
disk, a cylindrical section with
a graduated scale read from a

Fia. 155.—Amsler planimeter. fixed vernier scale. A worm-
screw and index-wheel indi-
cate the number of revolutions of the rolling disk. To operate this pla-
nimeter, set the stationary point at any position, so that the tracing-
point can be carried around the line of the diagram without bringing
the wheel in contact with the paper on which the diagram is traced—
preferably so that the leg with the tracer in moving around the dia-
gram will cover an angular space
between 30 and 90 degrees from
the stationary pointer-leg.

For the mean effective.pressure
divide the area as indicated by the
scale by the length of the diagram
in tnches, and multiply the quotient
by the scale of the spring used in
the indicator.

One of the models of the Lippincott planimeter is shown in Fig.
156, in which R is the stationary point; T the tracer; ¢ a smooth,
round arm on which a scale is laid off; D a disk with a free motion on
the scaled arm. The traverse of the wheel on the scale indicates
the area.

In Fig. 157 is shown the Lippincott simplex planimeter in position

F16. 156.—Lippincott planimeter.
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for tracing the area of an indicator-diagram. This model eliminates
any possible error due to the looseness of the traversing-wheel in Fig.
156, inasmuch as the wheel is fixed on a small shaft which travels
under roller-bearings at either end of the frame; so that the plane of
the wheel is rigidly at right angles to its axis and therefore registers
without error.

To use the simplex planimeter a large sheet of smooth cardboard
should be obtained and the instrument placed on the diagram, about
as shown in the figure, with the tracer-point B at either of the points

Fre. 157.—Simplex planimeter.

X, and the wheel W about £ inch from the body of the instrument
(this distance is not important, only that the wheel must not strike
the frame at either extreme of its travel). . The position of the pivot-
point F should be particularly noticed, the angle of the arm being
somewhat greater than a right angle.

While the planimeter is held in the position shown in the figure, a
slight pressure on the wheel W makes an indentation in the paper
which is easily seen. The diagram is then traced in the direction of
the arrows, until the tracing-point returns to the starting-point X,
and while in this position the wheel W is again pressed in the paper,
thereby leaving two indentations. The distance between these,
measured by a scale of the same dimensions as that of the indicator-
spring—a 60 scale for a 60 spring—gives the mean effective pressure
direct and accurately. For the mean effective pressure direct, the
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tracer-bar should be extended until the points A and B are the same
distance apart as the extreme length of the diagram. If the reading
is desired in square inches
e and tenths, the points
' A and B should be set
B LI W 6 inches apart and a 60
scale used for reading the
area in square inches and
tenths.
I The three positions of
the planimeter, shown in
Fig. 158, are those as-
sumed during the tracing
of the diagram.

No attention need be
given to the movement of
the wheel while the card
is being traced, except
that the wheel is clear
from the frame by % inch
at the start, B, and does
not run against the other
end of the frame at the
finish, D, by an extra large
diagram. As the wheel
rolls—when the motion is
parallel to the tracer-bar
—and as the shaft slides
under the roller-bearings
without friction for all
movements at right an-
gles to the tracer-bar,
there is no scraping on the
paper, so that the line
may be traced without varying resistance, and the personal error
due to the operator is materially reduced.

F1G. 158.—Positions of the planimeter.
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WATER USED PER HORSE-POWER HOUR

The indicator-card, besides giving the horse-power at. which the
engine was working when the card was taken, and the adjustments
of valves, also indicates how much water the engine is using per hour.
This amount is usually then reduced to the amount of water required
by the engine per horse-power per hour, so that it can be compared to -
other engines, as each engine runs under varying conditions and may
be of a different type. This unit is taken as a standard of comparison.

The indicator-card assumes that all the steam within the cylinder
is steam, and takes no account of initial condensation or condensation
during expansion. It also does not take into account any leakage,
either through the valves or past the piston. The only way that
the actual amount of water that an engine uses can be obtained is
by direct measurement. This is done either by condensing the steam
after jt has passed through the cylinder, and weighing it, or by weigh-
ing the water before it enters the boilers on its way to the engine.
However, indicator-cards must be taken, from which the horse-
power is obtained, and as the amount of water that the engine uses
in one hour can be measured, by dividing that quantity by the horse-
power the real amount of water that the engine uses per horse-power
per hour can be obtained. This is usually a very laborious and
painstaking process, and the necessary appliances and apparatus are
rarely at the disposal of the engineer.

It is for this reason that the indicator-cards are used for this
purpose, giving as they do an indication of the amount of water
used by the engine, and therefore the economy. An engine always
uses more water than that represented by the indicator-diagram,
but never uses less water than that shown by the diagram, so that
if the diagram shows an uneconomical consumption, the engine is
sure to be uneconomical; but if the indicator-card shows that it is
economical, it may or may not be true. This latter condition depends
upon whether there is much initial condensation or much leakage.
The more leakage and initial condensation, the more will the theo-
retical amount differ from the actual amount. There are always
some leakage and initial condensation present in every engine, and it
is for this reason that an indicator-card represents the least amount of
water that the engine can use.
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The method for finding this amount is explained as follows: The
clearance-space of the engine should be known. By clearance in
this case is not meant the mechanical clearance between the head of
the cylinder and the piston when the latter is at the end of the
stroke, but the volume of steam that is required to fill the valve-
passages plus this mechanical clearance. ‘

The data that should be known about the card are its length, the
scale of the indicator-spring with which it was drawn, and the horse-
power, which can be obtained from the area of the card by the usual
formula:

PLAN
33,000’

where P =mean effective pressure in square inches; A =area of cylinder
in square inches; L =length of stroke in feet; N =number of strokes
per minute.

The mean effective pressure is obtained by multlplymg the area
of the card by the scale of the spring and dividing the product by
the length of the card;

Horse-power =

or. P—2res of the card
'~ length of the card

The most accurate method of procedure is to assume some point
on the expansion-line of the card, as at A (Fig. 159), and find the
pressure that corresponds to it. The line Am represents the position
of the piston at the point A. As no more steam can enter the cylinder
from the boiler after cut-off, any point can be taken on the expansion-
curve after cut-off. The percentage of clearance being known, the line
OG is erected at a distance from the admission-line equal to that
percentage of the length of the card. That is, if the clearance is 3}
per cent., the distance C is 3} per cent. of the distance L. Next find
the pressure of the steam at point A. This is obtained by measuring
the height Am, and multiplying it by the scale of the spring.

Assuming for the diagram an initial gauge-pressure of 145 pounds,
card =4.08 inches in length, exhausting on or near the atmospheric line;

X scale of the spring.

z=.75inch, and - m =.183 cut-off. Gauge-pressure at A =120 pounds;

gauge-pressure at B, 60 pounds; and the mean effective pressure is
found, as before described, to be 41 pounds per square inch. Then
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for 1 cubic foot of steam in the cylinder, the weight at 120 pounds
gauge by the steam-table is .304 pound. As the proportion of a cubie

foot contained in the rectb.ngle ZAm is %=.183 per cent. of a cubic

05563 X 60 X 33,000
41 x 144

60 X 33,000

144

foot, then .304 %.183 =.05563 pound, and =18.656

pounds per horse-power hour. Also:

and 09563 <13,750

T4

Then for any size cylinder under these conditions, its volume in
cubic feet multiplied by the speed of the piston in feet per minute—
by 60 and by .05563—will equal the total weight of steam consumed
per hour.

For the additional steam required to fill the clearance between
the volume due to compression and that due to the initial pressure,

=13,750, a constant,

=18.656 pounds per horse-power hour, as before.

G

ORI S

Exhaust Line,
Atmoapheric Line

Vacuum Line, (0%

F1a. 159.—The trial indicator-diagram.

we find for 145 pounds initial pressure .356 pound per cubic foot, and
for 60 pounds, .175. Then .356 — .175 =.181.035 (clearance)=
0063 + 18.656 = 18.662 pounds, the total weight of steam required per
horse-power hour. With compressions running nearly up to the initial
pressure, the differential loss is of inconsiderable value; but with no
compression the loss would be .356 X.035=.01246, or, say, 1} per cent.
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With considerable compression, and with the exhaust-line above the
atmospheric line, as shown in the diagram, the computed compression
may be largely increased and carried up to the initial pressure; and,
inversely, when the exhaust-line is below the atmospheric line, the
assumed compression is lessened.

An indicator-card from an automatic slide-valve engine, with
cut-off .115, and exhausting at 2} pounds back pressure, is shown in
Fig. 160. This engine had a 12 by 18 inch cylinder; revolutions, 124;
boiler-pressure, 68 pounds; initial engine pressure, 65 pounds; com-

Spring 50
Boiler Press. 88 Lbs.
M.E.P.2%.5

F16. 160.—High-compression card.

pression, 57 pounds; estimated mean effective pressure, 25.5 pounds;
computed horse-power, 32.5. Neglecting the clearance, which is
nearly compensated by the excessive compression, and including the
loss by the steam wasted in the back pressure, we find the pressure
at A, from the atmospheric line, 32 pounds, at which pressure 1 cubic
foot ot steam weighs .113 pound.

Then x=;—(ls‘—2)=.3093><.113=.03495 pound, the weight of steam
used per cubic foot of cylinder-volume, and, using the formula,
W 13,750
M E P =pounds per horse-power hour.

03495 %x 13,750
e ——%
255

Then for the total steam-consumption, 18.8X32.5=611 pounds
per hour. With a loss of 15 per cent. by condensation during ad-
mission, then (1—)—(%=-‘2.1 pounds per horse-power hour, or a total of
718 pounds per hour.

Hen =18.8 pounds of steam per horse-power hour.
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INDICATOR-KINKS AND ADMISSION AND
TERMINAL LINES

The distortions of the lines of the indicator-card are frequently
made a cause of inquiry by engineers, and for their better understand-
ing we illustrate some of these kinks, with their accounting.

Fig. 161 is a fairly good card showing a small advance of the cut-
off at the head-end over that at the crank-end, which also shows its
effect on the exhaust-end by the fuller curve. The cut-off of .37 at
the head-end and .34 at the crank-end shows this effect. It is not the
most economical power-card, as the exhaust commences at 40 pounds
and would make a better showing of steam-economy at one-fourth to
three-tenths cut-off; but with an automatic cut-off these are neces-

Rev. 280
Boiler Press. 110
Spring 60

F1g. 161.—Automatic cut-off card.

sarily variable points. The compression is one-half the initial pres-
sure, or 64 pounds, which should make a smooth-running engine at
the speed shown on the card.

The wavy expansion-lines often shown on indicator-cards are
mainly due to friction in indicator parts, such as a sticky or too tight
piston, looseness or tightness of the joints, too much pressure of the
pencil upon the paper, rough paper, irregular tension of the barrel-
spring by touching the sides of its chamber, elasticity or vibration
of the cord, and the momentum of the moving parts—the last of
which is greatly increased with high speed. All these produce irregu-
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larities not due to valve-motion, but may sometimes become accen-
tuated by leaky valves.
The admission- and release-lines as shown on indicator-cards,

F16. 162.—Wavy expansion-lines.

have distinct bearings on the action of the indicator, the valves,
and the steam in the cylinder.

The diagram A Fig. 163 shows that at the moment when the com-
pression-line C is completed the valve opens quickly and throws the
admission-line vertically to the initial pressure. This involves the
question of lead, the amount of which the size of the engine and the
speed may determine. Lead should be as little as possible and allow

Fia. 163.—Compression- and admission-lines.

the admission to be vertical. When lead is made to admit steam
just before the end of the stroke, the compression-line is carried up-
ward, as at B. This has been a matter of discussion; but the con-
sensus of opinion is that compression should be high with small lead,
especially with high-speed engines. D and E show that the valves
opened late—so much so in E as to invalidate the value of the card
for economy.

The point X above the admission-line Y in the diagram F may



THE INDICATOR AND ITS WORK 205

indicate too quick opening by lead and the momentum of the moving
parts of the indicator from the sudden pressure—more often made by
high-speed engines.

The steam-lines, Fig. 164, indicate variations in the normal action
of valves, in which G shows a full opening to the boiler-pressure dur-
ing admission, H a too small steam-pipe or excessive speed, I

(T\N | r
B

| —
F1G. 164.—Steam-lines.

probably a large steam-chest and small steam-pipe, and J a light
load and early cut-off. K shows slight compression and steam ad-
mission just past the centre—a good indication for a pounding engine.

Theline L in Fig. 165 has the compression-line rising to the point C
and forming a small loop, caused by late admission, the valve not
opening until the return-stroke is well under way.

The diagram M shows a still later opening of the valve sometimes
met with, in which the loop may vary in size and be carried to the

LR R

F1G. 165.—Erratic admission-lines.

top of the card, as in the diagram N, when the compression-line extends
above the steam-pressure in high-speed engines from over-compres-
sion and late valve-opening. The same effect is shown in diagram O
for light load and short cut-off. An offset in the compression-line,
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as O at P, indicates a leak during compression by a valve lifting
from its seat—generally the exhaust-valve in four-valve engines.

The diagram Q Fig. 166 shows that the exhaust closes too late

to cause any compression, the piston starting on its return just be-

fore the inlet-valve opens, when steam may

blow through the exhaust-valve.
In the diagram R the exhaust-valve does
not close until the piston is well on its way,
Q R causing a slight vacuum before the inlet-
valve opens, owing to slipping of the eccen-
v -

tric, thereby making the whole valve-motion
late.

The forms of the release-lines are relative
counterparts of the steam- and admission-
lines, and are subject to abnormal proportions depending upon the
steam-lines and the exhaust-valve action.

In the diagram B Fig. 167 the dropping of the expansion-line
below the exhaust is very undesirable in a working engine, except
in extreme conditions of load or in friction trials. The loop B varies

e o )

F1G6. 167.—Release-lines.

Fia. 166.—Faulty valve-
setting.

in form and length by the action of the exhaust-valve. In the diagram
C the release takes place at D by too early opening and throttling
of the exhaust-valve, whereas the opening should be made at E, as
shown by the dotted line, and a small saving made in the mean
effective pressure. A better release is shown at F and H. There can
be no object in delaying the release causing increase of pressure at the
moment of exhaust, as shown at G and J, the latter being a late release
on a condensing-engine, of which K is a good example of a slow release.
The small drop near the end of the expansion-line generally shows a
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slow action of the exhaust-valve, or a throttling in the exhaust-
passages.

In Fig. 168 are shown two sets of cards from a high-pressure
cylinder—30 X 48—at 87 revolutions per minute, exhausting into a

30 x 48
PRESS 103 LBS.

SPRING 80

RECEIVER PRESS. 25 LBS.

30 X 48

BPRING 80

PRESS 103 LBS.

—
RECEIVER PRESS. 25 LBS.

F16. 168.—Exhaust-lines.

receiver under a varying load. The sweeping upward of the exhaust-
line through the middle of the stroke shows a throttling of the exhaust-
passages between the high-pressure cylinder and the receiver.

Much more might be written in regard to the eccentricities ob-
served on indicator cards, due to the combined effects of valve-gear
setting and its looseness of joints; irregularities of indicator move-
ments and transmission devices; but we think enough has been
shown to cover the leading faults, from which the origin of minor
irregularities shown on cards may be readily located.




CHAPTER XIV

STEAM-ENGINE PROPORTIONS

Economy in the use of steam is one of the first considerations in
the design of a steam-engine. The cylinder, its principal part, should
have its relative dimensions of diameter and stroke as nearly equalized
as possible, unless other requirements—such as speed, or lightness
of parts, or of the whole engine—suitable for its special service, may
be inducements for designing the longer stroke and slower speed, as
used in the comparatively slow-speed Corliss type. A large propor-
tion of the high-speed engines of to-day are designed on the short-
stroke ideal.

The considerations for the condition of the steam are essential,
and may be taken as follows:

Saturated steam is steam of the temperature due to its pressure.

Superheated steam is steam heated to a temperature above that
due to its pressure.

Dry steam is steam which contains no moisture, and it may be
either saturated or superheated.

Wet steam is steam containing intermingled moisture, mist, or
spray, with a temperature equal to that of dry saturated steam at
the same pressure.

The following formulas for steam-engine proportions are quoted
from various authorities, and show slight differences derived, probably,
from different lines of investigation and experience in formulating
values for steam-engine design. The builders of to-day may have
arrived at still different values and proportions in their practice.

INITIAL CONDENSATION.
. S (T-t)
Bodmer: W =weight of steam condensed =C m pounds per
minute.
T =mean admission-temperature;
t =mean exhaust-temperature;
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- S =clearance-surface in square feet;
N =number of revolutions per second;
L =latent heat of steam at mean admission-temperature;
C =constant for any given type of engine.

For high-pressure, non-jacketed engines, C=about .11; for con-
densing, non-jacketed engines, C= .085 to .11; for condensing jacketed
engines, C=.085 to .053. The figures for jacketed engines apply to
those jacketed in the usual way, and not at the ends.

C varies for different engines of the same class, but is practically
constant for any given engine.

The condensation may be, under varying conditions, from 20 to
50 per cent. of the weight of steam given to the engine.

THE CYLINDER—DIAMETER.

Bodmer: P =mean effective pressure in pounds per square inch;

L =length of stroke in feet;

A =area of piston in square inches;

N =number of strokes per minute;-

r =ratio of length of stroke in inches to the distance
travelled by piston in inches before cut-off;

p1 =initial pressure in pounds per square inch;

pz = absolute boiler - pressure = gauge reading + 15
pounds.

If pipe from boiler is well lagged:
p1 =13 p2 (Whitham);

P _1+hyp. log. r +hy[;. log. r p1—back pressure;

A _L H. P.X33,000
PLN ’
Diameter=D=é,\/ A _205 LH.P.
.w PLN

Thurston gives D=} L to L.

For compound engines design the low-pressure cylinder by the
same formulas used in designing a single-cylinder engine, for the total
power, given initial and exhaust pressures, and total expansion. The
size of the high-pressure cylinder is then determined by the table of
cylinder-ratios.
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CyLINDER-RATIOS IN CoMPOUND ENGINES.

~ Grashof: y‘;= 85¢/1.
Hrabak: % =9y T.
Werner: K =4 .
v
Rankine: % =41

V =volume of low-pressure cylinder;
v =volume of high-pressure cylinder;

r=ratio of expansion.
Boiler-pressure in }
pounds per squareinch
\'

v 3
A\’

Busley:

CYLINDER-RATIOS IN TRIPLE-ExXPANSION ENGINES.
Whitham: '

VoLumes, HigH To Low.

90

105 120

4.5 5

Boiler-pressure gauge. High pressure. Intermediate. Low pressure.
130 1 2.25 5
140 1 2.4 5.85
150 1 2.55 6.9
160 1 2.7 7.25

For 170 and upward, use quadruple-expansion.

Common rule: Ratio of volumes of high to intermediate, and that

of intermediate to low, are each equal to i/-r: and the ratio of high

3 R —
to low= ¢/ r2.
Seaton:
VoLuMmes, HicH To Low.
Boiler-pressure, High. Intermediate. Low
125 1 2 5
135 1 2 5.4
145 1 2 5.8
155 1 2 6.2
165 1 2 6.6
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General practice:
Diameter of intermediate cylinder =1.5 diameter of high;
Diameter of low-pressure cylinder =2.5 diameter of high.
Length (as given by Whitham):
Length of bore=L +breadth of piston-ring=% to } inch;
Length between heads =L + thickness of piston +sum of clear-
ances at both ends.

CYLINDER THICKNESS.
t =thickness of cylinder in inches.
Thurston: t=a p; D+b:
p1=initial unbalanced steam-pressure in pounds per
square inch;

a is a constant, equal to .0004 in short-stroke or
vertical-cylinder engines, and equal to .0005 in
long-stroke or horizontal-cylinder engines;

b is a constant varying from 0 to } inch.

Whitham: t=.034'p D for any size cylinder;
t=.003 D 4/'p for small cylinders;
p=boiler-pressure in pounds per square inch.

Seaton: t=.5+.0004 p D.

Unwin: t=.02 D+.5 to .05 D+.5 (variable).

Van Buren: t=.0001 D p+.15 ¢ D.

Weisbach: t=.8+.00033 p D.

Haswell:  t=.0004 p D+ for vertical;
t=.0005 p D +} for horizontal.

Marks: t=.00028 p D.

Rankine: t= pD.

2f"’
f = tensile strength of material, with a factor of safety,
from 30 to 40.
Barr: t=.05 D+.3 inch, a formula which represents the

average practice of modern engine-builders.

CyLINDER-HEADS,
Thurston: t=.000333 D p+.25;
D being diameter of circle in which the thickness is
taken;
t=.005 D¢/ p +.25.
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Marks: t=.003 DV?;
t=.00035 p D.
Seaton: t=.0005 p D+.25;
t=.0022 p D+.93.
Kent: t=.00036 D p+ .31, which represents average practice.

CyLiNDER-HEAD BoLrts.
Whitham: Diameter of bolt-circle =D + twice the thickness of the
cylinder + twice the diameter of bolts.
Bolts should not be more than 6 inches apart.

= -— p—' ‘
d D4/5,000n’

d=diameter of bolts at root of thread;
n=number of bolts.

Marks: n=.0001571 L:E ;

c=area of one bolt.
Thurston: Distance between bolts=four to fdive times thickness

of flanges;
n=.0002 &

Barr: n=.7D;
d=.025 D+.5.

Both of Barr’s formulas represent average practice
among builders of modern low-speed engines.

CYLINDER-FLANGES.

Thurston: Thickness of cylinder-flanges is usually made equal to
the thickness of flanges of the heads.

Barr: Thickness of flanges=1.2 times the thickness of the
cylinder.

CLEARANCE.
Seaton: § to 2 inch for roughness of castings, and { to } inch for
each working-joint.

STEAM-PIPE.
Kent: Pipe-diameter =.4084/ H. P.
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ExnausT-PiPE.
Area=25 to 50 per cent. greater than area of steam-pipe.

VALVE-PORTS.
Kent: Length of port=.8 D;

ALN . .

Area of steam-port = 6,000 in feet;

Area of exhaust-port=1.5 area of steam-port.
ALN

Barr: Area of steam-port = P

where ¢ =5,500 in high-speed engines,
and ¢=6,800 in low-speed engines.

STEAM-CHEST.
Thurston: Thickness=.003 D4/ p.
Seaton: Thickness=.7 (.25+.0005 p D).
Number and size of bolts are to be determined as for
cwinder-head.

VALVE-STEM.
Whitham: Diameter =5 D;
=} diameter of piston-rod.

Piston.
Marks:  Thickness of piston-head = YL1D.
Barr: Piston-face =.46 D for high-speed engines;
=.32 D for low-speed engines.
Whitham: Thickness of piston=breadth of ring + thickness of
flange on one side to carry the ring + thickness of
follower-plate. ’

Piston-RINGS. '
Seaton: w=.63 (02 D¢/ p+1).
Whitham: w=.15 D.
Unwin: w=.014 d+.08.
Kent: t=:0333 D +.125;
w=width of ring in a direction parallel to the axis of
the cylinder;
t = thickness of ring on a radial line.
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Eccentric PisToN-RINGS.

Maximum thickness=.05 D;
Outside diameter of ring=1.05 D;
Inside diameter of ring=.97 D;
Eccentricity of inner circle=.01 D;
w=3 to § inch.

Kent: Mean thickness=.0333 D +.125;
Minimum thickness=$§ maximum.
Piston-Ron.

Unwin: d”=b D¢/ p;

p =maximum unbalanced pressure in pounds per square

inch;
b =.0167 for iron and .0144 for steel;
d”=k D p;

k is a constant, depending on the stress f, allowed in
the material as follows: )

2,000 l 2,500 ‘ 3,000 l 3,500 ' 4,000

.0224 ‘ .02 ' .0182 .0169 .0158

f =3,000 to 3,600 in short-stroke direct-acting engines;
f =2,000 to 2,500 in long-stroke horizontal engines.

. ———
Thurston: d” = \/_D'*’pf"lﬂ_ +.0125 D;

Marks:

a =10,000 in high-speed engines and 15,000 in low-
speed engines.

d”=.0179 D4/ p for iron;

d”=.0105 D4/ for steel.

Seaton: d’= %V -[T,

F =45 to 60 for direct-acting engines.

Whitham: d”’=k D;

k =.1 for wrought iron on condensing-engine;

=.08 for steel on condensing-engine;

=.125 for wrought iron on non-condensing engine;
.10 for steel on non-condensing engine.
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Kent: d”=.0134/D1p; l1=length in inches.
Barr: d”=.145@ for low-speed engines; } L —inches
d”=.114D L for high-speed engines. )
Cross-HEAD SLIDES.
The thrust on the guide when the connecting-rod
is at its maximum angle with the line of the
piston-rod = P, tangent of the angle Z, whose sine

_ stroke of piston
2 X length of connecting-rod’
P=.7854 D2p;
Area of slide= Pta“%“tz_;
0

po=allowable pressure per square inch on slide.
Seaton: pp<400 pounds per square inch.
Rankine: po=72.2 pounds per square inch.
Whitham: po=100 pounds per square inch.
Thurston: p V < 60,000 and > 40,000; °
V =relative velocity in feet per minute of the rubbing-
p surfaces.
Barr: Area=.63 A for high-speed engines;
=.46 A for low-speed engines.
Cross-Heap PIN. 4
.7854 D2 p
1,200 '’
Length =1.4 diameter of piston-rod.
Diameter =1.25 diameter of piston-rod.
Whitham says the bearing-surface is found by the formula
for crank-pin design.
Barr:  Projected area=.08 A for high-speed engines;
~ =07 A for low-speed engines.

Seaton: Projected area=

Small engines {

CoNnNEcTING-ROD.
Ratio of length of connecting-rod to stroke:
Thurston: 2 or 2} to 1.
Whitham: 2 to 4}.
Marks: 2 to 4;
d” =diameter of circular connecting-rods larger at the
middle.
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Whitham: d” (at middle) =.02724'D 1 4/ p:
1=length of connecting-rod in inches;
d” (at necks)=1 to 1.1 diameter of piston-rod;
Diameter at the crank-pin end =1.08 times the diam-
eter at the cross-head end. The rod is larger at
the middle and tapers about § inch to the foot.

Marks: d”=.0179 D 4/ p, if diameter is greater than 5 length;
d”=.02758 ¥ D 14/, if the diameter found by the
previous formula is less than 517 length.
Thurston: d” (at middle)=a 4 D L ¢/ p+C;
a=.15 and C=.5 for fast engines;

a=.08 and C=.75 for moderate speeds.
Donaldson: d” (at necks) =.0024 D2 p.

Sennett: d” (at middle) =.01818 D ¢/ p;
d” (at necks) =.01666 D ¢ p.

Seaton: d”=.02758 ¥ D14/ p.
Kent: d”=.021D 4 p.
Barr: d”=.0924/ D1

ReEcTaNGULAR CONNECTING-ROD.

Thurston: t=.0209 ¥ D14 p +.47;
t =distance between parallel sides;
Depth at cross-head end=1.5 t;
Depth at crank-end =2.25 t.

Kent: t=01 D 4 p + .6.

Borrs IN END oF CONNECTING-ROD.
Whitham: Diameter at root of thread

D n
vn 2p for wrought iron;

D n_
4/ 2_
=lengt.h of connect-ing-rod_
length- of crank
p=maximum pressure.

for steel;
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Capr oN Enp oF CoNNECTING-ROD.
Whitham: Depth of cap at centre

2
=271 1/ f)lr;_:/)%—_ for rigidity;
npl pl
fbynz—1’
1 =length of cap between bolt-centres;
b =breadth of cap;
E=modulus of elasticity of metal used:
=28 million for wrought iron,
42 million for steel, and
18 million for cast iron;
b =4 to  length of journal=diameter of neck of con-
necting-rod +§ to % inch;
d =depth of cap=.6 diameter of connectlng-rod— 8

diameter of bolts +p1tch of thread on bolt

Depth of cap at centre=1.5 D 1/

10
CraANK-PIN.
I.H. P.
Marks: 1=.0000247 f p! N D2=1.038 f L
Whitham: 1< .9075 f 1%3,

1 =length of crank-pin journal in inches;
p!=mean pressure in cylinder in pounds per square
inch;

f =coefficient of friction, from .03 to .05 for perfect
lubrication, and from .08 to .1 for imperfect lubri-
cation.

Thurston: 1 =—1,2P60§)00 for steel pins;
PN
600,000
PV
60,000 d’
V =veiocity of rubbing-surface in feet per minute;
P=mean total load on pin;
d =diameter of pin.

1=

for iron pins;

1=
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Rankine:

Unwin:

Unwin:

Thurston:

Unwin:

Marks:

Whitham:

Barr:

STEAM-ENGINE PROPORTIONS

_P(V+20)
44,800d °
_P
T pod’
P =greatest load on pin;
Po=pressure in pounds per square inch cf bearing;
Po varies from 150 to 200 in small land engines, and
from 400 to 800 in large land and marine engines;
I H. P,
r )

1

l=a

r =crank-radius in inches;
a=.3 to .4 for iron pins;
a=.066 to .1 for steel pins.

a4/ 3L /¥,
po f
f =twisting-stress, say 5,000 pounds per square inch.

d= ,‘3/ 591)(1;01 for wrought iron; increase d 10 per cent.

in case of steel;
P=maximum load on the piston.

d=.0947 to 0827 ¥/ P for wrought iron;
d=.0827 to 0723 ¥/ P 1 for steel.

_ 41 D2 4 /H.P.B,
d=.066 /P 13D .9451/ i

P=maximum steam-pressure in pounds per square

inch.

3, — 3/2H.P.1
=.0827y P1=2. .
d=.0827 ¥/ 210581/_L_N_,
d=.405 9 P B,

Projected area=a=.24 A for high-speed engines;
a=.09 A for low-speed engines;
H.P

1=3 T +2.5 for high-speed engines;

1=.6 H—LB +2 for low-speed engines.
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CRANK.

Thurston: b= .7854 f D2 p R secant z l

a d?
b =thickness of web
d =width of web;
1 =radius of crank;
p=maximum unbalanced pressure in pounds per
square inch;
z=angle of rod with centre-line of the engine;
f =factor of safety.

The diameters of the hubs are about twice the diameters of the
corresponding shafts, and d, at either end, is three-fourths the diameter
of the adjacent hub.

Emplrlcal rules adopted by builders give for wrought iron:

Hub-diameter =1.75 to 1.8, the least diameter of that
part of the shaft carrying full load;

Eye-diameter=2 to 2.25 times the diameter of the
inserted portion of the pin;

Hub-depth=1.0 to 1.2 diameter of shaft;

Eye-depth =1.25 to 1.5 diameter of pin;

Web-width=.7 to .75 width of adjacent hub or eye;

Web-depth=.5 to .6 depth of adjacent hub or eye.

Whitham: W x=£ @Y%,

k =thickness parallel to shaft, and generally =.75 shaft-
diameter;
2 y=variable width;
x =distance from crank-pin centre to piace where 2 y
is measured;
f =allowable stress per square inch of material;

¥ n24+1
n ’

W=.7854 D2 p

length of connecting-rod
length of crank
For a two-cylinder engine W=1.414, and for a three-cylinder
engine W =2 times the above value.

where-n=
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SHAFT.
When designed for combined twisting and bending:

Whitham: d= 1/5”"

T =greatest twisting-moment on shaft due to load on
the piston;

M =greatest bending-moment on shaft due to load
on the piston;

T’ =Equivalent twisting-moment =M + ¢ M2+T2 on
outer journal for overhung crank;

T’=% —12—2+T2 for double, crank arm.

The above formula gives safe values except with very heavy fly-
wheels, where the shaft must be designed with reference to bending
due to the weight of fly-wheel and shaft.

Kent: d =.43 D for long-stroke engines;

d=.4 D for short-stroke engines.
For two cranks at 90 degrees:

d=1.932 Vl,

T =maximum twisting-moment produced by one piston;
f =safe-working shearing-strength of material.

LENGTH OF SHAFT-BEARINGS.
Marks: 1 =.0000247 f p N D?;
f =coeflicient of friction;
p=mean pressure in pounds per square inch on piston.
4H.P.
r ’
r =radius of crank in inches;
1 =(.002 N +1) d for wrought iron;
1 =(.0025 N +1.25) d for steel.
Barr: 1=2.2 d for high-speed engines;
1 =1.9 d for low-speed engines.
FLy-WHEELSs.

Unwin: 1=

D, =dizimeter in feeh=3’§2o;
Thurston: D;=4L; AL

P for automatic valve-

W =weight = 1,000,000 N?D,?
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gear engines and ordinary forms of non-condensing
engines with a ratio of expansion from 3 to 5;

p=mean steam-pressure in pounds per square inch;
aAL

W= N? D

a ranges from 40 to 60 million, with an average value of
48 million.

Rankine: W =1,900,000 ALp .

Stanwood : W =2,800,000

VD;2R’
V =variation of speed per cent. of mean speed.
D2§ |
D,z N?’
D =diameter of cylinder;
S =stroke in inches.

FLy-WHEEL Riwms.

FLY-WHEEL ARMS.

Torrey :

Unwin:

7D
t="%z -
WL .
b=30 ¢
w-3Y,
n

W =load in pounds acting on one arm;

L =length of arm in feet;

S =strain on belt in pounds per inch of width, taken at
56 for single and 112 for double belts;

y=width of belt in inches;

d =depth of arm at hub in inches=major axis;

b=breadth of arm at hub in inches=minor axis.

In using the formula assume depth.

Depth and breadth can be reduced by about } at rim.

d=.6337 i/ BnDl for single belts;
3 /B D
n

d=.798

b=.4d;
B=breadth of rim.

for double belts;
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MaxiMuMm SPEED OF FLY-WHEELS.

80 feet per second =4,800 feet per minute; R. P. M. = l’—?
88 feet per second =5,280 feet per minute; R. P. M. =%‘g.
100 feet per second =6,000 feet per minute; R. P. M. =l%1—0.
MaxiMmuMm DiaMETER IN FEET OF FLY-WHEELS.
80 feet per second =4,800 feet per minute; D =R—1'I‘r;2—;[
88 feet per second =5,280 feet per minute; D=R1.’g§(;)\i.'

. . 1910
100 feet per second =6,000 feet per minute; D_——R. P M

D =diameter of wheel in feet.

The following tables of the principal dimensions of high- and low-
pressure cylinders have been compiled by Mr. L. L. Willard, a designer
of Corliss engines, and although they may not conform to the practice
of every builder, may be a good schedule of reference for the various
sizes of cylinders for the high and low pressures of 150 and 50 pounds

respectively.

TasLE XXX.—HI1GH-PRESSURE CYLINDER-DIMENSIONS FOR 150 PounNDs STEAM-

PRESSURE.
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TaBLE XXXI.—Low-PrEsSURE CYLINDER-DIMENSIONS FOR 50 PounDs STEAM-

PRESSURE.

The piston of a steam-engine has been a matter of much study
with engine-designers in order to counteract the wear of both piston

and cylinder from excessive frictional action.

solid bearing-surface drifted
into the form of a solid pis-
ton with one or more plain
and eccentric snap-rings
with followers, which later
developed into a composite
piston of almost as many
variations as there are build-
ers of engines, for almost

The early form of a

N

=
=

Fia. 169.—Composite piston.

every designer has a kink of his own, which he always regards as the
best. In Fig. 169 is shown a composite piston, consisting of a spider
and a follower-plate that clamps a bull-ring, which is made adjustable



224 STEAM-ENGINE PROPORTIONS

by lock-screws for keeping the piston-rod concentric with the cylinder;
the lock-screws are threaded in the web of the spider, with lock-nuts
on the inside. On the left side of the cut is shown the single-snap
spring-ring held out by flat springs against shoulders, and at the right
a double spring with the same con-
struction. This piston is used on the
engines of the Murray Iron Works
Company.

Another model, Fig. 170, has a
packing-ring made in six segments,
with halved joints, and set out against
the cylinder-walls by small coil-springs
held in brass sockets screwed into the bull-ring. The bull-ring is
adjusted by lock-screws in the web of the spider.

In Fig. 171 are represented the cross-head and a half-section of the
piston as made by the Hewes & Phillips Co.

The cross-head is secured to the piston-rod by a thread and nut,
or a taper fit with a cross-key which draws the rod firmly to the shoul-
der. The wedge form of a gib at the top and bottom of the cross-head
provides means for adjustment.

The sliding surfaces of the gibs are faced with antlfrlctlon metal,
and the surfaces of these gibs are amply large for the severest duty.

The design of the
cross-head is such as
to entirely avoid the
springing of the piston-
rod or any tendency
to force the cross-head
out of line.

The piston is a
strongly ribbed cast-
ing, securely fastened
to the piston-rod by
forcing. It is further
secured by a strong and
substantial key midway in its bearing in the piston. The end of the
rod is also riveted. There is a tendency in all pistons to wear down
or get out of centre. When this occurs the piston-rod is liable to be

—
S S

N\ ,,,,{

Fi6. 170.—Segmental piston.

//-

F16. 171.—Hewes & Phillips cross-head and piston.
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grooved and the gibs of the cross-head to wear unequally on their
opposite ends. To obviate this the piston is furnished with a solid
bull-ring, against which suitable screws with jam-nuts are provided
for adjustment. By this means perfect alignment of the piston with
the cylinder can be readily secured.

The bull-ring is a-solid casting turned in such a manner as to have
a full semicircular bearing on the lower half of the cylinder. At
either end of the bull-ring are narrow piston-rings, which wipe over

0
3

) \\\\\\\\\

W

Fig. 172.—Harris piston.

the counterbore at each end of the cylinder, so that no shoulders
can be worn on its surface.

In this design of piston the packing is self-acting in its adjustment,
while the adjustment for alignment can be readily made by removing
the follower and setting up the screws provided for this purpose.

In Fig. 172 are shown a plan and section of the Harris piston, con-
sisting of a seven-part spider and as many locked set-screws for central
adjustment. The rings are also in seven spliced segments, set out
with helical springs.

As the piston, together with the piston-packing, is one of the
most important parts of the engine, particular attention has been
given to its design and construction.

It is forced upon the rod by hydraulic pressure, which in the
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larger sizes the bearing is made the full thickness of the piston, with a
steel collar screwed on the end of the rod; otherwise a recessed nut,
as shown.

The bull-ring extends over the full width of the piston, overlapping

the piston and the follower. It is grooved to receive the segmental
packing.

All of the Harris pistons are fitted with bronze adjusting-screws,
so that they can be kept centrally within the cylinder and that the rod

may always be in perfect alignment.
— In Fig. 173 is shown a cross-head
of the Nordberg engine, which is ad-
justed by a top and bottom wedge
- and screws with lock-nuts. The ad-
justment of the cross-head for keeping

the piston-rod in the central line and

parallel with the piston-bore is an

B« 0 o N | essential part of engine-management;

Fia. 173.—Nordberg cross-head. 8nd these designs are most numerous,
but all having or seeking the required

ideal of perfect control and fixedness of the adjustment.

In Fig. 174 is shown a similar arrangement in the cross-head of
the Murray engine, with cylindrical Babbitted bearings on wedge-
shoes that are bolted to the
main block.

The design of the connect- ¢
ing-rods and the method of
adjustment of their boxes
vary very much with engine-
builders, the wedge and screw
being in general use. o DG~z

In Fig. 175 is shown the &Ik —rmmmzy
rod-end used by the W. A, Fig. 174.—Cylindrical cross-head.
Harris Company, in which the
inner box has an inclined back with a wedge and draw-screws on each
side. The screw sprevent a possible movement of the wedge by the
motion of the rod.

In Fig. 176 is shown the connecting-rod end of the Filer & Stowell
Co., on which the adjusting-wedge is placed horizontally at both ends
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of the rod, and adjusted by a collar-bolt and lock-nuts. A set-screw
underneath is added as a safety-check.

The main bearings of a steam-engine require the same care as its
other running parts—not only in providing for its proper lubrication,
but also as the means for taking
up of the boxes to meet the wear. '

X Oy e

F1c. 175.—Cross-key box. Fia. 176.—Side-key box.

In horizontal engines the thrust of the piston may cause a pound in
the main bearing by looseness from wear, and in vertical engines the
wear in the journal-boxes is vertical from the action of the piston,
but may also be crosswise from the belt-pull. -

1
—
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Fia. 177.—Main bearing, Bayley engine.

In Fig. 177 are shown a half-view and half-section of the self-
lubricating main bearing of the Bayley engine, in which a ring dips
into the oil-chamber below, and, rolling over the top of the journal,
gives it a constant and economical oil-feed. A gauge-glass connected
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to the bottom of the chamber shows the height of the oil, and the
drip-cock allows of drawing off the oil and cleaning the chamber
when required.

The adjustable main bearing used on the Todd engine is shown in
section in Fig. 178, in which the quarter-boxes on each side are ad-

r!./ V

—

\

Fia. 178.—Main bearing, Todd engine.

justed by wedges at their back and by long stud-bolts reaching through
the cap with locking-nuts. The cap of this bearing has a hand-hole
and cover large enough to allow the journal-surface to be examined
while the engine is running.

THE FLY-WHEEL

The most important element in controlling the motion of a steam-
engine is that which equalizes its transmission of speed. The fly-
wheel takes action before the governor in all motors or engines that
receive their impulse in unequal increments, and the more unequal
the impulse the more important is the office of the fly-wheel.

Its power to equalize the speed of revolution depends upon its
weight and rim-velocity, while the governor only regulates the im-
pellent force that drives the engine. Solid fly-wheels of cast iron as
ordinarily made are limited to a rim-speed of about one mile per minute,
with their usual diameter limited at 8 feet, and from 8 to 16 feet in
halves, divided through the arms or between them. Above 16 feet
in diameter sectional wheels are of the usual construction, with the
joints at the end of the arms, and sometimes with the arm and
section cast in one piece.
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Fig. 179 shows a channel rim-wheel, as usual made in halves, and
Fig. 180 a heavy rim-wheel in sections bolted to the arms.

The ultimate strength-efficiency of the wheel divided in halves,
with ordinary bolting at hub and rim, is about 25 per cent., the sec-

D> T2

Fi1e. 179.—Wheel in halves. Fia. 180.—Sectional wheel.

tional about 50 per cent., and with heavy rim-wheels reénforced with
links shrunk on, an efficiency of 60 per cent. may be obtained.

In the following table are given the number of revolutions of solid
wheels and the different models of sectional wheels according to their
percentage of efficiency, with a speed-margin of safety of one-third
of their tensile strength.

This table has been computed on the assumption of 100 feet per
second rim-speed as the maximum safe velocity of the rims of solid
cast-iron wheels.

For _sectional wheels with flange-joints between the arms,
100 X4/.25=50 feet per second.

For sectional and belt wheels having joints at the end of the arms
and rim-sections, 100 X 4/.50="70.7 feet per second.

For thick-rimmed sectional wheels having rim-joints reénforced
by steel links shrunk on, 100 X 4/.60="77.5 feet per second.

From this may be deduced the number of revolutions for any
diameter of the four conditions of efficiency: For solid wheels, 1,910 +
diameter in feet; for sectional belt-wheels and split wheels with
joints between the arms, 955 + diameter in feet; for sectional belt-
wheels with additional joints at end of arms, 1,350+ diameter in
feet; for thick-rimmed sectional wheels having rim-joints reénforced
by steel links shrunk on, 1,480 + diameter in feet.

The weight and diameter of a fly-wheel are matters of much con-
sideration in their design to meet the most economical conditions of
the variable forces due to impulse, local limitations, and weight of
metal to satisfy the requirement.
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TaBLE XXXII.—SAFe SPEED FOR CasT-IRON FLY-WHEELS.

ErriciENcY oF RiM-JoINT,

1.00 .25

Diameter in feet. R.P. M. R.P. M. R.P. M. R.P. M.
1 1.910 955 1,350 1,480
2 955 478 675 740
3 637 318 450 493
4 478 239 338 370
5 382 191 270 296
6 318 159 hd 225 247
7 273 136 193 212
8 239 119 169 185
9 212 106 150 164

10 191 96 135 148
11 174 87 123 135
12 159 80 113 124
13 147 73 104 114
14 136 68 96 106
15 128 64 90 99
16 120 60 84 92
17 112 56 79 87
18 106 53 75 82
19 100 50 71 78
20 95 48 68 74
21 91 46 65 70
22 87 44 62 67
23 84 42 59 64
24 80 40 56 62
25 76 38 54 59
26 74 37 52 57
27 71 35 50 55
28 68 34 48 53
29 66 33 47 51
30 64 32 45 49

For automatic valve-geared engines we quote Professor Thurston’s
general rule as the means of practice to meet the special conditions

of engine-running:

Weight of fly-wheel =250,000 'IAQ_SD%’ in which A =area of piston
in square inches; S=stroke in feet; p=mean effective pressure;

R =revolutions per minute; D =outside diameter of fly-wheel in feet.
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As rim-velocity increases as the diameter, and as centrifugal force
increases as the square of the rim-velocity, the centrifugal force must
bear a safe proportion to the minimum tensile strength of the rim
for assigning the weight and diameter of a fly-wheel for any assumed
speed.

peed W V2

The total strain in a fly-wheel rim_ by centrifugal force is: 2R’

in which W=the total weight of the rim in pounds; V2=the square
of the velocity of the rim; g=the gravity 32.16, and R = the radius of
the wheel in feet. -

For example: a wheel-rim 1 inch square and 12 inches outside
diameter would have a mean diameter of 11 inches X 3.14=34.54
cubic inches; at .25 pounds per cubic inch=8.64 pounds. At a
speed of 1,910 revolutions per minute, 1,910 X3.1416=6,000 feet per
8.64 10,000
32.16x .5 ft, o0 pounds,
the total strain due to centrifugal force; and as there are two sides
5”;60=2,680 pounds
strain per square inch, or about one-half the elastic limit and one-
fourth of the lowest tensile strength of cast iron.

minute, or 100 feet per second. Then

to the rim on which this force is divided, then

THE CONNECTING-ROD ANGLE

. The position of the piston in parts of its stroke dves not coincide

with its position in parts of the crank-rotation, as will be seen by
comparing the scales A and B, Fig. 181, made from the angular posi-
tions of a connecting-rod of twice the stroke in length. The upper
scale, A, is in equal parts of the piston-stroke, while the lower scale, B,

Fia. 181.—Piston- and crank-stroke.
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represents the corresponding scale for equal increments of the crank-
pin half-circle for one stroke. It may be noted by the scale that at
the half-stroke of the crank the piston has advanced about § of 5 of
its stroke, and that in the return-stroke the advance will be the same,
making 11 of {4 of its stroke difference in the positions of the piston
during a revolution. The displacement of the position of the piston
at half-crank stroke may be readily computed—say, for a 10-inch
stroke and 20-inch piston-rod—by the right-angle equation, as follows:
202—52 =375, and 4/375=19.365, and 20—19.365=.625, or § inch,
or a difference of 1} inches in the forward and back stroke of the
piston. Short eccentric-rods produce the same irregular motion of
the valve in a small degree by advancing its position at the middle
of each stroke.

There is much in steam-engine design that cannot be detailed in
a general treatise as shown in this work.

Experience is the most important factor in the details of construc-
tion that a designer should have in order to accomplish good results
from the theory and in the line of modern practice.

~ The foregoing chapter is characteristic of the views of authors on
the proportions of the leading parts in construction design; they
may vary somewhat from the most recent practice of builders, but
will make a good study for the inquiring engineer and the student
in steam-engine design.



CHAPTER XV

THE SLIDE-VALVE AND VALVE-GEAR

THE slide-valve of our forefathers was the so-called D valve, with-
out lap or lead, which has long since been relegated as a memorial
of primitive experience. The D valveand its congener, the piston-
valve, as we now understand them, are modelled after our modern
ideas of the economy derived from expansion, compression, and
steam-lead. For this purpose they are designed with extensions of
their faces for steam- and exhaust-lap, and operated by the angular
position and throw of the eccentric for steam- and exhaust-lead; all
of which are made variable to meet the special contingencies of
design in engine-economics.

In Fig. 182 we illustrate the modern type of the D valve with
steam- and exhaust-lap, and in its central position.

The portion a is the “steam-lap” or “outside lap,” and the por-
tion b the “exhaust-lap” or “inside lap,” and in order to open either
port to steam or exhaust, it is necessary n
for the valve to travel from mid-position a “‘Lj/. L vy

distance equal to these laps, and for a full ) e

port-opening a greater distance than the 777 / 5 i/
amount of all the laps, or equal to the ;" —
steam-lap and port width. Fic. 182—D valve.

In the ordinary type of plain slide-valve
engine with throttle-valve the cut-off is fixed, and there is no adjust-
ment for speed variation except through a governor and throttle-
valve; while the automatic high-speed engines are provided with fly-
wheel governors which vary the throw of the eccentric and the cut-off.

Since the valve-travel depends upon the lap and lead, both of
which are frequently adjustable irrespective of the eccentric, the
conditions in the cylinder also depend upon these quantities, and
when the latter are determined the eccentric must operate the valves
80 as to produce the required lead.

The operation of the valve is determined by inspecting or meas-
233
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uring its movements, the eccentric thus far having no direct influence
upon the result. When the lap and lead are decided upon, the
eccentric is turned until the desired lead is obtained, which is meas-
ured at the valve and not at the eccentric. As the lead with a given
lap depends more or less upon the lap and upon lost motion in the
gear, it is evident that these quantities must first be determined
and the eccentric moved backward or forward on the shaft until
the desired movement of the valve is obtained.

When the required steam-distribution has thus been established
the eccentric will occupy the proper position for producing the re-
sults, and it will be seen that it makes absolutely no difference to the
engineer whether the eccentric leads the crank by 98 or 105 or any
other number of degrees. The position of the eccentric in cases of
valve-setting and gear-adjustment takes care of itself by its move-
ment to meet the valve-adjustment.

It will no doubt be apparent that the truly important point to
be observed is the effect of lap and lead on the steam-distribution.
When these have been properly determined and the movements of
the valve regulated and timed to produce them, the eccentric will
be found to be located at precisely the proper angle with reference to
the crank.

SIMPLE SLIDE-VALVE GEAR

The relative position and motion of the eccentric-rod and valve-
rod are points of consideration in the design of 'a plain slide-valve
engine. "

In determining the position of the eccentric in cases where a
rocker-arm intervenes between the eccentric- and valve-rods, con-

\.

Fig. 183.—Direct gear for running ‘“‘over.”

—"

sideration must be given the point at which the rocker-arm is pivoted.
If the rocker-arm is pivoted so that the valve- and eccentric-rods
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both move in the same direction at the same time, the eccentric is
set in the positions shown in Figs. 183 and 184, which illustrate re-
spectively the different parts of the gear in the proper relative positions
when it is desired to have the engine run “over’” and ‘“under.”

Fig. 184.—Direct gear for running “under.”

When the rocker-arm is pivoted so that the valve- and eccentric-
rods move in opposite directions, then the eccentric must be set in
the positions shown in Figs. 185 and 186, which are directly oppo-
site to the positions shown in Figs. 183 and 184. Here, too, the
illustrations show the engine set to run “over” and “under.”

Fig. 185.—Indirect gear for running ‘“‘over.”

The eccentric-rod may be said to be indirect-acting, for with the
rocker-arm pivoted as shown in the diagram the eccentric-rod has
a movement that is directly opposite to that of the valve-rod.

This will be made plain by a study of the diagrams shown.

Fia. 186.—Indirect gear for running ‘“under.”

Fig. 184 shows the correct position of the eccentric when the
engine is to run “under” and when the particular valve-gear shown in
Fig. 183 is used.
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In the diagrams, O represents the crank-shaft, A the crank-pin,
C and D the points at which the valve- and eccentric-rods are con-
nected to the rocker-arm, E the pivot for the rocker-arm, and F and
G the necessary joints for the valve-stems and piston-rods.

A good rule to bear in mind when setting engine-valves that
are operated by these simple types of valve-gear is: When a slide-
valve is used and the eccentric- and valve-rods move in the same
direction, set the eccentric ahead of the crank and make the angle
between them 90 degrees plus the angle of advance.

The above rule holds good whether the engine runs ‘“under” or
“over.”” On the other hand, when the valve- and eccentric-rods
move in opposite directions, the eccentric must be set behind the
crank, and the angle between them will be 90 degrees minus the
angle of advance.

The proper positions of the valve must be determmed at the
valve, whether the position of the eccentric be located first or last;
but when observing the valve first, no attention need be paid to the
position of the eccentric.

Few would care to undertake the work of placing the centre of
the eccentric at a given angle to the centre of the crank, and no
matter how. carefully the work may be done, an inspection of the
valve, in nine cases out of ten, will prove the time and labor to have
been expended uselessly.

The length of the port-opening is usually equal to or little less
than the cylinder diameter. The width of the bridge should be
amply sufficient to prevent steam leaking past the seal into the ex-
haust-port or to prevent the over-travel
uncovering the steam- and exhaust-ports
at the same time.

In order that the exhaust-port shall at
no time be contracted to a less area than
that of the steam-port, its width should
be such that it will at all times retain an
Frc. 187.—Middle and extreme °P€NiNg under the valve equal to the area

valve-positions. of the steam-port at least.
In Fig. 187 is shown a good-propor-
tioned D slide-valve at middle and extreme travels with the ex-
haust-port of a width more than double the width of the steam-
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port, which allows of excess of valve-travel without restricting the
exhaust-opening.

Such a valve, having an outside lap of } inch, inside lap of § inch,
over-travel of § inch, with ports and bridges 1 inch each, will have a
travel of ¥ +4+3+1X 2=4 inches.

In laying out a valve it often happens that in order to have the
points of release and compression occur at a particular period the
inside or exhaust lap becomes zero, or else leaves the exhaust-port
slightly open at mid-position. This port-opening is known as nega-
tive lap, and it is a common occurrence to find a valve possessing
negative lap when not so designed, due to the effect of the rod-angu-
larity which was neglected in the valve-diagram. This only occurs,
however, when the original exhaust-lap is very small, so that the
small error caused by the angularity of the
rod neutralizes the shortage in exhaust-lap
entirely.

The zero and negative laps are shown in / Dy
Fig. 188, in which a is the point of opening ... T
of the exhaust, and b the point of cut-off Fic.188.—Negative inside lap.
for the exhaust.

The lead to be given to a valve depends largely upon the style
of engine, and must be governed entirely by experience. It may
vary from O up to and even above § inch. Slow-running engines
require less lead than those running at a high speed, and engines
having a high compression require less than those without, since
the clearance-space is filled with compressed steam whose pressure is
nearly equal to that of the entering live steam. In locomotives it
varies from O to } inch, and in marine practice from 0 to 1} inches.
In stationary practice the values may vary from 0 to } inch, but
seldom more, unless in very high-speed work. The angle of lead,
which is the angle that the crank makes with the dead points at
admission, varies between 0 and 8 degrees in stationary practice,
and seldom over 10 degrees in marine practice.

The inside lead, or what would be called the exhaust-lead, is
often greater. It is provided for the purpose of opening the exhaust-
port early. Weisbach gives the proportion of 3}5 to {5 of the valve-
travel.

The outside lap may vary from } inch to 1} inches in locomotives,

\\\\\\\\\\\\“\\\\\\\\\\\\\
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while in marine engines it may run from § inch to 3} inches. The
inside lap may vary from a negative value to } inch, and in marine
practice will often run as high as 1} inches.

The eccentricity will vary largely with the style of engine and
valve-travel desired, but it should be no greater than necessary,
owing to the wear on the reciprocating parts. In marine engines
it may vary from 5 to 8 inches, or even more in large units.

Changing the dimensions of any part of the valve which determines
either the lap or lead, or changing the angular advance, alters the
steam-distribution. The accompanying table shows at a glance just
what particular effect each change has upon this distribution:

TaBLe XXXIII.—EFrrECT OF CHANGING OUTSIDE LaP, TRAVEL, AND

ANGULAR ADVANCE. Thurston.

CHANGE. ADMISSION. ExPANSION. ExHAUST. COMPRESSION.
Increase of Begins later. Occurs earlier.
outside lap. Ceases sooner. Continues longer. Unchanged. Unchanged.
Decrease of Begins earler. Begins later.
outside lap. Ceases later. Period shortened. Unchanged. Unchanged.
Increase of Uneh N Begins as before. Begins later. Begins sooner.
inside lap. * Continues longer. | Ceases earlier. Continues longer.
Decrease of Unchanged Begins as before. Begins later. Begins later.
inside lap. : Period shortened. | Ceases earlier. Period shortened.
Increase of Begins sooner. Begins later. Begins later. Begins later.
travel. Ceases later. Ceases sooner. Ceases later. Ends sooner.
Decrease of Begins later. Begins earlier. Begins earlier. Begins earlier.
travel. Ceases earlier. Ceases later. Ceases earlier. | Ceases later.
Increase of Begins earlier. Begins sooner. Begins earlier. | Begins earlier.
angular advance. | Period unchanged. | Period h d. | Period h d.  Period unchanged.
Decrease of Begins later. Begins later. Begins later. Begins later.
angular advance. | Period unchanged. | Period unchanged. | Period unchanged. Period unchanged.

"EXCESSIVE COMPRESSION

The compression is sometimes represented in indicator-diagrams
as excessive; with plain D valves its relief cannot always be found in
the valve-gear adjustment. A method of changing the exhaust-lap
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has been proposed, and is shown in Fig. 189. It consists in filing off
the edge of the lap for small amounts, and for a further change filing
half-round grooves across the edge of the lap and the port at opposite
points. This method of reducing compression will slightly interfere
with the expansion-line, but not to any serious extent.

g

= \k

FiG. 189.—Changing the exhaust-lap. Fia. 190.—Balanced valve.

The modifications of the D valve for more perfect action have
developed some curious yet valuable features in their design.

The balanced valve is now largely in use, and one of its forms is
shown in Fig. 190, which carries in the back a ring which bears against
a smooth seat on the valve-chest cover and is supported by springs.
The cavity at the back of the valve may be open to a condenser or
through the back of the valve to the exhaust.

As one representative of the double-admission type, the Allen
balanced valve, illustrated in Fig. 191, has a broad, double-ported
steam-passage through the body and a relief-port from the cavity at
its back to the exhaust-cavity. The ports of the supplementary
passage are so located as to take steam to the port at the moment of

) Qll.

K;*"

Fig. 191.—Allen balanced valve. F16. 192.—Double-ported slide-valve.

)
7
%%

opening of the lap-edge of the valve, from the simultaneous opening
of the supplementary port at the other end. This passage never com-
municates with the exhaust, for its outlet to the main port is closed
just before the port opens for release, and is opened just after the
port is closed for the exhaust. Its economy lies in its short travel.
The double-ported marine slide-valve, shown in Fig. 192, is another
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novelty in the line of double ports. It is in use on marine engines
on the intermediate and low-pressure cylinders.

The valve is shown in its middle position, in which all the ports
are opened and closed alike and with but slight cut-off. The short
travel required by double ports makes this type
of valve desirable in the triple and quadruple
engines.

) A type of balanced slide-valve much in use

Fic. 193—Balanced 1S Shown in section in Fig. 193, consisting of a

slide-valve. ring held in a recess at the back of the valve and

pushed against the steam-chest cover by springs.

The details of its construction vary somewhat in the different engines

to which it is applied. The relief-press-
ure varies from 60 to 80 per cent.

In Fig. 194 are shown the face and
back of a balanced slide-valve and the
steam-chest, with the valve in posi-
tion as used on the Skinner high-speed
engine.

The valve has 80 per cent. of its
area relieved of pressure by a balance-
ring which rides against the steam-
chest cover. This ring is free to re-
volve, and changes position with every
stroke of the valve, preventing any
creasing or cutting of seat, ring, or
cover. Steam packing-rings prevent
leakage between the ring and the hub of the valve. This construction
allows a large port-area, which is necessary for proper steam-distribu-
tion. Twenty per cent. of steam-pressure is sufficient to hold the
valve in steam-tight contact with the seat and to take up the wear.
The valve is free to lift from the seat in case water enters the cylinder.

Fi16. 194.—Balanced slide-valve,
Skinner model.

SLIDE-VALVES WITH A RIDING COVER

Of this type of slide-valve there are many designs, with both
single and double ports so arranged as to facilitate a full passage of
steam with the shortest travel of the valve. In Fig. 195 is shown
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a section of the cylinder and steam-chest of the Ames engine. The
valve is a two-ported plate, one at each end, riding under a partially
balanced pressure-plate, with recesses to allow of double-port openings
and a short valve-travel. The supplementary port-opening is over
each end of the valve-plate, as shown. This type is representative
of a large number of engine slide-valves by different builders.

Fig. 195.—Ames slide-valve. F16. 196.—Chandler & Taylor double-
ported slide-valve.

In Fig. 196 is shown a section of the cylinder and steam-chest of
the Chandler & Taylor engine—a high-speed model designed with
special adaptation for direct electric generator-connection.

The valve-plate is two-ported at each end, a feature making it
possible to give a large port-area with short valve-travel. This class
of valves is so balanced and free to lift that there is little or no
«danger from slight excess of water in the cylinder.

THE SLIDE-VALVE WITH INDEPENDENT
CUT-OFF

The most economical use of steam requires an earlier cut-off than
can be obtained from the single D valve and a proper adjustment of
the exhaust- and compression-lines.

In order to obtain the short cut-off with the required conditions
of exhaust and compression in the slide-valve, a number of devices
have been proposed and used in Europe and the United States.
Among such are the Gonzenbach, with a three-ported solid rider in a
separate steam-chest at the back of the regular D valve; the solid
sliding valve on the back of the main valve, as designed by Breval,
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Polonceau, Napier & Rankin, Farcot, Borsig, A. K. Rider, and other
models, most of which are used in locomotive service.

The Meyer expansion-valve has proved its value for stationary

service by its continued use for more than a half-century. In this

valve the riding cut-off

consists of two blocks

adjusted for any re-

quired cut-off by right-

and left-handed screws

on a traversing spindle,

F1a. 197.—Meyer expansion-valve. as shown in Fig. 197,

A, A are the cut-off

blocks adjusted by the right and left threads on the spindle B, which

extends through both ends of the steam-chest, with a swivel at G, a

wheel, H, for turning the spindle, and an index at 7 to designate the

amount of cut-off; S is the half-travel of cut-off valve. At the right is

a diagram of the eccentrics and crank-pin. The lap and lead of the

main valve are not effected by the operation or adjustment of the

cut-off valve.
A novel arrangement of balanced valves with simultaneous move-
ment for both cylinders of a compound tandem type, as used on the

' By-pass
Steam P, Vailve

—

F1a. 198.—Union valves, compound tandem engine.

locomotives of the Pittsburg Locomotive Works, is shown in Fig. 198.
The cylinders have a sleeve between the heads which carries the
piston-rod without packing.
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The valves are connected by a rod passing through a pipe between
the steam-chests of the high-pressure and low-pressure cylinders.
The high-pressure valve receives steam through the balance-plate,
which is movable, with piston-rings for
perfect closure. In ordinary use the ex-
haust-steam from the high-pressure cylin-
der passes through the pipe covering the
connecting-rod to the steam-chest of the
low-pressure cylinder. A by-pass valve
and side port allow of turning high-
pressure steam directly to the low-pressure

cylinder when needed for starting.

F1a. 199.—Brownell balanced
slide-valve.

In Fig. 199 is shown a section of the
cylinder and balanced valve of the Brownell engine. The valve is
of the box type, double-ported for both steam and exhaust, and
practically perfectly balanced.

The steam-pressure is removed from the back by means of a balance-

VALVE IN OPENING POSITION

VALVE IN WIDE OPEN POSITION

F1a. 200.—Wilson slide-valve.

ring which bears against the steam-chest
cover. A coil-spring serves to keep the ring
against the chest-cover, thus taking up the
wear automatically and preventing the ring
from leaving its seat and causing annoy-
ance by rattling. This class of balanced
valves is in use on the Skinner, Ball &
Wood, Payne, Erie, and other high-speed
engines.

A balanced valve of the Wilson type is
shown in three positions in Fig. 200. The
uppermost figure shows the opening posi-
tion of the double port; the middle figure,
the wide-open position, and the lowermost
figure, the exhaust position. The gridiron
form of the valve shortens the valve-travel
and doubles the port-area. The exhaust-
ports are also double in the action of this
valve. The ported balance-plate rests un-

der an adjusting-plate bolted to the steam-chest cover, which makes
the valve almost frictionless.
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In Fig. 201 is shown the balanced slide-valve of the Bayley vertical
automatic engine. The pressure-plate is free from the steam-chest
cover and pressed against the valve by a spring; it is held in place
by adjustable stays against the ends of the steam-chest and by side-
bars to prevent lateral motion.

The oscillating cylindrical valve, shown in Fig. 202, is still much
in use on hoisting-engines with cam, eccentric, or secondary crank-
motion. It seems to be well adapted to the operation of hoist-
ing and other small engines by the simplicity and direct action
of its gear. Steam enters at the top of the cylinder at S and passes
around the cylinder to the valve-
chest at P, P—a means for keeping
the cylinder clear of water while

Fig. 201.—Bayley slide-valve. F1G. 202.—Oscillating valve.

the hoist is waiting. The valve-arm V is directly connected to the
crank-pin arm at E. These valves operate on the same principle as
the plain slide-valve, with from five-eighths to three-quarters cut-off
for light work, or full stroke for heavy, slow pull and two cylinders.

The gridiron or multiported valve is much in use in the marine
service and on the stationary engines of the Slater Engine Company,
MclIntosh & Seymour, the American & British Mfg. Co., and C. H.
Brown & Co.

In Fig. 203 is shown a cross-section of the cylinder of the McIntosh
& Seymour engine, with the valve-gear of the steam, exhaust, and cut-
off valves. The four valves, steam and exhaust, are operated from
a rock-shaft at M, which in turn is rocked by a fixed eccentric through
a bell-crank lever connected to a crank on the rock-shaft. The os-
cillating pin P, on the rock-shaft wrist-plate at M, operates the exhaust-
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valve by a direct link and cross-head, c, while the steam-valve is oper-
ated from the pin P’ through the link-rod S and toggle-joint mc.
The riding cut-off valve is operated from a second rock-shaft located
at A, with its variable motion controlled by the fly-wheel governor,
which revolves the
eccentric to advance
the cut-off valve. The
connection between
the eccentric and
rock-shaft is a bell-
crank lever with a
slipper -link bearing
on the eccentrlc from
one arm and a link to

—————————
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a crank-pin on the F1a. 203.—Gridiron valves and cut-off.
rocker-shaft.

The connection between the rocker-shaft and the cut-off valve is
shown in the figure at the right by a rocker-arm at A, linked to a
bell-crank rocker pivoted at a, so arranged that the cut-off valve
moves in the opposite direction to the main valve, and with the rapid
closing of the ports giving a sharp corner on a card at the end of the
admission-line.

In Fig. 204 is shown an enlarged section of the gridiron valve and
riding cut-off grid of the McIntosh & Seymour engine.

In Fig. 205 is shown

a section of the steam

and exhaust gridiron

valves and valve-gear

of the Brown engine,

. and in Fig. 206 the

Fia. 204.—Section of gridiron valve and cutoff. ~ motion-gear of the

exhaust - valve. The

vertically operated steam-valves and steam-chest are on the side of

the cylinder, while the exhaust-valves are horizontal and beneath the
cylinder.

The operation of these valves may be understood from the cuts
and reference-letters.

The lifter A, which is connected to the lower arm of the bell-crank
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lever B, has just engaged the latch C, which is journalled on a pin on the
guide D. When the long arm B is drawn toward the crank-shaft by
the eccentric, the lifter A is raised, which carries the latch and guide up
with it and causes the valves to open the ports. This upward move-
ment continues until the outer end of the latch engages the trip-lever
E, which causes the latch to let go of the lifter, when the valve im-
mediately descends, dropping by its own weight, and being cushioned"
by the dash-pot directly under the guide, which movement closes the
ports and effects the cut-off, which, owing to the short travel of the
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F1G. 205.—Gridiron valves, Brown engine. F1g. 206.—Exhaust valve-gear.

valve, is very sharp, permitting no wire-drawing of the steam. The
trip-lever E is carried by the auxiliary shaft G, which is connected
to and is actuated by the governor.

The exhaust-valve mechanism is shown in Fig. 206, which repre-
sents a plan. The exhaust-valves have a positive connection with the
sliding bar A, and hence have an unvarying travel.

When the sliding bar A is moved to the right in the cut by the
exhaust-eccentric, the longer arm C of the exhaust-lever is moved
inward, while the shorter arm is moved outward, which opens the
exhaust-ports, the reverse movement taking place when the port is
closed.
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THE DIAGRAM OF THE SLIDE-VALVE FOR
CUT-OFF

The lay-out of a slide-valve diagram is an easy matter when once
we consider its simple intricacies. Assuming that the lap is required
and that the lead is prefixed to some definite amount between the
usual variation from g% to & inch or more; the lead in any case
being kept as small as possible to allow the admission-line on the
indicator-diagram to be vertical; to find the lap and lcad.

A diagram for cutting off at three-quarters stroke is shown in Fig.
207, on a scale in parts of the engine-stroke, say for 12 inch, as

shown in the diagram, Z

for 12-inch stroke. K
In this diagram the /
connecting-rod angle is P
not considered, but 3\
should be allowed for in X~ X
precise work, as shown 1G] i, ;
in the foregoing chapter. * < 2 S %"' z BJL
On the 12-inch base- "?—'::”_'_" —
line of the semicircle —
ABB measure the dis- Fia. 207.—Lap- and l‘e;:dt-:t;agram, three-quarters

tance of the piston from

A equal to the cut-off, say 9 inches, and from this point draw a verti-
cal line to the semicircle at K; draw the line from the centre O to K,
and the line Mn, at a distance from AB, equal to the lead, say &
inch. K is the position of the crank-pin at three-quarters stroke.

Next find the centre of a circle on the semicircle described by the
centre of the eccentric, and describe the circle EFG, with its circum-
ference tangent to the lines Mn and OK, as at F and G.

The radius of this circle will be the required lap to be added to
the valve in order that it may cut off at three-quarters of the stroke.
The amount of lap to be added for this point of cut-off is }§ inch.

The diagram will also show the amount the port-opening has been
decreased after adding lap to the valve. With O as a centre and the
compass-pen open to a length equal to the distance OE, describe an
arc of a circle that will be tangent to the lap-circle at E, and the
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distance OE is the amount the port will be opened when the eccentric
is at its greatest throw, which in this case is 144 inches.
By adding lap to the valve we have also changed the position of the

F16. 208.—Lap- and lead-diagram, five-eighths cut-off.

centre of the eccentric.
Instead of being in
a position of 90 de-
grees ahead of the
crank, it must now be
moved a considerable
distance beyond this
point and equal to the
distance BP, or 31 de-
grees, or 121 degrees
ahead of the crank.

In Fig. 208 is shown a diagram for five-eighths cut-off, with lead as
before and lap of 1{% inches, as shown, the port-opening being reduced
to 13 inch and the angle of advance being increased to 41} degrees,

the total advance be-
ing 131} degrees.
Fig. 209 shows a
diagram by which any
position of the valve-
gear and the different
positions of the valve
may be found when
some of the other
events are known.
Suppose we know the
valve-travel, the lap,
and lead, and want to
know what the cut-off
and angle of advance
will be. With the
point O as a centre,
and a radius equal to

/
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Fig. 209.—Universal valve-diagram.

the length of the crank, describe the circle ARB. The diagram

should be drawn to some scale, say 3 or 6 inches to the foot.

The

diameter AB of the circle will represent the stroke of the engine,
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and the circle itself will represent the path of the centre of the
crank-pin for one revolution.

Again, using O as a centre and a radius OD, equal to one-half
travel of the valve, describe the semicircle CFD. The diameter CD
will represent the travel of the valve.

Above and parallel to the line AB draw the line MN, a distance
from AB equal to the known lead.

Draw also the line HJ parallel to the line MN, and a distance
above it equal to the known lap.

The line HJ will intersect the semicircle CFD at I, and with I
as a centre and a radius equal to the distance IG, which is the re-
quired lap, describe the circle FEG.

From the centre O draw a diagonal line that will be tangent to
this circle at F and will intersect the large circle at K.

Next draw the diagonal line from the centre O and through I of
the lap-circle, and intersect the large circumference at P. K will be
the position of the crank-pin, and L will be the position of the piston
in the cylinder when the steam is cut off. The angle BOP will be
the required angle of advance.

Take another case, where we know the valve-travel, the angle of
advance, and the cut-off, and we want to know the amount of lap
and lead. Lay off the stroke the same as before, and draw the cir-
cumference described by the centre of the crank-pin, and suppose the
piston and crank-pin to be in the same positions as before, at L and
K. Draw the perpendicular line LK, and from the centre O draw
the line OK. From B lay off the angle of advance, BOP. The line
OP will intersect the semicircle at I. With I as a centre, draw a
circle that will be tangent to the line OK, as at F. Draw the line
MN, tangent to the circle just described and parallel to the line
AB, and the distance between the lines AB and MN is the required
lead, and the radius IG will be the required lap.

Take another case, where we know the lap and lead and point
of cut-off, and wish to find the valve-travel and angle of advance.
Proceed the same as in the previous cases, and locate the points K
and L and also draw the line MN. Open the compass to the required
lap and find by trial the centre I, from which a circle may be described
tangent to the lines OK and MN, as at F and G.

Next, with OI as a radius and O as a centre, describe the semi-
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