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PREFACE TO THE THIRD EDITION

Ta1s book was published in the fall of 1910. It was the first
new American book in its fleld that had appeared in twenty years.
It was not only new in time, it was new in plan. The present edition,
which represents a third printing, thus demands careful revision.

The revision has been comprehensive and has unfortunately
somewhat increased the size of the book—a defect which further
time may, however, permit to be overcome. Such errors in statement
or typography as have been discovered have been eliminated.
Improved methods of presentation have been adopted wherever
such action was possible. Answers to many of the numerical prob-
lems have now been incorporated, and additional problems set.

Expanded treatment has been given the kinetic theory of gases
and the flow of gases; and results of recent studies of the properties
of steam have been discussed. There will be found a brief study of
gas and vapor mixtures, undertaken with special reference to the use
of mixtures in heat engines. The gas engine cycle has been subjected
to an analysis which takes account of the varying specific heats of
the gases. The section on pressure turbines has been rewritten, as
has also the whole of Chapter XV, on results of engine tests—the
latter after an entirely new plan. A new method of design of com-
pound engines has been introduced. Some developments from the
engineering practice of the past three years are discussed—such as
Orrok’s condenser constants; Clayton’s studies of cylinder action
(with application to the Hirn analysis and the entropy diagram),
the Humphrey internal combustion pump, the Stumpf uniflow
engine and various gas-engine cycles. The section on absorption
systems of refrigeration has been extended to include the method
of computing a heat balance. Brief additional sections on applica-
tions of the laws of gases to ordnance and to balloon construction
are submitted. A table of symbols have been prefixed to the text,

and a “ reminder ” page on the forms of logarithmie transformation
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may be found useful. The Tyler method of solving exponential
equations by hyperbolic functions will certainly be found new.

In spite of these changes, the inductive method is retained lo
the largest extent that has seemed practicable. The function of the
book is to lead the student from what is the simple and obvious
fact of daily experience to the comprehensive generalization. This
seems more useful than the reverse procedure.

PoryrECcENIC INSTITUTE OF BROOKLYN,
New Yorxk, 1913.



PREFACE TO THE FIRST EDITION

“ ApPLIED THERMODYNAMICS ” is a pretty broad title; but it is
intended to describe a method of treatment rather than unusual
scope. The writer’s aim has been to present those fundamental
principles which concern the designer no less than the technical
student in such a way as to convince of their importance.

The vital problem of the day in mechanical engineering is that
of the prime mover. Is the steam engine, the gas engine, or the
turbine to survive? The internal combustion engine works with
the wide range of temperature shown by Carnot to be desirable;
but practically its superiority in efficiency is less marked than its
temperature range should warrant. In most forms, its entire charge,
and in all forms, the greater part of its charge, must be compressed
by a separate and thermally wasteful operation. By using liquid
or solid fuel, this complication may be limited so as to apply to the
air supply only; but as this air supply constitutes the greater part
of the combustible mixture, the difficulties remain serious, and there
is no present means available for supplying oxygen in liquid or solid
form so as to wholly avoid the necessity for compression.

The turbine, with superheat and high vacuum, has not yet
surpassed the best efficiency records of the reciprocating engine,
although commercially its superior in many applications. Like the
internal combustion engine, the turbine, with its wide temperature
range, has gone far toward offsetting its low efficiency ratio; where
the temperature range has been narrow the economy has been low,
and when running non-condensing the efficiency of the turbine has
compared unfavorably with that of the engine. There is promise
of development along the line of attack on the energy losses in the
turbine; there seems little to be accomplished in reducing these
losses in the engine. The two motors may at any moment reach
a parity.

v
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These are the questions which should be kept in mind by the
reader. Thermodynamics is physics, not mathematics or logic.
This book takes a middle ground between those text-books which
replace all theory by empiricism and that other class of treatises
which are too apt to ignore the engineering significance of their
vocabulary of differential equations. We here aim to present ideal
operations, to show how they are modified in practice, to amplify
underlying principles, and to stop when the further application of
those principles becomes a matter of machine design. Thermo-
dynamics has its own distinct and by no means narrow scope, and
the intellectual training arising from its study is not to be ignored.
We here deal only with a few of its engineering aspects; but these,
with all others, hark back invariably to a few fundamental princi-
ples, and these principles are the matters for insistent emphasis.
Too much anxiety is sometimes shown to quickly rcach rules of
practice. This, perhaps, has made our subject too often the barren
science. Rules of practice eternally change; for they depend not
alone on underlying theory, but on conditions current. Our theory
should be so sound, and our grasp of underlying principles so just,
that we may successfully attack new problems as they arise and
. evolve those rules of practice which at any moment may be best
for the conditions existing at that moment.

But if Thermodynamics is not differential equations, neither
should too much trouble be taken to avoid the use of mathematics
which every engineer is supposed to have mastered. The calculus
is accordingly employed where it saves time and trouble, not else-
where. The so-called general mathematical method has been used
in the one application where it is still necessary ; elsewhere, special
methods, which give more physical significance to the things de-
scribed, have been employed in preference. Formulas are useful
to the busy engineer, but destructive to the student; and after
weighing the matter the writer has chosen to avoid formal definitions
and too binding symbols, preferring to compel the occasionally
reluctant reader to grub out roots for himself —an excellent exor-
cise which becomes play by practice.

The subject of compressed air is perhaps not Thermodynamies,
but it illustrates in a simple way many of the principles of gases
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and has therefore been included. Some other topics may convey
an impression of novelty; the gas engine is treated before the steam
engine, because if the order is reversed the reader will usually be
rusty on the theory of gases after spending some weeks with vapor
phenomena; a brief exposition of multiple-effect distillation is pre-
sented; a limit is suggested for the efficiency of the power gas
producer; and, carrying out the general use of the entropy diagram
for illustrative purposes, new entropy charts have been prepared
for ammonia, ether, and carbon dioxide. A large number of prob-
lems has been incorporated. Most of these should be worked with
the aid of the slide rule.

Further originality is not claimed. The subject has been written,
and may now be only re-presented. All standard works have been
consulted, and an effort has been made to give credit for methods
as well as data. Yet it would be impossible in this way.to fully
acknowledge the beneficial influence of the writer’s former teachers,
the late Professor Wood, Professor J. E. Denton, and Dr. D. S.
Jacobus. It may be sufficient to say that if there is anything good
in the book they have contributed to it; and for what is not good,
they are not responsible.

PoryTECHNIC INSTITUTE OF BROOKLYX,
New Yorxk, August, 1910.
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CHARACTERISTIC SYMBOLS

F =Fahrenheit;
C =Centigrade;
R =Réaumur;
=Radiation (Art. 25);
=gas constant for air=53.36 ft.lb.
=0 0686 B.t.u.;
=ratio of expansion;
P, p=pressure: usually lb. per sq.in.
absolute;
V,v=volume, cu. ft: usually of 1 lb.;
=veloeity (Chapter XIV);
T, t =temperature, usually absolute;
T =heat to produce change of tem-
perature (Art. 12);
E = change of mnternal energy;
I =disgregation work;
Q, H =heat absorbed or emitted;
=total heat above 32° of 1 Ib. of
dry vapor;
h=heat emitted,
=heat of liquid above 32° F,
=head of liquid;
¢ =constant;
=gpecific heat;
s=gpecific heat;
r=gas constant (Art. 52);
=internal heat of vaporization;
=rat10 of expansion;

dH .
T specific heat;

f%l,—{ =entropy;

34.5 1bs. water per hour from and at 212°
F.=1 boiler H.P.;
42 42 B.t.u. per min.=1 H.P.;
2545 B.t.u. per hour=1 H.P,;
17.59 B.t.u. per minute =1 watt;
w, W =weight (Ib.);
W =external mechanical work;
S =piston speed, feet per minute;
A =piston area, square inch;
k=specific heat at constant pres-
sure;
I= zpeciﬁc heat at constant volume;
Yy=7;
n=polytropic exponent;
N, n=entropy;
e=coefficient of elasticity;
=external work of vaporization;
pm =mean effective pressure;
D =piston displacement (Art. 190);
r.p.m. =revolutions per minute;
H.P. =horse-power,
d=density;
g=32.2;
778 =mechanical equivalent of heat;
459.6(460) =absolute temperature at
Fahrenheit zero;
L =heat of vaporization;
z=dryness fraction;
F =factor of evaporation;
ng =entropy of dry steam;
ne =entropy of vaporization;
nw=entropy of liquid.






CHAPTER I
THE NATURE AND EFFECTS OF HEAT

1. Heat as Motive Power. All artificial motive powers derive their
origin from heat. Muscular effort, the forces of the waterfall, the wind,
tides and waves, and the energy developed by the combustion of fuel, may
all be traced back to reactions induced by heat. Our solid, liquid, and
gaseous fuels are stored-up solar heat in the forms of hydrogen and carbon.

2. Nature of Heat. We speak of bodies as “hot” or “cold,” referring
to certain impressions which they produce upon our senses. Common
experimental knowledge regarding heat is limited to sensations of temper-
ature. Is heat matter, force, motion, or position? The old “caloric”
theory was that “heat was that substance whose entrance into our bodies
causes the sensation of warmth, and whose egress the sensation of cold.”
But heat is not a “substance ” similar to those with which we are familiar,
for a hot body weighs no more than one which is eold. The calorists
avoided this difficulty by assuming the existence of a weightless material
fluid, caloric. This substance, present in the interstices of bodies, it was
contended, produced the effects of heat; it had the property of passing
between bodies over any intervening distance. Friction, for example, de-
creased the capacity for caloric; and consequently some of the latter
“flowed out,” as to the hand of the observer, producing the sensation of
heat. Davy, however, in 1799, proved that friction does not diminish the
capacity of bodies for containing heat, by rubbing together two pieces of
ice until they melted. According to the caloric theory, the resulting water
should have had less capacity for heat than the original ice: but the fact is
that water has actually about twice the capacity for heat that ice has; or,
in other words, the specific heat of water is about 1.0, while that of ice is
0.504. The caloric theory was further assailed by Rumford, who showed
that the supply of heat from a body put under appropriate conditions was
so nearly mexhaustible that the source thereof could not be concejved as
being even an “ imponderable” substance. The notion of the calorists
was that the different specific heats of bodies were due to a varying capac-
ity for caloric; that caloric might be squeezed out of a body like water
from a sponge. Rumford measured the heat generated by the boring of
cannon in the arsenal at Munich. In one experiment, a gun weighing
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113.13 1b. was heated 70° F., although the total weight of borings produced
was only 837 grains troy. In a later experiment, Rumford succeeded in
boiling water by the heat thus generated. He argued that “anything
which any insulated body or system of bodies may continue to Jurnish without
limitation cannot possibly be a material substance.” The evolution of heat,
it was contended, might continue as indefinitely as the generation of
sound following the repeated striking of a bell (1).*

Joule, about 1845, showed conclusively that mechanical energy
alone sufficed for the production of heat, and that the amount of heat
generated was always proportionate to the

energy expended. A view of his apparatus

is given in Fig. 1, v and % being the verti-

i v cal and horizontal sections, respectively, of
] the container shown at ¢. Water being
— — placed in ¢, a rotary motion of the contained
= — brass paddle wheel was caused by the de-
= ] scent of two leaden weights suspended by
cords. The rise in temperature of the

o

Fia. 1. Arts. 2, 30. —Joule’s Apparatus.

water was noted, the expended work (by the falling weights) com-
puted,and a proper correction made for radiation. Similar experi-
ments were made with mercury instead of water. As a result of
his experiments, Joule reached conclusions which served to finally
overthrow the caloric theory.

8. Mechanical Theory of Heat. Various ancient and modern
philosophers had conceded that heat was a motion of the minute

particles of the body, some of them suggesting that such motion
* Figures in parentheses signify references grouped at the ends of the chapters.
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was produced by an “igneous matter.” Locke defined heat as “a
very brisk agitation of the insensible parts of the object, which pro-
duces in us that sensation from which we denominate the object
hot; so [that] what in our sensation is heat, in the object is nothing
but motion.” Young argued, “If heat be not a substance, it must
be a quality ; and this quality can only be a motion.” This is the
modern conception. Heat is energy: it can perform work, or pro-
duce certain sensations; it can be measured by its various effects.
It is regarded as “energy stored in a substance by virtue of the state
of its molecular motion” (2).

Conceding that heat is energy, and remembering the expression for energy,
1 mv?, it follows that if the mass of the particle does not change, its velocity (molec-
ular velocity) must change; or if heat is to include potential energy, then the
wolecular configuration must change. The molecular vibrations are invisible, and

their precise nature unknown. Rankine’s theory of molecular vortices assumes a
law of vibration which has led to some useful results.

Since heat is energy, its laws are those generally applicable to energy,
as laid down by Newton: it must have a commensurable value; it must
be convertible into other forms of energy, and they to heat; and the
equivalent of heat energy, expressed in mechanical energy units, must be
constant and determinable by experiment.

4. Subdivisions of the Subject. The evolutions and absorptions
of heat accompanying atomic combinations and molecular decompo-
sitions are the subjects of thermochemistry. The mutual relations of
heat phenomena, with the consideration of the laws of heat trans-
mission, are dealt with in general physics. The relations between
heat and mechanical energy are included in the scope of applied engi-
neering thermodynamics, which may be defined as the science of the
mechanical theory of heat. While thermodynamics is thus apparently
only a subdivision of that branch of physics which treats of heat, the
relations which it considers are so important that it may be regarded
as one of the two fundamental divisions of physics, which from this
standpoint includes mechanics —dealing with the phenemena of
ordinary masses — and thermodynamics —treating of the phenomena
of molecules. Thermodynamics is the science of energy.

5. Applications of Thermodynamics. The subject has far-reaching
applications in physics and chemistry. In its mechanical aspects, it deals
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with matters fundamental to the engineer. After developing the general
laws and dwelling briefly upon ideal processes, we are to study the condi-
tions affecting the efficiency and capacity of air, gas, and steam engines
and the steam turbine; together with the economics of air compression,
distillation, refrigeration, and gaseous liquefaction. The ultimate engi-
neering application of thermodynamics is in the saving of heat, an ’].pph-
cation which becomes attractive when viewed in its just aspect as a saving
of money and a mode of conservation of our material wealth.

6. Temperature. A hot body, in common language, is one whose
temperature is high, while a cold body is one low in temperature. Tem-
perature, then, is a measure of the kotness of bodies. From a rise in tem-
perature, we infer an accession of heat; or from a fall in temperature,
a loss of heat.* Temperature i1s not, however, a satisfactory measnre of
quantities of heat. A pound of waler at 200° contains very much more
heat than a pound of lead at the same temperature; this may be demon-
strated by successively cooling the bodies in a bath to the same final tem-
perature, and noting the gain of heat by the bath. Furthermore, immense
quantities of heat are absorbed by bodies in passing from the solid to the
hquid or from the liquid to the vaporous conditions, without any change
in temperature whatever. Temperature defines a condition of heat only.
It is o measure of the capuciy of the body for convmunicating heat to other
bodies. Heat always passes from a body of relatively high temperature;
it never passes of itself irom a cold body to a hot one. Wherever two
bodies of different temperatures are in thermal juxtaposition, an inter-
change of heat takes place; the cooler body absorbs heat from the hotter
body, no matter which contains initially the greater quantity of heat,
until the two are at the same temperatuve, or in thermul equililrivm,
Two bodies are at the same temperature when there is no tendency toward a
transfer of heat between them. Measurements of temperature ave in gen-
cral based upon arbitrary scales, standardized by cownparison with some
physically established ¢ fixed ” point. One of these fixed temperatures is
that minimun at which pure water boils when uunder normal atmospherio
pressure of 14.697 1b. per square inch; viz. 212° F.  Another is the
maximum temperature of melting iee at atmospherie pressure, which is
32° F. OQur arbitrary scales of temperature cannot be expressed in terms
of the fundamental physical units of length and weight.

7. Measurement of Temperature. Temperatures are mecasured by thermome-
ters. The common type of instrument consists of a connected bulb and vertical
tube, of glass, in which is contained a liguid. Any change in temperature affects

# ¢, the change in temporature is the thing observed and. .. the idea of heat
is mtroduced to account for the change. ., . —(:%oodenough
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the volume of the liquid, and the portion in the tube consequently rises or falls.
The expansion of solids or of gases is sometimes utilized 1 the design of thermom-
eters. Mercury and alcohol are the liquids commonly used. The former freezes at
—38° F. and boils at 675° F. The latter freezes at —203° F. and bouls at 173° F.

The mercury thermometer is, therefore, more commonly used for high tempera-
tures, and the aleohol for low (2a).

8. Thermometric Scales. The Fahrenheit thermometer, generally
employed by engineers in the Umted States and Great Britain,
divides the space between the “fixed points” (Art. 6) into 180
equal degrees, freezing being at 82> and boiling at 212°. The
Centigrade scale, employed by chemists and physicists (sometimes
described as the Celsius scale), calls the freezing point 0° and the
boiling point 100°. On the Réaumur scale, used in Russia and a
few other countries, water freezes at 0° and boils at 80°. One de-
gree on the Fahrenheit scale is, therefore, equal to §° C., or to £° R.
In making transformations, care must be taken to regard the differ-
ent zero point of the Fahrenheit thermometer. On all scales, tem-
peratures below zero are distinguished by the minus (—) prefix.

The Centigrade scale is unquestionably superior in facilitating arithmetical
calculations; but as most English papers and tables are published in Fahrenheit
units, we must, for the present at least, use that scale of teinperatures.

9. High Temperature Measurements. For measuring temperatures above
800" F., some form of pyrometer must be employed. The simplest of these is the
metallic pyrometer, exemplifying the principle that different metals expand to dif-
ferent extents when heated through the same range of temperature. Bars of iron
and brass are firmly connected at one end, the other ends being free. At some
standard temperature the two bars are of the same length, and the indicator, con-
trolled jointly by the two free ends of the bars, registers that temperature. When
the temperature changes, the indicator is moved to a new position by the relative
distortion of the free ends.

In the Le Chatelier electric pyrometer, a thermoelectric couple is employed. For
temperatures ranging from 300° C. to 1500° C., one element is made of platinum,
the other of a 10 per cent. alloy of platinum with rhodium. Any rise in tempera-
ture at the junction of the elements induces a flow of electric current, which is con-
ducted by wires to a galvanometer, located in any convenient position. The ex-
pensive metallic elements are protected from oxidation by enclosing porcelain
tubes. In the Bristol thermoelectric instrument, one element is of a platinum-
rhodium alloy, the other of a cheaper metal. The electromotive force is indicated
by a Weston millivoltmeter, graduated to read temperatures directly. The in-
strument is accurate up to 2000° F. The elecirical resistance pyromeler is based on
the law of increase of electrical resistance with increase of temperature. In Cal-
lendar’s form, a coil of fine platinum wite is wound on a serrated mica frame.
The instrument is enclosed in porcelain, aud placed in the space the temperature
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of which is to be ascertained. The resistance is measured by a Wheatstone bridge,
a galvanometer, or a potentiometer, calibrated to read temperatures directly.

Each instrument must be separately calibrated.

Optical pyrometers are based on the principle that the colors of bodies vary
with their temperatures (2b). In the Morse thermogage, of this type, an incan descent
lamp is wired in circuit with a rheostat and a millivoltmeter. The lamp 1s located
between the eye and the object, and the current is regulated until the lamp be-
comes invisible. The temperature is then read directly from the calibrated milli-
voltmeter. The device is extensively used in hardening steel tools, and has been
enployed to measure the temperatures in steam boiler furnaces.

10. Cardinal Properties. A cardinal or integral property of a
substance is any property which iy fully defined by the immediate
state of the substance. Thus, weight, length, specific gravity, are
cardinal properties. On the other hand, cost is a non-cardinal prop-
erty; the cost of a substance cannot be determined by examination
of that substance; it depends upon the previous history of the sub-
stance. Any two or three cardinal properties of a substance may be
used as codrdinates in a graphic representation of the state of the sub-
stance. Properties not cardinal may not be so used, because such
properties do not determine, nor are they determinable by, the pres-
ent state of the substance. The cardinal properties employed in
thermodynamics are five or six in number.* Three of these are pres-
sure, volume, and temperature; pressure being understood to mean
specific pressure, or uniform pressure per unit of surface, exerted by or
upon the body, and volume to mean volume per unit of weight. The
location of any point in space is fully determined by its three codrdi-
nates. Similarly, any three cardinal properties may serve to fiz the
thermal condition of a substance.

The first general principle of thermodynamics is that if two of the
three named cardinal properties are known, these two enable us to calcu-
late the third. This principle cannot be proved a priori; it is to be justi-
fied by its results in practice. Other thermodynamic properties than
pressure, volume, and temperature conform to the same general principle
(Art. 169); with these properties we are as yet unacquainted. A correlated
principle is, then, that any #wo of the cardinal properties suffice to fully
determine the state of the substance. For certain gases, the general prin-

ciple may be expressed, PY=(NT
- H

* For gases, pressure, volume, temperature, internal energy, entropy; for wet
vapors, dryness is another,
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while for other gaseous fluids more complex equations (Art. 363) must be
used. In general, these equations are, in the language of analytical
geometry, equations to a surface. Certain vapors cannot be represented,
as yet, by any single equation between P, ¥, «und 7, althoungh correspond-
ing values of these properties may have been ascertained by experiment.
With other vapors, the pressure may be expressed as a function of the
temperature, while the volume depends both upon the temperature an
upon the proportion of liqnid mingled with the vapor.

11. Preliminary Assumptions. The greater part of the subject
deals with substances assumed to be in a state of mechanical equilibrium,
all changes being made with infinite slowness. A second assumption
is that no chemical actions occur during the thermodynamic trans-
formation. In the third place, the substances dealt with are assumed
to be so homogeneous, as to be in uniform thermal eondition through-
out: for example, the pressure property wnust involve equality of
pressure in all directions; and this limits the consideration to the
properties of liquids and gases.

The thermodynamics of solids is extremely complex, because of the obscurs
stresses accompanying their deformation (3). Kelvin (4) has presented a general
analysis of the action of any homogeneous solid body homogeneously strained.

12. The Three Effects of Heat. Setting aside the obvious un-
classified changes in pressure, volume, and temperature accompanying
manifestations of heat energy, there are three known ways in which
heat may be expended. They are:

(@) In a change of temperature of the substance.

(®) In a change of physical state of the substance.

(¢) Inthe performance of external work by or upon the substance.
Denoting these effects by 7, I, and W, then, for any transfer of heat
H, we have the relation

H=T+I+W,

any of the terms of which expression may be negative. It should be
quite obvious, therefore, that changes of temperature alone are in-
sufficient to measure expenditures of heat.

Ttems (a) and (8) are sometimes grouped together as indications
of a change in the INTERNAL ENERGY (symbol E) of the heated
substance, the term being one of the first importance, which it is
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essential to clearly apprehend. Items (3) and (¢) are similarly some-
times combined as representing the total work.

13. The Temperature Effect. Tewmperature indications of heat activity are
sometimes referied to as ¢ sensible heat.” The addition of heat to a substance
may either raise or lower its temperature, in accordance with the fundamental
equation of Art. 12,

The temperature effect of heat, from the standpoint of the mechanical
theory, is due to a change in the welocity of molecular motion, in conse-
quence of which the kinetic energy of that motion changes.

This effect is therefore sometimes referred to as vibration work. Clausius
called it actual energy.

14. External Work Effect. The expansion of solids and fluids, due to the supply
of heat, is a familiar phenomenon. Heat may cause erther expansion or contraction,
which, if exerted against a resistance, may suffice to perform mechanical work.

15. Changes of Physical State. Droadly speaking, such effects
include all changes, other than those of temperature, within the sub-
stance itself. The most familiar examples are the change between
the solid and the liquid condition, when the substance melts or
freezes, and that between the liquid and the vaporous, when it boils
or condenses; but there are intermediate changes of molecular aggrega-
tton in all material bodies which are to be classed with these effects
under the general description, disgregation work. The mechanical
theory assumes that in such changes the molecules are moved into
new positions, with or against the lines of mutual attraction. These
movements are analogous to the ¢ partial raising or lowering of a
weight which is later to be caused to perform work by its own descent.
The potential energy of the substance is thus changed, and positive
or negative work is performed against internal resisting forces.”

When a substance changes its physical state, as from water to steam, it
can be shown that a very cousiderable amount of external work is done, in
consequence of the increase in volume which occurs, and which may be
made to occur against a heavy pressure. This external work is, however,
equivalent only to a very small proportion of the total heat supplied to
produce evaporation, the balance of the heat having been expended in the
performance of disgregation work,

The molecular displacements constituting disgregation work are exemplified in
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16. Solid, Liquid, Vapor, Gas. Solid bodies are those which resist tendencies
to change their form or volume. Liquids are those bodies which in all of their
parts tend to preserve definite volume, and which are practically unresistant to
influences tending to slowly change their figure. Gases are unresistant to slow
changes in figure or to increases in volume. They tend to expand indefinitely so
as to completely fill any space in which they are contained, no matter what the
shape or the size of that space may be. Most substances have been observed in
all three forms, under appropriate conditions; and all substances can exist in any
of the forms. At this stage of the discussion, no essential difference need be
drawn between a vapor and a gas. Forme:ly, the name vapor was appled to
those gaseous substances which at ordinary temperatures were liquid, while a
“gas” was a substance never observed in the liquid condition. Since all of the
so-called “ permanent” gases have been liquefied, this distinction has lost its force.
A useful definition of a vapor as distinct from a true gas will be given later
(Art. 380).

Under normal atmospheric pressure, there exist well-defined tempera-
.tures at which various substances pass from the solid to the liquid and
from the liquid to the gaseous conditions. The temperature at which the
former change occurs is called the melting point or freezing point; that of
the latter is known as the boiling point or temperature of condensation.

17. Other Changes of State. Although the operation described as boiling
oceurs, for each liquid, at some definite temperature, there is an almost continual
evolution of vapor from nearly all liquids at temperatures below their boiling
points. Such ““insensible’” evaporation is with some substances non-existent, or
at least too small in amount to permit of measurement: as in the instances of mercury
at 32° F. or of sulphuric acid at any ordinary temperature. Ordinarily, a liquid
at a given temperature continues to evaporate so long as its partial vapor pressure
is less than the maximum pressure corresponding to its temperature. The inter-
esting phenomenon of sublimation consists in the direct passage from the solid to
the gaseous state. Such substances as camphor and 10dine manifest this property.
Ice and snow also pass directly to a state of vapor at temperatures far below the
freezing point. There seem to be no quantitative data on the heat relations accom-
panying this change of state (see Art. 382 b).

18. Variations in ¢ Fixed] Points.” Aside from the influence of pressure
(Arts. 358, 603), various causes may modify the positions of the ““fixed points” of
the thermometric scale. Water may be cooled below 32° F. without freezing, if
kept perfectly still. If free from air, water boils at 270-290° F. Minute particles
of air are necessary to start evaporation sooner; their function is probably to aid
in the diffusion of heat.

(1) Tyndall: Heat as @ Mode of Motion. (2) Nichols and Franklin: The Fle-
ments of Physics, I, 161. (2a) Heat Treatment of High Temperature Mercurwal
Thermometers, by Dickinson; Bulletin of the Bureau of Standards, 2, 2. (2b) See
the paper, Optical Pyrometry, by Waidner and Burgess, Bulletin of the Bureau of
Standards, 1, 2. (3) See paper by J. E, Siebel: The Molecular Constitution of
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Solids, in Science, Nov. 5, 1909, p. 654. (4) Quarterly Mathematical Journal,
April, 1855. (5) Darling: Heat for Engineers, 208.

SYNOPSIS OF CHAPTER I

Heat is the universal source of motive power.

Theories of heat : the caloric theory — heat 18 matter; the mechanical theory — heat
is molecular motion, mutually conveitible with mechanical energy.

THERMOCHEMISTRY, THERMODYNAMICS,

Thermodynamics : the mechanical theory of heat; in its engineering applications, the
science of heat-motor efficiency.

Heat witensity, temperaiure : definition of, measurement of ; pyrometers.

Thermometric scales: Fahrenheit, Centigrade, Réaumur; fixed points and their
variations

Cardinal properties : pressure, volume, temperature ; PV=(f)T.

Assumptions : uniform thermal condition ; no chemical action ; mechanical equilibrium,

Effects of heat: H=T4-I+W; T+4I=E="‘1ternal energy'’; W=external work.

Changes of physical state, perceptible and imperceptible : I=disgregation work.

Solid, ligud, vapor, gas: melting point, boiling pomnt; insensible evaporation ;
sublimation.

PROBLEMS

1. Compute the freezing points, on the Centigrade scale, of mercury and aleohol.
(4ns., mercury, —38.9% alcohol,—130.6°.)

2. At what temperatures, Réaumur, do alcohol and mercury boil? (A4ns., mer-
cury, 285.8°: alcohol, 62.7°.)

3. The normal temperature of the human body is 98.6° F. Express in Centigrade
degrees. (4ms., 37°C.)

4. At what temperatures do the Fahrenheit and Centigrade thermometers read
alike? (4ns., —40°)

5. At what temperatures do the Fahrenheit and Réaumur thermometers read
alike? (d4ns., —25.6°.)

6. Express the temperature —273° C. on the Fahrenheit and Réaumur scales.
(Ans., —459.4° F.: —218.4°R.)



CHAPTER 1II

THE HEAT UNIT: SPECIFIC HEAT: FIRST LAW OF
THERMODYNAMICS

19. Temperature — Waterfall Analogy. The difference between temperature
and quantity of heat may be apprehended from the analogy of a waterfall. Tem-
perature is like the %ead of water; the energy of the fall depends upon the head,
but cannot be computed without knowing at the same time the quantity of water.
As waterfalls of equal height may differ in power, while those of equal power may
differ in fall, so bodies at like temperatures may contain different quantities of
heat, and those at unequal temperatures may be equal in heat contents.

20. Temperatures and Heat Quantities. If we mix equal weights of
water at different temperatures, the resulting temperature of the mix-
ture will be very nearly a mean between the two initial temperatures.
If the original weights are unequal, then the final temperature will be
nearer that initially held by the greater weight. The general principle of
transfer is that

The loss of heat by the hotter water will equal the gain of heat by the
colder.

Thus, 5 1b. of water at 200° mixed with 1 1b. at 104° gives 6 lb. at
184°; the hotter water having lost 80 *pound-degrees,” and the colder
water having gained the same amount of heat. If, however, we mix the
5 1b. of hot water with 1 1b. of some other substance — say linseed oil —
the resulting temperature will not be 184° but 194.6° if the initial tem-
perature of the oil is 104°.

21. General Principles. Before proceeding, we may note, in addition to the
principle just laid down, the following laws which are made apparent by the ex-
periments described and others of a similar nature :

(a) In a homogeneous substance, the movement of heat accom-
panying a given change of temperature* is proportional to the
weight of the substance.

(%) The movement of heat corresponding to a given change of

* Not only the amount, but the method, of changing the temperature must be
fixed (Art. 57).
11
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temperature is not necessarily the same for equal intervals at all
parts of the thermometric scale; thus, water cooling from 200° to
195° does not give out exactly the same quantity of heat as in cool-

ing from 100° to 95°.
(¢) The loss of heat during cooling through a stated range of
temperature is exactly equal to the gain of heat during warming

through the same range.

992 The Heat Unit. Changes of temperature alone do not measure heat quan-
tities, because heat produces other effects than that of temperature change. If,
however, we place a body under ¢standard ” conditions, at which these other
effects, if not known, are at least constant, then we may define a unit of quantity
of heat by reference to the change 1n temperature which 1t produces, understand-
ing that there may be included perceptible or imperceptible changes of other
kinds, not affecting the constaucy of value of the umt.

The British Thermal Unit is that quantity of heat which is expended in
raising the temperature of one pound of water (or in producing other effects
during this change in temperature) from 62° to 63° F.*

To heat water over this range of temperature requires very nearly the same
expenditure of heat as is necessary to warm it 1° at any point on the thermometric
scale. In fact, some writers define the heat unit as thab quantity of heat necessary

to change the temperature from 89.1° (the temperature of maximum density) to
40.1°. Others use the ranges 32° to 83° 59° to 60°% or 89° to 40°. The range firs

given is that most recently adopted.

23. French Units. The French or C.G.S. unit of heat is the
calorie, the amount of heat necessary to raise the temperature of one
kilogram of water 1° C. Its value is 2.2046 X ¢ =3.96832 B. t. u,, and
1 B. t. u. = 0.251996 cal. The calorie is variously measured from 4° to
5° and from 14.5° to 15.5° (. The gram-calorie is the heat required to
raise the temperature of one gram of water 1° C. The Centigrade heat
unit measures the heat necessary to raise one pound of water 1° C. in
temperature.

24. Specific Heat. Reference was made in Art. 20 to the different heat
capacities of different substances, e.g. water and linseed oil. If we mix
a stated quantity of water at a fixed temperature successively with equal
weights of various materials, all initially at the same temperature, the
final temperatures of the mixtures will all differ, indicating that a unit

* There are certain grounds for preferring that definition which makes the B. t.u.
the 3y part of the amount of heat required to raise the temperature of one pound of
water at atmospheric pressure from the freezing point to the boiling point.
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rise of temperature of unit weight of these various materials represents a
different expenditure of heat in each case.

The property by virtue of which materials differ in this respect is
that of specific heat, which may be defined as the quantity of heat
necessary to raise the temperature of unit weight of a body through onme
degree.

The specific heat of water at standard temperature (Art. 22) is, meas-
ured in B.t. u, 1.0; generally speaking, its value is slightly variable, as 1s
that of all substances.

Rankine’s definition of specific heat is illustrative: “the specific heat of any
substance is the ratio of the weight of water at or near 39.1° F. [2°-63° F.] which
has its temperature altered one degree by the transfer of a given quantity of heat,
to the weight of the other substance under consideration, which has its temperature
altered one degree by the transfer of an equal quantity of heat.”

25. Mixtures of Different Bodies. If the weights of a group of
mixed bodies be X, ¥, Z, ete., their specific heats =, y, 2, etc., their ini-
tial temperatures ¢, u, v, etc., and the final temperature of the mixture
be m, then we have the following as a general equation of thermal equi-
librium, in which any quantity may be solved for as an unknown:

2X({t—m)+yT(u—m)+2Z(v —m) --- =0.

This illustrates the usual method of ascertaining the specific heat of any
body. When all the specific heats are known, the loss of heat to sur-
rounding bodies may be ascertained by introducing the additional term,
+ R, on the left-hand side of this equation. The solution will usually
give a negative value for R, indicating that surrounding bodies have
absorbed rather than contributed heat. The value of B will of course be
expressed in heat units.

26. Specific Heat of Water. The specific heat of water, according
to Rowland’s experiments, decreases as the temperature is increased
from 39.1° to 80°F., at which latter temperature it reaches a minimum
value, afterward increasing (Art. 359, footnote). The variation in its
value is very small. The approximate specific heat, 1.0, is high as com-
pared with that of almost all other substances.

27. Problems Involving Specific Heat. The quantity of heat re-
quired to produce a given change of temperature in a body is equal
to the weight of the body, multiplied by the range of temperature
and by the specific heat.

Or, symbolically, using the notation of Art. 25,
H= zX (m, el t)-
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If the body is cooled, then m, the final temperature, is less than t, and the sign of
H is —; if the body is warmed, the sign of H is +, indicating a reception of heat.

98. Consequences of the Mechanical Theory. The Mechanical Equivalent
of Heat. Even before Joule’s formulation (Art. 2), Rumford’s ex-
periments had sufficed for a comparison of certain effects of heat
with an expenditure of mechanical energy. The power exerted by the
Bavarian horses used to drive his machinery is uncertain; but Alexander
has computed the approximate relation to have been 847 foot-pounds =
1 B. t.u. (1), while another writer fixes the ratio at 1034, and Joule cal-
culated the value obtained to have been 849.

Carnot’s work, although based throughout on the caloric theory, shows evident
doubts as to 1ts validity. This writer suggested (1824) a repetition of Ruwnford’s
experiments, with provision for accurately measuring the force employed. Using
a method later employed by Mayer (Art. 29) he calculated that “ 0.611 units
of motive power” were equivalent to “550 units of heat”; a relation which
Tyndall computes as representing 870 kilogram-meters per calorie, or 676 foot-
pounds per B. t. u. Montgolfier and Seguin (1839) may possibly have anticipated
Mayer’s analysis.

29. Mayer's Calculation. This obscure German physician published in 1842
(2) his calculation of the mechanical equivalent of heat, based on the difference
in the specific heats of air at constant pressure and constant volume, giving
the ratio 771.4 foot-pounds per B. t. u. (Art.72). This was a substantially correct
result, though given little consideration at the time. Mayer had previously made
rough calculations of equivalence, one bemng based on the rise of temperature
oceurring in the «beaters” of a paper mill.

30. Joule's Determination. Joule, in 1843, presented the first of his
exhaustive papers on the subject. The usual form of apparatus employed
has been shown in Fig. 1. In the appendix to his paper Joule gave 770 as
the best value deducible from his experiments. In 1849 (3) he presented
the figure for many years afterward accepted as final, viz. 772.

In 1878 an entirely new set of experiments led to the value 772.55, which
Joule regarded as probably slightly oo low. Experiments in 1857 had given the
values 745, 753, and 766. Most of the tests were made with water at about 60° F.
This, with the value of g at Manchester, where the experiments were made, in-
volves slight corrections to reduce the results to standard conditions (4).

81. Other Investigators. Of independent, though uncertain, merit, were the
resnlts deduced by the Danish engineer, Colding, in 1843. His value of the
equivalent is given by Tyndall as 638 (5). Helmholtz (1847) treated the matter
of eqnivalence from a speculative standpoint. Assuming that ¢ perpetual motion ”
is impossible, he contended that there must be a definite relation between heat
energy and mechanical energy. As early as 1845, Holtzmann (6) bad apparently



MECHANICAL EQUIVALENT OF HEAT 15

independently calculated the equivalence by Mayer’s method. By 1847 the reality
of the numerical relation had been so thoroughly established that little more was
heard of the caloric theory. Clausius, following Mayer, in 1850 obtained wide
circulation for the value 758 (7).

32. Hirn’s Investigation. Joule had employed mechanical agencies in the
heating of water. Hiin, in 1865 (8), described an experiment by which he trans-
formed into heat the work expended in producing the impact of solid bodies.
Two blocks, one of iron, the other of wood, faced with iron in contact with a lead
cylinder, were suspended side by side as pendulums. The iron block was allowed
to strike against the wood block and the rise in temperature of water contained in
the lead cylinder was noted and compared with the computed energy of impact.
The value obtained for the equivalent was 775.

Far more conclusive, though less accurate, results were obtained
by Hirn by noting that the heat in the exhaust steam from an engine
cylinder was less than that which was present in the entering steam.
It was shown by Clausius that the heat which had ' disappeared was
always roughly proportional to the work done by the engine, the
average ratio of foot-pounds to heat units being 753 to 1. This was
virtually a reversal of Joule’s experiment, illustrating as it did the
conversion of heat into work. It is the most striking proof we have
of the equivalence of work and heat.

33. Recent Practice. In 1876 a committee of the British Association for the
Advancement of Science reviewed critically the work of Joule, and as a mean
value, derived from his best 60 experiments, recommended the use of the figure
T74.1, which was computed to be correct within z}5. In 1879, Rowland, having
conducted exact experiments on the specific heat of water, carefully redetermined
the value of the equivalent by driving a paddle wheel about a vertical axis at
fixed speed, in a vessel of water prevented from turning by counterbalance weights.
The torque exerted by the paddle was measured. This permitted of a calculation
of the energy expended, which was compared with the rise in temperature of the
water. Rowland’s value was 778, with water at its maximum density. This
was regarded as possibly slightly low (9). Since the date of Rowland’s work, the
subject has been investigated by Griffiths (10), who makes the value somewhat
greater than 778, and by Reynolds and Moorby (11), who report the ratio 778 as
the mean obtained for a range of temperature from 82° to 212° F. This they
regard as possibly 1 or 2 foot-pounds too low.

34. Summary. The establishing of a definite mechanical equivalent of
heat may be regarded as the foundation stone of thermodynamics. Accord-
ing to Merz (12), the anticipation of such an equivalent is due to Poncelet
and Carnot; Rumford’s name might be added. “The first philosophical
generalizations were given by Mohr and Mayer; the first mathematical
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treatment by Helmholtz; the first satisfactory experimental verification
by Joule.” The construction of the modern science on this foundation
bas been the work chiefly of Rankine, Clausius, and Kelvin.

35. First Law of Thermodynamics. Heat and mechanical energy
are mutually convertible in the ratio of 778 foot-pounds to the British

thermal unit.

This is a restricted statement of the general principle of the conservation of
energy, a principle which is itself probably not susceptible to proof.
We have four distinet proofs of the firsi law :

(a) Joule’s and Rowland’s experiments on the production of

heat by mechanical work.
(8) Hirn’s observations on the production of work by the ex-

penditure of heat.
(¢) The computations of Mayer and others, from general data.
(d) The fact that the law enables us to predict thermal proper-
ties of substances which experiments confirm.

36. Wormell’s Theorem. There cannot be two values of the mechanical
equivalent of heat. Consider two wachines, 4 and B, in the first of which work
is transformed into heat, and in the second of which heat is transformed into
work. Let J be the mechanical equivalent of heat for 1, T¥ the amount of work
which it consumes in producing the heat Q; then W =JQor @ = W —J. Let
this heat Q be used to drive the machine B, in which the mechanical equivalent
of heat is, say K. Then the work done by Bis ¥ =KQ= KW ~J. Let this
work be now expended in driving 4. It will produce heat R, such that JR = V
or R=V +J.* If this heat R be used in B, work will be done equal to KR ; but

KR =KV—J=(§)2 w.
Similarly, after n complete periods of operation, all parts of the machines oceupy-
ing the same positions as at the beginuing, the work ultimately done by B will be
K\n
()

If K is less than J, this expression will decrease as n increases; i.e. the system
will tend continually to a state of rest, contaiary to the first law of motion. If K
be greater than J, then as n increases the work constantly increases, involving the
agsumed fallacy of perpetual motion. Hence K and J must be equal (13).

37. Significance of the Mechanical Equivalent. A very little heat is seen to be
equivalent to a great deal of work. The heat used in raising the temperature of

*The demonstration assumes that the value of the mechanical equivalent is con-
stant for a given machine,
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one pound of water 100° represents energy sufficient to lift one ton of water nearly
39 feet. The heat employed to boil one pound of water initially at 82° F. would
suffice to lift one ton 443 feet. The heat evolved in the combustion of one pound of
hydrogen (62,000 B. t. u.) would lift one ton nearly five miles.

(1) Treatise on Thermodynamics, London, 1892. (2) Wohler and Liebig's
Annalen der Pharmacie : Bemerkungen tiber die Krdfte der unbelebten Natur, May,
1842, (8) Phul. Trans., 1850. (4) Joule’s Scientific Papers, Physical Society of
London, 1884. (5) I’robably quoted by Tyndall from a later article by Colding, in
which this figure is given. Colding’s original paper does not seem to be accessible.
(6) Ueber die Wdrme und Elasticitit der Gase und Dimpfe, Mannheim, 1845.
(7) Poggendorfi, Annalen, 1850. (8) Théorie Mécanique, etc , Paris, 1865 (9) Proc.
Amer. Acad. Aris and Sciences, New Series, VII, 1878-79. (10) Phil. Trans. Roy.
Soc , 1898. (11) Phil. Trans, 1897. (12) History of European Thought, II, 187.
(18) R. Wormell: Thermodynamics, 1886.

SYNOPSIS OF CHAPTER 11

Heat and temperature : heat quantity »s. heat intensity.

Principles: (a) heat movement proportional to weight of substance ; (b) temperature
range does not accurately measure heat movement ; (¢) loss during cooling equals
gain during warming, for identical ranges.

The British thermal unit s other anits of heat quantity.

Specific heat : mixtures of bodies ; quantity of heat to produce a given change of tem-
perature ; specific heat of water.

The mechanical equivalent of heat: early approximations. First law of thermody-
namics : proofs ; only one value possible ; examples of the motive power of heat.

PROBLEMS

1. How many Centigrade heat units are equivalent to one calorie? (4ns.,
2.2046.)

2, Find the number of gram-calories in one B.t.u, (4ns., 252.)

3. A mixture is made of 5 lb. of water at 200°, 3 lb. of linseed oil at 110°, and
22 1b. of iron at 220° (all Fahrenheit temperatures), the respective specific heats
being 1.0, 0.3, and 0.12. Find the final temperature, if no loss occurs by radiation.
(4ns., 196.7° F.)

4. If the final temperature of the mixture in Problem 3 is 189° F., find the num-
ber of heat units lost by radiation. (A4ns., 65.7 B. t. u.)

5. Under what conditions, with the weights, temperatures and specific heats of
Problem 3, might the final temperature exceed that computed?

6. How much heat is given out by 7% Ih. of linseed oil in cooling from 400° F. to
32°F.? (4ms., 828 B.t.u)

7. In a heat cngine test, each pound of steam leaves the engine containing 125.2
B.t.u. less heat than when it entered the cylinder. The engine develops 155 horse-
power, and consumes 3160 Ib. of steam per hour, Compute the value of the mechani-
cal equivalent of heat. (4ns., 775.7.)
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8. A pound of good coal will evolve 14,000 B. t.u. Assuming a train resistance
of 11 Ib. per ton of trawn load, how far should one ton (2000 Ib.) of coal burned in the
locomotive without loss, propel a tiain weighing 2000 tons? If the locomotive weighs
125 tons, how hugh would one pound of coal hit 1t if fully utilized?

(Amns., a, 187.2 miles, b, 43.5 ft.)

9. Find the number of kilogram-meters equivalent to one calorie. (1 meter=239.37
in., 1 kilogram =2.2046 1b.) (Ans., 426.8.)

10. Transform the following formula (P being the pressure in kilograms per square
meter, 7" the volume m cubic meters per kilogram, T the Centigrade temperature
plus 273), to Enghsh wts, letting the pressure be n pounds per square mch, the
volume 1n cubic feet per pound, and the temperature that on the Fahrenheit scale
plus 459.4, and ehmmating coefficients in places where they do not appear in the
origimal equation :

PV =47.1 T'— P(14-0.000002 P) [ 0.031 (3;,3) —0.0052-| .

(A'ns., PV =0.5962 T— P(1-+0.0014P) (-130—31?0—099—0 0833) )

11. There are mixed 5! 1b. of water at 204°, 3} 1b. of linseed o1l at 105° and 21 Ib,
of a third substance at 2217, The final temperature is 195° and the radiation loss is
known to be 8.8 B.t.u. What is the specifie heat of the third substance?



CHAPTER III
LAWS OF GASES: ABSOLUTE TEMPERATURE: THE PERFECT GAS

38. Boyle’s (or Mariotte’s) Law. The simplest thermodynamic
relations are those exemplified by the so-called permanent gases.
Boyle (Oxford, 1662) and Mariotte (1676-1679) separately enun-
ciated the principle that at constant temperature the volumes of gases
are inversely proportional to their pressures. In other words, the
product of the specific volume and the pressure of a gas at a given
temperature is a constant. For air, which at 82° F. has a volume
of 12.887 cubic feet per pound when at normal atmospheric pressure,
the value of the constant is, for this temperature,

144 x 14,7 x 12.387 = 26,221.

Symbolically, if ¢ denotes the constant for any given tempera-
ture,

pv =PI or, pv=c.

Figure 2 represents Boyle’s law graphically, the ordinates being pres-
sures per square foot, and the abscissas, volumes in cubic feet per pound.
The curves are a series of equilateral hyperbolas,* plotted from the second
of the equations just given, with various values of c.

39. Deviations from Boyle’s Law. This experimentally determined principle
was at first thought to apply rigorously to all true gases. It is now known to be
not strictly correct for any of them, although very nearly so for air, hydrogen,
nitrogen, oxygen, and some others. All gases may be liquefied, and all liguids
may be gasified. When far from the point of liquefaction, gases conform with
Boyle’s law. When brought near the liquefying point by the combined influences
of high pressure and low temperature, they depart widely from it. The four gases
just mentioned ordinarily occur at far higher temperatures than those at which they
will liquefy. Steam, carbon dioxide, ammonia vapor, and some other well-known
gaseous substances which may easily be liquefied do not confirm the law even
approximately. Conformity with Boyle's law may be regarded as a measure of
the “perfectness’” of a gas, or of its approximation to the truly gaseous condition.

* Referred to their common asymptotes as axes of P and V.
19
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Fia. 2. Arts. 38, 91.— Boyle’s Law.

40. Dalton’s Law, Avogadro’s Principle. Dalton has been credited (though
erroneously) with the announcement of the law now known as that of Gay-Lussac
or Charles (Art. 41). What is properly known as Dalton’s law may be thus
stated . A mixture of gases having no chemical action on one another exerts a pres-
sure which is the sum of the pressures which would be exerted by the component
gases separately if each in turn occupied the containing vessel alone at the given
temperature.

The ratio of volumes, at standard temperature and pressure, in which two
gases combine chemically is always a simple rational fraction (3, $, 3, ete.).
Taken in conjunction with the molecular theory of chemical combination, this
law leads to the principle of Avogadro that all gases contain the same number of
molecules per unit of volume, at the same temperature and pressure. Dalton’s
law has important thermodynamic relations (see Arts. 52 b, 382 b).

41. Law of Gay-Lussac or of Charles (1). Davy had announced that the
coefficient of expansion of air was independent of the pressure. Gay-Lus-
sac verified this by the apparatus shown in Fig. 3. He employed a glass
tube with a large reservoir 4, containing the air, which had been previously
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dried. An index of mercury mn separated the air from the external atmos-
phere, while permitting it to expand. The vessel B was first filled with
melting ice. Upon applying heat, equal in- c
tervals of temperature shown on the ther-
mometer C were found to correspond with
equal displacements of the index 2n. When
a pressure was applied on the atmospherie
side of the index, the proportionate expansion
of the air was shown to be still constant for
equal ntervals of temperature, and to be equal
to that observed under atmospheric pressure.
Precisely the same results were obtained with Fre.3 Arts. 41,48 —Verifica-
other gases. The expansion of dry air was tion of Charles Law.
found to be 0.00375, or i of the volume at the freezing point, for each
degree C. of rise of temperature. The law thus established may be
expressed :

For all gases, and at any pressure, maintained constant, equal increments of
volume accompany equal increments of temperature.

42. Increase of Pressure at Constant Volume. A second statement
of this law is that all gases, when maintained at constant volume,
undergo equal increases of
pressure with equal increases
of temperature.

This is shown experimen-
tally by the apparatus of ¥ig. 4.
The glass bulb A contains the
gas. It communicates with the
open tube manometer Mm,

F1c. 4. Arts. 42, 48. — Coefficient of Pressure. ~ Which measures the pressure

P is a tube containing mercury,

in which an iron rod is submerged to a sufficient depth to keep the level

of the mercury in m at the marked point a, thus maintaining a constant
volume of gas.

43. Regnault’s Experiments. The constant 0.00375 obtained by Gay-
Lussac was pointéd out by Rudberg to be probably slightly inaccurate.
Regnault, by employing four distinct methods, one of which was sub-
stantially that just described, determined accurately the coefficient of
increase of pressure, and finally the coefficient of expansion at constant
pressure, which for dry air was found to be 0.003665, or 5}, per degree
C., of the volume at the freezing point.
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44. Graphical Representation. In Fig. 5, let ab represent the
volume of a pound of gas at 32° F. Let temperatures and volumes
T be represented, respectively, by ordinates and

/¢ abscissas. According to Charles’ Law, if the
/ pressure be constant, the volumes and tempera-
a __32°_z7b/_ ¢ tures will increase proportionately ; the volume

/ ab increasing iy for each degree C. that the
/ temperature is increased, and wvice versa. The
e straight line cbe then represents the successive
[ relations of volume and temperature as the gas
Fic 5 Arts. 44, s¢.— is heated or cooled from the temperature at d.

Charles’ Law. At the point ¢, where this line meets the a7 axis,
the volume of the gas will be zero, and its temperature will be 273° C.,
or 491.4° F., lelow the freezing point.

45, Absolute Zero. This temperature of —159.4° F. suggests
the absolute zero of thermodynamics. All gases would liquefy or
even solidify before reaching it. The lowest temperature as yet
attained is about 450° F. below zero. The absolute zero thus experi-
mentally conceived (a more strictly absolute scale is discussed later,
Art. 156) furnishes a conveunicent starting point for the measurc-
ment of temperature, which will be employed, unless otherwise speci-
fied, in our remaining discussion. Absolute temperatures e those
tn which the zero point is the absolute zero. Their numerical values
are to be taken, for the present, at 459.4° greater than those of the cor-
responding Fahrenheit temperature.

46. Symbolical Representation. The coefficients determined by Gay-Lussac,
Charles, and Reguault were those for expansion from an initial volume of 32° I\
If we take the volume at this tewperature as unity, then letting 7" represent the
absolute temperature, we have, for the volume at any temperature,

V=T -+491.4.

Similarly, for the variation in pressure at constant voluine, the initial pressure
being unity, P =T = 491.4. If we let a deunole the value 1 -=491.4, the first
expression becomes V' = aT, and the second, /> = aZ" Denoting temperatures on
the Fahrenheit scale by #, we obtain, for an initial volune v at 32° and any other
volume ¥ corresponding to the temperature ¢, produced without change of pressure,

V=uv[l+a(t-32)].

Similarly, for variations in pressure at constant volume,

P=p[l4at-32)]
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The value of a is experimentally determined to be very nearly the same for pres-
sure changes as [or volume changes, the difference 1n the case of air being less
than } of one per cent. The temperature mterval between the melting ot 1ce and
the boiling of water being 180° the expausion of volume of a gas between those

limits is %4—1- = 0.365, whence Rankine’s equation, originally derived from the
experiments of Regnault and Rudberg,

P _ 1365,
v

in which P, T refer to the higher temperature, and p, v to the lower.

47. Deviations from Charles’ Law. The laws thus enuncialed are now known
not to hold rigidly for any actual gases. For hydrogen, nitrogen, oxygen, air,
catbon monoxide, methane, nitre oxide, and a few others, the disagreement is
ordinarily very slight. For carbon dioxide, steam, and ammonia, it is quite pro-
nounced. The reason for thisis that stated in Art. 30. The first four gases named
have expansive coeflicients, not only almost unvarying, but almost exactly identical.
They may be 1egarded as our inost nearly perfect gases. For air, for example,
Regnault found over a range of temperature of 1S0° F., and a range of pressure
of from 109.72 mn. to 4992.09 mm., an extreme vaiiation in the
coefficients of only 167 per cent. For carbon dioxide, on the E

other hand, with the same range of i{empeiatures and a de- A fe
creased pressure range
of from 78547 mm. B> - —

to 4759.03 mm,, the
variation was 4.72
per cent of the lower
value (2).

1

2

48. The Air Thermometer. The law of Charles sug-
gests a form of thermometer far more accurate than the
ordinary mercurial 1instrument. g
If we allow air to expand with-
out change in pressure, or to
increase its pressure without
change in volume, then we have
by measurement of the volume ¥
or of the pressure respectively a
direct indication of absolute tem-
Fic. 6. Art, 48;’—-Air Ther- perature. The apparatus used FI; 7. :&rt. 48A:-

Tiometer. by Gay-Lussac (Fig. 3), or, Tlf:r; O‘;;terl ¥
equally, that shown in Fig. 4, is in fact an air ther-
mometer, requiring only the establishment of a scale to fit it for practical
use. A simple modern form of air thermometer is shown in Fig. 6. The

T
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bulb A contains dry air, and communicates through a tube
of fine bore with the short arm of the manometer BB, by
means of whicl the pressure 1s measured. The level of the
wmercury is kept constant at a by means of the movable
reservoir R and flexible tube m. The Preston air ther-
mometer 1s shown m Fig. 7. The air is kept at constant
volume (at the mark a) by admitting mercury from the
bottle .4 through the cock B. In the Hoadley air ther-
mometer, Fig. 8, no attempt is made to keep the volumne
of air constant; expansion into the small tube below the
bulb increasing the volume so slightly that the error s com-
puted not to exceed 5° in a range of 600 (3).

49, Remarks on Air Thermometers. Following Regnault,
the 1nstrument is usually constructed to measure pressures at
constant volume, using either nitrogen, hydrogen, or air as a
medinm. Only one “fixed point” need be marked, that of the
temperature of melting ice. Ilaving marked at 32° the atmos-
pheric pressure registered at this temperature, the degrecs wie
spaced so that one of them deuotes an augmeniation of préssure
of 14.7 — 491.4 = 0.0299 1b. per square inch. Tt is usually more
convenient, however, to determine the two fixed poinis as usual
and subdivide the mnterveuing distance into 180 equal degrees.
The air thermomeler readings differ 1o some extent from those of
the most accurate mercurial instruments, principally because of
the fact that mercury expands much less than any gas, and the
modifying effect of the expausion of the glass container is there-
fore greater in its case. The air thermnometer is itself not a
perfectly accurate instrument, since air does not exvetly folldw
Charles’ law (Art. 47). The instrument 1s used for standardizing
mercury thermometers, for direct measurements of temperatures
below the melting point of glass (600-800° F.), as in Regnault’s
experiments on vapors; or, by using porcelain bulbg, for measur-
ing much higher temperatures.

50. The Perfect Gas. If actual gases conformed pre-
cisely to the laws of Boyle and Charles, many of their
thermal properties might be computed directly. The
slightness of the deviations which actually occur sug-
gests the notion of a perfect gas, which would e;;actly
and invariably follow the laws, L

PV=c, Vp=aTl, P,=aT.

Any deductions which might be made from these sym-
-f2m= wanld Af pamrea be rigorously true only
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for a perfect gas, which does not exist in nature. The current thermo-
dynamic method is, however, to investigate the properties of such a gas, modi-
JSying the results obtained so as to make them applicable to actual gases,
rather than to underiake to express symbolically or graphically as a
basis for computation the erratic behavior of those actual gasés. The
error involved in assuming air, hydrogen, and other “permanent” gases
to be perfect is in all cases too small to be of importance in engineering
applications. Zeuner (4) has developed an “equation of condition” or
“ characteristic equation” for air which holds even for those extreme con-
ditions of temperature and pressure which are here eliminated.

51. Properties of the Perfect Gas The simplest definition is that
the perfect gas is one which exactly follows the laws of Boyle and
Charles. (Rankine’s definition (5) makes conformity to Dalton’s
law the criterion of perfectness.) Symbolically,the perfect gas con-
forms to the law, readily deduced from Art. 50,

PV=RT*
in which R is a constant and 7' the absolute temperature. Consid-
ering air as perfect, its value for R may be obtained from experi;
mental data at atmospheric pressure and freezing temperature:

R=PV~+T=(14.T x 144 x 12.387) =+ 491.4 = 53.36 foot-pounds.

For other gases treated as perf:act, she value of B may be readily
calculated when any corresponding specific volumes, pressures, and
temperatures are known. Under the pressure and temperature just
assumed, the specific volume of hydrogen is 178.83; of nitrogen,
12.75; of oxygen, 11.20. A useful form of the perfect gas equation
may be derived from that just given by noting that PV + T'=R, a
constant : PV _pv
T
52. significance of R. At the standard pressure and temperature
specified in Art. 51, the values of R for various gases are obviously
proportional to their specific volumes or inversely proportional to their
densities. This leads to the form of the characteristic equation some-

* At the temperature %y, let the pressure and volume be p;, v,. If the gas were
to expand at constant temperature, it would conform to Boyle’s law, pv;=c¢, or

1%’ ¢;. Let the pressure be ra.xsed to any condition p,; while the volume remains v,,
the temperature now becoming ¢, Then by Charles’ 1a.w £2 =71, DPa=Dy -?’ Pavy
1

= DaDy =DV, it:=clt1, where ¢; is a constant to which we give the Symbol R.
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times given, PV = T <+ M, in which M is the molecular weight and r
a constant having the same value for all sensibly perfect gases.

TABLE : PROPERTIES OF THE COMMON GASES

APPROXIMATE SpeciFic HeaT

arowe | MYSGRT | apSovena | S
Hydrogen......... . 1 2 3.4 H
Nitrogen .. ... . 14 28 0 2438 N
Oxygen .. .. C 16 32 0.217 0
Carbon dioxide ...... — 44 0 215 CO.
Aleohol. . .. . ... — 46 0 4534 C.HO
Carbon monoxide ... — 28 0 2438 CO
Ether... .... . . . — 74 0 4797 (CoH5):0
Ammonia. .. . . — 17 05 NH,
Sulphur dioxide .. . — 64 015 SO,
Chloroform . ... .. —_ 119 0 1567 CHCl;
Methane . ... .. — 16 0 5929 CH,
Olefiant gas..... .... . — 14 0 4040 CH.
Air ..o — — 0 2375 —
Steam .. . .. ....... - 18 05 H.0

52a. Principles of Balloons.—A body is in vertical equilibrium in a
fluid medium when its weight is equal to that of the fluid which it dis-
places. In a balloon, the weight supported is made up of (@) the car,
envelope and accessories, and (b) the gas in the inflated envelope. The
equation of equilibrium is

W=w+V(d—d),

where W =weight in lbs., item (a), above;
w=weight of air displaced by the car, framework, etc., in 1bs.;
V =volume of inflated envelope, cu. ft.;
d=density of surrounding air, lbs. per cu. ft.;
d' =density of gas in envelope, 1bs. per cu. ft.

The term w is ordinarily negligible. The pressure of the gas in the
envelope is only a small fraction of a pound above that of the atmos-
phere. When gas is vented from the balloon, the latter is prevented
from collapsing by pumping air into one of the compartments (ballonets),
so that the effect of venting is, practically speaking, to decrease the size
of the envelope.

If the balloon is not in vertical equilibrium, then W —w—V(d—d')
is the net downward force, or negatively the upward pull on an anchor
rope which holds the balloon down. A considerable variation in the
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conditions of equilibrium arises from variations in the value of d.
Atmospheric pressure varics with the altitude about as follows:

Alhiude Normal Atmospheric
an Males. Pressure, Lbs per Sq. In.
0 14.7
1 14.02
3 13.33
3 12.66
1 12.02
1% 11.42
11 10.88
2 9.80

52b. Mixtures of Gases. By Dalton’s law (Art. 40), if wi, ws, ws be the weights
of the constituents of a mixture at the state V' (volume of entire mixture, not its
specific volume), T, P; and if the R values for these constituents be Ri, Ry, Rj,
then
_RTw _RTwe _RsTw,s
nm= v ! D= vV D= v

P=pi+prt+ps= IZ" (Rywi+ Rowy + Raws).

If W be the weight of the mixture=w,+w:-+w, then the equvalent R value
for the mixture is

PV _ p_ BuortRawstRows
wT w ’
Then, for example,
p_1 - VR]_T’LU], =R1wl
P RWTV RW’
If vy, vs, v3 denote the actual volumes of several gases at the conditions P, T';
and wi, ws, ws, their weights, then Pvy=w,R:T, Pro=uwnR,T, Pvs=w3RsT.
W=wi+we+ws, V=01+v,40y
_ n _ PR Tw _ Bun
PY=WRT, %=%RTP “WR’

From expressions like the last we may deal with computations relating to mixed
gases where the composition is given by volume. The equivalent molecular weight

ete.

etec.

of the mixture is, of course, % (Art. 52).

Dalton’s law, like the other gas laws, does not exactly hold with any actual
gas: but for ordinary engimeering caleulations with gases or even with superheated
vapors the error is neghgible.

53. Molecular Condition. The perfect gas is one in which the molecules move
with perfect freedom, the distances between them being so great in comparison
with their diameters that no mutually attractive forces are exerted. No per-
formance of disgregation work accompanies changes of pressure or temperature.
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Hirschfeld (6), in fact, defines the perfect gas as a substance existing in such a
physical state that its constituent particles exert no interattraction. The coefficient
of expansion, according to Charles’ law, would be the exact reciprocal of the abso-
lute temperature of melting 1ce, for all pressures and temperatures. Zeuner has
shown (7) that as mecessary consequences of the theory of perfect gases it can be
proved that the product of the molecular weight and specific volume, at the same
pressure and temperature, is constant for all gases; whence he derives Avogadro’s
principle (Art. 40). Rankine (8) has tabulated the physical properties of the
¢ perfect gas.”

54. Kinetic Theory of Gases. Beginning with Bernouilli in 1788, various
investigators have attempted to explain the phenomena of gases on the basis of
the Irinetic theory, which is now closely allied with the mechanical theory of heat.
According to the former theory, the molecules of auy gas are of equal mass and
like each other. Those of different gases differ in proportions or structure. The
intervals between the molecules are relatively very great. Their tendency is to
move with uniform velocity in straight lines. Upon contact, the direction of mo-
tion undergoes a change. In any homogeneous gas or mixture of gases, the mean
energy due to molecular motion is the same at all parts. The pressure of the gas
per unit of superficial area is proportional to the number of molecules in a unit of
volume and to the average energy with which they strike this area. It is there-
fore proportional to the density of the gas and to the average of the squares of the
molecular velocities. Temperature is proportional to the average kinetic energy
of the molecules. The more nearly perfect the gas, the more infrequently do the
molecules collide with one another. When a containing vessel is heated, the mole-
cules rebound with increased velocity, and the temperature of the gas rises; when
the vessel is cooled, the molecular velocity and the temperature are decreased.
“ When a gas is compressed under a piston in a cylinder, the particles of the gas
rebound from the inwardly moving piston with unchanged velocity relative to
the piston, but with increased actual velocity, and the temperature of the gas con-
sequently rises. When a gas is expanded under a receding piston, the particles of
the gas rebound with diminished actual velocity, and the temperature falls” (9).

Recent investigations in molecular physics have led to a new terminology but
in effect serve to verify and explain the kinetic theory.

55. Application of the Kinetic Theory. Let w denote the actual molecular
velocity. Resolve this into components z, y, and 2, at right angles to one another.
Then w?= z? + y? 4+ 22. Since the molecules move at random in all directions,
z=y=2 and w?=31% Consider a single molecule, moving in an z direction
back and forth between two limiting surfaces distant from each other d, the z
component of the velocity of this particle being a. The molecule will make
(a = 2d) oscillations per second. At each impact the velocity changes from +a
to —a, or by 24, and the momentum by 2am, if m represents the mass of the
molecule. The average rate of loss of momentum per single impact is 2 am X (¢ <2 d)
=ma?+d; and this is the average force exerted per second on each of the limiting
surfaces. The total force exerted by all the molecules 6n these surfaces is then

mw?

ma? mz? . . .
equal to F = —d—N = —-&-—N =33 N, in which N is the total number of molecules
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in the vessel. Let g be the area of the limiting surface. Then the force per unit
—p=Fa1q=YN + g=0N _m'N _ W 2 in whi
of surface=p F.g—3dN.q— 37 ,Whence pv= 3 "~ 3 w?, in which »

18 the volume of the gas=gd and W is its weight n Ibs. (10). See Art. 127 a.

56. Applications to Perfect Gases. Assuming that the absolute temperature
is proportional to the average kinetic energy per molecule (Art. 51), this kinetic
eunergy being § mw?, then letting the mass be unity and denoting by R a constant
relation, we have pv = RT. The kinetic theory is perfectly consistent with Dal-
ton’s law (Art. 40). It leads also to Avogadro’s principle. Let two gases be pres-
ent. For the first gas, p = nmw? — 8, and for the second, P = NA/W2—-8. If
t= T, mw?=AMW2%and if p = P, then n = N. If MM denole the mass of the gas,
M = mN, and pv = Muw? — 8, or w? = 8 pv ~ M, from which the mean velocity of
the molecules may be calculated for any given temperature.

For gases not perfect, the kinetic theory must take into account, (a) the effect
of occasional collision of the molecules, and (0) the effect of mutual attractions
and repulsions. The effect of collisions is to reduce the average distance moved
between impacts and to increase the frequency of impact and consequently the
pressure. The result is much as if the volume of the contaming vessel were
smaller by a constant amount, b, than 1t really is. For v, we 1nay therefore wiite
v —b. The value of b depends upon the amount and nature of the gas.* The
effect of mutual attractions is to slow down the molecules as they approach the
walls. This makes the pressure less than it otherwise would be by an amount
which can be shown to be inversely proportional to the square of the volume of
the gas. For p, we therefore write p + (¢ — v2), in which @ depends similarly
upon the quantity and nature of the gas. We have then the equation of Van der
‘Waals,

(p +vﬁz) (v —b)= RT (11).

(1) Cf. Verdet, Legons de Chemue et de Physique, Paris, 1862. (2) Rel. des Exp.,
I, 111, 112. (8) Trans. 4. 8. M. E., VI, 282. (4) Technical Thermodynamics
(Klein tr.), II, 813, (5) ¢ A perfect gas is a substance in such a condition that the
total pressure exerted by any number of portions of it, against the sides of a vessel in
which they are inclosed, is the sum of the pressures which each such portion would
exert if enclosed in the vessel separately at the same temperature.’’ — The Steam
Engine, 14th ed., p. 220. (6) Engineering Thermodynamics, 1907. (7) Op. cit., I,
104-107. (8) Op. cit., 598-695. (9) Nichols and Franklin, The Elements of Physics,
I, 199-200. (10) Ibid., 199 ; Wormell, Thermodynamics, 167-161. (11) Over de
Continuiteit van den Gas en Vloeistoesiand, Leinden, 1873, 76 ; tr. by Roth, Leipsic,
1887.

SYNOPSIS OF CHAPTER III

Boyle’s law, pv=PV: deviations.
Dalton’s law, Avogadro’s principle.
Law of Gay-Lussac or of Charles: increase of volume at constant pressure; increase

of pressure at constant volume; values of the coefficient from 32° F.; deviations

with actual gases.

* Strictly, it depends upon the space between the molecules; but Richardsjsuggests
(Science, XXXIV, N. 8., 878), that it may vary with the pressure and the temperature.



30 APPLIED THERMODYNAMICS

The absolute zero.—459.4° F, or 491 4° F. below the fieezing point.
Air thermometers Preston’s; Hoadley’s; calibration, gases used.
v

The perfect gas, ‘%:% , definitions ; properties, values of R; absence of inter-

molecular action, the kinetic theory ; development of the law PV=RT there-
from ; conformity with Avogadro’s principle, molecular velocity.

Table ; the common gases;
R, Rawy o« « «
Constants for gas mixtures . R=L‘_|_u;—wz—— .

Balloons: weight=weight of flud displaced.
The Van der Waals equation for imperfect gases :

(p+?72) (v—b)=RT.

PROBLEMS

1. Find the volume of one pound of air at a pressure of 100 lb. per square inch,
the temperature being 32° F., using Boyle’s law only. (4ns., 1.821 cu. ft.)

2. From Charles’ law, find the volume of one pound of air at atmospheric pres-
sure and 72° F. (4ns, 13.4 cu. ft.)

3. Find the pressure exerted by onc pound of air having a volume of 10 cubic
feet at 32° F. (4mns., 18.2 Ib. per sq. in.)

4, One pound of air is cooled from atmospheri¢ pressure at constant volume from
32° F. 10 —290° F. How nearly perfect is the vacuum produced? (4ns., 65.5%,.)

5. Air at 50 1b. per square inch pressure at the freezing point is heated at con-
stant volume until the temperature becomes 2900° F. Find its pressure after heating.
(Ans , 341.8 1b. per (. in.)

6. Five pounds of air occupy 50 cubic feet at a temperature of 0° F. Find the
pressure. (4mns., 17.03 1b. per sq. in.)

7. Find values of R for hydrogen, nitrogen, nxygen.

(4ns., for hydrogen, 770.3 ; for nitrogen, 54.9 ; for oxygen, 48.2.)

8. Find the volume of three pounds of hydrogen at 15 lb. pressure per square
mch and 75° F. (4ns, 571.8 cu. ft.)

9. Find the temperature of 2 ounces of hydrogen contained in a l-gallon flask
and exerting a pressure of 10,000 lb. per square inch. (4ns., 1536° I.)

10. Compute the value of r (Art. 52). (Ans, 1538 to 1544.)

11. Find the mean molecular velocity of 1 1b. of air (comsidered as a perfect gas)
at atmospheric pressure and 70° F. (Ans., 1652 ft. per sec.)

12. Iow large a flask will contain 1 Ib. of nitrogen at 3200 lb. pressure per square
inch and 70° F.? (dmns., 0.0631 cu. ft.)

13. A receiver holds 10 lb. of oxygen at 20° C. and under 200 Ib. pressure per
square inch. What weight of air will it hold at 100° F. and atmospheric pressure ?

14. For an oxy-hydrogen light, there are to be stored 25 1b. of hydrogen and
200 1b. of oxygen. The pressures m the two tanks must not exceed 500 lb. per
square inch at 110°F  Tind theiwr volumes.

15. A receiver containing air at normal atmospheric pressure is exhausted until
the pressure is 0.1 inch of mercury, the temperature remaining constant. What per
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cent of the weight of air has been removed ? (14.697 lb. per sq. in.=29.92 ins.
mercury.)

16. At sea level and normal atmospheric pressure, a 60,000 cu. ft. hydrogen
balloon is filled at 14.75 lb. pressure. The temperature of the hydrogen is 70° F.;
that of the cxternal air is 60° F. The envelope, car, machinery, ballast, and occu-
pants weigh 3500 Ib. Ignoring the term w, Art 52a, what is the upward pull on the
anchor rope ?

17. How much ballast must be discharged from the balloon in Prob. 16 in order
that when liberated it may rise to a level of vertical equilibrium at an altitude of 2
miles ?

18. In Problem 17, there are vented from the balloon, while it is at the 2-mile
altitude, 10 per cent of 1ts gas contents. If the ballonet which has been vented is
kept constantly filled with air at a pressure just equal to that of the external atmos-
phere, to what approximate elevation will the balloon descend ® What is the net
amount of force available for accelerating downward at the moment when descent
begns ?

19. In Problem 17, while at the 2-mle level, the temperature of the hydrogen
becomes 60° and that of the surrounding air 0°, without change in either internal or
external pressare.  What net amount of ascending or descending force will be caused
by these changes? IHow might this be overcome ?

20. In a mixture of 51b. of awr with 16 lb. of steam, at a pressure of 50 lb. per
square inch at 70° F., what is the value of R for the mixture? What 1s its equva-
lent molecular weight? The difference of ¥ and I® The partial pressure due to
alr only ?

21 A mixed gas weighing 4 Ib. contains, by volume, 35 per cent of CO, 16 per cent
of H and 3 per cent of CH,, the balance bemg N, The pressure is 50 1b. per square
inch and the temperature 100° ¥, Find the value of R for the mixture, the partial
pressure due to each constituent, and the percentage composition by weight.

22. Compute (and discuss) values of R and y for gases listed 1 the table, page 26.
(See Arts. 69, 70,)



CHAPTER IV
THERMAL CAPACITIES: SPECIFIC HEATS OF GASES: JOULE’S LAW

57. Thermal Capacity. The definition of specific heat given in Art. 24 iy,
from a thermodynamic standpoint, inadequate. Ieat produces other effects than
change of temperature. A definite movement of heat can be estimated only when
all of these effects are defined. For example, the quantity of heal necessary to
raise the lemperature of air one degree i a constant volume air thermometer is
much less than that used in raising the tewnperature one degree in the constant
pressure type. The specific heat may be satasfactorily defined only by referring
to the condition of the substance during the change of temperature. Ordinary
specific heats assume constancy of pressure,— that ol the atmosphere,—while the
volume increases with the temperature in a ratio which is determined by the coeffi-
cient of expansion of the material. A specific heat determined in this way— as
are those of solids and liquids genecrally — is the specific heat at constant pressure.

TWhenever the tern ¢ specific heat ™ s used withont qualification, this pur-
ticular specific heat is intended. Ilcat may be absorbed during changes of
either pressure, volume, or temperature, while some other of theso proper-
ties of the substance is kept constant. Tor a specitic change of property,
the amount of heat absorbed represents a specific thermal capacity.

58. Expressions for Thermal Capacities. 1f JI represents Lieat absorbed,
¢ a constant specific heat, and (I"—¢) a vange of temperature, then, by
definition, H=¢(T— () and e¢e=J+ (T—1t). 1f ¢ be variable, then

H= | cdT and ¢=dIl+a7T. If in place of ¢ we wish to denote the

specific heat at constant pressure (%), or that at constant volume (f), we may
apply subscripts to the differential coefticients; thus,

) 3H
b=(37), =ud 1=(37),

the subscripts denoting the property which remains constant during the
change in temperature.

We have also the thermal capacities,

&) GB)r @)v (9)
V) \3P/r \3P/v \3V/p

The first of these denotes the amount of heat necessary to increase the specific
volume of the substance by unit volume, while the temperature remains constant;
82
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this is known as the latent heat of expansion. It exemplifies absorption of heat
without change of temperature. No names have been assigned for the other
thermal capacities, but it is not difficult to describe their significance.

59. Values of Specific Heats. It was announced by Dulong and Petit that the
specific heats of substances are inversely as their chemical equivalents. This was
shown later by the experiments of Regnault and others to be approximately,
though not absolutely, correct. Considering metals in the solid state, the product
of the specific heat by the atomic weight ranges at ordinary temperatures from 6.1
to 6.5. This nearly constant product is called the atomic heat. Determination of
the specific heat of a solid metal, therefore, permits of the approximate computa:
tion of its atomic weight. Certain non-metallic substances, including chlorine,
bromine, iodine, selenium, tellurium, and arsenic, have the same atomic heat as
the metals. The molecular heats of compound bodies are equal to the sums of the
atomic heats of their elements; thus, for example, for common salt, the specific
heat 0.219, multiplied by the molecular weight, 58.5, gives 12.8 as the molecular
heat; which, divided by 2, gives 6.4 as the average atomic heat of sodium and
chlorine; and as the atomic heat of sodium is known to be 6.4, that of chlorine
must also be 6.4 (1).

60. Volumetric Specific Heat. Since the specific volumes of gases are in-
versely as their molecular weights, it follows from Art. 59 that the quotient of the
specific heat by the specific volume is practically constant for ordinary gases. In
other words, the specific heats of equal volumes are equal. The specific heats of
these gases are directly proportional to their specific volumes and inversely pro-
portional to their densities, approximately. Hydrogen must obviously possess the
highest specific heat of any of the gases.

61. Mean, “Real,” and “ Apparent ” Specific Heats. Since all specific
heats are variable, the values given in tables are mean values ascertained
over a definite range of temperature. The mean specific heat, adopting
the notation of Art. 58, is ¢ = H + (7' —t); while the #rue specific heat, or
specific heat “at a point,” is the limiting value ¢ = dH + dT.

Rankine discusses a distinction between the real and apparent specific heats;
meaning by the former, the rate of heat absorption necessary to effect changes of
temperature alone, without the performance of any disgregation or external work;
and by the latter, the observed rate of heat absorption, effecting the same change
of temperature, but simultaneously causing other effects as well. For example,
in heating water at constant pressure from 62° to 68° F., the apparent specific heat
is 1.0 (definition, Art. 22). To compute the real specific heat, we must know the
external work done by reason of expansion against the constant pressure, and the
disgregation work which has readjusted the molecules. Deducting from 1.0
the heat equivalent to these two amounts of work, we have the real specific heat,
that which is used solely for making the substance hotter. Specific heats determined
by experiment are always apparent; the real specific heats are known only by
computation (Art. 64).
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62. Specific Heats of Gases. Two thermal capacities of especial
importance are used in calculations relating to gases. The first is
the specific heat at constant pressure, k, which 15 the amount of heat
necessary to raise the temperature one degree while the pressure is kept
constant ; the other, the specific heat at comstant volume, 1, or the
amount of heat mecessary to raise the temperature one deyree while the

volume s kept constant.

63. Regnault’s Law. As a result of his experiments on a large number of
gases over rather limited ranges of temperature, Regnault announced that the
specific heat of any gas at constant pressure is constant. This is now known not to
be rigorously true of even our most nearly perfect gases. It is not even approxi-
mately true of those gases when far from the condition of perfectness, i.e. at low
temperatures or high pressures. At very hugh temperatures, also, it is well known
that specific heats rapidly increase. This particular variation is perhaps due to
an approach toward that change of state described as dissociation. When near
any change of state, — combustion, fusion, evaporation, dissociation, —every sub-
stance manifests erratic thermal properties. The specific heat of carbon dioxide
is a conspicuous illustration. Recent determinations by Holborn and Ilenning
(2) of the mean specific heats between 0° and z° C. give, for mtrogen, & = 0.255
+0.000019%; and for carbon dioxide, &= 0.201 + 0.0000742 x — 0.000000018 2*2:
while for steam, heated from 110° to z° C., k=0.4669 —0.0000168 %+ 0.000000044 2.
The specific heats of solids also vary. The specific heats of substances in general
increase with the temperature. Regnault’s law would hold, however, for a perfect
gas; in this, the specific heat would be constant under all conditions of tempera-
ture. For our “permanent” gases, the specific heat is practically constant at
ordinary temperatures.

The table in Art. 52 shows that in general the specific heats at constant pressure
vary inversely as the molecular weights. Carbon dioxide, sulphur dioxide, ammonia,
and steam (which are highly imperfect gases) vary most widely from this law.

64. The Two Specific Heats. When a gas is heated at constant pressure,
its volume increases against that pressure, and external work is done 1n
consequence. The external work may be computed by multiplying the
pressure by the change in volume. When heated at constant volume, no
external work is done; no movement is made against an external resist-
ance. If the gas be perfect, then,under this condition, no disgregation
work is done; and the specific heat at constant volume is a ¢rue specific
heat, according to Rankine’s distinction (Art. 61). The specific heat at
constant pressure is, however, the one commonly determined by experi-
ment. The numerical values of the two specific heats must, in a perfect
gas, differ by the heat equivalent to the external work done during heating
at constant pressure. Under certain conditions,—as with water at its
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maximum density,—no external work is done when heating at constant
pressure; and at this state the two specific heats are equal, if we ignore
possible differences in the disgregation work.

65. Difference of Specific Heats. Let a pound of air.at 82° F.
and atmospheric pressure be raised 1° F. in temperature, at constant
pressure. It will expand 12.887 +491.4 = 0.02521 cu. ft., against
a resistance of 14.7 x 144=2116.8 1b. per square foot. The external
work which it performs is consequently 2116.8 x 0.02521 =58.36 foot-
pounds. A general expression for this external work is W=P V=< T;
and as from Art. 51 the quotient PV+ T is a constant and equal to
R, then Wis a constant for each particular gas, and equivalent in
value to that of R for such gas. The value of W for air, expressed
in heat units, is 563.86+778=0.0686. If the specific heat of air at
constant pressure, as experimentally determined, be taken at 0.2375,
then the specific heat at constant volume is 0.2375—0.0686=0.1689,
air being regarded as a perfect gas.

66. Derivation of Law of Perfect Gas. Let a gas expand at constant pres-
sure P from the condition of absolute zero to any other condition V; 7. The total
external work which it will have done in consequence of this expansion is PV.
The work done per degree of temperature is PV -—T. But, by Charles’ law, this
is constant, whence we have PV=RT. The symbol R of Art. 51 thus represents
the external work of expansion during each degree of temperature increase (38).

67. General Case. The difference of the specific heats, while constant for any
gas, is different for different gases, because their values of R differ. But since
values of R are proportional to the specific volumes of gases (Art. 52), the differ-
ence of the volumetric specific heats is constant for all gases. Thus, let %, [ be the
two specific heats, per pound, of air. Then & —1 =7 ILet d be the density of
the air; then, d(k—1) is the difference of the volumetric specific heats. For any
other gas, we have similarly, X — L =R and D(K — L); but, from Art. 52
R:r *d:D, or R=rd—D. Hence, K—L=rd —D=(k—1)(d - D), or
D(K — L)=d(k —1). The difference of the volumetric specific heats is for all
gases equal approximately to 0.0055 B. t. u. (Compare Art. 60.)

68. Computation of External Work. The value of R given in Art. 52 and
Art. 65 is variously stated by the writers on the subject, on account of the
slight uncertainty which exists regarding the exact values of some of the con-
stants used in computing it. The differences are too small to be of consequence
in engineering work.

69. Ratio of Specific Heats. The numerical ratio between the
two specific heats of a sensibly perfect gas, denoted by the symbol y,

is a constant of prime importance in thermodynamics.
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For air, its value is 0.2375 +-0.1689 =1.4-. Various writers, using other funda-
mental data, give shghtly different values (4). The best direct experiments (to
be described later) agree with that here given within a narrow margin. For
hydrogen, Lummer and Pringsheim (5) have obtaned the value 1408; and for
oxygen, 1396. For carbon dioxide, a much less perfect gas than any of these,
these observers make the value of y, 1.2961; while Dulong obtained 1.338. The
latter obtained for carbon monoxide 1.428. The mean value for the “permanent”’
gases is close to that for air, viz.,

y=14+.

The value of ¥ is about the same for all common gases, and is practically inde-
pendent of the temperature or the pressure.

From Arts. 59, 60, 65, we have, letting m denote chemical equivalents and V
specific volumes,

k=2=aV, R=bV,
m
1=(-b)V, y=—m
where a and b are constants having the same value'for all gases.

70. Relations of R and y. A direct series of relations exists
between the two specific heats, their ratio, and their difference. If
we denote the specific heats by % and 7, then in proper units,

k k
k—1=R. =k—R. 2=y. £ _—y.
I=k-R 1Y F—E Y
(For air, this gives _ﬂgnﬁ—— = 1.402.)
0.2875 — 23:36
T8
k=ky—yR. ky—k=yR. k=Ry—_y_—1-

1=r-1_. R=r{=loiw-1.
y—1 Yy

71. Rankine’s Prediction of the Specific Heat of Air. The specific heat of air

was approximately determined by Joule in 1852. REarlier determinations were

unreliable. Rankine, in 1850, by the use of the relations just cited, closely ap-

proximated the result obtained experimentally by Regnault three years later.
Using the values y = 1.4, R = 53.15, Rankine obtained

k= R—l/—i = (53.15 — 772) x (1.4 — 0.4) = 0.230.
y —

Regnault’s result was 0 2875.
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72. Mayer's Computation of the Mechanical Equivalent of Heat.
Reference was made in Art. 29 to the computation of this constant
prior to the date of Joule’s conclusive experiments. The method is
substantially as follows: a cylinder and piston having an area of one
square foot, the former containing one cubic foot, are assumed to hold
air at 82° F., which is subjected to heat. The piston is balanced. so
that the pressure on the air is that of the atmosphere, or 14.7 lb.
per square inch; the total pressure on the piston being, then,
144 x 14.7=2116.8 Ib. While under this pressure, the air is heated
until its temperature has increased 491.4°. The initial volume
of the air was by assumption one cubic foot, whence its weight
was 1-+12.8387 = 0.0811 1b. The heat imparted was therefore
0.0811 x 0.2375 x 491.4=9.465 B.t. u. The external work was
that due to doubling the volume of the air, or 1 x 14.7 x 144 = 2116.8
foot-pounds. The piston is now fixed rigidly in its original position,
so that the volume cannot change, and no external work can be done.
The heat required to produce an elevation of temperature of 491.4°
is then 0.0811 x 0.1689 x 491.4=6.731 B. t. u. The difference
of heat corresponding to the external work done is 2.784 B. t. u.,
whence the mechanical equivalent of heat is 2116.8 + 2.784=T774.2
foot-pounds.

73. Joule’s Experiment. One of the crucial experiments of the science was
conducted by Joule about 1844, after having been previously attempted by Gay-
Lussac.

Two copper receivers, 4 and B, Fig. 9, were connected by a tube
and stopcock, and placed in a water bath. Air was compressed in 4
to a pressure of 22 atmospheres,
while a vacuum was maintained
in B. When the stopcock was
opened, the pressure in each re-
ceiver became 11 atmospheres, and

Lz the temperature of the air and of
Fia. 9. Arts. 73, 80.— Joule’s Experiment. the water bath remained practically
unchanged. This was an instance of expansion without the perform-
ance of external work; for there was no resisting pressure against the
augmentation of volume of the air.
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74. Joule’s and Kelvin’s Porous Plug Experiment. Minute observations
showed that a slight change of temperature occurred in the water bath.
Joule and Kelvin, in 1852, by their celebrated “porous plug” experiments,
ascertained the exact amount of this change for various gases. In all of
the permanent gases the change was very small; 1n some cases the tem-
perature increased, while in others it decreased; and the inference is jus-
tified that in a perfect gas there would be no change of temperature (Art.

156).

75. Joule’s Law. The experiments led to the principle that
when a perfect gas expands without doing external work, and without
receiving or discharging heat, the temperature remains unchanged and
no disgregation work is done. A clear appreciation of this law is of
fundamental importance. Kour thermal phenomena might have
oceurred in Joule’s experiment : a movement of heat, the performance
of external work, a change in temperature, or work of disgregation.
From Art. 12, these four effects are related to one another in such
manner that their summation is zevo; (H =T+ I+ W). By means
of the water bath, which throughout the experiment had the same
temperature as the air, the movement of heat to or from the air was
prevented. By expanding into a vacuum,the performance of external
work was prevented. The two remaining items must then sum up
to zero, i.e. the temperature change and the disgregation work. But
the temperature did not change; comsequently the amount of disgre-
gation work must have been zero.

76. Consequences of Joule’s Law. In the experiment described, the pres-
sure and volunme changed without changing the internal energy. No dis-
gregation work was done, and the temperature remained unchanged.
Considering pressure, volume, and temperature as three cardinal thermal
properties, internal energy is then independent of the pressure or volume
and depends on the temperature only, in any perfect gas. It is thus itself
a cardinal property, in this case, a function of the temperature. “A
change of pressure and volume of a perfect gas not associated with change
of temperature does not alter the internal energy. In any change of tem-
perature, the change of 1nternal energy is independent of the relation of
pressure to volume during the operation; it depends only on the amount
by which the tewperature has been changed” (6). The gas tends to cool
in expanding, but this effect is “exactly compensated by the heat which
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is disengaged through the friction in the connecting tube and the im-
pacts which destroy the velocities communicated to the particles of gas
while it is expanding” (7) There is practically no disgregation work in
heating a sensibly perfect gas; all of the internal energy is evidenced by
temperature alone. When such a gas passes from one state to another in
a variety of ways, the external work done varies; but if from the total
movement of heat the equivalent of the external work be deducted, then
the remainder 1s always the same, no matter in what way the change of
condition has been produced. Instead of H = T + I+ 1V, we may write
H=T+W.

77. Application to Difference of Specific Heats. The heat absorbed dur-
ing a change in temperature at constant pressure being H =% (T —t), and
the external work during such a change being W= P(V—v) = R(T—1),
the gain of internal energy must be

H— W=(k— R)(T—%).

The heat absorbed during the same change of temperature at constant
volume is H=1(T"—1). Since in this case no external work is done, the
whole of the heat must have been applied to increasing the internal energy.
But, according to Joule’s law, the change of internal energy is shown by the
temperature change alone. In whatever way the temperature is changed
from 7 to t, the gain of internal energy is the same. Consequently,

(k— R)(T—t)=1(T —t) and k — B =],
a result already suggested in Art. 65.

78. Discussion of Results. The greater value of the specific heat at
constant pressure is due solely to the performance of external work dur-
ing the change in temperature. The specific heat at constant volume is
a real specific heat, in the case of a perfect gas; no external work is done,
and the internal energy is increased only by reason of an elevation of tem-
perature. There is no disgregation work. All of the heat goes to make
the substance hot. So long as no external work is done, it 15 not neces-
sary to keep the gas at constant volume in order to confirm the lower
value for the specific heat; no more heat is required to raise the tempera-
ture a given amount when the gas is allowed to expand than when the
volume is maintained constant. For any gas in which the specific heat at
constant volume is constant, Joule’s law is inductively established ; for no
external work is done, and temperature alone measures the heat absorp-
tion at any point on the thermometric scale. If a gas is allowed to expand,
doing eaternal work at constant temperaiure, then, since no change of inter-
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nal energy occurs, it is obvious from Art. 12 that the external work is equal
to the heat absorbed. Briefly, the important deduction from Joule’s experi-
ment is that item (4), Art. 12, may be ignored when dealing with sensibly
perfect gases.

79. Confirmatory Experiment. By a subsequent experiment, Joule
showed that when a gas expands so as to perform external work, heat dis-
appears to an extent proportional to the work done. Figure 10 1llustrates
the apparatus. A receiver ., containing gas compressed to two atmos-
pheres, was placed in the calorimeter B and connected with the gas holder
C, placed over a water tank. The gas passed
from A4 to C through the coil D, depressed the
water in the gas bolder, and divided itself be-
tween the two vessels, the pressure falling to
that of one atmosphere. The work done was
computed from the augmentation of volume shown F Ig' 10, Art. 79. ~—Joule’s

L. . A xperiment, Second Ap-
by driving down the water in C against atmos-  paratus.
pheric pressure; and the heat lost was ascertained
from the fall of temperature of the water. If the temperature of the
air were caused to remain constant throughout the experiment, then the
work done at C would be precisely equivalent to the heat given up by
the water. If the temperature of the air were caused to remain constantly
the same as that of the water, then H=0=T+I+ W, (T'+I)=— W, or
internal energy would be given up by the air, precisely equivalent in amount
to the work done in C.

80. Application of the Kinetic Theory. In the porous plug experiment referred
to in Art. 74, it was found that certain gases were slightly cooled asa result of the
expansion, and others slightly warmed. The molecules of gas are very much closer
to one another in A than in B, at the beginning of the experiment. If the inole-
cules are mutually attractive, the following action takes place: asthey emerge from
4, they are attracted by the remaining particles in that vessel, and their velocity
decreases. As they enter B, they encounter attractions theie, which tend to in-
crease their velocity; but as the second set of atiractions is feebler, the total effect
is a loss of velocity and a cooling of the gas. In another gas, in which the molecules
repel one another, the velocity during passage wounld be on the whole augmented,
and the Zemperature increased. A perfect gas would undergo neither increase nor
decrease of temperature, for there would be no attractions or repulsions between
the molecules.

(1) A critical review of this theory has been presented by Mills The Specific
Heats of the Elements, Scicnce, Aug. 24, 1908, p. 221. (2) The Engineer, January
18, 1908. (8) Throughout this study, no attention will be paid to the ratio 778 as
affecting the numerical value of constants in formulas involving both heat and work
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53.36
quantities. R may by either 53.36 or 8" The student should discern whether

heat units or foot-pounds are intended. (4) Zeumer, Technical Thermodynamics,
Klein tr., I, 121. (5) Itnd., loc. cit. (6) Ewmg: The Steam Engine, 1906. (7)
Wormell, Thermodynamics.

SYNOPSIS OF CHAPTER IV

Specific thermal capacities; at constant pressure, at constant volume; other capacities.
Atomac heat = specific heat X atomic weight; molecular heat.
The volumetric specyfic heats of common gases are approximately equal,

Mean specific heat = TH t; true specific heat =‘;—1; ; real and apparent specific heats,

Regnault's law : * the specific heat is constant for perfect gases.”

Dufference of the two specific heats -+ B = 53.36; significance of R.

The dyfference of the volumetric specific heats equals 0.0055 B. t. u. for all gases.

Ratio of the specific heats: y = 7.402 for air; relations between %, I, y, B.

Rankine’s prediction of the value of & : Mayer's computation of the mechanical equiva-
lent of heat.

Joule’s Law : no disgregation work occurs in a perfect gas.

If the temperature does not change, the external work equals the heat absorbed.

If no heat 1s received, internal energy disappears to an extent equivalent to the
external work done,

The condition of intermolecular force determines whether a rise or a fall of temperature
oceurs in the porous plug experiment.

PROBLEMS

1. The atomic weights of iron, lead, and zinc being respectively 56, 206.4, 65; and
the specific heats being, for cast iron, 0.1298; for wrought iron, 0.1188; for lead,
0.0314 ; and for zine, 0.0956, — check the theory of Art. 59 and comment on the results,

(Amns., atomic heats are: lead, 6.481; zinc, 6.214; wrought iron, 6.373; cast iron,
7.259.)

2. Find the volumetric specific heats at constant pressure of air, hydrogen, and
nitrogen, and compare with Art. 60. (%k=23.4 for H and 0.2438 for N.)

(4mns., awr 0.01917; hydrogen 0.01901; nitrogen 0.01912.)

3. The heat expended in warming 1 lb. of water from 32°F, to 160° F. being 127.86
B. t.u., find the mean specific heat over this range. (4ns., 0.9989.)

4. The weight of a cubic foot of water being 59.83 1b. at 212° F. and 62.422 lb. at
32° F., find the amount of heat expended in performing external work when one
pound of water is heated between these temperatures at atmospherc pressure.

: (4ns., 0.00189 B. t.w.)

5. (a) Find the specific heat at constant volume of hydrogen and nitrogen.

(4ms., 2.41; 0.1732.)
(b) Find the value of y for these two gases. (A4ns., 1.4108; 1.4080.)

6. Check the value 0.0055 B. t.u. given in Art. 67 for hydrogen and nitrogen.
(4ns., 0,00554; 0.00554.)



42 APPLIED THERMODYNAMICS

7. Compute the elevation in temperature, in Art. 72, that would, for an expansion
of 100 per cent, under the assumed conditions, and with the given values of % and I,
give exactly 778 as the value of the mechanical equivalent of heat. What law of
gaseous expansion would be mvalidated if this elevation of temperature occurred?

(Ans , 489.05° )

8. In the experiment of Art. 79, the volume of air in C incieased by one cubic foot
against normal atmospheric pressure. The weight of water m Bwas 201b  The tem.
perature of the air remained constant throughout the experiment. Ignoring radiation
losses, compute the fall of temperature of the water. (4ns., 0.13604° F.)



CHAPTER V

GRAPHICAL REPRESENTATIONS: PRESSURE-VOLUME PATHS OF
PERFECT GASES

81. Thermodynamic Coordinates. The condition of a body being fully
defined by 1ts pressure, volume, and temperature, its state may be repre-
sented on a geometrical diagram in which these properties are used as
coordinates. This graphical method of analysis, developed by Clapeyron,
is now in universal use. The necessity for three coordinates presupposes
the use of analytical geometry of three diumensions, and representations
may then be shown perspectively as related to one of the eight corners
of a cube; but the projections on any of the three adjacent cube faces are
commonly used ; and since any two of three properties fix the third when
the characteristic equation is known, a projective representation is suffi-
cient. Since internal energy is a cardinal property (Arts. 10, 76), this also
may be employed as one of the coordinates of a diagram if desired.

82. Ilustration. In Fig. 11 we have one corner of a cube
constituting an origin of codrdinates at O. The temperature of a
substance is to be represented by the distance upward from O; its
pressure, by the distance to the right; and its volume, by the dis-
tance to the left. The lines forming the cube edges are correspond-
ingly marked OT, OP, OF. Consider the condition of the body to
be represented by the point A, within the cube. Its temperature is
then represented by the distance 4B, parallel to 7'0, the point B
being in the plane VOP. The distance AD, parallel to PO, from A
to the plane 7’07V indicates the pressure; and by drawing AC paral-
lel to V0, (' being the intersection of this line with the plane 7'0P,
we may represent the welume. The state of the substance is thus
fully shown. Any of the three projections, Figs. 12-14, would equally
fix its condition, providing the relation between P, ¥V, and 7' is
known. In each of these projections, two of the properties of the

substance are shown ; in the three projections, each property appears
43
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twice; and the corresponding lines AB, AC, and AD are always
equal in length.

T
Dh-aae-BCi
1
1
| o
o 5 4 o P
F1c. 11  Art. 82, — Fic. 12. Art. 82.— F16. 13. Art. 82.— F1G. 14. Art 82.—
Perspective Dia- TP Diagram. VP Diagram. TV Diagram.

gram.

83. Thermal Lines. In Fig. 15, let a substance, originally at 4, pass
at constant pressure and temperature to the state B; thence at constant
temperature and volume to the state C; and thence at constant pressure

Y
i
1
i
QJ._D_'____.; B
Fie. 15. Art. 83.—~  Fie. 16. Art.83.—  Fic. 17. Art. 83.— Frg.18. Art. 83.—
Perspective Ther- TP Path. VP Path. TV Path.

mal Line.

and volume to D. Its changes are represented by the broken line .ABCD,
which is shown in its various projections in Figs. 16-18. The thermal
line of the coérdinate diagrams, Figs. 11 and 15, is the locus of a series of
successive states of the substance. A path is the projection of a thermal
line on one of the codrdinate planes (Figs. 12-14, 16-18). The path of a
substance is sometimes called its process curve, and its thermal line, a
thermogram.

The following thermal lines are more or less commonly studied : —

(a) Isothermal, in which the temperature is constant; its plane is
perpendicular to the 0T axis.

(%) Isometric, in which the volume is constant; having its plane per-
pendicular to the OV axis.

(o) Isopiestic, in which the pressure is constant; its plane being per-
pendicular to the OP axis.

(@) Isodynamic, that along which no change of internal emergy
oceurs.
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(¢) Adiabatic, that along which no heat is transferred between the
substance and surrounding bodies; the thermal line of an
insulated body, performing or consuming work.

84, Thermodynamic Surface. Since the equation of a gas in-
cludes three variables, its geometrical representation is a surface;
and the first three, at least, of the above paths, must be projections
of the intersection of a plane with such surface. Figure 19, from Pea-
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F1a. 19. Arts. 84, 103, — Thermodynamic Surface for a Perfect Gas.

body (1), admirably illustrates the equation of a perfect gas, PV =
RT. The surface pmnv is the characteristic surface for a perfect gas.
Every section of this surface parallel to the PV plane is an equilat-
eral hyperbola. Every projection of such section on the PV plane
is also an equilateral hyperbola, the coérdinates of which express the
law of Boyle, PV= (. Every section parallel with the 77 plane
gives straight lines pm, 8l, etc., and every section parallel with the
I'P plane gives straight lines vn, zy, etc. The equations of these
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lines are expressions of the two forms of the law of Charles, their
appearalice being comparable with that in Fig. 5.

85. Path of Water at Constant Pressure. Some such diagram as that
of Fig. 20 would represent the behavior of water in 1ts solid, liquid, and
vaporous forms when heated at constant pressure.
The codrdinates are temperature and volume. At
A4, the substance is ice, at a temperature below
the freezing point. As the ice is heated from A4
to B, it undergoes a shight expansion, like other
solids. At B, the melting point is reached, and
as ice contracts in melting, there is a decrease in
volume at constant temperature. At C, the sub-
stance is all water; it contracts until it reaches the
temperature of maximum density, 39.1° F., at D,
then expands until it boils at B, when the great
mcrease in volume of steam over water is shown by the line EF. If the
steam after formation conformed to Charles’ law, the path would con-
tinue upward and to the right from ¥, as a straight line.

N

Fic 20 Art 85 —Water
at Constant Pressure.

86. The Diagram of Energy. Of the three coordinate planes, the PV
is most comwmonly used. This gives a diagram corresponding with that
produced by the steam engine indicator (Art. 484). 1t is sometimes called
Watt's diagram. Its importance arises principally from the fact that it
represents directly the external work done during the movement of the
substance along any path. Consider a vertical cylinder filled with fluid,
at the upper end of which is placed a weighted piston. Let the piston be
caused to rise by the expansion of the fluid. The force exerted is then
equivalent to the weight of the piston, or total pressure on the fluid; the
distance moved is the movement of the piston, which 1s equal to the aug-
mentation in volume of the fluid. Since work equals force multiplied by
distance moved, the external work done is equal to the total uniform pressure
multiplied by the increase of volume.

87. Theorem. On a PV diagram, the external work done along
any path is represented by the area included be- |P
tween that path and the perpendiculars from its
extremities to the horizontal axis.

a b

Consider first a path of constant pressure, a?,
Fig. 21. From Art. 86, the external work is TV
equivalent to the pressure multiplied by the in- Fie 2L Art. 87.—

External Work at
crease of volume, or to ca x ab= cabd. Greneral  Constant Pressure.
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case: let the path be arbitrary, ab, Fig. 22. Divide the area abde
wto an infinite number of vertical strips, amne, mopn, ogrp, ete.,
each of which may be regarded as a rectangle,
such that ae = mn, mn = op, ete. The external
work done along am, mo, og, etc., is then repre-
sented by the areas amne, mopn, ogrp, etc., and
the total external work along the path ab is repre-

sented by the sum of these areas, or by abde. '

Fic 22 Arts 87,58
Corollary I. Along a path of constant volume  —External Work,

no external work is done. Any Path.

Corollary IT. 1If the path be reversed, z.e. from right to left, as
along ba, the volume is diminished, and negyative work is done ; work
is expended on the substance in compressing it, instead of being per-
formed by it. .

88. Significance of Path. It is obvious, from Fig. 22, that the amount
of external work done depends not only on the.initial and final states a and
b, but also on the nature of the path between those states. According to
Joule’s principle (Art. 75) the change of internal energy (7'+ I, Art. 12)
between two states of a perfect gas is dependent upon the initial and final
temperatures only and is independent of the path. The -external work
done, however, depends upon the path. The total expenditure of heat, which
includes both effects, can only be known when the path is given. The
internal energy of a perfect gas (and, as will presently be shown, Art.
109, of any substance) is a cardinal property; external work and heat
transferred are not. They cannot be used as elements of a coordinate
diagram.

89. Cycle. A series of paths forming a closed finite figure con-
stitutes a cycle. In a cycle, the substance is brought
back to its initial conditions of pressure, volume,
and temperature.

Theorem. In a cycle, the net external work
o | done is represented on the PV diagram by the en-
Fia. 23. Art. 80.— closed area.

External Work in Let abed, Fig. 23, be any cycle. Along abe, the
Olosed Cyele. work done is, from Art. 87, represented by the
area abcef. Along eda, the negative work done is similarly repre-

—_—V
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sented by the area adeef. The net positive work done is equivalent
to the difference of these two areas, or to abed.

If the volume units are in cubic fcet, and the pressure units are pounds
per square foot, then the measured area abed gives the work in foot-pounds.
This prineiple underlies the caleulation of the horse power of an engine
from its indicator diagram. If the cycle be worked in a negative direction,
e.g. as cbad, Fig. 23, then the net work will be negative; d.e. work will
have been expended upon the substance, adding heat to it, as 1n an air
compressor.

90. Theorem. In a perfect gas cycle, the expenditure of heat is
equivalent to the external work done.

Since the substance has been brought back to its initial tempera-
ture, and since the internal energy depends solely upon the tempera-
ture, the only heat effect is the external work. In the equation
H=T+ T+ W, T+ I=0, whence H= W, the expenditure of heat
being equivalent to its sole effect.

Tf the work is measured in foot-pounds, the heat expended is calcu-
lated by dividing by 778. (See Note 8, page 37.) Conversely, in a
reversed cycle, the expenditure of external work is equivalent to the gain of
heat.

91. Isothermal Expansion. The isothermal path is one of much
importance in establishing fundamental principles. By definition
(Art. 83) it is that path along which the temperature of the fluid
is constant. For gases, therefore, from the characteristic equation,
if 7 be made constant, the ¢sothermal equation is

PV =RT =0C.
Taking & at 53.36 and 7" at 491.4° (82° F.),
C = 53.36 X 491.4 = 26,221;

whence we plot on Fig. 2 the isothermal curve @b for this tempera-
ture; an equilateral hyperbola, asymptotic to the axes of 2 and V.
An infinite number of isothermals might be plotted, depending upon
the temperature assigned, as cd, ¢f, gh, ete. The equation of the
ssothermal may be regarded as a special form of the ewponential
equation P Vr = O, in which n = 1.
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92. Graphical Method. For rapidly plotting curves of the form PV = C, the
construction shown in Fig. 24 is useful. Knowing the three corresponding prop-
erties of the gas at any given

state enables us to fix one point i

on the curve; thus the volume o N

12.387 and the pressure 2116.8 F T —=M

give us the point C on the P U {’//’/ /l

isothermal for 491.4° absolute. ATz /"i’ i

Through C draw CM parallel D s SR PRI

to OV. From O draw lines OD, F ,,//:/ = 418‘-

ON, OM to meet CM. Draw 7= B A y

CB parallel to OP. From tha ° ] ’
. Fia. 2t. Ait. 92, 95.—Construction of Equilateral

points 1, 5, 6, where OD, ON, Hyperbola.

OM intersect CB, draw lines
12,57, 6 8parallel to OV. From D, N, M, draw lines perpendicular to OV.
The points of intersection 2, 7, 8 are points on the required curve. Proof: draw
EC, F6, parallel to OV, and 8 4 parallel to OP. In the similar tri-
angles 06 B, OMA, we have 6 B: MA:: OB: 04, or 8A:CB:: EC:F8,
whence 84 x F8= CB x EC, or PgVy= PV

P

B 93. Alternative Method. In Fig. 25 let b be a known point on the

curve. Draw aD through & and lay off DA =ab. Then A is another

s Dpoint on the curve. Additional points may be found by either of the

constructions indicated: e.g. by -drawing di and laying off Af = db,

or by drawing BK and laying off Kf = BA. These methods are prac-

tically applied in the examination of the expansion lines of steam
engine indicator diagrams.

94. Theorem: Along an isothermal path for a per-
7 fect gas, the external work dome is equivalent to
\ b the heat absorbed (Art. 78).
(AN N v

¢ ) K a—1 The internal energy

Fic. 25. Art. 93.—Second Method for Plotting 18 unchanged, as indi-
Hyperbolas. cated by Joule’s law

(Art. 75) ; hence the expenditure of heat is solely for the performance
of external work. H =7+ T+ W,but T=0, T+ 1=0, and H=W.

Conversely, we have Mayer’s principle, that “the work done in compressing a
portion of gas at constant temperature from one volume to another is dynamically
equivalent to the heat emitted by the gas during the compression™ (2).

95. Work done during Isothermal Expansion. To obtain the ex-
ternal work done under any portion of the isothermal curve, Fig. 24,
we must use the integral form,

W= j VPAV
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in which », 7 are the initial and final volnmes. But, from the equa-
tion of the curve, pv = PT, P = pv + I and when p and vare given,

v a4 'l'r Ir
W=pv | dvI = pv 10g87= It logg_v—= Rtloge%-

The heat absorbed is equal to this value divided by 778.

96. Perfect Gas Isodynamic (Art. 87). Sincein a perfect gas the
internal energy is fixed by the temperature alone, the internal energy
along an isothermal is constant, and the isodynamic and isothermal

paths coincide.

97. Expansion in General. We may for the present limit the
consideration of possible paths to those in which increases of volume
are accompanied by more or less marked decreases in pressure; the
latler ranging, say, [rom zero to infinity in rate. If the volume in-
creases without any fall in pressure, the
path is one of constant pressure; if the

P @ CONSTANT PRESSURE M =0 ,

w

3

Z 0 volume increases only when the fall of
il e pressure is infinite, the path is one of con-
w

&% a stant volume. The paths under considera-

, tion will usually fall between these two,
Fia. 2. Art. 97.__Expuns,v; like al, ac, ad, etc., I'ig. 26. The general

Paths. law for all of these paths 1s PV?=a con-
stant, in which the slope is determined by the value of the exponent »
(Art. 91). TForn=0, the path is one of constant pressure, ae, Fig. 20.
For n=infinity, the path is one of constant volume.* The “steepness”
of the path increases with the value of n. (Note that the expounent
n applies to 7~ only, not to the whole expression.)

98. Work done by Expansion. For this general case, the external
work area, adopting the notation of Art. 95, is,

— (" .
W= Par;
But since pv® = P, P = pv* — V*; whence, when p and » are given,

W=pv”j;v(drr+ V’")=1~Lvn <V“"— v"“”):Pv_ PV:R("'_ T),

—-n n—1 n—1

1

1
* Yn=1, where n=0. If n=c, we may write PxV=pxv, or V=0.
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When V = infinity, P = 0, and the work is indeterminate by this expression; but

we may write W = £ ( PV) [1 — ( > ], in which, for V= in-
n—1 n—1

finity, W = pv — (n — 1), a finite quantity. The work under an exponential curve
(when n>1) is thus finite and commensurable, no matter how far the expansion
be continued.

99. Relations of Properties. For a perfect gas, in which ©. T 3— we have

PVt= pvT.
If expansion proceeds according to the law PF™ = pum, we obtain, dividing the
first of these equations by the second,
1~

14 t = 2 T, whence - (3) "

VY m T \"2
This result permits of the computation of the change in temperature following a
given expansion. We may similarly derive a relation between temperature and
pressure. Since

1 1
por = PVm v(p)* = V(P)* Dividing the expression ppT = PVt by this, we have

i § n-1 n~3 _n
T(p) * =¢(P) ™, whence Z;= (ﬁ) n =<l_;>1

By interpretation of these formulas of relation, we observe that for
values of n exceeding unity, during expansion (i.e. increase of volume), the
pressure and temperature decrease, while external work is done. The
gain or loss of heat we cannot yet determine. On the other hand, during
compression, the volume decreases, the pressure and temperature increase,
and work is spent upon the gas. In the work expression of Art. 98, if
D, v, t are always understood to denote the initial conditions, and P, V, 7,
the final conditions, then the work quantity for a compression is negative.

100. Adiabatic Process. This term (Art. 83) is applied to any
process conducted without the reception or rejection of heat from or
to surrounding bodies by the substance under consideration. It is
by far the most important mode of expansion which we shall have to
consider. The substarce expands without giving heat to, or taking
heat from, other bodies. It may lose heat, by doing work ; or, in com-
pression, work may be expended on the substance so as to cause it to
gain heat : but there is no transfer of heat between it and surrounding
bodies. Ifair could be worked in a perfectlynon-conducting cylinder,
we should have a practical instance of adiabatic expansion. In
practice we sometimes approach the adiabatic path closely, by causing
expansion to take place with great rapidity, so that there is no time
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for the transfer of heat. The expansions and compressions of the air
which occur in sound waves are adiabatic, on account of their rapidity
(Art. 105). In the fundamental equation H = 7'+ I+ W, the adi-
abatic process makes H = 0, whence W= — (T + I); or, the external
work domne 1s equivalent to the loss of internal energy, at the expense of
which energy the work is performed.

101. Adiabatic Equation. Let unit quantity of gas expand adiabatically
to an infinitesimal extent, increasing its volume by dv, and decreasing its
pressure and temperature by dp and di. As has just been shown,
W= — (T + I), the expression in the parenthesis denoting the change in
mternal energy during expansion. The heat necessary to produce this
change would be ldt, ! being the specific heat at constant volume. The ex-
ternal work done is W= pdv; consequently, pdv = — Idi. From the

equation of the gas, pv = R¢, ¢ =%’ , Whence, dt = %( pdv + vdp). Using
this value for d,
pdy = — Tg(pdv + vdp).

But R is equal to the difference of the specific heats, or to & — I; so that
pdy = — k—i—l (pdv + vdp),
gc—'—_—lmv—= — pdo — vdp,
ypdv — pdv = — pdv — vdp,

yav_ _ %7, giving by integration,
v

ylog.v + log.p = constant,
or pv’ = constant,

y being the ratio of the specific heats at constant pressure and con-
stant volume (Art, 69.)

102. Second Derivation. A simpler, though less satisfactory, mode of
derivation of the adiabatic equation is adopted by somg writers. Assum-
ing that the adiabatic is a special case of expansion according to the law
pv* = PV*, the external work done, according to Art. 98, is

R(t—T).

n—1
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During a change of temperature from ¢ to 7', the change in internal energy
is It — T), or from Axt. 70, since = R+ (y — 1), it 18
BE—T)
y—1
But in adiabatic expansion, the external work dowe is equivalent to the
change in internal energy ; consequently

Rt—-T)_ Rt—T),
n—1 y—1

n =1, and the adiabatic equation is pv’= PT?. TFor air, the adiabatic is
then represented by the expression p(v)*” = a constant.

103. Graphical Presentation. Since along an adiabatic the external
work is done at the expense of the internal energy, the temperature must
fall during expansion. In the diagram of Fig. 19, this is shown by com-
paring the line ab, an isothermal, with ae, an adiabatic. The relation of
p to v, mn adiabatic expansion, is such as to cause the temperature to fall.
The projections of these two paths on the pv plane show that as
expansion proceeds from «, the pressure falls more rapidly along
the adiabatic than along the isothermal, a result which might have been
anticipated from comparison of the equations of the two paths. If an
isothermal and an adiabatic be drawn through the same point, the latter
will be the “steeper ” of the two curves. Any number of adiabaties may
be constructed on the pv diagram, depending upon the value assigned to
the constant (pv*); but since this value 1s determined, for any particular
perfect gas, by contemporaneous values of p and v, only one adiabatic can
be drawn for a given gas through a given point.

104. Relations of Properties. By the methods of Art. 98 and
Art. 99, we find, for adiabatic changes,
1-¥ y=1 v —_
pr= PP L (D) (BYS, B (), =Y.
T \¥ t \p r \V y—1
During expansion, the pressure and temperature decrease, external work is done
at the expense of the internal energy, and there isno reception or rejection of heat.

105. Direct Calculation of the Value of y. The velocity of a wave in an
astic medium is, according to a fundamental proposition in dynamics, equal to
the square root of the coefficient of elasticity divided by the mass density:* that is,

-
w

* See, for example, Appendix A to Vol. ITII of Nichols and Franklin’s Elements of
Physics.
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V bemng in feet per second and w in lbs. per cubic foot. When a volume of gas
of cross-section =7 and length I 1s subjected to the specific pressure increment dp,
producing the extension (negative compression) —dl,

e= o

di=T

The volume of this gas is In=v: so that %l=d7v and e=— 23—”2 The pulsations
which constitute a sound wave are very rapid, hence adiabatic, so that ps¥ = constant,
and

ypo¥ ~ldy = —pVdp

_yp¥=t_dp__yp
v

W U]
—Tv- =e=|w\
)
w
=

For 32° F. and p=14.697 X144, w=0.081. Taking g at 32.19 and V at the
experimental value of 1089,

108910890 081
32.19X14.697X 144

=1411. 3)

105 a. Velocity with Extreme Pressure Changes. The preceding computation
applies to the propagation of a pressure wave of very small intensity from a local-
ized starting point. Where the pressure rises considerably —say from p to P, the
volume meanwhile decreasing from v to V, then

1

o= (3] »
1

o= vomv (1= (2)).
P
Now V (velocity) = ‘\I%}f and e= — (—if-_ﬂ? for finite changes. If v is the vol-
ume of W 1b. of gas (not the specific volume), p» = RtW, W = %’f, and we have
for the velocity, ‘

”——z’fp;’;;’f‘x/—%‘i’r-
{1-(2)’}
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For t = 530, p =100, P = 400, this becomes

E5H) 390
- \/ X 53.36 x 530 ?()?)0(3) x 9 __[50, og(,g(»)o,ooo _ 2078 £t. per second.
100 x 144 { ( ) }
700

This would be the velocity of the explosion in the cylinder of an internal com-
bustion engine if the pressure were generated at all points simultaneously. As a
matter of fact, the combustion is local and the velocity and pressure rise are much
less than those thus computed (Art. 819).

106. Representation of Heat Absorbed. Theorem: The heat ab-
sorbed on any path is represented on the PV diagram by the area en-
closed between that path and the two adiabatics through its extremities,
indefinitely prolonged to the right.

Let the path be ab, Fig. 27. Draw the adiabatics an, V. These
may be conceived to meet at an infinite dis-

’ b tance to the right, forming with the path the
closed cycle ablNn. In such closed cycle,

a the total expenditure of heat is, from Art.

2 N 90, represented by the enclosed area; but

ol_= y n, since no heat is absorbed or emitted along

Fro. 27 Arts. 106,109.—Rep- the adiabatics, all of the heat changes in the

resentauion of Heat Ab- gycle must have occurred along the path ab,

and this change of heat is represented by the

area abNn. If the path be taken in the reverse direction, ¢.e. from &
to a, the area abNn measures the heat emitted.

107. Representations of Thermal Capacities. Let ab, cd, Fig. 28, be two
isothermals, differing by one degree. Then efuN represents the specific
heat at constant volume, egmN the specific heat at
constant pressure, eN, fn, and gm being adiabatics.
The latter is apparently the greater, as it should
be. Sumilarly, if ab denotes unit increase of
volume, the area abMN represents the latent heat
of expansion. The other thermal capacities men-
tioned in Art. 58 may be similarly represented.

Fia. 28, Art.107.—Thermal
Capacities.
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108. Isodiabatics. An infinite number of expansion paths is possible
through the same point, if the n values arc different. An infinite
number of curves may be drawn, having the same n value, if they do
not at any of their points interscct. Through a given point and with
a given value of n, only onc curve can be drawn. When two or more
curves appear on the same diagram, each having the same exponent (n

P
P P
2,
a\ensh b
a 2\ b o™= consT.

2 A .
o3 A\ d ‘b"=cou;

3
4R Lonar 20" Zooner

v v v
(a) (v) (e)

F1c. 29. Art. 108.—Isodiabatics.

value), such curves are called isodiabatics. In most problems relating
to heat motors, curves appear in isodiabatic pairs. Much labor may be
saved in computation by carefully noting the following relations:

1. In Fig. 29 (a), lot the isodiabatics pv™ =const. be intersected
by lines of constant pressure at a, b, ¢ and’d. Then

P, "‘TTI_T,,
(E) " Ta
n—1
P\'m T,
()" -z
Pa=Pb, P4=P,,, ny =np,

Lo T Lo _Ta_Va_Ve
. Td T,; Tb Ta_Vb_ Vc

2. In Fig. 29 (b), let the same isodiabatics be intersected by lines
of constant volume, determining points «, b, ¢ and d. Then

(L’ 1—m _&
Ve T T,

(E)l—m_Td
Vc _Tc

Va=Vs, Vo=V, mn =N1;
. !_1_12=_7_7_d d Ta Tb_Pa_Pb

~g=g, wd giep=p =p (At 42).

and (Art. 41).

(Art. 99).
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3. In Fig. 29 (c), the same isodiabatics are intersected by tsothermals
at a, b, c and d. Now

(P,,) e Ta
Py " T.
Y T (Art 99).
Bym _ T
p) TT.

wEe Boogng BeLfe @

In this case, it is easy to show also, that

Va_Va

Ya_Va Va Vb .
Vb Va

and 37 =373 an

but in this case (I) is not equal to (I1): the volume ratio 1s not equal to
the pressure ratio. Note also that in cach of the three cases the equality
of ratios exists between properties other than that made constant along
the intersecting lines; thus, in (a), the pressure is constant, and the
volume and temperature ratic is constant. :

109. Joule’s Law. From the theorem of Art. 106, Rankine has
illustrated in a very simple manner the principle of Joule, that the
change of internual energy along any path of any substance depends
upon the initial and final states alone, and not wupon the nature of the
path. In Fig. 27, draw the vertical lines ax, by. The total hest
absorbed along ab=nabN, the external work done = zaby. The
difference = nabN — zaby = nzbN — zazy, is the change in internal
energy; H =T 4+ I + W, whence H— W =(T'+1I); and the extent of
these areas is unaffected by any change tn the path ab, so long as the
points a and b remain fixed.
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110. Value of y. A method of computing the value of y for air has
been given in Art. 105. The apparatus shown in Fig. 30 has been used
by several observers to obtain direct values for various gases. The vessel
was filled with gas at P, ¥, and T, T being the temperature of the atmos-
phere, and P a pressure somewhat in excess of that
of the almosphere. Dy openming the stopcock, a
sudden expansion took place, the pressure falling
to that of the atmosphere, and the temperature
falling to a point considerably below that of the
atmosphere. Let the state of the gas after this
adiabatic expansion lLe p, », &  Then, since

PV =gt *
Frc. 30. Art. 110.—De- z _logp —log P,
sormes’ Apparatus. lug = log v

After this operation, the stopcock is closed, and the gas remaining in the
vessel is allowed to return to 1its initwal condition of temperature, T.
During this operation, the volune remains constant; so that the final
state 18 p,, v, T'; whence pw = PV, or log V — log v = log p, — log P. Sub-
stituting this value of log ¥ —log v in the expression for g, we have

v= logp—Tlog P
log p,—log P’
so that the value of y may be computed from the pressure changes alone.
Clement and Desormes obtaned 1n this manner for air, y =1.5524; Gay-
Lussac and Wilter found y =1.3745. The experiments of Hirn, Weisbach,
Masson, Cazin, and Kohlrausch were conducted in the same manner. The
.method is not sufficiently exact.

111. Expansions in General. In adiabatic expansion, the external work
done and the change in internal energy are equally represented by the

expression p—?;/_—l;—? , derived as in Art. 98. For expansion from p, v to

infinite volume, this becomes ylz)l - The external work done during any

expansion according to the law pv* = PV™ from pv to PV, is W=1_7”;}.;Z .
n —
The stock of internal energy at p, v, is Vi 1= It; at P, V,it is PT; =IT.
y— y—

The total heat expended during expansion is equal to the algébraic sum
of the external work done and the internal energy gained. Then,

_ *The final condition bemng that of the atmosphere, all of the gas, both
within and without the vessel, 1s at the condition p,v,¢. The change m guantity
(weight) of gas n the vessel during the expansion does not, therefore, mvalidate the
equation.
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_ _PV _ pv ,pv— PV __ _ 1 1
H=(T+ D)+ We 20— 22 4 20 = (o 1017)<n-——_1 y——l>
= R(t— 1 1 N\ g—pe—m) (-1

=R¢-T) n—1 y—1> (k=D T)<n—1 y—-l)

===y —ghy)=e-n(i=-1)

=I¢—T )(H), in which ¢ is the initial, and 7' the final temperature.

This gives a measure of the net heat absorbed or emitted during any ex-
pansion or compression according to the law po" =constant. When =
exceeds ¥, the sign of H is minus; heat is emitted; when n is less than y
but greater than 1.0,heat is absorbed : the temperature falling in both cases.
When #=y, the path is adiabatic, and heat is neither absorbed nor emitted.

112. Specific Heat. Since for any change of temperature involving
a heat absorption A, the mean specific heat is

s=—H_

77—t
we derive from the last equation of Art. 111 the expression,

=y

n—1’

giving the specific heat along any path pv" =PV Since the values
of n are the same for isodiabatics, the specific heats along such paths are
equal (Art. 108).

S=

113. Ratio of Internal Energy Change to External Work. For any given
value of n, this ratio has the constant value

n—1,
y—1
114. Polytropic Paths. A name is needed for that class of paths
following the general law pwv»=PV" a constant. Since for any
gas y and [ are constant, and since for any particular one of these
paths n is constant, the final formula of Art. 111 reduces to
H=({¢-T).

In other words, the rate of heat absorption or emission s directly pro-
portional to the temperature change; the specific heat is constant. Such
paths are called polytropic. A large proportion of the paths exempli-
fied in engineering problems may be treated as polytropics. The
polytropic curve is the characteristic expansive path for constant
weight of fluid.
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115. Relations of n and s. We have discussed such paths in which the
value of n ranges from 1.0 to infinity. Figure 81 will make the concep-
tion more general. Let a represent the initial condition of the gas. If

14
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Fic. 31. Art. 115.—Polytropic Paths.

it expands along the isothermal ab, n = 1, and s, the specific heat, is infi-
nite; no addition of heat whatever can change the temperature. If it
expands at constant pressure, along ae, n = 0, and the specific heat is finite
and equal to ly=~%. If the path is ag, at constant voluine, » is infinite
and the specific heat is positive, finite, and equal to . Along the isother-
mal af (compression), the value of » is 1, and s is again infinite. Along
the adiabatic ah, n =1.402and s =0. Alongai,n=0and s=Fk Along
ad, n is infinite and s =12 Most of these relations are directly devived
from Art. 112, or may 1n some cases be even more readily apprehended by
drawing the adiabatics, en, gN, fin, iM, dp, bP, and noting the signs 6f the
areas representing heats absorbed or emitted with changes in temperature.
For any path lying between ak and af or between ac and ab, the specific
heat is negative, ¢.e. the addition of heat cannot keep the temperature from fall-
ing: nor its abstraction from rising.

116. Relations of Curves: Graphical Representation of n. Any number of
curves may be drawn, following the law pv* = C, as the value of C is changed.



RELATIONS OF n AND s

61

In Fig. 82, let ab, cd, ¢f be curves thus drawn. Their general equation is po* = C,

whence %@+dp =0or P
_4p_, P,
v "

If MTV is the angle made by
the langent to one of the curves

with the axis OV, and MOV c

the angle formed by the radius
vector RA with the axis OV, £

then, since dp — dv is the tan- °

gent of MTV, and p — v is the F16. 32, Art. 116.—Determination of Exponent.

— tan ATV = ntan MOV.

If the radius vector be produced as RMNQ, the relations of the angles made be-
tween the OV axis and the successive tangents AT, NS, QU, are to the angle

tangent of MOV,

MOV as just given; hence the various tangents

Since tan MTV = Mg = ¢T and tan MOV =
Mg — Og, the preceding equation gives

LMy _ 2y

T 9T 0g
whenee n = Og — gT. (The algebraic signs of
Oy and ¢T, measured from g, are different.) In
order to determine the value of n from a given

curve, we need therefore only draw a tangent
MT and a radius vector M0, whence by drop-
ping the perpendicular My the relation Og - gT'

P
are parallel (4).
M
he—n2 1
A /T g y

- " B v

fel /

c

F1G. 33. Art 116.—Negative

Exponent.

is established. If we lay off from O the distance
0. as a unit of length, drawing 4 C' parallel to
the tangent, and C'B through C, parallel to the

radius vector, then by similar triangles
Og:9T::0B:04 and Oy =~ ¢T'= OB =n.
Figure 88 illustrates the generality of this
method by showing its application to a
curve in which the value of n is negative.

117. Plotting of Curves: Brauer's
Method. The following is a simple method
for the plotting of exponential curves, in-
cluding the adiabatic, which is ordinarily
'a tedious process. Let the point M,
Fig. 34, be given as one point on the re-
quired curve. Draw a line OA waking an
angle VOA with the axis OV, and a line
OB making an angle POB with the axis

P
B
T M
v
\
9l R

Fia, 34,

Art. 117.— Brauner’s Method.
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OP. Draw the vertical line MS and the horizontal line A/T. Also draw the
line TU making an angle of 43° with OP, and the line S making an angle of
45° with MS. Draw the vertical line RN through I, and the horizontal line UN
through U. The coordinates of the point of intersection, N, ot these lines, are
OR and RN. Let the coordinates of 3/, TAf (= 0Q),and A/Q be designated by
v, p; and those of N, OR, and RN (=0L), by ¥, . Thentan I'O.l = QS — 0Q
=QR~TM=(V—r)—r; and tan POB=UL - O0L=TL—NR=(p—P)+P;
whence V =u(tan VOA + 1) and p=P (tan POB+1). If the law of the
curve through M and N is to be ps» = PV", we obtain

P (tan POB + )= P {r(tan VOA + 1)},

whence (tan POB + 1) =(tan 7704 + 1)*. If now, in the first place, we make the
angles POB, V0A such as to fulfill this condition, then the point NV and others
similarly determined will be points on a curve following the law pv" = PFV".

118. Tabular Method. The equation pv" = PF" may be written p = P(Z)"
v

orlogp — log P =nlog (V — v). Tf we express P as a definite initial pressure for
all PV» curves, then for a specific value of n and for defiuite ratios 1”7 — » we may
tabulate successive values of log p and of p. Such tables for various values of »
are commonly used. In employing them, the final pressure is found in terms of
the iuitial pressure for various ratios of final to initial volume.

119. Representation of Internal Energy. In Fig. 35, let An represent
an adiabatic, During expansion from 4 to a, the external work done is
g Aabe, which, from the law of the adiabatic, is

equal to the expenditure of internal energy. If

A expansion is continued indefinitely, the adiabatic
An gradually approaches the axis OV, the area

a below it continually representing expenditure of
internal energy, until with infinite expansion An

o B b "", and OV coincide. The internal energy is then ex-
Frc. 35. Art. 119.—Repro- Nausted. The total internal emergy of a substance
sentation of Internal may therefore be represented by the area between
Energy. the adiabatic through its state, indefinitely prolonged
to the right, and the horizontal axis. Representing this quantity by X, then

from Art. 111,
E= dy = LY.
fpv y—1

where v is the initial volume, p the initial pressure, and y the adiabatio
exponent. This is a finite and commensurable quantity.

120. Representation by Isodynamic Lines. A defect of the preceding
representation is that the areas cannot be included on a finite diagram.
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In Fig. 36, consider the path 4B. Let BC be an adiabatic and AC an-
isodynamie. It is required to find the change of internal energy between
Aand B. The external work done during adi-
abatic expansion from B to C is equal to BCcbh;
and this 1s equal to the change of internal en-
ergy between B and C. But the internal energy
is the same at C as at 4, because AC is an
isodynamic. Consequently, the change of in-
ternal energy between A and B is represented
by the area BCcb; or, generally, by the area
included between the adiabatic through the final

state, extended to its intersection with the iso- Fie. 36. Arts. 120, 121.—In-
dynamic through the initial state, and the hori- o oS LooOnd i
zontal axis.

P

121. Source of External Work. If in Fig. 36 the path is such as to increase
the temperature of the substance, or even to keep its

P ¢ temperature from decreasing as much as it would
a along an adiabatic, then heat must be absorbed.
d Thus, comparing the paths ad and ac, Fig. 87, aN

and ¢m being adiabatics, the external work done

N'™ along ad is adef, no heat is absorbed, and the internal

Il le v  energy decreases by adef. Along ac, the external
Fis. 37 Art 191. —External Work done is acef, of which adef was done at the ex-
‘Work and Internal Energy.  pense of the internal energy, and acd by reason of
the heat absorbed. The total heat absorbed was

Nacm, of which acd was expended in doing external work, while Ndem went
to increase the stock of internal energy.

122. Application to Isothermal Expansion. If the path is isothermal, Fig. 88,
line A B, then if BN, An are adiabatics, we have,

W + X = external work done,

X 4 Y = heat absorbed = W + X,

W + Z = internal energy at 4,

Y + Z = internal energy at B,

W = work done at the expense of the in-
ternal energy present at 4,

X = work done by reason of the absorption
of heat along 4B,

Z =residual internal energy of that originally
present at 4, Fie. 38. Art. 122. —Heat and

Y = additional internal energy imparted by  Work in Isothermal Expansion.
the heat absorbed;
and since in a perfect gas isothermals are isodynamics, we note that

W+Z=Y+Zand W=Y(5).
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123. Finite Area representing Heat Expenditure. In Fig. 89, let ab be any
path, n and e adiabatics, and ac an isodynamic. The external work done along
ab is abde; while the increase of internal emergy is
befid. The total heat absorbed is then represented by
the combined areas abefe. If the path ab is iso-
thermal, this construction leads to the known result
ihat there is no gain of internal energy, and that /e
totul heat absorbed equals the external work. If the
path be onc of those de-
seribed in Art. 115 as of
negative specific heat, we
F1g. 39. Art 123 —Represen- m.ay vepresent 1l as ag,

tation of Heat Absorbed. Fig. 40‘, Let bgm be an

adiabatic. The external

work done is agde. The change of internal energy,
from Art. 120, is bdgdf; if ab 1s an isodynamic; and
this being a negative avea, we note that internal en- Fra. 40. Art. 125.— Nega-
ergy has been expended, although heat huas been ab- tivo Specific Heat.
sorbed. Consequently, the teinperature has fallen. Tt
seems absurd to conceive of a substance as receiving heat while falling in lem-
perature. The explanation is that it is cooling, by doing external work, faster
than the supply of heat can warm 1t. Thus, H= T+ I + W; but H < W; con-
sequently, (T + I) is negative.

P

123 ¢. Ordnance. Some such equation as that given in Art. 105a may apply
to the explosion of the charge mn a gun. Ordinary gunpowder, unlike various de-
tonating compounds now used, is scarcely a true explosive. It is merely a rapidly
burning mixture. A probable expression for the reaction with a common type of
powder is

4 KNO; + C, + S = KaCO; + K480, + N, + 2 COy + CO.

It will be noted that a large proportion of the products of combustion are solids;
probably, in usual practice, from 55 to 70 per cent. As first formed, these may be
in the liqud or gaseous state, in which case they contribute large quautities of
heat to the expanding and cooling charge as they liquefy and solidify.

When the charge is first fired, if the projectile stands still, the temperature and
pressure will rise proportionately, and the rigse of the former will be the quotient of
the heat evolved by the mean speeitic heat of the products of combustion. Fortu-
nately for designers, the projectile moves at an early stage of the comnbustion, so that
the rise of pressure and temperature is not instantaneous, and the shock 1s more or
less gradual. After the attainment of maximum pressure, the gases expand,
driving the projectile forward. Work is done in accelerating the latter, but the
process is not adiabatic because of the contribution of heat by the ultimately solid
combustion products. The temperature does fall, however, so that the expansion
is one between the isothermal and the adiabatic.

The ideal in design is to obtain the highest possible muzzle velocity, but this
should be accomplished without excessive maximum pressures. The more nearly
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the condition of constant pressure can be approximated during the travel of the
projectile from breech to muzzle, the better. Both velocities and pressures during
this traverse have been studied experimentally; the former by the chronoscope,
the latter by the crusher gage.

The suddenness of pressure increase may be retarded by increasing the density
of the powder, and is considerably affected by its fineness and by the shape and
uniformity of the grains.

Suppose 1 + s lb. of charge to contain s Ib. of permauently solid matter of spe-
cific heat = ¢, and that the specific heat of the gaseous products of combustion,
during their combustion, is . Let the initial temperature be 0° F. Then the
temperature attained by combustion ig

t
T= H s
{4+ cs

where H is the heat evolved in combustion. During any part of the subsequent
expansion,
H=T+1I+W=E+W,
dH = ldt + pdv.
The only heat contributed is that by the solid residue, and is equal to
dH = — sedt = ldt + pdv,

so that —(sc + ) dt = pdv=Re Y,
v
~Ge+DL=RL,

and between the limits 7" and ¢,

o 1)< . (5
v

k=1

t=17T (K)u_ﬁ’
v
where V is the initial and v the final volume of the charge. Now since p Z= !}}Z ,
A+s0

2"t (K)[T“ The external work done during expansion is

P T \v
W= { pio =~ (it ~ fsct = (se +1) (T 1)

k-1

_(sc+z)TI1_ (v )"*‘}.

If we wish to include the effect due to the fact that a portion, say r, of the original
volume of charge forms non-gaseous products, we may write for ¥, V(l — r), and
for v, v — ¥, and the complete equation becomes

W= o+ 71 - (EL22) ).

Suppose T =4000° F., s=06, ¢=01, [= 0.18, £=0.25 V=0.02, r=0.6,
v = 0.20; then
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007
_ 781 — (202X 04 \0H) _ 499 600 £t.-1b
W_o.24><4000><7:8{1 (0.20_0012) } A

If w be the weight of projectile, V, the velocity imparted thereto, and f the
« factor of effect” to care for practical deductions from the computed value of W,
then
fW=—mV ——‘qu2 and

S gW
v, = wa’

which for our conditions, with w = 5, = 0.90, gives

Vo= \/64'4“ al 491’;’00 x 090 _ 9390 ft. per second.
The maximum work possible would be obtained in a gun of ample length, the
products of combustion expanding down to their imtial temperature, and would be,

for our conditions,
W="T18 H="T778 T(l + cs) =778 x 4000 x 0.2%4 = 814,080 ft.-1b.
The equation of the expansion curve is pv® = const., where n has the value

]lc-:;: ; or, for our conditions gg 1

Viewing the matler in another way: the heat contributed by the solid residues
is that absorbed by the gases; or

=13, nearly.

s¢c=—8,
where s; is the specific heat of the gases during expansion.

Then sl:l”"”andn:"""sc
1 I+ sc

n —

, as before.

The external work done during expansion is

_PV—pv_ (PV—pn)(l+sc) _ _ I+ sc _
W= n—1 k+sc—1—sc @&V pv)( ) (T =0 + 50),

from which the equation already given may be derived.

MODIFICATIONS IN JRREVERSIBLE PROCESSES

124. Constrained and Free Expansion. In Art. 86 it was assumed that
the path of the substance was one involving changes of volume against a
resistance. Such changes constitute constrained expansion. In this pre-
liminary analysis, they are assumed to take place slowly, so that no
mechanical work is done by reason of the velocity with which they are
effected. When a substance expands against no resistance, as in Joule’s
experiment, or against a comparatively slight resistance, we have what is
known as free expansion, and the external work is wholly or partly due
to velocity changes.
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125. Reversibility. All of the polytropic curves which have thus far
been discussed exemplify constrained expansion. The external and in-
ternal pressures at any state, as i Art. 86, differ to an infinitesimal
extent only; the quantities are therefore in finite terms equal, and the
processes may be worked at wull in either direction. A polytropic path
having a finite exponent is 1 general, then, reversible, a characteristic of
fundamental importance. During the adiabatic process which occurred
in Joule’s experiment, the externally resisting pressure was zero while
the internal pressure of the gas was finite. The process could not be
reversed, for it would be impossible for the gas to flow against a pressure
greater than its own. The generation of heat by friction, the absorption
of heat by one body from another, etc., are more familiar instances of
irreversible process. Since these actions take place to a greater or less
extent in all actual thermal phenomena, i is 1mpossible for any actual
process to be perfectly reversible. “A process affecting two substances is
reversible only when the conditions existing at the commencement of the
process may be directly restored without compensating changes in other
bodies.”

126. Irreversible Expansion. In Fig. 41, let the substance expand
unconstrainedly, as in Joule’s experiment, from a to b, this expansion
being produced by the sudden decrease in ex- [P
ternal pressure when the stopeock is opened.
Along the path ab, there is a violent movement of &
the particles of gas; the kinetic energy thus ¢
evolved is transformed into pressure at the end
of the expansion, causing a rise of pressure to c.
The gain or loss of internal energy depends solely
upon the states @, ¢; the external work done does Fia. 1. Art. 126.—Irre-
not depend on the irreversible path «b, for with versible Path.

a zero resisting pressure no external work is done. The theorem of Art. 86
is true only for reversible operutions.

14

127. Irreversible Adiabatic Process. Careful consideration should be
given to unconstrained adiabatic processes like those exemplified in Joule’s
experiment. In that instance, the temperature of the gas was kept up by
the transformation back to heat of the velocity energy of the rapidly
moving particles, through the medium of friection. e have here a special
case of heat absorption. No heat was received from without ; the gas
remained in a heat-insulated condition. While the process conforms to
the adiabatic definition (Art. 83), it involves an action not contemplated
when that definition was framed, viz, a reception of heat, not from sur-
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rounding bedies, but from the mechanical action of the substance itself,
The fundamental formula of Art. 12 thus becomes

H=T+I+ W+ V,

in which ¥V may denote a mechanical effect due to the velocity of the
particles of the substance. This subject will be encountered later in
important applications (Arts. 175, 176, 426, 513).

FURTHER APPLICATION OF THE KiNETIC THEORY
127 a. The Two Specific Heats. The equation has been derived (Art. 55),
pv =§I’_’;.wz=%£, w?,

in which p = the specific pressure exerted by a gas on its bounding surfaces;
v = the aggregate volume (not the specific volume) of the gas,

W = the weight of the gas, whence —lv;-;= its specific volume,

M = its mass,
w = the average velocity of all of the molecules of the gas.
The kinetic theory asserts that the absolute temperature is proportional to the
mean kinetic energy per molecule. In a gas without intermolecular attractions
the application of heat at unchanged volume can only add to the kinetic energy of
molecular vibration. In passing between the temperatures ¢, and ¢, then, the ex-
penditure of heat may be written

y 2
H, = M;,,z _ M;u, - %[(wg’ - w?). 4)

If the operation is performed at constant pressure instead of constant volume
the expenditure of heat will be greater, by the amount of heat consumed in per-
forming external work, p(v, — v;). From Charles’ law,

2»=&=M_M=(u)z.

v 4 2 2 w,
Then 22_1=(t£z)"‘_1;
, v w,
—y = M)
Uy =1 "1( w?
The external work is then
! _ Muw? we? — w2\ _ M
and the total heat expended is
Hb=A+B=5TAI(w22—w1’). (C)

If we divide C by A, we obtain

y=E_T__.§_-6—=1.667,
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which would be the ratio of the specific heats for a perfect monatomic gas. In
such a gas, the molecules are relatively far apart, and move in straight lines. In
a polyatomic gas (1n which each molecule consists of more than one atom), there
are interattractions and repulsions among the atoms which make up the molecule.
Clausius has shown that the ratio of the intramolecular to the “straight line” or
translational energy 1s constant for a given gas. If we call this ratio m, then for
the polyatomic gas

7=+ my 2 (wt — wop)
Hy =1+ m) %I(wzg —wn?) + %{(wzﬂ — w?)

= %l (B + 3 m) (w22 — w1?).

Hy, _23 (5+3m) _5+3m.

Y= HB,70 M0 +m) 3+8m
If m = 0, this becomes 3, as for the monatomic gas. The equation gives also,
m=2=3Y por oxygen, with y = 1.4, m = 5-42_08_ 0.667.
3y—38 ’ ’ 42 -3 12

127 ». Some Applications. Writing the first equation given in the fbrm
3 pr
wt="L"9—3 Rt
W 4
we have foi 1 1b. of air at standard conditions
w, =V3 x 53.36 x 492 x 32.2 = 1593 ft. per second,

the velocity of the air molecule. Noting also that w = (f) Vv under standard con-
ditions, we obtain for hydrogen

178.83
12387
These are mean velocities. Some of the molecules are moving more rapidly, some
more slowly.

The molecular velocilies of course increase with the temperature and are
higher for the lighter gases. A mixture of gases inclosed in a vessel containing
an orifice, or in a porous container, will lose its lighter constituents first; because,
since their molecular velocities are higher, their molecules will have briefer
periods of oscillation from side to side of the containing vessel and will more
frequently strike the pores or orifices and escape. This principle explains the com-
mercial separation of mixed gases by the piocess of osmosis.

In any actual (polyatomic) gas, the molecules move in paths of constantly
chapging direction, and consequently do not travel far. The dyffusion or perfect
mixture of two or more gases brought together is therefore not an instantaneous
process. High temperatures expedite it, and it is relatively more rapid with the
lighter gases.

We may assume that intramolecular energy is related to a rotation of atoms
about some common center of attraction. The intramolecular energy has been
shown to be proportional to the temperature. A temperature may be reached at
which the total energy of an atomic system may be so greatly increased that the

wy, = 1593 = 6270 ft. per second.
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system itself will be broken up, atoms flying off perhaps to form new bonds, new
molecules, new substances. This breaking up of molecules is called dissociation.
In forming new atomic bonds, heat may be generated; and when this generation
of heat occurs with sufficient rapidity, the process becomes self-sustaining ; . e. the
temperature will be kept up to the dissociation point without any supply of heat
from extraneous sources. If, as in many cases, the generation of heat is less rapid
than this, dissociation of the atoms will cease after the external source of heat has
been 1emoved.

According to a theorem in analytical mechanics,* there is an initial velocity,
easily computed, at which any body projected directly upward will escape from the
spheie of gravitational attraction and never descend. For earth conditions, this
velocity is, irrespective of the weight of the body, 6.95 miles per second = 36,650 ft.
per second, ignoring atmospheric resistance. Now there is little doubt that some
of the molecules of the lighter gases move at speeds exceeding this; so that it is
quite possible that these lighter gases may be gradually escaping {rom our planet.
On a small asteroid, where the gravitational attiaction was less, much lower
velocities would suffice to liberate the molecules, and on some of these bodies
there could be no atmosphere, because the velocity at which liberation occurs is
less than the normal velocities of the nitrogen and oxygen molecules.

(1) Thermodynamics, 1907, p. 18. (2) Alexander, Treatise on Thermodynamacs,
1893, p 105. (8) Wormell, Thermodynamacs, 123, Alexander, Thermodynamacs,
103; Rankme, The Steam Engine, 249, 321; Wood, Thermodynamacs, 71-77, 437.
(4) Zeuner, Technical Thermodynamacs, Klemn tr., I, 156. (5) Rupper, Steam Engine
Theory and Practice, 1895, 17.

SYNOPSIS OF CHAPTER V

Pressure, volume and temperature as thermodynamic codrdinates.

Thermal line, the locus of a series of successive states, puth, a projected thermal line.

Paths: isothermal, constant temperature; sodynamic, constant internal energy ;
adiabatic, no transfer of heat to or from surrounding bodies.

The geometrical representation of the characteristic equation is a surface.

The PV diagram: subtended areas repiesent external work,; a cycle 18 an enclosed
figure ; 1ts area represents external work; 1t represents also the net expenditure of
heat.

The isothermal : pv* = ¢, in which » = 1, an equilateral hyperbola ; the exiernal work

done is equivalent to the heat absorbed, = pv log, l/: with a perfect gas, it coin-
cides with the isodynamic. ©

Paths in general : pv = ¢ ; external work =2?=F V; L. (3.) 1_"; L (Z "ol
n—1"T \V ¢ » )

The adiabatic: the external work done 13 equivalent to the expenditure of internal
energy ; pw=c; y=1.402; computation from the velocity of sound in air; wave
velocities with extreme pressure changes.

The beat absorbed along any path is represented by the area between that path and

the two projected adiabatics ; representation of k and I.

* Bee, for example, Bowser’s Analytic Mechanics, 1908, p. 301
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TIsodiabatics: my=n,; equal specific heats ; equality of property ratios.

Rankine’s derivation of Joule’s law: the change of internal energy between two states
18 independent of the path.

Apparatus for determining the value of y from pressure changes alone.

Along any path pv» =c, the heat absorbed is (¢ — T) %) ; the mean specific heat

isi2=Y
n—1

Graphical method for determining the value of n; Brauer’s method for plotting poly-
tropics ; the tabular method.

Graphical representations of internal energy ; representations of the sources of external
work and of the effects of heat ; finite area representing heat expenditure.

Polytropic expansion in ordnance.

Irreversible processes: constrained and fiee expansion ; reversibility ; no actual proc-
ess 1s reversible , example of irreversible process; subtended areas do not repre-
sent external work , in adiabatic action, heat may be received from the mechani-
cal behavior of the substance itself; H=T+ I+ W 4V ; further applications of
the kinetic theory.

Such paths are called polytropics. Values of n and s for various paths.

Use of Hyperbolic Functions : Tyler’s Method. Given 2™ = a,let 2 = ¢*. Then
mlog,x = s and zm = e™'%”. Adopting the general forms

¢t = cosh ¢ + sinh¢,
et = cosh ¢ — sinh ¢,
we have
am = cosh (m log, ) + sinh (m log, z), where m log, = is positive;
zm = cosh (m log, ) — sinh (m log, z), where m log, = is negative.
If now we have a table of the sums and differences of the hyperbolic functions,

and a table of hyperbolic logarithms, we may practically without computation ob-
tain the value of zm. Thus, take the expression

(1)
1147/ °

Here z = 0.1281, m = 0.29, mlog, z = — 0.596, (cosh — sinh) m log, z = 0.552.
The limits of value of z may be fixed, as in the preceding article, as 0 and 1.0.
For z = 0, mlog, z = —x, and the method would require too extended a table of
hyperbolic functions. But if we use the general form in which z > 1.0 and usually
<10.0, m log, z will rarely exceed 10.0, and the method is practicable.

For a fuller discussion, with tables, see paper by Tyler in the Polytechnic En~
gineer, 1912.
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NOTES ON LOGARITHMS

Definitions; log z or com log z=n, where 10" =z.
logs z=m where e =z, e=27183+.
loge 7 = (2.3026) log x.

Characterstic and Mantissa, the log consists of a characteristic, integral and either
positive or negative; and a maniissa, a positive fraction or decimal  Dividing or
multiplying & number by 10 or any multiple thereol changes the charactenstic of
the log, but not 1ts mantissa. Thus,

Characteristic  Manlissa

log 2 = 0 - 0 30103 written 0 30103
log 20 = 1 0 30103 written 1 30103
log 200 = 2 0 30103 written 2 30103
log 02 = -1 0.30103 wiitten 1 30103

and equivalent to —0 69897
log 002= -2 0 30103 writien 3 30103

and cquivalent to —1.69897

Operations with logarithms.

log (aXb) =log a-+log b. Remember also:
1

log (a+b) =log a—log b. o=z,

log (@)* =nloga. 2 "= %

1
log (@) =log Wa =l°i a.

Negative sign: the signs of negative characteristics must be carefully con-
gidered, Thus, to find the value of 0.0279%7:

log 0,02 =2 30103 = —2.0+0 30103.
—0.37 log 0.02=—0.37(—2 040.30103) =0.74 —0.1114 = 0.6286.
=log (4 252=0.02"°37),

When the final logarithm comes out negative, it must be converted into loga~
rithmic form (negative characteristic and positive mantissa) by adding and sub-
tracting 1. Thus —0.6286 =1.3714 =log 0.2352.

For example, to find the value of 0.02 %7:

log 0.02=2.30103 = —2.0+0 30103

0.37 log 0.02=0.37( —2.0+0 30103) = —0.74+0.1114 = —0.6286 =1.3714
=log (0.2352=0.02%57).
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PROBLEMS

1. On a perfect gas diagram, the cosrdinates of which are internai energy and
volume, construct an isodynamic, an isothermal, and an isometric path through B
(internal energy) =2, V =2.

2. Plot accurately the following: on the 7'V diagram,* an adiabatic throuéh
T=270, V=10; an isothermal through T'=300, ¥ =20; on the TP { diagram, an
adiabatic through T'=230, P=5; an isothermal through T'=190, P=30. On the
E7V diagram, ] show the shape of an adiabatic path through E =240, ¥V =10.

3. Show the isometric path of a perfect gas on the PT plane; the isopiestic, on
the V' T plane.

4, Sketch the T'V path of wax from 0° to 200° F., assuming the melting point to
be 90°, the boiling point 290°, that wax expands in melting, and that its maximum
density as liquid is at the melting point.

5. A cycle is bounded by two isopiestic paths through P =110, P=100 (pounds
per square foot), and by two isometric paths through V= 20, V=10 (cubic feet).
Find the heat expended by the working substance. (Ans., 0.1285 B. t.u.)

6. Air expands isothermally at 32° F. from atmospheric pressure to a pressure of

5 1b. absolute § per square inch. Find its specific volume after expansion.
(4ns., 36.42 cu. ft.)

7. Given an isothermal curve and the OV axis; find graphically the OP axis.
8. Prove the correctness of the construction described in Art. 93.

9. Find the heat absorbed during the expansion described in Problem 6.
(A4ns., 36.31 B. t.w.)

10. Find the specific heat for the path PV1.2 =¢, for air and for hydrogen.
(4ns., air, —0.1706 ; hydrogen, —2.54.)
11. Along the path PV12=¢, find the external work done in expanding from
P=1000, V=10, to V'=100. Find also the heat absorbed, and the loss of internal
energy, if the substance is one pound of air. Units are pounds per square foot and
cubic feet. (Ams., W=18,450 ft.-lb. ; H=11,796 B, t.u. ; Ey—F,=11.8 B.t.u.)

12. A perfect gas is expanded from p=400, v=2, $=1200, to P=60, V=220
Find the final temperature. (Ans., 19,800° abs.)
13. Along the path PV12=c, a gas is expanded to ten tjmes its initial volume of
10 cubic feet per pound. The initial pressure being 1000, and the value of R 53.36,
find the final pressure and temperature. (See Problem 11.)
(4ns., p=63.11b. per sq. ft., =118.25° abs.)
14. Through what range of temperature will air be heated if compressed to 10
atmospheres from normal atmospheric pressure and 70° ¥., following the law pvl-3=c ?
What will be the rise in temperature if the law is pw=c? Ifitispv=c?
(4ns., @, 371.3°; b, 495°; ¢, 0°).
. n-1 1
T i-n T P\ n 4 -8
* = (— —_— = (= . —_= - .
=) 15=() <= ()
§ Absolute pressures are pressures measured above a perfect vacuum. The abso-
lute pressure of one standard atmosphere is 14.697 Ib. per square inch.
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15. Find the heat imparted to one pound of this air in compressing it as deseribed
according to the law pul 3=¢, and the change of internal energy. ’
(dns, II,— ;= —21.6 B.t.u., E,—E,=63.1 B.t.u.)
16. In Problem 14, after compression along the path pvl3=¢, the air is cooled
at constant volume to 70° F., and then expanded along the isodiabatic path to its
mitial volume. TFind the pressure and temperature at the end of this expansion.
(ens., p =8.64 1h, per sy. 1., £ =311° abs.)
17. The isodiabatics ab, cd, are intersected by lines of constant volume ac, bd.
P, P, T, Tp
Prove ?,=F, and TC=T¢'
18. In a room at normal atmospheric pressure and constant temperature, a
cylinder contains air at a pressure of 1200 Ib. per sguare inch. The stopcock on the
cylinder 1s suddenly opened. After the pressure in the cylinder has fallen to that of
the atmosphere, the cock is closed, and the cylnder left undisturbed for 24 hours.
Compute the pressure 1n the cylinder at the end of this time.
(Ans , 51.94 1b. per sq. in.)
19. Find graphically the value of n for the polytropic curve ab, Fig. 41.
20. Plot by Brauer’s method a curve pvl.8=26,200. TUse a scale of 1 inch per
4 units of volume and per 80 units pressure. Begin the curve with p=1000.

21. Supply the necessary figures in the following blank spaces, for n=1.8, and
apply the results to check the curve obtained in Problem 20. Begin with v=6.12,
_p=1000.

%’_—_2.0, 2.25, 2.50, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0

log%=n log %rg
p_

P=

22, The velocity of sound in air being taken at 1140 ft. per second at 70° F. and
normal atmospheric pressure, compute the value of y for air. (4ns., 1.4293.)

R

23. Compute the latent heat of expansion (Art. 58) of air from atmospheric
pressure and at 32° F. (4ms., 2.615 B.t.u.)

24. Find the amount of leat converted into work in a cyele 1234, in which
P,=P,=100, V;=5, Vy=1, P;=30 (all m lb. persq. ft.), and the equations of the
paths are as follows: for 41, PVeo=c; for 12, PVv=c; for 32, PV=c; for 43,
PVi8=¢c. The working substance is one pound of air. Find the temperatures at
the points 1, 2, 3, 4.

(4ns., 2H=1.386 B.t.u.; T1=9.37°; T,=1.097°; T,=1.097°; T,=1.874°))

25. Find the exponent of the polytropic path, for air, along which the specifie
heat is —k. Also that along which 1t is —I. Represent these paths, and the amounts
of heat absorbed, graphically, comparing with those along which the specific heats are
k and I, and show how the diagram illustrates the meaning of negative specific heat.

(dns., for 8= —k, n=1.167; for s= —1, n=1.201)

26. A gas, while undergoing compression, has expended upon it 38,900 ft. Ib. of
work, meanwhile, it loses to the atmosphere 20 B.t. u. of heat. 'What change occurs
in its internal energy?
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27. One pound of air under a pressure of 150 lb. per sq. in. occupies 4 cu. ft.
‘What is its temperature® How does 1ts internal energy compare with that at atmos-
pheric pressure and 32° F.?

28. Three cubic feet of air expand from 300 to 150 lb. pressure per square inch, at
constant temperature. Find the values of H, E and W.

29. How much work must be done to compress 1000 cu. ft. of normal air to a pres-
sure of ten atmospheres, at constant temperature® How much heat must be removed
during the compression?

30. Air 15 compressed in a water-jacketed cylinder from 1 to 10 atmospheres; its
specific volume being reduced from 13 to 2,7 cu. ft. How much work is consumed per
cubic foot of the original air?

31. Let p=200, v=3, P=100, V=5. Find the value of n in the expression
pon=PTVn.

32, Draw to scale the PT and TV representations of the cycle described in
Prob. 24.

33. A pipe line for air shows pressures of 200 and 150 1b. per square inch and tem-
peratures of 160° and 100° F., at the inlet and outlet ends, respectively. What is the
loss of internal energy of the air during transmission? If the pipe line is of uniform
size, compare the velocities at its two ends.

34. If air is compressed so that pv136=c, find the amount of heat lost to the cyl-
inder walls of the compressor, the temperature of the air rising 150° F. during com-
pression.



CHAPTER VI

THE CARNOT CYCLE

128. Heat Engines. In a heat engine, work is obtained from
heat energy through the medium of a gas or vapor. Of the total
heat received by such fluid, a portion is lost by conduction from the
walls of containing vessels, a portion is discharged to the atmosphere
after the required work has been done, and a third portion disap-
pears, having been converted into external mechanical work. By
the first law of thermodynamics, this third portion is equivalent to
the work done; it is the only heat actually used. The efficiency of a
heat engine is the ratio of the net heat utilized to the total quantity of
heat supplied to the engine, or, of external work done to gross heat
absorbed ; to %: th

rejected by the engine, if radiation effécts be ignored.

, in which % denotes the quantity of heat

129. Cyclic Action. In every heat engine, the working fluid passes
through a series of successive states of pressure, volume, and temperature ;
and, in order that operation may be continuous, it is necessary either that
the fluid work in a closed cycle which may be repeated indefinitely, or
that a fresh supply of fluid be admitted to the engine to compensate for
such quantity as is periodically (p
discharged. Tt is convenient to
regard the latter more usual ar-
rangement as equivalent ‘to the
former, and in the first instance
to study the action of a constant
body of fluid, conceived to work
continuously in a closed cyecle.

130. Forms of Cycle. The sev-
eral paths deseribed in Art. 83, and
others less commonly considered, sug- v
fg:;’g;‘:‘;‘;cf:i‘:’i;j;;i‘txfi:?:;f Fic.42. Art. 130, Problem 2.— Possible Cycles.
42. Many of these have been given names (1). The isodiabatic cycle, bounded by
two isothermals and any two isodiabatics (Art. 108), may also be mentioned.

76
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131. Development of the Carnot Cycle. Carnot, in 1824, by describing and
analyzing the action of the perfect elementary heat engine, effected one of the
most important achievements of modern physical science (2) Carnot, it 1s true,
worked with insufficient data. Being ignoant of the fiist law of thermodynamics,
and holding to the caloric theoiy, he asserted that no heat was lost during the
cyclic process; but, though to this extent founded on error, his main conclusions
were correct. Before his death, in 1832, Carnot was led to a more just conception
of the true nature of heat; while, left as it was, his work has been the starting
point for nearly all subsequent investigations. The Cainot engine is the liimt
and standard for all heat engines.

Clapeyron placed the arguments of Carnot in analytical and graphical form;
Clausius expressed them in terms of the mechanical theory of heat; James Thomp-
son, Rankine, and Clerk Maxwell corrected Carnot’s assumptions, redescribed the
cyclic process, and redetermined the results; and Kelvin (3) expressed them in
their final and satisfactory modern form.

132. Operation of Carnot’s Cycle. Adopting Kelvin’s method,
the operation on the Carnot engine may be described by reference
to Fig. 43. A working piston moves in the cylinder ¢, the walls of

which are non-conduect-

—% P ing, while the head is

c g\ \'¢ V7%,  a perfect conductor.

i The piston itself is

a non-conductor and

moves without friction. The body ¢ is an infinite source of heat

(the furnace, in an actual power plant) maintained constantly at

the temperature 7', no matter how much heat is abstracted from it.

At r is an infinite condenser, capable of receiving any quantity of

heat whatever without undergoing any elevation of temperature

above its initial temperature ¢. The plate f is assumed to be a per-

feet non-conductor. The fluid in the cylinder is assumed to be
initially at the temperature 7' of the source.

The cylinder is placed on s. Heat is received, but the tempera-
ture does not change, since both cylinder and source are at the
same temperature. Haternal work is dome, as a result of the recep-
tion of heat; the piston rises. When this operation has continued
for some time, the cylinder is instantaneously transferred to the non-
conducting plate f. The piston is now allowed to rise from the expan-
sion produced by a decrease of the internal energy of the fluid. Tt
continues to rise until the temperature of the fluid has fallen to %

F16.43. Arts. 132, 138,— Operation of the Carnot Cycle.
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that of the condenser, when the cylinder is instantaneously trans-
ferred to ». Heat s now yiven up by the flmd to the condenser, and
the piston falls; but no change of temperature takes place. When this
action is completed (the point for completion will be determined
later), the cylinder is again placed on f; and the piston allowed to
fall further, increasing the internal energy and temperature of the
gas by compressing it. This compression is continued until the
temperature of the fluid is 7’ and the piston is again in its initial
position, when the cylinder is once more placed upon s and the opera-
tion may be repeated. No actual engine could be built or operated
under these assumed conditions. P
a

133. Graphical Representation. The
first operation described in the preceding
is expansion at constant temperature. 'The
path of the fluid is then an <sothermal.
The second operation is expansion without
transfer of heat, external work being done
at the expense of the internal energy;
the path is consequently adigbatic. Dur- Fie. 4. Arts. 133-136, 138, 142,
ing the third operation, we have isothermal The Carnot Cycle.
compression ; and during the fourth, adiabatic compression. The
Carnot cycle may then be represented by abed, Fig. 44.

134. Termination of Third Operation. In order that the adiabatic compression
da may bring the fluid back to its initial conditions of pressure, volume, and tem-
perature, the isothermal compression ¢d must be terminated at a suitable point d.

From Art. 99,
T_ (%‘)1—" tor the adiabatic da,

t i

and I (—Ii’) '™ for the adiabatic b3
1\,
hence L:E and _‘V."= Z‘!-

that is, the ratio of volumes during isothermal expansion in the first stage must be
equal to the ratio of volumes during isothermal compression in the third stage, if the
final adiabatic compression is to complete the cycle, (Compare Art. 108.)

135. Efficiency of Carnot Cycle. The only transfers of heat dur-
ing this cycle occur along ab and ed. The heat absorbed along ab is
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Yo_

PV, log,, = RTlog,--2 Vb Similarly, along ed, the heat rejected

is R¢ 1ogerl/; The net amount of heat transformed into work is the
d

difference of these two quantities; whence the efficiency, defined in
Art. 128 as the ratio of the net amount of heat utilized to the total
amount of heat absorbed, is

v, v,
log, 22 — t
R(T 08, —tlog. V) Tt
7 =7
RT}Ogeﬁ

VV

=7 from Art. 134.

, since ==

136. Second Derivation. The external work done under the two adiabatics

be, da is
-Pbe'_ Per and Pn.Vn—P(IVd‘

y—-1 y—1

Deducting the negative work from the positive, the net adiabatic work is
PyVy — PV, — PV, +P,,T,,
y—1

but P,V, = P; V3, from the law of the isothermal a?; similarly, PV = P,V,, and
consequently this net work is equal to zero; and 1f we express efficiency by the
ratio of work done to gross heat absorbed, we need consider only the work areas
under the isothermal curres ab and cd, which are given by the numerator in the
expression of Art. 135.

The efficiency of the Carnot engine is therefore expressed by the
ratio of the difference of the temperatures of source and condenser to
the absolute temperature of the source.

137. Carnot's Conclusion. The computations described apply to any sub-
stance in uniform thermal condition; hence the conclusion, now universally
accepted, that the motive power of heat is independent of the agents employed to
develop 1t ; it is determined solely by the temperatures of the bodies between which
the cyclic transfers of heat occur.

138. Reversal of Cycle. The paths which constitute the Carnot cycle,
Fig. 44, ure polytropic and reversible (Art. 125); the cycle itself is rever
sible. Let the eylinder in Fig. 43 be first placed upon r, and the piston
allowed to vise. Isothermal expansion occurs. The ecylinder is trans
ferred to fand the piston caused to fall, producing adiabatic compression.
The cylinder is then placed on s, the piston still falling, resulting in iso
thermal compression; and finally on f, the piston being allowed to rise, se
ag to produce adiabatic expansion. Heat has now been taken from the
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condenser and rejected to the source. The cycle followed is debad, Fig. 44.
Work has been expended upon the fluid; the heat delivered to the sowrce s is
made up of the heat taken from the cowlenser r, plus the heat equivalent of
the work done upon the fluid. The apparatus, instead of being a heat
engine, is now a sort of heat pump, tiansferring heat from a cold body to
one warmer than itself, by reason of the expenditure of external work.
Every operation of the cycle Las been reversed. The same quantity of
heat originally taken from s has now been given up to it; the quantity
of heat originally umparted to r is now taken from it; and the amount of
external work originally done by the flud has now héen expended upon
it. The efficiency, based on our present definition, may exceed unity; 1t
is the quotient of heat imparted to the source by work expended. The
cylinder ¢ must in this case be initially at the temperature ¢ of the con-
denser 7.

139. Criterion of Reversibility. Of all engines working between the
same limits of temperature, that which is reversible is the engine of maximum
efficiency.

If not, let - be a more efficient engine, and let the power which this
engine develops be apphed to the dnving of a hew pump (Art. 138),
(which ¢s a reversible engine), and let this heat pumyp be used for restor-
ing heat to a source s for operating engine 4. Assummg that theve is no
friction, then engime .1 is to perform justo sufficient amount of work to
drive the heat pumyp. In generating this power, engine 4 will consume
a certain amount of heat from the source, depending upon its efficiency.
If this efficiency 1s greater than that of the heat pumyp, the latter will dis-
charge more heat than the former receives (see explanation of efficiency,
Art. 138); or will continually restore more heat to the source than engine
A removes from it. This is a result contrary io all experience. It is
impossible to conceive of any self-acting machine whieh shall continually
produce heat (or any other form of energy) without a corresponding con-
sumption of energy from some other source.

140. Hydraulic Analogy The absurdity may be illustrated, as by Heck (4),
by imagining a water motor to he used in driving a pump, the pummp being em-
ployed to deliver the water back to the upper level which supplies the motor.
Obviously, the motor would be doing its best if it consumed no more water than
the pump returned to the reservoir; no better performance can be iimagined, and
with actual motors and pumps this performance would never even be egualed.
Assuming the pump to be equally efficient as a motor or as a pump (i.e. reversible),
the motor cannot possibly be more efficient.

141. Clausius’ Proof. The validity of this demonstration depends upou the
sorrectness of the assumption that perpetual motion is impossible. 8ince the iiu-
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possibility of perpetual motion cannot be directly demoustrated, Clausius estab-
lished the criterion of reversibility by showing that the existence of a more effi-
cient engine 4 involved the continuous transference of heat from a cold body to
one warmer than itself, without the aid of external agency: an action which is axio-
matically impossible.

142. The Perfect Elementary Heat Engine. It follows from the analysis of
Art. 185 that all engines working in the Carnot cycle are equally efficient; and
from Art. 189 that the Carnot engine is one of that class of engines of highest effi-
ciency. The Carnot cycle is therefore described as that of the perfect elementary
heat engine. It remains to be shown that among reversible engines working be-
tween equal temperature limits, that of Carnot is of maximum efficiency. Con-
sider the Carnot cycle abed, Fig. 44. The external work done is abed, and the
efficiency, abed + nabN. For any other reversible path than ab, like ae or f3,
touching the same line of maximum temperature, the work area abed and the heat
absorption area nadN are reduced by equal amounts. The ratio expiessing effi-
ciency is then reduced by equal amounts in numeiator and denominator, and since
the value of this ratio is always fractional, its value is thus always reduced. For
any other reversible path than cd, like ¢k or gd, touching the same line of mini-
mum temperature, the work area is reduced without any reduction in the gross
heat area nablN. Consequently the Carnot engine is that of maximum efficiency
among all conceivable engines worked between the same limits of temperature. A
practical cycle of equal efficiency will, however, be considered (Art. 257).

143. Deductions. The efficiency of an actual engine can therefore
never reach 100 per cent, since this, even with the Carnot engine, would
require ¢ in Art. 135 to be equal to absolute zero. High efficiency is con-
ditioned upon a wide range of working temperatures; and since the mini-
mum temperature cannot be maintained below that of surrounding bodies,
high efficiency involves practically the highest possible temperature of
heat absorption. Actual heat engines do not work in the Carnot eycle;
but their efficiency nevertheless depends, though less directly, on the tem-
perature range. With many working substances, high temperatures are
necessarily associated with high specific pressures, imposing serious con-
structive difficulties. The limit of engine efficiency is thus fixed by the
possibilities of mechanical construction.

Further, an ordinary steam boiler furnace may develop a maximum

temperature, during combustion, of 3000° F. If the lowest available
. . . . 3000

temperature surrounding is 0° F., the potential efficiency is 3000+ 460
=0.87. But in getting the heat from the hot gases to the steam the
temperature usually falls to about 350° F. Although 70 or 80 per
cent of the energy originally in the fuel may be present in the steam,
the availability of this energy for doing work in an engine has now been
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350 .
decreased to 3.'_50-1—__4_6(_)'—0'43’ or about one-half. (A boiler is of course

not a heat engine.)

(1) Alexander, Treatise on Thermodynamics, 1893, 88-40. (2) Carnot’s Reflec-
tions is available in Thurston’s translation or in Magie’s Second Law of Thermody-
namics, An estimate of his part in the development of physical science 1s given by
Tait, Thermodynamics, 1868, 44. (3) Trans. Roy. Soc. Edinburgh, March, 1851 ;
Phil. Mag., IV, 1852 ; Math. and Phys. Papers, 1, 114, (4) The Steam Engine, I,
50.

SYNOPSIS OF CHAPTER VI
Heat engmes efficiency = heat utilized — heat absorbed = E—;—ﬁ = —Z .
Cyclic action. closed cycle , forms of cycle.
Carnot cycle: historical development; cylinder, source, insulating plate, condenser ;
Ya_ Ya,
V.oV effi

graphical representation ; termination of third operation, when
¢

T—1

P

clency =
Carnot’s conclusion : efficiency is independent of the working substance.
Reversal of cycle: the reversible engine 1s that of maximum eficiency; hydraulic
analogy.
Carnot cycle not surpassed in efficiency by any reversible or irreversible cycle.
Limitations of efficiency in actual heat engines.

PROBLEMS

1. Show how to express the efficiency of any heat-engine cycle as the guotient
of two areas on the PV diagram,

2. Draw and explain six forms of cycle not shown in Fig. 42.

8. In a Carnot cycle, using air, the itial state is P = 1000, ¥ = 100. The pres-
sure after 1sothermal expansion iy 500, the temperature of the condenser 200° F. Find
the pressure at the termination of the ¢t third operation,’’ the external work done along
each of the four paths, and the heat absorbed along each of the four paths. Units are
cubic feet per pound and pounds per square foot.

Ans. py=13.1; Wy,= 60,237 ft. Ih.; H;,=88.94 B. t. u.;
Wos=161,200 ft. Ib.; Hy=0;
W= 24,368 ft. 1b.; Hy=31.32 B. t.u.;
Wy=161,200 ft. 1b.; H, =O0.

4 A non-reversible heat engine takes 1 B.t.un. per minute from a source and is
used to drive a heat pump having an efficiency (quotient of work by heat imparted to
source) of 0.70. What would be the rate of increase of heat contents of the source if
the efficiency of the heat engine were 0.80? (Ans., 0.143 B. t. u. per min.)

5. Ordinary non-condensing steam engines use steam at 325° F. and discharge it
to the atmosphere at 215° . 'What is their maximum possible efficiency?

(4ns., 0.14.)
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6. Find the limiting efficiency of a gas engine in which & mazimum temperature
of 3000° F. is attained, the gases being exhausted at 1000°F. (4ns., 0.578.)

7. An engine consumes 225 B. t.u. per indicated horse-power (33,000 foot-pounds)
per minute. If its temperature limits are 430° F and 105° F., how closely does its
efficiency approach the best possible efficiency? (4ns., 51.59 per cent.)

8. How many B.t.u. per indicated horse power per hour would be required by a
heat engine having an efficiency of 15 per cent?

9. A power plant uses 2 Ib, of coal (14,000 B.t.u. per lb.) per kilowatt-hour.
(1 kw.=1.34h.p.) What 15 1ts efficiency from fuel to switchboard?

10. A steam engine working between 350° F. and 100° F. uses 15 lb. of steam con-
taining 1050 B. t. u. per lb., per indicated horse power per hour. What proportion
of the heat supplied was utilized by the engine? How does this proportion compare
with the highest that might have been attained®

11. Determine as to the credibility of the following claims for an ol engine:

Temperature limits, 3000° F. and 1000° F.

Fuel contains 19,000 B. t u. per Ib. Engme consumes 0.35 Ib. per kw.-hr.
Loss between cylinder and switchboard, 20 per cent.

12. If the engine 1n Problem 3 is double-acting, and makes 100 r.p.m., what is its
horse power?



CHAPTER VII
THE SECOND LAW OF THERMODYNAMICS

144. Statement of Second Law. The expression for efficiency of
the Carnot cyecle, given in Art. 135, is a statement of the second law
of thermodynamics. The law is variously expressed ; but, in general,
it is an aziom from which ts established the criterion of reversibility

(Art. 139).

With Clausius, the axiom was,

(@) “ Heat cannot of itself pass from a colder to a hotter body ;” while the
equivalent axiom of Kelvin was,

) “It is impossible, by means of inanimate material agency, to derive
mechanical effect from any portion of matter by cooling it below the tempera-
ture of the coldest of surrounding oljects.”

‘With Carnot, the axiom was that perpetual motion is impossible; while Ran-
kine’s statement of the second law (Art. 151) is an analylical restatement of the
efficiency of the Carnot cycle.

145. Comparison of Laws. The law of relation of gaseous properties (Art. 10)
and the second law of thermodynamics aie justified by their resulls, while the firss
law of thermodynamics is an expression of experimental fact. The second law is a
‘ definite and independent statement of an axiom resulting from the choice of one
of the two propositions of a dilemma” (1). For example, in Carnot’s form, we
must admit either the possibility of perpetual motion or the criterion of reversi-
bility ; and we choose to admit the latter. The second law is not a proposition to
be proved, but an “axiom commanding universal assent when its terms are
understood.”

146. Preferred Statements. The simplest and most satisfactory statement of
the second law may be derived directly from inspection of the formula for effi-
ciency, (T'— ¢) = T (Art. 135). The most general statement,

(¢) “The availabiluy of heat for doing work depends upon its temperature” leads
at once to the axiomatic forms of Kelvin and Clausius; while the most specific of
all the statements directly underlies the presentation of Rankine :

(d) «If all of the heat be absorbed at one temperature, and
rejected at another lower temperature, the heat transformed to
84
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external work is to the total heat absorbed in the same ratio as that
of the difference between the temperatures of absorption and rejec-
tion to the absolute temperature of absorption ;” or,
H—-1h_T-—1t
H T
in which H represents heat absorbed ; and 7, heat rejected.

147. Other Statements. Forms (a), (b), (¢), and (d) are those usually given
the second law. In modified formns, it has been variously expressed as follows -

(e) «“All reversible engines working between the same uniform tem-
peratures have the same efficiency.”

(f) “The efficiency of a reversible engine is independent of the nature
of the working substance.”

(9) “It 1s 1mpossible, by the unaided action of natural processes,
to transform any part of the heat of a body into mechanical work, except
by allowing the heat to pass from that body into another at lower
temperature.”

(R) «“If the engine be such that, when 1t is worked backward, the
physical and mechanical agencies in every part of its motions are reversed,
it produces as much mechanical effect as can be produced by any thermo-
dynamic engiue, with the same source and condenser, from a given quan-
tity of heat.”

148. Harmonization of Statements. It has been asserted that the state-
ments of the second law by different writers involve ideas so diverse as,
apparently, not to cover a common principle. A moment’s consideration
of Art. 144 will explain this. The second law, in the forms given in (a),
), (), (9), is un axiom, from which the criterion of reversibility is estab-
hished. In (d), (¢) (f), 1t is a simple statement of the efficiency of the Car-
not cycle, with which the axiom is associated; while in (), it is the
criterion of reversibility itself. Confusion may be avoided by treating
the algebraic expression of (d), Art. 1406, as a sufficient statement of
the second law, from which all necessary applications may be derived.

149. Consequences of the Second Law. Some of these were touched upon in
Art. 143. The first law teaches that heat and work are mutually convertible,
the second law shows how much of either may be converted into the other under
stated conditions. Ordinary condensing steam engines work between tempera-
tures of about 850° F. and 100° F. The maximum possible efficiency of such

engines is therefore
850 — 100 _ ¢ g,

850 + 459.4
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The efficiencies of actual sleam engines range from 2} to 25 per cent, with an
average probably not exceeding 7 to 10 per cent. A steam engine seems therefore
a most ineffictent machine; but 1t must be remembered that, of the total heat
supplied to it, a large proporilon is (by the second law) unavailable for use, and
must be rejected wheu its temperature falls to that of surrounding bodies. We can-
not expect a wuter wheel located in the mountains to utilize all of the head of the
water supply, measured down to sea level. The available head is limited by the
elevation of the lowest of surrounding levels. The performance of a heat engine
should be judged by 1ts approach to t\he efliciency of the Carnot cycle, rather than
by 1ts absolute efficiency.

Heat must be regarded as a “low unorganized ” formn of energy, which pro-
duces useful work only by undergoing a fall of temperature. All other forras of
energy tend to completely transform themselves into heat. As the universe slowly
gsettles to thermal equilibrium, the performance of work by heat becomes impossible
and all energy becomes permanently degenerated to 1ts most unavailable form.*

150. Temperature Fall and Work Done. Consider the Carnot cycle, abed,
Fig. 45, the total heat absorbed being nadVand the efficiency abed + nad N
=(T—t) +T. Draw the isothermals
ef, gh, ij, successively differing by equal
temperature intervals ; and let the tem-
peratures of these isothermals be T,
Ty Ty Then the work done in cycle
abfe is nabNxX (T— Ty)+ T'; that in
cycle abhy is nab N X (I'— Ty)=+T'; that
in cycle abji is nabN x(T— Ty)+T.
As (T—Tp=38(T—T) and (T—T,)
=2(T— 1)), abji=3(abfe) and adhy
v =2(abfe); whence abfe= efhy = ghji.
Fro. 45. Arts. 150, 153, 154, 156.—Second Tp other words, the external work

Law of Thermodynamucs. available from a definite temperature fall
is the same at all parts of the thermometric scale. The waterfall analogy of
Art. 149 may again be instructively utilized.

151. Rankine’s Statement of the Second Law. ‘“‘If the total actual heat of a
uniformly hot substance be conceived to be divided into any number of equal parts,
the effects of those parts in causing work to be performed are equal. If we re-
member that by “total actual heat” Rankine means the heat corresponding to ab-
solute temperature, his terse statement becomes a form of that just derived, dependent
solely upcn the computed efficiency of the Carnot cycle.

152. Absolute Temperature. It is convenient to review the steps by which
the proposition of Art. 150 has been established. We have derived a conception
of absolute temperature from the law of Charles, and have found that the effi-
ciency of the Carnot cycle bears a certain relation to definite absolute temperatures.

* “ Each time we alter our investment in energy, we have thus to pay a commis-
sion, and the tribute thus exerted can never be wholly recovered by us and must be
regarded, not as destroyed, but as thrown on the waste-heap of the Universe."’'~—Griffiths,
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Our scale of absolute temperatures, practically applied, is not entirely satisfactory ;
for the absolute zero of the air thermometer, —459.4° F., is not a true absolute
zero, because air is not a perfect gas. The logical scale of absolute temperature
would be that in which temperatures were defined Ly reference to the work done
by a reversible heat engine. Having this scale, we should be in a position to com-
pute the coefficient of expansion of a perfect gas.

153. Kelvin’s Scale of Absolute Temperature. Kelvin, in 1848, was led
by a perusal of Carnot’s memoir to propose such a scale. His first defini-
tion, based on the caloric theory, resulted only in directing general atten-
tion to Carnot’s great work ; his second definition is now generally adopted.
Its form is complex, but the conception involved is simply that of Art. 150:

‘“ The absolute temperatures of two bodies are proportional to the quanti-
ties of heat respectively taken in and given out in localities at one temperature
and at the other, respectively, by a material system subjected to a complete
cycle of perfectly reversible thermodynamic operations, and not allowed to part
with or take in heat at any other temperature.” DBriefly,

‘ The absolute values of two temperatures are to each other in the propor-
tion of the quantities of heat taken in and rejected in a perfect thermodynamic
engine, working with a source and condenser at the higher and the lower of
the temperatures respectively.” Symbolically,

%:%”mmFg4@§=g%§

This relation may be obtained directly by a simple algebraic trans-

formation of the equation for the second law, given in Art. 146, (d).

154. Graphical Representation of Kelvin’s Scale. Returning to Fig. 45,
but ignoring the previous significance of the construction, let ad be an iso-
thermal and an, bV adiabatics. Draw 1sothermals ef, gh, 7j, such that the
areas abfe, efhg, ghji are equal. Then if we designate the temperatures
along ab, ef, gh, i by T, T\, T T, the temperature intervals 7I'— T,
T, — T, T,— T, are equal. If we take ab as 212° F., and cd as 32° F,,
then by dividing the intervening area into 180 equal parts, we shall have
a true Fahrenheit absolute scale. Continuing the equal divisions down
below cd, we should reach a pomnt at which the last remaining area be-
tween the indefinitely extended adiabatics was just equal to the one next
preceding, provided that the temperature 32°F. could be expressed in an
even number of absolute degrees.

155. Carnot’s Function. Carnot did not find the definite formula for effi-
ciency of his engine, given in Art. 135, although he expressed it as a function of
the temperature range (7'—¢). We may state the efficiency as

e =2(T —1),
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2 being a factor having the same value for all gases. Taking the general expres.

sion for efficiency, EI'_I—'JE (Art. 128), and making H = & + dk, we have

_ht+dh—h __dh
h+dh b+ dh’

For e = 2(T — i), we may write e = zdf or 2 =-‘%, giving

dh dh
= ~ d lent &
T dh 7, equivalent to ——- "

t + dt 7; h+dh and !_I{ (”l hit 1
Tk :  h

ndt=-—==x,

dh =z

But 11_-_ (Art. 158) ; whenee L2

T—t_T-

Then 2z =% and ¢ = ! in finite ierms, as alveady found. The factor 2

is known as Carnot’s function. It is the reciprocal of the absolute temperature.

156. Determination of the Absolute Zero. The porous plug experiments con-
ducted by Joule and Kelvin (Art. 74) consisted in forcing various gases slowly
through an orifice. The fact has already been mentioned that when this action
was conducted without the performance of external work, a bar ely noticeable
change in temperature was observed ; this being wilh some gases an increase, and
with others a decrease. TVhen a resisting pressure was applied at the ontlet of the
orifice, 8o as to cause the performance of some external work during the flow of
gas, a fall of temperature was observed ; and this fall wus different for ) fferent guses.

The ¢porous plug ” was a wad of silk fibers placed in the orifice for the purpose
of reconverting all energy of velocity back to heat. .\ssume a slight fall of tem-
perature to occur iu passing the plug, the velocity energy being reconverted to
heat at the decreased temperature, giving the equivalent paths ad, de, Fig. 45.
Then expend a sufficient measured quantity of work to bring the substance back
to its original condition @, along cba. By the second law,

T _ T, T, T nab N

= = ,and o= RPNV .
nabN  nefN nabN — abfe an T, nabN — abfe’

T_T,=T, ( nablN' 1) =T alife
or nablV — alife Y nab N — alﬂa

If (T—T,) as determined by the experiment = @, and nabV be put equal to unity,

T = a(l — abfe ),
alfe
in which abfe is the work expended in bringing the gas back to its original tem-
perature. This, in outline, was the Joule and Kelvin method for establishing a
location for the true absolute zero the complete theory 1s too extensive for pres-
entation here (2). The absolute temperature of melling ice is oun this scale
491.58° F. or 273.1° C.

The agreement with the hydrogen or the air thermometer is close.
The correction for the former is generally less than }4° C., and that for
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the latter less than 4° C. 'Wood has computed (3) that the true absolute
zero must necessarily be slightly lower than that of the air thermometer.
According to Alexander, (4) the difference of the two scales is constant for
all temperatures. The Kelvin absolute scale establishes a logical defini-
tion of temperature as a physical unit. Actual gas thermometer tempera-
tures may be reduced to the Kelvin scale as a final standard.

In the further discussion, the temperature —459.6° F. will be regarded
as the absolute zero. (5)

(1) Peabody, Thermodynamics, 1907, 27. (2) Phal. Trans.,, CXVIV, 349. (3),
Thermodynamacs, 1905, 116. (4) Treatise on Thermodynamacs, 1892, 91. (5) See
the papers, On the Establishment of the Thermodynamic Scale of Temperature by
Means of the Constant Pressure Thermometer, by Buckingham; and On the Standard
Scale of Temperature in the Interval 0° to 100° C., by Waidner and Dickinson;
Bullet:n of the Bureau of Standards, 3, 2; 3, 4. Also the paper by Buckingham,
On the Defination of the Ideal Gas, op. cit., 6, 3.

SYNOPSIS OF CHAPTER VII

Statements of the second law an axiom establishing the criterion of reversibility ;

H—h_ T—1 or h_2 @ statement of the efiiciency of the Carnot cycle ; the cri-
H T H T terion of reversibility itself.

The second law limits the possible efficiency of a heat engine.

The fall of temperature determines the amount of external work done.

Temperature ratios defined as equal to ratios of heats absorbed and emitted.

The Carnot function for cyclic efficiency is the reciprocal of the absolute temperature.

The absolute zero, based on the second law, 1s at — 459.6° F.

PROBLEMS

1. Tllustrate graphically the first and the second laws of thermodynamics. Frame
a new statement of the latter.

2. An engine works in a Carnot cycle between 400° F. and 280° F., developing
120 h.p. If the heat rejected by this engine is received at the temperature of rejection
by a second Carnot engine, which works down to 220° F., find the horse power of the
second engine. (Ans., 60).

3. Find the coefficient of expansion at constant pressure of a perfect gas. What
is the percentage difference between this coefficient and that for air ?

(4ms., 0.0020342 ; percentage difference, 0.03931.)

4. A Carnot engine receives from the source 1000 B.t.u., and discharges to the
condenser 500 B.t.u. If the temperature of the source is 600° ¥., what is the tem-
perature of the condenser? (4ns., 70.2° F.)

5. A Carnot engine receives from the source 190 B.+t.u. at 1440.4° F., and dis-
charges to the condenser 90 B.t.u. at 440.4° ¥. Find the location of the absolute
zero. (Ans., —459.6° F.)

6. In the porous plug experiment, the initial temperature of the gas being that of
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melting 1ce, and the fall of temperature being 1§ ; of the range from melting to boiling
of water at atmospheric pressure, the work expended 1n restoring the initial tempera~
ture was 1.58 foot-pounds. Fmd the absolute temperature at 32°F. (Ans., 492.39°.)

7. The temperature range in a Carmot cycle bemng 400°F., and the work done
being equivalent to 40 pex cent of the amount of heat rejected, find the values of T'
and 2.

REVIEW PROBLEMS, CHAPTERS I-VII

1. State the precise meaning, or the application, of the tollowing expressions:

k¥ 778 1 (13) =§ H=T+I+W r y E 053.36 PV=RT R —4596°F.
D/ v

n—1
dH Vv m—PV p—PV (E)T_g (Z)l—"__:l_‘
revr ar mloge” n—1 y—1 ¢ v t
mh=c 4242 pW=c 2545 pr=c s=1—%

2. A heat engine receives its fluid at 350° F. and discharges it at 110° F. It con-
sumes 200 B. t. u. per Ihp. per mmute. Find its efliciency as compared with that of
the corresponding Carnot cycle. (4ns., 0.712.)

3. Given a cycle gbe, in which P,=P,=100 lb. persq. in., V=1, —5= 6 (cu. ft.),
a
P,V 8=P, V18 P, V,=P,V,, find the pressure, volume, and temperature at ¢ if the
substance is 1 1b. of ar.
4. Find the pressure of 100 lb. of air contained in a 100 cu.-ft. tank at 82° F,
(Ans., 28,900 1b. per sq. ft.)

5. A heat engine receives 1175.2 B.t.u. mn each pound of steam and rejects
1048.4 B. t.u. It uses 3110 Ib. of steam per hour and develops 142 hp. Estimate the
value of the mechanical equivalent of heat. (A4ms., 712.96.)

6. One pound of air at 32F° . is compressed from 14.7 to 2000 lb. per square inch
without change of temperature. Iind the percentage change of volume.

(4ns., 99.39.)

7. Prove that the efficiency of the Carnot cycle is _1_'1—1_1,‘
8. Air is heated at constant pressure from 32°F. to 500°F. Find the percentage
change in its volume. (4ns., 95.2 9, increase.)

9. Prove that the change of internal energy in passing from a to b is independent
of the path ab.

PbVi?'—PaV‘a

10. Given the formula for change of internal energy, y—1

Ey—E,=l(T,—T,).
11. Given R for air=53.36, V'=12.387; and given V=178.8, k=3.4 for hydro-
gen: find the value of y for hydrogen. (Ans., 1.412.)
12. Explain isothermal, adiabatic, isodynamie, isodiabatic.
13. Find the mean specific heat along the path pvl-8=c¢ for air (I1=0.1689).
(A4ns., 0.084.)

, prove that
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14. A steam engine discharging its exhaust at 212° F receives steam containing
1100 B. t.u. per pound at 500° F, What is the minimum weight of steam it may use
per Thp.-hr,? (Ans, 7.711b.)

15. A cycle is bounded by polytropic paths 12, 23, 13, We have given

P, =P,=100,000 1b. per sq. ft.
V,= V;=40 cubic feet per pound.
T,=3000° F.
P, 1 V; =P, 3 Va-
Find the amount of heat converted to work in the cycle, if the working substance is
air, (Ans., 4175 B.t.w.)



CHAPTER VIII
ENTROPY

157. Adiabatic Cycles. Let abdc, Fig. 46, be a Carnot cycle, an and dN
the projected adiabatics. Draw intervening adiabatics em, gM, ete., sc
located that the areas naem, megM, MybN, are equal. Then since the effi-
ciency of each of the cycles aefe, eghf, gbdh, is (T'—t) + T, the work areas
represented by these cycles are all equal. To measure these areas by mechani-
cal means would lead to approximate results only.

158. Rectangular Diagram. If the adiabatics and isothermals
were straight lines, simple arithmetic would suffice for the measure-
ment of the work areas of Fig. 46. We p
have seen that in the Carnot cycle,
bounded by isothermals and adiabatics,
%:% (Art. 158). Applying this for-
mula to Rankine’s theorem (Art. 106),
we have the gquotient of an area and a
length as a constant. If the area % is "N
a part of A, then there must be some N
constant property, which, when multi- Fre. 46. Arts. 157, 158, 159, 160.—
plied by the temperatures 7' or ¢ will Adiabatie Cycles.*

T give the areas H or A. Let us conceive
of a diagram in which only one codr-
dinate will at present be named. That
coordinate is to be absolute temperature.
Instead of specifying the other codrdi-
nate, let it be assumed that subtended
areas on this diagram are to denote
quantities of heat absorbed or emitted,
just as such areas on the PV diagram
KA represent external work done. As an

FI(: . Arts lm- example of such a diagram, consider
tropy Diagram. Fig. 47. Let the substance be one

* The adiabatics are distorted for clearness. In reality they are asymptotic. Many
of the diagrams throughout the book are similarly *out of drawing®’ for the same
reason. on

6716 a

600
B850
491 0
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pound of water, initially at a temperature of 82° F., or 491.6° abso-
lute, represented by the height abd, the horizontal location of the
state b being taken at random. Now assume the water to be heated
to 212° F., or 671.6° absolute, the specific heat being taken as con-
stant and equal to unity. The heat gained is 180 B. t.u. The
final temperature of the water fixes the vertical location of the
new state point d, 7.e. the length of the line ¢d. Its horizontal lo-
cation is fixed by the counsideration that the area subtended between
the path bd and the axis which we have marked ON shall be
180 B. ¢ w. The horizontal distance ac may be computed from the
properties of the trapezoid abde to be equal to the area abde divided
by [(ab + cd) + 2] or to 180+ [(491.6 +671.6)+ 2] =0.81. The
point d is thus located (Art. 163).

159. Application to a Carnot Cycle. Ordinates being absolute
temperatures, and areas subtended being quantities of heat absorbed
or emitted, we may conclude that an isothermal must be a straight
horizontal line ; its temperature is constant, and a finite amount of
lieat is transferred. If the path is from left to right, heat is to be
conceived as absorbed ; if from right to
left, heat is rgjected. Along a (re-
versible) adiabatic, no movement of heat
occurs. The only line on this diagram
which does not subtend a finite area is
a straight vertical line. Adiabatics are
ol A w d ¢t consequently vertical straight lines. (But

see Art. 176.) The temperature must
o m M| N n constantly change along an adiabatic.
Flo. 48, Arts. 159, 160, 161, 163, The lengths of all isothermals drawn be-

g;ig‘;ﬂ‘:}ia"““’ Cycles, Entropy  tween the same two adiabatics are equal.

The Carnot cycle on this new diagram

may then be represented as a rectangle enclosed by vertical and hori-

zontal lines; and in Fig. 48 we have a new illustration of the cycles
shown in Fig. 46, all of the lines corresponding.

T

~

160. Physical Significance. The new diagram is to be conceived
as 8o related to the PV diagram of Fig. 46 that while an imaginary
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pencil is describing any stated path on the latter, a corresponding
pencil is tracing 1ts path on the former. In the PV diagram, the
subtended areas constantly represent external work done by or on the
substance; in the new diagram they represent quantities of heat ab-
sorbed or rejected. (Note, however, Art. 176.) The area of the
closed cycle 1n the first case represents the net quantity of work done;
in the second, it represents the net amount of heat lost, and conse-
quently, also, the net work done. But subtended areas under a single
path on the PV diagram do not represent keat quantities, nor in the
new diagram do they represent work quantities. The validity of the
diagram is conditioned upon the absoluteness of the properties chosen as
coordinates. We have seen that temperature is a cardinal property,
irrespective of the previous history of the substance; and it will be
shown that this is true also of the lorizontal coordinate, so that we
may legitimately employ a diagram in which these two properties
are the codrdinates.

161. Polytropic Paths. For any path in which the specific heat
is zero, the transfer of heat is zero, and the path on this diagram is
consequently vertical, an adiabatic. For specific heat equal to
infinity, the temperature r
cannot change, and the
path is horizontal, an iso-
thermal. For any positive
value of the specific heat,
heat area and temperature
will be gained or lost
simultaneously; the path
will be similar to az or a7,
Fig. 48. If the specific
heat is negative, the tem- N
perature will increase with F1e. 49. Arts. 161, 165. — Polytropic Paths on
rejection of heat, or de- Eutropy Diagram.
crease with its absorption, as along the paths ak, al, Fig. 48. These
results may be compared with those of Art. 115. Figure 49 shows
on the new diagram the paths corresponding with those of Fig. 81.
It may be noted that, in general, though not invariably, increases of
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volume are associated with increases of the horizontal codrdinate of
the new diagram.

162. jJustification of the Diagram. In the PV diagram of Fig. 50, consider
the eycle ABCD. Let the heat absorbed along a portion of this cycle be repre-
sented by the infinitesimal strips nabN,
NbeM, Medm, formed by the indefinitely
projected adiabatics. In any one of these
strips, as nabN, we have, in finite terms,

nabN _ T nablN _ neqN
PR i

negN ~ ¢
Considering the whole series of strips
from A to C, we have

or, using the symbol H for heat trans-
ferred,

Fre. 50. Art. 162.— Entropy a Cardinal
Property. %'{ =0,
in which 7" expresses temperature generally.
Let the snbstance complete the cycle ABCDA; we then have, the paths being
reversible,

(4 M (4
g dH _ dH+ dH _ .
T e D Ty — YV
2 I Box T
U4 Ja Je
while for the cycle ADCDA,
M4 N7 M4
> JdH dH dH
¢ = ==+ b =0
s 1 >r T
/4 J4 Je
c o
whence a7 _ aH
] D T B T
A /4

The integral f% thus has the same value whether the path is ADC or 4ABC,

or, indeed, any reversible path between 4 and C; its value is independent of the
path of the substance. Now this integral will be shown immediately to be the most
general expression for the horizontal coordinate of the diagram under discussion.
Since it denotes a cardinal property, like pressure or temperature, it is permissible

to use a diagram in which the coérdinates are 7' and j ig
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163. Analytical Expression. Along any path of constant tem-
perature, as ab, Fig. 48, the horizontal distance ndV may be computed
from the expression, nV= H -+ T, in which H represents the quan-
tity of heat absorbed, and 7' the temperature of the isothermal. If
the temperature varies, the horizontal component of the path during
the absorption of dH units of heat is dn=dH~+ T. For any path
along which the specific heat is constant, and equals %, kdT = dH,
iy

kdT QT
dn=_1_’-, and n=k£ T—kloge?'

If the specific heat is variable, say & = a + 87, then
7
nsj; (a+bT)%y= aloge—f—y+ (T —10).

The line 8d of Fig. 47 is then a logarithmic curve, not a straight

line; and the method of finding it adopted in Art. 158 is strictly

accurate only for an infinitesimal change of temperature. Writing

the expression just derived in the form n = %k log,(Z'+ t) and remein-

bering that 7’= PT =+ R, wlhile t= pv + R, we have
n="rklog,(PV+ pv).

The expression %klog,(7=+t) is the one most T B
commonly used jfor calculating values of the hori- at
zontal codrdinate for polytropic paths. The A an

expression dn= dH + T is general for all re-
versible paths and is regarded by Rankine as
the fundamental equation of thermodynamics.

) l64. Computation of Specific Heat. If at any Fro.1:1. Art, 16;.— Graphic
point on a reversible path a langent be drawn, the cal Determination of
length of the subtangeut on the N-axis represents the Specific Heat.

: value of the specific heat at

that point. In Fig. 51, draw the tangent nm to the
curve .4 B at the point nand construct the infinitesimal
triangle dtdn. From similar triangles, mr:nr::dn:dt,
or mr = Tdn — dt = dH — dt = s (Art. 112).

165. Comparison of Specific Heats. If a gas is
heated at constant pressure from a, Fig. 52, it will
) ) LN gain heat and temperature, following some such
Fic. 52, Art, 165.— Com- Path a8 ab. If heated at constant volume,
parison of Specific Heats. through an equal range of temperature, a less




ENTROPY 97

quantity of heat will be gained; 7.e. the subtended area aefd will be less
than the area abecd. In general, the less the specific heat, the more
nearly vertical will be the path. (Compare Fig. 49.) When k=0, the
path is vertical; when %= oo, the path is horizontal.

166. Properties of the Carnot Cycle. In Fig. 48, it is easy to see that
since efficiency is equal to net expenditure of heat divided by gross ex-
penditure, the ratio of the areas abdc and adbNn expresses the efficiency,
and that this ratio is equal to (7'—¢) + I. The cycle abdc is obviously
the most efficient of all that can be inscribed between the limiting iso-
thermals and adiabatics.

167. Other Deductions. The net enclosed area on the 7.V diagram
represents the net movement of heat. That this area is always equivalent
to the corresponding enclosed area on the PV diagram 1s a statement of
the first law of thermodynamics. Two statements of the second law have
just been derived (Art. 166). The theorem of Art. 106, relating to the
representation of heat absorbed by the area between the adiabatics, is
accepted upon inspection of the TV diagram. That of Art. 150, from which
the Kelvin absolute scale of temperature was deduced, is equally obvious.

168. Entropy. The horizontal or IV coérdinate on the diagram
now presented was called by Clausius the entropy of the body. It
d H

may be mathematically defined as the ratio n = - Any physical

definition or conception should be framed by each reader for himself.
Wood calls entropy “that property ot the substance which remains
constant throughout the changes represented by a [reversible] adia-
batic line.” It is for this reason that reversible adiabatics are called
isentropics, and that we have used the letters =, IV in denoting
adiabatics.

169. General Formulas. It must be thoroughly
understood that the validity of the entropy diagram is
dependent upon the fact that entropy is a cardinal prop-
erty, like pressure, volume, and temperature. For this
reason it is desirable to become familiar with compu-
tations of change of entropy irrespective of the path
pursued. Otherwise, the method of Art. 163 is usually

Fio, 54. Arts. 169,329q— I0OT® convenient.
Ch f E; . . .
f‘nge of fintropy Consider the states a and b, Fig. 54. Let the
substance pass at constant pressure to ¢ and thence at constant volume
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tod. The entropy increases by % log, —?—f«l—l log, %l’ (Art. 163), % and !

in this instance denoting the respective special values of the specific
heats. An equivalent expression arises from Charles’ law:

n—klog,—tt;-l—llog,}—_klog,§'+llog,P A)

in which last the final and initial states only are included.
We may also write,

Vs
PV, log. 7
n=1log, %+I—JT—Og—E, Arts. 94, 95, 163,
a m
=1 log, % + (k— 1) log, :_’; Arts. 51, 65: B)
and further,
n =k log, T‘+ (& —1) log, TI;:
= log, T o (o—1) log, £ Lif3 (©)
P,

The entropy is completely determined by the adiabatic through the state point.
In the expression n,=k, loge% the value of n, apparently depends upon that of %,

which is of course related to the path; along another path, the gain or loss of
entropy might be n, = k2 log. %’: a different value; but although the temperatures
would be the same at the beginning and end of both processes, the pressures or
volumes would differ. The states would consequently be d:iferent and the values
of n should therefore differ also.

A graphical method for the transfer of perfect gas paths from the PV to the
TN plane has been developed by Berry (1).-

169¢. Mixtures of Liquids. When m lb. of water are heated from
32° to t° absolute, the specific heat being taken at unity, the gain of
entropy is

t
m log, 95

Let m lb. at t° be mixed with n lb. at ¢;°, the resulting temperature
of (m+mn) lb. being (from Art. 25), without radiation effects,

'nt, +mt

fo= “mtn
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This, if heated from 32° to ¢,° , would have acquired the entropy
2
(m+n) logg -4:-'9—9,

and the change in aggregate entropy due to the mixture is

t e iy +m )
m log, 795+ 7 l0g, 755— (m+n) log. <492(m+n)

The mixing of substances at different temperatures always in-
creases the aggregate entropy. Thus, let a body of entropy =, at
the temperature ¢, discharge a small amount, H, of its heat to an adjacent
body of entropy N and temperature 7. The aggregate entropy before
the transfer is n+ N; after the transfer it is

-+ (v

and the loss of entropy is less than the gain:

N

and since > T, %<

or ! (n—%’) + (N+§> b>mem.

170. Other Names for n. Rankine called n the thermodynamic func-
tion. It has been called the ‘ heat factor.” Zeuner describes it as
““ heat weight.” It has also been called the ‘ mass’ of heat. The
letters 7', N, which we have used in marking the codrdinates, were
formerly replaced by the Greek letters theta and phs, indicating abso-
lute temperatures and entropies; whence the name, theta-pht diagram.
The TN diagram is now commonly called the temperature-entropy
diagram, or, more briefly, the entropy diagram.

171. Entropy Units. Thus far, entropy has been considered as a
horizontal distance on the diagram, without reference to any particular
zero point. Its units are B. t. u. per degree of absolute temperature.
Strictly speaking, entropy is merely a ratio, and has no dimensional
units. Changes of entropy are alone of physical significance. The
choice of a zero point may be made at random; there is no logical zero of
entropy. A convenient starting point is to take the adiabatic of the
substance through the state P=2116.8, T'=32° F., as the OT' axis, the
entropy of this adiabatic being assumed to be zero, as in ordinary tables.
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Thus, in Fig. 47 (Art. 158), the OT axis should be shifted to pass through
the point b, which was located at random horizontally.

172. Hydraulic Analogy. The analogy of Art. 140 may be extended to illus-
trate the conception of entropy. Suppose a certain weight of water W to be
maintained at a height H above sea level; and that in passing through a motor
its level is reduced to 2. The initial potential emergy of the water may be
regarded as WH; the final residual emergy as Wh; the energy expended as
W(H —1). Let this operation be compared with that of a Carnot cycle, taking
in heat at 7T and discharging it at & Regarding heat as the product of N and 7,
then the heat energies corresponding to the water energies just described are N7,
Nt, and N(T —t) ; N being analagous to W, the weight of the water.

173. Adiabatic Equation. Consider the states 1 and 2, on an adiabatice
path Fig. 55. The change of entropy along the constant volume path 13

is 7 log, g that along the constant pressure path 32

is % log, g:"-

3 .
1 and 2, irrespective of the path, is

The difference of entropy between

T, ¥
1log, To + % log, L2=11log, % log, =2
og, T1+ og, Ts 0g, —=* + og, V1

el . N i
Fr. 55. Art. 173.— For a reversible adiabatic process, this is equal to
Adiabatic Equation. zero; whence

11og, B2 — 1 1og, ‘Iﬁ or y log, V; + log, P, = y log, V; + log, P,

Py
from which we readily derive PV}’ = P, V73, the equation of the adiabatic.

174. Use of the Entropy Diagram. The intelligent use of the entropy
diagram 1s of fundamental importance in simplifying thermodynamic con-
ceptions. The mathematical processes formerly adhered to in presenting
the subject have been largely abandoned in recent text-books, largely on
account of the simplicity of illustration made possible by employing the
TN coordinates.

Belpaire was probably the first to appreciate their usefulness. Gibbs, at about
‘the same date, 1873, presented the method in this country and first employed as
cotrdinates the three properties volume, entropy, and internal energy. Linde,
Schroeter, Hermann, Zeuner, and Gray used T'NV diagrams prior to 1890. Cotterill,
Ayrton and Perry, Dwelshauvers Dery and Ewing have employed them to a con-
siderable extent. Detailed treatments of this thermodynamic method have been
given by Boulvin, Reeve, Berry, and Golding (2). Some precautions necessary in
its practical application are suggested in Arts. 454-458, ’
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IRREVERSIBLE PROCESSES

175. Modification of the Entropy Conception. It is of importance to distinguish
between reversible and irreversible processes in relation to entropy changes.
The significance of the termn reversible, as ap- |p
plied to a path, was discussed in Art. 125. A
process is reversible only when it consists of a
series of successive states of thermal equilib-
riuin. A series of paths constitute a reversible
process only when they foim a closed cycle,
each path of which is itself reversible. The
Carnot cycle is a perfect example of a reversible
process. As an example of an i eversible cycle,
let the substance, after isothermal expansion,
as in the Carnot cycle, be transferred directly
to the condenser. Heat will be abstracted, and Fie. 56. Art. 175.—Irreversible
the pressure may be reduced at constant vol- Cyele.
ume, as along bc, Fig. 56. Then allow it to compress isothermally, as in the
Carnol cycle, and finally to De transferred to the source, where the temperature
and pressure increase at comstant volume, as along da. This cycle cannot be
operated in the reverse order, for the pressure and temperature cannot be reduced
from a to d while the substance is in communication with the source, nor increased
from ¢ to b while it is in communication with the condenser.

N
\{

176. Irreversibility in the Porous Plug Experiment. WWe have seen that in this
instance of unresisted expansion, the fundamental formula of Art. 12 becomes
H=T+I+W+ ¥V (Art. 127). Knowing H=10, W =0, we may write
(T+1I) = — V,or velocity is attained at the expense of the internal energy. The
velocity evidences kinetic energy ; mechanical work is made possible ; and we might
expect an exhibition of,such work and a fall of internal energy, and consequently
of temperature. But we find no such utilization of the kinetic energy of the rapidly
fléwing jet; on the contrary, the gas is gradually brought to rest and the velocity
derived from an expenditure of internal energy is reconverted to internal energy,
The process was adiabatie, for no transfer of heat occurred; it was at the same
time isothermal, for no change of temperature occurred; and while both adiabatic
and isothermal, no external work was done, so that the PJ” diagram is invalid.

Further: the adiabatic path here considered was not isentropie, like an ordinary
adiabatic. The area under the path on the TV diagram no longer represents heat

absorbed from surrounding bodies. Neither does dn = %{, for H is zero, while

n is finite. The expression for increase of entropy, j dg{f

not kold jfor irreversible operations.
In irreversible operations, the expression f {%{ ceases to represent a cardinal

, along a reversible path, does

property. We have the following propositions :
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(a) In a reversible operation, the sum of the entropies of the participating substances
is unchanged. Durmng a reversible change, the temperatures of the heat-absorbing
and heat-emitting bodies must differ to an mfinitesimal extent only; they are in
finite terms equal. The heat lost by the one body 1s equal to the heat gained by

the other, so that the expiession f '171]-{ denotes both the loss of entropy by the one

v

substance and the gain by the other, the total stock of entiopy remaining constant.

() During ur eversible nperations, the aggregate enlropy increases. Consider two
engines working 1n the Carnot cyele, the first taking the quantity of heat H, from
the souice, and dischaiging the quantity H. to the condenser; the second, acling
asaheat punp (Art. 189), takmg the quantity I7,/ from the condenser and restoring
H,' to the source. Then if the work produced by the engine is expended in driving
the pump, without loss by friction,

I, — H, = ~ H.

Tt the engine is irreversile, H,> I}, or I, — H'>0, whence, Hy — Hy'>0. Ti
we denote by a a positive finile value, #, = H,' +a and H, = Hy +a. But
yy_my CH! HY

BT, or 7T, 0, and consequently

H —-a H,-a H, H, 1 1
2 =0,and ;' -2 =al 57— = )
(I‘l 7'2)

T, T, T, T,

Sinece T, > Ty, gl _H, <0, or -{-{-Z>£ﬁ, or, generally, j-dj;l— < 0. The value of
17 i T, T,” T, T
'LTI-{ is thus, for irreversible cyelic operations, negalwe.
Now let a substance work irreversibly from A to B, thence reversibly from B to
A. We may write.

BJIT L [T B BqH
UL UL _ (P P o,
S =y < )

Qrrev ) Gev) Qrrev ) Qev)

B

But the change of entropy of the substance in passing from 4 to Bis Np— Ny= f ‘-Z-%I ,
4

dH being the amount of heat absorbed along any reversible path, while the change

of entropy of the source which supplws the substance with heat (reversibly) is

Ny — N =— (T4

T

the negative sign denoting that heat has been abstracted.
‘We have then, from equation (4),

— (Ng = Ny) — (Nz— Ng) <0; o1, (Na+ N5) — (Na+ Nd) >0;
i.c. the sum of the entropies of the participating substances increases when the
process is irreversible.

(¢) The loss of work due {o wrreverseulity is propoitional to the increase of entropy.

Consider a partially completed cyele: one which might be made complete were all
of the paths reversible. [Let the heat absorbed be Q, at the temperature T, in-

creasing the entropy of the substance by %; and let its entropy be further increased
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by V' — N during the process The total increase of entropy is then n=N"— ;—2,,

whence @ = T'(n — N+ N) 'The work done may be written as  — H' + Q, in
which H and H' are the imtial and final heat contents respectively. Calling this

W, we have
W=H-—H + T(n — N + N).

In a reversible cycle d]I'I
W_}z — W= Tn.
(A careful distinetion should be made at this point between the expression

=n=0, whence Wp=H — H' + T(N — N") and

fig and the term entropy. The former is merely an expression for the latter

under specific conditions In the typical irreversible process furnished by the
porous plug experiment, the entropy increased; and this is the case generally with

such processes, in which dn >dTI,I- Internal transfers of heat may augment the

entropy even of a heat-insulated body, if it be not in uniform thermal condition.
Perhaps the most general statement possible for the second law of thermody-
namies 1s that all actual processes tend to increase the eniropy; as we have seen, this
keeps possible efficiencies below those of the perfect reveisible engine. The prod-
uct of the increase of entropy by the temperature is a measure of the waste of
energy (3).)

Most operations in power machinery may without serious error be analyzed
as if reversible; unrestricted expansions must always be excepted. The entropy
diagram to this extent ceases to have “an automatic meaning.”

(1) The Temperature-Entropy Diagram, 1908. (2) See Berry, op. cit. (3) The
works of Preston, Swinburne, and Planck may be consulted by those interested in this
aspect of the subject. See also the paper by M’Cadie, in the Journal of Electricity,
Power and Gas, June 10, 1911, p. 505.

SYNOPSIS OF CHAPTER VIII

It is impracticable to measure PV heat areas between the adiabatics.

The rectangular diagram : ordinates = temperature; areas = heat iransfers.
Application to a Carnot cycle : a rectangle.

The wvalidity of the diagram is conditioned upon the absoluteness of the horizontal

coordinate.

The slope of a path of constant specific heat depends upon the value of the specific heat.

The expression f %}TI has a definite value for any reversible change of condition,
regardless of the path pursued to effect the change.

dn = d_TIf, or n =klog, 171 for constant specific heat =k, or n = alog, %'+ b(T—1t) for
variable specific heat = a + bT.

The value of the specific heat along a polytropic is represented by the length of the sub-

tangent.
Illustrations : comparison of % and I; efficiency of Carnot cycle; the first law ; the

second law ; heat area between adiabatics ; Kelvin’s absolute scale.
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Entropy units are B. t. u. per degree absolute. The adiabatic for zero entropy is at
T=82°F., P=2116.8.

n= klogezt—l—i- lloge%:z lloga% + (k — 1) log, % = kloga—%-{- k-1 loggl—;—‘,’),

The mixing of substances at different temperatures increases the aggregate entropy.

Hydraulic analogy ; physical significance of entropy ; use of the diagram.

Derivation of the adiabatic equation.

Irreversible Processes

A reversible eycle is composed of reversible paths; example of an irreversible cycle.
Joule’s experiment as an example of irreversible operation.
Heat generated by mechanical friction of particles ; the path both isothermal and adia-
batic, but not isentropic.
H=T+I+W+Vor V=—U+T).
dH

For 1irreversible processes, dn is not equal to —T—; the subtended arca does not repre-

sent a transfer of heat; non-isentropic adiabatics.

In reversible operations, the aggregate entropy of the participating substances is
unchanged.

During irreversible operations, the aggregate entropy increases, and j%l <0.

The loss of work due to increase of entropy is 2 T"; dn >4H,
T

PROBLEMS

1. Plot to scale the TNV path of one pound of air heated (a) at constant pressure
from 100° F. to 200° F., then (b) at constant volume to 300° F. The logarithmic
curves may be treated as two straight lines.

9. Construct the entropy diagram for a Carnot cycle for one pound of air in which
T'= 400° F., ¢ = 100° ¥., and the volume in the first stage increases from 1 to 4 cubic
feet. Do not use the formulas in Art 169.

3. Plot on the TN diagram paths along which the specific heats are respectively
0, o, 3.4, 023, 0.17, —0.3, — 10.4, between T =+59.6 and T =910.2, treating the
logarithmic curves as straight lines.

4. The variable specific heat Dbeing 020 — 0.0004¢ T'— 0.000002 72 (T being 1
Fahrenheit degrees), plot the 70:V path from 100° F. to 140° F. i four steps, using
mean values for the specific heat in each step.

Fimd by integration the change of entropy during the whole operation.

5. What is the specific heat at 7' =40 (absolute) for a path the equation of
which on the TN diagram is TN=¢ = 12002 (Ans., —32.)

6. Confirm Art. 134 by computation from the TN diagram.

7. Plot the path along which 1umt of entropy is gamed per 100° absolute.
‘What is the mean specific heat along this path from 0° to 400° absolute? Beginat 0°.

8. What is the entropy measured above the arbitrary zero per pound of air at
normal atmospheric pressure in a room at 70° F.?  (4ms., 0.01766.)
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9. Find the arbitrary entropy of a pound of air in the cylinder of a compressor
at 2000 Ib pressure per square inch and 142°F. (4ns., 0.301.)

10. Find the entropy of a sphere of hydrogen 10 miles in diameter at atmospheric
pressure and 175° F. (Ans., 289,900,000,000.)

11. The specific heat being 0.24 4- 0.0002 T, find the increase in entropy between
459.6 and 919.2 degrees, all absolute. What is the mean specific heat over this
range ? (4ns., increase of entropy 0.25809 ; mean specific heat, 0.378.)

12. In a Carnot cycle between 500° and 100°, 200,000 ft. 1b. of work are done.
Find the amount of heat supplied and the variation in entropy during the cycle.

13. A Carnot engine works between 500° and 200° and between the entropies
1.2 and 1.45. TFind the ft. Ib. of work done per cycle.

14. Toevaporate a pound of water at 212° F. and atmospheric pressure, 970 4B. t. u.
are required If the specific volume of the water is 0.016 and that of the steam
26.8, find the changes in internal energy and entropy during vaporzation.

15 Five pounds of air mn a steel tank are cooled from 300° F. to 150° F. Find
the amount of heat emitted and the change in entropy. (I for air =0.1689.)

16. Compare the mternal energy and the entropy per pound of air when (@) 50
cu. ft. at 90° F. are under a pressure of 100 lb. per sq. in., and (b) 5 cu. ft. at 100°
F. are subjected to a pressure of 1200 1b, per sq. in.

17. Air expands from p=100, v=4 to P=40, V=8 (lb. per sq in. and cu. ft. per
1b.). Find the change in entropy, (a) by Eq (4) Art. 169, () by the equation
n-y

n,— my =8 log, ?T’ where s=1 prysm

18 A mixture is made of 2 lb. of water at 100° 41Ib., at 160° and 6 Ib. at
90° (all Fahr.). Find the aggregate entropies before and after mixture.



CHAPTER IX
COMPRESSED AIR (1)

177. Compressed Air Engines. Engines are sometimes used in which the
working substance is cold air at high pressure. The pressure is previously pro-
duced by a separate device; the air is then transmitted to the engine, the latter
being oceasionally in the form of an ordinary steam engine. This type of motor
is often used in mines, on locowotives, or elsewheie where excessive losses by con-
densation would follow the use of steam. For small powers, a simple form of
rotary engine is sometimes employed, on account of its convenience, and in spite
of its low efficiency. The absence of heat, leakage, danger, noise, and odor makes
thése motors popular 1n those cities where the public distribution of compressed
air from central stations is practiced (la). The exhausted awr aids in ventilating
the rooms in which it is used.

178. Other Uses of Compressed Awr. Aside from the driving of engines, high-
pressure air is used for a variety of purposes in mines, quarries, and manufac-
turing plants, for operating hoists, forging and bending machines, punches, etc.,
for cleaning buildings, for operating «steam > hammers, and for pumping water
by the ingenious “air lift” system. In many works, the amount of power trans-
mitted by this medium exceeds that conveyed by belt and shaft or electric wire.
The air is usually compressed by steam power, and it is obvious that a loss must
oceur in the transtormation. This loss may be offset by the convenience and ease
of transmitting air as compared with steam ; the economical generation, distribu-
tion, and utilization of this form of power have become matters of first importance.

The first applications were made during the building of the Mont Cenis tun-
nel through the Alps, about 1860 (2). Air was there employed for operating
locomotives and rock drills, following Colladon’s mathematical computation of
the small loss of pressure during comparatively long transmissions. A general
introduction in mining operations followed. Two-stage compressors with inter-
coolers were in use in this country as early as 1881. Among the projects sub-
mitted to the international commission for the utilization of the power of Niagara,
there were three in which distribution by compressed air was contemplated. Wide-
spread industrial applications of this medium have accompanied the perfecting of
the small modern interchangeable pneumatic tools.”

179. Air Machines in General. In the type of machinery under consideration,

a considerable elevation of pressure is attained. Centrifugal fans or paddle-wheel

blowers, commonly employed in ventalating plants, move large volumes of air at

very slight pressures, —usually a fraction of a pound, —and the thermodynamic
106
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relations are unimportant. Rotary blowers are used for moderate pressures, — up
to 20 lb.,— but they are generally wasteful of power and are principally employed
to furnish blast for foundry cupolas, forges, etc. The machine used for com-
pressing air for power purposes 1s ordinarily a piston compressor, mechanically
quite similar to a reciprocating steam engine. These compressors are sometimes
employed for comparatively low pressures also, as “ blowing engines.”

TeEE AIR ENGINE

180. Air Engine Cycle. In Fig. 57, ABCD represents an ideal-
ized air engine cycle. AB shows the admission of air to the cylin-
der. Since the latter is small as compared with the transmitting
pipe line, the specific volume and pres- P v
sure of the fluid, and consequently . :
its temperature as well, remain un-4 ~\B-
changed. B( represents expansion
after the supply from the mains is v
cut off. If the temperature at B is that |2\ I a
of the external atmosphere, and ex-
pansion proceeds slowly, so that any L..... P
fall of temperature along B( is offset »
by the transmission of heat from the
outside air through the cylinder walls, ©

C e . , Fic. 57. Arts. 180-183, 189, 222, 223,
this line is an isothermal. If, however, 996, Prob. 6.— Air Engine Cyoles,
expansion is rapid, so that no transfer
of heat occurs, BC will be an adiabatic. In practice, the expansion
line is a polytropic, lying usually between the adiabatic and the
isothermal. ('D represents the expulsion of the air from the cyl-
inder at the completion of the working stroke. At D, the inlet
valve opens and the pressure rises to that at 4. The volumes
shown on this diagram are not specific volumes, but volumes of air in
the cylinder. Subtended areas, nevertheless, represent external work.

181. Modified Cycle. The additional work area LMC obtained by ex-
pansion beyond some limiting volume, say that along wy, is small. A
slight gain in efficiency is thus made at the cost of a much larger cylin-
der. In practice, the cycle is usually terminated prior to complete expan-
sion, and has the form ABLMD, the line LM representing the fall of
pressure which occurs when the exhaust valve opens.
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182. Work Done. Letting p denote the pressure along AB, P
the pressure at the end of the expansion, g the * back pressure”
along MD (slightly above that of the atmosphere), and letting »
denote the volume at B, and V7 that at the end of expansion, both
volumes being measured from O4 as a line of zero volumes, then,
for isothermal expansion, the work done is

v
pv+pv log, - —4V;

and for expansion such that pv* = PV", it is
w-PV_
p—1 qV.
(In these and other equations in the present chapter, the air will
be regarded as free from moisture, a sufficiently accurate method of
procedure for ordinary design. For air constants with moisture
effects considercd, see Art. 382b, ete.)
183. Maximum Work. Under the most favorable conditions, expan-
sion would be 1sothermal and ¢ complete”; 4.e. continued down to the

back-pressure line CD. Then, ¢g=P=pv+ ¥, and the work would be
pv log,(V+v). For complete adiabatic expansion, the work would be

pv+1’” PV —PV= (p’v-—PV)( )

o+

184. Entropy Diagram. This cannot be obtained by direct transfer from the
PV diagram, because we are dealing with a varying quantity of air. The method
of deriving an illustrative entropy diagram is explained in Art. 218.

185. Fall of Temperature. If air is received by an engine at
P, T, and expanded to p, ¢, then from Art. 104, if P—+p= 10, and
T = 529° absolute, with adiabatic expansion, ¢ = —187° F

This fall of temperature during adiabatic expansion is a serious matter.
Low final temperatures are fatal to successful working if the slightest
trace of moisture is present in the air, on account of the formation of ice
in the exhaust valves and passages. This difficulty is counteracted in
various ways: by circulating warm air about the exhaust passages; by
specially designed exhaust ports; by a reduced range of pressures; by
avoidance of adiabatic expansion (Art. 219); and by thoroughly drying
the air. The jacketing of the cylinder with hot air has been proposed.
Unwin mentions (3) the use of a spray of water, injected into the air
while passing through a preheater (Art. 186). This reaches the engine
as steam and condenses during expansion, giving up its latent héat of
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vaporization and thus raising the temperature. In the experiments on
the use of compressed sir for street raillway traction in New York, stored
hot water was employed to preheat the air. The only commercially suc-
cesstul method of avoiding mconveniently low temperatures after expan-
sion is by raising the temperature of the inlet air.

186. Preheaters. In the Paris installation (4), small heaters were
placed at the various engines. These were double cylindrical boxes of
cast iron, with an interveming space through which the air passed in a
circuitous manner. The inner space contained a coke fire, from which
the products of combustion passed over the top and down the outside of
the outer shell. For a 10-hp. engine, the extreme dimensions of the
heater were 21 1n. in diameter and 33 in. in height.

187. Economy of Preheaters. The heat used to produce elevation of
temperature is not wasted. The volume of the air is increased, and the
weight consumed in the
engine is correspondingly !
decreased. Kennedy esti- ///’ N
mated in one case that -
the reduction in air con- A 1
sumption due to the in- 47 7 } i
crease of volume should Ay ”}f i T g g
have been, theoretically, § 1 7’ \-\i '” |
0.30; actually, it was 0.25. ’ L
The mechanical efficiency ; !,
(Art. 214) of the engine [ ,I;
is improved by the use of ’ .'{
preheated air. In
one instance, Ken-
nedy computed a
saving of 225 cu. ft. of 1%
“free” air (ie. air at at-
mospheric pressure and tem-
perature) to have been ef-
fected at an expenditure
of 0.4 1b. of coke. TUnwin §
found that all of the air
used by a 72-hp. engine
could be heated to 300° F.
by 15 1b. of coke per hour. %
Figure 58 represents a =
modern form of preheater. Fic. 58, Art. 187,—Rand Air Preheater.

— - [ N
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188. Volume of Cylinder. If » be the number of single strokes per
minute of a double-acting engine, V the cylinder volume (maximum vol-
ume of fluid), W the number of pounds of air used per minute, » the
specific volume of the air at its lowest pressure p and its temperature
t, N the horse power of the engine, and U the work dcne in foot-pounds
per pound of air, then, ignoring clearance (the space between the piston
and the cylinder head at the end of the stroke), the volume swept

t
through by the piston per minute =Wv=nV =WE—; whence

33000N P 33000N Rt
U y and V=‘—W
189. Compressive Cycle. For quiet running, as well as for other
reasons, to be discussed later, it is desirable to arrange the valve
movements so that some air is gradually compressed into the clear-
ance space during the latter part of the return stroke, as along Fa,
Fig. 57. This is accomplished by causing the exhaust valve to close
at &, the inlet valve opening at . The work expended in this com-
pression is partially recovered during the subsequent forward stroke,
the air in the clearance space acting as an elastic cushion.

% =VZ—?; and since WU =33,000N, W=

190. Actual Design. A single-acting 10-hp. air engine at 100 r. p. m,,
working between 114.7 and 14.7 lb. absolute pressure, with an ¢“appar-
ent” (Art. 450) volume ratio during expansion of 5: 1 and clearance equal
to 5 per cent of the piston displacement, begins to compress when the
return stroke of the piston is % completed. ,The expansion and compres-
sion curves are PV%=¢. Assuming that the actual engine will give 90
per cent of the work theoretically computed, find the size of cylinder
(diameter = stroke) and the free air consumption per Thp.-hr.

In Fig. 59, draw the lines @b and c¢d representing the pressure limits. We are
to construct the ideal PV diagram, making its enclosed length represent, to any
convenient scale, the displacement of the piston per stroke. The extreme length
of the diagram from the 0P axis will be 5 per cent greater, on account of clear-
ance. The limiting volume lines ¢f and gh are thus sketched in; BC is plotted,

making —j% = 5; the point FE is taken so that %) = 0.9, and EF drawn. Then
ABCDEF is the ideal diagram. We have, putting Di = D,
P, =Py =114.7.
Pp= Py =141
Ve=Vp=1.05D.
73 = 0.25D.

Ve= V,=005D.
Vg = 0-15 .D.
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PV = PyVsor Py= PB( f’) =114, 7(0 028)%* 1775,

0.15\1%
PpV = PgVgt or Pp= PE(V ) = 147( ) = 61.31.

Work per stroke = j4 Bi + iBCm — EDmk — jFEk
PBVH—PL'VC’ PE(I’D—VE)—PFTrF—PEI‘E

=P,(Ve— T+ —
. 1147 x 0.25 D) — (17.75 x 1.05 D)
=144[(114.. x 0.20 D) 4 (1147 x 0.25 )o..s(
(61.31 x 0.05 D) — (14.7 x 0.15 D)
— (147 x 0.9 D) — = ]

= 5803.2 D foot-pounds.

The actual engine will then give 0.9 x 5803.2 D = 5222.88 D foot-pounds per stroke
or 5222.88 D' x 100 foot-pounds per minute, which is to be made equal to 10 hp.,or

P S
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G . G B b 1147
\ <—0.2D —>
0.25D—>
F 61.51
2450
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&
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olz i E 147 D_g4
e
<—0.05D -D- g
° J x 7 m

F1g. 59. Art. 190.—Design of Air Engine.

to 10 x 83,000 foot-pounds. Then 522,288 D = 330,000 and D = 0.63 cu. ft. Since
the diameter of the engine equals its stroke, we write 0.7854 d® x d = 0.63 x 172§,
where d is the diameter in inches; whence d = 11.15 in.

To estimate the air consumption: at the point B, the whole volume of air is
0.25 D. Part of this is clearance air, used repeatedly, and not chargeable to the
engine. The clearance air at E had thé volusne ¥z and the pressure Pg. If its
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behavior conforms to the law PV18 = ¢, then at the pressure of 114.7 Ib. (point @)
we would have 1

Pg\T® 14.7 \ 0100
PaVer = PyVaror Ve = VE(FZ) =015 D(m) = 0.0309 D.
The volume of fresk air brought into the cylinder per stroke is then
025D — 0.0309 D = 02191 D
or, per hour, 0.2191 x 0.63 x 100x 60 = 828 cu. ft. Reduced to free air (Art. 187),

this would be 828 x ]—115'7-7= 6450 cu. ft., or 645 cu. ft. per Ihp.-hr. (Compare

Art. 192)

191. Effect of Early Compression. If compression were to begin at a suffi-
ciently early point, so that the pressure were raised to that in the supply pipe
before the adnmssion valve opened, the fresh air would find the clearance space
already completely filled, and a less quantity of such fresh air, by 0.05 D, instead
of 0.0309 D, would be requnired.

192 Actual Performances of Air Engines. Kennedy (5) found a con-
sumption of 890 cu. ft. of free air per Ihp.-hr., in a small horizontal steam
engine. Under the conditions of Art. 183, the theoretical mamimum work
which this quantity of air could perform is 1.27 hp. The cylinder effi-
ciency (Art. 215) of the engme was therefore 1.0 +1.27=0.79. With
small rotary engines, without expansion, tests of the Paris compressed air
sysiem showed free air consumption rates of from 1946 to 2330 cu. ft.
By working these motors expansively, the rates were brought within
the range from 848 to 1286 cu. ft. A good reciprocating engine with pre-
heated air realized a rate of 477 cu. ft., corresponding to 36.4 lb., per
brake horse power per hour. The eylinder efficiencies in these examples
varied from 0.368 to 0.876, and the mechanical efficiencies (Art. 214) from
0.85 to 0.92.

THE AIR COMPRESSOR

193. Action of Piston Compressor. Figure 60 represents the
parts concerned in the cycle of an air compressor. Air is drawn
from the atmosphere through the spring check
valve @, filling the space (' in the cylinder. This
inflow of air continues until the piston has

b reached its extreme right-hand position. On the
= return stroke, the valve a being closed, compres-

e (i f sion proceeds until the pressure is slightly greater

| A than that in the receiver D. The balanced outlet
Fre 60. Art. 103 — wvyalve b then opens, and air passes from ¢ to D

Piston Compressor. . i
wsion DOMPYSSOt at practically constant pressure. When the pis-
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ton reaches the end of its stroke, there will still remain the clear-
ance volume of air in the cylinder. This expands during the early
part of the next stroke to the right, but as soon as the pressure of
this air falls slightly below that of the atmosphere, the valve « again
opens. s

194. Cycle. An actual diagram is given, ’
as ADCB, Fig. 61. Slight fluctuations in
pressure occur, on account of fluttering through <
the valves, during discharge along AD and
during suction along CB; the mean discharge Fic. 61. Art. 194.—Cycle
pressure must of course be slightly greater of Alr Compressor.
than the receiver pressure, and the mean suction pressure slightly
less than atmospheric pressure. Eliminating these irregularities and
the effect of clearance, the ideal diagram is adcb.

195. Form of Compression Curve. The remarks in Art. 180 as to
the conditions of isothermal or adiabatic expansion apply equally to the
compression curve BA. Close approximation to the isothermal path is the
P jdeal of compressor per-

formance. Let 4, Fig. 62,

F c B LR be the point at which
compression begins, and

A les DE represent the
N maximum pressure to be
L RN attained. Let the cycle
M\ p be completed through the
U\ QRN states F, G. Then the
A work expended, if com-

1 £ o pression is isothermal, is
—V ACFG; if adiabatic, the

Fi1G. 62. Arts. 195, 197, 2?1,‘:2::.—-Forms of Compression work expended is ABF(G.

]

The same amount of air
has been compressed, and to the same pressure, in either case; the area
ABC represents, therefore, needlessly expended work. Furthermore, dur-
ing transmission to the point at which the air is to be applied, in the
great majority of cases, the air will have been cooled down practically
to the temperature of the atmosphere; so that even if compressed adia-
batically, with rise of temperature, to B, it will nevertheless be at the
state C' when ready for expansion in the consumer’s engine. If 1t there
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again expand adiabatically (along CH) instead of isothermally (along
CA), a definite amount of available power will have been lost, repre-
sented by the area CII4.  During compression, we aim to have the work
area small; during expansion the object is that 1t be large; the adiabatic
path prevents the attainment of either of these ideals.

The loss of power by adiabatic compression is so great that various
methods are employed to produce an approximately isothermal path. As
a general rule, the path is consequently intermediate between the iso-
thermal and the adiabatic, a polytropic, pv* = C. The relations derived
in Arts. 183 and 185 for adiabatic expansion apply equally to this path,
excepting that for y we must write n, the value of n being somewhere
between 1.0 and 1.402. The effect of water n the cylinder, whether in-
troduced as vapor with the air, or purposely injected, 18 to somewhat
reduce the value of n, to increase the interchange of heat with the walls,
and to cause the line #'@, Fig. 62, to be straight and vertical, rather than
an adiabatic expansion, thus slightly increasing the capacity of the com-
pressor, as shown in Art. 222,

196. Temperature Rise. The rise of temperature due to compression may be
computed as i Art. 185. Under ordinary conditions, the air leaves the com-
pressor at a temperature higher than that of boiling waler. Without cooling
devices, it may leave at such a temperature as to make the pipes red hot. It is
easy to compute the (not very extreme) conditions under which the rise in tem
perature would be sifficient to melt the cast-iron compressor cylinder.

197. Computation of Loss. The uselessly expended work during adiabatic
(and similarly, during any other than isothermal) compression may be directly
computed from the difference of the work areas CAKI and CBAKI, Fig. 62,
The work under the isothermal is (p, v, referring to the point C, and P, V, to
the point A4), pv log, (V — v) = pv log, (p — P); while 1f Q is the volume at B,
the work under ABC is

pQ— PV, )
P(Q—”)‘*‘—y_—l—’
1
but = = 7(EY’.
u _pQ"—PV”a,ndQ—V(p) H

so that the percentage of loss corresponding to any ratio of initial and final pres-
sures and any terminal (or initial) voluine may be at once computed.

198. Basis of Methods for Improvement. Any value of n exceeding 1.0 for
the path of compression is due to the generation of heat as the pressure rises,
faster than the walls of the eylinder can transmit it to the abmosphere. The high
temperatures thus produced introduce serious difficulties in lubrication. Economi-
cal compression is a matter of air cooling ; while, on the consumer’s part, economy
depexds upon air keating.
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199. Air Cooling. In certain applications, where a strong draft is available,
the movement of the atmosphere may be utilized to cool the compressor cylinder
walls and thus to chill the working air during compression. While this method
of cooling is quite inadequate, it has the advantage of simplicity and is largely
employed on the air “pumps” which operate the brakes of railway trains.

200. Injection of Water. This was the method of cooling originally em-
ployed at Mont Cemnis by Colladon. Figure 63 shows the actual indicator card
(Art. 484) from one of the older Colladon
compressors. EBCD is the coiresponding
ideal card with isothermal compression.
The cooling by stream injection was evi-
dently not very effective. Figure 64 rep-
resents another diagram from a compressor
in which this method of cooling was em-
ployed; abrepresenting the isothermal ant 2 M0
ac the adiabatic. The exponent of the \i':’ S ;,,3;:'
actual curve ad was 1.36; the gain over Yt
adiabatic compression was very slight. By v
» introducing th> Fig. 63. Art. 200.—Card from Colladon

. Compressor.

water In a very
fine spray, a somewhat lower value of the exponent
was obtained in the compressors used by Colladon on
the St. Gothard tunnel. Gause and Post (6) have re-
duced the value of n to 1.26 by an atomized spray.
Figuwie 65 shows one of their diagrams, ab teing the
isothermal and ac the adiabatic. In all cases,
I N ————— —  spray injection is better than solid stream in-
jection. The value n = 1.36, above given,
was obtained when a solid jet of half-inch
Fra. G4 Art. 200.—Cooling by Jet giameter wasused. It is estimated that errors

Injection. of the indicator may introduce an uncer-
tainty amounting to 0.02 in the value of n. Piston leakage would cause an
apparently low valze. The comparative
efficiency of spray injection is shown from
the fairly uniform temperature of dis-
charged air, which can be maintained even
with a varying speed of the compressor.
In the Gause and Post experiments, with
inlet air at 813° F., the temperature of dis-
charge was 95° F. Spray injection has the
objection that it fills the air with vapor, and
it has been found that the orifices must be
so small that they soon clog and become
inoperative. The use of either a spray or
a solid jet causes cutting of the cylinder and piston by the gritty substances carried
in the water. In American practice the injection of water has been abandoned.

F1G. 65. Art. 200.—Cooling by Atomized
Spray.
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201. Water Jackets. These reduce the value of n to a very slight ex-
tent only, but are generally employed because of thewr favorable influence
on cylinder lubrication. (Gause and
Post found that with inlet air at
81° F, and jackets on the barrels of
the cylinders only (not on the heads),
the temperature of the discharged air
was 320° F.  Cooling occurred dur-
ing expulsion rather than during com-
pression. The cooling effect depends
largely upon the heat transmissive
power of the cylinder walls, and the
] value of n consequently increases at

Fig. 66. Art. 201.—Cooling by Jackets, Ligh speeds. Two specimen oards
are given in Fig. 66; ab being the isothermal and ac the adiabatic. With
more thorough cooling, jacketed
heads, etc., a lower value of n
may be obtained; but this value
is seldom or never below 1.3.
Figure 67 shows a card given
by Unwin from a Cockerill com-
pressor, DC indicating the ideal
isothermal curve. At the
higher pressures, air is appar-
ently more readily cooled; its
own heat-conducting power is
increased.

202. Heat Abstracted. In - —— - —OLINEOPARADWITIED
Fig. 68, let AB and AC be the Fia. 67 Art. 201.— Cockerill Compressor with
adiabatic and the actual paths, Jacket Cooling.

An and CN adiabatics; the heat to be abstracted is then equivalent to
F NCOAn=TIACL +nAIE — NCLE.
Now 140L=22=2V y g1p = LV
n—1 y—1
NOLE =P,
y—1
whence
NCOdn=Pv=PV . PV _ pv
e Y

L T E o
Fia. 68. Arts. 202, 203.—Heat Ab- LDis i8 the heat to be abstracted per

stracted by Cooling Agent. volume ¥V at pressure P, compressed to



MULTI-STAGE COMPRESSION 117

», expressed in foot-pounds. For isothermal compression, as along
AD, IACL=pv log, (V' =+ %), and the total heat to be abstracted is measured
by this area. If the path is adiabatic, 4B, n =y, and the expression for
heat abstraction becomes zero.*

203. Elimination of v. It is convenient to express the total area NCAn in
terms of p, P, and V only. The area

racp=P=PV__1 =7 (J’L~ n=2r (P_>n_—l._ 1]-

i n—1 n—1Q@—=PV)" p, 1\PT n—1L\p/ ™
0’
NCLE = 0 J—”'(I—D)i-
y=1" y—1\p/"’
whence N(dn =2V (1—)",—.1—1} _]i L(:’:)"
n—1L\P y—1 y-1

204. Water Required. Let the heat to be abstracted, as above com-
puted, be H, in heat units. Then 1f § and s are the final and initial
temperatures of cooling water, and C the weight of water circulated, we
have ¢ = H =+ (8 —s), the specific heat of water being taken as 1.0. In
practice, the range of temperature of the cooling water may be from 40°
to 70° F

205. Multi-stage Compression. The effective method of securing a
low value of » is by multi-stage operation, the principle of which is
illustrated in Fig. 69. Let 4 be the
state at the beginning of compres-
sion, and let it be assumed that the
path is practically adiabatic, in spite
of jacket cooling, as AB. Let AC
be an isothermal. In multi-stage
compression, the air follows the path
AB up to a moderate pressure, as at
D, and is then discharged and cooled
at constant pressure in an ezternal ¥-¢ 6% At ;’gz;;)zf“m‘smge Com-
vessel, until its temperature is as
nearly as possible that at which it was admitted to the cylinder.
The path representing this cooling is DE. The air now passes to

* More simply, as suggested by Chevalier, the specrﬁc heat along ACiss=12 "’__?{
n—

(Art. 112); the heat to be abstracted 1s then, per 1b. of air

l
ot R((n 5 (PV—pv)

“B#th working air-and cushion air must be cooled.

P

8(T-t)=
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a second cylinder, is adiabatically compressed along EZ, ejected and
cooled along F@, and finally compressed in still another cylinder
along G'H. The diagram illus-
trates compression in three
“gtages”; but two or four stages
are sometimes used. The work
saved over that of single stage
adiabatic compression is shown
by the irregular shaded area
HGFEDB, equivalent to a re-
F1e. 70. Arts 205, 206.—Two-stage Com- duction in the value of n, under
pressor Indieator Diagram. good conditions, from 1.402 to
about 1.25. Figure 70 shows the diagram from a two-stage 2000 bp.
compressor, in which solid water jets were used in the cylinders.
The cooling water was at a lower
temperature than the inlet air,
causing the point %4 to fall inside
the isothermal curve AB. The
compression curves in each cyl-
inder give n=1.86. Figure 71
is the diagram for a two-stage
Riedler compressor with spray in-
jection, AB being an isothermal
. . Fia 71. Arts. 205, 214. — Two-stage Riedler
and A ( an adiabatic. Compressor Diagram.

P B

206. Intercooling. Some work is always wasted on account of the friction of
the air passing through the intercooling device. In early compressors, this loss
often more than outweighed the gain due to compounding. The area ghij, Fig.
70, indicates the work wasted from this cause. In this particular instance, the
loss is exceptionally small. Besides this, the additional air friction through two
or more sets of valves and ports, and the extra mechanical friction due to a multi-
plication of cylinders and reciprocating parts must be considered. Multi-stage
compression does not pay unless the intercooling is thoroughly effective. It seldom
pays when the pressure attained is low. Incidental advantages in multi-stage
operation arise from reduced mechanical stresses (Art. 462), higher volumetric
efficiency (Art. 226), better lubrication, and the removal of moisture by precipita-
tion during the intercooling.

207. Types of Intercoolers. The “external vessel” of Art. 205 is called the
intercooler. It consists usually of a riveted or cast-iron eylindrical shell, with cast-
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iron heads. Inside are straight tubes of brass or wrought iron, running between
steel tube sheets. The back tube sheet is often attached to a stiff cast-iron inter-

WATER CUTLET

N
N
N

[ o=}

USSR

AR
@)

WATER INLET

Fre. 72. Art. 207. — Allis-Chalmers Horizontal Intercooler

nal head, so that the tubes, sheet, and head
are free to move as the tubes expand e

(Fig. 72). The air entering the shell sur- e
rounds the tubes and is compelled by baffles
to cross the tube space on 1ts way to the out-

let. Any moisture precipitated is drained

off at the pipe a.

The water is guided to

the tubes by internally projecting ribs on
the heads, which cause it to circuiate from
end to end of the intercooler, several times.
If of ample volume, as it should be, the
intercooler serves as a receiver or storage

tank.
a horizontal position.

The one illustrated is mounted in
A vertical type is

shown in Fig. 78. The funnel provides a
method of ascertaining at all times whether

water is flowing.

208. Aftercoolers. In most
manufacturing plants, the pres-
ence of moisture in the air is ob-
jectionable, on account of the
difficulty of lubrication of air
tools, and because of the rapid de-
struction of the rubber hose used
for connecting these tools with
the pipe line. To remove the
moisture (and some of the oil)
present after the last stage of com-

-
aromir e B [

T T  —
T I I
T T T
T — AN
R | — . S E——
I T
T I I — %L:L = — T RO
T I I | — T i N
A — T T T T I
I I I S — I |~
F16. 73. Art. 207.—Ingersoll-Seigeant Vertical
Intercooler,



120 APPLIED THERMODYNAMICS

pression, and by cooling the air to decrease the necessary size of transmitting pipe,
aftercoolers are employed. They are similar 1n design and appearance to mter-
coolers. The coolng of the amr decieases 1ts capacity for holding water vapor,
and the latter 1s accordingly precipituted where it may be removed before the air
has reached its pomt of utilzation. An incidental advantage arsing from the
use of an aftercooler 1s the decreased expansive stress on the pipe line following
the introduction of air at a more nearly normal temperature.

209. Power Consumed. From Art. 98, the work under any curve

—_ /4
pv*=PV™ is, adopting the notation of Art. 202, l%,

n—1

v (1_1’_ =ﬂ{1_<£>"’}.
n—1 PV n—1 P

The work along an adiabatic is expressed by the last formula if we make
n=y=1.402. The work of expelling the air from the cylinder after com-
pression is pv. The work of drawing the awr into the ¢ylinder, neglecting

n—1

clearance, is PV =pv (£> " . The net work expended in the cyele is the
Yy

algebraic sum of these three quantities, which we may write,

n—1 n—1 n-1

_21’_{1_ PN o — o B) " = {1_<£ " .
n—1 2 J » n—1 P

It is usually more convenient to eliminate v, the volume after compres-
sion. This gives the work expression,

n—1
PVn ((p 7_1}
n—1 P> '

If pressures are in pounds per square inch, the foot-pounds of work per
minute will be obtained by multiplying this expression by the nuinber of
working strokes per minute and by 14%; and the theoretical horse power
necessary for compression may be found by dividing tlus product by
33,000. If we make V=1, P=147, we obtain the power necessary to
compress one culic foot of free air. If the air is to be used to drive a
motor, it will then in most cases have cooled to its initial temperature
(Art. 195), so that its volume after compression and cooling will be
PV +p. The work expended per cubic foot of this compressed and
cooled air is then obtained by multiplying the work per cubic foot of free

air by ';—))

210. Work of Compression. In some text-books, the work area under the
compression curve is specifically referred to as the work of compression. This is
not the total work area of the cycle,
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211. Range of Stages in Multi-stage Compression. Let the lowest pres-
sure be g, the highest p, and the pressure during intercooling 2. Also let
intercooling be complete, so that the air is reduced to its initial tempera-

ture, so that the volume ¥ after intercooling is —q}—:, in which 7 is the

volume at the beginning of compression in the first cylirﬂer. Adopting
—1

the second of the work expressions just found, and writing z for % , We

have

‘Work in first stage = g {(g)'_ 1 }

Work in second stage = ﬁf{( ) } = {(%)'_ 1} .
P

Total work = 2~ {(‘_P>’+ <1_9>’_ 2} =W
2 q P

Differentiating with respect to P, we obtain

d W 07[ (P)*-lqz (P>=—1__‘]
REOREON
()

For a minimum value of W, the result desired in propomon'mg the pres-
sure ranges, this expression is ]_)ut equal to zero, giving

P2=pgq, or P=+/pq, or %:%

An extension of the analysis serves to establish a division of pressures
for four-stage machines. From the pressure ranges given, it may easily
be shown that in the ideal cycle the condition of minimum work is that
the amounts of work done in each of the cylinders be equal. The number
of stages increases as the range of pressures increases; in ordinary prac-
tice, the two-stage compressor is employed, with final pressures of about
100 1lb. per square inch above the pressure of the atmosphere. In low-
pressure blowing engines,the loss due to a high exponent for the compres-
sion curve is relatively less and these machines are frequently single stage.

For three-stage machines, working between the pressures p; (low)
and pz (high), with receiver pressures of P; (low) and Ps (high), the
conditions of minimum work are Ps=+Vpips? and P;=+vV'psp;2
the amounts of work done in the three cylinders will be equal, and the
cylinder volumes will be inversely as the suction pressures.
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ExciNnE anD CoMPRESSOR RELATIONS

212. Losses in Compressed Air Systems. Starting with mechanical power
delivered to the compressor, we have the following losses

(@) friction of the compressor mechanism, aflecting the mechanical

efficiency ;

(b) thermodynamic loss, chiefly from failure to realize isothermal coms-
pression, but also from friction and leakage of air, clearance, ete.,
indicated by the cylinder efficiency;

(c) transmissive losses in pipe lines;

(d) thermodynamic losses at the consumer’s engine, like those of (0);

(¢) frietion losses at the consumer’s engine, like those of (a).

213. Compressive Efficiency. While not an efficiency in the true sense of the
term, the 1elation of work geneiated during expansion in the engine to that ex-
pended during compression in the compressor 1s sometines called the compressive
efficiency. It is the quotient of the areas FCH(G and FB.1 G, Fig. 62. From the
expression in Art. 209 for work under a polytropic plus work of discharge aloug
BF or of admission along FC, we note that, the values of P and p being identical
for the two paths, AB and CH, in question, the total work under either of these
paths is a direct function of the volume V at the lower pressure P. In this case,
yroviding the value of n be the same for both paths, the two work areas have the
ratio ¥ — z, where ¥ is the volume at .1, and z that at H. It follows that all the
ratios of volumes LN — LM, 0Q — OP, etc, are equal, and equal to the ratio of
areas. The compressive efficiency, then, = %_ = T — ¢, where ¢ is the temperature
at A (or that at C), and T'that at FI. For 1sothermal paths, 7' = ¢, and the com-
pressive efficiency Is unity. In various tests, the compressive efficiency has ranged
from 0.488 t0 0 898. It depends,of course,on the value of n, increasing asn decreases.

214. Mechanical Efficiency. For the compressor, this is the quotient of work
expended 1n the cylinder by work consumed at the fly wheel; for the engine, it
is the quotient of work delivered at the fly wheel by work done in the cylinder.

Friction losses in the mechanism measure the mechanical inefficiency of the
compressor or engine. With no friction, all of the power delivered would be ex-
pended in compression, and all of the elastic force of the air would be available
for doing work, and the mechanical efficiency would be 1.0. In practice, since
compressors are usually directly driven from steam engines, with piston rods in
common, 1t is impossible to distinguish between the mechanical efficiency of the
compressor and thut of the steam engine. The combined efficiency, in one of the
best recorded tests, 1s given as 0.92. TFor the compressor whose card is shown in
Fig. 71, the combined efficiency was 0.87. Kennedy reports an average figure of
0.845 (7). Uuwin states that the wsual value is fiom 0.85 to 0.87 (8). These
efficiencies are of course determined by compuring the areas of the steam and air
indicator cards.

215. Cylinder Efficiency. The true efficiency, thermodynamically speaking,
is indicated by the ratio of areas of the actual and ideal PV diagrams. For the
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compressor, the cylinder efficiency is the ratio of the work done in the wdeal cycle,
withowt clearance, drawing 1n awr af atmospheric pre sure, compressing it isothermally
and discharging it at the constant recewer pressure, to the work done wn the actual cycle
of the same mazimum volume Tt measures item (b) (Art. 212). It isnot the *‘ com-
pressive efficiency ’’ of Art. 218 For the engine, it is the ratio of the work done 1n
the actual cycle to the work of an wdeal cycle without clearance, with isothermal expan-~
ston tp the same mazvmum volume from the sameinatral volume, and unth constant pressures
during reception and discharge , the former being that of the pipe line and the latter that
of the aimosphere. Its value may range from 0 70 to 0.90 in good machines, in gen-
eral increasing as the value of n decreases. An additional influence is fluid frie-
tion, causing, in the compressor, a fall of pressure through the suction stroke and
a rise of pressure during the expulsion stroke ; a i:d in the engine, a fall of pressure
during adinission and excessive back pressuie during exhaust. All of these condi-
tions alter the area of the PT" cycle. In well-designed machines, these losses
should be small. A large capacity loss in the cylinder is still to be considered.

216. Discussion of Efficiencies. Considering the various items of loss sug-
gested in Art. 212, we find as average values under good conditions,

(a) mechanical efficiency, 0.85 to 0.90; say 0.85;

(®) cylinder efficiency of compressor, 0.70 to 0.90; say 0.80;
(¢) transmission losses, as yet undetermined;

(@) ecylinder efficiency of air engine, 0.70 to 90.0; say 0.70;
(e) mechanical efficiency of engine, 0.80 to 0.90; say 0.80.

The combined efficiency from steam cylinder to work performed at the con-
sumer’s engine, assuming no loss by transmission, would then be, as an average,

0.85 x 0.80 x 0.70 x 0.80 = 0.3808.

For the Paris transmission system, Kennedy found the over-all efficiency (includ-
ing pipe line losses, 4 per cent) to be 026 with cold air or 0.384 with preheated
air, allowing for the fuel consumption in the preheaters (9).

217. Maximum Efficiency. In the processes described, the ideal efficiency in
each case is unity. We are here dealing not with thermodynamic transformations
between heat and mechanical energy, but only with transformations from one form
of mechanical energy to another, in part influenced by heat agencies. No strictly
thermodynamic transformation can have an efficiency of unity, on account of the
limitation of the second law.

218. Entropy Diagram. TFigure 62 may serve to represent the com-
bined ideal PV diagrams of the compressor (GABF) and engine (FCHG).
FOHG
GABF
net expenditure of work, that is, waste, is CBAH, bounded ideally by two

The quotient is the compressive efficiency. The area representing
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adiabatics or in practice by two polytropics (not ordinarily isodiabatics)
and two paths of constant pressure. This arca is now to be illustrated

on the T'N coordinates.
For convenience, we reproduce the essential features of Fig. 62

in Fig. T4. In Fig. 75, lay off the isothermal 7] and choose the

point A at random. Now
|\c if either 7% or Ty be
given, we may complete
the diagram.  Assume
that the former is given;
then plot the correspond-
ing isothermal in Fig. T5.
Draw AB, an adiabatic,
B(C and AH as lines
of constant pressure

P

F

F1a. T4. Art. 218.—Engine and Compressor Diagrams <’n =klog, %a the point

O falling on the isothermal 7. Then draw CH, an adiabatic, de

termining the point H'; or, from Art. 218, noting tha % = %, we
¢ "

=

may find the point A di-
rectly. If the paths AB
and CH are not adia-
batics, we may compute
the value of the specific
heat from that of » and
plot these paths on Fig.
75 as logarithmic curves ;
but if the values of n are
different for the two

paths, it no longer holds N
TB T A Fic 75. Arts. 218, 219, 221,.—Compressed Air System,
that —0 = -—H' The area Entropy Diagram.

CBAH in Fig. 76 now represents the net work expenditure in
heat units.

219. Comments. As the exponents of the paths 4B and CH decrease,
these paths swerve into new positions, as AE, OD, decreasing the area
representing work expenditure. TFinally, with n=1, isothermal paths,
the avea of the diagram becomes zero; a straight line, C4. Theoretically,
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with water colder than the air, it might be possible to reduce the tempera-
ture of the air during compression, giving sucl a cycle as AICDA, or even,
with isothermal expansion in the engine, AIC.l; in either case, the net

work expenditure might be nega-
tive; the cooling water accomplish-
ing the result desired.

220. Actual Conditions. Under
the more usual condition that the
temperature of the air at admission
to the engine is somewhat higher
than that at which it is received by
the compressor, we obtain Figs.
76, 77. T, T, and either Tz or Ty
must now be given. The cycle in
which the temperature is reduced
during compression mow appears

as ATCDA or AILJA.
T

FiG. 76. 220. —Usual Combination of

Diagrams.

Art

I

N

FiG. 7. At 220.— Combined Entropy Diagrams.

221. Multi-stage Operation.

Let the ideal pv path be DECBA, Fig. 78.

The “triangle” ABC of Fig. 75 is then replaced by the area DECBA,

Fig. 79, bounded by lines of constant pressure and adiabatics.

P

Fi1a. 78. Art. 221.— Three-stage Com-
pression and Expansion.

The area
F
8 E
A z [*)
]
N

F1G.79. Art. 221.— Entropy Diagram,
Multi-stage Compression.
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saved is BFEC, which approaches zero as the pressure along CE, Fig. 78,
approaches that along 4B or at D, and becomes a maximuw at an inter-
mediate position, already determined in

Pa_a » Art. 211. With inadequate intercooling,
; the area representing work saved would be

g ’ yFEz. Tigures 80 and 81 represent the
a ideal pv and nt diagrans respectively for

compressor and engine, each three-stage,
with perfect intercooling and aftercooling
P . and preheating and with no drop of pres-
vy sure in transmission. BbA and ALB
Fra 80 Art 221 — Threestage would be the diagrams with single-stage
Compression and Expansion. adiabatic compression and expansion.

b

N
N

Fre 81 Art 221,-—Thiee-stage Compression and Expansion.

CoMPRESSOR CAPACITY

R22. Effect of Clearance on Capacity. Let A BCD, Fig. 57, be theideal pv dia~
gram of a compressor without cleatance. If there is clearance, the diagram will
be aBCE; the air left in the cylinder at  will expand, nearly adiabatically, along
ak, so that its volume at the intake pressure will be somewhat like DE. The
total volume of fresh air taken into the cylinder cannot be DC as if there were no
clearance, but is only EC. The ratio EC (Vo~Va) 1s called the volumetric
efficiency. It 1s the rateo of free aur drawn wn to puston displacement.

223. Volumetric Efficiency. This term is sometimes incorrectly applied to the
factor 1 — ¢, 1n which ¢ is the clearance, expressed as a fraction of the cylinder
volume. This is illogical, because this fraction measures the ratio of clearance air
at final pressure, to inlet air at atmospheric pressure (Aa — DC, Fig. 57); while
the reduction of compressor capacity is determined by the volume of clearance air
at atmospheric pressure. If the clearance is 8 per cent, the volumetric efficiency is
much less than 97 per cent.

224. Friction and Compressor Capacity. If the intake ports or pipes are small,
an excessive suction will be necessary to draw in the charge, and the cylinder will
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be filled with air at less than atmospheric pressure. Its equivalent volume at
atmospheric pressure will then be less than that of the cylinder. This is shown
P in Fig. 82. The line of atmospheric pressure is DZF, the capacity is
reduced by F'G, and the volumetric efficiency is DF — HG. The capacity
may be seriously affected from this cause, in the case of a badly designed
machine. .

225. Volumetric Efficiency ; Other Factors. Where jackets or water jets
are used, the air is often
somewhat heated during
' the intake stroke, increas-
!.G ing its volume, and thus,

i as in Art. 224, lowering
\/‘M the volumetric efficiency.

The effect is more notice-
v able with jacket cooling,

with which the cylinder

walls often remain con-
stantly at a temperature above that of boiling water. Tests have shown a loss
of capacity of 5 per cent, due to changing from spray injection to jacketing. — A
high altitude for the compressor results in its being supplied with rarefied air, and
this decreases the volumetric efficiency as based on air under standard pressure.
At an elevation of 10,000 ft. the capacity falls off 30 per cent. (See table, Art. 52a.)
This is sometimes a matter of importance ;n mining applications also.—Volumetric
efficiency, in good designs, is principally a matter of low clearance. The clearance
of a cylinder is practically constant, regardless of its length; so that its percentage
is less in the case of the longer stroke compressors. Such compressors are com-
paratively expensive.—When water is injected into the cylinder, as 18 often the case
in European practice, the clearance space may be practically filled with water at
the end of the discharge stroke. Water does not appreciably expand as the pressure
is lowered; so that in these cases the volumetric efficiency may be determined
by the expression 1—¢ of Art. 223, being much greater than in cases where water
injection is not practiced.

226. Volumetric Efficiency in Multi-stage Compression. Since the
effect of multi-stage compression is to reduce the pressure range, the
expansion of the air caught in the clearance space is less, and the dis-
tance DE, Fig. 57, is reduced. This makes the volumetric efficiency,
EC+ (V,—V,), greater than in single-stage cylinders. If FGH repre-
sent the line of intermediate pressure, the ratio JE + (V,—V,) is the
gain in volumetric efficiency.

"

|-
o

I)—-'---_—_::“.-:’-

Fic 82 Art. 224. —Effect of Suction Friction.

227. Refrigeration of Entering Air. Many of the advantages following multi-
stage operation and intercooling have been otherwise successfully realized by the
plan of coolng the air drawn into the compressor. This of course increases the
density of the air at atmospheric pressure, and greatly increases the volumetric
efficiency. Incidentally, much of the moisture is precipitated. At the Isabella
furnace of the Carnegie Steel Company, at Etna, Pennsylvania, a plant of this



128 APPLIED THERMODYNAMICS

kind has been installed. An ordinary ammonia refrigeraling machine cools the
air from 80° to 28° F. This should decrease the specific volume in the ratio
(4596 + 28) — (459.6 + 80) = 0.90. The free air capacity should consequently
be increased in about this ratio (10).

228. Typical Values. Excluding the effect of clearance, a loss in ca-
pacity of from 6 to 22 per cent has been found by Unwin (11) to be due
to air friction losses and to heating of the entering air. Heilemann (12)
finds volumetric efficiencies from 0.73 to 0.919. The volumetric efficiency
could be precisely determined only by measuring the air drawn in and
discharged.

229. Volumetric and Thermodynamic Efficiencies. The volumetric effi-
ciency is a measure of the cupacity only. ltis not an efficiency in the sense
of a ratio of “effect’” to “cause.” In Fig.83 the solid lines show an actual
compressor diagram, the dotted lines, EGHB, the corresponding perfect
diagram, with clearance and isothermal compression. In the actual case
we have the wasted work areas,

HLJQ, due to friction in discharge ports;
GQLD, due to non-isothermal compression;
DFMC, due to frietion during the suction of the air.

At BHC, there is an avea representing, apparently, a saving in work
expenditure, due to the expansion of the clearance air; this saving in
work has been accomplished, however,
with a decreased capacity in the pro-
portion BC -+ BE, a proportion which
is greater than that of BHC to the total
work area. Further, expansion of the
clearance air is made possible as a result
of ils previous compression along FDK;
and the energy given up by expansion
can never quite equal that expended in
compression. The effect of excessive
Jriction during suction, reducing the
capacity in the ratio DF + BE, is
usually more marked on the capacity than on the work. Both suction
friction and clearance decrease the cylinder efficiency as well as the
volumetrie efficiency, but the former cannot be expressed in terms of
the latter. In fact, a low volumetric efficiency may decrease the work
expenditure absolutely, though not relatively. An instance of this is found
in the case of a compressor working at high altitude. F'riction during dis-
charge decreases the cylinder efficiency (note the wasted work area
HLJQ), but is practically without effect on the capacity.

Fie. 8%  Art. 229, — Volumetric and
Thermodynamic¢ Efficiencies.
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CoMPRESSOR DEsIGN

230. Capacity. The necessary size of cylinder is calculated much as in
Art. 190. Let p, v, t, be the pressure, volume, and temperature of dis-
charged air (v meaning the volume of air handled per minute), and P, ¥, 7,
those of the inlet air. Then, since PV -+ T = pv = ¢, the volume drawn
into the compressor per minute is V"= pvT + Pt, provided that the air is
dry at both intake and delivery. If n is the number of revolutions per
minute, and the compressor is double-acting, then, neglecting clearance,

peT
= ;}—Pt.

= N

This computation of capacity takes no account of volumetric losses.
In some cases, a rough approximation is wade, as deseribed, and by
slightly varying the speed of the compressor 1ts capacity is made equal to
that required. Allowance for clearance may readily be made. Let the
suction pressure be P, the final pressure p, the clearance volume at the

the piston displacement per stroke is V' =+ 2

final pressure L of the piston displacement. Then, 1f expansion in the
m

clearance space follows the law pv"= PV™, the volume of clearance air

at atmospheric pressure iS
< )< >"
m. 1

of the piston displacement. For the displacement above given, we there-

fore write,
1
z_:_ 1+l_ l PN
2n m  \m/\P,
This may be increased 5 to 10 per cent, to allow for air frietion, air
heating, ete.

231. Design of Compressor. The following data must be assumed :
(a) capacity, or piston displacement,
(b) maximum pressure,
(¢) initial pressure and temperature,
(d) temperature of cooling water,
(e) gas to be compressed, if other than air.

Let the compressor deliver 300 cu. ft. of compressed air, measured
at 70° F., per minute, against 100 1b. gauge pressure, drawing its supply at
14.7 1Ib. and 70° F., the clearance being 2 per eent. Then, ideally, the free
air per minute will be 300 x (114.7 + 14.7) = 2341 cu. ft.,, or allowing 5
per cent for losses due to air frietion and heating during the suction,
2341 <+ 0.95 = 2464 cu. ft. To allow for clearance, we may use the ex-
pression in Art. 230, making the displacement, with adiabatic expansion
of the clearance air,



130 APPLIED THERMODYNAMICS

2464 + [1—0.02 (114 7)1 & 40.02] = 2640 cu. ft.

Assuming for a compressor of this capacity a speed of 80 r. p. m., the
necessary piston displacement for a double-acting compressor is then
2640 + (2 x 80) = 16.5 cu. ft. per stroke, or for a stroke of 3 ft., the piston
area would be 792 sq. in. (13). The power expended for any assumed
compressive path may be calculated as in Art. 190, and if the mechanical
efficiency be assumed, the power necessary to drive the compressor at
once follows. The assumption of clearance as 2 per cent must be justified
in the details of the design. The elevation in temperature of the air may
be calculated as in Art. 185, and the necessary amount of cooling water
as in Art. 203, the exponents of the curves being assumed.

232. Two-stage Compressor. From Art. 211 we may establish an inter-
mediate pressure stage. This leads to a new correction for clearance, and
to a smaller loss of capacity due to air heating. TUsing these new values,
we calculate the size of the first-stage cylinder. For the second stage, the
maximum volume may be calculated on the basis that intercooling is com-
plete, whence the cylinder volumes are inversely proportional to the suc-
tion pressures. The clearance correction will be found to be the same as
in the low-pressure cylinder. The capacity, temperature rise, water con-
sumption, power consumption, etc., are computed as before. A considera-
ble saving in power follows the change to two stages.

233. Problem. Find the cylinder dimensions and power consumption of a
double-acting single-stage air compressor to deliver 4000 cu. ft. of free air per
minute at 100 lb. gauge pres-

147 +sure at 80 r. p. m., the intake
air bemg at 13.7 Ib. absolute

pressure, the piston speed

<o o0 640 ft. per minute, clearance
o8 34 4 per cent, and the clearance-
expansion and compression

D E U

curves following the law

v 2 Yur Py e
¥ T cx37 Lay off the distance GH,
—ZUE F D H o Fig. 84, to represent the (un-
0D known) displacement of the

Fie. 84 Art, 233. — Design of Compressor. piston, which we will call D.

Since the clearance is 4 per cent, lay off GZ =0.04 D, determining ZP as a
coordinate axis. Draw the lines T'U, VW, YX, representing the absolute pres-
sures indicated. The compression curve' CE may now be drawn through C, and
the clearance expansion curve DI through D. The ideal indicator diagram is
CEDI. 'We have,
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PpVpl = P,V A% or V= (i”) Vo= (11134 7)°” 0.04 D= 0.1927 D.
I

Palgl®= Pyl,1% or Tp= (5”) " = (ﬁ,—) ®™ 104 D= 0.2158 D.
Pg 114.7

P,V =PpVpt8or Vy= (P”)o 74VD = (uﬂ)m 0.04 D =0.1829 D,
P, 14.7

P04 18.7\ 0-72
PVt = Polght or Ty= (_0) Vo= (_-) 1.04 D=0.9872 D.
z ¢ Py °T\117 0
But AB= V73— V,=0.8043 D is the volume of free air drawn into the cylinder:
AB—GH=0.8043 is the volumetric efficiency:* to compress 4000 cu. ft. of free air per
minute the piston dusplacement must then be 4000 —0.8043 = 4973 cu. ft. per minute.
Since the compiessor is double-acting, the necessary cylinder area is the quotient
of displacemeut by piston speed or 4973 — 640, giving 7.77 sq. ft., or (neglecting
the loss of area due to the piston rod), the cylinder diameter is 37.60 in. From the
conditions of the problem, the siroke is 640 — (2 x 80) = 4 f2.
For the power consumption, we have
W=GDEF+ FECH — JICH — GDIJ
"—"PE(I,E— -VD)+PETE-;-P0T0 PI(VC’_ VI)—PDV33_5PIVI
(114.7 x 0.2158) — (13.7 x 1.04)
0.35
—(18.7 x 0.8478) — (1147 x 0. 04)0 %(53’.7 % 0.1927)

=144 D[(114.7 x 0.1758) +

= 144 D[20.16 4 30.01 — 11.61 — 5.59] = 144 D x 32.97.

This is the work for a piston displacement = D cubic feet. If we take D at 4973
per minute, the horse power
consumed in compression is

144 x 32.97 x 4973

=7165.
33000 16

234. Design of a Two-
stage Machine. With condi-
tions as in the preceding, con-
sider a two-stage compressor
with complete intercooling and

a uniform friction of one pound 161
between the stages. Here the

combined diagrams appear as o v
in Fig. 85. For economy of D D

power, the intermediate pres- Fig.85. Art. 23t —Design of Two-stage Compressor.

*This is not quite correct, because the air at B is not “free? air, i.e., air at
atmospheric temperature. There is a slight 11se in tempemtuw between ¢ and B.

If T is the atmospheric temperature, and b=jID§, a= D , the volumetric efficiency
. b . : .
is Tr (TB —%) . If there is no cooling during discharge (along ED), Ty = T's, and

the volumetric efficiency becomes -f‘-z(b—a).
B
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sure is VII4.7 x 13.7 = 89.64, whence the first-stage discharge pressure and the
second-stage suction pressure, corrected for friction, are respectively 40.14 and

39.14 1b. For the first stage, Fig. 85,
Pp=Pg=4014, Py = Py =147, Py= Py =137, Va=1.04D, Vy= 0.04 D.

Pyl = PVl or V (K)WV —(lij-)o'“ 104 D=0.4701 D.*
GV @ =L gvm ¢= Pa "= 4011 — .
0T 10 14)0.74
238 — 1.35 = (Br = (1014\™ 4 04 D—0.08864 D.
PoVy PpVe% or Vo= (Pe) Ve (137
0.74 0.74
PV = PV or Vs = (f)_r) Vo= (%1_74) 004 D=0.08412 D,
- :

. 074
PyVyt8 = PVt o Vp=(58)" " Vi = (”_7) 1.04 D=0.987 D.
B

The volumetric efficiency is AB — D =(Vyz — V,) —D = 0.987 — 0.08412 = 0.90288.
The piston displacement per minute is 4000 — 0.903 = 4430. The piston diameler
is V(#4430 — 640) x 144 — 0.7854 = 35.6 in. for a stroke of 640 — (2 x 80) = 4 f.
The power consumptios, for this first stage is,

W =Pu(Ve— VF)_I_P_’LVZ—‘]IQI'L!_PH(V — VQ)—M

n—1
— [40.14(0.4701 —0.09) + (10.14 x 0.470;?3; (18.7 x 1.04)
— 13.7(1.04 — 0.0886) — (40.14 x 0.04)(;—3%13.7 X 0.0886)]144D

= 2348.64 D foot-pounds or 10,404,475 foot-pounds per minute, equivalent to
815.3 horse power.
SEcoND STAGE
Complete intercooling means that at the beginning of compression in the sec-
ond stage the temperature of the air will be as in the first stage, 70° F. The

volume at this point will then be V5 = II:H Vo= 3;171 1.04 D= 0.364D. We thus
locate the point Z, Fig. 85, and complete the diagram ZCFE{, making Vy = 0.04

(Vz=~Vx)=0.014 D, Pc=Pg=114.7, P1=Pz=39.14, and compute as follows:

PrVE % = P,VA% or V= Pz)"“ = (33_'1%)0'“0.364D= 0.3574 D,

PV = PaVet® or Vo= (26" v = (37)" "0.364 D= 0.1642 .

114.7\0-74
(40.14) 0.014 D= 0.0305 D.

.PJVJl -85 — Py‘p? 1-35 or I;J‘ (f"‘)o “

PV = PylVghts or V= (P E)° ™, ( 11471 ©™ , 514 D=0.0311 D.

89.14
1 C 1 [¢] | G ' F l C__ :
* — -—
Note that =P very nearly; so that —2 - =7 7—, an approximation

H
which makes only one lovanthm.m computation necessa.ry
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The piston displacement is Vz—Vre=085 D; the volumetric efficiency is the quo-
tient of (Vx—Vs)=0 3269 D by this displacement, or 0.934. For a stroke of 4 ft.,
the cylinder diameter 18 /{(0.35 D= 1550) + 640] X 141+ 0.7854=21.05 in. The
power consumption for this stage 18

_144D (114 70.1642) — (39.14 X0.364)
W—33000[(114.7><0 1502) -+ o
(391450 3329) — (LI47 X0 014)0—3(5.9 14><0.0311)]

=816 6 horse power.
The total horse power for the two-stage compressor is then 631 8 and (within
the limit of the error of computation) the work is equally divided between the stages.

235. Comparisons. We note, then, that in two-stage compression, the saving
. . 715—632 . .
in power is 2—571—53-=0 12 of the power expended in single-stage compression;
that the low-pressure cylinder of the two-stage machine 1s somewhat smaller than
the cylinder of the single-stage compressor; and that, in the two-stage machine,
the cylinder areas are (approxunately) vnversely proportional to the suclion pressures.
The amount of cooling water required will be found to be several times that neces-
sary in the single-stage compressor.

236. Power Plant Applications. On account of the ease of solution of air in
water, the boiler feed and injection waters in a power plant always carry a con-
siderable quantity of air with them. The vacuum pump employed in connection
with a condenser is intended to remove this air as well as the water. It is esti-
mated that the waters ordinarily contain about 20 times their volume of air at
atmospheric pressure. The pump must be of size sufficient to handle this air
when expanded to the pressure in the condenser. Its cycle is precisely that of any
air compressor, the suction stroke being at condenser pressure and the discharge
stroke at atmospheric pressure. The water present acts to reduce the value of the
exponent 7, thus permitting of fair economy.

237. Dry Vacuum Pumps. In some modern forms of high vacuum apparatus,
the air and water are removed from the condenser by separate pumps. The
amount of air to be handled cannot be computed from the pressure and tempera-
ture directly, because of the water vapor with which it is saturated. From Dal-
ton’s law, and by noting the temperature and pressure in the condenser, the pressure
of the air, separately considered, may be computed. Then the volume of air, cal-
culated as in Art. 236, must be reduced to the condenser temperature and pressure,
and the pump made suitable for handling this volume (14).

CoMMERCIATL, TyYPES OF COMPRESSING MACHINERY

238. Classification of Compressors. Air compressors are classified according
to the number of stages, the type of frame, the kind of valves, the method of
driving, ete. Steam-driven compressors are usually mounted ag one unit with the
steam cylinders and a single common fly wheel. Regulation is usually effected by
varying the speed. The ordinary centrifugal governor on the steam cylinder im-
poses a maximum speed limit; the shaft governor is controlled by the air pressure,
which automatically changes the point of cut-off on the steam cylinder. Power-
driven compressors may be operated by electric motor, belt, water wheel, or in
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other ways. They are usually regulated by means of an “unloading valve,” which
either keeps the suction valve closed during one or more strokes or allows the air
to discharge into the atmosphere whenever the pipe lines aie fully supplied. In
air lift practice, a constant speed is sometimes desired, irrespective of the loa.

In the “variable volume > type of machine, the delivery of the compiessor 1s
varied by closing the suction valve before the completion of the suction stroke.
The air in the cylinder then expands below atmospheric pressure.

239. Standard Forms. The ordinary small compressor is a single-stage
machine, with poppet air valves on the sides of the eylinder. The frame is of the
“fork ” pattern, with bored guides, or of the “duplex ” type, with two single-stage
cylinders. These machines may be either steam or belt driven. The “straight
line” compressors differ from the duplex in having all of the cylindeis in one
straight line, regardless of their number.

For high-grade service, in large units, the standard form is the eross-compound
two-stage machine, the low-pressure steam and air cylinders being located tandem
beside the high-pressure cylinders, and the air cylinders being outboard, as in
Fig. 86. Ordinary standard machines of this class are built in capacities ranging
up to 6000 cu. ft. of free air per minute. The other machines are usunally con-
structed only in smaller sizes, ranging down to as small as 100 cu. ft. per minute.

Some progress has been made in the development of rotary compressors for
direct driving by
steam turbines. The NP R r‘-@h—.
efficiency is fully as \ £ ]
high as that of an
ordinary reciprocat-
Ing compressor, and
the mechanical losses
are much less. A
paper by Rice (Jour.
A. 8. M. E. xxxiii,
3) describes a 6-stage
turbo - machine at f;
1650 r p.m., direct-
connected to a 4-
stage steam turbine.
With the low dis-
charge pres-
sure (15 Ib.
gauge), num- [
erous  stages Fia. 87. Art. 240.— Sommeiller Hydraulic Piston Compressor.
and intercool-
ers, compression is practically isothermal.

240. Hydraulic Piston Compressors: Sommeiller’s. In Fig. 87, as the piston F
moves to the right, airr is drawn through C to @, together with cooling water
from B. On the return stroke, the air is compressed and discharged through D
and 4. Indicator diagrams are given in Fig. 88.
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The value of n is exceptionally low, and clearance expansion almost elimi-
nated. This was the first commercial piston compressor, and 1t is st1ll used to a

ATMOBPHERES

T
|
|
1

N

Fic 88. Art.240.—Varnable Discharge Pressure Indicator Diagrams, Sommeiller

Compressor.

limited extent in Europe, the large volume of water present giving effective cool-
ing. It cannot be operated at high speeds, on account of the inertia of the

water.

The Leavitt hydraulic piston compressor at the Calumet and Hecla copper
mines, Michigan, has double-acting cylinders 60 hy £2 1n., and runs at 25 1evolu-

tions per minute, a compaiatively
high speed. The value of n from the
card shown in Fig. 89 is 1.23.

241. Taylor Hydraulic Compressor.
Water is conducted through a vertical
shaft at the necessary head (2 3 ft. per
pound pressure) to a separating cham-

)

©
ATMOSPHERES

=

Art. 248 —Cards from Leavitt
Compressor.

i

Z

WATER 8UPPLY;

TAIL RACE
WATER LEVEL

AIR PIPE

RETURN WATEq ;

Fia. 90. Art. 241, — Taylor Hydraulie

Combresssor.
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ber. The shaft is lined with a riveted or a cast-iron cylinder, and at its top is a
dome, located so that the water flows downward around the inner circumference
of the cylinder. The dome is so made that the water alternately contracts and
expands during its passage, producing a partial vacuum, by means of which air is
drawn in through numerous small pipes. The air is compressed at the tempera-
ture of the water while descending the shaft. The separating chamber is so
large as to permit of separation of the air under an inverted bell, from which it 1s
led by a pipe. The efficiency, as compared with that theoretically possible in
isothermal compression, is 060 to 070, some air being always carried away in
solution. The initial cost is high, and the system can be installed only where
a head of water is available. Figure 90 illustrates the device (15). The head of
water must be at least equal to that corresponding to the pressure of air.

The ‘“cycle” of this type of compressor may be regarded as made up of two
constant pressure paths and an isothermal, there being no clearance and no “valve

friction.”

242. Details of Construction. The standard form of cylinder for large machines
is a two-piece casting, the working barrel being separate from the jacket, so that
the former may be a good wearing metal and may be quite readily removable.
Access to the jacket space is provided through bolt holes.

On the smaller compressors, the poppet type of valve is frequently used for both
inlet and discharge (Fig. 91). It is usually considered best to place these valves

DISCHARGE

N
T —
N ———

PSS

)% AL 1277777,
2w

V2’ A TN

L7774

////////////////

Z
7
g

2,

//g‘///M//////A

7 /-

E
H
F16.91. Art. 242.—Compressor Cylinder with Poppet Valves.
(Clayton Air Compressor Works.) -

in the head, thus decreasing the clearance. They are satisfactory valves for auto-
matically controlling the point of discharge, excepting that they are occasionally



138 APPLIED THERMODYNAMICS

noisy and uncertain in closing, and if the springs are made stiff for tightness, a con<
siderable amount of power may be consumed 1n opening the valves. Poppet valves
work poorly at very low pressures, and are not generally used for contiolling the intake
of air. Some form of mechanically operated valve 1s preterably employed, such as the
semi-rocking type of Fig. 92, located at the bottom of the cylinder, which has poppet
valves for the discharge at the top. For large units, Corliss 1nlet valves are usually
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F1c. 92. Art 242 — Compressor Cylinder with Rocking Inlet
Valves. (Clayton Aw Compressor Woiks )

employed, these being
rocking cylindrical valves
running crosswise. As in
steam engines, they are so
diiven from an eccentrie
and wrist plate as to give
rapid opening and closing
of the port, with a com-
paratively slow interven-
mg movement. They are
not suitable for use as
discharge valves in single-
stage compressors, or in
the high-pressure cylin-
ders of multi-stage com-
pressors, as they become
fully open too late in the
stroke to give a suffi-
ciently free discharge.
In Fig. 93 Corliss valves
are used for both inlet
and discharge. The
auxiliary poppet shown
is used as a safety valve.

Fia. 93. Art. 242.— Compressor Cylinder with Corliss Valves. (Alus-Chalmers Co.)
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A gear sometimes used consists of Corhss inlet valves and mechanically operated
discharge valves, which latter, though expensive, are free from the disadvantages
sometimes experienced with poppet valves The closing only of these valves is
mechanically controlled. Their opening is automatic.

A common rule for proportioning valves and passages 1s that the average velocity
of the air must not exceed 6000 ft. per minute.

CoMPRESSED AIR TRANSMISSION

243. Transmissive Losses. The air falls in temperature and pressure in the
pipe line. The fall in temperature leads to a decrease in volume, which is further
reduced by the condensation of water vapor; the fall in pressure tends to increase
the volume. Early experiments at Mont Cenis led to the empirical formula
F = 0.00000936 (n2] — d), for a loss of pressure F in a pipe d inches in diameter,
[ ft. long, in which the velocity is n feet per second (16).

In the Paris distributing system, the main pipe was 300 mm. in diameter, and
about § in. thick, of plain end cast iron lengths connected with rubber gaskets.
It was laid partly nnder streets and sidewalks, and partly in sewers, involving the
use of many bends. There were numerous drainage boxes, valves, etc., causing
resistance to the flow; yet the loss of pressure ranged only from 3.7 to 5.1 1b., the
average loss at 8 miles distance being about 4.4 1b., these figures of course including
leakage. The percentage of air lost by leakage was ascertained to vary from 0.38
to 1.05, including air consumed by some small motors which were unintentionally
kept running while the measurements were made. This loss would of course be
proportionately much greater when the load was light.

244. Unwin’s Formula. Unwin’s formula for terminal pressure after long
transmission is commonly employed in calculations for pipe lines (17). Itis,

fulL i
r=?[1-f5l
in which p = terminal pressure in pounds per square inch,

P = initial pressure in pounds per square inch,

f = an experimental coefficient,

u = velocity of air n feet per second,

L = length of pipe in feet,

d = diameter of (circular) pipe in feet,

T = absolute temperature of the air, F°.

A simple method of determining f'is to measure the fall of pressure under known
conditions of P, u, T, L, and d, and apply the above formula. Unwin has in this
way rationalized the results of Riedler’s experiments on the Paris distributing
gystem, obtaining values ranging from 0.00181 to 000449, with a mean value
f=10.00290. For pipes over one foot in diameter, he recommends the value 0.003;
for 6-inch pipe, /= 0.00455; for 8-inch pipe, f = 0.004.

Riedler and Gutermuth found it possible to obtain pipe lengths as great as
10 miles in their experiments at Paris. Previous experiments had been made, on
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a smaller scale, by Stockalper. For cast-iron pipe, a harmonization of these
experiments gives £ = 0.0027(1 + 0.3d), d being the diameter of the pipe in feet.
The values of f for ordinary wrought pipe are probably not widely different. In
any well-designed plant, the pressure loss may be kept very low.

245. Storage of Compressed Air. Air is sometimes stored at very high pres-
sures for the operation of locomotives, street cars, buoys, etc. An important con-
sequence of the principle 1llustrated in Joule’s porous plug experiment (Art. 74)
here comes into play. It was remarked in Art. 74 that a shight fall of temperatuie
occurred during the reduction of pressure. This was expressed by Joule by the
formula

F= 0.92(273'7)2,

in which F was the fall of temperatuie in degrees Centigrade for a pressure
drop of 100 inches of mercury when T was the initial absolute temperature
(Centigrade) of the air. For air at 70° F., this fall is only 13° F., but when stored
air at high pressure is expanded through a reducing valve for use in a motor, the
pressure change is frequently so great that a considerable reduction of tempera-
ture occurs. The efficiency of the process is very low; Peabody cites an instance
(18) in which with a reservoir of 73 cu. ft. capacity, carrying 450 lh. pressure,
with motors operating at 50 lb. pressure and compression in three stages, the
maximum computed plant efficiency is only 0.29. An element of danger arises in
compressed air storage plants from the possibility of explosion of minute traces
of oil al the high temperatures produced by compression.

246. Liquefaction of Air; Linde Process (19). The fall of temperature accom-
panying a reduction of pressure has been utilized by Linde and others in the
manoufacture of liquid air. Air is compressed to about 2000 lb. pressure in a
three-stage machine, and then delivered to a cooler. This consists of a double
tube about 400 ft. long, arranged in a coil. The air from the compressor passes
through the inner tube to a small orifice at its farther end, where it expands into
a reservoir, the temperature falling, and returns through the outer tube of the
cooler back to the compressor. At each passage, a fall of temperature of about
873° C. occurs. The effect is cumulative, and the air soon reaches a temperature
at which the pressure will cause it to liquefy (Art. 610).

247. Refrigeration by Compressed Air. This subject will be more particularly
considered in a later chapter. The fall of temperature accompanying expansion
in the motor cylinder, with the difficulties which it occasions, have been men-
tioned in Art. 185. Early in the Paris development, this drop of temperature was
utilized for refrigeration. The exhaust air was carried through flues to wine
cellars, where it served for the cooling of their contents, the production of ice, ete.
In some cases, the refrigerative effect alone is sought, the performance of work
during the expansion being incidental.

(1) Astext books on the commereial aspects of this subject Peele’s Compressed Awr
Plant (John Wiley & Sons) and Wightman’s Compressed Air (American School of
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Correspondence, 1909), may be consulted. (1a) Riedler, Neue Erfahrungen uber
dre Kraftversorgung von Paris durch Druckluft, Berlin, 1891. (2) Pernolet (L’Awr
Comprimé) is the standard reference on this work. (3) Experiments upon Trans-
mission, ete. (Idell ed ), 1903, 98. (4) Unwin, op. at, 18 et seq. (5) Unwin,
op. cit.,, 32 (6) Graduating Thesis, Stevens Institute of Technology, 1891. (7)
Unwm, op. cit, 48. (8) Op cit, 109. (9) Unwin, op cut., 48, 49; some of the
final figures are deduced from Kennedy s data. (10) Power, February 23, 1909,
p 382. (11) Development and Transmission of Power, 182 (12) Enmneemnq]\eu‘s,
March 19, 1908, 325. (18) Peabody, Thermodynamacs, 1907, 378. (14) Itd.,

375. (15) Hxscox, Compressed Awr, 1903, 273. (16) Wood, Thermodynamacs, 1905,
306. (17) Transmission by Compressed Air, etc, 68; modified as by Peabody.
(18) Thermodynamacs, 1907, 393, 394 (19) Zeuner, Technical Thermodynamics
(Klemn); II, 803-313: Trans. A. S. M. E., XXI, 156.

SYNOPSIS OF CHAPTER IX

The use of compressed cold air for power engines and pneumatic tools dates from 7860.

The Air Engine

The ideal air engine cycle is bounded by fwo constant pressure lines, one constant
volume line, and a polytropic. In practice, a constant volume drop also oceurs
after expansion.

Work formulas :

po + pv log, Z—-qV,1w+p” PV — qV; po log,— ,(pv—PV)( 1)'

Preheaters prevent excessive drop of temperature during expansion; the heat em-
ployed is not wasted.
Cylinder volume = 33,000 NRt — 2 n Up, ignoring clearance.
To ensure quiet running, the exhaust valve is closed early, the clearance air acting as a
' cushion. This modifies the cycle.
Early closing of the exhaust valve also reduces the air consumption.
Actual figures for free air consumption range from 400 to 2400 cu. ft. per Ihp-hr.

The Compressor

The cycle differs from that of the engine in having a sharp ‘ toe’’ and a complete clear-
ance expansion curve.

Economy depends largely on the shape of the compression curve. Close approximation
to the isothermal, rather than the adiabatic, should be attained, as during expan-
sion in the engine. This is attempted by air cooling, jet and spray injection of
water, and jacketing. Water required=C=H~+(§—s).

23 -5 -5 0G0
= +—
H(heat to be abstracted) —ilL\p 1 y—T\p/)"

Multi-stage operation improves the compression curve most notably and is in other

respects beneficial.
Intercooling leads to friction losses but is essential fo economy ; must be thorough.
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Work, neglecting clearance (single cylinder), = W= PLI; [ (%) "';:_1 - 1]-
n—

The area under the compression curve is called the work of compression.
Minimum work, in two-stage compression, 1s obtained when P? =gp.

Engine and Compressor Relations

Compressive efficiency : ratio of engine work to compressor work ; 0.5 to 0.9.

Mechanical efficiency : ratio of work in cylinder and work at shaft, 0 80 to 0.90.

Cylinder efficiency - ratio of 1deal diagram area and actual diagram area ; 0.70 to 0.90

Plant eficiency . ratio of work delivered by air engine to work expended at compressor
shaft; 0.25 to 0 45, theoietical maximum, 1.00.

The combined ideal entropy diagram 1s bounded by two constunt pressure curves and
two polytropics. 'T'he economy of thorough intercooling with multi-stage operation
is shown, as 1s the importance of a low exponent for the polytropics. With very
cold water, the net power consumption might be negatave.

Compressor Capacity

Tolumetric eficiency=ratio of free air drawn . to piston displacement ; 1t is decreased
by excessive clearance, suction frictton, heating during suction, and 1nstallation at
high altitudes. Long stroke compressors have proportionately less clearance.
Water may be used o fill the clearance space: multi-stage operation makes
clearance less detrimental ; refrigeration of the entering awr ncreases the volumet-
ric efficiency. Its value ranges ordinanly from 0 70 to 0.92. Suction friction
and clearance also decrease the cylinder efiiciency, as does discharge friction.

Compressor Design

Theoretical piston displacement per stroke = %13’ or including clearance,
wr_[1-1(2)31]
2nPt m\P)" + mJ’
to be increased 5 to 10 per cent in practice.
In a multi-stage compressor with perfect intercooling, the cylinder volumes are inversely
as the suction pressures.
The power consumed in compression may be calculated for any assumed compressive
path.

A typical problem shows a saving of 12 per cent by two-stage compression.
The ¢ vacuum pump’ used with a condenser is an air compressor.

Commercial Types of Compressing Machinery

Classification is by number of stages, type of frame or valves, or method of driving.

Governing 1s accomplished by chenging the speed, the suciion, or the discharge pressure.

Commereial types include the single, duplex, straight line and cross-compound two-stage
forms, the last having capacities up to 6000 cu. ft. per minute. Some progress has
been made with turbo-compressors.

Hydraulic piston compressors give high efficiency at low speeds.

The Taylor hydraulic compressor gives efficiencies up to 0.60 or 0.70.
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Cylinder barrels and jackets are separate castings. Access to water space must be
provided.

Poppet, mechanical inlet, Corliss, and mechanical discharge valves are used.

Compressed Awr Transmission
Loss 1n pressure = 0.00000936 12l —d
In Par:s, the total loss in 8 miles, meluding leakage, was 4.4 ib. ; the percentage of leak-
age was 0.38 to 1.05, including air unintentionally supplied to consumers.

Unwin's formula ; p=P[1—4‘§T2‘1L,d:I %. Mean value of f=0,0029 f=0.0027(1-}0.3d).
Fall of temperatuve for 49 1b. fall of pressure by throttling =0.92 (%’%Z) 2_
Stored higlh pressure air may be used for driving motors, but the efficiency s low.
The fall of temperature induced by throttling may be used cumulatively to liguefy air.
The fall of temperature accompanying expansion in the engine may be employed for
refrigeration.,
PROBLEMS

1. An air engine works between pressures of 180 Ib. and 15 1lb. per square inch,
absolute. Find the work done per cycle with adiabatic expansion fiomv=1to 7'=4,
ignoring clearance. By what percentage would the work be increased if the expansion
curve were PV13=c? (Ans., 44,800 ft. Ib, 4.3 §.)

2. The expansion curve is PVl 3=c, the pressure ratio during expansion 7: 1, the
initial temperature 100° F. Find the temperature after expansion. To what tempera-
ture must the entering air be heated if the final temperature 1s to be kept above 32° F. ?

(4ns., —103° F., 310° F.)

3. Find the cylinder dimensions for a double-acting 100 hp. air engine with clear-
ance 4 per cent, the exhaust piessure being 15 lb. absolute, the engine making 200
r. p. m., the expansion and compression curves beimng PF135=¢, and the aiwr beiny
recelved at 160 1b. absolute pressure. Compression is carried to the maximum pres-
sure, and the piston speed is 400 ft. per minute. A 10-lb. drop of pressure occurs at
the end of expansion. (Allow a 10 per cent margin over the theoretical piston dis-
placement.) (Ans., 13.85 s, by 12.0 ins.)

4. Estimate the free air consumption per Ihp.-hr. in the engine of Problem 3.

(A4ns., 612 cu. ft.)

5. A hydrogen compressor receives its supply at 70° F. and atmospheric pressure,
and discharges it at 100 lb. gauge pressure. Find the temperature of discharge, if the
compression curve is PV132=¢, (4ns., 412°F.)

6. In Problem 5, what is the percentage of power wasted as compared with iso-
thermal compression, the cycles being ke CBAD, Fig. 57 ?

7. In Problem 3, the initial temperature of the expanding air being 100° F., find
what quantity of heat must have been added during expansion tv make the path
PV135=¢ rather than an adiabatic. Assuming thisto be added by a water jacket, the
water cooling through a range of 70°, find the weight of water circulated per minute.

8. Find the receiver pressures for minimum work in two and four-stage compres-
sion of atmospheric air to gauge pressures of 100, 125, 150, and 200 1b.

9. What 15 the minimum work expenditure in the cycle compressing free air at
70° F. to 100 1b. gauge pressure, per pound of air, along a path PV1-35=c, clearance
bewng 1gnored ?  (Amns., 76,600 ft. 1b.)

10. Find the cylinder efficiency in Problem 3, the pressure in the pipe line being
165 Ib. absolute. (A4ns., 62.5%,.)
11. Sketch the entropy diagram for a four-stage compressor and two-stage air
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engine, in which 7 is 1.3 for the compressor and 1.4 for the engine, the air is inade-
quately intercooled, perfectly aftercooled, and imadequately preheated between the
engine cylinders. Compaie with the entropy diagram for adiabatic paths and perfect
intercooling and such preheating as to keep the temperature of the exhaust above 32° F.

12. Find the cylinder dimensions and theoretical power consumption of a single-
acting smgle-stage air compressor to dehiver 8000 cu. ft. of free air per minute at
180 1b. absolute pressure at G0 r.p. m , the mtake air being at 13 0 1b. absolute press-
ure, the piston speed 640 ft. pe1 minute, clearance 8 per cent, and the expansion and
compression curves following the law PJ131=¢c. (Ans, 80 by 64 1n.)

13. With conditions as in Problem 12, find the cylinder dimensions and power
consumption 1f compression is in two stages, intercooling 1s perfect, and 2 Ib, of fric-
tion loss occurs between the stages. (4Ans., 74 by 38 by 64 1n.)

14. The cooling water rismg from "68° F. to 89° F. in temperature, in Art. 233,
find the water consumption 1n gallons per minute.

15, Find the water consumption for jackets and intercooling in Art. 234, the range
of temperature of the water bemng from 47° to 68° F.

16. Find the cylinder volume of a pump to maintain 26’/ vacuum when pumping
100 1b. of air per hour, the initial temperature of the air being 110° F , compression
and expansion curves PT128=c, clearance 6 per cent., and the pump having two
double-acting cyliuders., The speed is 60 r.p. m. Pipe friction may be 1gnored.

17. Compare the Riedler and Gutermuth formula for f (Art. 244) with Unwin’s
values. TWhat apparent contradiction is noticeable 1 the variation of f with d ?

18 In a compressed air locomotive, the air 1s stored at 2000 1b. pressure and de-
Iivered to the motor at 100 Ib. ¥ind the temperature of the air delivered to the
motor if that of the air in the reservoir is 80° F., assuming that the value of F (Art.
245) 1s directly proportional to the pressure drop.

19. With isothermal curves and no triction, transmission loss, or clearance, what
would be the combined efliciency from compiessor to motor of an air storage system
m which the storage pressure was 450 1b. and the motor pressure 50 1b.? The tem-
perature of the air is 80° F. at the motor reducing valve. (Assume that the formula n
Art. 245 holds, and that the temperature drop is a direct function of the pressure drop.)

20. Find by the Mont Cenis formula, the loss of pressure in a 12-n. pipe 2 mles
long m which the air velocity 1s 32 ft. per second. Compare with Unwin’s formula,
using the Riedler and Gutermuth value for f, assuming P =80, T'="70° F.

21. Find the free air consumption per Thp.-hr. 1f the action of the engine m Art.
190 is modified as suggested in Art. 191,

22. Find under what 1mtial pressure condition, in Art. 183, an output of 1.27
Ihp. may theoretically be obtained from 890 cu. ft. of free air per hour, the exhaust
pressure being that of the atmosphere, and the expansive path being («) 1sothermal,
(b) adiabatic. (Ans., (), 56 1b. absolute )

23. .\ compressor haxing a capacity of 500 cu. ft. of free air per minute (p=14.7,
t="70°) is requued to fill a 700 cu. ft. tank at a pressure of 2500 1b. per square inch,
How long will this require, if the temperature in the tank 1s 140° at the end of the
operation, and the discharge pressure 1s constant?

24. In Problem 16, what 1s the theoretical minimum amount of power that might
be consumed, with no clearance and no abstraction of heat during compression? How
does tlus compare with the power consumption in the actual case?

25. A Taylor hydraulic compressor (Art. 241), with water at 49°, compresses air
to 50 Ib. gauge pressure. If the efficiency is 0.65 of that possible in 1sothermal compres-
sion, find the horse power consumed in compressing 4000 cu. ft. of free air per minute,



CHAPTER X
HOT-AIR ENGINES

248. General Considerations. From a technical standpoint, the class of
air engines includes all heat motors using any permanent gas as a working
substance. For convenience, those engines in which the fuel is ignited
inside the cylinder are separately discussed, as internal combustion or gas
engines (Chapter XI). The air engine proper is an external combustion
engine, although in some types the products of combustion do actually
enter the cylinder; a point of mechanical disadvantage, since the corro-
sive and gritty gases produce rapid wear and leakage. The air engine
employs, usually, a constant mass of working substance, i.e., the same
body of air is alternately heated and cooled, none being discharged from
the cylinder and no fresh supply being brought in; though this is not
always the case. Such an engine is called a “ closed ”” engine. Any
fuel may be employed; the engines require little attention; there is
no danger of explosion.

Modern improvements on the original Stirling and Ericsson forms of
air engine, while reducing the objections to those types, and giving
excellent results in fucl economy, are, nevertheless, limited in their
application to small capacities, as for domestic pumping service. The
recent development of the gas engine (Chapter XI) has further served
to minimize the imporiance of the hot-air cycle.

In air, or any perfect gas, the temperature may be varied independ-
ently of the pressure; consequently, the limitation referred to in Art. 143
as applicable to steam engines does not necessarily apply to air engines,
which may work at much higher initial temperatures than any steam en-
gine, their potential efficiency being consequently much greater. When
a specific cycle is prescribed, however, as we shall immediately find, pres-
sure limnits may become of importance.

249. Capacity. One objection to the air engine arises from the ex-
tremely slow transmission of heat through metal surfaces to dry gases.
This is partially overcome in various ways, but the still serious objection
is the small capacity for a given size. If the Carnot cycle be plotted for
one pound of air, as in Fig. 94, the enclosed work area is seen to be very
small, even for a considerable range of pressures. The isothermals and
adiabaties very nearly coincide. For a given ountput, therefore, the air en-
gine must be excessively large at anything like reasonable maximum pres-
sures. In the Ericsson engine (Art. 269), for example, although the cycle
was one giving a larger work area than that of Carnot, four cylinders
were required, each having a diameter of 14 ft. and a stroke of 6 ft.; it

145
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was estimated that a steam engine of equal power would have required
only a single cylinder, - ft in diameter and of 10-ft. stroke, running at 17
revolutions per minute and using 4 1b. of coal per horse power per hour.
The air engine ran at 9 r p. m., and its great bulk and cost, noisiness and
rapid deterioration, overbore the advantage of a much lower fuel con-
sumption, 1.87 lb. of coal per hp.hr. At the present time, with increased
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Fic 94. Arts. 249, 250. — Carnot Cycle for Air.
steam pressures and piston speeds, the equivalent steam engine would
be still smaller.

250. Carnot Cycle Air Engine. The efficiency of the cycle shown in
Fig 94 has already been computed as (T'—t) + T (Art. 135). The work
done per cycle is, from Art. 135,

Vs V3> Va V.
W=R<Tlo s ——tlog, — ) =R(T—1) log, —==R(T— o, =2
& 7, &y, (T—1) log, 7 (T—1) log, Vo
Another expression for the work, since
Ve _Pr . nr_ Py
V. =B, s W=R(T-1) log,;Fz.



POLYTROPIC CYCLE 147

But from Art. 104, ( T) v-1 whence

v
—1 —1
P3=P,,(';t”>” and W= R(T—1)log, %(%)’ .

Py =1
2 (T)y exceeds unity ; which

3

This can have a positive value only when

is possible only when % exceeds (Z;)”—y:‘ Now since P, and P, are the
3

limiting pressures in the eycle, and since for air y =-(y —1)=3.486, the

minimum necessary ratio of pressures increases as the 3.486 power of the ratio

of temperatures.* This alone makes the cycle impracticable. In Fig. 94,

the pressure range is from 14.7 to 349.7 lb. per square inch, although tie

temperature range 1s only 100°.

Besides the two objections thus pointed out—Ilarge size for its
capacity and extreme pressure range for its efficiency —the Carnot engine
would be distinguished by a high ratio of maximum to average
pressure; a condition which would make friction losses excessive.

251. Polytropic Cycle. In Fig. 95, let T t be two isothermals, eb and df two
like polytropic curves, following the law pu* = ¢, and ed and }f two other like
polytropic curves, following the law pum™ = c.
Then ebfd is a polytropic cycle. Let T, t, Py, P,

n—1 N,

be given. Then T.=T (_1;;&) " TIn the en- ~
b

S,
~~
~~

T tropy diagram,

Fig. 96, locate the
L isothermals T, ¢,
T,. Choose the
point e at random.
From Art. 111, the
i specific heat along v
i a path pp" =c is Frg, 95. Arts. 251, 256, Prob. 4a.
i s=1 (n — ;{) ; and — Polytropic Cycle.
1
]
1

. s

N from Art. 163, the increase of entropy when the

¥ % N

n

F1c. 96. Arts. 251, 256. — Poly- T, A
tropic Cycle. N =slog. —", This permits of plotting the curve

specific heat is s, in passing from e to 5, is

*It has been shown tha.t B (T') v l. But P;< P, if a finite work area is to
1/

be obtained; hence —< (T) v l. The efficiency of the Carnot cycle may of course

1—-y y—1
be written as 1— (?‘-‘) T =1— (117:) =1_ 7:)
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eb in successive short steps, in Fig. 96. Along ed, similarly, s, =1 (H) and

N, =5, log,%:—’ between d and e. e complete the diagram by diawing &7 and
d

df; establishing the pownt of intersection which determines the temperature at f.

. . ebfd
We find Tr: Tp:: Ty: To. The gfficiency is equal to nebf N’ or to
[nebz + xbf N — ydf N — nedy] — [nebz + zbfN]

_ 8Ty = Te) + 5, (To— Ty) —s(Tr— Ta) — 5;(Te — Ta)
- S("b — 1 e) + 31(Tb - T/)

_8(Tr— Ta) + (T, — Trl)’
s(Tp — Te) + (L5 — Ty)

the negative sign of the specific heat s, being disregarded.

252. Lorenz Cycle. In Fig. 97 let dg and bk be adiabatics, and let the curves
gb and dk be polytropics, but unlike, the former having the exponent », and the
latter the exponent ¢. This constitutes the cycle of Lorenz. 'We find the tempera~

T

\ N
Fia. 97. Arts. 252, 256, Prob. 5.— F16.98. Arts. 252, 256.—Lorenz Cycle,
Lorenz Cycle. Entropy Diagram.

ture at g as in Art. 251, and in the manner just described plot the curves gb and
dh on the entropy diagram, Fig. 98, P,, P;, Ty, Ty, n and ¢ being given. dg and
bk of course appear as vertical straight lines. The efficiency is

Sn(]‘b - Tg) -—_— SQ(T), - Td).
sa(To — Tg)

253. Reitlinger Cycle. This appears as aicj, Figs. 99 and 100. It is bounded
by two isothermals and two like polytropics (isodiabatics). The Carnot is a special
example of this type of cycle. To plot the entropy diagram, Fig. 100, we assume
the ratio of pressures or of volumes along ai or ¢j. Let Vs and V; be given. Then

the gain of entropy from @ to % is (PaVa 10&%4) +T. The curves ic and aj are
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plotted for the given value of the exponent n. This is sometimes called the isodia-
batic cycle. Its efficiency is

(Hm + I we = -H:7: - IIa_;) - (Hal + Hw)r

which may be expanded as in Arts. 251, 252.

P
T
u
-
1
7 L °
F1a. 99. Arts. 233, 256.— Re1t~ Fic. 100. Arts 253, 256, 257, 258,
linger Cyecle. 259. —Reitlinger Cycle, Entropy

Diagram.

254. Joule Engine. An air engine proposed by Ericsson as early as
1833, and revived by Joule and Kelvin in 1851, is shown in Fig, 101. A
chamber C contains air kept at a low temperature ¢ by means of circulating
water. Another chamber A contains hot air in a state of compression,
the heat being supplied at a constant temperature 7' by means of an ex-
ternal furnace (not shown). M is a pump cylinder by means of which air

I

Fia. 101.  Arts. 254, 255, 275.—Joule Air Engine.

>

coLo
CHAMBER

HOT CHAMBER, =

may be delivered from C to 4, and XV is an engine cylinder in which air
from .4 may be expanded so as to perform work. The chambers 4 and C
are 50 large in proportion to M and N that the pressure of the air in these
chambers remains practically constant.
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The pump M takes air from C, compresses it adiabatically, until its
pressure equals that in 4, then, the valve v being opened, delivers it to 4
at constant pressure. The cycle
is fdoe, Fig. 102. In this special
\ modification of the polytropic
cycle of Art. 251, fi represents
the drawing in of the air at con-
stant pressure, do its adiabatic
compression, and oe its discharge
to 4. Negative work is done,
equal to the area fdoe. Concur-
————t rently with this operation, hot
air has been flowing from A4 to
through the valve u, then expand-
ing adiabatically while « is closed; finally, when the pressure has fallen
to that in C, being discharged to the latter chamber, the cycle being ebqf,
Fig. 102, Positive work has been done, and the net positive work per-
formed by the whole apparatus is ebg f — fdoe = obgd.

—.

F1e. 102. Arts. 254, 255, 256.—Joule Cycle

255. Efficiency of Joule Engine. We will limit our attention to the net
cycle obgd. The heat absorbed along the constant pressure line ob is
H,=kT— T,). The heat rejected along ¢d is H,,=k(T,—t). But

~ I, T T,—1t t . .
from Art. 251, Tq=f, , whence, T“_ T =T, and the efficiency is
M=1_HM=1_ To—t _q_2_To—t,
H, Hy T-1T, T, T,

This is obviously less than the |r
efficiency of the Carnot cycle
between T"and ¢. The entropy
diagram may be readily drawn
as in Fig. 103. The atmos-
phere may of course take the
place of the cold chamber C,
a fresh supply being drawn in
by the pump at each stroke, and
the engine cylinder likewise
discharging its contents to the
atmosphere. The ratio fd + fg,
in Fig. 102, shows the necessary ratio of volumes of pump cylinder and
engine cylinder. The need of a large pump cylinder would be a serious
drawback in practice; it would make the engine bulky and expensive, and

=1

N

Fia. 103. Arts. 255, 256.—Joule Cycle, Entropy
Diagram.




would lead to an excessive amount of mechanical friction.

REGENERATOR
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The Joule

engine has never been constructed.

256. Comparisons.

The cycles just described have been grouped

in a single illustration in Fig. 104. Here we have, between the
temperature limits 7' and ¢, the Carnot cycle, abed; the polytropic

cycle, debf; the Lorenz
cycle, dgbh ; that of Reit-
linger, aic/; and that of
Joule, obgd. These illus-
trations are lettered to
correspond with Figs.
95-100, 102, 103. A
graphical demonstration
that the. Carnot cycle is
the one of maximum
efficiency suggests itself.
We now consider the
most successful attempt
yet made to evolve a cycle
having a potential effi-
ciency equal to that of
Carnot.

257. Regenerators.
By reference to Fig. 100,
it may be noted that the
heat areas under aj and
ic are equal. The heat
absorbed along the one
path is precisely equal to
that rejected along the
other. This fact does
not prevent the efficiency
from being less than that
of the Carnot cycle, for
efficiency is the quotient
of work done by the gross
heat absorption.
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Fig. 104, Arts. 256, 266.— Hot-air Cycles.

If, however, the heat under 7c were absorbed

not from the working substance, and that under ja were rejected
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not to the condenser ; but if some intermediate body existed having a
storage capacity for heat, such that the heat rejected to ¢t along ja
could be afterward taken up from it along ie¢, then we might ignore
this quantity of heat as affecting the expression for efficiency, and the
cycle would be as efficient as that of Carnot. The intermediate body
suggested is called a regenerator.

958. Action of Regenerators. Invented by Robert Stirling about 1816, and
improved by James Stirling, Ericsson, and Siemens, the present foim of regener-
ator may be regarded as a long pipe, the walls of which have so large a capacity
for heat that the temperature at any point remains practically constant. Through
this pipe the air flows in one diiection when working along ¢, Fig. 100, and
in the other direction while working along je. The air encounters a gradually
changing temperature as it traverses the pipe.

Let hot exhaust air, at i, Fig. 100, be delivered at one end of the regenerator.
Its temperature begins to fall, and continues fallmg, so that when it-leaves the
regenerator its temperature is that at ¢, usually the temperature of the atmosphere.
The temperatme at the inlet end of the regenerator is then T, that at 1its outlet 7.
During the admission of fresh air, along ju, it passes tlirough the regenerator in
the opposite direction, gradually increasing in temperature from ¢ to 7, without
appreciadly affecting the temperature of the regenerator. Assuming the capacity of
the regenerator to be unlimited, and that there are no losses by conduction of heat
to the atmosphere or along the material of the regenerator itself, the process is
strictly reversitle. We may cause either the volume or the pressure to be either
fised or variable according to some definite law, during the regemerative move-
ment. Usually, either the pressure o1 the voluine is kept constant.

As actually constructed, the regenerator consists of a mass of thin perforated
metal sheets, so arranged as not to obstruct the flow of air. Some waste of heat
always accompanies the regenerative process; in the steamer E'ricsson, it was 10
per cent of the total heat passing through. Siemens appears to have reduced the
loss to 5 per cent.

259. Influence on Efficiency. Any cycle bounded by a pair of
isothermals and a pair of like polytropics (Reitlinger cycle), if worked
with a regenerator, has an efficiency ideally equal to that of the
Carnot cycle. To be sure, the heated air is not all taken in at T,
nor all rejected at ¢; but the heat absorbed from the source is all
at T, and that rejected to the condenser is all at £.  The regenerative
operations are mutually compensating changes which do not affect
the general principle of efficiency under such conditions. The heat
paid for is only that under the line ai, Fig. 100. The regenerator
thus makes the efficiency of the Carnot cycle obtainable by actual heat
engines.
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As will appear, the cycles in which a regenerator is commonly employed are
not otherwise particularly efficient. Their chief advantage is in the large work
area obtained, which means increased capacity of an engine of given dimensions.
For highest ¢fficiency, the regenerator must be added.

260. The Stirling Engine. This important type of regenerative air engine
was covered by patents dated 1827 and 1840, by Robert and James Stirling. Its
action is illustrated in Fig. 105. @ is the engine
cylinder, containing the piston H, and receiving
heated air through the pipe F from the vessel 4.4
in which the air is alternately heated and cooled.
The vessel A4 is made with hollow walls, the inner
lining being marked a«. The hemispherical lower D
portion of the lining is perforated; while from 4.4 I
up to C'C the hollow space constitutes the regener-
ator, being filled with strips of metal or glass. The
plunger E fits loosely in the machined inner shell
aa. This plunger is hollow and filled with some
non-conducting material. The spaces DD contain
the condenser, consisting of a coil of small copper
pipe, through which water is circulated by a sepa-
rate pump. An air pump discharges into the pipe
F the necessary quantity of fresh air to compensate Fic. 105. Arts. 260, %1, 263
for any leakage, and this is utilized in some cases 63 264.—Stirling’Eng;ne. ’
to maintain a pressure which is at all stages con-
siderably above that of the atmosphere. The furnace is built about the bottom
ABA of the heating vessel.

A

261. Action of the Engine. Let the plunger E and the piston H be in their
lowest positions, the air above E being cold. The plunger E is raised, causing
air to flow from X downward through the regenerator to the space b, while H
remains motionless. The air takes up heat from the regemerator, increasing is
temperature, say to T, while the volume remains constant. ~After the plunger has come
to rest, the piston H is caused to 11se by the ezpansion produced by the absorption
of heat from the furnace at constant femperalure, the air reaching H by passing
around the loose-fitting plunger E, which remains stationary. H now pauses in
its “up” position, while E is lowered, forcing air through the regenerator from
the lower space b to the upper space X, this air decreasing in temperature at con-
stant volume. While E remains in its “down ™ position, H descends, forcing the
air to the condenser D, the volume decreasing, but the temperature remaining con-
stant at t. The cycle is thus completed.

The working air has undergone four changes: (a) increase of pressure
and temperature at constant volume, (b) expansion at constant tempera-
ture, (¢) a fall of pressure and temperature at constant volume, and (d)
compression at constant temperature,
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262. Remarks. With action as described, the piston  and the plunger E
(sometimes called the “ displacer piston’”) do not move at the same time, one 1s
always nearly stationary, at or near the end of 1ts stroke, while the other moves.
In practice, uniform rotative speed is secured by modifying these conditions, so
that the actual cycle merely approximates that described. The vessel ..l is
sometimes referred to as the «“ieceiver.” It is obvious that a certain residual
quantity of air is at all times contained in the spaces between the piston H and
the plunger E. Tlus does not pass through the regeuerator, nor is it at any thne
subjected to the heat of the furnace. It serves merely as a medun for iransmit-
ting pressure from the “working air” to II; aud in contradistinction to that
working substance, it is called “ cushion air.” DBeing at all times in communica-
tion with the condenser, its temperature is constantly close to the minimum attawned wn
the cycle. This is an important point in facilitating lubrication.

263. Forms of the Stirling Engine. In some types, a separate pipe is carried
from the lower part of the receiver to the working cylinder G, Fig.105. This
removes the necessity for a loose-fitting plunger; in double-acting engines, each
end of the cylinder is connected with the hot (lower) side of the one plunger and
with the cold (upper) side of the other. In other forms, the regenerator has been
a separate vessel; in still others, the displacer plunger itself became the regen-
erator, being perforated at the top and bottom and filled with wire gauze. The
Laubereau-Schwartzkopff engine (1) is identical in principle with the Stirling,
excepting that the regenerator is omitted.

The maintenance of high minimum pressure, as described in Art. 260, and the
low ratio of maximum to average pressure, while not necessarily affecting the theo-

retical efficiency, greatly increase the capacity, and (since friction losses are practi-
cally constant) the mechanical efficiency as well.
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Fr1a. 106. Arts. 264, 265, 267.— Stirling Cycle.

264. Pressure-Volume Diagram. The cycle of operations described in
Art. 261 1s that of Fig. 106, ABCD. Considering the cushion air, the



THE STIRLING ENGINE 155

actual diagram which would be obtained by measuring the pressures and
volumes is quite different. Assume, for example, that the total volume
of cushion air at maximum pressure (when E is at the top of its stroke
and H is just beginning to move) is represented by the distance NE.
Then if AT be laid off equal to NE, the total volume of air present is VI.
Draw an isothermal EFHG@, representing the path of the cushion air, sep-
arately considered, while the temperature remains constant. Add its vol-
umes, PF, ZH, QG, to those of working air, by laying off BK = PF,
DM = ZH, CL= QG, at various points along the stroke. Then the
cycle IKLM is that actually experienced by the total air, assuming the
cushion air to remain at constant temperature throughout (Art. 262).

The actual indicator diagrams oblained in tests are roughly similar to the
cycle TKLM, Fig. 106; but the corners are rounded, and other distortions may
appear on account of non-conformity with the ideal paths, sluggish valve action,
ervors of the indicating instrument, and various other causes.

265. Efficiency. The heat absorbed from the source along .AB, Fig.
106, is P, V, log,—IT—/;E- That rejected to the condenser along CD is

A
PV, log,%‘f- The work done is the difference of these two quantities,

D
and the efficiency is

v, - V,
7. 1oz, 2 ? — PpT 7 log, -2
‘PAIA 0.:0 17‘ D" D OD‘I’p_T—t
T, - ’
PV, log, 2 T

4

that of the Carnot cycle. Losses through the regenerator and by imper
fection of eycle reduce this in prae-
tice. T A

266. Entropy Diagram. This is
given in Fig.108. T and ¢ are the

limiting isothermals, DA and BC ¢
the constant volume curves, along

each of which the increass of en- | ; N
trop.y is n =1log,(T"+t),1 being the Fio. 106. Art. 266, Stisling Cycle,
specific heat at constant volume. Entropy Diagram.

The gain of entropy along the iso-

thermals is obtained as in Art. 253. Ignoring the heat areas EDAF and
GCBH, the efficiency is ABCD = FABH, that of the Carnot cycle. The
Stirling cycle appears in the PV diagram of Fig. 104 as dkbi.
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267. Importance of the Regenerator. Without the regenerator, the non-
reversible Stirling eycle would have an efficiency of
(Pu— Py V, log, V2
Vi
Vs
Vi
This is readily computed to be far below that of the corresponding Carnot
cycle. The advantage of the regenerative cycle lies in the utilization of
the heat rejected along BC, Fig. 106, thus cancelling that item in the
analysis of the cycle. Another way of utilizing this heat is to be
described ; but while practical difficulties, probably insurmountable, limit
progress in the application of the air engine on a commercial scale, the
regenerator, upon which has been founded our modern metallurgical in-
dustries as well, has offered the first possible method for the realization
of the ideal efficiency of Carnot (2).

(T'—- )+ P,V,1og, =

268. Trials. As early as 1847, a 50-hp. Stirling engine, tested at the Dun-
dee Foundries, was shown to operate at a thermal efficiency of 30 per cent, esti-
mated to be equivalent, considering the rather low furnace efficiency, to a coal con-
sumption of 1.7 Ib. per hp.-hr. This latter result is not often surpassed by the aver-
age steam engines of the present day. The friction Josses in the mechanism were
only 11 per cent (8). A test quoted by Peabody (4) gives a coal rate of 1.66 lb.,
but with a friction loss much greater,—about 30 per cent. There is no question
as to the high efficiency of the regenerative air engine.

269. Ericsson’s Hot-air Engine. In 1883, Ericsson constructed an uusuccess-
ful hot-air engine in London. About 1853, he built the steamer E'ricsson, of 2200
tons, driven by four immense hot-air engines. After the abandonment of this
experiment, the same designer in 1875 introduced a third type of engine, and more
recently still, a small pumping engine, which has been extensively applied.

The principle of the engine of
1855 is illustrated in Fig. 109. B is
the receiver, 4 the displacer, H the
furnace. The displacer 4 fits loosely
in B excepting near its upper portion,
where tight contact is insured by
means of packing rings. The lower
portion of 4 is hollow, and filled
with a non-conductor. The holes
aa admit air to the upper surface
of 4. D is the compressing pump,
with piston C, which is connected
F1e. 109. Arts. 24»9, 270, 275.—Eriesson Engine. with 4 by the rods dd. FE is a pis-

ton rod through which the de-
veloped power is externally applied. Air enters the space above C' through
the check valve c, and is compressed during the up stroke into the magazine F
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through the second check valve e. (¥ is the regenerator, made up of wire gauze.
The control valves, worked from the engine mechanism, are at 5 and £ When
b is opened, air passes from F through ( to B, raising A. Closing of b at part
completion of the stroke causes the air to work expansively fo1 the remainder of
the stroke. During the return stroke of .4, air passes through G, £, and g to the
atmosphere.

270. Graphical Illustration. The PV diagram is given in Fig. 110. EB('F
is the net work diagram, 4 BCD being the diagram of the engine cylinder, A EFD
that of the pump cylinder. Beginning with 4 in 1ts lowest position, the state point
in Fig. 110 1s, for the engine (lower side of A1), at
A, and for the pump (upper side of C), at F.
During about half the up stroke, the path in the
engine is AB, air passing to B from the re-
generator through s, and being kept at constant
pressure by the heat from the furnace. During
the second half of this stroke, the supply of air
frown the regenerator ceases, and the pressure falls

>

c
N

\\.T

rapidly as expansion occurs, but the heat im-
parted from the furnace keeps the temperature
practically constant, giving the isothermal path

Y

Fig. 110.

Arts. 270,
Ericsson Cycle.

T ﬂ"':}' J—

272, 2

BC. Meanwhile, the pump, receiving air at the

pressure of the atmosphere, has been fiist compressing it isothermally, or as
nearly so as the limited amount of cooling surface will permit, along FE, and
then discharging it through e at constant pressure, along E.1, to the receiver F.
On the down stroke, the engine steadily expels the air, now expanded down to
atmospheric pressure, along the constant pressure line C'D, while the pump suni-
larly drawsin air from the atmosphere at constant pressure along DF. At the end
of this stroke, the air in F, at the state 4, is admitted to the engine. The ratio of
t

pump volume to engine volume is FD — DC, or T

T 271. Efficiency. The Ericsson cycle be-

g ¢ ———7 longs to the same class as that of Stirling,
being bounded by two isothermals and fwo
like polytropics; but the polytropics are in
this case constant pressure lines instead of
constant volume lines. The net entropy
diagram EB(F, Fig. 111, is similar to that
of the Stirling engine, but the isodiabatics
swerve more to the right, since % exceeds 7,

while the efficiency (if a regenerator is employed) is the same as that
T—t¢

of the Stirling engine, 7

272. Tests. As computed by Rankine from Norton’s tests, the effi-
ciency of the steamer Ericsson’s engines was 26.3 per cent; the efficiency
of the furnace was, however, only 40 per cent. The average effective pres-

F1G.111. Art.271.—Ericsson Cycle,
Entropy Diagram.
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sure (EBCF -+ XC, Fig. 110) was only 2.12 1b. The friction losses were
enormous. A small engine of this type tested by the writer gave a con-
sumption of 15.64 cu. ft. of gas (652 B. t. u. per cubic foot) per Ihp.-hr.;
equivalent to 170 B. t. u. per IThp.-minute; and since 1 horse power
= 33,000 foot-pounds = 33,000 +- 778 =42.45 B. t.u. per minute, the
thermodynamic efficiency of the engine was 42.45 + 170 = 0.25.

273. Actual Designs. In order that the lines FC and EB, Fig. 110, may be
horizontal, the engine should be triple or quadruple, as in the steamer Ericsson, in
which each of the four cylinders had its own compressing pump, but all were con-
nected with the same receiver, and with a single erank shaft at intervals of a
quarter of a revolution. Specimen indicator diagrams are given in Figs. 107, 112.

P
Fic 107. Art. 273.—Indicator F16.112. Art. 273.— Indicator
Card from Ericsson Engine. Diagram, Ericsson Engine.

274. Testing Hot-air Engines. It is difficult to directly and accurately meas-
ure the limrting temperatures in an air engime test, so that a companson of the
actually attained with the computed ideal efficiencies cannot ordinarily be made.
Actual tests involve the measurement of the fuel supplied, determination of 1its
heating value, and of the indicated and effective horse power of the engine
(Art. 487). These data permit of computation of the thermal and mechanical
efficiencies, the latter being of much importance. In small units, it is sometimes
as low as 0.50.

275. The Air Engine as a Heat Motor. In nearly every large application, the
hot-air engine has been abandoned on account of the rapid burning out of the
heating surfaces due to their necessarily high temperature. Napier and Rankine
(5) proposed an ¢ air heater,” designed to increase the transmissive efficiency of
the heating surface. Modern forms of the Stirling or Ericsson engines, in small
units, are comparatively free from this ground of objection. Their design permits
of such amounts of heat-transmitting surface as to give grounds for expecting a
much less rapid destruction of these parts. It has been suggested that excessive
bulk may be overcome by using higher pressures. (Zeuner remarks (6) that the
bulk is not excessive when compared with that of a steam engine with its auxiliary
boiler and furnace). Rankine has suggested the introduction of a second com-
pressed air receiver, in Fig. 109, from which the supply of air would be drawn
through ¢, and to which air would be discharged through /. This would make the
engine a “closed” engine, in which the minimum pressure could be kept fairly
high; a small air pump would be required to compensate for leakage. A *con-
denser ” would be needed to supplement the action of the regenerator by more
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thoroughly cooling the discharged air, else the introduction of #back pressure
would reduce the working range of temperatures. The loss of the air by leakage,
and consequent waste of power, would of course increase with increasing pressures.

Instead of applying heat externally, as proposed by Joule, in the engine shown
in Fig. 101, there is no reason why the combustion of the fuel might not proceed
within the hot chamber itself, the necessary air for combustion being supplied by
the pump. The difficulties arising from the slow transmission of heat wonld thus
be avoided. An early example of such an engine applied in actual practice was
Cayley’s (7), later revived by Wenham (8) and Buckett (9). In such engines,
the working fluid, upon the completion of its cyele, is discharged to the atmos-
phere. The lower limit of pressure is therefore somewhat high, and for efficiency
the necessary wide range of temperatures involves a high initial pressure in the
cylinder. The internal combustion air engine even in these crude forms may be
regarded as the forerunner of the modern gas engine.

(1) Zeuner, Technical Thermodynamics (Klein), 1907, I, 8340. (2) The theoreti-
cal basis of regenerator design appears to have been treated solely by Zeuner, op. ¢it.,
I, 814-323. (3) Rankine, The Steam Engine, 1897, 868. (1) Thermodynamics of the
Steam Engine, 1907, 802. (5) The Steam Engine, 1897, 370. (6) Op. cit., I, 381.
(7) Nicholson’s Art Journal, 1807; Min. Proc. Inst. C. E., IX. (8) Proc. Inst.
Mech. Eng., 1873, (9) Inst. Civ. Eng., Heat Lectures, 1883-1884; Min. Proc. Inst.
C. E., 1845, 1854,

SYNOPSIS OF CHAPTER X

The hot-air engine proper is an external combustion motor of the open or closed type.

The temperature of a permanent gas may be varied independently of the pressure ; this
makes the possible efficiency higher than that attainable in vapor engines.

(L; ) = (—z—‘ )3.485 ; the Carnot cycle leads to either excessive pressures or an enormous
cylinder.

The polytropic cycle is bounded by two pairs of isodiabatics.

The Lorenz cycle is bounded by a pair of adiabatics and a pair of unlike polytropics.

The Reitlinger (isodiabatic) cycle is bounded by a pair of isothermals and & pair of
1sodiabatics.

The Joule engine works in a cycle hounded by two constant pressure lines and two

T,—t

T, ~

The regenerator is a ¢‘fly wheel for heat.”” Any cycle bounded by a pair of iso-
thermals and a pair of like polytropics, if worked with a regenerator, has an ideal
efficiency equal to that of the Curnot cycle; the heat rejected along one polytropic
is absorbed by the regenerator, which in turn emits it along the other polytropic,
the operation being subject to slight losses in practice.

The Stirling cycle, bounded by a pair of isothermals and a pair of constant volume
curves ; correction of the ideal PV diagram for cushion air: comparison with indi-
cator card ; the entropy diagram ; efficiency formulas with and without the regen-
erator ; coal consumption, 7.7 lb. per hp.-hr.

The Ericsson cycle, bounded by a pair of isothermals and a pair of constant pressure
curves: efficiency from fuel to power, 26 per cent.

adiabatics ; its efficiency is
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By designing as ‘‘closed " engines, the mimmum pressure may be raised and the
capacity of the cylinder increased.

The awr engine is unsatisfactory in large sizes on account of the rapid burning out of
the heating surfaces and the small capacity for a given bulk,

PROBLEMS

(NotE. Considerable accuracy in computation will be found necessary in solving Prob~
lems 4 and 5). '

1. How much greater is the 1deal efficiency of an air engine working between tem-
perature limits of 2900° F. and 600° F. than that of the steam engine described in Prob-
lem 5, Chapter VI?

2 Plot to scale (1 inch = 2 cu. ft. = 40 Ib. per square inch) the PV Carnot cycle
for T'=000° ¢t =500° (both absolute) the lowest pressure being 14.7 1b, per square
inch, the substance being one pound of air, and the volume ratio during isothermal
expansion being 12 0.

3. In Problem 2, if the upper isothermal be made 700° absolute, what will be the
maximum pressure ?

4 g. Plot the entropy diagram, and find the efficiency, of a polytropic cycle for air
between 600° F. and 500° ¥, in which m = 1.3, n = — 1.8, the pressure at d (Fig. 95)
is 18 1b, per square inch, and the pressure at e (Fig 95) is 22 Ib. per square inch.

45. In Art. 251, prove that T, T :: T3: T, and also that Pz Pe:: Pr: P

5. Plot the entropy diagram, and find the efficiency, of a Lorenz cycle for air
between 600° F. and 500° F., in which n = — 1.3, ¢ = 0.4, the highest pressure being
80 1b. per square inch and the temperature at g, Fig. 97, being 550° F.

6. Plot the entropy diagram, and find the efficiency, of a Reitlinger cycle between
600° F. and 500° F., when n = 1.3, the maximum pressure is 80 Ib. per square inch, the
ratio of volumes during isothermal expansion 12, and the working substance one
pound of air.

7. Show that in the Joule engine the efficiency is T—‘T—Tz, Att. 255.

8. Plot the entropy diagram, and find the efficiency, of a Joule air engine working
between G00° F. and — 200° F., the maximum pressure being 100 lb. per square inch,
the ratio of volumes during adiabatic expansion 2, and the weight of substance 2 lb.

9. Plot PV and NT diagrams for one pound of air worked between 3000° F. and
400° F.: («) in the Carnot cycle, (b) in the Ericsson cycle, (¢) in the Stirling cycle, the
extreme pressure range being from 50 to 2000 1b. per square inch.

10. Find the efficiencies of the various cycies in Problem 9, without regenerators.

11. Compare the efficiencies in Problems 4 ¢, 5, and 6, with that of the correspond-
ing Carnot cycle.

12. An air engine cylinder working in the Stirling cycle between 1000° F. and
2000° F., with a regenerator, has a volume of 1 cu ft. The ratio of expansion is 8,
By what percentages will the capacity and efficiency be affected if the lower limit of
pressure is raised from 14.7 to 85 1b. per square inch ?

18. In the preceding problem, one eighth of the cylinder contents is cushion air, at
1000° F. Plot the ideal indicator diagram for the lower of the two pressure limits, cor-
rected for cushion air.
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14, In Art. 268, assuming that the coal used in the Dundee foundries contained
14,000 B. t. u. per pound, what was the probable furnace efficiency? In the Peabody
test, if the furnace efficiency was 80 per cent, and the coal contained 14,000 B.t.u.,
what was the thermal efficiency of the engine ?

15. What was the efficiency of the plant in the steamer Ericsson ?

16. Sketch the 7'V and PV diagrams, within the same temperature and entropy
limits, of all of the cycles discussed in this chapter, with the exception of that of Joule.
‘Why cannot the Joule and Ericsson cycles be drawn between the same limits? Show
graphically that in no case does the efficiency equal that of the Carnot cycle.

17. Compare the cycle areas in Problem 9.

18. In Problem 2, what is the minimum possible range of pressures compatible
with o finite work area ? Illustrate graphically.

19. Derive a definite formula for the efficiency of the Reitlinger cycle, Art. 253.

20. Derive an expression for the efficiency of the Ericsson cycle without a
regenerator.



CHAPTER XI
GAS POWER

Tur GAs PropUcEr

276. History. The bibliography (1) of internal combustion engines is exten-
sive, although their commercial development is of recent date. Coal gas was dis-
tilled as early as 1691, the waste gases from blast furnaces were first used for
heating in 1809. The first English patent for a gas engine approaching modern
form was granted in 1794, The advantage of compression was suggested as early
as 1801, but was not made the subject of patent until 1838 in England and 1861 in
France. Lenoir, in 1800, built the first practical gas engine, which developed a
thermal efficiency of 0.04. The now familiar polytiopic “ Otto’ cycle was pro-
posed by Beau de Rochas at about this date. The same inventor called attention
to the necessity of high compression pressures in 1862; a prnciple applied in
practice by Otto in 1874. Meanwhile, in 1870, the first oil engine had heen built.
The four-cycle compressive Otto “silent” engine was brought out in 1876, show-
ing a thermal efficiency of 0.15, a result better than that then obtained in the best
steam power plants.

If the isothermal, isometrie, isopiestie, and adiabatic paths alone are considered,
there are possible at least twenty-six different gas engine cycles (2). Only four
of these have had extended development; of these four, only two have survived.
The Lenoir (8) and Hugon (4) non-compressive engines are now represented only
by the Bischoff (5). The Barsanti ¢““free piston” engine, although copied by
Gilles and by Otto and Langen (1866) (6), is wholly obsolete. The variable vol-
ume engine of Atkinson (7) was commercially unsuccessful.

Up to 1885, illuminating gas was commonly employed, only small engines
were constructed, and the high cost of the gas prevented them from being com-
mercially economical. Nevertheless, six forms were exhibited in 1887. The
Priestman oil engine was built in 1888. ~ With the advent of the Dowson process,
in 1878, with its possibilities of cheap gas, advancement became rapid. By 1897,
a 400-hp. four-cylinder engine was in use on gas made from anthracite coal. A%
the present time, double-acting engines of 5400 hp. have been placed in operation ;
still larger units have been designed, and a few applications of gas power have
been made even in marine service.

Natural gas is now transmitted to a distance of 200 miles, under 800 Ib. pres-
sure. Illuminating gas has been pumped 52 miles. Martin (8) has computed that
coal gas might be transmitted from the British coal fields to London at a delivered
cost of 15 cents per 1000 cu. ft. His plan calls for a 25-inch pipe line, at 500 1b.
initial pressure and 250 lb. terminal pressure, carrying 40,000,000,000 cu. ft. of

162
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gas per year. The estimated 46,000 hp. required for compression would be derived
from the waste heat of the gas leaving the retorts.

Producer gas is even more applicable to heating operations than for power
production. It is meeting with extended use in ceramic kilns and for ore roast-
ing, and occasionally even for firing steam boilers.

277. The Gas Engine Method. The expression for ideal efficiency,
(T'—t)+ T, increases as 7' increases. In a steam plant, although boiler fur-
nace temperatures of 2500° F. or higher are common, the steam passes to
the engine, ordinarily, at not over 350° F. This temperature expressed in
absolute degrees limits steam engine efficiency. To increase the value of
T, either very high pressure or superheat is necessary, and the practicable
amount of increase is limited by considerations of mechanical fitness to
withstand the imposed pressures or temperatures. In the internal com-
bustion engine, the working substance reaches a temperature approximat-
ing 3000° F. in the cylinder. The gas engine has therefore the same ad-
vantage as the hot air engine, —a wide range of temperature. Its working
substance is, in fact, for the most part heated air. The fuel, which may
be gaseous, liquid, or even solid, is injected with a proper amount of air,
and combustion occurs within the cylinder. The disadvantage of the ordi-
nary hot air engine has been shown to arise from the difficulty of trans-
mitting heat from the furnace to the working substance. In this respect,
the gas engine has the same advantage as the steam engine, — large capa-
city for its bulk, — for there is -no transmission of heat; the cylinder is
the furnace, and the produects of combustion constitute the working sub-
stance. A high temperature of working substance is thus possible, with
large work areas on the pv diagram, and a rapid rate of heat propagation.

In the gas engine, then, certain chemical changes which constitute the pro-
cess described as combustion, must be considered ; although such changes are in gen-
eral not to be included in the phenomena of engineering thermodynamics.

278. Fuels. (See Arts. 561, 561a.) The common fuels are gases or oils. Im
some sections, natural gas is available. This is high in heating value, consisting
mainly of methane, CH,. Carbureted water gas, used for illumination, is nearly as
high in heating value, consisting of approximately equal volumes of hydrogen,
carbon monoxide, and methane, with some methylene and traces of other substances.
Uncarbureted (blue) water gas is almost wholly carbon monoxide and hydrogen.
Its heating value is less than half that of the carbureted gas. Both water gas and
coal gas are uneconomicsal for power production; in the processes of manufacture,
large quantities of coal are left behind as coke. Coal gas, consisting principally of
hydrogen and methane, is slightly lower in heating value than carbureted water
gas. It is made by distilling soft coal in retorts, about two thirds of the weight
of coal becoming coke. Coke oven gas is practically the same product; the main
output in its case being coke, while in the former it is gas.

Producer gas (“ Dowson ” gas, *“ Mond ” gas, etc.) is formed by the
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partial combustion of coal, crude oil, peat or other material, in air.
It is essentially carbon monoxide; diluted with large quantities of nitro-
gen and consequently low in heating value. Its exact composition
varies according to the fuel from which it is made, the quantity of air
supplied, ete. When soft coal is used, or when much steam is fed to
the producer, large proportions of hydrogen are present.

It is of no value as an illuminant. Blast furnace gas is producer gas
obtained as a by-product on a large scale in metallurgical operations. It contains
less hydrogen than ordinary producer gases, since steam is not employed in its
manufacture, and is generally quite variable in its composition on account of the
exigencies of furnace operation. Acetylene, C;H,, is made by combining calcium
carbide and water. It has an extremely high heating and illuminating value.
All hydiocarbonaceous substances may be gasified by heating in closed vessels;
gases have in this way been produced from peat, sawdust, tan bark, wood, garbage,
animal fats, etc.

279. 011 Gases. Many liquid hydrocarbons may be vaporized by appropriate
methods, under conditions which make themn available for gas engine use. Some
of these liquids must be vaporized by artificial heat and then immediately used, or
they will again liquefy as their temperatures fall. The vaporizer or ¢ carburetor *
is therefore located at the engine, where it atomizes each charge of fuel as required.
Gasoline is most commonly used; its vapor has a high heating value. Kerosene,
and, more recently, alcohol, have heen employed. By mixing gasoline and air in
suitable proportions, a saturated or ¢ carbureted” air is produced. This acts as
a true gas, and must be mixed with more air to permit of combustion. A gas
formed in the proportion of 1000 cu. ft. of air to 2 gallons of liquid gasoline, for
example, does not liquefy. A third form of oil gas is produced by heating certan
hydrocarbons without air; the “ecracking” process produces, first, less dense
liquids, and, finally, gaseous bodies, which do not condense. The process must be
carried on in a closed retort, and arrangements must be made for the removal of
residual tar and coke.

280. Liquid Fuels. These have advantages over solid or gaseous fuels, aris-
ing from the usually large heating value per unit of bulk, and from ease of trans-
portation. All animal and vegetable oils and {fats may be reduced to liquid fuels;
those oils most commonly employed, however, are petroleum produets. Crude
petroleum may be used; it is more customary to transform this to “fuel oil ” by
removing the moisture, sulphur, and sediment; and some of these “fuel oils” are
used 1n gas engines. Of petroleum distillates, the gasolives are most commonly
utilized in this country. They include an 86° liquid, too dangerous for commer-
cial purposes; the 74° “benzine,” and the 69° naphtha. <« Distillate,” an impure
kerosene, from which the gasoline has not been removed, is occasionally used.
Both grain aleohol (C,Hy0) and wood alcohol (CH,0) have been used in gas en-
gines (9). Various distillates from brown and hard coal tars have been employed
in Germany. Their suitability for power purposes varies with different types of
engines. The benzol derived from coal gas tar has been successfully used; the
brown coal series, C,Hg,, C,Hgnr2, C,Hs,_s, contains many useful members (10).
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281. The Gas Producer. This essential auxiliary of the modern gas
engine is made 1 a large number of types, one of which is shown in Fig.
113. This is a brick-lined cylindrical shell, set over a water-sealed pit P,
on which the ash bed rests. Air is forced in by means of the steam jet
blower 4, being distributed by means of the conical hood B, from which
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it passes up to the red-hot coal bed above. Here carbon dioxide is formed
and the steam decomposes into hydrogen and oxygen. Above this “com-
bustion zone” extends a layer of coal less highly heated. The carbon
dioxide, passing upward, is decomposed to carbon monoxide and oxygen.
The hot mixed gases now pass through the freshly fired coal at the top of
the produccr, causing the volatile hydrocarbons to distill off, the entire
product passing out at C. The coal is fed in through the sealed hopper D.
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At E are openings for the bars used to agitate the fire. At F are peep-
holes.

An automatic feeding device is sometimes used at D. The air may
be forced 1in by a blower, or sucked through by an exhauster, or by the
engine piston 1itself, displacing the steam jet blower 4. The fuel may
be supported on a solid grate, or on the bottom of a producer without the
water seal; grates may be either stationary or mechanically operated.
Mechanical agitation may be employed instead of the poker bars inserted
through E. Sometimes water gas, for illumination, and producer gas, for
power, are made in the same plant. Two producers are then employed,
the air blast being applied to one, while steam is decomposed in the other.

Provision must be made for purifying the gas, by deflectors, wet and dry
scrubbers, filters, coolers, etc. For the removal of tar, which would be seriously
objectionable in engines, mechanical separation and washing are useful, but the
complete destruction of this substance involves the passing of the gas through a
highly heated chamber; this may be a portion of the producer itself, as in
“under-feed,” “inverted combustion,” or “down-draft” types: causing the trans-
formation of the tar to fixed gases. On account of the difficulty of tar removal,
anthracite coal or coke or semi-bituminous, non-caking coal must generally be used
1n power plants. The air supplied to the producer is sometimes preheated by the
sensible heat of the waste gases, in a “recuperator.” The ¢“regenerative” prin-
ciple — heating the air and gas delivered to the engine by means of the heat of
the exhaust gases — is inapplicable, for 1easons which will appear.

282. The Producer Plant. The ordinary producer operates under a slight
pressure; in the suction type, now common in small plants, the engine piston
draws air through the producer in accordance with the load requirements. Pres-
sure producers have been used on extremely low grade fuels: Jahn, in Germany,
has, it is reported, gasified mine waste containing only 20 per cent of coal. Suc-
tion producers, requiring much less care and attention, are usually employed only
on the better grades of fuel. Most producers require & steam blast; the steam
must be supplied by a boiler or “ vaporizer,” which in many instances is built as a
part of the producer, the superheated steam being generated by the sensible heat
carried away in the gas. Automatic operation is effected in various ways: in
the Amsler system, by changing the proportion of hydrogen in the gas, involving
control of the steam supply; in the Pintsch process, by varying the draft at the
producer by means of an inverted bell, under the control of a spring, from beneath
which the engine draws its supply; and in the Wile apparatus, by varying the
draft by means of valves operated from the holder. Figure 114 shows a complete
producer plant, with separate vaporizer, economizer (recuperator), and holder for
storing the gas and equalizing the pressure.

283. By-product Recovery. Coal contains from 0.5 to 8 per cent of nitrogen,
about 15 per cent of which passes off in the gas as ammonia. The successful
development of the Mond process has demonstrated the possibility of recovering
this in the form of ammonium sulphate, a valuable fertilizing agent.
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284. Action in the Producer. Coal is gasified on the producer
grate. In suction producers, the ratc of gasification may be anywhere
between 8 and 50 lb. per sq ft. of grate per hour. Anthracite pro-
ducers are in this country sold at a rating of 10 to 15 lb. Ideally,
the coal is carbon, and leaves the producer as carbon monoxide,
4450 B. t. u. per pound of carbon having been expended 1n gasification.
Then only 10,050 B. t. u. per pound of carbon are present in the gas, and
the efficiency cannot exceed 10,050 + 14,500 =0.694. The 4450 B. t. u. con-
sumed 1n gasification are evidenced only in the temperature of the gas.
With actual conditions, the presence of carbon cioxide or of free oxygen
1s an evidence of improper operation, further decreasing the efficiency. By
introducing steam, however, decomposition occurs in the producer, the tem-
perature of the gas is reduced, and available hydrogen 1s carried to the
engine; and this action is essential to producer efficiency for power pur-
poses, since a high temperature of inlet gas is a detriment rather than a
benefit in engine operation. The ideal efficiency of the producer may thus
be brought up to something over 80 per cent; a limit arising when the
proportion of steam introduced is such as to reduce the temperature of the
gas below about 1800° F., when the rate of decomposition greatly decreases.
The proportion of steamn to air, by weight, 1s then about 6 per cent, the
heating value of the gas is increased, the percentage of nitrogen decreased,
and nearly 20 per cent of the total oxygen delivered to the producer has
been supplied by decomposed steam. A similar result may be attained by
introducing exhausted gas from the engine to the producer. The carbon
dioxide in this gas decomnposes to monoxide, which 1s carried to the engine
for further use. This method is practiced in the Mond system, and has
had other applications. To such extent as the coal is hydrocarbonaceous,
however, the ideal efficiency, irrespective of the use of either steam or
waste gas, is 100 per cent. Figure 115 shows graphically the results com-
puted as following the use of either steam or waste gases with pure car-
bon as the fuel. The maximum ideal efficiency is about 31 per cent greater
when steam is used, if the temperature limit is fixed at 1800° F., but the
waste gases give a more uniform (though less rich) gas. The higher ini-
tial temperature of the waste gases puts their use practically on a parity
with that of steam. Either system tends to prevent clinkering. The
maximum of producer efficiency, for power gas purposes, is ideally from
5 to 10 per cent less than that of the steam boiler. High percentages of
hydrogen resulting from the excessive use of steam may render the gas
too explosive for safe use in an engine (10 a) (25).

285. Example of Computation. Let 20 per cent of the oxygen necessary for
gasifying pure carbon be supplied by steam. Each pound of fuel requires 1} Ib.
of oxygen for conversion to carbon monoxide. Of this amount, 0.20 x 1}=0.2666 1b.
will then be supplied by steam; and the balance, 1.0667 lb., will be derived from
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the air, bringing in with it £fX1 0667 =3 57 1b. of nitrogen. The oxygen derived
from steam will also carry with it #X02666=0.0333 Ilb. of hydrogen. The pro-
duced gas will contain, per pound of carbon,

2 33 Ib. carbon monoxide,
3 57 Ib. nitrogen,
0.0333 1b. hydrogen.
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F1ag. 115. Art. 284.—Reactions in the Producer.

The heat evolved in burning to monoxide is 4450 B. t. u. per pound. A pore
tion of this, however, has been put back into the gas, the temperature having been
lowered by the decomposition of the steam. Under the conditions existing in the
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producer, the heat of decomposit'on 15 about 62,000 B t u per pound of hydrogen.
The net amount of heat evolved 1s then 4450 —(0.0333 X 62,000) = 2383 B. t. u.,

and the efficiency is 14_’;)1’_:(‘%3% 0.84. The rise in temperatuie 1s computed as
5

follows: to heat the gas 1° F. there are required

Wrienr Spectrio TIraT
For carbon monoxide, 2.33 X 0.2479 = 0.578 B. t. u.
For nitrogen, 3.57 P 0.2438 = 0.869 B. t u.
For hydrogen, 0.0333 x 3.4 =0113 B. t. u.

a total of 1.560 B. t. u.

The 2383 B. t. u. evolved will then cause an elevation of temperature of
2383 _ romo
1.560 = 1527° F.

With pure air only, used for gasifying pure carbon, the gas would consist of
2% Ib. of carbon monoxide and 4.45 1. of nitrogen; the percentages being 34.5
and 65.5. For an actual coal, the 1deal gas composition may be calculated on the
assumptions that the hydrogen and hydrocarbous pass off unchanged, and that the
carbon requires 13} times its own weight of oxygen, part of which is contained in
the fuel, and part derived from steam or from the atmosphere, carrying with it
hydrogen or nitrogen. Multiplying the weight of each constituent gas in a pound
by its calomfic value, we have the healing value of the gas. As a mean of 54
analyses, Fernald finds (11) the following percentages by volume:

Carbon monoxide (CO) . . . . . . . . . . . . 192
Carbon dioxide (COz) . . . . . . . « . « « .« . 9.5
Hydrogen (H) . e e e e e . 124
Marsh gas and ethylene (C H.p C I‘L) - 5 |
Nitrogen (N) . . . . v+ 4 . . . 538

100.0

285 a. Practical Study of Producer Reactions. This subject has presented
unexpected complications. Tests made by Allecut at the University of Birming-
ham (Power, July 18, 1911, page 99) call attention to three characteristic processes :

C + H:0 = CO + Hy, 1)
CO + Hs0 = CO; + Ho. )

Of these, (4) takes place at temperatures above 1832° is endothermie, and
results 1n the absorption of 4300 B. t. u. per pound of carbon. The corresponding
figure for reaction (B), also endothermic, which oceurs at temnperatures below 1112°,
is 2820 B.t.u. The former of the two is the reaction desired, and is facilitated
by high temperatures. The operation (C) is chemically reversible; taking place
as stated at temperatures above 932°, but gradually reversing to the opposite (and
preferred) transformation when the temperature reaches 1832°,

The tests show that increasing proportions of CO, may be associated with
increasing proportions of steam introduced. The maximum decomposition reached
was 0,585 1b. of steam per pound of anthracite pea coal, at 1832° F. The maxi-
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F1e.116. Art. 287.—Single-acting Gas Engine, Four Cycle.
(From “The Gas Engme,” by Cecil P. Poole, with the permussion of the Hill Publishing Company )

F1a. 117. Art. 288.— Piston Movements, Otto Cycle.
(From “The Gas Engine,” by Oecil P. Poole, with the permission of the Hill Pnbhshlng_- Coml_mny.)‘
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murmn heat value in the gas was obtained when 0.72 1b. of steam was introduced
(only 0.52 1b. of which was decomposed) per pound of coal. If we take the ratio
of air to coal by weight at 9 1b., the ratio of steam decomposed to air supplied at
highest heat value and heat efficiency is 0.52 — 9.0 = 0.038; approximately 6 per
cent, as in Art. 284.

An interesting study of the principles involved may be found in Bulletins of
the University of Illinois; vi, 16, by J. K. Clement, On the Rate of Formation of
Carbon Monoride in Glas Producers, and ix, 24, by Garland and Kratz, Tests of a
Suction Gas Producer.

286. Figure of Merit. A direct and accurate determination of efficiency is
generally impossible, on account of the difficulties in gas measurement (12). For
comparison of results obtained from the same coals, the figure of merit is sometimes
used. This is the quotient of the heating value per pound of the gas by the
weight of carbon in a pound of gas: it is the heating value of the gas per pound of
carbon contained. Inthe ideal case, for pure carbon, its value would be 10,050 B. t. u.
For a hydrocarbonaceous coal, it may have a greater value.

Gas Excine Cycnes

287. Fourcycle Engine. A gas engine of one of the most commonly used
types is shown in Fig. 116. This represents a single-acting engine; i.e. the gas is
in contact with one side of the piston only, the other end being open. Large en-
gines of this type are frequently made double-acting, the gas being then con-
tained on both sides of a piston moving in an entirely closed cylinder, exhaust
occurring on one side while some other phase of the cycle is described on the
other side.

288. The Otto Cycle. Figure 117 illustrates the piston move-
ments corresponding to the ideal pv diagram of Fig. 118. The
cycle includes five distinctly marked paths. During the out stroke
of the piston from position 4 to position B, Fig. 117, gas is sucked
P . in by its movement, giving the line

ab, Fig. 118. During the next in-
ward stroke, B to C, the gas is com-

¢ . pressed, the valves being closed,
¢ along the linede. The cycle is not
aZ 5  yet completed : two more strokes

v are necessary. At the beginning
Fr1e. 118. Arts. 288, 291.— The Otto Cycle. of the first of these, the piston
being at ¢, Fig. 118, the gas is ignited and practically instantaneous
combustion ocours at constant volume, giving the line ¢, An out
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stroke is produced, and as the valves remain closed, the gas expands,
doing work along Cd, while the piston moves from C'to D, Fig. 117.
At d, the exhaust valve opens, and during the fourth stroke the
piston moves in from D to Z, expelling the gas from the cylinder
along de, Fig. 118. This completes the cycle. The inlet valve has
been open from a to d, the exhaust valve from d to e. During the
remainder of the stroke, the cylinder was closed. Of the four
strokes, only one was a “working ” stroke, in which a useful effort
was made upon the piston. In a double-acting engine of this type,
there would be two working strokes in every four.
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F1c. 119. Arts. 289-291, 309, 339.—Two-cycle Gas Engine.
(From * The Gas Engine,” by Cecil P Poole, with the permission of the Hill Pubhishing Company )

289. Two-stroke Cycle. Another largely used type of engine is shown
in Fig. 119. . The same five paths compose the cycle ; but the events are
now crowded into two strokes. The exhaust opening is at E; no valve
is necessary. The inlet valve is at ., and ports are provided as C, €' and
I. The gas is often delivered to the engine by a separate pump, at a
pressure several pounds above that of the atmosphere; in this engine, the
otherwise idle side of a single-acting piston becomes itself a pump, as
will appear. Starting in the position shown, let the piston move to the left.
It draws a supply of combustible gas through .4, B and the ports C into
the chamber D. On the outward return stroke, the valve A4 closes, and the
gas in D is compressed. Compression continues until the edge of the piston
passes the port I, when this high pressure gas rushes into the space F; at
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practically constant pressure. The piston now repeats its first stroke.
Following the mass of gas which we have been considering, we find that
it undergoes compression, beginning as soon as the piston closes the ports
E and 7, and continuing to the end of the stroke, when the piston is in its
extreme left-hand position. Ignition there takes place, and the next out
stroke is a working stroke, during which the heated gasexpands. Toward
the end of this stroke, the exhaust port E is uncovered, and the gas passes
out, and continues to pass out until early on the next backward stroke this
port is again covered,

290. Discussion of the Cycle. We have here a two-stroke cycle ; for
two of the four events requiring a perceptible time interval are always
taking place simultaneously. On the first stroke to the left, while gas is
entering D, 1t is for a brief interval of time also lowing from I to F, from
F through E, and afterward being compressed in F. On the next stroke
to the right, while gas is compressed in D, ignition and expansion occur in
F; and toward the end of the stroke, the exhaust of the burned gases
through £ and the admission of a fresh supply through I, both begin.
The inlet port I and the exhaust port E are both open at once during part
of the operation. To prevent, as far as possible, the fresh gas from
escaping directly to the exhaust, the baffle G is fixed on the piston. Itis
only by skillful proportioning of port areas, piston speed, and pressure in
D that large loss from this cause is avoided.* The burned gases in the
cylinder, it is sometimes claimed, form a barrier between the fresh enter-
ing gas and the exhaust port.

291. PV Diagram. This is shown for the working side (space F') in
Fig. 120 and for the pumping side (space D) in Fig. 121. The exhaust
P port is uncovered at d, Fig. 120, and the pres-

sure rapidly falls. At a, the inlet port opens,

the fresh supply of gas holding up the pres-

sure. From a out to the end of the diagram,

and back to b, both ports are open. At b the
a inlet port closes, and at ¢ the exhaust port,

when compres- p

sion begins. The

v pump diagram of
Fi1c. 120. Art 291.—Two-stroke Fig. 121 corre- _,A

Cyele. sponds with the | v
negative loop deabd of Fig. 118. Aside from Fia.121. Art. 291.—Two-stroke
the slight difference at dabc, Fig. 120, the Cycle Pump Diagram.

* Two cycle gas engines should never be governed by varying the quantity of
mixture drawn in (Art. 348) because of the disturbing effect which such variations
would have on these factors.
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diagrams for the two-cycle and four-cycle engines are precisely the same;
and in actual indicator cards, the difference is very slight.

292. Ideal Diagram. The perfect PV
diagram for either engine would be that of
Fig. 122, ebfd, in which expansion and com-
pression are adiabatic, combustion instan-
taneous, and exhaust and suction unre-
Fro. 122 Arts. 202, 203, 204, stricted; so that the area of the negative

295, 314, 829,7320a, 3295, loop dg becomes zero, and e¢b and fd are

331. Prob. 15.—Idealized lines of constant vol From i ti

Gas Engine Diagram. ines of constant volume. From inspection
of the diagram we find

P VY=P;,Vy, T Td( ?)y 1, P,V =P, V=V,

7 \Y TN\Y
Pe=Pd(%,j->, =12, PJ=PA(%), V,= 7.,
P
=7t
de
293. Work Done. The work area under &f is ‘—&’l"——Pfl—f that
y —
under ed is f%—?%—rg; the net work of the cycle is
PyVo+ PyVy— PV, — PV,

y—1
This may be written in terms of two pressures and two volumes only,
for P, V,= P,V Vi and P,V,= P, V¥ V;l‘” giving

e PVt PaVy— P,,VVle—V P, VAV~

1-
=——y11 .PbV;'FV:z[Pa (V)P (Vb y ]}

294. Relations of Curves. Expressing % = (ZZ " and Lo (Z‘)y, and
Yy

v P, \V.
. P, P, P P .
remembering that ¥, = ¥V, V,= V,, we have 7} = 7. and P: =F;’. This

permits of ra.pidly plotting one of the curves when the other is given.

_T, T, _ T,
‘We also ﬁnd Ta and — T Ta
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295. Efficiency. In Fig. 122, heat is absorbed along eb, equal to
(T, — T); this is derived from the combustion of the gas. Heat
is rejected along fd, =I(T;,— T;). Using the difference of the two
quantities as an expression for the work done, we obtain for the

efficiency
7,—-T.—- T+ Td=1+ T,— Tf=1__T,z
T—T, T,— T, T,
_L-17,_T— '—"«!-_-1_(&) v,
- Tb 112 Pe
The efficiency thus depends solely upon the extent of compression
, ) P VeV .. Ve .
and since (ﬁ) =<T—7a> , While VooV, =the clearance of the engine,
g .
&
R
100
80
"IN
40
\
.20 T

0
0 .10 .20 .80 .40 .50 .60 .70 .80 .90 1.00
Clearance

Fi1a. 122a. Art. 295.—Relation between Efficiency and Clearance in the Ideal Cyecle.

the efficiency may be expressed in terms of the clearance only. (See
Fig. 122a.)

295 a. The Sargent Cycle. Let the engine draw in its charge at atmos-
pherie pressure, along ad, Fig. 122¢. The inlet valve closes at d and the
charge expands somewhat, along de. It is then compressed along cde,
ignited along eb, and expanded along by. The exhaust valve opens at g,
the pressure falls to that of the atmosphere along gk, and the cylinder
contents are expelled along ha. The work area is debfgh; there is mo
negative loop work area dhc. The entropy diagram shows the cycle to
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be more efficient than the Otto cycle dedf between the same temperature
limits; the superior Otto cycle ebgc has wider temperature limits. The
gain by the Sargent cycle is analogous to that in a steam engine by an
increased ratio of expansion (Art. 411), and involves a reduction in capac-
ity in proportion to the size of cylinder. The efficiency is

debgh _ mebn — mdhgn

mebn mebn
=1_k(T,,— TY+UT,— T
(T,—T)
=1——y T"_ T‘l— Tﬂ— T".

T,—T, T,—T,

295 5. The Frith Regenerative Cycle (Jour. 4. S. M. E., XXXII, 7). In Fig.
122 d, abed is an ordinary Otto cycle. Suppose that during expansion some of the
fluid passes through a regenerator, giving up heat, following some such path as ae.
Then let the regenerator in turn impart this heat to the working substance during
or just before combustion, as along di in the entropy diagram.

If the regenerator were perfect, and the transfers as described could oceur, the
heat absorbed from external sources would be jizk and the work would be daec.
The quotient of the latter by the former, if the path through the regenerator were
ac (limiting case), would be unity. But this would involve a contravention of the
second law, since heat would have to pass from the regenerator (at ¢) to a sub-
slance hotter than tiself (at d). If, however, we make the temperature range Ty — T,
very small, a large proportion of the heat transferred to the regenerator may again
be absorbed along da, and as the output of the engine approaches zero, its efficiency
approaches 100 per cent.

If, as in Fig. 122, the expansion curve strikes the point ¢, we may assume
that of all the heat (fcak) delivered to the regenerator, only that portion (lkak),
the temperature of which exceeds Ty can be redelivered to the fluid along da.
The efficiency is then

dac — fdah — feah
Jdah —lkak  filah — lkah

—r, -t
_UT=Ty s (= ty T T e 0
- - ?
l(Ta—Td)_S(Ta—Tk) Ta_Td_:::'z(jva—Td)
where s = lz :{ is the specific heat along the path akec, the equation of which is
pv™=const. Since ‘ PoVo* =PV ",

while PV =PV,

Pe P
n=y logE— Iogﬁ).
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T
o
d (A
/ i
¢
b ;I N
Fra. 122b  Art. 295b.
P T,
e f
]
|
! g
a h
d -
‘v
Fia. 122¢. Art 295a.
T
P,
b
d e
Q
vV

Fia. 122d. Art. 295b.
Let P, = 14.7, P; = 147, P, = 294.

Then n=1402208005 _ 1 963
log 0.10

n—y_056l_4g00

n—1 0.963
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Now if T, =300° F. =760° abs., T, = 1470° abs., and if T, = 3000° abs., the
efficiency becomes
1530 — (0.582 x 2240) __ 230

1530 — (0.582 x 1530) 640~ %
while that of the Otto cycle is
Ty— T, 1470 -760 _ o .o

T, 1470

For a discussion of limiting values, see the author’s paper in Polytechnic Engineer, 1914.

296. Carnot Cycle and Otto Cycle; the Atkinson Engine. Let abed,
Flg 123, represent a Carnot cycle drawn to pv coordinates, and bfde, the
corresponding Otto cycle between the
same temperature limits, 7" and ¢. For the
Carnot cycle, the efficiency is (T —¢) = T
for the Otto, it is, as has been shown,
(T,— T;) = T, It is one of the disad-
vantages of the Otto cycle, as shown in
Art. 294, that the range of temperatures ¢
during expansion is the same as that dur- d ¢
ing compression. In the ingenious Atkin- ¥
son engine (18), the fluid was contained in ~ Fre. 123. Art. 206 —Carnot, Otto,
the space between fwo pistons, which space and Atkmson Cy eles.
was varied during the phases of the cyecle. This permitted of expansion
independent of compression; in the 1deal case, expansion continued down
to the temperature of the atmosphere, giving such a diagram as ebcd, Fig.
123. The entropy diagrams for the Carnot, Otto, and Atkinson eycles are
correspondingly lettered in Fig. 124. For
the Atkinson cycle, in the ideal case, we

T

a T b have in Tig. 124 the elementary strip

v % viexy, which may stand for dH, and the

e P isothermal dc at the temperature f. Let

g 2~ m the variable temperature along eb be T,
== le

having for its limits 73 and 7.. Then for
N the area ebed, we have

LI N Td H dT,
Fre. 124. Arts 206, 297, 305, 307, W= j; T(Tz—t)_—'_ l j; 7 (T —1)
320b. Efficiencies of Gas Engine e T, =

Cyeles. =UT,— T.) —ltlog, = 7
The efficiency is obtained by dividing by ! (T, — T,) and is equal to
3 77!:
1-—- -—-—:.—7.,* 10ac ‘T

297. Application to a Special Case. Let T.=1060, T = 3440, ¢=520;
whence, from Art. 294, T, = 1688. We then Lave the following ideal efficiencies:
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T —t 3440 — 520
Carnot, =T340

Ts 520 . 3440
=1- 05801 8 75 = 0.4

T, —t 1060 — 52
Otto, Te = 1080
The Atkinson engine can scarcely be regarded as a practicable type; the
Otto cycle is that upon which most gas engine efficiencies must be based ;
and they depend solely on the ratio of temperatures or pressures during
compression.

= 0.85.

Atkinson, 1 — o= log=

0 = 0.51.

298. Lenoir Cycle. This is shown in Fig. 125. The fluid is drawn
into the cylinder along A4d and exploded along dft Expansion then
occurs, giving the path fy, when the exhaust valve opens, the pressure

P T

J
A
ADIABATIO
g9
g CONSTANT VOLUME
3
A 4 h A“Zons TANT rRessU®
Fie. 125. Arts 208, 301, 302. — Fig. 126, Art 298.—Entropy
Lenoir Cycle. Diagram, Lenoir Cycle.

falls, gh, until it reaches that of the atmosphere, and the gases are finally
expelled on the return stroke, id. It is a two-cycle engine. The net
entropy diagram appears in Fig. 126.

The efficiency is
Heat absorbed — heat re]ected Ty — Ta) —U(T, — Tw) — &(Th — Ta)
Heat absorbed I(Tr— 1)

T= Ty, Th=Ta,
Ty—Ts YT, - Ty

299. Brayton Cycle. This is shown in Fig. 127. A separate
pump is employed. The substance is drawn in along Ad, compressed
along dn, and forced into a reservoir along nB. The engine begins
to take a charge from the reservoir at B, which is slowly fed in and
ignited as it enters, so that combustion proceeds at the same rate as
the piston movement, giving the constant pressure line Bd. Expan-
sion then occurs along bg, the exhaust valve opens at g, and the
charge is expelled along 24. The net cycle is dnbgh; the net ideal
entropy diagram is as in Fig. 128. This is also a two-cycle

=1-
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S
ADIABATIC

>
j
ADIABATIO
B

o

82

Cw

£

L

-

d 2 v gl—mess’
Fie. 127. Arts 249, 202. —Brayton F1a. 128 Art. 299 —Brayton Cycle,
Cycle. Entropy Diagram.

engine. The “constant pressure” &ycle which it uses was suggested
in 1865 by Wilecox. In 1878, when first introduced in the United
States, it developed an efficiency of 2.7 1b. of (petroleum) oil per
brake hp.-hr.
The efficiency is (Fig. 127)
BT,— T —UT,—T) —KT—T) _  T,—T _T—T,
k(Tb_Tn) B y(Tb'— Tn) Tb—Tn
If expansion is complete, the cycle becoming dnbi, Figs. 127, 128, then
T,= T,= T, and the efficiency is
T, - T, T, T.—T;
L
a result 10entical with that in Art. 295; the efficiency (with complete ex-
pansion) depends solely upon the extent of compression.

300. Comparisons with the Otto Cycle. Itis proposed to compare the capacities
and efficiencies of engines working in the Otto,* Brayton, and Lenoir cycles; the
engines being of the same size, and working between the same limits of temperature.
For convenience, pure air will be regarded as the working substance. In each case
let the stroke be 2 ft., the piston area 1 sq. ft., the external atmosphere at 17° C.
the maximum temperature attained, 1537" C. In the Lenoir engine, let ignition
occur at half stroke; in the Brayton, let compression begin at half stroke and con-
tinue until the pressure is the same as the maximum pressure attained in the Lenoir
cycle, and let expansion also begin at half stroke. These are to be compared with
an Otto engine, in which the pump compresses 1 cu. ft. of free air to 10 Ib. net
pressure. This quantity of free air, 1 cu. ft., is then supplied to each of the three
engines.

301. Lenoir Engine. The expenditure of heat (in work units) along df; Fig.
125, is JI(T — 1), in which T = 1537, t = 17, J is the mechanical equivalent of a
Centigrade heat unit, and ! is the specific heat of 1 cu. ft. of free air,

* The “Otto cycle® in this discussion is a modified form (as suggested by Clerk)
in which the strokes are of unequal length.
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beated at constant volume 1° C. Now J =778 x ? = 1400.4, and J! 15 app oal-
mately 0.1689 x 0.075 x 1400.4 = 17.72. The expendituie of heat is then

17.72(1587 — 17) = 26,900 ft.-1b.
The pressure al fis

1587 + 273
147 =T =""=9141b. 3
17 5973 1.4 1b. absolute;

and the pressure at g is
91.4(1)¥ = 34.25 1b. absolute.
The work done under fg is then
(914 x 1) —(34.25 x 2)
1.102 -1
The negative work under Ad is 147x 144 x 1 =2107 ft.-lb.,, and the net work is
8190 — 2107 = 6083 ft.-1b. The efficiency 1s then 6083 — 26,900 = 0 226.

144 { } = 8190 ft.-Ib.

302. Brayton Engine. We first find (Fig. 127)
y=1

=7,( B\ " =(er3 417 (91_-4

T"“T"(P,,) G +1D( 17

Proceeding in the same way as with the Lenoir engine, we find the heat expendi-
ture to be

JE(Ty — T,) = 02375 x 0.075 x 1400.4(1537 — 216) = 83,000 £t.-1b.

The pressure at n is by assumption equal to p, in the case of the Lenoir engine;
the pressure at g in the Brayton type then equals that at g in the Lenowr. The
work under g is the same as that under fy in Fig. 125. The work under nb is
found by first ascertaining the volume at ». This is

(1_'111) 1.0 =0.272.
9.14
The work under nb is then 91.4 x 144 x (1 0 — 0.272) = 9650 ft.-Ib., and the gross
work is 9650 + 8190 = 17,840 ft.-lb. Deducting the negative work under 12d,
2107 ft.-lb., and that under dn,
1'44((91.4 x 0.272) — (14.7 x 1)
1.402 — 1.0

the net work area is 12,083 ft.-lb., and the efficiency, 12,088 — 33,000 = 0.366.

)om = 489° absolute or 216° C.

) = 8650 ft.-1b.,

303. Clerk’s Otto Engine. In Fig. 129, a separate pump takes in a charge
along A.B, and compresses it along BC), afterward forcing 1t into a receiver along
CD at 40 lb. gauge pressure. Gas flows from
the receiver into the engine along DC, is ex-
ploded along C'E, expands to F, and is expelled
along GA. The net cycle is BCEFG. The b C
volume at C'is

P E,

A H
A B G
(&-_Z)l Y = 0.398 cu. ft. y
54.7 Fic. 129. Arts. 303, 305, — Clerk’s

Otto Cycle.
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The temperature at C' is

PT,Ty— Pyl = (54.7 x 0.3!13) (73 +17) 973 = 133° C.
147 x 1

The pressure at E is then

(1587 + 278)34.7

= 2 X ,
153 7 273 31 1b. absolute

The pressure at F is
231 (@)" = 93.64 Ib. absolute.
The work under EF is -

144 ((231 x 0393) — (23.64 x 2)
1.402 — 1.0

that under BG is 2107 ft.-Ib., and that under BC is

144 ((.‘54.7 x 0.398) — (14.7x 1)
1402 — 1.0

) = 15,600 ft.-1b.,

) = 2430 ft.-Ib.

The net work is 15,600 — 2107 — 2430 = 11,063 ft.-lb. The heat expenditure in
this case is JI(Tz — T¢) = 17.72 x (1337 — 153) = 24,500 ft.-Ib., and the efficiency
is 11,068 — 24,500 = 0.453; considerably greater than that of either the Lenoir or
the Brayton engine (14). If we express the cyclic area as 100, then that of the
Lenoir engine is 52 and that of the Brayton engine is 104. (See Art. 295a.)

304. Trial Results. These comparisons correspond with the consumption of
gas found in actual practice with the three types of engine. The three efficiencies
are 0.226, 0.366, and 0.453. Taking 4 cu. ft. of free gas as ideally capable of giv-
ing one horse power per hour, the gas consumption per hp.-hr. in the three cases
would be respectively 4 — 0.226 = 17.7, 4 — 0.366 = 10.9, and 4 — 0.458 = 8.81 cu. ft.
Actual tests gave for the Lenoir and Hugon engines 90 cu. ft.; for the Brayton,
50; and for the modified Otto, 21. The possibility of a great increase in economy
by the use of an engine of a form somewhat similar to that of the Brayton will be
discussed later.

305. Complete Pressure Cycle. The cycle of Art. 303 merits detailed exami-
nation. In Fig. 129, the heat absorbed is I(Tz — T¢); that rejected is

UTr—Te)+ K(Te —Tr);
the efficiency is

1-Tr—Te To—Tg

Tp—Te ¥Tx- Te

The entropy diagram may be drawn as ebmnd, Fig. 124, showing this cycle to be
more efficient than the equallength-stroke Otto eycle, but less efficient than the
Atkinson. With complete expansion down to the lower pressure limit, the cycle
becomes BCEFH, Fig. 129, or ebod, Fig. 12}; the strokes are still of unequal
length, and the efficiency is (Fig. 129)

l1-y

Ty—Tp,
e — Tc
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If the strokes be made of equal length, with incomplete expansion, T'e= T, the
cycle becomes the ordinary Otto, and the efficiency 1s
1_Tr=Te_Tc=Tg
Ts-Te¢ Te

306. 0il Engines: The Diesel Cycle. Oil engines may operate in either
the two-stroke or the four-stroke cycle, usually the latter; and combus-
tion may occur at constant volume (Otto), constant pressure (Brayton), or
constant temperature (Diesel). Diesel, in 1893 (15), first proposed what
has proved to be from a thermal standpoint the most economical heat
engine. It is a four-cycle engine, approaching more closely than the
Otto to the Carnot cycle, and theoretically applicable to solid, liquid, or
gaseous fuels, although actually used only
with o1l. The first engine, tested by Schroter
in 1897, gave indicated thermal efficiencies
ranging from 0.34 to 0.39 (16). The ideal-
ized cycle is shown in Fig. 130. The opera-
tions are adiabatic compression, isothermal
expansion, adiabatic expansion, and dis-
charge at constant volume. Pure air is com-
pressed to a high pressure and temperature,
and a spray of oil is then gradually injected by means of external air
pressure. The temperature of the cylinder is so high as at once to ignite
the oil, the supply of which is so adjusted as to produce combustion
practically at constant temperature. Adiabatic expansion oceurs after
the supply of fuel is discontinued. A considerable excess of air is used.
The pressure along the combustion line is from 30 to 40 atmospheres, that
at which the oil isdelivered is 50 atmospheres, and the temperature
at the end of compression approaches 1000° F. The engine is
started by compressed air; two or more cylinders are used. There is
no uncertainty as to the time of ignition; it kegins immediately
upon the entrance of the oil into the cylinder. To avoid pre-ignition
in the supply tank, the high-pressure air used to inject the oil must
be cooled. The cylinder is water-jacketed. TFigure 131 shows a three-
cylinder engine of this type; Fig. 132, its actual indicator diagram,
reversed.

The Diesel engine has recently attracted renewed interest, especially
in small units: although it has been built in sizes up to 2000 hp. It
has been applied in marine service, and has successfully ut.ized by-
product tar oil.

Fra. 130. Arts. 306, 307.— Diesel
Cyecle.
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Fic. 131.  Art. 306.— Diesel Engine, (American Diesel Engine Company.)

F1e. 132.  Art. 306. — Indicator Diagram, Diesel Engine.
(16 % 24 In. engine, 16U r.p.m. Bpring 400.)
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307. Efficiency. The beat absorbed along ab, Fig. 130, is

3

PV, mg,? = RT, log, 7*

The heat rejected along fd is I(T;— T;). We may write the efficiency
as

UT,—T4) Ta-T,

1- =1+ .
RT, log, Zf’ T. logg%
4

‘But T= Tb(?’y— =T (V)y yand 7= ﬂ,(%)y—l; whence

AYRYE AL 7,
Tf‘T"<I’> (I) “Td<v>

For the heat rejected along fd we may therefore write

k T,,[(I-:ﬁy—l - 1],
y L\,
deR ;)H - 1]

1— 9
yRT, log, —I—

This increases as 7, increases and as {:” decreases. The last conclu-
a

sion is of prime importance, indicating that the efficiency should in-
crease at light loads. This may be apprehended from the entropy
diagram, abfd, Fig. 124¢. As the width of the cycle decreases (&f
moving toward ad), the efficiency increases.

and for the efficiency,

307 b. Diesel Cycle with Pressure Constant. In common present practice,
the engine 1s supplied with fuel at such a rate that the pressure, rather
than the temperature, is kept constant during combustion. This gives a
much greater work area, in a cylinder of given size, than is possible with
isothermal combustion. The eycle is in this case as shown in Fig. 132 q,
combining features of those of Otto and Brayton. The entropy diagram
shows that the efficiency exceeds that of the Otto cycle ebfd between the
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same limits; but it is less than that of the Diesel cycle with isothermal
combustion. The definite expression for efficiency is

abfd _ 4 _UT,—=Ty) _4_ _T,—=T, |
mabn k(T,—T,) y(T,—T,)

Inspection of the diagram shows that the efficiency decreases as the load
increases.
(For a deseription of the Junkers engine, see the papers by Junge, in
Power, Oct. 22, 29, Nov. 5, 1912)

P T
b
a a '
I
1
|
1
1
d i
P i |
1 |
d ! {
v = N

F1a. 182a. Art. 307b.—Constant-pressure Diesel Cycle.

307c. Entropy Diagram, Diesel Engine. In constructing the entropy diagram
from an actual Diesel indicator card a difficulty anses similar to one met with in
steam engine cards; the quantity of substance in the cylinder 1s not constant (Art. 454).
This has been discussed by Eddy (17), Frith .
(18), and Reeve (19). The illustrative dia-
gram, constructed as in Art. 347, is sugges- <
tive. Figure 133 shows such a diagram for
an engine tested by Denton (20). The
initially hot cylnder causes a rapid ab-
sorption of heat from the walls during the
early part of compression along ab. Later,
along be, heat is transferred in the opposite
direction. Combustion occurs along cd, the

temperature and quantity of heat increas- — Vor N
ing rapidly. During expansion, along de, g 133, Art. 507, —Diesel Logino
the temperature falls with increasing Diagrams.

rapidity, the path becoming practically

adiabatic during release, along e¢f. The TV diagram of Fig 133 indicates that no
further rise of temperature would accompany increased compression; the actual
path at y has already become practically isothermal.

308. Comparison of Cycles. Figure 134 shows all of the eycles that
have been discussed, on a single pair of diagrams. The lettering cor-
responds with that in Figs. 122-128, 130. The cycles are,
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Carnot, abed, Lenoir, dfagoho,d fifo, Diesel, dabf,
Otto, ebfd, Brayton, dnbgh, dnbi, Atkinson, ebcd,
Complete pressure, debgh, debi.

P T

n
" h
'IO

[sH
o

N
N

Fia. 134. Art. 308, Probs. 7, 25. — Comparison of Gas Engine Cycles.

808¢. The Humphrey Internal Combustion Pump. In Fig. 134q,
C is a chamber supplied with water through the check valves ¥V from
the storage tank ET,.and connected by the discharge pipe D with the
delivery tank F. Suppose the lower part of C, with the pipe D and
the tank F, to be filled with water, and a combustible charge of gas
to be present in the upper part of C, the valves I and E being closed.
The gas charge is exploded, and expansion forces the water down
in C and up in F. The movement does not stop when the pressure
of gas in C falls to that equivalent to the difference in head between
F and C; on the contrary, the kinetic energy of the moving water
carries it past the normal level in F, and the gases in C fall below
that pressure due to head. This causes the opening of £ and V,
an inflow of water from ET to C, and an escape of burnt gas from C
through E. The water rises in C. Meanwhile, a partial return flow
from F aids to fill C, the kinetic energy of the moving water having
been exhausted, and the stream having come to rest with an abnor-
mally high level in F. Water continues to enter C until (1) the valves
V are closed, (2) the level of E is reached, when that valve closes by
the impact of water; and (3) the small amount of burnt gas now trapped
in the space C is compressed to a pressure higher than that correspond-
ing with the difference of heads between F and C;. As soon as the
returning flow of water has this time been brought to rest, the excess
pressure in C; starts it again in the opposite direction from C; toward
F. When the pressure in C; has by this means fallen to about that of
the atmosphere, a fresh charge is drawn in through I. TFrictional
losses prevent the water, this time, from rising as high in F as on its
first outflow; but nevertheless it does rise sufficiently high to acquire
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a static head, which produces the final return flow which finally com-
presses the fresh charge.

The water here takes the place of a piston (as in the hydraulic
piston compressor, Art. 240). The only moving parts are the valves.

F1e. 134a. Art. 308a.—Humphrey Pump.

The action is unaccompanied by any great rise of temperature of the
metal, since nearly all parts are periodically swept by cold water. The
pump as described works on the
four-cycle principle, the operations
being (Fig. 134d):
a. Ignition (ab) and expansion
(be);
b. Expulsion of charge (cd, de),
suction of water, com-
pression  of  residual
charge (ef);
c. Intake (feg, gh);
d. Compression (ha). Fic. 134b. Art. 308a.—Cycle of
Disregarding the two loops ehg, Humphrey Pump.
dem, the cycle is bounded by two
polytropics, one line of constant volume and one of constant pressure.
Between the temperature limits T, and T it gives more work than
the Otto cycle habj, and if the curves bc and ah were adiabatic would
necessarily have a higher efficiency than the Otto cycle. The actual
paths are not adiabatic: during expansion (as well as during ignition)
some of the heat must be given up to the water; while the heat generated
by compression is similarly (in part) transferred to the water along ha.
With the adiabatic assumption adopted for the purpose of classification,
the cycle is that described in Art. 305 and shown in Fig. 134 as debi.
The strokes are of unequal length. (See Power, Dec. 1, 1914.)

The gases are so cool toward the end of expansion that a fresh
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charge may be safely introduced at that point, by outside compression
on the two-cycle principle (Art. 289). The pump may be adapted
for high heads by the addition of the hydraulic intensifier. It has
been built in sizes up to 40,000,000 gal. per twenty-four hours, and
has developed a thermal cfficiency (to water) under test of about
22 per cent. (See American Machinist, Jan. 5, 1911.)

PracTicaL Mopirications oF THE OTTo CYCLE.

309. Importance of Proper Mixture. The working substance used in gas
engines is a mixture of gas, ol vapor or oil, and awr. Such muxtures will not
ignite if too weak or too strong Even when so proportioned as to permit of
ignition, any variation from the correct ratio has a detrimental effect; af
too Little air is present, the gas will not burn completely, the exhaust will be dark.
colored and odorous, and unburned gas may explode 1n the exhaust pipe when
it meets more air. If too much awr is admitbed,
the products of combustion will be unnecessarily
diluted and the rise of temperature during
ignition will be decreased, causing a loss of work
area on the PV diagram. Figure 135 shows the
effect on rise of temperature and pressure of
varying the proportions of air and gas, assuming
the varations to remain within the limils of
possible igunition. Failure to ignite may occur
as a result of the piesence of excess of air as
well as when the air supply is deficient. Rapiduty
of flame propagation is essential for effictncy, and this 1s only possible with a
proper mixture. The gas may in some cases burn so slowly as to leave the cyl-
inder partially unconsumed In an engine of thie type shown in Fig. 119, this
may result in a spread of flame through I, B, and C back to D, with dangerous
consequences.

Fig. 133. Art 309. — Effect of
Mixture Strength.

310. Methods of Mixing. The constituents of the mixture must be intimately
mingled in a finely divided state, and the governing of the engine should prefei-
ably be accomplished by a method which keeps the proportions at those of highest
efficiency. Variations of pressure in gas supply mains mayv interpose gerious dif-
ficulty in this respect. Fluctuations in the lights which may be suppled from the
same mains are also excessive as the engine load changes. Both difficulties are
sometimes obviated in small units by the use of a rubber supply receiver. Varia-
tions in the speed of the engine often change the proportions of the mixture.
‘When the air is drawn from out of doors, as with automobile engines, variations
in the temperature of the air affect the mixture composition. In simple types of
engine, the relative openings of the automatic gas and air inlet valves are fixed
when the engine is installed, and are not changed unless the quality or pressure
of the gas changes, when a new adjustment is made by the aid of the indicator or
by observation of the exhaust. Mechanically operated mixing valves, usually of
the “butterfly” type, are used on high-speed engines; these are positive in their
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action. The use of separate pumps for supplying air and gas permits of proportion-
ing m the ratio of the pump displacements, the volume delivered being constant,
regardless of the pressure or temperature. Many adjustable mixing valves and
carbureters are made, in which the mixture strength may be regulated at will.
These are necessary where irregularities of pressure or temperature occur, but
require close attention for economical results. In the usual type of carbureter or
vaporizer, used with gasoline, a constant level of liquid 1s maintained either by an
overflow pipe or by a float. The suction of the engine piston draws air through a
nozzle, and the fuel is drawn into and vaporized by the rapidly moving air current.
Kerosene cannot be vaporized without heating it: the kerosene carbureter may be
jacketed by the engine exhaust, or the liquid may be itself spurted directly into
the cylinder at the proper moment, air only being present in the cylinder during
compression. The presence of burned gas in the clearance space of the cylinder
affects the mixture, retarding the flame propagation. The effect of the mixture
strength on allowable compression pressures remains to be considered.

811. Actual Gas Engine Diagram. A typicalindicator diagram from
a good Otto cycle engine is shown in Fig. 136. The various lines differ
somewhat from those established in Art. 283. These differences we now
discuss. Figure 137 shows the portion bede of the diagram in Fig, 133
to an enlarged vertical scale, thus representing the action more clearly.
The line fy is that of atmospheric pressure, omitted in Fig. 136. We will
begin our study of the actual cycle with the compression line.

e b
e ¢ a
[ yg I
Fic. 136. Arts. 311, 342, 845.— Fic. 137. Arts. 311, 326, 328.— En-
Otto Engine Indicator Diagram. larged Portion of Indicator Diagram.

312. Limitations of Compression. It has been shown that a high degree
of compression is theoretically essential to economy. In practice, com-
pression must be limited to pressures (and corresponding temperatures)
at which the gases will not ignite of themselves; else combustion will
oceur before the piston reaches the end of the stroke, and a backward
impulse will be given. Gases differ widely as to the temperatures at
which they will ignite; hydrogen, for example, inflames so readily that
Lucke (21) estimates that the allowable final pressure must be reduced
one atmosphere for each 5 per cent of hydrogen present in a mixzed gas.

The following are the average final gauge compression pressures
recommended by Lucke (22) : for gasoline, in automobile engines,
45 to 95 1b., in ordinary engines, 60 to 85 Ib. ; for kerosene, 30 to 85 Ib.;
for natural gas, 75 to 130 1b. ; for coal gas or curbureted water gas,
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60 to 100 1b. ; for producer gas, 100 to 160 Ib. ; and for blast furnace
gas, 120 to 190 6. The range of compression depends also upon the
pressure existing in the cylinder at the beginning of compression ; for
two-cycle eungines, this varies from 18 to 21 Ib., and for four-cycle
engines, from 12 to 14 1b., both absolute.

The pre-compression temperature also limits the allowable range below the
point of self-ignition. This temperature is not thatl of the entering gases, but it
is that of the cylinder contents at the moment when compression begins; it is
determined by the amount of heat given to the incoming gases by the hot cylin-
der walls, and this depends largely upon the thoroughness of the water jacketing
and the speed of the engine. This accounts for the rather wide ranges of allow-
able compression pressures above given. Usual pre-compression temperatures are
from 140° to 800° F. “Scavenging ” the cylinder with cold air, the injection of
water, or the circulation of water in tubes in the clearance space, may reduce this.
Usual practice is to thoroughly jacket all exposed suifaces, including pistons
and valve faces, and to avoid pockets where exhaust gases may collect. The
primary object of jacketing, however, 13 to keep the cylinder cool, both for
mechanical reasons (e g., for lubrication) and to avoid uncontrollable explosions at
the moment when the gas reaches the cylinder.

313. Practical Advantages of Compression. Compression pressures have
steadily increased since 1881, and engime efliciencies have increased correspond-
ingly, although the latter gain has been in part due to other causes. Improved
methods of ignition have permitted of this increased comnpression. Besides the
therinodynamic advantage already discussed, compression incieases the engine
capacity. In a non-compressive engine, no considerable range of expansion could
be secured without allowing the final pressure to fall too low to give a large work
area; in the compressive engine, wide expansion limits may be obtained along
with a fairly high terminal pressure. Compression reduces the exposed cylinder
surface in proportion to the weight of gas present at maximum temperature, and
go decreases the loss of heat to the walls. The decreased proportion of clearance
space following the use of compression also reduces the proportion of spent gases
to be mixed with the incoming charge.

314. Pressure Rise during Combustion. In Art. 292, the pressure P, after
combustion was assumed. While, for reasons which will appear, any computation
of the.rise of pressure by ordinary methods is unreliable, the method should be
described. Let H denote the amount of heat liberated by combustion, per pound

of fuel. Then, Fig. 122, H=I(T, - T.), T, — T, =TH and T, = 3;£+ T, But

b _T,_ H _p P P, R
P, - T"‘ZT‘ + 1. Then Py P. _TE. But _jTe = Tf:, whence
P, -1 k-1

/P ) 2

P,\v
(Fe)'7
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Then . p-p=HED_ 2'4)0375
Py, (577
Z(P,) Vo \P

315. Computed Maximum Temperature. Dealing now with the constant
volume ignition line of the ideal diagram, let the gas he one pound of pure
carbon monoxide, mixed with just the amount of air necessary for com-
bustion (2.48 1b.), the temperature at the end of compression being 1000°
absolute, and the pressure 200 1b. absolute. Since the heating value of 1
Ib. of CO is 4315 B. t. u., while the specific heat at constant volume of
CO; is 0.1692, that of N being 0.1727, we have

- 4315

rise In temperature = o 51693, + (191 x 01727
The temperature after complete ignition is then 8265° absolute. The
8265
1000
tion, the pressure decreases. Suppose the volume to be doubled, the rise
of temperature being, nevertheless, as computed: then the maximum pres-
sure attained is 826.5 lb.

=T7265° F.

pressure is 200 x =1653 1b. If the volume increases during igni-
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FiG. 137a. Art. 316.—Rise of Pressure in Practice.

316. Actual Maxima. No such temperature as 8265° absolute is
attained. In actual practice, the temperature after ignition is usually
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about 3500° absolute, and the pressure under 400 1b. The rise of either
is less than half of the rise theoretically computed, for the actual air
supply, with the actual gas dclivered. The discrepancy is least for
oil fucls and (mixtures being of proper strength) is greatest for fuels
of high heat value. Itis difficult to measure the maximum temperature,
on account of its extremely brief duration. It is more usual to measure
the pressure and compute the temperature. This is best dons by
a graphical method, as with the indicator. Fig. 137a gives the results
of a tabulation by Poole of pressure rises obtained in usual practice.

317. Explanation of Discrepancy. There are several reasons for the disagree-
ment between computed and observed results. Charles’ lJaw does not hold rigidly
at high temperatures; the specific heats of gases are known to increase with the
temperature (Meyer found in one case the theoretical maximum temperature to
be reduced from 4250° F. to 3330° ¥. by taking account of the increases in specific
heats as determined by Mallard and Le Chatelier); combustion is actually not
instantaneous throughout the mass of gas and some increase of volume always
occurs; and the temperature is lowered by the cooling effect of the cylinder walls.
Still another reason for the discrepancy is suggested in Art. 318.

318. Dissociation. Just as a certain maximum temperature must be attained
to permit of combustion, so a certain maximum temperature must not be exceeded
if combustion is to continue. If this latter temperature is exceeded, a suppression
of combustion ensues. Mallard and Le Chatelier found this « dissociation ” effect
to begin at about 8200° F.with carbon monoxide and at about 4500° F. with steam.
Deville, however, found dissociative effects with steam at 1800° F., and with car-
bon dioxide at still lower temperatures. The effect of dissociation is to produce,
at each temperature within the critical range for the gas in question, a stable
ratio of combined to elementary gases,—e.g. of steam to oxygen and hydrogen, —
which cannot widely vary. No exact relation between specific temperatures and
such stable ratio has yet been determined. It has been found, however, that the
maximum temperature actually attained by the combustion of hydrogen in oxygen
is from 3500° to 3800° C., although the theoretical temperature is about 9000° C.
At constant pressure (the preceding figures refer to combustion at constant vol-
ume), the actual and theoretical figures are 2500° and 6000° C. respectively. For
hydrogen burning in air, the figures are 1830 to 2000°, and 3800° C. Dissociation
here steps in to limit the complete utilization of the heat in the fuel. In gas en-
gine practice, the temperatures are so low that dissociation cannot account for all
of the discrepancy between observed and cowmputed values; kut it probably plays
a part. (See Art. 127b.)

319. Rate of Flame Propagation. This has been mentioned as a factor influ-
encing the maximum temperature and pressure attained. The speed at which
flame travels in an inflammable mixture, if at rest, seldom exceeds 65 ft. per sec-
ond. If under pressure or agitation, pulsations may be produced, giving rise to
“explosion waves,” in which the velocity is increased and excessive variations in
pressure occur, as combustion is more or less localized (28). Clerk (24), experi-
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menting on mixtures of coal gas with air. found maximum pressure to be obtained
1n minimum time when the proportion of air to gas by volume was 5or 6to 1:
for pure hydrogen and air, the best mixture was 5 to 2. The Massachusetts Insti-
tute of Technology experiments, made with carbureted water gas, showed the best
mixture to be 5 to 1; with 86° gasoline, tlie quickest inflammation was obtained
when 0.0217 parts of gasoline were mixed with 1 part of air; with 76° gasoline,
when 0.0263 to 0 0278 parts were used.* Grover found the best mixture for coal
gas to be 7 to 1; for acetylene, 7 or 8 to 1, acetylene giving higher pressures than
coal gas. Writh coal gas, the weakest i:nitible mixture was 135 to 1, the theoreti-
cally perfect mixture being 5.7 to 1. The linit of weakness with acetylene was 18
to 1. Both Grover and Lucke (26) have investigated the effect of the presence of
“ peutrals” (carbon dioxide and nitrogen, derived either fiom the air, the incom-
ing gases, or from residual burnt gas) on the rapidity of pmopagation. The re-
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Frc. 138. Art 319 —Effect of Presence of Neutrals.
(From Hutton’s ‘ The Gas Engine,’ by permission of Johu Wiley & Sons, Publishers )

sults of Lucke’s study of water gas are shown in Fig. 138. The ordinates show
the maximum pressures obtained with various propoitions of air and gas. These
are highest, for all percentages of neutral, at a ratio of air to gas of 5 to 1; but
they decrease as the proportion of neairal increases. The experiments indicate
that the speed of flame travel varies widely with the nature of the mixture and the
conditions of pressure to which it is subjected. If the nuxture is tvo weak or ioo
strong, it will not inflame at all. (See Art. 105a.)

320. Piston Speed. The actual shape of the ideally vertical ignition line will
depend largely upon the speed of flame propagation as compared with the speed
of the piston. Figure 139, after Lucke, illustrates this. The three diagrams were
taken from the same engine under exactly tlie same conditions, excepting that the
speeds in the three cases were 150, 500, and 750 r. p. m. Similar effects may be
obtained by varying the mixture (and consequently the flame speed) while keep-
ing the piston speed constant. High compression causes quick ignition. Throt-

* The theoretical ratio of air to C¢Hiy is 47 to 1.
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tling of the incoming charge increases the percentage of neutral from the burnt
gases and retards ignition.
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Fia. 139. Art. 320.— Ignition Line as affected by Piston Speed.
(From Lucke's ‘‘Gas Engine Design.”)

321. Point of Ignition. The spreading of flame is at first slow. Ignition is,
therefore, made to occur prior to the end of the stroke, giving a practically verti-
cal line at the end, where inflammation is well under way. Figure 140, from
Poole (27), shows the effects of change in the point of ignition. In (a) and (3),
ignition was so early as to produce a negative loop on the diagram. This was cor-
rected in (c), but (d) represents a still better diagram. In (e) and (f), ignition
was 50 late that the comparatively high piston speed kept the pressure down, and
the work ares was small. It is evident that too early a point of ignition causes a
backward impulse on the piston, tending to stop the engine. Even though the
inertia of the fly wheel carries the piston past its « dead point,” a large amount of
power is wasted. The same loss of power follows accidental pre-ignition, whether
due to excessive compression, contact with hot burnt gases, leakage past piston
rings, or other causes. Failure to ignite causes loss of capacity and irregularity
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o: wpeed, but theoretically at least does not affect economy. For reasons already
suggested, Lght loads (where governing 1s effected by throtihng the supply) and
weak maztures call for early wgmtron Tig. 140a, based on tests of a natural gas
engine reported by Poole, shows the effect of a simultaneous varying of mixture
strength and ignition pomnt. The splitting of each curve at its left-hand end is
due to the use of two miature strengths at 10 per cent ignition advance.

322. Methods of Ignition. An early method for igniting the gas was to use
an external flame enclosed in a rotating chamber which at proper intervals opened
cominunication between the flame and the gas. This arrangeinent was applicable
to slow speeds only, and some gas always escaped. In early Otto engines, the
external flame with a sliding valve was used at speeds as high as 100 r. p. m. (28).
The insertion periodically of a heated plate, once practiced, was too uncertain.
The use of an internal flame, as in the Brayton engine. was limited in its applica-
tion and introduced an element of danger. Self-ignition by the catalytic action
of compressed gas upon spongy platinum was not sufficiently positive and reliable.
The use of an incandescent wire, electrically heated and mechanically brought
into contact with the gas, was a torerunner of modern electrical methods. The
“hot tube ” method is still in frequent use, particularly in England. This in-
volves the use of an externally heated refractory tube, which is exposed to the gas
either intermittently by means of a timing valve, or continuously, ignition being
then controlled by adjusting the position of the external flame. In the Hornsby-
Akroyd and Diesel engines, ignition is self-induced by compression alone; but
external heating is necessary to start these engines.

What is called ““automatic ignition” is illustrated in Fig 151. Here the external
vaporizer is constantly hot, because unjacketecd. The Liquud fuel 18 sprayed into the
vaporizer chamber. Pure air only 1s taken mn by the engine during its suction
stroke. Compression of this air into the vaporizer during the stroke next succeeding
brings about proper conditions for self-ignition.

328. Electrical Methods. The two modern electrical methods are

the “ make and break ”’ and ““ jump spark.” In the former, an electric

. current, generated from batteries or a small dynamo, is passed through
two separable contacts located in the cylinder and connected in series
with a spark coil. At the proper instant, the contacts are separated
and a spark passes between them. In the jump spark system, an
induction coil is used and the igniter points are stationary and from
0.03 to 0.05 in. apart. A series of sparks is thrown hetween them when
the primary circuit is closed, just before the end of the compression
stroke. Occasionally there are used more than one set of igniter points.

324. Clearance Space. The combustion chamber formed in the clearance
space must be of proper size to produce the deswed final pressure. A common
ratio to piston displacement is 30 per cent. Hutton has shown (29) that the limits
for best results may range easily from 8.7 to 56 per cent (Arts. 295, 332).
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-825. Expansion Curve. Slow inflammation has been shown to result m u
decreased maximum pressure after ignition. Inflammation occurring during expar.-
sion as the result of slow spreading of the flame 1s culled “after burning.”’ Ideally,
the expansion curve should be adiabatic; actually 1t falls 1 many cases above tle
air adiabatic, pv! 492 =constant, although it 1s known that during ecpansion from 30
to 40 per cent of the total heat in the gas is being —_—
carried away by the jacket water. Figure 141 repre-
sents an extreme case; after-hurning has made the
expansion line almost horizontal, and some unburnt -
gas is being discharged to the exhaust. Those who Fig. 14l BA‘“.' 323, — Alter
hold to the dissociation theory would explain this g
line on the ground that the gases dissociated during combustion are giadually
combining as the temperature falls; but actually, the temperature is not falling.
and the effect which we call after buining is most pronounced with weak mix-
tures and at such low temperatures as do not permit of any considerable
} amount of dissociation. DPractically, dissociation has the same effect as an
increasing specific heat at high temperature. It affects the ignition line to
some extent; but the shape of the expansion line is to a far greater de-
gree determined by the slow inflammation of the gases. The effect of
the transfer of heat between the fluid and the cylinder walls is dis-
cussed in Art. 347. The actual exponent of the expansion
curve varies from 1.25 in large engines to 1.38 in good small
A engines, occasionally, however, rising as high as
1.55. The compression curve has
usually a  somewhat
higher exponent. The
adiabatic exponent for a

Fra. 142, Art. 325. — Explosion Waves. mixture of hydrocarbon

gases is lower than that

for air or a perfect gas; and in many cases the actual adiabatic, plotted for the

gases used, would be above the determined expansion line, as should normally be

expected, in spite of after burning. The presence of explosion waves (Art. 319)

may modify the shape of the expansion curve, as in Fig. 142. The equivalent

curve may be plotted as a mean through the oscillations. Care must be taken

not to confuse these vibrations with those due to the inertia of the indicating
instrument.

326 The Exhaust Line. This is
shown to an enlarged vertical scale
as be, Fig. 137. «“Low spring” dia-
grams of this form are extremely use-
ful. As eungines wear, more or less
“ lost motion ” becomes present in the
valve-actuating gear, and the tendency of this is to vary the instant of opeming
or closing the inlet or the exhaust valve. The effect of delayed opening of the
latter is shown in Fig. 143; that of an inadequate exhaust passage, in Fig. 144.
An early opening;of the exhaust valve may cause loss also, as in Fig. 145. There

F1g. 143. Art. 326.—Delayed Exhaust Valve
Opening.
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18 always a loss of this kind, more or less pronounced: the expansion ratio is
never quite equal to the compression ratio The exhaust valve begins to open
when the expansion stroke is
only from 80 to 93 per cent
completed  In multiple cylinder
engines having common exhaust
and suction mains, early exhaust
from one cylinder may produce
a rise of presswe during the
latter part of the exhaust stroke
of another. Obstructions to suction and discharge movements of gas are com-
monly classed together as ‘“fluid friction.”” This may in small engines amount to
as much as 30 per cent of the
power developed. In good
engines of large or moderate
size, it should not exceed 6
per cent. It increases, pro-
portionately, at light loads;
and possibly absolutely us
well if governing is effected
by throttling the charge T10.145 Art. 326 — Exhaust Valve Opening too Early,

Fic. 144. Ait. 326 — Throttled Exhaust Passages.

327. Scavenging. To avoid the presence of burnt gases in the clear-
ance space, and their subsequent mingling with the fresh charge, “scav-
enging,” or sweeping out these gases from the cylinder, is sometimes prac-
ticed. This may be accomplished by means of a geparate air pump, or by
adding two idle strokes to the four strokes of the Otto cycle. In the
Crossley engines, the air admission valve was opened before the gas valve,
and before the termination of the exhaust stroke. By using a long ex-
haust pipe, the gases were discharged in a rather violent puff, which pro-
duced a partial vacuum in the cylinder. This in turn caused a rush of
air mnto the clearance space, which swept out the burnt gases by the time
the piston had reached the end of its stroke. Scavenging decreases the
danger of missing ignitions with weak gas, tends to prevent pre-ignition,
and appears to have reduced the consumption of fuel.

328. The Suction Stroke. This also is shown in Fig. 187, line e¢d. The effect
of late opening of the valve 1s shown in Fig. 146; that of an obstructed passage
or of throttling the supply, in Fig.

147. If the opening is too eaily,
exhaust gases will enter the supply
pipe. If closure is too early, the
gas will expand during the re-
mainder of the suction stroke, but
the net work lost is negligible; if
too late, some gas will be discharged A

back to the supply pipe duringthe gl 445 A4 308 — Delayed Opening of
beginning of the compression stroke, Suction Valve.
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as in Fig. 148. [Excessive obstruec-
tion in the suction passages de-
creases the capacity of the engine,
in a way already suggested in the
study of air compressors (Art. 224).

NORMAL s
329. Diagram Factor. The ACTUAT
discussion of Art. 809 to Art. Fiac 147. Art. 328. — Throttled Suction.
328 serves to show why the
work area of any actual dia-
gram must always be less than

that of the ideal diagram for /
the same cylinder, as given in

e . Fia. 148.  Art. 328.— Late Closing ot
Fig. 122. The ratio of the Suetion Valve.

two is called the diagram

factor. The area of the ideal card would constantly increase as
compression increased ; that of the actual card soon reaches a limit
in this respect; and, consequently, in general, the diagram factor
decreases as compression increases. Variations in excellence of
design are also responsible for variations of diagram factor.
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In the best recorded tests, its value has ranged from 0.38 to 0.59; in
ordinary practice, the values given by Lucke (30) are as follows: for
kerosene, if previously vaporized and compressed, 0 30 to 0.40, if injected
on & hot tube, 0 20; for gasoline, 0.25 to 0 50; for producer gas, 0.40 to
0.56; for coal gas, 0.45; for carbureted water gas, 0.45; for blast furnace
gas, 0.80 t0 0.48; for natural gas, 0.40 to 0.562. These figures are for four-
cycle engines. For two-cycle engines, usual values are about 20 per cent
less. Figure 149 shows on the PV and entropy planes an actual indica-
tor diagram with the corresponding ideal cycle.

Some of the highest mean effective pressures obtained in practice
with various fuels, tabulated by Poole, have been charted in Fig. 148a.

T

\,
\

\

\

IDEAL

ACTUAL DIAGRAM
= == — = |IDEAL DIAGRAM

AcTuaL

F1e 149. Art. 329. — Actual and Ideal Gas Engine Diagrams.

MODIFIED ANALYSIS

329 a. Specific Heats Variable. Suppose k= ¢+ bf, l=a+ b, B=k—I
=¢—a. Xor a differential adiabatic expansion

ldt = — pdv,
(a +tbt2dt ——R @,
v
Ef_t+bdt=_zz‘i_”. )
Also, from pv= Ri, pdv+ vdp = Rdt, @y + dp _ d—t—t; whence
vop

a@+u@+bdt= —R@,
v y v

(a+R)%U+a%D+bdt=O,
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(a + R)log, v + « log, p + bt = constant,
¢ log, v + a log, p + V¢ = constant,
¢ log, v +1log, p + u constant,
a a

c

pu« e« = constant,

where e is the Napierian logarithmic base.
Between given limits, the approximate value of » may be obtained as
follows: from Equation (1),

alog, 2+ b(t,—t) = — R log, %2,
[ 2
alog, 224 alog, 24+ b(t,—#) = — Rlog, 2,
P Uy K21
o 1og,f_: + (a4 R)log, 2=1b(t — t,). @
™

If we assume an equation in the form p,2," = p.,* to be possible, then

log, 21 =1n log, 2.
08, =n 1og.

2 1

Substituting in Equation (2),

(—-an-{—a-{-R)log,%‘:b(tl—t._,,
1
(—an—+¢) log,%‘=b(t1—t,,),
1
¢c b(t—1t
n= 2z h) ®
a alog,%”

1
The external work done during the expansion is

_fzdt=—f(a+bz)dt=_a(t:,_t1)_%@;_@7 or

D1 — DoV
n—1 "~

where 7 has the value given in Equation (3).
We may find a simple expression for n by combining these equations:

DAY h=ho gty + 2 (,—1) G+ 1)

R /
n——_1=a+§'(t1+t2),
n=1++' @
a+§(tx+3z)



204 APPLIED THERMODYNAMICS

The efficiency of the Otto cycle debf, Fig. 122, may now be written

"/
H.,,,—Hﬂ=1_.£ (a+ bt)dt
b
He f(a+bt)czt

@ (t/ — ) + g (tfz - td“)

=1-— ) ’
a(t—t)+ 5" =49
in which .g @ —t;+t,—1t)=log, (%@) = log, (i—b ?) —a relation obtained
el’f, (]

by dividing the equation of the path bf by that of the path ed.
Following the method of Art. 169, the gain of entropy between the
states a and b is, for example,

e b
nub=nu+nd,=f litt_;_j; 7_"??,
_ ¢ dt ] @
_‘L\ (a+bt)?+‘£ (c+81) o
=a logsi_c_l' b(ta_' ta) +ec ]-Ogc%_l_ b<tb_ ta)’

=alog, 2 +¢log, % —2,).
a Ogepa+0 Og-va""b(tb 2) (5)

If we apply an equation in this general form to each of the constant
volume paths eb, df, Fig. 122, we find

a log,% +b@t,—t)y=a log,gl 4+, —1),
(] 4

log, (55*) = 2(1‘, —tg—ty L),
as already obtained.

e B
329 b. Application of the Equations. The expression pv®e?= con-
stant is exceedingly cumbersome in application excepting as ¢ is employed

independently. If ¢ is to be assumed, however, we may write

log,p + % log, v+ B log, constant,
o

log,p 4+ %(log, R+ log,t —log, p)+ Zg: log, constant,

a—c¢
2]

log,p +§(10g. R +log,t)+ % =log, constant.
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Consider one pound of air at the absolute pressure of 100 Ib. per
square inch and a volume of 1 cu. ft. Let k=0.23327+40.0000265 ¢,
1=0.1620+0 0000265¢. We find

P 100X 144X 1
h="F =335 270

¢ bt

pries =100 X 144X 1:X 2.71830 %4 = 15030.

a—c_0.1620—0.23327 _c_023327
e~ o160 - OML g=Tqgy =144 log. R=3.97.

Let £2=200. Then b_:iz =0.0327, log,t2=5.3, ‘—(;-(log, R+log.ts) =13.32,

%= log, py=log, 1503)— 13.32-0.0327=9.61—13.35=—3.74, log, pa

=8.48, log pz=3.685, pz =4845 Ib. per square foot =33.63 lb. per square
inch. Also

_ Rty 53.36X200
V2 —'1—7‘2——- 4845 =2.21.

0.23327\ __
For y=1.44= (m—> we should have had

v

P2 (tz =1 1207\
P E) ‘<ﬁ> ’

log p2=2+(3.27 X —0.131) =1.571,
p2=37.23 lb., per square inch,

Rt; 53.36X200 Y
and vo = p2 3793x 144 1.99. Proceedingin this way, we plot the two

curves as required. The y curve is the steeper of the two, and for
expansion to a given lower temperature reaches a point of considerably

less volume.
By Equation (3), for the upper of the two curves, between

p1 =100, t; =270, v; =1, and ps =38.32, t2=100, vo=11.14,

0.0000265X 170 __ . 0.00451 _
0162x2.3 log ILIA ~ 4~ 039 14

n=141—
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the curve being somewhat less steep than the y curve. This value of n
(1.43) will be found to fit the whole expansion with reasonable accuracy.
Also, by Equation (4),

n=1+ 53(?3(;)0‘0“8 =141,
0162+ (-)—:’—’ X 3 m)

a fairly close check value. If we take p, at 50 Ib. por s uare inch, and
1, at 135° absolute, instead of the conditions given, we have,

c bt

prie® =50 x 144 x 1 x 2.7183"" = 7360.
If we let £,=100°, 22=0.01635, log,t,=4.6,  (log, B +log,t;) =12.3,
a (1]

2= %1og, p,=1og, 7360 —12.3 — 0.01635 = —3.42, log, ), =7.75, log p,=3.37,

5836 X 100 _ 5 5rg
B
0.0000265 x 35
—143
0.162 x 2.3 log 2.278 ’
53.36 + 778
0.162 + (0‘0 000265 x 235)

&

= 934.4’ 2 =

n=144 —

or n=1+ =1.42,

The value of = is thus about the same for this curve as for that formerly
considered, and (approximately), in Fig. 122,
b_t
te t
If this relation were exact, the efficiency of an Otto cycle would be
expressed by the same formula as that which holds when the specific
heats are constant. In Fig. 124, the efficiency of the strip cycle quuwp is

Quup _ tu, — 1, =1— ton
yL‘wal tma tzw,
andif le=le_te_ —, ete., the efficiency of the whole cycle debf is
t, 4, t, ¢

td—l t/_t,—tn_fb—tj
- tb_ tl o tb
Dt

For a path of constant volume, in Equation (5), %:1, I_’zb‘_b-’ and

the gain of entropy is
a'logc + b (tb - a)) or

f z—_f (a +bt)—=aloa t"-f—:b(t,,-—t,). ®



GAS ENGINE DESIGN 207

In the case under consideration, ¢ =270, ¢, =135, a = 0.162,
b =0.0000265, so that Equation (6) gives for the path eb,

0.162 x 2.3 log 252 +(0.0000265 x 133)= 01122 + 0.0036 = 0.1158.

If in Fig. 122 the temperature at d is 100°, we may write

0.1158 = 0.162 x 2.310g Ttéﬁ +0.0000263 (¢, — 100)

=0.372 log ¢, — 0.744 + 0.0000265 ¢, — 0.00265,
log ¢, +0.0000712 ¢, = 2.32,

from which ¢, is, nearly, log™2.32, and t,=200° about. In expanding
from 270° to 200° the volume increased from 1.0 to 2.21; in expand-
ing from 135° to 100°, it increased from 10 to 228. We have computed the
change of entropy from p==50, v=1, t =135, to p =100, v = 1.0, t =270,
as 0.1158. This must equal the change from p= 2342 =16.85, t =100,
v=228, to p=33.6, v=2.28, t=? Now for p=233.6, v=2.21, it was
found that ¢=200. Adiabatic expansion from this point to the greater
volume 2.28 means that ¢, must be slightly less than 200°; but a very
slight change in temperature produces a large change in volume since the
isothermals and the adiabatics nearly coincide.

GAs ENGINE DESIGN

330. Capacity. The work done per stroke may readily be computed for the
ideal cycle, as in Art. 293. This may be multiplhed by the diagram factor to
determine the probable performance of an actual engine. To develop a given
power, the number of cycles per minute must be established. Ordinary piston
speeds are from 450 to 1000 ft. per minute, usually lying between 550 and 800 ft.,
the larger engines having the higher speeds. The stroke ranges from 1.0 to 2.0
times the diameter, the ratio increasing, generally, with the size of the engine.
A gas engine has no overload capacity, strictly speaking, since all of the factors
entering into the determination of its capacity are intimately related to its effi-
ciency. It can be given a margin of capacity by making it larger than the
computations indicate as necessary, but this or any other method involves a con-
siderable sacrifice of the economy at normal load.

331. Mean Effective Pressure. Since in an engine of given size the extreme
volume range of the cycle is fixed, the mean net ordinate of the work area measures
the capacity. The quotient of the cycle area by the volume range gives what is called
the mean effective pressure (m. e.p.). In Fig. 122, it is ebfd —(Ve— ¥V,). We

y-1

then write m. e.p. = W = (V4 — V.); but from Art. 295, IV = Q[I - (%) , ]; Q
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being the gross quantity of heat absorbed in the cycle. Then, in proper units,
without allowance for diagram factor,

332. Illustrative Problem To determimne the cylinder dimensions of a four-cycle,
two-cylinder, double-actung engine of 500 hp., using producer gas (assumed to contain
CO0,394: N, 60; H,06; purts in 200 by weght) (Art. 285), at 150 r. p. m. and a
pston speed of 825 ft. per minute.

We assume (Fig. 150), P, = 12, P, = 144.7, T}, = 200° F., and diagram factor
= 0,48 (Arts 312, 329).

1

7 ™Y 0.71

Since P,V = PyV, %{1 = (1};)” = (lif:';‘ )° "™ =5.9. Let the piston displace-
2 1 -

ment ¥V, — Va=D. Then V2a=0.2045D and ¥V, =1.2045 D. The clearance is
Va_ - . a0 L = T1iPeVa _ 650.8 x 144.7 x 0.2045 o
= 0.2045 (Art. 324)*. Also To= BT, 15 % 19045 = 1857
absolute. The heat evolved per pound of the mixed gas (taking the calorifie
value of hydrogen burned to steam as 53,400) is (0.394 x 4315) 4 (0.008 x 58,400)
= 2021 B. t.u. The products of com- p
bustion consist of #f x 0394 = 3
0.6191b.of CO, (specific heat=0.1692),
0.006 x 9 = 0.054 1b. of H.O (steam,
specific heat 0.87), and 3% (0.619 —
0.394) = 0.751 1b. of N accompanying
the oxygen introduced to burn the P .
CO, with (0.054—0.006) §§=0.1607 1b.
of N accompanying the oxygen in-
troduced to burn the H; and 0.60 Ib. 1
of N originally in the gas, making a
total of 1.5117 lb. of N (specific heat
0.1727). To raise the temperature of
these constituents 1° F. at constant
volume requires (0.619 x 0.1692) + (0.054x 0.37) + (1.5117 x 0.1727) = 0.3849
B. t. u. Adding the heat required for the clearance gases always present, this may
be taken as 0.3849 X 1.2045 = 0464 B. t u. The risc 1n temperature Ts — Ty is
then 2021 + 0.464 = 4370° and T3 = 4370 + 1357 = 5727° absolute. Then

Ty 5727

v

Frc. 150. Arts. 332-335. — Design of Gas
Engine.

P; = P2E== 144.71.—357 = 613,
_pPi_ . 613 _
and P4—-P113;—12m-509.

* While the use of & * blanket * diagram factor as in this illustration may be justi-
fied, in any actual design the clearance at least must be ascertained from the actual
exponent of the compression curve. The design as a whole, moreover, would better
be based on special assumptions as in Problem 15, (), page 227.
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The work per cycle is
PyVy — PV, — PV + PV,
y—1
=144 % 0.48 D[ (613 x0.2045) — (50.9 x 1.2045) — (144.7 x 0.2045) + (12 x 1.2045)
0.402
=8410 D foot pounds.

In a two-cylinder, four-cycle, double-acting engine, all of the strokes are work-
ing strokes; the foot-pounds of work per stroke necessary to develop 500 hp. are
83000 X500 _ xx 000

2x 150 R
55,000 + 8410 = 6.52 cu.ft. The stroke1s 825 + (2 X 150) = 2.75ft.or33in. The
piston area is then 6.52 + 2.75 = 2.37 sq. ft. or 342 sq. in. The area of the water-
cooled tail rod may be about 33 sq. in., so that the cylinder area should be 342
<+ 33 = 375 sq. in. and its dwameter consequently 21.8 in.

The necessary piston displacement per stroke, D, is

333. Modified Design. In an actual design for the assumed conditions, over-
load capacity was secured by assuming a load of 600 hp. to be carried with 20 per
cent excess air in the mixture. (At theoretical air supply, the power developed
should then somewhat exceed 600 hp.) The air supply per pound of gas is now

[(0-394x }§) 4 (0.006 x §)] ¢ x 1.2=1.422 Ib.

Of this amount, 0.23 x 1.422 = 0.327 1b. is oxygen. The products of combustion
are $# x 0.894 = 0.619 lb. CO,, 0.006 x9 = 0.05¢ 1b. H,0, (1.422 — 0.327) + 0.60
=1.693 1b. N, and 0.327 — (}§ x 0.394) — (8 x 0.006) =0.054 Ib. of excess oxygen; a
total of 2.422 Ib. The rise in temperature 75— T, is

2021 +1.2045
(0.619 X 0.1692);+ (0 054 X 0 37) 4 (1.693 X 0.1727) + (0.054 X 0.1551)
Then Ts = 3950 + 1357 = 5307° absolute,

T 5307 Py 569

= =3 = —_— = -_—= —_— =
Py = Popl = 47300 = 560, Py = Pip) = 1275 = 472,

= 3950°.

and the work per cycle is

144 X 048 D [(569 X 0.2045) — (472X 1 20;)154)0; (144.7 X 0.2045) H(12 X 1.2045)
="7630 D foot-pounds.
600 X 33000

The piston displacement per stroke is m=8.65 cu. ft., the cylinder

area is (8.65 + 2.75)144 + 33 = 486 &q. in., and its diameter 2/.9in. The cylinders
were actually made 233 by 88 in., the gas composition being independently assumed.

334. Estimate of Efficiency. o determine the probable efficiency of the engine
under consideration : each pound of working substance is supplied with 1.422 Ib.
of air. Multiplying the weights of the constituents by their respective specific
volumes, we obtain as the volume of mixture per pound of gas, 31.33 cu. ft. at
14.7 1b. pressure and 32° F., as follows : —
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CO,0394 x 1275 = 5.01
H,0006 x 17853 = 1.07
N.0.600 x 1275 = 7.65

Air, 1422 x 12387 =17 60

31.33

At the state 1, Fig. 150, T, = 639 6, P, = 12, whence

T,P, T, _ 659.6 x 147 x 81.33
P, 12 x 491.6

The piston displaces 8.65 X 300=2595 cu. ft. of this mixture per minute. The heat
taken in per minute is then 2021 X (2595 =+ 51.2) = 102,400 B.t.u. The work done

T, = =512.

per mmute]sgg.%ﬁ—gm = 25,600B t.u. Theefficiency is then 25,500 + 102,400

= 0249. An actual test of the engmme gave 0.282, with a load somewhat under
. . — 659,

600 hp. The Otto cycle efficiency is @135%56 = 0.516.*

335. Automobile Engine. 7o ascertain, the probable capaciy and economy of a
Sour-cylinder, jfour-cycle, single-acting gasoline engine with cylinders 4% by & ., at

1500 r. p. m.

In Fig. 150, assume P, =12, P, = 84.7, T, =70° F., diagram factor, 0.375
(Arts. 312, 329). Assuwe the heating value of gasoline at 19,000 B. t. u, and its
composition as Cgf,: its vapor density as 8.05 (air = 1.). Let the theoretically
necessary quantity ot air be supplied.

The engine will give two cycles per revolution. Its active piston displacement
is then 0.7854 ?7235) x5 % 8000 = 145.5 cu. ft. per minute, which may be repre-
sented as ¥V, — V,, Fig. 150. We now find
V. 12 \o0.7118 - - o
7= (m) =02495; V,=02495 Vy; 07505 V, =145.5; Vi=104; Va=48.5;

1
48.5 o 81.7 x 485 x 529.6
= = t. 824); Te =
Clearance = 1455 =0.324 (Ar )3 15 x 104
To burn one pound of gasoline there are required 8.53 lb. of oxygen, or 15.3 Ib.
of air. For one cubic foot of gasoline, we must supply 3.05 x 15.3 = 46.6 cu. ft.
of air. The 145.5 cu. ft. of mixture displaced per minute must then consist of

= 936° absolute.

* The actual efficiency will always be less than the product of the Otto cycle
efficiency by the diagram factor. Thus, let the actual eycle be described as 1234,
Fig. 150, and let the corresponding ideal cycle be 1234/, The efficiencies are,
respectively,

1234 123'4/
I(Ts — T») (T — T2)

The quotient 1234 + 1234’ = the diagram factor Then write

1284 ) 1934
—_— e X diagram factor X M = —""___,
Ty —To) 8 T3— 7o)

Tyt — T
M==3"22%10,
Ty — T2
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145.5 = 47.6 = 8.06 cu. ft. of gasoline and 142.44 cu. ft. of air, at 70° F. and 12 Ib.

pressure. The specific volume of air at this state is 528.6 x 14.7 x 12.387 _ 16.38
491.6 x 12

cu. ft.; that of gasolene is 16.38 ~ 3.05 =387 cu. ft. The weight of gasoline
used per minute is then 8.06 — 5.37 = 0.577 1b. The heat used per minute is
0.571 x 19,000 = 10,840 B. t. u. The combustion reaction may be written

CeH,,+ 019 = 6CO2 + TI1,0
86 + 304 = 264 + 126
%t = 3.06 Ib. CO, per Ib. C,H,,
13 = 135 Ib. II,0 perlb. CH,,
3% X %% = 11.821b. N per 1b. C,H,,
16.23 = 1. + 15.3, approxiately.

The heat required to raise the temperature of the products of combustion 1° F. is

[(3.06 X 0.1692) 4 (1.35 X 0.37) + (11.82 X 0.1727)] 0571 = 1.746 B. t. u. per

minute. Adding for clearance gas, this becomes 1.746 X 1.334 = 2.327 B. t. u.

The rise in temperature T's — T’ is then 10,840 + 2 327 = 4660°, T; = 4660 + 936
5596 508

= 5596° absolute, P; = 84.7W = 508, P; = 1284—7-—— 72 0, and the work per man-
~(72 -
uds 15 0_375Xl44[(508x48.5) (7 0><1$())41109(84 7X48.5) 4 (12X 194) ~1,200,000
2
foot-rounds. This is equivalent to l’—‘%o—og = 1540 B. t u. per minute or to
1200000 _ ooy ™ . .
W = 36 2 horse power. e efficiency is 1540 + 10,840 = 0.142. In an auto-

mobile running at 50 miles per hour, this would correspond to 50 + (0.571 X 60)
= 1.46 miles run per pound of gasoline. In rractice, the air supply is usually incor-
rect, and the power and economy less than those computed.

It is obvious that with a given fuel, the diagram factor and other data of
assumption are virtually fixed. An approximation of the power of the engine may
then be made, based on the piston displacement only. This justifies m some
measure the various rules proposed for rating automobile engines (30 a). One

d2
of these rules is, brake h .=2—:, whete n is the number of four-cycle cylinders of

diameter d inches, running at a piston speed of 1000 ft. per minute.

CurrenT Gas EncINE ForMs

336.0tto Cycle Oil Engines. This class includes, among many others, the
Mietz and Weiss, two-cycle, and the Daimler, Priestman, and Hornsby-Akroyd,
four-cycle. In the last-named, shown in Fig. 151, kerostne cil is injected by a
small pump into the vaporizer. Air is drawn into the cylinder during the suction
stroke, and compressed into the vaporizer on the compression stroke, where the
simultaneous presence of a critical mixture and a high temperature produces the
explosion. External heat must be applied for starting. The point of ignition is
determined by the amount of compression; and this may be varied by adjusting
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-

the length of the connecting rod on the valve gear. The engine 1s governed by
partially throtthng the charge of o1l, thus weakening the mixture and the force of
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Fic. 151. Arts 322, 336.—Kerosene Engine with Vaporizer.
(From ** The Gas Engine,” by Cecil P. Poole, with the permiassion of the Hill Publishing Company )

the explogion. The o1l consumption may be reduced to less than 1 lb. per brake hp.
per hour.

In the Priestman engine, an earlier type, air under pressnre sprayed the oil
into a vaporizer kept hot by the exhaust gases. The method of governing was to
reduce the quantity of chaige without changing its proportions. A hand pump
and external heat for the vaporizer were necessary in starting. An indicated
thermal efficiency of 0.1G5 has been obtained. The Daimler (German) engine
uses hot~tube ignition without a timing valve, the hot tube serving as a vaporizer.
Extraordinarily high speeds are attained.

337. Modern GasEngines : the Otto. The present-day small Otto engine is ordi-
narily single-cylinder and single-acting, governing on the “hit or miss” principle
(Art. 843). It 1s used with all kinds of gas and with gasoline. Ignition is elec-
trical, the cylinder water jacketed, the jackets cast separately from the cylinder.
The Foos engine, a simyle, compact form, often made portable, is similar in prinei-
ple. In the Crossley-Otto, a leading British type, hot-tube ignition is used, and
the large units have two horizontal opposed single-acting cylinders. In the
Andrews form, tandem cylinders are used, the two pistons being comnected by
external side rods.
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338. The Westinghouse Engine. This has recently been developed in very
large units. Figure 132 shows the woiking side of a two-cylinder, tandem,
double acting engine, representing the mlet valves on top of the eylinders.

i
17
Frc. 152. Arts. 338, 350. — Westinghouse Gas Engine. Two-cylinder Tandem, Four-cyele.

Swmaller engines are often built vertical, with one, two, or three single-acting
cylinders. All of these engines are four-cycle, with electric ignition, governing
by varying the quantity and proportions of the adwitted mixture. Sections of
the cylinder of the Riverside horizontal, tandem, double-acting engine are shown in
Fig.153. It has an extremely massive frame. The Allis-Chalmers éngine is built
in laige units along similar general lines. Thirty-six of the latter engines of
4000 hp. capacity each on blast furnace gas are now (1909) being constructed.
They weigh, each, about 1,500,000 1b., and run at 833 r. p. m. The cylinders are
44 by 54 in. Nearly all are to be direct-connected to electric generators.

339. Two-cycle Engines. In these, the explosions are twice as frequent as
with the four-cycle engine, and cooling is consequently more difficult. With an
equal number of cylinders, single- or double-acting, the two-cycle engine of course
gives better regulation. The first important two-cycle engine was introduced by
Clerk in 1880. The principle was the same as that of the engine shown in Fig. 119.
The Oechelhaueser engine has two single-acting pistons in one cylinder, which are
connected with cranks at 180° so that they aliernately approach toward and
1ecede from each other. The engine frame is excessively long. Changes in the
quantity of fuel supplied control the speecd. The Koerting engine, a double-acting
horizontal form, has two pumps, one for air and one for gas. A “scavenging”
charge of air is admitied just prior to the entrance of the gas, siveeping out the
burnt gases and acting as a cushion between the incoming charge and the exhaust
ports. The engine is built in large units, with electrical ignition and compressed
air starting gear. The speed is contiolled by changing the mixture proportions.

340. Special Engines. For motor bieyeles, a single air-cooled eylinder is often
used, with gasoline fuel. Occasionally. two ¢yiinders are employed. The engie
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is four-cycle and runs at high speed. Starting is effected by foot power, which
can be employed whenever desired. Ignition is electiical and adjustable. The
speed is controlled by throttling. Extended surface air-cooled cylinders have also
been used on automobiles, a fan being employed to circulate the air, but the limit
of size appears to be about 7 hp. per eylinder. Most automobiles have water-
cooled cylinders, usually four in number, four-cycle, single-acting, running at
about 1000 to 1200 r. p. m., normally. Governing is by throttling and by chang-
ing the point of ignition. The cylinders are usually vertical, the jacket water
being circulated by a centrifugal pump, and being used repeatedly. Both hot-tube
and electiical methods of ignition have been employed, but the former is now
almost wholly obsolete. The number of cvlinders varies from one to six; occa-
sionally they are arranged horizontally, duplex, or opposed. Two-cycle engines
have been introduced. The fuel in this country is usually gasoline. For launch
engines, the two-cycle piinciple is popular, the crank case forming the pump
chamber, and governing being accomplished by throttling. Kerosene or gasoline
are the fuels.

341. Alcohol Engines. These are used on automolnles in France. A special
carburetor is employed. The cylinder and piston ariangement is sometimes that
of the Oechelhaueser engine (Art. 339). The speed 1s controlled by varying the
point of ignition. In launch applications, the alcohol is condensed, on account of
its high cost, and in some cases is not burned, but serves merely as a working fluid
in a “steam ” cylinder, being alternately vaporized by an externally applied gaso-
line flame and condensed in a surface condenser. The low value of the latent
heat of vaporization (Art. 360) of alecohol permits of - getting up steam > more
rapidly than is possible in an ordinary steawn engine.

342. Basis of Efficiency. The performances of gas engines may be compared
by the cubic feet of gas, or pounds of liquid fuel, or pounds of coal gasified in the
producer, per horse power hour; but since none of these figures affords any really
definite basis, on account of variations in heating value, it 15 usual to express the
results of trials in heat units consumed per horse power per minute. Since one horse
power equals 33,000 — 778 = 42.42 B. t. u. per minute, this constant divided by the
heat unit consumption gives the indicated thermal efficiency. In making tests, the
over-all efficiency of a producer plant may be ascertained by weighing the coal.
When liquid fuel is used, the engine efficiency can readily be determined separately.
To do this with gas involves the measurement of the gas, always a watter of some
difficulty with any but small engines. The measurement of power by the indicator
isalso inaccurate, possibly to as greatan extent as 5 per cent, which may be reduced to
2 per cent, according to Hopkinson, by employing mirror indicators. This error has
resulted in the custom of expressing performance in heat units consumed per brake
horse power per hour or per kw.-hr., where the engines are directly conuected to
generators. There is some question as to the proper method of considering the
negative loop, bede, of Fig. 1368. By some, its area is deducted from the gross work
area, and the difference nsed in computing the indicated horse power. By others,
the gross work area of Fig. 136 is alone considered, and the “fluid friction ” losses
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producing the negative loop aie then classed with engine friction as reducing the
“mechanical efficiency.” Vaious codes for testing gas engiues are in use (31).

343. Typical Figures Swall o1l or gasoline engines may easily show 10 per
cent brake efficiency. .\lcoliol engmes of small size consume less than 2 pt. per
brake hp.-hr. at full load (32). A well-adjusted Otto engine has given an indicated
theimal efficiency of 019 with gasoline and 023 with kerosene (33). Ordinary
producer gas engines of average size under test conditions have repeatedly shown
indicated thermal efficiencies of 23 to 29 per cent. .\ Cockerill engine gave 30 per
cent. Hubert (34) testedatl Seraing an engire showing neaily 32 per cent indicated
thermal efficiency. Mathot (33) reports a test of an Ehihardt and Lehmer double-
acting, fom-cycle 600 hp engine at ITeinitz which reached nearly 38 per cent. A
blast furnace gas engine gave at full load 25.4 per cent. Expressed in pounds of
coal, one plant with a low load factor gave a kilowatt-hour per 18 1b. In another
case, 1.59 1b. was reached, and in another, 2 971b of wood per kw.-hr. It is common
to hear of guarantees of 11 of coal per brake hp.-hir., or of 11,000 B. t. w. in gas,
A recent test of a Cn ossley engine is reported to have shown the result 1.13 1b. ot
coal per kw.-hr.  Under ordinary running conditions, 1.5 to 2.0 b with varying
load may easily be realized. These latier figures are of course for coal burned in
the producer. They repiesent the joint efficiency of the engine and the producer.
The best results have been obtained 1n Germany. For the engine alone, Schroter
is reported to have obtained on a Guldner engine an indicated thermal efficiency of
0.427 at full load with illuminating gas (36).

The efficiency cannot exceed that of the ideal Otto cycle. In one test of an
Otto cycle engine an indicaled therinal efficiency of 0.37 was obtained, while the
ideal Ofto efficiency was only 0.41. The engine was thus within 10 per cent of
perfection for its cycle *

The Diesel engine has given from 0.32 to 0.412 indicated thermal efficiency.
Its cycle, as has been shown, permits of higher efficiency than that of Otto.

344. Plant Efficiency. Fizwmes have been given on coal consumption. Over-
all efficiencies from fuel to mdicated work have ranged from 0.14 upward. At the
Maschinenfabrik Winterthur, a consumption of 0.7 Ib. of coal (13,850 B. t. u.) per
brake hp.-hr. at full load has been reported (37). This is closely paralleled by the
0 285 indicated plant efficiency on the Guldner engine mentioned 1n Art. 343 when
operated with a suction producer on unthiueite coal. At the Royal Foundry,
Wurtemburg (38), 0.78 Ib. ot anthracite weie burned per Ihp.-hr., and at the
Imperial Post Office, Hamburg, 0.93 1b. of coke. In the hest engines, varations of
efficiency with reasonable changes of load helow the normal have been greatly
reduced, largely by impioved methods of governing.

345. Mechanical Efficiency. The ratio of work at the brake to net indicated
work ranges about the same for gas as for steam engines having the same arrange-
ment of cylinders. When mechanical efficiency is understood in this sense, its

* At the present time, any reported efficiency much above 30 per cent should be
regarded as needing authoritative confirmation.
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value is nearly constant for a given engine at all loads, decreasing to a slight
extent only as the load is reduced 1In the nther sense, suggested mn Art. 342, i.e.
the mechanical efficiency being the ratio of work at the brake to gross indicated
work (no deduction hemng made for the negative loop area of Fig 136), 1ts vulue
falls off sharply as the load decreases, on account of the imcreased proportion of
““fluid friction.” Lucke gives the followng as average values for the mechanical
efficiency in the latter sense:

Exuis Meczaxica Brricrxor

Foupr-eyele | Tuo-cyele
Large, 500 Thp. and over, . . . . . 081 to (.86 | 063 to 0.70
Medium, 25 to 500 Ihp, . . . . . 0.79 to .81 | 0.1 to 066
Small, 4 to 25 Thp., . . . . . . 0.74 to 0.80 | 0.63 to 0TV

The friction losses for a single-acting engine are of course relatively greater
than those for an ordinary double-acting steam engine.

346. Heat Balance. The principal losses in the gas engine are due to
the cooling action of the jacket wuter (a necessary evil in present prac-
tice) and to the heat carried away in the exhaust. The arithmetical
means of nine trials collated by the writer give the following percentages
representing the disposition of the total heat supplied: to the jacket,
40.52; to the exhaust, 33.15; work, 21.87; unaccounted for, 6.23.
Hutton (40) tabulates a large number of trials, from which similar
arithmetical averages are derived as follows: to the jacket, 37.96; to the
exhaust, 29.84; work, 22.2%; unaccounted for, 8.6. In general, the
larger engines show a greater proportion of heat converted to work, an
increased loss to the exhaust and a decreased loss to the jacket. In
working up a ‘‘heat balance,” the loss to the eshanst iz measured by a
calorimeter, which cools the gases below 100° F. The heat charged to
the engine should therefore be based on the ‘“ high™ heat value of the
fuel (Arts. 561, 561a). The ** work * item in the above heat balance is
indicated work, not brake work.

TUnlike the jacket water heat (Art. 352), the heat carried off in the exhaust gases
is at fairly high temperature. There would be a decided gain if this heat could be
even partly utilized. Suppose the engine to have consumed, per hp., 10.000 B. t. u.
per hour, of which 30 per cent, or 3000 B. t. u., passes off at the exhaust. At 80
per cent efficiency of utilization, 2400 B. t. u. could then be recovered. In form-
ing steam at 100 lb. absolute pressure from feed water at 212° F., 1006.3 B. t. u.
are needed per pound of steam. Each horse power of the gas engine would then
give as a waste gas by-product 2400 — 1006.3 = 2.39 Ib. of steam. Or if the steam
plant had an efficiency of 10 per cent, 240 B. t. u. could be obtained in work from
the steam engine for each horse power of the gas engine. This 18 240 — 2545 = 0}
per cent of the work given by the gas engine. A much higher gain would be
possible if the steam generated by the exhaust gases were used for heating rather
than for power produection.
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347. Entropy Diagram. When the PV diagram is given, points may be trans-
ferred to the entropy plane by the formula nb—-'na=klogg%+l logg% (Art.
169). The state a may be taken at 32° F. and atmospheric pressure; then the
entropy at any other state b depends simply upon V, and Pp. To find Vg we
must know the equation of the gas. According to Richmond, (41) the mean
value of % may be taken at 0.246 on the compression curve and at 0.26 on the ex-
pansion curve, while the mean values of / corresponding are 0.176 and 0.189. The
values of R are then 778(0.246 — 0.176) = 5£.46 and 778(0.260 — 0.189) = 55.24.
The characteristic equations are, then, P¥ = 54.46 T along the compression curve;
and PV = 55.24 T along the expansion curve. The formula gives changes of en-
tropy per pound of substance. The indicator diagram does not ordinaiily depict
the behavior of one pound; but if the weight of substance used per cycle be
known, the volumes taken from the PV diagram may be converted to specific
volumes for substitution in the formula.

Tt is sometimes desirable to study the T'J” 1elations throughout the cycle. In
TFig. 134, let ABCD be the PV diagram. Let EF be any line of constant volume
intersecting this diagram at &, H. By Charles’ law, Tq: Tg:: Pg* Pg. The

Por T
A E
X
I G
// Q
s L
M ril /
D R B
b d H
)5 77 c
[7) J v
P

F16. 154, Art. 347.—Gas Engine TV Diagram.

ordinates J@, JH may therefore serve to represent temperatures as well as pres-
sures, to some scale as yet undetermined. If the ordinate JG represent tempera-
ture, then the line OQ is a line of constant pressure. Let the pressure along this
line on a TV diagram be the same as that along IG* on a PV diagram. Then
(again by Charles’ law) the line OH is a line of constant pressure on the TV plane,
corresponding to the line KH on the PV plane. Similarly, OL corresponds to
MN and 0Qto RB. Pioject the points S, 7, R, B, where MN and ED intersect
the PV diagram, until they intersect OL, 0Q. Then points U, @, W, X are
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points on the corresponding T} diagram. The scale of T is determined from
the characteristic equation; the value of R may e taken at a mean between
the two given. A tiansfer may now be made to the N7 plane by the aid of the

equation 7, —n, = !log, T, + (& = Dlog, X Art. 169), in which 7, = 491.6,
7 g V
a (-3
_ 5446 x 4016 _ .,
Va= ~oli6s = 12.64.

Figure 155, from Reeve (42), is from a similar four-cycle engine. The enor-
mous area B.A CD represents heat lost to the water jacket. The inner dead center
of the engine is at z; thereafter, for a short A
period, heat is evidently abstracted from the T
fluid, being afterward restored, just as in the /
case of a steam engine (Art. 431), hecause /
during expansion the temperatue of the gases
fallsbelow that of the eylinder walls. This agrees /
with the usual notion that most of the heat is /
discharged to the jacket early in the expansion /
stroke. It would probably be a fair assumption
to consider this loss to occur during ignafion, as
far as its effect on the diagram is concerned.
Reeve gives several instances in which the
expansive path resembles 2BzD; other investi-
gators find a constant loss of heat during expan-
sion. Figure 156 gives the PV and NT dia-
grams for a Hornsby-Akroyd engine; the expan-
sion line bc here actually rises above the iso-
thermal, indicative of excessive after burning.

~.
~—

N
F16. 155. Art. 347.— Gas Engine
348. Methods of Governing. The Entropy Diagram.
power exerted by an Otto cycle engine
may be varied in accordance with the external load by various
methods; in order that efficiency may be maintained, the governing
should mot lower the ratio of pressures during compression. To ensure

T

\'A N
Fi1G. 156. Art. 347.— Diagrams for Hornsby-Akroyd Engine.
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this, variation of the clearance, by mechanical means or water
pockets and outside compression have been proposed, but no practicably
efficient means have yet becn developed. The speed of an engine may
be changed by varying the point of ignition, a most wasteful method,
because the reduction in power thus effected is unaccompanied by any
change whatever in fuel consumption. Equally wasteful is the use of
excessively small ports for inlet or exhaust, causing an increased nega-
tive loop area and a consequent reduction in power when the speed
tends to increase. In engines wherc the combustion is gradual, as in
the Brayton or Diesel, the point of cut-off of the charge may be changed,
giving the same sort of control as in a steam engine.

* Three methods of governing Otto cycle engines are 1n more or less
common use. In the “Ait-or-miss” plan, the engine omits drawing in its
charge as the external load decreases. One or more 1dle strokes ensue.
No loss of economy results (at least from a theoretical standpoint), but the
speed of the engine is apt to vary on account of the increased irregularity
of the already occasional impulses. Governing by changing the proportions
of the mixture (the total amount being kept constant) should apparently
not affect the compression; actually, however, the compression must be
P fixed at a sufficiently low point to
avoid danger of pre-ignition to the
strongest probable mixture, and
thus at other proportions the de-
gree of compression will be less
than that of highest efficiency. A
change in the guantity of the mix-
ture, without change in its propor-
tions, by threttling the suction or
by entirely closing the inlet valve
toward the end of the suction
stroke, results in a decided change
of compression pressure, the superimposed cards being similar to those
shown in Fig. 157. In theory, at least, the range of compression pressures
would not be affected; but the variation in proportion of clearance gas
present requires injurious limitations of final compression pressure, just
as when governing is effected by variations in mixture strength. Besides,
the rapidity of flame propagation is strongly influenced by variations
in the pressure at the end of compression.

Fre. 157,  Art. 348 — Effect of Throttling.,

349. Defects of Gas Engine Governing. The hit-or-miss system may
be regarded as entirely inapplicable to large engines. The other
practicable methods sacrifice the efficiency. Further than this, the
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g.overm'ng influence is exerted during the suction stroke, one full revolu-
tion (in four-cyecle engines) previous to the working stroke, which should
be made equal in effort to the external load. If the load changes during
the intervening revolution. the control will be inadequate. Gas engines
tend therefore to irregularity in speed and low efficiency under variable
or light loads. The first disadvantage is overcome by increasing the
number of cylinders, the weight of the fly wheel, ete., all of which
entails additional cost. The sccond disadvantage has not yet been
overcome. In most large power plant engines, both the quantity and
strength of the mixture are varied by the governor.

350. Construction Details. The irregular impulses characteristic of the gas
engime and the high initial pressures attamed require excessively heavy and
strong frames. For anything like good regulation, the fly wheels must also be
exceptionally heavy. For small engines, the bed casting is usually a single heavy
piece. The type of frame usually emploved on large engmes is illustrated in Fig.
152. It is in contact with the foundation for its entire length, and in many cases
is tied together by rods at the top extending from cylinder to cylinder.

Each working end of the eyhnder of a four-cycle engine must have two valves,
—ore for admission and one for exhaust. In many cases, three valves are used,
the air and gas being admitted separately. The valves are poppet, of the plain
disk or mushroom type, with beveled seats; in large engines, they are sometimes
of the double-beat type, shown in Fig. 153. Sliding valves cannot be employed
at the high temperature of the gas eylinder.* Exhaust opening must always be
under positive control; the inlet valves may be automatic if the speed is low, but
are generally mechanically operated on large engines. All should be finally seated
by spring action, so as to avoid shocks. In horizontal four-cycle engines, a cam
shaft is driven from an eccentric at half the speed of the engine. Cams or eccen-
trics on this shaft operate each of the controlling valves by means of adjustable
oscillating levers, a supplementary spring being empolyed to accelerate the closing
of the valves. In order that air or gas may pass at constant speed through the
ports, the cam curve must be carefully proportioned with reference to the varia-
tion in conditions in the cylinder (43). Hutton (44) advises proportioning of
ports such that the mean velocity may not exceed 60 ft. per second for automatic
inlet valves, 90 ft. for mechanically operated valves, and 75 ft. for exhaust valves,
on small engines.

3561, Starting Gear. No gas engine is self-starting. Small engines are often
started by turning the fly wheel by hand, or by the aid of a bar or gearing. An
auxiliary hand air pump may also be employed to begin the movement. A small
electric motor is sometimes used to drive a gear-faced fly wheel with which the
motor pinion meshes. In all cases, the engine starts agamst 1ts friction load only,
and it is usual to provide a method for keeping the exhaust valve open during part
of the compression stroke so as to decrease the resistance. In multiple-cylinder
engines, as in automobiles, the ignition is checked just prior to stopping. A com-
pressed but unexploded charge will then often be available for restarting. In the

* The sleeve valve, analogous to the piston valve commonly used on locomotives,
has been successfully developed for automobile work
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Clerk engine, a supply of unexploded mixture was taken during compression from
the cylinder to a strong storage tank, from which 1t could be subsequently drawn
Gasoline railway motor cars are often started by means of a smokeless powder
cartridge exploded in the cylinder Modern larze engines are started by com-
pressed ar, furnished by a direct-driven or independent pump, and stored mn small
tanks. Recent automobile practice has developed two ncw starting methods:
(a) By acetylene generated from calcium carbide and water under pressure, and
(b) by an electric motor, operated from a storage battery which 1s charged while
the engine is running  The same battery lights the car.

352. Jackets. The use of water-spray mnjection during expansion has been
abandoned, and air cooling 1s practicable only in small sizes (say, for diameters
less than 5-inch). The cylinder, piston, piston rod, and valves must usually be
thoroughly water-jacketed * Positive circulation must be provided, and the water
cannot be used over again unless artificially cooled. At a heat consumption of 200
B t u. per minute per Thp., with a 40 per cent loss to the jacket, the theoretical
consumption of water heated from 80 to 160° F 1s exactly 1 Ib. per Ihp per minute.
This is greater than the water consumption of a non-condensing steam plant, but
much less than that of a condensing plant The discharge water fiom large engines
is usually kept below 130° F. In smaller units, it may leave the jackets at as high
a temperature as 160° F. The usual nse of tempersture of water while passing
through the jackets is from 50° to 10,° F. The circulation may be produced either

by gravity or by pumping.

353. Possibilities of Gas Power. The gas engine, at a comparatively early
stage in its development, has surpassed the best steam engines in thermal effi-
ciency. Mechanically, it 1s less perfect than the latter; and commmercially it is
regarded as handicapped by the greater 1elhiability, more general field of apphea-
tion, and much lower cost (excepting, possibly, in the largest sizest) of the steam
engine. The use of producer gas for power eliminates the coal smoke nuisance,
the stand-by losses of producers are low; and gas may be stored, m small quanti-
ties at least The small gas engine is quite economical and may be kept so. The
small steam engine is usually wasteful. The Otto cycle engine regulates badly, a
disadvantage which can be overcome at excessive cost; it is not self-starting ; the
cylinder must be cooled. Kven if the mechanical necessity for jacketing could be
overcome, the same loss would be experienced, the heat being then cariied off in
the exhaust. The ratio of expansion is too low, causing excessive waste of heat
at the exhaust, which, however, it may prove possible to reclaim. The heat in the
jacket water is large in quantity and low in temperature, so that the pro’-
lem of utilization is confronted with the second law of thermodynamics.
Methods of reversing have not yet been worked out, and no important marine
applications of gas power have been made, although small producer plants have
been installed for ferryboat service with clutch reversal, and compressed and

* The piston need not be cooled in single-acting four-cycle engines.

1 Piston speeds of large gas engines may exceed those of steam engines. Unless
special care is exercised 1n the design of ports, the efficiency will fall off rapidly with
increasing speed. Gas engines have been built in units up to 8000 hp :~2000 hp. from
each of the four twin-tandem double-acting cylinders.
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stored gas has been used for driving river steamers in France, England, and
Germany.

The proposed combinations of steam and gas plants, the gas plant to take the
uniform load and the steam units to care for fluctuations, really beg the whole
question. of comparative desirability. The bad “ characteristic” curve — low effi-
ciency at light loads and absence of #ona fide overload capacity — will always bar
the gas engine from some services, even where the storage battery is used as an
auxiliary. Many manufactuiing plants must have steam in any case for process
work. In such, it will be difficult for the gas engine to gain a foothold. For the
utilization of blast furnace waste, even aside from any question of commercial
power distribution, the gas engine has become of prime economic importance.

[A topical list of research problems in gas power engineering, the solution of
which 1s to be desired, 1s contammed 1 the Report of the Gas Power Research Com-
mittee of the American Society of Mechanical Engineers (1910).]

[See the Résumé of Producer Gas Investigations, by Fernald and Smith, Bulletin
No. 13 of the United States Bureau of Mines, 1911.]
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SYNOPSIS OF CHAPTER XI
The Producer

The importance of the gas engine 1s largely due to the producer process for making
cheap gas.

In the gas engine, combustion occurs wn the cylhinder, and the highest temperature
attained by the substance determines the cyclic efficiency.

Fuels are natural gas, carbureted and uncarbureted water gas, coal gas, coke oven
gas, producer gas, blast furnace gas; gasoline, kerosene, fuel oil, distillate,
alcohol, coal tars.

The gas producer 1s a lined cylindrical shell in which the fixed carbon is converted
into carbon monoxide, while the hydrocarbons are distilled off, the necessary heat
being supplied by the fixed carbon burning to CO.

The maximum theoretical efficiency of the producer malking povwer gas is less than that
of the steam boiler. Either steam or exhaust gas from the enga'ne' must be ntro-
duced to attain maximum efficiency. The reactions are complicated and partly
reversible.

The mean composition of producer gas, by volume, is CO, 19.2; CO,, 95, H, 12.4;
CH,4, CoH,, 3.1 N, 55.8.

The * figure of merit "’ is the heating value of the gas per pound of carbon contained.

Gus Enmne Cycles

The Otto cycle is bounded by two «diabutics and twn Lines of constant volume; the
engine may operate in either the fuur-siroke cyele or the tiro-stroke cycle.
In the two-stroke cycle, the inlet and exhaust ports are both open at once.
In the Otto cycle, == B _ Iy and — T _ Ty
.P, Pd T Td
Te—Td=1_(& n—l Tb
T.

Efiiciency = P
e

T L=Tr_q_ ( ; =/ ) v ; it depends solely on the

extent of compression.
The Sargent and Frith cycles.

Efficiency of Atkinson engine (isothermal rejection of heat)=1—
higher than that of the Otto cycle.

v Ty,
TD— Tg ].Oge 'T‘.v

Lenoir cycle + constant pressure rejection of heat, e[ﬁrmcr‘y:l——.T o= T, Th— le
T, -1 Tr— Ta

Tg—' T)r _ -T;l—' .
W T 1) T—Tn’

Brayton cycle : combustion «t constant pressure ; efficiency =1

—Tq

"

or, with complete expansion, =2

A special comparison shows the Clerk Otto engine to give a much Ligher efficiency than
the Brayton or Lenoir engine, but that the Brayton engine gives shightly the largest
work area.

Ty T, - T

— T VT,— T

The Clerk Otto (complete pressure) cyecle gives an effictency of 1— 7

intermediate between that of the ordinary Otto and the Atkinson.
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Vp\v—1
ezl ()" 1]
The Diesel cycle: isothermal combustion; efficiency=1——L "3/ _ J ; increases

as ratio of expansion decreases. . yRT, loge ?b
a

The Dresel cycle. constant pressure combustion.
The Humphrey mternal combustion pump.

Modifications in Practice

The PV diagram of an actual Otto cycle engine 1s influenced by
(a) proportions of the murture, which must not be too weak or too strong, and
must be controllable ,

() mavimum allowable temperature after compression to avoid pre-ignition ; the
range of compression, which determines the efticiency, depends upon this as
well as upon the pre-compiession pressure and temperature ;

(¢) the rise of pressure and temperature during combustion; always less than
those theoretically computed, on account of (1) divergences from Charles’
law, (2) the variable specific heats of gases, (3) slow combustion, (4) disso-
ciation ;

(@) the shape of the expansion curve, usually alove the adiebatic, on account of
after burning, in spite of loss of heat to the cylinder wall;

(e) the forms of the suction and exhaust lines, which may be affected by badly
proportioned ports and passages and by improper valve action.

Dissociation prevents the combustion reaction of more than a certain proportion of
the elementary gases at each temperature within the critical limits.

The point of ignition must somewhat precede the end of the stroke, particularly with
weak mixtures.

Methods of ignition are by hot tube, jump spark, and make and break.

Cylinder clearance ranges from 8.7 to 56 per cent. It is determined by the compression
pressure range.

Scavenging is the expulsion of the burnt gases in the clearance space prior to the
suction stroke.

The diagram factor is the rati of the area of the indicator diagram to that of the ideal
eycle.

Analysis with specific heats vanable.

P y=1
d\ ¥
o[i- () "]

Va—71e

Mean effective pressure=

éas Engine Design

In designing an engine for a given power, the gas composition, rotative
speed and piston speed are assumed. The probable efficiency may be
estimated in advance. Overload capacity must be secured by assum-
ing a higher capacity than that normally needed ; the engine will do
no more work than that for which it is designed.
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Clurrent Forms

Otto cycle oil engines include the Mietz and Weiss, two-cycle, and the Daimler, Priest-
man, and Hornsby-Akroyd, four-cycle.

Modewn forms of the Ottv gas engine include the Otto, Foos, Crossley-Otto, and
Andrews.

The Westinghouse, Riverside, and Allis-Chalmers engines are built in the largest sizes.

Two-cycle gas engines include the Oechelhaueser and Ioerting.

Special engines are built for motor bicycles, automobiles, and launches, and for burn-
ing alcohol.

The basis of efficiency is the heat unit consumption per hurse power per minute

The mechanical efficiency may be computed from either gross or net indicated work.

Recorded efficiencies of gas engines range up to 42.7 per cent; plant efficiencies to 0.7
b. coal per brake hp.-hr. .

The mechanical efficiency increases with the size of the engine, and 1s greater with the
four-stroke cycle.

About 38 per cent of the heat supplied is carried off by the jacket water, and about
38 per cent by the exhaust gases, m ordinary practice.

The entropy diagram may be constructed by transfer from the PV or T'V diagrams.

Governing is effected
(@) by the hat-or-miss method ; economical, but unsatisfactory for speed regulation,

b) by throtthn,
gc)) b; ckangingg;ni.lture propon‘ions,} both wastaful.
In all cases, the governing effort is exerted too early in the cycle.

Gas engines must have heavy frames and fly wheels; exhaust valves (and inlet valves
at ligh speed) must be mechanically operated by carefully designed cams; pro-
vision must be made for starting; cylinders and other exposed parts are jacketed.
About 11b. of jacket water 1s required per Ihp.-minute.

Gas engine advaniages: high thermal efficiency ; elimination of coal smoke nuisance ;
stand-by losses are low; gas may be stored ; economical in small units ; desirable
for utilizing blast furnace gas.

Disadvantages : mechanically still evolving ; of unproven reliability ; less general field
of application; generally higher first cost; poor regulation ; not self-starting;
cylinder must be cooled ; low ratio of expansion; non-reversible; no overload
capacity ; no available by-product heat for process work in manufacturing plants.

PROBLEMS
1. Compute the volume of air ideally necessary for the complete combustion of
1 cu. ft. of gasoline vapor, C;Hy,,

2. Find the maximum theoretical efficiency, using pure air only, of a power gas
producer fed with a fuel consisting of 70 per cent of fixed carbon and 30 per cent of
volatile hydrocarbons.

8. In Problem 2, what is the theoretical efficiency if 20 per cent of the oxygen
necessary for gasifying the fixed carbon is furnished by steam ?

4. In Problem 3, if the hydrocarbons (assumed to pass off unchanged) are half
pure hydrogen and half marsh gas, compute the producer gas composition by volume,
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using specific volumes as follows. nitrogen, 12.75; hydrogen, 178.83; carbon mon-
oxide, 12.75; marsh gas, 22.3.

S. A producer gasifymng pure carbon 1s supphed with the theoretically necessary
amount of oxygen from the atmosphere and from the gas engine exhaust. The latter
consists of 28.4 per cent of CO, and 71.6 per cent of N, by weight, and is admitted to
the extent of 1 Ib. per pound of pure carbon gasified. Find the rise in temperature,
the composition of the produced gas, and the efficiency of the process. The heat of
decomposition of CO, to CO may be taken at 10,050 B. t. u. per pound of carbon.

6. Find the figures of merit in Problems 4 and 5. (Take the heating value of H
at 53,400, of CH,, at 22,500.)
Ta
7. In Fig. 134, let T:-4 Py=30 (Ibs. per sq. 1n ), Py=Py, =Py+-10, T;=3000°,
Ty=1000° (absolute). Find the efficiency and area of each of the ten cycles, for11b.
of air, without using efficiency formulas.

8 1In Problem 7, show graphically by the N7' diagram that the Carnot cycle is
he most efficient.

9 What is the maximum theoretical efficiency of an Otto four-cycle engine in
which the fuel used is producer gas? (See Art. 312.)

10. What maximum temperature should theoretically be attained in an Otto en-
gine using gasoline, with a temperature after compression of 780° F.? (The heat liber-
ated by the gasuline, available for incieasmg the temperature, may be taken at 19,000
B. t. u per pound.)

11, Find the mean effective pressure and the work done in an Otto cycle between
volume himits of 0.5 and 2.0 cu. ft. and pressure Limits of 14.7 and 200 lb. per square
inch absolute.

12. An Otto engine is supplied with pure CO, with pure air in just the theoretical
amount for perfect combustion. Assume that the dissociation effect is indicated by the
formula * (1.00 — ) (6000 — 7) = 800, in which @ 1s the proportion of gas that will
combine at the temperature 7° F. If the temperature after compression is 800° F.,,
what is the maximum temperature attained during combustion, and what proportion
of the gas will burn during expansion and exhaust, if the combustion line is one of con-
stant volume ? The value of  for CO is 0.1758.

18. An Otto engine has a stroke of 24 in., a connecting rod 60 in. long, and g pis-
ton speed of 400 ft. per minute. The clearance is 20 per cent of the piston displace-
ment, and the volume of the gas, on aceount of the speed of the piston as compared
with that of the flame, is doubled during ignition. Plot its path on the PV diagram
and plot the modified path when the piston speed is increased to 800 ft. per minute,
assuming the flame to travel at umform speed and the pressure to increase directly as
the spread of the flame. The pressure range during ignition is from 100 to 200 1b.

14. The engine in Problem 11 is four-cycle, two-cylinder, double-acting, and makes
100 r. p. m. with a diagram factor of 0.40. Find its capacity.

15. Starting at Py=14.7, V;=4345, Ty;=32°F. (Fig. 122), plot (a) the ideal
Otto cycle for 1 1b. of CO with the necessary air, and (b) the probable actual cycle

* This is assumed merely for illustrative purposes. It hasno foundation and 18
irrational at limiting values.
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modified as described in Arts 309-328, and find the diagram factor. Clearance is 25
per cent of the piston displacement in both cases.

16. Find the cylinder dimensions in Art. 832 if the gas composition be as given in
Art. 285, (Take the average heating value of CIH, and C.H, at 22,500 B t. u. per pound,
and assume that the gas contains the same amount of each of these constituents )

1%. Find the clearance, cyhnder dimensions, and probable efficiency in Art. 832 if
the engine 1s wo-cycle.

18. Find the size of cylinders of a four-cylinder, four-cycle, single-acting gasoline
engine to develop 30 bhp. at 1200 r. p. m , the cylinder diameter being equal to the
stroke. Estimate 1ts thermal efficiency, the theoretically necessary quantity of air
being supplied.

19. An automobile consumes 1 gal. of gasoline per 9 miles run at 50 miles per
hour, the horse power developed being 25. Find the heat unit consumption per Thp.
per minute and the thermal efficiency , assuming gasoline to weigh 7 lb. per gallon

20. A two-cycle engine gives an indicator diagram in which the positive work
avea is 1000 ft.-1b., the negative work area 90 ft -lb. The work at the brake is 700
ft.-lb. Give two values for the mechanical efficiency

21. The engine in Problem 17 discharges 80 per cent of the heat it receives to the
jacket. Find the water consumption 1 pounds per minute, if 1ts initial temperature
is 72° .

29. In Art 344, what was the producer efficiency in the case of the Guldner en-
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gine, assuming its mechanical efficiency to have been 0.85° If the coal contained
13,800 B. t. u. per pound, what was the cval consumption per brake hp -hr. ?

23 Given the indicator diagram of Fig. 138, plot accuuately the TF diagram, the
engine using 0.0462 1b. of substance per cycle. Draw the compressive path on the N7
diagram by both of the methods of .Art. 347.

24. The engine in Problem 17 governs by throttling its charge. To what percent-
age of the piston displacement should the clearance be decreased in order that the pres-
sure after compression may be uwnchanced when the pre-compression pressure drops to
10 1b. absolute 2 What would be the object of such a cLange 1n clearance ?

25. In the Diesel engine, Problem 7. by what percentages will the efficiency and
capacity be affected, theoretically. 1f the supply of fuel, is cut off 50 per cent earlier in

the stroke ? (i.e, cut-off occurs when the volume 1s i:—T-'! + Vo Fug. 134.)

r]

26. Under the conditions of Art. 335, develop a relation between piston displace-
ment 1n cubic iches per minute, and Ihp., for four cylinder four-cycle single acting
gasolene engines  Also find the relation between cyhnder volnne and Ihp. if engines
run at 1500 r. p. m., and the relation between eylinder diameter and Ihp. if bore = stroke,
at 1500 r. p. 1.

27. In an Otto engine, the range of pressures during compression is from 13 to
130 1b., the compression curve pols = ¢. Find the percentage of clearance.

28 The clearance space of a 7 by 12 in. Otto engine is found to hold ¢ 1b. of water
at 70°F. Find the ideal efficiency of the engine. (Nee Art. 205.)

29. An engine uses 220 cu. ft. of gas, containing 800 B. t. u. per cubic foot, in 39
minutes, while developing 12.8 hp. Find its thermal efficiency.

80. In the formula, brake hp. = % (Art. 335), if the mechanical efficiency is

0 80, what mean effective pressure is assumed in the cylinder ?
81. A six-cylinder four-cycle engine, single-acting, with cylinders 16 by 24 in.,
develops 500 hp. at 200 r. p. m. What 18 the mean effective pressure ?

82. An engine uses 1.62 1b. of gasolene (210{0 B.t. u. per pound) per Bhp -hr.
What is its efficiency from fuel to shaft ? If it 1s a 2-cycle engine with a pressure of
60 1b, gage at the end of compression, estimate the ideal efficiency.

33. Derive an expression for the mean effective pressure in A1t 293,



CHAPTER XII
THEORY OF VAPORS

354. Boiling of Water. If we apply heat to a vessel of water open
to the atmosphere, an increase of temperature and a slight increase
of volume may be observed. The increase of temperature isa gain
of internal energy; the slight increase of volume against the constant
resisting pressure of the atmosphere represents the performance of
external work, the amount of which may be readily computed. After
this operation has continued for some time, a temperature of 212° F.
is attained, and steam begins to form. The water now gradually
disappears. The steam occupies a much larger space than the water
from which it was formed ; a considerable amount of ezternal work is
done in thus augmenting the volume against atmospheric pressure;
and the common temperature of the steam and the water remains con-
stant at 212° F. during evaporation.

355. Evaporation under Pressure. The same operation may be
performed in a closed vessel, in which a pressure either greater or less
than that of the atmosphere may be maintained. The water will now
boil at some other temperature than 212° F.; at a lower temperature,
if the pressure is less than atmospheric, and at a higher temperature, if
greater. 'The latter is the condition in an ordinary steam boiler. If
the water be heated until it is all boiled into steam, it will then be
possible to indefinitely increase the temperature of the steam, a result
not possible as long as any liquid is present. The temperature at
which boiling occurs may range from 32° F. for a pressure of
0.089 1b. per square inch, absolute, to 428° F. for a pressure
of 336 1b.; but for each pressure there is a fixed temperature of
ebullition.*

* A striking illustration is in the case of air, which has a boiling point of —314° F.
at atmospheric pressure. As we see ‘liqmd air,” 1t is always boiling. If we
attempted to confine 1t, the pressure which it would exert would be that corresponding
with the room temperature, several thousand pounds per square inch,

Hydrogen has an atmospherec boiling point of —423° F.

230
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356. Saturated Vapor. Any vapor in contact with its liquid and
in thermal equilibrium (i.e., not constrained to receive or reject heat)
is called a saturated vapor. It is at the minimum temperature (that
of the liquid) which is possible at the existing pressure. Its density
is consequently the maximum possible at that pressure. Should it
be deprived of heat, it cannot fall in temperature until after it has
been first completely liquefied. If its pressure is fixed, its temperature
and density are also fixed. Saturated vapor is then briefly definable

as vapor at the minimum temperature or maximum density possible
under the imposed pressure.

357. Superheated Vapor. A saturated vapor subjected to ad-
ditional heat at constant pressure, if in the presence of its liquid,
cannot rise in temperature; the only result is that more of the liquid
is evaporated. When all of the liquid has been evaporated, or if the
vapor is conducted to a separate vessel where it may be heated while
not in contact with the liquid, its temperature may be made to rise,
and it becomes a superheated vapor. It may be now regarded as an
imperfect gas; as its temperature increases, it constantly becomes
more nearly perfect. Its temperature is always greater, and its
density less, than those properties of saturated vapor at the same
pressure; either temperature or density may, however, be varied at
will, excluding this limit, the pressure remaining constant. At
constant pressure, the temperature of steam separated from water
increases as heat is supplied.

The characteristic equation, PV = RT, of a perfect gas is inapplicable to steam.
(See Art. 390.) The relation of pressuie, volume, and temperature is given by
various empirical formulas, including those of Joule (1), Rankine (2), Hirn (3),
Rackuel (4), Clausius (5), Zeuner (6), and Knoblauch Linde and Jakob (7).
These are in some cases applicable to either saturated or superheated steam.

. SATURATED STEAM

358. Thermodynamics of Vapors. The remainder of this text is
chiefly concerned with the phenomena of vapors and their application
in vapor engines and refrigerating machines. The behavior of vapors
during heat changes is more complex than that of perfect gases.
The temperature of boiling is different for different vapors, even at
the same pressure; but the following laws hold for all other vapors
as well as for that of water:
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(1) The temperatures of the liquid and of the vapor in contact with
it are the same;

(2) The temperature of a specific saturated vapor at a specified pres-
- sure is always the same;

(8) The temperature and the density of a vapor remain constant
during its formation from liquid at constant pressure ;

(4) Increase of pressure increases the temperature and the density of
the vapor; *

(5) Decrease of pressure lowers the temperature and the density ;

(6) The temperature can beincreased and the density can be decreased
at will, at constant pressure, when the vapor is not in contact
with its liquid ;

(7) If the pressure upon a saturated vapor be increased without allow-
ing its temperature to rise, the vapor must condense ; it cannot
exist at the increased pressure as wapor (Art. 356). If the
pressure is lowered while the temperature remains constant, the
vapor becomes superheated.

359. Effects of Heat in the Formation of Steam. Starting with
a pound of water at 82° F., as a convenient reference point, the heat
expended during the formation of saturated steam at any temperature
and pressure is utilized in the following ways:

(1) A units in the elevation of the temperature of the water. If the
specific heat of water be unity, and ¢ be the boiling point,
h=t— 82; actually, 2 always slightly exceeds this, but the
excess is ordinarily small. +§ :

* Since mercury boils, at atmospheric pressure, at 675° F., common thermometers
cannot be used for measuring temperatures higher than this ; but by filling the space in
the thermometric tube above the mercury with gas at high pressure, the boiling point
of the mercury may be so elevated as to permit of its use for measuring flue gas
temperatures exceeding 800° F.

1 According to Barnes® experiments (8), the specific heat of water decreases from
1.0094 at 32° F. to 0 91735 at 100° F., and then steadily increases to 1.0476 at 428° F.

1 In precise physical experimentation. it is necessary to distinguish between the
value of h measured above 32° F. and «tinnspheric pressure, and that measured above
32° F. and the corresponding pressure of the saturated vapor. This distinction is of no
consequence in ordinary engineering work.
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7
(2) %’D units in the expansion of the water (external work), p

being the pressure per square foot and » and ¥ the initial and
final specific volumes of the water respectively. This quantity
is included in item %, as above defined ; it is so small as to be
usually negligible, and the total heat required to bring the
water up to the boiling point is regarded as an internal energy
change.

e .
3) e =££u,;—781—)— units to perform the external work of increasing

the volume at the boiling point from that of the water to that of
the steam, W being the specific volume of the steam.

(4) 7 units to perform the disgregation work of this change of state
(Art. 15) ; items (8) and (4) being often classed together as L.
The total heat expended per pound is then

H=h+L=h+r+e=FE +e.

The values of these quantities vary widely with different vapors, even when
at the same temperature and pressure; in gemeral, as the pressure increases, &
increases and L decreases. ‘Watt was led to believe (erroneously) that the sum of
% and L for steam was a constant; a result once described as expressing - Watt’s
Law.” This sum is now known to slowly increase with increase of pressure.

360. Properties of Saturated Steam. It has been found experimentally
that as p, the pressure, increases, t, k, ¢, and H increase, while r and L
decrease. These various quantities are tabulated in what is known as a
steam table.*

* Regnanlt’s experiments were the foundation of the steam tables of Rankine (9),
Zeuner (10), and Porter (11). The last named have been regarded as extremely acco-
rate, and were adopted as standard for use in reporting trials of steam boilers and
pumping engines by the American Society of Mechanical Engineers. They do not
give all of the thermal properties, however, and have therefore been unsatistactory tor
some purposes. The tables of Dwelshaunevers-Dery (12) were based on Zeuner's;
Buel’s tables, originally published in Weisbach's Mechanics (13), on Rankine's.
Peabody’s tables are computed directly from Regnault’s work (14). The principal
differences in these tables were due to some uncertainty as to the specitic volume of
steam (15). The precise work of Ilolborn and Henning (16) on the pressure-tempera-
ture relation and the adaptation by Davis (17) of recent experiments on the specific
heat of superheated steam to the determination of the total heat of saturated steam
(Art. 388) have suggested the possibility of steam tables of greater accuracy. The
most recent and satisfactory of these is that of Marks and Davis (18), values from
which are adopted in the remainder of the present text. (See pp. 247, 248,)
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Our original knowledge of these values was derived from the com-
prehensive experiments of Regnault, whose empirical formula for the
total heat of saturated steam was H =1081.94+0.305t. The recent
investigations of Davis (17) show, however, that a more accurate ex-
pression is

H =1150.3+0.3745(t— 212) — 0.00055 (t— 212)2 (Art. 338).

(The total heat at 212° F, is represented by the value 1150 3.) Barnes’
and other determinations of the specific heat of water permit of the com-
putation of #; and L=H—h. The value of ¢ may be directly calculated
if the volume 17" 1s known, and r=L—e. The value of r has a straight
line relation, approximately, with the temperature. This may be
expressed by the formula r=1061.3—0.79 1° F. The method of deriv-
ing the steam volume, always tabulated with these other thermal
properties, will be considered later. When saturated steam is con-
densed, all of the heat quantities mentioned are emitted in the reverse
order, so to speak. Regnault’s experiments were in fact made, not
by measuring the heat absorbed during evaporation, but that emitted
during condensation. Items h and r are both internal energy effects;
they are sometimes grouped together and indicated by the symbol E;
whence H=E+e¢. The change of a liquid to its vapor furnishes the
best possible example of what is meant by disgregation work. If there
is any difficulty in econceiving what such work is, one has but to com-
pare the numerical values of L and r for a given pressure. What
becomes of the difference between L and e? The quantity L is often
called the latent heat, or, more correctly, the latent heat of evapora-
tion. The “ heat in the water ”’ referred to in the steam tables is &;
the ““ heat In the steam ”’ is H, also called the total heat.

361. Factor of Evaporation, In order to compare the total expen-
ditures of heat for producing saturated steam under unlike condi-
tions, we must know the temperature 7', other than 32° F. (Art.
359), at which the water is received, and the pressure p at which
steam is formed ; for as 7 increases, A decreases; and as p increases,
H increases. This is of much importance in comparing the results
of steam boiler trials. At 14.7 1b. (atmospheric) pressure, for ex-
ample, with water initially at the boiling point, 212° F., =0 and
H=L=970.4 (from the table, p. 247). These are the conditions
adopted as standard, and with which actual evaporative performances
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are compared. Evaporation under these conditions is described as
being

From (a feed water temperature of) and at (a pressure correspond-
ing to the temperature of) 212° F.

Thus, for p = 200, we find L =843.2 and A= 35+.9; and if the tem-
perature of the water is initially 190° ¥., corresponding to the heat
contents of 157.9 B. t. u.,

H=1L+ (854.9 — 157.9) = 843.2 4 197 = 1040.2.

The ratio of the total heat actually utilized for evaporation to that
necessary “from and at 212° F.” is called the factor of evaporation.
In this instance, it has the value 1040.2 + 970.4 =1.07. Generally,
if I, h refer to the assigned pressure, and &, is the heat correspond-
ing to the assigned temperature of the feed water, then the factor of
evaporation is

F=[L+ (b~ hy)]+ 970.4.

362. Pressure-temperature Relation. Regnault gave, as the result of his ex-
haustive experiments, thirteen temperatmies corresponding to known pressures
at saturation. These range from — 32° C. tn 220° C. He expressed the relation
by four formulas (Art. 19); and no less than fifty formulas have since been
devised, representing more or less accurately the same experiments. The deter-
minations made by Holborn and Henning (16) agree closely with those of Reg-
nault; as do those by Wiebe (19) and Thiesen and Scheel (20) at temperatures
below the atmospheric boiling point.

The steam table shows that, beginning at 32° F., the pressure rises with the
temperature, at first slowly and afterward much more rapidly. The fact that
glight increases of temperature accompany large mereases of pressure in the working
part of the range seems fatal to the development of the engmne using saturated
steam, the high temperature of heat absorption shown by Carnot to be essential
to efficiency being unattainable without the use of pressures mechanically objection-
able.

A recent formula for the relation between pressure and temperature is (Power,
March 8, 1910)

1
£=200 p® —102,

in which £ is the Fahrenheit temperature and p the pressure in pounds per square
inch. This has an accuracy within 1° or so for usual ranges.
Marks gives (Jour. A. 8. M. E., XXXIII, 5) the equation,

log p=10.515354 -—48713, a —0.00405006 7'+0.000001392964 T2,

T being absolute and p in pounds per square inch. This has an established accuracy
within % of 1 per cent for the whole range of possible temperatures.
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863. Pressure and Volume. Farbairn and Tate ascertained experimentally
in 1860 the relation between pressure and volume at a few points; some experi-
ments were made by Hirn; and Battelli has reported results which have been
examined by Tumlirz (21) who gives

vtec=—o,
p

where p is in pounds per square inch, ¢=0.256, B=0.5962 and T is in degrees

absolute.
More recent experiments by Knoblauch, Linde, and Klebe (1905) (22) give

the formula
pv=05062 T—p(1+0.0014 1) (1"’0’3,_,,——18@—0 -0.0833) ,
in which p is in pounds per square mnch, » in cubic feet per pound, and T in degrees
absolute.
Goodenough’s modified form of this equation is more convenient:

BT m
vtc =?—(1 +ap)im

in which B =0.5963, log m =13.67938, n=>5, ¢=0.088, a=0 0006.

A simple empirical formula is that of Rankine, pyit = constant, or that of Zeuner,
P V1086 — constant. These forms of expression must not be confused with the
PVn =¢ equation for various polytropic paths. An indirect method of determin-
ing the volume of saturated steam is to observe the value of some thermnal piop-
erty, like the latent heat, per pound and per cubic Joot, at the same pressure.

The incompleteness of experimental determinations, with the diffi-
culty in all cases of ensuring experimental accuracy, have led to the use of
analytical methods (Art. 368) for computing the specific volume. The
values obtained agree closely with those of Knoblauch, Linde, and Klebe.

364. Wet Steam. Even when saturated steam is separated from
the mass of water from which it has been produced, it nearly always
contains traces of water in suspension. The presence of this water
produces what is described as wet steam, the wetness being an indi-
cation of incomplete evaporation. Superheated steam, of course,
cannot be wet. Wet steam is still saturated steam (Art. 356); the
temperature and density of the steam are not affected by the pres-
ence of water.

The suspended water must be at the same temperature as the
steam ; it therefore contains, per pound, adopting the symbols of
Art. 859, % units of heat. In the total mixture of steam and water,
then, the proportion of steam being =, we write for L, 2L; for », 27;
for e, ze; for B, zr + h; while, » remaining unchanged, H =4 + zL.
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The factor of evaporation (Art. 361), wetness considered, must be
correspondingly reduced ; it is F = [«+L+(h — k)] = 970.4.

The specific volume of wet steam is W,= T+ ( W—T")y=2Z+ T,
where Z=W—T1" For dry steam, #=1, and W,=T4+(W-1")=T.
The error involved in assuming W), = . T is usually inconsiderable,
since the value of J™is comparatively small.

365. Limits of Existence of Saturated Steam. In Fig. 160, let
ordinates represent temperatures, and ahseissas, volumes. Then ab
is a line representing possible condi- |7
tions of water as to these two proper-
ties, which may be readily plotted if
the specific volumes at various tem-
peratures are known; and ed is a
similar line for steam, plotted from the
values of W and ¢ in the steam table.
The lines ab and c¢d show a tendency ¢
to meet (Art. 379). The curve cd is Fie 10 Arts. 303, 366, 579, — Paths

. of Steam Formation.

called the curve of saturation, or of con-

stant steam weight; it represents all possible conditions of constant
weight of steam, remaining saturated. It is not a path, although
the line @b is (Art. 363). States along ab are those of liquid; the
area dade includes all wet saturated states; along de, the steam is
dry and saturated; to the right of de, areas include superheated
states.

366. Path during Evaporation. Starting at 32° the path of the
substance during heating and evaporation at constant pressure would
be any of a series of lines aef, ali, etc. The curve ab is sometimes
called the locus of boiling points. If superheating at constant pres-
sure occur after evaporation, then (assuming Charles’ law to hold)
the paths will continue as fg, i/, straight lines converging at O.
For a saturated vapor, wet or dry, the isothermal can only be a straight
line of constant pressure.

367. Entropy Diagram. Figure 161 reproduces Fig. 160 on the
entropy plane. . The line ab represents the heating of the water at
constant pressure. Since the specific heat is slightly variable, the
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increase of entropy must be computed for small differences of tem-
The more complete steam tables give the entropy at various

perature.
Let evaporation occur when the

boiling points, measured above 32°.
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FiG. 161. Arts. 367, 3. 0-373, 376, 379, 386, 426 — The Steam Dome.

temperature is 7,. The increase of entropy from the point & (since
the temperature is constant during the formation of steam at constant
pressure) is simply L + (T}, + 459.6), which is laid off as ¢c. Other
points being similarly obtained, the saturation curve ed is drawn.
The paths from liquid at 32° to dry saturated steam are abe, a VAV,

aUS, ete.

The factor of evaporation may be readily illustrated. Let the area
eUSS represent Ly,, the heat necessary to evaporate one pound from and
at 212° F. The area gjbeh represents the heat necessary to evaporate one
pound at a pressure b from a feed-water temperature j. The factor of
evaporation is gjbch <+ eUSf. TFor wet steam at the pressure b, 1t is, for

example, gjbik + eUSYS.
368. Specific Volumes: Analytical Method. This was developed by
Clapeyron 1n 1834. In TFig. 162, let abed represent a Carnot cycle 1n

which steam is the working substance and the range of temperatures is
dT. Let the substance be liquid along da and dry saturated vapor along be.
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The heat area alfe is L; the work area abed is (L + T)dT. In Fig. 163,
let abed represent the corresponding work area on the pr diagram. Since
the range of temperatures 1s only d7, the range of pressures may be

T
P
a ) a b
a ; Q
d ¢
e I N

Fics. 162 and 163 Arts. 568, 400, Wuo. — apeeiic \ olues by Clapeyion's Method

taken as dP; whence the area abed in Fig. 163 is dP( W — V), where W
1s the volume along #e¢, and ¥ that along ad. This area must by the first
law of thermodynamies equal (778 L + T)dT; whence

. - TI8L AT . < TISLAT
W p=18L dT — 4 I8LdT
7 ap =T+

Thus, if we know the specific volume of the liquid, and the latent heat
of vaporization, at a given temperature, we have only to determine the

dafferential coefficient % in order to compute the specific volume of the
(

vapor. The value of this coefficient may be approximately estimated from
the steam table; or may be accurately ascertained when any correct formula
for relation between P and 7 is given. The advantage of this indirect
method for ascertaining specific volumes arises from the accuracy of
experimental determinations of T, L, and P.

369. Entropy Lines. In Fig. 161, let ab be the water line, ¢d
the saturation curve; then since the horizontal distance between
these lines at any absolute temperature 7' is equal to L+ T, we
deduce that, for steam only partially dry, the gain of heat in passing
from the water line toward ed being zL instead of L, the gain of
entropy is zL + T instead of L = T. If on e and ad we lay off bi
and al=z-be and z - ad, respectively, we have two points on the
constant dryness curve il, along which the proportion of dryness is 2.
Additional points will fully determine the curve. The additional
curves zn, pg, etc., are similarly plotted for various values of z, all
of the horizontal intercepts between ab and ed being divided in the
same proportions by any one of these curves.



240 APPLIED THERMODYNAMICS

370. Constant Heat Curves. Let the total heat at o be H. To
find the state at the temperature be, at which the total heat may also
equal H, we remember that for wet steam H=/l+xL, whence
z=(H—h)+ L=2>p+be. Additional points thus determined for
this and other assigned values of H give the constant total heat
curves op, mr, etc. The total heat of saturated vapor is not, however,
a cardinal property (Art. 10). The state points on this diagram
determine the heat contents only on the assumption that heat has
been absorbed at constunt pressure; along such paths as abe, aUS,

a VDV, ete.

371. Negative Specific Heat. If steam passes from o to r, Fig. 161,
heat is absorbed (area sost) while the temperature decreases. Since the satu-
ration curve slopes constantly downward toward the right, the specific heat
of steam kept saturated 1s therefore negative. The specific heat of a vapor
can be positive only when the saturation curve slopes downward to the left,
like cu, as in the case, for example, of the vapor of ether (FFig. 315). The
conclusion that the specific heat of saturated steam 1s negative was
reached independently by Rankine and Clausius m 1850. It was experi-
mentally verified by Hin in 1862 and by Cazin in 1866 (24). The
physical significance is simply that when the temperature of dry saturated
steam is increased adiabatically, it becomes superheated; heat must be
abstracted to keep it saturated. On the other hand, when dry satuiated
steam expands, the temperature fallmg, it tends to condense, and
heat must be supplied to keep 1t dry. If steam at ¢, Fig. 161, having
been formed at constant pressure, works along the saturation curve to N,
its heat contents are not the swme as if it had been formed along a VN,
but are greater, being greater also than the “heat contents” at c.

372. Liquefaction during Expansion. If saturated steam expand adia-
batically from ¢, Frg. 161, it will at v have become 10 per cent wet. If
its temperature increase adiabatically from v, it will at ¢ have become
dry. Ifthe adiabatic path then continue, the steam will become superheated.
Generally speaking, liquefaction accompanies expansion and drying or
superheating occurs during compression. If the steam 1s very wet to begin
with, say at the state @, compression may, however, cause hiquefaction, and
expansion may lead to drying. Water expanding adiabatically (path bz)
becomes partially vaporized. Vapors may be divided into two classes,
depending upon whether they liquefy or dry during adiabatic expansion
under ordinary conditions of initial dryness. At usual stages of dryness
and temperature, steam liquefies during expansion, while ether becomes
dryer, or superheated.
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373. Inversion. Figure 161 shows that when z is about 0.5 the constant dry-
ness lines change their direction of curvature, so that it is possible for a single
adiabatic like DE to twice cut the same dryness curve; z may therefore have the
same value at the beginning and end of expansion, as at D and E. Further, it
may be possible to draw an adiabatic which is tangent to the dryness curve at 4.
Adiabatic expansion below A tends to liquefy the steam ; above .4, it tends to dry
it. During expansion along the dryness curve below .4, the specific heat is nega-
tiwe; above A, it is positwe. By finding other points like 4, as F, G, on similar
constant dryness curves, a line B4 may be drawn, which is called the zero line or
line of inversion. During expansion along the dryness lines, the specific heat
becomes zero at their intersection with 4B, where they become tangent to the
adiabatics. If the line .4 B be projected so as to meet the extended saturation
curve dc, the point of intersection is the tempeiature of iniersion. There is no
temperature of inversion for dry steam (Art. 379), the saturation curve reaching
an upper limit before attaining a vertical direction.

374. Internal Energy. In Fig. 164, let 2 be the state point of a wet vapor.
Lay off 2 4 vertically, equal to (7 — L)(L —r). Then 1243 (3 4 being drawn
hoiizontally and 1 3 vertically) is equal to |t

L T
12x24—%--L—(L—1-)=.c(L—r). 1 ,\

This quantity is equal to the external work of

vaporization = ze, which is accordingly repre- 2 £

sented by the area 1243. The irregular /

area 6 51 8 4 7 then represents the addition |/ ...

of internal energy, 6 5 1 8 having been ex- 1 17 "
pended in heating the water,and 83 4 T=zr pig. 161, Art 371 — Internal Energy
being the disgregation work of vaporization. and External Work,

375. External Work. Let ML, Fig. 165, be any path in the saturated region.
The heat absorbed is mAa/Nn. Construct Mcba, Nfed, as in Art. 374. The inter-
nal ewergy has increased from Oabem to Odefn, the
amount of increase being adefnmcb. This is greater
than the amount of heat absorbed, by deilecba — iNJ,
which difference consequently measures the external
work done upon the substance. Along some such curve
as XY, it will be found that external work has been
done by the substance.

Fre. 165. Art. 375.—Io- 376. The Entropy Diagram as a Steam Table. In

ternal Energy of Bteam. Fig. 161, let the state point be H. We have T'= HI,
from which P may be found. HJ is made equal to (T = L)(LZ —r), whence
OaVKJI =E and VHJK =ze. Also z= VH + VN, the entropy measured from
the water line is V'H, the momentary specific heat of the water along the dif-
ferential path jL is /LM ~T;; zL = PVHI, zr = KJIP, h= 0aVP, and
H = OaVHI. The specific volume is still to be considered.



242 APPLIED THERMODYNAMICS

377. Constant Volume Lines. In Fig. 166, let JA be the water
line, B the saturation curve, and let vertical distances below ON

represent specific volumes.

T A 2,

\

Fic 166. Art. 37T — Constant
Volume Lines.

Let s equal the volume of boiling water,
sensibly constant, and of comparatively
small numerical value, giving the line ss.
From any point B on the saturation
curve, draw BD vertically, making CD
represent by its length the specific volume
at B. Draw BA horizontally, and A%
vertically, and counect the points Fand D,
Then ED shows the relation of volume of
vapor and entropy of vapor, along AB,
the two increasing in arithmetical ratio.
Find the similar lines of relation KZ and
HF for the temperature lines JI and ¥ G-
Draw the constant volume line 7'D, and
find the points on the entropy plane

w, v, B, corresponding to ¢, u, D. The line of constant volume wB
may then be drawn, with similar lines for other specific volumes, gz,
ete. The plotting of such lines on the entropy plane permits of the
use of this diagram for obtaining

specific volumes (see Fig. 175). T
- ey

878. Transfer of Vapor States. In N i A AT 2o
Fig. 167, we have a single represen- i |
tation of the four codrdinate planes of I i
pt, tn, nv, and pv. Let ss be the line e A; lq ! Ally
of water volumes, ab and ¢f the satura- @ AR _"_‘_\i*c\\ #
tion curve, Cd the pressure-tempera- Eag N
ture curve (Art. 862), and Op the ; ™
water line. To transfer points a, b on " 8
the saturation curve from the pv to the b 9
tn plane, we have only to draw aC, :v
Ce, bd, and df. To transfer points Fie. 167 ég(;j?ta;: ransfer of

like 1, I, representing wet states, we

first find the »n lines g& and rg as in Art. 877, and then project

i, 7%, Im, and mn (25).
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Consider any point ¢ on the pv plane. By drawing fu and u» we
find the vertical location of this point in the ¢z plane. Draw w4 and
zB, making 2B equal to the specific volume of vapor at z (equal to
LF on the pv plane). Draw ABand project¢to e. Projecting this
last point upward, we have .D as the required point on the entropy
plane.

379. Critical Temperature. The water curve and the curve of saturation
in Figs. 160 and 161 show a tendency to meet at their upper extremities.
Assuming that they meet, what are the physical conditions at the critical
temperature existing at the point of intersection ? It is evident that here
L=0,r=0,and e= 0. The substance would pass immediately from the
liquid to the superheated condition ; there would be no intermediate state
of saturation. No external work would be done during evaporation, and,
conversely, no expenditure of external work could cause liquefaction. A
vapor cannot be liquefied, when above its critical temperature, by any
pressure whatsoever. The density of the liquid is here the same as that
of the vapor: the two states cannot be distinguished. The pressure re-
quired to liquefy a vapor increases as the critical temperature is approached
(moving upward) (Arts. 358, 360) ; that necessary at the critical temperature
is called the critical pressure. Itis the vapor pressure corresponding to the
temperature at that point. The volume at the intersection of the saturation
curve and the liquid line is called the critical volume. The ¢ specific heat
of the liquid ” at the eritical temperature is infinity.

The critical temperature of carbon dioxide is 88.5° F. This substance is
sometimes used as the working fluid in refrigerating machines, particularly on
shipboard. It cannot be used in the tropies, however, since the available supplies
of cooling water have there a temperature of more than 88.5° F., making it im-
possible to liquefy the vapor. The carbon dioxide contained in the microscopic
cells of certain minerals, particularly the topaz, has been found to be in the critical
condition, a line of demarcation being evident, when cooling was produced, and
disappearing with violent frothing when the temperature again rose. Here the
substance is under critical pressure; it necessarily condenses with lowering of
temperature, but cannot remain condensed at temperatures above 88.5° F. Ave-
narius has conducted experiments on a large scale with ether, carbon disulphide,
chloride of carbon, and acetone, noting a peculiar coloration at the critical point (26).

For steam, Regnault’s formula for H (Art. 360),if we accept the approximation
h=1t— 32, would give L = H —k =11138.94 — 0.695¢, which becomes zero when
t=1608° F. Davis’ formula (Art. 360) (likewise not intended to apply to temper-
atures above about 400° F.) makes L = 0 whent = 1709° F. The critical tempera-
ture for steam has been experimentally ascertained to be actually much lower, the
best value being about 689° F. (27). Many of the important vapors have been
studied in this direction by Andrews.
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380. Physical States. We may now distinguish between the gaseous
conditions, including the states of saturated vapor, superheated vanor, and
true gas. A saturated vapor, which may e either dry or wet, is a gaseous
substance at its maxzimum density for the given temperature or pressure;
and below the critical temperature. A superheuted vapor is a gaseous sub-
stance at other than maximum density whose temperature is either less
than, or does not greatly exceed, the critical temperature At Ligher tempery-
tures, the substance becomes a true gas. All imperfect gases may be regarded
as superheated vapors.

Air, one of the most nearly perfect gases, showssome deviations from Boyle’s law
at pressures not exceeding 2500 1b. per square inch.  Other substancesshow far more

marked deviations. In Fig. 168, QP is an equulateral hyperbola. The 1sothermals
for air at vaiious temperatures centi-

0 F grade are shown above. The lower
o curves are isothermals for carbon di-
” . oxide, as determined by Andrews (28).
o ;fll?}AIR conves They depart widely from the perfect
£ 15.0° gas isothermal, PQ. The dotted lines
i show the liquid curve and the satura-
::’_'5' tion curve, running together at «, at the
<n critical temperature. There is an evi-
o dent increase in the irregularity of the
80 '_—'\\ curves as they approach the eritical tem-
551 B B \\\ € perature (from above) and pass Lelow
L e —— v_ it. The cwve for 21.5° C. is particu-

Fie. 168. Art 380.—Crtical Temperature. larly interesting. From & to ¢ it is a

liquid ecurve, the volume remaining
practically constant at constant temperature in spite of enormous changes of pres-
sure. From b to d it is a nearly straight horizontal line, like that of any vapor
between the liquid and the dry saturated states; while fiom d fo e it approaches
the perfect gas form, the equilateral hyperbola. All of the isothermals change
their direction abruptly whenever they ap-
proach either of the limit curves «f or ag.

381. Other Paths of Steam Formation. b n
The discussion has been limited to the
formation of steam at constant pressure,
the method of practice. Steam might con-
ceivably be formed along any arbitrary
path, as for instance in a closed vessel at
constant volume, the pressure steadily in-
creasing. Since the change of internal
energy of a substance depends upon its
initial and final states only, and not on the intervening path, a change of pa.th
affects the external work only.” For formation at constant volume, the total heat
equals E, no external work being done. If in Fig. 169 water at ¢ could be com-

d N

Fig. 169. Art. 381. — Evaporation at
Constant Volume.

Pl-AO
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pletely evaporated along cn at constant rolume, the area acnd would represent the
addition of internal energy and the total heat received. If the process be at con-
stant pressure, along chn, the area acbnd 1epresents the total heat received and the
area cbn represents the external work done.

382. Vapor Isodynamic. A saturated vapor contains heat above 32° F. equal
to & + r + e; or, at some other state, to & + r, + ¢;. If the two states are isody-
namic (Art. 83), & + r = I, + r, a condition which is impossible if at both states
the steam be dry. If the steam be wet at both states, 2 + &r = &; 4 a,r;. Let p,
Pp v be given; and let it be required to find v,, the notation being as in Art. 364.

We have z; = —-—tf':—]’—l, all of these quantities being known or readily ascertain-

1
able. Then
w=Ttan (W= T)=5Z+ I =Vi+ 8@ +ar-1).
1

If z = 1.0, the steam being diy at one state, z; = Z‘—t%—_—él and
1

1y = V1+%(k+r—h1).

Substitution of numerical values then shows that if p exceed pj, v is less than v;;
i.e. the curve slopes upward to the left on the pv diagram- and z is less than
z,. The curve is less “steep” than the satmation curve. Steam cannot be worked
isodynamically and remain dry; each isodynamic curve meets the saturation curve
at a single point.

3822, Sublimation. It has been pointed out that a vapor cannot exist at a
temperature below that which ‘corresponds” to its pressure. It is likewise true
that a substance cannot exist in the lquid form at a temperature abore that which
“corresponds’’ to its pressure. When a substance is melted in air, it usually becomes
a liquid; and if a further addition of heat occurs it will at some higher temperature
become a vapor. If, however, the saturation pressure at the melting temperature
exceeds the pressure of the atmosphere, then at atmospheric pressure the saturation
temperature is less than the melting temperature, and the substance cannot become
a liquid, because we should then have a liquid at a higher temperature than that
which corresponds to its pressure. Sublimation (Art. 17), the direct passage from
the sohd to vaporous condition, occurs because the atmospheric boiling point is
below the atmospheric melting point.

Water at 32° has a saturation pressure of 0.0886 Ib. per square inch. If the
moisture in the air has a lower partial pressure than this, ice cannot be melted,
but will sublime, because water as a liquid cannot exist at 32° at a less pressure
than 0.0886.

THERMODYNAMICS OF (GAS AND Varor MIXTURES

3820. Gas Mixture. (See Art.525.) When two gases, weighing w; and w- lb.
respectively, together occupy the same space at the conditions p, v, ¢, we may write
the characteristic equations, using subscripts to represent the different gases,
conforming to Dalton’s law,

pr=Ritwr, pw=Rdws, pt+p=p, wrtwz=w.
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WEIGHTS OF AIR, VAPOR OF WATER, AND SATURATED MIXTURES OF AIR AND VAPOR
AT DIFFERENT TEMPERATURES, UNDER THE ORDINARY ATMOSPHERIC PRESSURE
oF 29 921 INcHES oF MERCCTRY.

MIXTCRES OF AIR SATURATED WITH VAPOR
Tﬁaﬁﬂeﬂe Elastic Force of the A1r| Weaght of cg \ir:rcal‘;?'lo%glf)g?e Miture
1 the Mizture of Air
and Vapor 1n s
of Mercury Weight of the Air Weight of the Vapor
1n Pounds 1 Poun

0° 29 877 .0863 000079
12 29 849 .0840 000130
22 29 803 .0821 000202
32 29 740 .0802 000304
42 29 654 .0784 .000440
52 29 533 .0766 000627
62 29 365 0747 .000881
72 29 136 0727 .001221
82 28 829 .0706 .001667
92 28 420 .0684 .002250
102 27 885 .0659 .002997
112 27 190 .0631 003946
122 26 300 .0599 005142
132 25 169 .0564 .006639
142 23.756 .0524 .008475
152 21 991 .0477 .010716
162 19 822 .0423 .013415
172 17.163 .0380 .016682
182 13 961 0288 020536
192 10 093 .0205 .025142
202 5 471 .0109 030545
212 0 000 0000 036820

These yield as the equation of the mixture,
N pv=Riw,

where R=(Run~+Ryw;)+(wi+ws). For pure dry air, containing by weight 0.77

nitrogen to 0.23 oxygen, the value of R should then be

(48.2X0.23) +(54.9 X0 77) =53 2.

382¢. Airand Steam. We are apt to think of the minimum boiling point of water
(except in a vacuum) as 212° F. But water will boil at temperatures as low as
32° F. under a definite low partial pressure for each temperature. Thus at 40° F.,
if an adequate amount of moisture is exposed to the normal atmosphere it will
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be vaporized until the mixture of air and steam contains the latter at a partial
pressure of 0.1217 lb. per square inch, the partial pressure of the ar then bemng
only 14.697-0.1217 =14 5753 1b. per square inch. Such air is saturated. If there
is a scant supply of moisture, the partial pressure of vapor will be less than that
corresponding with its temperature, and such vapor as is evaporated will be super-
heated The weight of moisture mn a cubic foot of saturated air is the tabular
density of the vapor at its temperature. What is commonly called the absolute
humadity of air may be expressed erther in terms of the weight of vapor per cubic
foot of mixture or of the partial vapor pressure.

The weight of gas or superheated vapor in any assigned space at any stated
temperature is directly proportional to the partial pressure thereof The relative
humidity of moist air may therefore be expressed either as ﬁ or as F, where w and

2
W are respectively the weights of water vapor in a cubic foot of moist air, unsatu-
rated and saturated, and p., P, are the corresponding partial pressures. The value
of R in the characteristic equation is obtained, for moist air at a relative humidity
below 1.0, by the method of the first paragraph, using for the water vapor R.=85.8.

If the air temperature is 92° F., and a wick-covered (‘““wet bulb’’) thermometer
reads 82° the partial pressure of the vapor is that corresponding with saturation
at 82°, that is, 0.539 Ib. per square inch; for the air about the wet-bulb thermometer
is saturated, evaporation from the moist wick causing the cooling. Safurated air

at 92° would have a partial vapor pressure of 0.741 lb. per square inch. The air in
question has therefore a relative humidity of g.’?’i? =0.73. The value of R for this

air is not 53.2, but

Rzu&) 2 (
.24-0.06
lel+R2w2 _Rlu‘l ( + 53 + 9 +

witws
w (1-171) 0.069( e 158)

a subordinate relation being
P (14.697 —0.539)144
Ryt 53.2 X552
If the respective specific heats are k; and k., then the specific heat of the mix-
ture is

85.
53.
0

u: lO_Cﬂ
%

=0.069.

w (k1+k=1—0“31) =k1+xa§
wtws ws P
w, (1“%) 142

which for our conditions, with k1 =0.2375, k» =0.4803, gives k=0.248.

_kowoi ko _

382d. Thermodynamic Equations. When dealing with mixtures of wet vapors,
or of wet vapors and air, the ordinary equations for expansion do not in general
apply. This is the more unfortunate in that any general analysis of the subject
must include consideration of expansion paths which will partially liquefy
one or more of the constituents of even a wholly superheated mixture. The
internal energies of the constituents and their entropies are dependent upon
and may be computed from their thermal conditions alone, however; mixing
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does not affect the energy, and adiabatic expansion does not affect the entropy;
8o that 1t is by no means impracticable to study the phenomena accompanying
(a) the operation of mixing and (b) the expansion or compression of the mixture.

382¢. Wet Vapor and Gas. As a simple case, consider a mixture of wet steam
and awr. the condition of a super-saturated atmosphere. Let such a mixture be
at the state p, v, £; the steam state being ws, ps, Z», and that of the air w;, p1. Then

Rytw
P=p1+pr, and v=wunzan= ;1 :

, where v, is the specific volume of the dry steam.

The internal energy of the mixture is
E=E, +E2 =l +W2(h2 +$27'2)y
where [ 18 the specific heat of air at constant volume and 4; and 7, are tabular thermal
properties at the pressure p,. The entropy of the mixture is
n=n+ny=uy [l Toge s + (5 —1) logrg] e (0 +Ta7s),
492 Yo

where k is the specific heat of air at constant pressure, », is the volume of w; lb.
of air under standard conditions and n, and 7 are the entropies of steam at the
pressure 2s.

In an isothermal change of such mixture, B, remains constant and (the dryness
of the steam changing to zs) E. increases by wir»{zs—=z.). The air conforms to
its usual characteristic equation, p;o1=R¢;. In reaching the expanded volume vs,
the external work done by the air is then

v loge ?

The steam remaining wet expands at constant pressure, and does the external work
Pp2(v3—v), 8o that the whole amount of external work done is

W =p1 logs “*+-pa(os —).

The heat absorbed may be expressed as the sum of the external work done and
the internal energy gained; or as

H=pplog, ?"'Px (v —v) +wars(s —22) =p1v loge ?‘I“wzlz (3 —22),

where I is the latent heat of vaporization corresponding with the pressure p..
Alternatively, the heat-absorbed is equal to the product of the temperature by the
increase of entropy; or

H=t [wl(k —1) log, %‘l—l-wgna(x, —:oz)] =pw loge :—3+ZaWz(z‘a —3),

as before; m=l’? being the entropy of vaporization at the pressure p;. ILet it be

noted also that v =1wnzsve =RZ;:}DI, g0 that

’
%—=2—=?, Py’ denoting the partial pressure of air in the mixture after expansion.
s 1

The mixing of air with saturated steam produces a total pressure which is higher
than the saturation pressure of steam at the given temperature. Such a mixture
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may therefore be regarded as the reverse of superheated vapor, in which latter
the pressure is less than that corresponding with the temperature.

In adiabatic expansion, let the final condition be z3, £, p;. 'The entropy remaining
constant,

wik loge %+wl k=0 logg%:—,-l—w-_»(nw’ “+z3ne’ —nw—2ene) =0,
where ny, is entropy of liquid and primes refer to final conditions. The partial

pressure of the vapor is tabular for ;. If vy’ is the specific volume of steam for &
then

w Rits
wzzaz' ’—_. v:, pa" __—___,
Vg
__ ” , wiRits
Ty= 3" +pa’ = Ta=—7—7
!u‘zi D P Ds, 3 D "U:’ZD y

where p:/’ and p;’ are the partial pressures of air and steam, respectively. The
external work is written as the loss of internal energy, or, as

W=FE —E; = u‘],l(tz —t) +u‘2(hg +zg7'z —h3—$¢?'3).

382 f. High Pressure Steam and Air. The pressure attained by mixing cannot
exceed the mmitial pressure of the more compressed constituent. Assume 1 Ib. of
steam, 0.85 dry, at an absolute pressure of 200 lb., to be mixed with 2 Ib. of air
at 220 1b. pressure and 400° ¥. The respective volumes are

2]
s =0.85X2 29 =1.945; v¢.=‘r’—3—;—g<y8% =2.9;

and the volume of mixture will be, under the usual condition of practice,
1.94542.9 =4.845.
The internal energy before (and after) mixing is

(2X0.1689X860) +-354.9+ (b.85 +759.5) =1288 B. t. u.

This we put equal to (2<0.1689 X&) +ha+tzars; Iz=%=é'?:;5; and (assuming

values of ) we find by trial and error,
4 845r,

vy
t=314(+460), h:=284, 7r.=818, 1=5.33, 2=0.908,
p2=82.3, p;=118.2, p=200.5.
Mixing has caused an increase in dryness of steam, a considerable reduction of tem-~

perature, and a final pressure between the two original pressures.
The entropy of the mixture is now

0.3378¢+hs+ =1288, (1285)

2 { (0.1689 %2.3 log %—3) + (0‘0685 X2.3 108 757 754) }

+0.456+(0.908X1.1617) =1.438
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Let isothermal expansion increase the drymess to 0.95. The volume then
becomes 0.95X5.33=>5.08 =v;. The external work done 13

773{ (144 X118 2 X4.845 X2.3 log 2 gg) +144X82.3(5 08—4.845) ;- =845 B. t. u.

The internal energy increases by 0 042 X759.5 =31 9 B. t. u , and the heat absorbed
should then be 31.9+8.45=40.35 B. t. u. The entropy 1n the expanded condition
is

774 5.08
2{ (o 1689 X2.3 log 492) + (0 0686 X2.3 log 5,7 4) }
+0 4564 (0.95 X1.1617) =1.49,

and the check value for heat absorbed is (460-+314) X (1.49—1.438) =40.3 B. t. u.
The partial pressures after expansion are

0.908

0950 =113; and steam, 82.3, as before.

Air, py' =p. 2 —1182

In the usual expression for external work,

pv—PV n=pv-—PV+W
n—1 "~ W ’

W=

_the equivalent value of n is

144{(200 5 X4.845) — (195.3 X5.08)} 4 (8.45X 778) —0.603
8 45X 778 A

Consider next the adiabatic expansion from the same initial condition to a
temperature 3 =>50°(}460); when v’ =1702, p;’'=0 178, ny’ =0.0361, n,"=2.0865,
v;=17027;. Then

1.438 =2{ (o 16892.3 log 2;2) + (0.0686 2.3 log ;2%27?;) } 10.0361-2.08652s,

and 23=0.47, v;=802.
The internal energy in the expanded condition is

18.084-(0.47 X 1007.3) 4-2(0.1689 X 510) =665 B. t. u.,

and the external work done is 1288 —665=623 B.t u. The steam expanding
alone from its original condition would have had a final dryness of 0.65, and would
have afforded external work amounting to

354.94(0.85X759.5) —18 08 — (0.65X1007.3) =323 B. t. u.
The air expanding alone to 50°, according to the law pwi¥=p:"s1'Y would have

given
( ) 20 )1.402_0 085
Pl =N =2 (802 =V. ]

_144 (320 X2 9—0 085 X802\ _
W, 773( S ) 262 B. t. u.
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The total work obtainable without mixture, down to the temperature f;=50
would then have been 2624323 =585 B. t. u.
The equivalent value of n for the expansion of the mixture is

144{(200.5 X4.845) — (0 263 X802)} + (665 X778)

665 X778 =121,

Since y for steam initially 0.91 dry is 1.126, and y for air is 1.402, the value
of n might perhaps have been expected to be about

(2X1.402) +1.126

3 =1.31.

382g. Superheated Steam and Air. If the steam is superheated, its initial
volume is (from the Tumlirz equation, Art. 363),

ommen (B-2)
¢ p2 ’

where B=0.5962, ¢=0.256. The internal energy of superheated steam may be
written as that at saturation (hz+z.r;) plus that of superheating,

ks
il 7O
Us ( tt) ’

where ks is the specific heat of the superheated steam, y,=1.298, and i, is the satu-
ration temperature for the partial pressure p,. The entropy of the steam is

t
Ny +Tane+ksloge .
Its behavior during expansion may be investigated by the relations previously
given.
382/%. Mixture of Two Vapors. Let two wet vapors at the respective conditions

Wy, Psy Loy Ts, ke, b, 72, and wa, pa, t2, Xg, hg, Iy, ra, be so mixed that the volume
of the aggregate is v=v,+vs. The internal energy of the mixture is

ws(ha+zars) +Wa(h2+xsr2),
the numerical value of which may be computed for the conditions existing prior
to mixing. After mixing, the temperature ¢ being attained, the internal energy
is the same as before, and the drynesses are

v xz' —.—2.’__
o'W’ Yo'wg'

where v,’ is the tabular volume at the temperature £. The known internal energy
may then be written as a function of tabular properties at the temperature i, and the
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value of 7 found by trial and error The equation for adiabatic expansion entirely
in the saturated field to the state & is wa(np—+z:ne) +WolOw+Xone) =wa(ny’ +22"n.")
4+ wso(ny +Xome’), primes denoting final conditions. Thus, let 1 1b of steam at
107 Ib. pressure. 0 90 dry, be mixed with 2 Ih. of carbon tetrachloride at the same
pressure, 095 dry. The tables give tp =320, hy =61 2, ry=58.47, v, =0415, ng=
0.1003, n,=0 0855; #:=333, h2=303 4, =802 5, 1o =4 155, n,; =0.4807, ne=1 1158.
Then 1:=0090X4.155=3"75, vo=095X2X0.415=0789, »=375+0.789=4.539.
The mternal energy 1s

303.4- (0 90 X802.5) +2 {61.2+(0.95X58.47)} =1258 B. t. u.

Since x9'>10 for values of ¢ between 320° and 333° the carbon tetrachloride
is superheated after mixture occurs. We must then express the energy as

E=h+z'rs"+2 { hg'—l—Wz'-I—%(t —~t5') 2» =1258,

in which £=0.056, y=1.3, §=0.043, and tp’ is the saturation temperature corre-

sponding with the partial pressure of the carbon tetrachloride. Assuming that this
vapor when superheated conforms with the usual characteristic equation for gases,

and putting =100, p2’=%4>2——1x0;1%=0.0307 {. Assuming values of ¢, the trial

and error method gives a resulting mixture temperature close to 319° at which
p2’ =239, to’=200° and

E =289.2+%g%-814.0+2(34 59+472.644+0.043X119) =1255(1258) B.t.u.

The entropy computed as before mixing is
0.481+ (0.9 X1.1152) +2(0.1003--0.95 X 0.0855) = 1.85;"
after mixing, it is

4.539 779
0.4627+ (E-S-G~1.1492) +2 (0.1846+0.056 X2.3 log ER)) =1.89.

Mixing has again lowered the temperature. Let adiabatic expansion proceed
until the temperature is 212°. The tetrachloride will stall be superheated, and

0.3118-1.4447x, 2 (nw’ +ne'+k log,%%,g) =1.89.

For every assumed value of ty’, the whole volume of mixture is 2?xg7,2
44p2
D’

Then q'=,737, where vs'=26.79, the volume of saturated steam at 212°. At

=7/, say
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0
ty’=106°, py’ =4.37,v' =214, zo’ =§2-.,1-".%=0.798, ng,’+n,’=0.1865; and the en-
tropy is

0.3118+1.15+2(0.1865+-0.0094) =1.89.
The internal energy is now
180 0+(0.798 X897.6) +2(14.924-81.76 +0.043 +106) =1098 B. t. u.,

and the external work done during expansion is 1258—1098=160 B.t.u. If the
two vapors had expanded from their original condition to 212° separately, the
external work done would have been, very nearly, 126 B. 1. u.

382i. Technical Application of Mixtures in Heat Engines- The preceding
illustration shows that the expanded mixture, although at 212° F., has a pressure
4.37 Ib. per sq. In. greater than that of the atmosphere. A mixture at an absolute
pressure of 1 1b. (about the lowest commerecially attainable) might similarly exist
at a temperature considerably lower than the 102° F. which is characteristic of
steam alone. A lowering of the temperature of heat-rejection is thus the feature
which makes the use of a fluid mixture of practical interest. This is the more
important, since from a power-producing standpownt the most fruatful part of the
cyclic temperature range is the lower part. The operation of mixing itself reduces
the initial temperature, but it in no way impairs the stock of internal energy of the
constituents

If one of the constituents is at the lower temperature of the cycle a superheated
vapor, it cannet be condensed at that temperature: but since cooling water con-
ditions permit of normal condensing temperature around 65°, the use of a mixture,
even one of air and steam, may permit the attainment of that temperature without
the necessity for an impracticably high vacuum.

The total heat of saturated steam increases less than } B. t. u. per degree of
temperature; that of superheated steam increases from 0.5 to 0.6 B. t.u. It follows
that at the same temperature superbheated steam *contains” more heat than
saturated steam. The internal energy of saturated steam increases about 0.2 B. t. u.
per degree of temperature; that of superheated steam, about 0.4 to 0.45 B. t. u.
The total internal energy at a given temperature is thus also greater with super-
heated than with saturated steam. The less the internal energy at the end of the
expansion, the greater is the amount of external work performed during expansion
for given initial conditions. The analyses show that in general the effect of mixing
air or vapor with steam is to decrease the dryness of the steam after expansion,
and thus to decrease its final stock of internal energy and to increase the external
work performed. Saturated steam expands (¢ e., increases in volume) more rapidly
than air, as its temperature is lowered. Similarly, for a given rate of increase in
volume, the temperature of air falls more rapidly than that of steam. When the
two fluids are mixed, a condition of uniform temperature must prevail. This
necessitates a transfer of heat from the steam to the air, decreasing the entropy
of the former and increasing that of the latter. The decrease in entropy of the
steam is responsible for its decreased dryness at the end of expansion,
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SUPERHEATED STEAM

383. Properties: Specific Heat. In comparatively recent years, superheated
steam has become of engineerng importance in application to reciprocating en-
gines and turbines and in locomotive practice.

Since superheated steam exists at a temperature exceeding that of saturatior,
it is important to know the specific heat for the range of superheating. The first
determination was by Regnault (1862), who obtained as mean values & = 0.4805,
! =0.346, y = 1.39. Fenner found / to be variable, ranging from 0.341 to 0.351.
Hirn, at a later date, concluded that its value must vary with the temperature.
Weyrauch (29), who devoted himself to this subject from 1876 to 1904, finally
concluded that the value of & increased both with the pressure and with the
amount of superheating (range of temperature above saturation), basing this con-
clusion on his own observations as collated with those of Regnault, Hirn, Zeuner,
Mallard and Le Chatelier, Sarrau and Veille, and Langen. Rankine presented a
demonstration (now admitted to be fallacious) that the total heat of superheated
steam was independent of the pressure. At very high temperatures, the values
obtained by Mallard and Le Chatelier in 1883 have been generally accepted by
metallurgists, but they do not apply at temperatures attained in power engineer-
ing. A list by Dodge (80) of nineteen experimental studies on the subject shows
a fairly close agreement with Regnault’s value for % at atmospheric pressure and
approximately 212° F. Most experimenters have agreed that the value increases
with the pressure, but the law of variation with the temperature has been in
doubt. Holborn’s results (31) as expressed by Kutzbach (32) would, if the em-
rirical formula held, make & increase with the temperature up to a certain limit,
and then decrease, apparently to zero.

384. Knoblauch and Jakob Experiments. These determinations (33)
have attracted much attention. They were made by electrically super-
heating the steam and measuring the input of electrical energy, which
was afterward computed in terms of its heat equivalent. These experi-
menters found that £ increased with the pressure, and (in general)
decreased with the temperature up to a certain point, afterward increas-
ing (a result the reverse in this respect of that reported by Holborn).
Figure 170 shows the results graphically. Greene (34) has used these
in plotting the lines of entropy of superheat, as described in Art. 398.
The Knoblauch and Jakob values are more widely used than any others
experimentally obtained. They are closely confirmed by the equation
derived by Goodenough (Principles of Thermodynamics, 1911) from
fundamental analysis:

k=0.367+0.00017 +p(1-+0.0003p) 75,
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where k is the true or instantaneous value of the specific heat at the
constant pressure p (lbs. per sq. in.) and at the temperature 7° abso-
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F1e. 170. Arts. 384, 421. —Specific Heat of Superheated Steam. Knoblauch and
Jakob Results.

lute, and log C=14.42408. Values given by this equation should
correspond with those of the curves, Fig. 170. The values in Fig. 171
are for mean specific heat at the pressure p from saturation to the
temperature T, for which Goodenough’s equation is
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a 1 1
Amp(n+1) (1 +§p) (To—n—— F‘) ’

Fm=at 2(T+T0) +

T-T,
T, being the saturation temperature,
a=0.367, b=00001. log m=13.67938,
n =3, A=+, log {Am(n+1)} =11.566.

385. Thomas’ Experiments. In these, the electrical method of heating
and a careful system of radiation eorrections were employed (35). The
conclusion reached was that & increases with increase of pressure and
decreases with increase of temperature. The variations are greatest near
the saturation curve. The values given included pressures from 7 to 500 1b.
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FiG. 171. A1ts. 385, 388, 398, 417, Prob 42. —Specific Heat of Superheated Steam.
Thomas’ Experiments.

per square inch absolute, and superheating ranging up to 270° F. The
entropy lines and total heat lines are charted in Thomas’ report. Within
rather narrow limits, the agreement is close between these and the Knob-
lauch and Jakob experiments. The reasons for disagreement ontside
these limits have been scrutinized by Heck (36), who has presented a
table of the properties of superheated steam, based on these and other data.
The steam tables of Marks and Davis (see footnote, p. 202) contain
a complete set of values for superheated states. Figure 171 shows
the Thomas results graphically.

886. Total Heat- Assuperheated steam is almost invariably formed
al constant pressure, the path of formation resembles abcW, Fig. 161, ab
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being the water line and cd the saturation curve. Its total heat is then
H,+ k(T —t), where T, t refer to the temperatures at T and ¢. If we
take Regnault’s value for H,, 1081.94+0.305¢ (Art. 360), then, using
%k =0.4805, we find the total heat of superheated steam to be 1081.94 —
0.1755¢4-0.4805 T. A purely empirical formula, 1n which Pis the pres-
sure in pounds per square foot, is H=0.4805( 7 —10.37 P'*) + 857.2.
For accurate calculations, the total heat must be cbtained by using correct
mean values for & during successive short intervals of temperature between
tand T.

387. Variations of 2. Dodge (37) has pointed out a satisfactory method
for computing the law of varation of the specific heat. Steam 1s passed
through a small orifice so as to produce a constant reduction in a constant
pressure. It is superheated on both sides the orifice; but, the heat con-
tents remaining constant during the throttling operation, the temyperature
changes. Let the initial pressure be p, the final pressure ;5 Let one
observation give for an initial temperature ¢, a final temperature ¢,; and
let a second observation give for an 1nitial temperature 7 a final tempera-
ture 7). Let the corresponding total heat contents be 7, k. H, II. Then
h—H=Fk,(t— T) and Iy — H;= k,,‘(z‘1 —Ty). But k=1, H= H,, whence

h— H=h,— H, and %:Zz t;—_—;l‘ If we know the mean value of k for any
P, -
given range of temperature, we may then asceriain the mean calue fur a

series of ranges at wvarious pressures.

388. Davis’ Computation of H. The customary method of deter-
mining % has been by measuring the amount of heat necessarily added
to saturated steam in order to produce an observed increase of tem-
perature. Unfortunately, the value of H for saturated steam has
not been known with satisfactory accuracy; it is therefore inade-
quate to measure the total heat in superheated steam for comparivon
with that in saturated steam at the same pressure. Davis has shown
(17) that since slight errors in the value of H lead to large errors
in that of %, the reverse computation—using known values of % to
determine H — must be extremely accurate; so far so, that while
additional determinations of the specific heat are in themselves to be
desired, such determinations cannot be expected to seriously modify
values of H as now computed.

The basis of the computation is, as in Art. 387, the expansion of
superheated steam through a non-conducting nozzle, with reduction
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of temperature. Assume, for example, that steam at 38 lb. pres-
sure and 300° F. expands to atmospheric pressure, the temperature
becoming 286° F. The total heat before throttling we may call
H. = H,+ (T, — 1}), in which H, is the total heat of saturated
steam at 88 lb. pressure, 7 = 300° F., and 7}, is the temperature of
saturated steam at 38 lb. pressure, or 264.2° F. After throttling,
similarly, H; = H,+ k,(T; — T,), in which H, is the total heat of
saturated steam at atmospheric pressure, 7, is its temperature
(212° F.), and T, is 286° F. Now H;= H,, and H,=1150.4; while
from Fig. 171 we find %, = 0.57 and &, = 0.52; whence

H,=—0.57(300 — 264.2) + 1150.4 + 0.52(286 — 212) = 1168.4T.

The formula given by Davis as a result of the study of various
throttling experiments may be found in Art. 860. The total heat
of saturated steam at some one pressure (e.g. atmospheric) must be
known.

A simple formula (that of Smith), which expresses the Davis results with an
accuracy of 1 per cent, between 70° and 500°, was given in Power, February 8, 1910.

. 1,250,000
t = 1826 4t — 22—
It is H=1826 4+t 1690 — ¢’

t being the Fahrenheit temperature.

389. Factor of Evaporation. The computation of factors of evapora-
tion must often include the eifect of superheat. The total heat of super-
heated steam —which we may call H,—may be obtained by one of the
methods described in Avrt. 386. If A, is the heat in the water as sup-
plied, the heat expended is H, — h; and the factor of evaporation is

(H,— he)+970.4,

390. Characteristic Equation. Zeuner derives as a working formula,
agreeing with Hirn’s experiments on specific volume (38),

PV =0.64901 T — 22,5819 P°%,
in which Pis in pounds per square inch, ¥ in cubic feet per pound, and
T in degrees absolute Fahrenheit. This applies closely to saturated as

well as to superheated steam, if dry. Using the same notation, Tumlirz
gives (39) from Battelli’s experiments,

PV =0.594 T— 0.00178 P.

The formulas of Knoblauch, Linde and Jakob, and of Goodenough, both
given in Art. 363, may also be applied to superheated steam, if not too
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highly superheated. At very high temperatures, steam behaves like a
perfect gas, following closely the law PV =RT. Since the values of B
for gases are inversely proportional to their densities, we find R for steam
to be 85.8.

391. Adiabatic Equation. Using the value just obtained for B, and Regnault’s
constant value 0.4805 for £, we find y = 1.298. The equation of the adiabatic
would then be pi128 = ¢. This, like the characteristic equation, does not hold
for wide state ranges; a more satisfactory equation remains to be developed
(Art. 397). The exponential form of expression gives merely an approximation
to the actual curve.

PaTHS OF VAPORS

392. Vapor Adiabatics. It is obvious from Art. 872 that during
adiabatic expansion of a saturated vapor, the condition of dryness
T must change. We now compute the equa-
af——1b tion of the adiabatic for any vapor. In
Fig. 172, consider espansion from & to e.
Draw the isothermals 7, £  We have

dH

L
N 7, — nd=f-— -}-—1—? and n,—ny =z‘T, T. be-

Lt ;
Fo. 172. Art. 392.—Equa- ing the variable temperature along da. But
tion of Vapor Adiabatie. ',  and if the specific heat of the liquid be

zl. T, L,

constant and equal to e, = cloge?+ 7 the desired equation.

If the vapor be only X dry at 8, then

Xl _ o T, XL
+ =clog, p + T
393. Applications. This equation may of course be used to derive the results
shown graphically in Art. 373. For example, for steam initially dry, we may
make X = 1, and it will be always found that z. is less than 1. To show that
water expanding adiabatically partially vaporizes, we make X = 0. To determine
the condition under which the dryness may be the same after expansion as before
it, we make x = X.
394. Approximate Formulas. Rankine found that the adiabatic might be
represented approximately by the expression,

PIr¥= constant;

which holds fairly well for limited ranges of pressure when the initial dryness is
1.0, but which gives a curve lying decidedly outside the true adiabatic for any con-
siderable pressure change. The error is reduced as the dryness decreages, down to
a certain limit. Zeuner found that an exponential equation might be written in
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the form P V" = constant, if the value of » were made to depend upon the initial
dryness. He represented this by

n = 1.035 4 0.100 X,
for values of X ranging from 0.70 to 1.00, and found it to lead to sufficiently accu-
rate results for all usual expansions. For a compression from an initial dryness =,
n =1.034 4 0.11 z. Where the steam is initially dry, » = 1.135 for expansion and
1.144 for compression. There 1s seldom any good reason for the use of exponential

formulas for steam adiabatics. The relation between the true adiabatic and that
described by the exponential equation is shown by the curves of Fig. 173, after
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Fie. 173. Arts. 394, 395. — Adiabatic and Saturation Curves.

Heck (40). In each of these five sets of curves, the solid line represents the
adiabatic, while the short-dotted lines are plotted from Zeuner’s equation, and the
long-dotted lines represent the constant dryness curves. In I and II, the two
adiabatics apparently exactly coincide, the values of z being 1.00 and 0.75. In
IIL IV, and V, there is an increasing divergence, for z = (.50, 0.25 and 0. Case
V is for the liquid, to which no such formula as those discussed could be expected

to apply.

395. Adiabatics and Comstant Drymess Curves. The constant dryness curves
I and II in Fig. 173 fall above the adiabatic, indicating that keat is absorbed during
expansion along the constant dryness line. Since the temperature falls during
expansion, the specific heat along these constant diyness curves, within the limits
shown, must necessarily be negative, a result otherwise derived in Art. 873, The
points of tangency of these curves with the corresponding adiabatics give the
points of inversion, at which the specific heat changes sign.
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396. External Work. The work during adiabatic expansion from
PV to pv, assuming pv" = P V™, is represented by the formula
PV —pv
n—1 "~
More accurately, remembering that the work done equals the loss of
internal energy, we find its value to be Z — % 4+ XR —ar, in which
H and k denote the initial and final Aeats of the liquid.

397. Superheated Adiabatic. Three cases are suggested in Fig. 174, paths jm,
Jk, de, the initially superheated vapor being either dry, wet, or superheated at the

T

AN

& K

L KN N

Fuc. 174, Art. 397. — Steam Adiabatics.

end of expansion. If % be the mean value of the specific heat of superheated
steam for the range of temperatures in each case, then

for jm, ¢ log. g}' + é‘f +k loge %;
1
for jk, ¢ log, ;,"’ +Le + k ]og. z;{:k
for de, ¢ loge Ty + + ¥, log, L’ = £ﬁ+ ka log.

Ty

398. Entropy Lines for Superheat. Many problems in superheated
steam are conveniently solved by the use of a carefully plotted entropy
diagram, as shown in Fig. 175.* The plotting of the curves within the
saturated limits has already been explained. At the upper right-hand
corner of the diagram there appear constant pressure lines and constant
total heat curves. The former may be plotted when we know the mean
specific heat %k at a stated pressure between the temperatures 7"and ¢: the

entropy gained being % log, "—f The lines of total heat are determined
* This diagram is based on saturated steam tables embodying Regnault’s results, and

on Thomas’ values for k; it does not agree with the tables given on pages 247, 248. The
same remark applies to Figs. 159 and 177.
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by the following method: —For saturated steam at 103.38 1b. pressure,

H=1182.6, T=330° F. As an approximation, the total heat of 1200

B. t. u. will require (1200 — 1182.6)+ 0.4805 = 36.1° F. of superheating.

For this amount of superheating at 100 lb. pressure, the mean specific

heat is, according to Thomas (Fig. 171), 0.604; whence the rise in tem-

perature is 17.1 +0.604 = 28.7° F. TFor this range (second approxima-

tion), the mean spzcific heat is 0.612, whence the actual rise of temperature

is 17.4 + 0.612 = 28.1° F. No further approximation is necessary; the

amount of superheating at 1200 B. t. u. total heat may be taken as 28° F.,

which is laid off

QT‘ vertically from the

point where the satu-

/ \) ration curve crosses

p=103.38 the hine of 330° F.,

d giving one point on

the 1200 B. t. n. total
by 812°F, heat curve.

&7 A few examples
L in the application of
& the chart suggest
themselves. Assume
steam to be formed
15°F. 1 _N\b at 103.38 1b. pres-
sure; required the
necessary amount of
superheat to be im-
N parted such that the
steam shall be just
& dry after adiabatic
Fi. 176, Arts. 398, 399, 401 — Entropy Disgram, Superheated ©€XPaDsion to atmos-
Steam. pheric pressure. Let
rs, Fig. 176, be the
line of atmospheric pressure. Draw st vertically, intersecting d:; then
t is the required initial condition. Along the adiabatic ts, the heat contents
decrease from 1300 B. t. u. to 1150.4 B. t. u., a loss of 149.6 B. t. u.

To find the condition of a mixture of unequal weights of water and super-
heated steam after the establishment of thermal equilibrium, the whole
operation being conducted at constant pressure: let the water, amounting
to 10 1b., be at r, Fig. 176. Its heat contents are 1800 B.t. u. Let one
pound of steam be at , having the heat contents 1300 B. t. u. The heat
gained by the water must equal that lost by the steam ; the final heat con-
tents will then be 3100 B.t. u., or 282 B. t. u. per pound, and the state

g8 I =Uf;

ggLT=u®
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Fre. 177, Arts. 399, 416, 421, 516, 541, Problems. —The Molher Diagram.
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will be », where the temperature is 312° F.; the steam will have been
completely liquetied.

We may find, from the chart, the total heat in steam (wet, dry, or
superheated) at any temperature, the quality and heat contents after
adiabatic expansion from any 1initial to any final state, and the specific
volume of saturated steam at any temperature and dryness.

399. The Mollier Heat Chart. This is a variant on the temperature
entropy diagram, in a form rather more convenient for some purposes. It
Lias been developed by Thomas (41) to cover his experiments in the
superheated region, as in Fig. 177. In this diagram, the vertical coordi-
nate is entropy; and the horizontal, total heat. The constant heat lines
are thus vertical, while adiabatics are horizontal. The saturation curve
is inclined upward to the right, and is coneave toward the left. Lines of
constant pressure are nearly continuous through the saturated and super-
heated regions. The quality lines follow the curvature of the saturation
line. The temperature lines in the superheated region are almost vertical.
It should be remembered that the “total heat” thus used as a coordinate
is nevertheless not a cardinal property. The «total heat™ at ¢, Fig. 176,
for example,is that quantity of heat which would have been imparted had
water at 32° F. been converted into superneated steam at constant pressure.

It will be noted that within the portion of saturated field which is
shown, the total heat at a given pressure is directly proportional to the
total entropy. This would be exactly true if the water line in Fig. 175
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were a straight line and if at the same time the specific heat of water
could be constant. An empirical equation might be written in the form

n=aHX ()5,

where n,, H and P are the total entropy, total heat and pressure of
a wet vapor.

The so-called fotal heat-pressure diagram (Fig 185) 1s a diagram in which the
codrdinates are Zotal heat above 32° F. and saturation temperature; 1t usually includes
curves of (a) constant volume, (b) constant dryness, and (c) n the superheated field,
constant temperature. Vertical lines show the loss or gamn of heat corresponding
to stated changes of volume or quality at constant pressure. Horizontal lines show
the change in pressure, volume, and quality of steam resulting from throttling
(Art. 387). This diagram is a useful supplement to that of Mollier.

Heck has developed a pressure-temperature diagram for both saturated and
superheated fields, on which curves of constant entropy and constant total heat
(throttling curves) are drawn. By transfer from these, there is derived a new
diagram of total heat on pressure, on which are shown the 1sothermals of superheat.
A study of the shape of these isothermals illustrates the variations in the specific
heat of superheated steam.

Vaprors 1N GENERAL
400. Analytical Method: Mathematical Thermodynamics. An expression
for the volume of any saturated vapor was derived in Art. 368:
ol dT
. W=V477 8—,_,—1 P
‘Where the specific volume is known by experiment, this equation may be used for
computing the latent heat. A general method of deriving this and certain related
expressions is now to be described. Let a mixture of z lb. of dry vapor with
(1 — z) lb. of liquid receive heat, dQ. Then

dQ=kzdT + ¢ (1 — 2)dT + Ldz,

in which % is the “specific heat’” of the continually dry vapor, L the latent heat
of evaporation, and ¢ the specific heat of the liquid. If P,7” are the pressure and
volume, and E the internal energy, in foot-pounds, of the mixtwe, then
PdV + dE
dQ==""-_*T°=
Q 778
dE =T78[kz+c (1 —z)]dT + 778 Ldz — PdV.

=RkzdT + ¢ (L — z) dT + Ldx, whence

Now V= (f)T, x; whence dV=8—V dT+8—I{dx, whence

or or
— 4 31
dE ="718[kz + ¢ (1 - 2)]dT + 778 Ldz - PALaT— P3P
- o — PV dT+ (s — p &V
{778 [kz + ¢ (1 — 2)] PST} (mz P sz)dz.

Moreover, E = (f) T, x, whence

s(s7) = 52(%)
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N N S LAY 8
giving ST(HSL Psz)—a—z{778[kz+c(1—z)]—P8—L;}
8L _dP3V v
, 778 22 =
T8 57 aTas ~ ¥ sr =118 (k=) = Ppg ST&: *
(all properties excepting 7 and z being functions of T only).

The volume, ¥, may be written zu + v, where v is the volume of the liquid and

u the increase of volume during vaporization. This gives 87" = udz or W _

oz

Also, since V'= (f) T, =, Sé%l—x = S_iLSI;" and equation (A) becomes

dL _dP3V _ e L | or dP
778 —= - an )= 2L
AT dT8 = 778 (k —c), or 778 dT+uS(c k) udT,or
dL _ u dP
ar ™t~ =wEar ®

Now if the heat is absorbed along any reversible path, dTQ= dN, or

dN:k:z:dT+ c(l —Tz:)dT + Ldz _kz + c(l —z) AT + %dz.
But N= w —3_ Ay
U (/)z, T, whence, SI(ST) ST(SJ:)'
Skzte(l—2z)_ 8 L
& T sTT
dL
k—c¢ H’_L
T I
dL _L
aT +e—k= T ©)
which may be combined with (B), giving
LdT _, _ _ .
778?d-—P_ u= V — v, as in Art. 369. )

401. Computation of Properties. Equation (D), as thus derived, or as obtained
in Art. 369, may be used to compute either the latent heat or the rolume of any
vapor when the other of these properties and the relation of temperature and pres-
sure is known. The specific heat of the saturated vapor may be obtained from
(C); the temperature of inversion is reached when the specific heat changes sign.
For steam, if L =1113.94 — 0.695¢ (Art. 879), where ¢ is in degrees F., or

1113.94 — 0.695(7 — 459.6) where T is the absolute temperature: %‘= — 0.695.

Also ¢ = 1; whence, from equation (C), k = 0.305 —-é, which equals zero when

T=1438° absolute.* At 212°F, £=0.305 — g—gi—)% =—1.135. This may be roughly

#* This wonld be the temperature of inversion of dry steam if the formula for Z held :
but L becomes zero at 689° F, (Art. 379), and the saturation carve for steam slopes downward
toward the right throughout its entire extent. For the dry vapors of chloroform and ben-
zine, there exist known temperatures of inversion.
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checked fiom Fig. 175. In Fig. 176, consider the path s from 212° F. to 157° F.,
and fiom n = 1735 to n = 1.835 (Fig. 175). The average height of the area eshe

212 + 157
)

representing the heat absorbed 15 459.6 + = 644.1; whence, the area is

614 1(1 835 — 1.735) = 64.41 B. t. u., and the mean specitic heat between s and b is
61.41 — (212 — 157) = 1.176. The properties of the volatile vapors used in refriger-
ation are to some extent known only by computations of this sort. When once
the pressure-temperature 1elation and the characteristic equation are ascertained by
experument, the other properties follow.

402. Engineering Vapors. The properties of the vapors of steam, carbon
dioxide, ammonia, sulphur dioxide, ether, alcohol, acetone, carbon disulphide, carbon
tetrachloride, and chloroform have all been more or less thoroughly studied. The
first five are of considerable importance. For ether, alcohol, chloroform, carbon disul-
phide, carbon tetrachloride, and acetone. Zeuner has tabulated the pressure, tempera-
tuie, volume, total heat, latent heat, heat of the liquid, and internal and external
work of vaporization, in both French and English units (42), on the basis of
Regnault's experiments. The properties of these substances as given in Peabody’s
« Steam Tables” (1890) are reproduced from Zeuner, excepting that the values
— 97877 and 426.7 a1e used instead of — 273.0 and 424.0 for the location of the
absolute zero centigrade and the centigiade mechanical equivalent of heat,
respectively. Peabody’s tables for these vapors are in Fiench units only. Wood
has derived expressions for the properties of these six vapois, but has nottabulated
their values (43). Raukine (44) hastabulated the pressure, latent heat, and density
of ether, per cubic foot, in Enghsh units, fiom Regnanlt’s data. For carbon dioxide,
the experimental results of Andrews, Cailletet and Hautefeuille, Cailletet and
Mathias (45), and, finally, Amagat (48), have been collated by Mollier, whose
table (47) of the properties of this vapor has been reproduced and extended, in
French and English units, by Zeuner (48). The vapor tables appended to Chapter
XVITL it will be noted, are based on those of Zeuner. The entropy diagrams for am-
monia, ether, and carbon dioxide, Figs. 314~316, have the same foundation

The present writer (n Vapors for Heat Engines, D. Van Nostrand Co., 1911)
has computed the entropies and prepared temperature-entropy diagrams for alcohol,
acetone, chloroform, carbon chloride and earbon disulphide.

403. Ammonia. Anhydrous ammonia, largely used in refrigerating
machines, was first studied by Regnault, who obtained the relation

log p = 84079 — 21:’6,

1
in which p is in pounds per square foot and ¢ is the absolute temperature.
A “characteristic equation” between p, ¥, and ¢ was derived by Ledoux
(49) and employed by Zeuner to permit of the computation of V, L, e,r
and the specific heat of the liquid (the last having recently been deter-
mined experimentally (50)). The results thus derived were tabulated by
Zeuner (51) for temperatures below 32° F. ; ‘while for higher temperatures
lie uses the experimental values of Dietrici (52). Peabody’s table (583),
also derived from Ledonx, uses his values for temperatures exceeding
82° F.; Zeuner regards Ledoux’s values in this region as unreliable.



VAPORS IN GENERAL 269

Peabody’s table is in French units; Zeuner's is in both French and Eng-
Lish units. The latent heat of evaporation has bLeen experimentally de-
termined by Regnault (54) and Von Strombeck (55). The specific volume
of the vapor at — 26.4° F. and atmospheric pressure is 17.51 cu. ft. ; that of
the liquid is 0.025; whence from equation (D), Art. 400,

P
L= ’:'-'—S_(V_ )clT

=433-2 17 51 — 0.025)( 2196 x 2.3026 X 14T x 144)
(s 1332 % 133.2

e
555,

the value of % being obtained by differentiating Regnault's equation,
above given. From a study of Regnault’s experiinents, Wood has derived
the characteristic equation,

PV 16920
T == Ty’

which is the basis of his table of the properties of ammonia vapor (56).
Wood's table agrees quite closely with Zeuner's, as to the relation between
pressure and temnperature; but his value of L is much less variable. For
temperatures below 0° C., the specific volumes given by Wood are rather
less than those by Zeuner; for higher temperatures, the volumes vary
less. Zeuner’s table must be regarded as probably more rehable. The
specific heat (0.508) and the density (0.597, when air =1.0) of the super-
heated vapor have been determined by experiment.

404. Sulphur Dioxide. The specific heat of the superheated vapor is given by
Regnault as 0.15438 (57). The specific volume, as compared with that of air, is
2.23 (58). The specific volume of the liguid is 0.0007 (79) ; its specific heat is
approximately 0.4. A characteristic equation for the saturated vapor has been
derived from Regnault’s experiments:

Py =26.4 T — 184 Po-2%;

in which Pis in pounds per square foot, I”in cubic feet per pound, and T in ahso-
lute degrees. The relation between pressure and temperature has been studied by
Regnault, Sajotschewski, Blumcke, and Miller. Regnault’s observations were
made between — 40 and 149° F.; Miller's, between 63 and 211° F.: a table repre-
senting the combined results has been given by Miller (60). In the usual form
of the general equation,

log p = a — bd* — ce™,

the values given by Peabody for pressures in pounds per square inch are (61)
a = 3.9527847, logb = 0.4792425, log d = 10951994, logc = 1.1659362, loge =
1.99293890, n = 18.4 4 Fahrrenheit temperature. The specific volumes, determined
by the characteristic equation and the pressure-temperature formula, permit of the
computation of the latent heat from equation (D), Art, 400.  An empirical formula
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for this property is L = 176 — 0.27 (¢ — 82), in which ¢ is the Fahrenheit tempera-
ture. The experimentaliesultsof Cailletet and Mathias, and of Mathias alone (62),
have led to the tables of Zeuner (63). Peabody, following Ledoux’s analysis, has
also tabulated the properties in French units. Wood (64) has independently com-
puted the properties in both French and English units. Comparing Wood’s, Zeu-
ner’s, and Peabody’s tables, Zeune1’s values for Z and ¥ are both less than those of
Peabody. At 0° F., he makes L less than does Wood, departing even more widely
than the latter from Jacobus’ experimental results (65) ; at 30° F., his value of L 1s
greater than Wood’s, and at 104° F., it is again less. The tabulated values of the
specific volumes differ correspondingly. Zeuner’s table may be regarded as sus-
tained by the experiments of Cailletet and Mathias, but the lack of concordance
with the experimental results of Jacobus remains to be explaned

405. Steam at Low Temperatures. Ordinary tables do not give the properties
of water vapor for temperatures lower than those corresponding to the absolute
pressures reached in steam engineering. Zeuner has, however, tabulated them for
temperatures down to —4° F. (66).

405¢. Vapors for Heat Engines. Engines have been built using,
instead of steam, the vapors of alcohol, gasolene, ammonia, ether,
sulphur dioxide and carbon dioxide, with good results as to thermal
efficiency, if not with commercial success. In a simple condensing
engine, with a rather low expansive ratio, a considerable saving may
be effected with some of these vapors, as compared with steam; and
the cost of the fluid is not a vital matter, since it may be used over and
over again. Strangely enough, in the case of none of the vapors is a
very low discharge temperature practically desirable, under usual
simple condensing engine conditions. This statement applies even
T—1t

T
it refers to potential efficiency only: but the use of a substitute vapor
might perhaps be justified on one of the two grounds, (z) an increased
upper temperature without excessive pressures or (b)) a decreased
lower temperature at a reasonable vacuum, say of 1 lb. absolute.
To meet both requirements the vapor would have to give a pt curve
crossing that of steam. It is probable that carbon tetrachloride is
cuch a vapor, bearing such a relation to steam as alecohol does to it.
Z'o great gain is possible in respect to the lower temperature limit,
s:nce this limit is in any case established by the cooling water. The
criterion given in Art. 630 measures the relative efficiencies of fluids
working in the Clausius cycle. On this basis steam surpasses all other
common vapors in potential thermal efficiency.

The lower ‘‘ heat content ”’ per pound of the more volatile and
heavy vapors leads to a greatly reduced nozzle velocity with adiabatic
flow, and this suggests the possibility of developing a turbine expanding
in one operation without excessive peripheral speeds (see Chapter XIV).

to steam. The Carnot criterion

does not exactly apply, since
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The greater density of the volatile vapors also leads to the con-
clusion that the output from a cylinder of given size might in the cases
of some of them be about twice what it is from a steam cylinder.

On the whole, the use of a special vapor seems to be more promising,
technically and commercially, than the binary vapor principle (Art.
483). For a fuller discussion of this subject, reference may be made
to the work referred to in Art. 102.

StEAM CYCLES

406. The. Carnot Cycle for Steam. This is shown in Figs. 163,
179. The efficiency of the cycle abed may be read from the entropy

diagram as T—t Theexternal |7

work done per pound of steam
is L%; or if the steam at &
is wet, it is xLT_t- If the
fluid at the beginning of the
cycle (point a) is wet steam
instead of water, the dryness
being =z, then the work per

pound of steam is L(z — z,)
T—¢.
1’
compression may bring tlie substance back to its initially dry state at
a, such compression must begin at d, where the dryness is md + mn.
b . The Carnot cycle is impracticable
sonEn with steam; the substance at d is

mostly liquid, and cannot be raised

o in temperature by compression.

c’%, What is actually done is to allow

condensation along e¢d to be com-

4 oowvmsen . pleted, and then to warm the liquid

¢ ¢ or its equivalent along ma by trans-

, Inission of heat from an external

lc,m. 180. Arts. 407, 408, 410, 412, 413, Source. This, of course, lowers
The Steam Power Plant. the efficiency.

407. The Steam Power Plant. The cycle is then not completed in
the cylinder of the engine. In Fig. 180, let the substance at d be

3
/

N
Fic. 179. Art 40 — Carnot Cyele for Steam.

In the cycle first discussed, in order that the final adiabatic

FEED PUNP




272 APPLIED THERMODYNAMICS

cold swater, either that resulting from the action of the condenser
on the fluid which las passeld through the engine, or an external
supply. This water is now delivered by the feed pump to the boiler,
in which its temperature and pressure hecome those along ab.  The
work done by the feed pump per pound of fluid is that of raising
unit weight of the liquid against a head e jmvalent to the pressure;
or, what is the sume thing, the product of the specific volume of the
water Ly the range in pressure, in pounds per square foot. From
« to b the substance is in the boiler, being changed from water to
steam. Along be, it is expanding in the cylinder; along ed it is
being liquefied in the condenser or being discharged to the atmos-
phere. In the former case, the resulting liquid reaches the feed
pump at d. In the latter, a fresh supply of liquid is taken in at d,
but this may be thermally equivalent to the liquid resulting from
atmospheric exhaust along ¢d.  (See fuotnote, Art. 502.) The four
T n organs, feed pump, boiler, ceylinder,

and condenser, are those essential in

h E_\,
a steam power plant. The cycle rep-
. V4 u resents the changes undergone by
8

/ 7 the fluid in its passage through them.

d P /Jt / J c ., f
7 408. Clausius Cycle. The cycle
of Fig. 180, worked without adiabatic
, °  compression, is known as that of
P T N Clausius. Its entropy diagram is

Fru. 181. Afé;:g:—*‘“-—smmn shown as debe in Fig. 181, that of

o the corresponding Carnot cycle being

dhbe. The Carnot efficiency is obviously greater than that of the

Clausius cycle. For wet steam the corresponding cycles are dekl
and dhkl.

409. Efficiency. In Fig. 181, eycle debe, the efficiency is
debe _idei +7eb K — ide K h,—ha+ L, — z L,
ideb K idef +jeb K~ . h,—hy+ 1L,

loge—z—"— Lﬁ
dp+eb _ T, T.
(lf .Lf—:" Td

But z,=de+df = , if the specific heat of the




RANKINE CYCLE 273

liquid be unity. Then letting 7', L refer to the state & and ¢ [ to
the state ¢, the efficiency is

T—¢+L —tloge%—t% (T-—-t")(1+—L1—T>—tlo;_r,—tZ—,

T—t+ L - T—¢t+ L

which is determined solely by the temperature limits Tand ¢. For
steam initially wet, the efficiency is

(r—- t)(l + 1X1—1L>— tlog,—?
T—t+ XL )

410. Work Area. In Figs. 180, 181, we have

W= Wop+ Wy — Wea — Waa
= [ps(vs — va) ]+ (he + 1o — by — 27) — [ pex.(2y — 20)] — O,
ignoring the small amount of work done by the feed pump in forcing
the liquid into the boiler. But p,(v; —v,)=¢, and px.(ty—y) =2.;
(Art. 859), whence
W=h,+ Ly— hy— 2, Ly,

a result identical with the numerator of the first expression in Axrt.
409.

411. Rankine Cycle. The cycle debgq, Fig. 181, abgqd, Fig. 130.
is known as that of Rankine (67). It differs from that of Clausius
merely in that expansion is incomplete, the “toe™ gey, Fig. 1%0,
being cut off by the limiting eylinder volume line gg. This is the
ideal eycle nearest which actual steam engines work. The line gy in
Fig. 181 is plotted as a line of constant volume (Art. 877). The
efficiency is obviously less than that of the Clausius cycle; it is

ideb K~ h,—hs+ L,
— [2s(vs — v) ]+ (B + 1 — by — 2 ) — [ Py (or — )] .
h,— hg+ L,

The values of %, z, 7, z, depend upon the limiting volume v, = 2,
and may be most readily ascertained by inspecting Fig. 175. The
computation of these properties resolves itself into the problem : given
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the tnitial state, to find the temperature after adiabatic expansion to a
gtven volume. We have

vy — U =2,(0, — ¥,), =My,

T L
. log, =£+ 22
g o=la— M _ MM gT+T
" n,—n, n—n,_  L+1T °
whence Z
T
T(logeT T)
v, =0+ 7 (. —v.),

in which v,, T,, L, are given, v,=0.017, and v;, L, are functions of
T,, the value of which is to be ascertained. The greater the ratio
of expansion, v,+1, Fig. 181, with given cyclic limits, the greater
is the efficiency.

412. Non-expansive Cycle. This appears as debt, Fig. 181; and abed, Fig. 180.

No expansion vceurs; work is done only as steam is evaporated or condensed.
The efficiency is (Fig. 151)

delit = IV,;, -— ng Fig. 180 = p;,(v,, — l’a) — Pe (l‘b - v,,) .
ideb K Il, _ "d +L b h‘ -— hd =+ Lb

This is the least efficient of the cycles considered.

413. Pambour Cycle. The cyele dedf, Fig. 181, represents the operation of a
plant 11 which the steam remains dry throughout expansion. It is called the
Pambour cycle. Expansion may be incomplete, giving such a diagram as debug.
Let abed in Fig. 180 represent deby’ in Fig. 181. The efficiency is

external work done - external work done
gross heat absorbed heat rejected + external work done
— Wat Wi—Wa . ps(ts — va) + 16( psts—ppy) — pAv, — va)

T L4 Wi+ Wie— Wea Lp + pa(vs — va) + 16(pos — prv) — pAv, — va)’

in which the saturation curve &f may be represented by the formula pv}‘; = comn-
stant (Art. 363). A second method for computing the efficiency is as follows:

the area debf =£T%dT, in which 7" and ¢ are the temperatures along eb and df
respectively, and L =(f)T = 1433 — 0.695 T (Art. 879). This gives

debf = 1433 1og.%' — 0.895(T — ),
and the efficiency is

T
1433 log, = — 0.895(T —
derf detyf log, - — 0.895(T — )

idebfo  debf + idfo

1433 log, = — 0.605(T~ )+ L,
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The two computations will not precisely agree, because the exponent 1§ does not
exactly represent the saturation curve, nor does the formula for L in terms of 7'
hold rigorously.

Of the whole amount of heat supplied, the portion Kbfv was added
during expansion, as by a steam jacket (Art. 439). To ascerfain this
amount, we have

heat added by jacket
= whole heat supplied — heat present at beginning of expansion

—1433 1og,%’ —0.695 (T — 1)+ L— by 4 lig— Ly,

The efficiency is apparently less than that of the Clausius cycle (Fig.
181). In practice, however, steam jacketing increases the efficiency of
engines, for reasons which will appear (Art. 439).

414. Cycles with Superheat. As in Art. 397, three cases are pos-
sible. Figure 182 shows the Clausius cycles debzw, debyf, debzAf,
in which the steam is respectively wet, dry, and superheated at the
end of expansion. To appreciate
the gain in efficiency due to super- z/
heat, compare the first of these
cycles, not with the dry steam I "I

\
Clausius cycle debe, but with the !

|

.

P~

superior Carnot cycle dhbe. If the
path of superheating were &C, the
efficiency would be unchanged;
the actual path is bz, and the work
area bz (' is gained at 100 per cent
efficiency. The cycte dhbzw is
thus more efficient than the Car-
not cycle dhbe, and the cycle
debzw is more efficient than the Clausius cycle debe. It is nof more
efficient than a Carnot cycle through its own temperature limits.

The cycle debyf shows a further gain in efficiency, the work area
added at 100 per cent effectiveness being dbyE. The cycle debzAf
shows a still greater addition of this desirable work area, but a loss of
area AfB now appears. Maximum efficiency appears to be secured
with such a eycle as the second of those considered, in which the
steam is about dry at the end of expansion. The Carnot formula

=~

i h ZIFI1G

Y U

Fic 182, Art. 414, —Cycles with
Saperheat.
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suggests the desirability of a high upper temperature, and superheating
leads to this ; but when superheating is carried so far as to appreciably
raise the temperature of heat emission, as in the cycle debzAf, the
efficiency begins to fall.

415. Efficiencies. The work areas of the three cycles discussed
may be thus expressed:

Waisrw = Haeprw = Hye+ Hopy+ Hyy — Hya
=}le—hd+ Lb+k1<Tz— Tb)_ zwa;

Wacryr = Haayr =H,; + Hy+ H,y — Hy
=hy,—hg+ L+ 5 (T, — 1) — Lys

Waessar = Haevear= Hy+Hy + Hy,— Hyy— Hy
=h—hat+ Ly + Iy T — Tp) — by (Tu— T — Lys

in which &y, &y g %, refer to the mean specific heats over the re-
spective pressure and temperature ranges. The efficiencies are
obtained by dividing these expressions by the gross amounts of heat
absorbed. The equations given in Art. 897 permit of computation
of such quantities as are not assumed.

416. Itemized External Work. The pressure and temperatureat the
beginning of expansion being given, the volume may be computed and
the external work during the reception of heat expressed in terms of
Pand V. Thetemperature or pressure at the end of expansion being
given, the volume may be computed and the negative external work
during the rejection of heat calculated in similar terms. The whole
work of the cycle, less the algebraic sum of these two work quantities
(the feed pump work being ignored), equals the work under the
adiabatic, which may be approzimately checked from the formula
fnL‘:f’_", a suitable value being used for n (A_rt. 394). A second
approximation may be made by taking the adiabatic work as equivalent
to the decrease in internal energy, which at any superheated state has

the value A+ r+ k (T—1?), T being the actual temperature, and &, r,

t referring to the condition of saturated steam at the stated pressure.
The most simple method of obtaining the total work of the cycle is to
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read from Fig. 177 the * total heat "’ values at the beginning and end
of expansion. (See the author’s “ Vapors for Heat Engines,” D.
Van Nostrand Co., 1912.)

1417. Comparison of Cycles. In Fig. 183, we have the following
eyeles:

T z/4
. /], . 5 z’gr

| y ‘///4

tpswgq

=

\

<
8

] 2 B N
Fi1G. 183. Arts. 417, 441, 442. — Seventeen Steam Cycles.

Clausius, with dry steam, debe (the corresponding Carnot
cycle being dhbe);
with wet steam, dekl;
Rankine, with dry steam, debgq;
with wet steam, dekJg;
Non-expansive, with dry steam, debt;
with wet steam, dekK;
Pambour, complete expansion, debf;
incomplete expansion, debuq ;
Superheated to z, complete expansion, debzw ;
incomplete expansion, debrLug;
no expansion, debzNp;
Superheated to g, complete expansion, debyf';
incomplete expansion, debyMug;
no expansion, debyRs;
Superheated to z, complete expansion, debzAf;
inecomplete expansion, debzT'uq ;
no expansion, debz Vw.
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The lines b, pNz, sRy, w Tz, quTl, are lines of constant volume,
Superheating without expansion would be unwise on either technical
or practical grounds; superheating with incomplete expansion is the
condition of universal practice in reciprocating engines. The
seventeen cycles are drawn to P T” codrdinates in Fig. 184

7 e
P 3 x Y z
N
-
M
L
[
a £ Jrrd
K g 1 ¢ w f

Fic 184, Arts 417, 423, 424, 517 — Seventeen Steam Cycles.

ILLUSTRATIVE PROBLEM

To compare the efficiencies, and the eyelic areas as related to the marimum volume at-
tained: letthe maximum pressure be 140 Ib.,the minimum pressure 2 Ib , and consider
the Clausius cycle (¢) with steam initially dry, (4) with steam initially 90 per cent
dry; the Rankine with initially dry steamn and a maximum volume of 13 cu. ft,
the same Rankine with steam initially 90 per cent dry; the non-expansive
with steam dry and 90 per cent dry; the Pambour (a) with complete expansion
and (5) with a maximum volume of 13 cu. ft.; and the nine types of superheated
cycle, the steam being; (a) 96 per cent dry, (%) dry, (¢) 40° F. superheated, at the
end of complete expansion; and expansion being (a) complete, (b) limited to a
waximum volume of 18 cu. ft., (c) eliminated.

I. Clausius cycle. The gruss heat absorbed ishyy—hy+ L, ,=324.6—94.0+867.6
= 1098.2.
The dryness at the end of expansion is de =+ df; Fig. 183, = (n,—nd+ ne) —nay
= (0.5072 — 0.174Y + 1.0675) — 1.7431 = 0.804.
The Aeat rejected along cd is x.Ly = 0.803 x 1021 = 819.4.
Thework done is 1003.2—819.4=278.8B.t.u. Theefficiencyis =
The efficiency of the corresponding Carnot cycleis
Ti— Ty _3531-126.15
Tw T 8331+ 4506
IL. Clausius cycle with wet steam. The gross heat absorbed is hyy — hy + Ly,
=3824.8 — 04.0 + (N.90 x 867.6) = 1015. 44
The dryness at the end of expansion is dl + df = (ne — na + na) + ngr
= (0.5072 — 0.1749 + 0.90 x 1.0873) = 17431 = 0.741.

278.8
10982~ 0254

= 0.28.
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The keat rejected along Id is z; Ly = 0.741 x 1021 = 756.
The work done is 101344 — 736 = 259.44 B. t. u.
259.44
Th 2 = 0.254.
e efficiency is ———— TSERT 54
(It is in all cases somewhat less than that of the initially dry steam cycle.)

Rantkine cycle, dry steam. The gross heat absorbed, as in T, is 1098.2.
The work along de, Fig. 184,is 14 £ x 135 x 0,017 =438. 5 foot-pounds ( Art.407);
along eb is 141 x 140 x (V3 — 0.017) = 64,300 foot-pounds ;
(73 = 3.219) ~
along bg is h, + 1y — hz — Zgry = 105.76 B. t. u.
13.0-0.017

1 7 =2 ° = " = . 2 =
(From Fig. 175, t,=247° F., whence L,=947.4, V,=11.52, z, 1552 0,017

= 0.895.)

_Nzy__Ng— Nz + Ng
Also, zp = "1 = e =Mz + nab
Nza L —-7

_ [0.5072—2.3 (log T, — log 491.6) + 1. 0615] T,.
- 1433 — 0.695 T,
For T, = 247° F. = 706.6° absolute, this equation gives z, = 0.905; a suffi-
cient check, considering that Fig. 175 is bused on a different set of values
than those used in the steam table. Then Iy = 213.4, r, = 871.6.
The work along qil is Pa(Vy— Vg) = 144 x 2 x (13 — 0.017) = 3740 foot-
pouns.
The whole work of the cycle is 64300 — 338.5 — 8740 | 109,76 = 187.29 B.t. u.

it
18729 _ o1
10082

The efficiency is 704.

Rankine cycle, wet steam. The gross heat absorbed is as in II, 1015.44.

The negatire work along de and ¢d is, as in III, 338.5 4- 3740 = 4078.5 foot-
pounds.

The work along ek is 141 x 140 x 0.90( 13 — 0.017) = 57,870 foot-pounds.

The work along ¥J i8 k. + L1ry — hx — Tyry = 99.8 B. l. u.

(From Fig. 175, tr = 242° F., whecce Ay = 2103, rr= 875.3, Vr=15.7§,

18 — 0.017
=_18-0017 _ 498
%1 = 1578 — 0.017 )

The whole work of the cycle is 5&7—27—78% +99.8 = 169.1 B. t. w.

. s 169.1

The efficiency is ToTE 4l = 0.1867.
Non-ezpansive eyele, dry steam. The gross heat ahsorbed, as in I, is 1098.2.
The work along de, s in I, is 338.5 foot-pounds;

along eb, as in 111, is 64,300 foot-pounds ;

along td is pa(Vs — Vi) = 144 x 2 x (8.219 — 0.017) = 922 foot-pounds.
The whole work of the cycle is

64,800 — 838.5 — 922 = 63,030.5 foot-pounds = 61.05 B. & u.

81.05
The efficiency is 1008.2 = 0.074
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Non-expansive cycle, wet steam. The gross heat absorbed, as in II, is 1015.44
The work along de, ek, as in 1V, is — 338.5 + 57,870 = 57,681.5 foot-pounds.
The work along Kd is

pa(Vg—0.017)= 144 x 2 x 0.90 x (3.219 — 0.17) = 829.8 fool-pounds.
The whole work of the cycle is

57,531.5 — 829.8 = 56,701.7 foot-pounds = 73 B. &. u.

73.0

1015.44

Pambour cycle, complete expansion. The heat rejected is L, = 1021.0.

The work along de, eb, as in III, is — 838.5 + 64300 = 63,961.5 foot-pounds.

The work along bf is
PyV, - f’ Vo 144((140 x 3.2 0;2) 1(2 x 173, §)) 236,800 foot-pounds.

n — —_

The work along fd is Pg(Vy — Va) = 2 x 144 (173.5 — 0.017) = 49,900 foot-
pounds.

The whole work of the cycle is 63,961. 5 + 236,800 — 49,900 = 250,861.5 foot-
pounds.

(Otherwise 1433 1og.1' — 0.695 (T — t) = 312 B. t. u. = £42,000 foot-pounds
(Art. 413).)

Usmg a mean of the two values for the whole work, the gross heat absorbed

The efficiency is = 0.0722.

246430 246430
1021 = 13 = 0.238.
~ms =——+ 1021 = 1340 B. t. u. and the efficiency is 778 x 1840 0.238.

The keat supplied by the jacket is 1340 — 1098.2 = 246.8 B. t. u.

Pambaour cycle, incomplete expansion (debuq). In this case, we cannot
directly find the heat refected, nor can we obtain the work area by inte-
gration.* From Fig. 175 (or from the steam table), we find T, =253.8°F.,
P,=381.84. The heat area under bu is then, very nearly,

i"%f-'(n.. — )= D28+ 8127 () 6o53 _ 1.5747) = 92 B. 1. w.

The whole heat absorbed is then 1098.2 + 92 = 1790 2 B. t. u

The work along de, b, as in VII, i8 63,961.5 foot-pounds.

The work along bu is 144 x 16[(140 x 3.219) — (31.84 x 18)]= 85,800 joot-
pounds.

The work along ¢d, as in III, is 8740 foot-pounds.

The whole work of the cycle is
63,961.5 + 85,800 — 3740 = 146,021.5 foot-pounds = 188.2 B. t. u.

. = 188.2
Th = 0.1585.
e efficiency is 11903

* A satisfactory solution may be had by obtaining the area of the cycle in two parts, a
horizontal line being drawn through u to de. The upper part may then be treated as a com-
plete-expansion Pambour cycle and the lower as a non-expansive cycle. The gross heat
absorbed is equal to the work of the upper cycle plus the latent heat of vaporization at the
division temperature plus the difference of the heats of liquid at the division temperature
and the lowest temperatare.

A somewhat similar treatment leads to a general solution for any Rankine cycle: in
which, if the temperature at the end of expansion be given, the use of charts becomes

unnecessary.
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IX. Superheated cycle, steam 0.96 dry at the end of expansion; complete expansion;

XI.

XIL

cycle debzw. We have np=ng+ Tong = 0.1749 4 (0.96 x 1.7431) = 1.8449.
The state z(n, = n,,) may now be found either from Fig. 175 or from the
superheated steam table. Usingthe last, we find 7,=931.1°F.,, H.=1481.8,
V. = 5.96. The whole heat absorbed, measured above Ty, is then
1481.8 — 94.0 = 1387.8.
The heat rejected is z,L, = 0.96 x 1021 = 981.
The external work done is 1387.8 — 981 = 406.8, and the ¢fficiency is
406.8
1387.8
(The ¢fficiency of the Carnot cycle within the same temperature limits is
931.1 — 126.15
931.1 + 459.6

= 0.298.

= 0.58.)

The same superheated cycle, with incomplete expansion.

The whole heat absorbed, as before, 18 1387.8.

The work done along de, eb, as in II, is 63,961.5 foot-pounds.

The work done along bx is

Py(Vo — 173) = 144 x 140(5.96 — 3.219) = 55,000 foot-pounds.

The work done along zL is

PVe— Pl _ 144 ((140 x 5.96) — (51.1 x 13)
n—1 0.298
5.96\12%

(Vp=13, P,VA% = P,V ™, P, = 140(_E) =51.1; a procedure
which is, however, only approximately correct (Art. 391).)

The work along qd, as in 11, i8 3740 foot-pounds.

The whole work of the cycle is

63,961.5 + 55,000 + 81,500 — 8740 = 196,721.5 foot-pounds = 268.5 B. t. u.

. . 253.5

The efficiency 18 15978 = 0.188.

The same superheated cycle, worked non-ezpansively. The gross heat absorbed
is 1887.8.

The work along de, eb, bz, as in X, is 118,961.5 foot-pounds.

The work along pd is 2 x 144 x (5.96 — 0.017) = 1716 foot-pounds.

The whole work of the cycle is

118,961.5 — 1718 = 117,245.5 foot-pounds = 150.6 B. . u.

150.6
1387.8
Superheated cycle, steam dry at the end of expansion, complete expansion ; cycle

debyf.

We hﬁe ny = ny=1.918. This makes the temperature at y above the
range of our table. Figure 171 shows, however, that at high tempera~
tures the variations in the mean value of & are less marked. We may
perhaps then extrapolate values in the superheated steam table, giving
T,=1120.1° F., H, = 1573.5, V, = 6.81. The whole heat absorbed, above
T, is then 1573.5 — 94.0 = 1479.5. The heat rejected 18 L, = 1021.

)= 81,500 foot-pounds.

The efficiency is = 0.1086.
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The external work done is 1479.5 — 1021 = 458.5 B. t. u., and the efficiency
. 4885
18 m = 0.31. .

XIIL. Superheated cycle as above, but with incomplete erpansion. The gross heat
absorbed is 1479.5.
The work done alung de, eb, as in 111, is 62,961.5 fout-pounds.
The work done alung by is 143+ x 140 x (6.81 — 3 219) = 72,200 foot-pounds.
1.208
The pressure at M is 140 (_Gil_) = 60.3 pounds, approximately.

13
The work done along yM is 144( (140 x 6'8?_;’ §“°'3 x 13)

pounds, alzo approximately.
The work done along qd, as in IIL, is 3740 foot-pounds.
The whole work of the cycle is
63,961.5 + 72,200 + 81,100 — 3740 = 213,521.5 foot-pounds = 275 B. ¢. w.

- AT
The efficiency is ——a = 0.187.
ficiency 1s 105 ’

) = 81,100 fool-

2

Superheated cycle as above, but without expansion. The gross keat absorbed
is 1479.5.

The work along e, eb, by, as in X111, is 136,161.5 foot-pounds.

The work along «d is 2 x 144 x (6.81 — 0.017) = 1952 foot-pounds.

The total work is 136,161.5 — 1952 = 134,209.5 foot-pounds = 172.7 B. t. u.
. . 1727

The efficiency is 0= 0.117.

XV. Superkeated cycle, steam superheated 40° F. at the end of expansion; expan-
sion complete: cycle debz.lf. We have n,=n,=1.9486. A rather
doubtful extrapolation now makes T,=1202.1° F., H.=16184, V,
=7.18. The whkole heat absorbed is 1613.4 — 91.0 = 1519.4. The keat re-
Jected is8 H, = 1133.2. The total work is 1519.4 —1133.2 = 886.2 B. t. u.,

386.2

1519.4

XVI. The same superheated cycle, with incomplete expansion. The pressure at T is

1248

140 (2313—8) = 65.8 pounds. The work along 2T (approximately) is

144 ((140 X "108'))9_8(65'3 x18) ) = 73,800 foot-pounds. Thewhole work is

63,961.5 4 [144 x 140 x (7.18 — 3.219)] + 73,900 — 3740 = 213,921.5 foot-

275.3

pounds = £75.8 B. t. u., and the efficiency is 15194° 0.188.

XVIL. Tke same superheated cycle without expansion. The total work is 63,961.5 +
[144x 140 x (7.18 — 3.219)] — [2 x 14£x (7.18 — 0.017)] =141,701.5 foot-
pounds = 182.2 B. i. u., and the efficiency is 0.1208.

and the eficiency is = 0.255.

418. Discussion of Results. The saturated steam cycles rank in
order of efficiency as follows: Carnot, 0.28; Clausius, with dry steam,
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0.254; with wet steam, 0.254 (a greater percentage of initial wetness
would have perceptibly reduced the efficiency); Pambour, with com-
plete expansion, 0.288 ; with incomplete expansion, 0.1585 ; Rankine,
with dry steam, 0.1704 ; with wet steam, 0.1667; non-expansive, with
dry steam 0.074; with wet steam, 0.0722. The economical impor-
tance of using initially dry steam and as much expansion as possible
is evident. The Pambour type of cycle has nothing to commend it,
the average temperature at which heat is received being lowered.
The Rankine cycle is necessarily one of low efficiency at low expan-
sion, the non-expansive cycle showing the maximum waste.

Comparing the superheated cycles, we have the following
efficiencies*

CxcLe CoxpPLETE Expans1OoN | INCOMPLETE EYPANBION No ExPaNsION
debzw 0.293 0.183 0.1086
debyf 0.31 0.187 0.117
debzAf 0.255 0.182 0.1203

The approximations used in solution* will not invalidate the
conclusions (2) that superheating gives highest efficiency when it is
carried to such an extent that the steam is about dry at the end of
complete expansion; (4) that incomplete expansion seriously re-
duces the efficiency; (¢) ‘that in a non-expansive cycle the effi-
ciency increases indefinitely with the amount of superheating. As
a general conclusiony the economical development of the steam en-
gine seems to be most easily possible by the use of a superheated
cycle of the finally-dry-steam type, with as much expansion as pos-
sible. We shall discuss in Chapter XIII what practical modifica-
tions, if any, must be applied to this conelusion.

The limiting volumes of the various cycles are
V. for the Carnot, I, =139.8. V, for IX =166.5.
V; for II =128.2. V,.for XI =5.96.
V.=V, forIILIV, VIIL, X, XIII, XVI=18.0. ¥, for XIV =6.81.
V; for V=23.219. V,for XV =186.1.
V, for VI =2.9. V, for XVII =T7.18.
¥V, for VII, XII =178.5.

#* See footnote, Problem 58, page 296.
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The eapacity of an engine of given dimensions is proportional to

c.ychc arela. , which quotient has the following values® : —
maximum volume

Carnot, temperature range x entropy range _
— 926.95(1.574T — 0.1749) = 317.5: quotient = S — 2,29,

T

- 189.3
I. 278.8 +130.3 = 2.00. X. 258.5+18=19.45.
II. 259,44 = 128.2 = 2.015. XI. 150.6 <+ 5.96 = 25.8.
111, 187.20 +13 =14.4. XII. 458.5+173.5 = 2.65.
1V. 169.1+13 =13.0. XIII. 275 +18=21.1.
V. 81.05+3.219 = 25.1. XIV. 172.7 + 6.81 = 25.4.
VI. 78.0 +2.9=25.1. XV. 886.2+186.1=2.075.
VII. 818 +173.5=1.84. XVI. 275.8-=13=21.1,
VIII. 188.2 =18 =14.5. XVIL 182.2 +T7.18 = 25.5.

IX. 406.8 +166.5 = 2..445.

Here we find a variation much greater than is the case with the
efficiencies ; but the values may be considered in three groups, the
first including the five non-expansive cycles, giving maximum
capacity (and minimum efficiency); the second including the six
cycles with incomplete expansion, in which the capacity varies from
13 to 21.1 and the efficiency from 0.1585 to 0.187; and the third
including six cycles of maximum efficiency but of minimum capacity,
ranging from 1.84 to 2.65. In this group, fortunately, the cycle of
maximum efficiency (XII) is also that of maximum capacity.

* The assumption of a constant limiting volume line Tug, Fig. 183, is scarcely
fair to the superheated steam cycles. In practice, either the ratio of expansion or the
amount of constant volume pressure-drop at the end of expansion is assumed. As the
first increases and the second decreases, the economy increases and the capacity figure
decreases. The following table suggests that with either an equal pressure drop or an
equal expansion ratio the efficiencies of the superheated cycles would compare still
wmore favorably with that of the Rankine : —

CycrLes wiTE INCOMPLETE ExpPANsION

CicLe Rartro or ExpaNsION Pressure Droe
Rankine Vo — 1 =13 — 8.219 = 4.04 P, - P,=1263
Superheat I Ve—T,=13-=5.96 =2.185 Py — P,=49.1
Superheat IT Vu=T,=13-681 =191 Py — 1'3, = 58.3
Superheat 111 Ve—1,=13 1718 =1.815 Pr— P, =638
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Practically, high efficiency means fuel saving and high capacity
means economy in the first cost of the engine. The general incom-
patibility of the two affords a fundamental commercial problem in
steam engine design, it being the function of the engineer to estab-
lish a compromise.

419. The Ideal Steam Engine. No engine using saturated steam can develop
an efficiency greater than that of the Clausius cycle, the attainable temperature
limits 1n present practice being between 100> and 400° F., or, for non-condensing
engines, between 212° F. and 400° F. The steam engine is inherently a wasteful
machine; the wastes of practice, not thus far considered in dealing with the ideal
cycle, are treated with in the succeeding chapter.

THE STEAM TABLES

420. Saturated Steam. The table on pages 247, 248 is abridged from Marks’
and Davis’ Tables and Diagrams (18). In computing these, the absolute zero
was taken at — 459.64° F.; the values of 4 and n, were obtained from the experi-
ments of Barnes and Dietrici (68) on the specific heat of water; the mechanical
equivalent of heat was taken at 777.52; the pressure-temperature relation as found
by Holborn and Henning (Art. 360); the thermal unit is the “mean B. t. u.” (see
footnote, Art. 23); the value of H is as in Art. 388; and the specific volumes
were computed as in Art. 368. The symbols have the following significance : —

P = pressure in pounds per square inch, absolute;

T = temperature Fahrenheit;

¥V = volume of one pound, cubic feet;

% = heat in the liquid above 82° F., B. t. u.;

H = total heat above 82° F., B. t. u.;

L = heat of vaporization = H — &, B. t. u.;

r = disgregation work of vaporization = L — e (Art. 359), B. t. u.;
n, = entropy of the liquid at the boiling point, above 82° F.;

n, = entropy of vaporization = %";
n, = total entropy of the dry vapor =g+ ne.

421. Superheated Steam. The computations of Art. 417 may suggest the
amount of labor involved in solving problems involving superheated steam. This
is"largely due to the fact that the specific heat of superheated steam is variable.
Figure 177, representing Thomas’ experiments, may be employed for caleulations
which do not include volumes; and volames may be in some cases dealt with by
the Linde formula (Art. 868). The most convenient procedure is to use a table,
such as that of Heck (71), or of Marks and Davis, in the work already referred to.
On the following page is an extract from the latter table. The values of k nsed
are the result of a harmonization of the determinations of Knoblauch and Jakob
(Art. 384) and Holborn and Henning (69) and other data (70). They differ
somewhat from those given in Fig. 170. The total heat values are obtained by
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adding the values of (7 —t) over successive short intervals of temperature to
the total heat at saturation ; the entropy is computed in a corresponding manner.
The specific volumes are from the Linde formula.

PROPERTIES OF SUPERHEATED STEAM

SUPERNEAT, °F

40

90

200

|

300

T

500

600

Absolute Pressnre
Lbs. per Square Inch

1

35

100

140

150

(¢t = 1417

V =3578

1\ H=11226
n = 2.0060

(¢ =1661
T =186.1
{H=11332
|» = 1.9456

( t =280.1
7" =17.35
\H = 1179.6
n = 1.7402

(t= 367.8
Tm=472
H=12084
|n = 1.6204

(¢ =893.1
=344

1 H =1215.8
n = 1.6031

( t =3985
V=322
1H=12173
[n = 1.5978

191.7
387.9
114353
2.0434

916.1
2012
'1156.1
11.9836

330.1
18.61
11203.4
17712

417.8
5.07
1234.6
1.60600

43.1
3.70
12428
1.6338

448.5
3.46
12444
1.6286

301.7
433.7
11195.6
2.1145

326.1
231.2
1200.4
2.0529

440.1
21.32
1255.6
1.8330

527.8
5.80
1289.4
1.7188

553.1
4.24
1298.2
1.6916

558.5
3.97
1300.0
1.6862

401.7
513.4
1241.5
2.1701

426.1
261.1
1252.4

2.1071

540.1
23.77
1302.8
1.8827

627.8
6.44
1337.8
1.7656

653.1
4.71
1346.9
1.7876

658.6
4.41
1348.8
1.7820

3017
573.1
1287.6
29918

Lovadd

526.1
203.9
1208.6
2.1586

640.1
26.20
1350.1
1.9277

727.8
7.07
1385.9
1.8079

793.1
5.16
1395.4
17792

768.5
4.84
1397.4
17735

601.7
632.7
1334.1
2.2679

626.1
323.8
1845.2
2.2044

740.1
28.61
1397.5
1.9688

827.8
7.69
1434.1
1.8468

853.1
5.61
1443.8
1.8177

858.5
5.25
1445.9
1.8118

7017
692.4
1381.0
2.4100

726.1
853.6
13922
2.2459

840.1
31.01
14454
2.0078

927.8
8.31
1482.5
1.8829

953.1
6.06
14924
1.8533

958.5
5.67
1494.6
1.8474

t = temperature Fahrenheit; 7= specific volume; H = fotal heat above 82°F.;
n = entropy above 32°F.

(Coudensed from Steam Tables and Diagrams, by Marks and Dayis, with the per-
mission of the publishers, Messrs. Longmans, Green, & Co.)
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PROPERTIES OF DRY SATURATED STEAM

(Condensed from Steam Tables and Dingrams, by Marks and Davis, with the permis-
sion of the publishers, Messrs. Longmans, Green, & Co.)

N
0
~1

P T ¥ I I [/ ! r ] e | e ! ng
1 |101.83 (3830 | 698 | 10840 i 1104.4 J 972.9 { 01827 | 1.R427 l 1.0754
2 |126.15 | 173.6 | 94.0 | 1021.0 | 1115.0 | 936.7 | 01,49 | L7431 | 1.9180
8 | 14152 | 1185 | 1004 | 1012.3 | 1121.6 | %46.4 | 02008 | 1.0840 I 18848
4 |153.01| 90.5 | 1200 | 1005.7 | 1126.5 | 438.6 | 02198 | 1.6416 | 1.8614
5 |162.28 | 78.33 | 130.1 | 1000.3 | 1130.5 : 4324 | 0.2348 | L.60BL | 18432
6 | 170.06 | 6189 137.0 | 905.8 | 1133.7 ' 927.0 | 0.2471 | 1.5814 | 1,8285
7 117685 | 53.50 | 144.7 | 991.8 | 1136.5 | 922.4 | 0.2579 | 1.5582 | 1.8161
8 |182.86 | 47.27 | 150.8 | 088.2 | 1130.0 | 9182 | 0.2078 | 1.5380 | 1.8053
9 | 188.27 | 42.36 | 156.2 | 085.0 | 1141.1 , 914.4 | 02756 | 1.5202 | 1.7958
10 | 10322 | 38.38 | 161.1 | 082.0 | 1143.1 | 9100 | 02832 | 1.5042 | 1.7874
11 | 197.75 | 85.10 | 165.7 | 070.2 | 11440 ' 007.8 | 0.2002 | 1.4805 | 1.7797
12 | 201.96 | 82.36 | 160.9 | 9766 | 11465 | H04.B | 0.2067 | 1.4760 | 1.7727
13 | 205.87 | 30.03 | 173.8 | 074.2 | 1148.0 | 002.0 o 3025 | 1.4630 | 1.7084
14 | 200.55 | 28.02 | 177. TLO | 1140.4 | 899.3 | 0.8081 | 14528 | 1.7
156 | 2180 | 26.27 | 181.0 | 969.7 | 1150.7 , 890.8 | 0.3133 | 1.4416 | 1.7549
16 | 2168 | 2479 | 1844 | 00T.C | 1152.0 | 8044 | 08183 | 14311 | 17494
17 | 2194 | 23.88| 187.5 | 965.6 | 1163.1 | &92.1 | 08220 | 1.4215 | L7444
18 | 222.4 | 2216 | 160.5 | 963.7 | 11542 . 880.9 | 0.3273 | 1.4127 | 1.7400
19 | 2252 | 21.07 | 1934 | 961.8 | 11565.2 : 887.8 | 0 8315 | 1.4045 | 1.7360
20 | 2280 | 20.08| 196.1 | 960.0 | 1156.2 | 883.8 @ 0.3355 | 1.3965 | 1.7320
21 | 2806 | 1018 | 198.8 | 958.3 | 1157.1 | 883.0 | 0.3308 | 1.3887 | 1.7280
22 | 2331 | 18.37 | 201.83 | 956.7 | 1158.0 | §82.0 | 0.3430 | 1.8811 | 1.7241
23 12855 | 17.62 | 203.8 | 95511 1158.8 | 880.2 1 0.2465 | 1.8730 | 1.7204
24 |237.8 | 16.93| 208.1 | 938,56 | 1160.6 , 878.5 | 0.3499 | 1.3670 | 1.7169
25 (240.1 | 16.80 | 208.4 | 952.0 | 11604 | 876.8 | 0.8582 | 1.3004 | 1.7136
26 12422 | 1572 | 210.6 | 950.6 | 1161.2 | 875.1 | 0.3504 : 1.8542 | 1.7106
27 | 2444 | 1518 2127 | 049.2 1161.9 | 873.5 | 0.8504 | 1.8483 | 1.7077
28 | 2464 | 14.67 | 2148 | 047.8 | 1162.6 | 872,0 | 0.8623 | 1.3425 | 1.7048
29 | 2484 | 1419 | 216.8 | 946.4 | 1168.2 | 870.5 | 0.8652 | 1.3367 | 1.7010
30 [250.3 | 1374 | 21858 | 045.1 | 1163.0 | 869.0 | 0.3680 ; 18311 | 1.6991
81 |252.2 | 13.32 | 220.7 | 948.8 ' 1164.5 | 807.6 | 0.3707 ' 1.3257 ! 1.6064
82 |2541 | 12.93| 2226 | 942.5 1165.1 | 804.2 | 0.8783 | 1.8205 | 1.6938
88 | 2558 | 12.57 | 2244 | 041.8 | 1165.7 | 804.8 | 0.8759 { 1.8155 | 1.6914
84 |257.6 | 12.22 228.2 | 940.1 | 1166.3 | 868.4 | 0.3784 | 1.3107 | 1.6891
86 | 2503 | 11.80 | 227.9 | 988.0 ) 1166.8 | 8¢2.1 | 0.3808 { 1.3060 | 1.0868
86 | 2610 | 11.58 | 220.6 | 937.7 | 1167.3 | 860.8 | 0.3882 | 1.3014 | 1.4846
87 | 2626 | 11.20| 2318 | 030.6 1167.8 | 850.5 | 0.3855 | 1.2660 | 1.6824
88 | 2642 | 11.01 | 282.9 9355 11168.4 | 858.8 | 0.3R77 | 1.2925 | 1.6802
89 12858 | 10.74 | 2845 1 1168.9 | 857.1 | 0.3849 | 1.2882 & 1.6781
40 |287.3 | 10.40 | 286.1 1160.4 | 6550 | 0.3020 | 1.2841 | 1.6761
41 {2687 | 10.25 | 987.6 9322 1160.8 1 8547 , 0.3941 i 1.2800 | 1 6741
42 12702 | 1002 | 230.1 | 6312 1170.8 | 853.6 | 0.3962 | 1.2750 , 1.6721
43 | 2717 9.80 | 240.5 | 930.3 | 1170.7 | 852.4 | 0.3982 | 1.2720 | 1.6702
44 | 9781 9.59 | 242.0 mz 11712 ; €51.8 | 0.4002 | 1.2081 : 1.6683
45 | 2145 9.30 | 245.4 | 8.2 | 1171.6 | 850.8 | 0.4021 | 1.2644 | 1.6665
46 | 2758 0.20 | 244.8 | 027.2 | 1178.0 | 849.2 | 0.4040 | 1.2607 | 1.8847
47 | 27172 9.02 | 246.1 | 9263 | 11724 | 848.1 | 0.4059 | 1.2571 | 1.6830
48 | 2785 8.84 | 247.5 | 925.8 | 117T2.8 | B847.1 | 0.4077 | 1.2586 | 1.6613
49 | 270.8 8.67 | 2488 | 924.4 | 1173.2 ) 8481 | 0.4095 | 1.2502 | 1.6597
50 | 281.0 8.51 | 280.1 | 923.5 ‘i u.:s.u‘ 815.0 | 0.4118 : 1.2468 | 1.8581




288 APPLIED THERMODYNAMICS

PROPERTIES OF DRY SATURATED STEAM — CoNTINTED

(Condensed from Stewm Tables and Diayrams. by Marks and Davis, with the permis-
sion of the publishers, Messrs. Longmans, Green, & Co.)

P ]| T | v ik i L | r Ny ng | ng
i ! |

51 282.3 ‘ 8.35 514 ' 0226 | 11740 | 8440 ' 0.4130 | 1 243 | 16565
52 283.5 8.20 2526 | 021.7 | 1174.3 | 843.1 ' 0.4147 | 1 2402 | 1 6549
53 | 284.7 | 8.05 253.9 | 20.8 | 1174.7 | 8421 | 0.4164 | 1.2370 ; 1 65634
a4 285.9 7.01 @551, 010.0 | 11750 | 841.1 | 0.4180 | 1.2339 | 16519
55 ' 287.1 7.78 256.3 | 910.0 | 1175.4 | 810.2 | 0.4196 | 1.2309 | 1 6505
56 | 288.2 7.65 257.5 | 9182 | 1176.7 | 839.3 | 0.4212 | 1.2278 | 1.6490
57 ‘ 289.4 TH2 258.7 017.4 | 1176.0 | 888.3 | 0.4227 | 1.2248 | 1 64756
58 ' 200.5 7.40 250.8 | 916.5 | 1176.4 | 837.4 | 0.4242 | 1.2218 | 1 6460
59 : 201.6 7.28 261.0 015.7 | 1176.7 | 836.6 | 04257 | 1.2189 | 1 6446
60 i 202.7 T.17 262 1 9140 | 1177.0 | 8356 | 0.4272 | 1.2160 | 1.6432
61 | 203.8 7.08 203.2 | 9141 | 1177.7 834.8 | 0.4287 | 1.2132 | 1.6419
62 | 2049 6.05 204 3 913.3 | 1177.6 | 833.9 | 0.4302 | 1.2104 | 1.6406
68 | 2059 | 6.85 265.4 | 912.5 | 1177.9 | 833.1 | 0.4316 | 1.2077 | 1.6393
64 | 207.0 6.75 206.4 | 911.8 | 11782 | 832.2 | 0.4380 | 1.2050 | 1 6380
65 | 2080 6.65 207.56 | 911.0 | 1178.5 | 831.4 | 0.4344 | 1.2034 | 1 6368
66 | 200.0 6 56 9268.5 | 910.2 | 11788 | 830.5 | 0.4358 | 1.2007 | 1 6355
67 300.0 6.47 260.6 | 960.5 | 1179.0 | 829.7 | 0.4371 | 1.1972 | 16343
68 ' 301.0 ; 638 | 270.6 008.7 | 1179.3 | 828.9 | 0.4385 | 1.1946 | 1.6331
69 | 302.0 6.29 | 2716 008.0 | 11796 | 828.1 | 0.4398 | 1.1921 | 1.6319
70 | 302.9 6.20 272.6 | 907.2 | 1179.8 | 827.3 | 0.4411 | 1.1896 | 1.8307
71 303.9 6.12 273 6 906.5 | 1180.1 | 826.5 | 0.4424 | 1.1872 | 1 6296
72 | 304.8 6.04 274.5 | 905.8 | 11804 | 825.8 | 04437 | 1.1848 | 1 6285
78 805.8 5,96 275.6 0051 | 1180.6 | 825.0 | 0.4449 | 1.1825 | 1.6274
74 | 308.7 5.89 9276.5 | 904.4 | 1180.9 | 824.2 | 0.44062 | 1.1801 | 1 6263
756 | 307.6 581 277.4 | 903.7 | 1181.1 | 823.5 | 0.4474 | 1.1778 | 1.6252
80 | 812.0 5.47 282.0 | 900.3 | 1182.3 | 819.8 | 0.4335 | 1.1665 | 1.6200
85 | 310.3 516 286.3 | 807.1 | 1183.4 | 816.3 | 0.4590 | 1.1561 | 1 6151
90 8203 4.89 200.5 803.9 | 1184.4 | 818.0 | 0.4644 | 1.1461 | 1.8105
95 | 324.1 4.65 204.5 « 800.9 | 1185.4 | 809.7 | 0.46904 | 1,1367 | 1 6061
100 | 327.8 4.420 | 298.3 | 888.0 | 1186.3 | 806.6 | 0.4743 | 1.1277 | 1.6020
105 | 331.4 4.280 | 302.0 | 885.2 | 1187.2 | 803.6 | 04789 | 1.1191 | 1.5980
110 | 3834.8 4.047 | 805.56 | 8825 | 1188.0 | 800.7 | 04834 | 1.1108 | 1.5942
115 | 338.1 3.880 8309.0 | 879.8 | 1188.8 | 797.9 | 04877 | 1.1030 | 1 69OT
120 | 3418 | 38.726 | 812.3 | 877.2 | 1180.6 | 795.2 | 0.4919 | 1.0954 | 1.5873
125 | 344.4 3.583 | 815.5 | 874.7 | 1190.8 | 792.6 | 0.4959 | 1.0880 | 1.5839
180 | 3474 3.452 | 818.6 | 872.3 | 1191.0 | 790.0 | 0.4903 | 1.0809 | 1 5807
140 | 363.1 3.219 | 324.6 | 8876 | 1192.2 | 785.0 | 0.5072 | 1 0875 | 1 5747
1560 | 358.6 | 8.012 | 3830.2 ' 883.2 | 1198.4 | 7804 | 0.5142 | 1.0550 | 1 5692
160 | 363.6 2.834 335.6 858.8 | 1194.5 | 775.8 | 0.5208 | 1.0431 | 1.563Y
170 | 868.5 | 2.6756 | 840.7 | 854.7 | 1195.4 | 771.5 | 0.5269 | 1.0821 | 1 5590
180 | 378.1 | 2.583 | 845.6 | 850.8 | 1196.4 | 767.4 | 0.5328 | 1 0215 | 1 5543
190 | 8776 | 2.406 | 350.4 | 846.9 | 1197.3 | 768.4 | 0.5384 | 1.0114 | 1 5498
200 | 381.9 2.200 | 854.0 | 843.2 | 1198.1 | 759.5 | 0.5437 | 1 0019 | 1.5456
210 | 388.0 | 2,187 | 8592 | 839,6 | 1198.8 | 755.8 | 0.5488 | 0.9928 | 1.5416
38890.9 | 2.091 863.4 | 886.2 | 1109.6 | 752.8 | 0.5538 | 0.9841 | 1 5379
280 | 308.8 | 2.004 | 867.5 | 832.8 | 1200.2 | 748.8 | 0.5586 | 0.9758 | 1.5344
240 | 397.4 1.924 | 871. 820.5 | 1200.9 | 7454 | 0.5633 | 0.9676 | 1 5309
250 | 401.1 1.850 876.2 | 823.83 | 1201.56 | 742.0 | 0 5676 | 0.9600 | 1.5276
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SYNOPSIS OF CHAPTER XII
The temperature remains constant during evaporation ; that of the 7iquid is the same
as that of the vapor; increase of pressure raises the boiling point, and vire versa;
it also increases the denmty. There is a definite boiling point for each pressure.
Saturated vapor is vapor at minimum temperature and marimum density for the given
pressure.
Superheated vapor is an imperfect gas, produced by adding heat to a dry saturated vapor.
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Saturated Steam

The principal effects of heat are, h =¢t— 82, e= ?K—I:—T"B—ZZ,

r=L—e, H=h+L=h+r+e
As p increases, ¢, A, e and H increase, and r and L decrease.

H = Hyz + 0.3745(¢ — 212) — 0.00055 (¢ — 212)2,
Factor of evaporation =L+ (Z" = ha).

970.4

The pressure increases more rapidly than the temperature.

Characteristic equation for steam, pv =aT—p(1 + bp) (%— d).
Saturated steam may be dry or wet. For wet steam,
h = hgy L =2Le, H=zLo + ho, 7 = 219, €=12€y,

and the factor of evaporation is 2L ';_f(’::h" . ‘The volume is W=V+z(Wo— V).

The waier line shows the volume of water at various temperatures ; the seiuration curve
shows the relation between volume and temperature of saturated steam. Approxi-
madtely, puH' = constant. The isothermal is a line of constant pressure.

The path during evaporation is (@) along the water line () across to the saturation
curve at constant pressure and temperature. If superheating occurs, the path pro-
ceeds at constant pressure and increasing temperature to the right of the satura-
tion curve.

On the entropy diagram, the equation of the water line is n = clog.—i—l-'. The distance

between the water line and the saturation curve is N =% . Constant dryness

curres divide this distance in equal proportions. Lines of constant total heat may
be drawn. The specific heat of steam kept dry is negative. The dryness changes
during adiabatic expansion. The temperature of inversion is that temperature at
which the specific heat of dry steam is zero. The change of infernal energy and
the external work along any path of saturated steam may be represented on the
entropy diagram.
T8 LaT
W=V+ T ap"

Constant volume lines may be plotted on the entropy diagram, permitting of the trans-
fer of any pownt or path from the PV to the 7N plane. The temperature after
expansion at contant entropy to a limiting volume can best be obtained from the
entropy diagram.

The critical temperature is that temperature at which the latent heat becomes zero
(689° F.). .

Saturated vapor (dry or wet), superheated vapor, gas; physical states in relation to the
critical temperature ; shape of isothermals.

The isodynamic path for saturated steam touches the saturation curve at one point
only.
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Sublunation occurs if the saturation pressure at the melting temperature exceeds
that of the surrounding medium.

Gus and Vapor Mizrtures

Value of R for gas mixtures: mixture of air and steam; absolute and relative
humidities ; wet and dry bulb thermometers; m mxtures, mixing does not
affect the internal energy and adiabatic expansion is without influence on the
aggregate entropy.

Mixture and expansion of (a) wet vapor and gas. (b) high-pressure steam and air,
(c) superheated steam and air, (di two vapors. Equivalent values of n. In the
heat engine, mixtures may lower the temperature of heat rejection.

Superheated Steam

The specific heat has been in doubt. Its value increases with the pressure, and varies
with the temperature.

H=H+k(T-0. 2 0=h m—H= k(T - T) + bn(Ta T0).
2y -

Factor of evaporation = Bt + x;gg;— O—ho,  py—0.64901 T— 22.5819 PO,

PV =0.694 T'— 0.00178 P. R = 4 85.8. y = &+ 1.298,

Paths of Vapors

Adiabatic equation : -? =clogs T+ XL- Approximately, PV *=constant, Values of n.

Ecternal work along en adiahatic = h— H + ar — XR.
Continuously .mperheated adtabatic, e.g.,

T
log, L=1
logu 75 673 SR 0B 3 °g°491 3

Adiabatic crossing the saturation curve
zL

loge o5+ 3 j+h 1°g'_‘ loge i g+ 5

Method of drawing constant pressure lines on the entropy diagram : n = %, log, %—'

Method of drawing lines of constant total heat.

Use of the entropy diagram for graphically solving problems: dryness after expansion ;
work done during expansion ; mixing ; heat contents.

The Mollier cobrdinates, total heat and entropy. The total heat-pressure diagrams.

FVapors in General

L u dP gL L Lar

bty =% —k== V—o=T18=
to—k=gmgar  c art°T*TT °=107ap

When the pressure-temperature relation and the characteristic equation are given, we

may compute L for varions temperatures, and the specific heat of the vapor.
v Ammond 8.4079— "19“ PV _g1 16920 4 _0.508,
apors in engineering, Ammonia: logp = 2 Tyes’
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vapor density =0.597 (air=1), specific volume of liquid=0.025, its specific heat
=1.02. Sulphur dwzide: k=0.15438, vapor density =2.23, specific volume of
liquid =0.0007, its specific heat=0.4. PV =26.4T—184P022, Pressure-tem-
perature relation. L=176—0.27(t—32). Engine capacity and economy 1s
influenced by the vapor employed.

Steam Cycles

Efficiency = work done - gross heat absorbed.
The Carnot cycle is impracticable , the steam power plant operatesin the Clausius cycle.

XL T
(T-%) (1-}-—1—,—) —1 log,—t-

Efficiency of Clausius cycle= T—iF XL

Rankine cycle (incomplete expansion) — determination of efficiency, with steam
initially wet or dry.

Non-expansive cycle: efficiency = (2 .I_zf—) (h'z;”:_ ;1?50147)

1433 log, %’-0.695(1'- £)

Pambour cycle : steam dry during expansion ; efficiency= T ;
Zy-+14881og. - — 0.605(T~1)

computation of heat supplied by jacket.

Superheated cycle : efficiency is increased if the final dryness is properly adjusted and
the ratio of expansion is not too low.

Numerical comparison of seventeen cycles for efficiency and capacity : steam should
be initially dry. The ratio of expansion should be Iarge for efficiency and small
for capacity.

The Steam Tables

Computation is from p (or ¢) to ¢ (or p), H, &, L, gtl’, V; e, 7, Ny ey T

The superheated tables give », ¥, H, ¢, for various superheats at various pressures ; all
values depending on H,us, tas, and Zp.

PROBLEMS

Nore. Problems not merked 7' are to be solved without the use of the steam
table. In all cases where possible, computed results should be checked step by step
with those read from the three charts, Figs. 175, 177, 185.

T 1. The weight per cubic foot of water at 32° F. being 62.42, and at 250.8° F ,
58.84, compute in heat units the external work done in heating one pound of water at
pressure from 82° to 250.3°. (The pressure is that of saturated steam at a temperature
of 250.3°) (Ans., 0.0055 B. t.u.)

T 1a. 10 Ib. of water at 212° are mixed with 20 1b. at 170.06°. What is the
total heat per pound, above 32° F., of the resulting mixture?

2. For p =100, £=327.8°, W =4,429, compute % (approximately), H, L, ¢, r, in
the order given. Why do not the results agree with those 1n the table?

(Ans., h=205.8, H=1186.3, L =890.5, ¢=81.7, r=808.8.)
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T 2g¢. Water at 90° F. is fed to a boiler in which the pressure is 105 Ib. per sq.
in. absolute. How much heat must be supplied to evaporate one pound ?

T 3. Find the factor of evaporation for dry steam at 95 lb. pressure, the feed-
water temperature being 153°F. (4ns., 1.097.)
2732 396945

T 4. Given the formula, log P=C——F——m;

, T being the absolute tempera-

ture and p the pressure per square foot, find the value of :—;tg for p =100 b, per square
inch, £=327.8° F. Check roughly by observing nearest differences in the steam table,

T's. What increase in steam pressure accompanies an increase in temperature
from 353.1° F. t0 393.8° F? Compare the percentages of increase of absolute pressure
and absolute temperature.

T 6. Find the values of the constants in the Rankine and Zeuner equations (Art.
363), at 100 Ib. pressure.

T'7. From Art. 363, find the volume of dry steam at 240.1° F., in four ways.
Compare with the value given in the steam table and explain the disagreement.

8. At 100 lb. pressure, the latent heat per pound is 888.0 ; per cubic foot, it is
200.3. Find the specific volume. (A4ns., 4.433.)

, 9. For the conditions given in Problem 2, W being the volume of dry steam, find
the five required thermal properties of steam 95 per cent dry. Find its volume.

T 9a. How much heat is consumed in evaporating 20 lb. of water at 90° F. into
steam 96 per cent dry at 100 lb. absolute pressure per sq. in.?

T 9b. What is the volume occupied by the mixture produced in Problem 9a ?

T 9¢. Five pounds of 2 mixture of steam and water at 200 lb. pressure have a
volume of 3 cu.ft. How much heat must be added to increase the volume to 6 cu. ft.
at the same pressure ?

T 9d. A boiler contains 2000 1b. of water and 130 1lb. of dry steam, at 100 1b.
presssure. What is the temperature? What are the cubic contents of the boiler ?

T 9¢. Water amounting to 100 Ib. per min. is to be heated from 55° to 200° by
passing through a coil surrounded by steam 90 per cent dry, kept at 100 Ib. pressure.
‘What is the minimum weight of steam required per hour ?

T 9f. Water amounting to 100 lb. per min. is to be heated #rom 55° to 200° by
blowing into it a jet of steam at 100 lb. pressure, 90 per cent dry. What is the
minimum weight of steam required per hour ?

T'10. State the condition of steam (wet, dry, or superheated) when (a) p=100,
£=327.8; (b) p=95, v=4.0; (c) p=80, £=360.

11. Determine the path on the entropy diagram for heating from 200° to 240° F.
a fluid the specific heat of which is 1.004-a, in which ¢ is the Fakrenheil temperature
and a=0.0044.

T 12. Find the inereases in entropy during evaporation to dry steam at the fo'-
lowing temperatures: 228°, 261°, 386° F.

T 13, Compute from Art. 368 the specific volume of dry steam at 327.8°F. What
is its volume if 4 per cent wet ? (See Problem 4.)

T13a. Steam at 100 Ibs. pressure 2 per cent wet, is blown into a tank having a
capacity of 175 cu. ft. The weight of steam condensed in the tank, after the flow is
discontinued, is 60 1b. What weight of steam was condensed during admission ?
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T 14. Find the entropy, measured from 32° F., of steam at 327.8° F., 65 per cen%
dry, (a) by direct eomputation, (b) from the steam table. Explain any discrepancy.

T'15. Dry steam at 100 1h. pressure is compressed without change of internal
energy until its pressure is 200 1b. Find its dryness after compression.

T 16. Find the dryness of steam at 300° F. if the total heat is 800 B. t. u.

7 16a. One pound of steam at 200 Ib. pressure occupies 1 cu. ft. What per cent
of moisture is present m the steam ?

T 17. Find the entropy of steam at 130 Ib. pressure when the total heat is 840B. t. uw.

T 18. One pound of steam at 327.8° F., having a total heat of 800 B. t.u., expands
adiabatically to 1 Ib. pressure. Find 1ts dryness, entiopy, and total heat after expan-
s10n. What weight of steam was condensed during expansion ?

18 a. Three pounds of water at 760° absolute expand adiabatically to 660° absolute.
What weight of steam is present at the end of expansion ? (Use Fig. 175.)

19. Transfer a wet steam adiabatic from the TN to the PV plane, by the graphi-
cal method.

20. Transfer a constant dryness line in the same manner,

21. Sketch on the TN and PY planes the saturation curve and the water line in
the region of the critical temperature.

T22. At what stage of dryness, at 300° F., is the internal energy of steam equal
to that of dry steam at 228° F. ?

T23. At what specific volume, at 300° F., is the internal energy of steam equal
to that of dry steam at 228° F?

T23q. A boiler contains 4000 1b. of water and 400 1b. of steam, at 200 Ib. absolute
pressure, If the boiler should explode, its contents cooling to 60° F. and completely
liquefying, 1n 1 sec., how much energy would be liberated ? What horse power
would be developed during the second following the explosion ?

7'24. Compute from the Thomas experiments the total heat in steam at 100 Ib.
pressure and 440° F.

7'25. Find the factor of evaporation for steam at 100 Ib, pressure and 500° F. from
feed water at 153° F.

T'26. In Problem 18, find the volume after expansion, and compare with the vol-
ume that would have been obtained by the use of Zeuner’s exponent (Art. 394).
Which result is to be preferred?

7T 27. Using the Enoblauch and Jakob values for the specific heat, and determin-
ing the initial properties in at least five steps, compute the initial entropy and total
heat and the condition of steam after adiabatic expansion from P=100, 7’=700° F.
to p=13. Find its volume from the formula in Art. 390. Compare with the volume
given by the equation PT1208=pyl-208. (Assume that the superheated table shows
the steam to be superheated about 55° F. at the end of expansion.)

77127 a. Steam at 100 Tb. pressure, 95 per cent dry, passes through a superheater
in which its temperature increases to 450° F. Find the heat added per lb. and the
increase of volume.

728, Compute the dryness of steam after adiabatic expansion from P=140,
T'=753.1° F., to t=153° F. Find the change in volums during expansion.

7'29. Find the external work done in Problems 27 and 28, along the expansive
paths,



PROBLEMS 295

T29 a. Three pounds of steam, initially dry, expand adiabatically from 100 Ibs. to
11b. pressure. Find the initial and final volumes and the external work done.

T 80. At what temperature is the total heat in steam at 100 1b. pressure 1200 B. t. u.®

81. Find the efficiency of the Carnot cycle between 341.3° F. and 101 83° F.

T 82. Find the efficiency of the Clausius cycle, using initially dry steam between
the same temperature limits.

T 83. In Problem 32, find the efficiency if the steam is initially 80 per cent dry.

T 34. In Problem 32, find the efficiency if expansion terminates when the volume
is 12 cu. ft. (Rankine cycle).

T'85. In Problem 32, find the efficiency if there is no expansion.

T 36. Find the efficiency of the Pambour cycle between the temperature limits
given in Problem 31. How much heat is supplied by the jacket ?

T 87. Find the efficiency of this Pambour cycle if expansion terminates when the
volume is 12 cu. ft.

T 38. Steam initially at 140 lb. pressure and 443.1° F. is worked (¢) in the Clan-
sius cycle, (b) in the Rankine cycle, with the same ratio of expansion as in Problem
87. TFind the efficiency in each case, the lower temperature being 101.83° F. Find the
efficiency of the Rankine cycle in which the maximum volume is 5 cu. ft. (See foot-
nqte, Case VIII, Art. 417.)

T 89. At what per cent of dryness is the volume of steam at 100 lb. pressure
3 cu. ft.? :

T 40. Steam at 100 lb. pressure is superheated so that adiabatic expansion to
261° F. will make it just dry. Find its condition if adiabatic expansion is then carried
on to 213° F. Find the external work done during the whole expansion.

T 41. Steam passes adiabatically through an orifice, the pressure falling from 140
to 100 Ib. hen the inlet temperature of the steam is 500° F., its outlet temperature
is 494° F.; and when the inlet temperature is 60U° F., the outlet temperature is 595° F.
The mean value of the specific heat at 140 Ib. pressure between 600° F. and 500° F. is
0.498. Find the mean value at 100 lb. pressure between 595° F. and 434° F. How
does this value agree with that found by Knoblauch and Jacob ?

T 42. Find from Problem 41 and Fig. 171 the total heat in saturated steam at 140
1b. pressure, in two ways, that at 100 Ib. pressure being 1188 3.

T 43. Plot on a total heat-pressure diagram the saturation curve, the constant
dryness curve for x = 0.85, the constant temperature curve for T'=500° F., and a
constant volume carve for ¥ = 18, passing through both the wet and the superheated
regions. Use a vertical pressure scale of I in.= 20 1b., and a horizontel heat scale of
1in.=20B. t. w.

44 Compute the temperature of inversion of ammonia, given the equation,
L = 555.56 — 0,613 T° F., the specific heat of the liquid being 1.0. What is the result
if L = 556.5 — 0.618 T'— 0,000219 I'? (Art, 401)?

45. Compute the pressure of the saturated vapor of sulphur dioxide at 60° F. (Art.
404). (Compare Table, page $24.) \

T 46. Compare the capacities of the cycles in Problems 31-87, as in Art. 418.

47. Sketch the water line, the saturation curve, an adiabatic for saturated steam,
and a constant dryness line on the PT plane,
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T 48. A 10-gal. vessel contains 0.1 Ib. of water and 0.7 lb. of dry steam. What
15 the pressure ?

T 49. A cylinder contains 0.25 Ib. of wet steam at 58 Ib. pressure, the volume of
the cylinder being 1.3 cu. £t. Whast is the quality of the steam ?

T §0. What is the internal energy of the substance in the cylinder in Problem 49 ?

T 51. Steam at 140 1b. pressure, superheated 400° F., expands adiabatically until
its pressure is 5 In. Find its final quality and the ratio of expansion.

T 52. The same steam expands adiabatically until its dryness is 0 98, Find 1ts
pressure.

T 53.* The same steam expands adiabatically until its specific volame is 60. Find
its pressure and quality.

T 54. Steam at 200 Ib. pressure, 94 per cent dry, is throttled as ;n Art, 887. At
what pressure must the throttle valve be set to discharge dry saturated steam ?

T 55. Steam is throttled from 200 lb. pressure to 15 lb. pressure, its temperature
becoming 235.5° F. What was its initial quality ? (Use Fig. 175.)

56. Represent on the entropy diagram the factor of evaporation of superheated
steam.

57. Check by accurate computations all the values given in the saturated steam
table for ¢ = 180° F., using — 459.64° F. for the absolute zero, 14.696 lb. per square
inch for the standard atmosphere, 777.52 for the mechanical equivalent of heat, and
0.017 as the specific volume of water. Use Thiesen’s formula for the pressure :

(¢ + 459.6) log 1‘427_0 = 5.409 (£ — 212) — 8.71 x 10~10[(689 — £)* — 4774];

¢ being the Fahrenheit temperature and p the pressure in pounds per square inch. Use
the Knoblauch, Linde and Klebe formula for the volume and the Davis formula for
the total heat. Compute the entropy and heat of the liquid in eight steps, using the
following values for the specific heat of the liquid :

at 40°, 1.0045; at 120°, 0.9974 ;
at 60°, 0.9991; at 140°, 0.9987 ;
at 80°, 0.997; at 160°, 1.0002 ;

at 100°, 0.99675 ; at 180°, 1.0026,
Explain the reasons for any discrepancies.

* This is typical of a class of problems the solution of which is difficult or impos-
sible without plotting the properties on charts like those of Figs. 175, 177, 185. Prob-
lem 53 may be solved by a careful inspection of the total heat-pressure and Mollier
diagrams, with reasonable accuracy. The approximate analytical solution will be
found an interesting exercise. We have no direct formula for relation between V
and 7, although one may be derived by combming the equations of Rankine or
Zeuner (Art. 363) with that in Problem 4. The following expression is reasonably
accurate between 200° and 400° ¥., where v is in cu. ft. per Ib, and £ is the Fahrenheit
tempersature :

(0.005 ¢ +0.505)® vt =477,

For temperatures between 200° and 260° F., an approximate equation is

tot=ar7,
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T'58. Check the properties given In the superheated steam table for P=25 with
200° of superheat, using Knoblauel values for the specific heat, in at least three steps,
and using the Knoblauch, Linde and Klebe formula for the volume. Explain any

discrepancies.
59. Represent on the entropy diagram the temperature of inversion of a dry

vapor.
60. Sketch the Mollher Diagram (Art. 399) from H=0 to H=400, =0 to n=0.5.



CHAPTER XIIT
THE STEAM ENGINE
PRACTICAL. MODIFICATIONS OF THE RANKINE CYCLE

422. The Steam Engine. Figure 186 shows the working parts.
The piston P moves in the cylinder A, communicating its motion
through the piston rod R, crosshead (), and connecting rod M to the
disk crank D on the shaft S, and thus to the belt wheel W. The
guides on which the crosshead moves are indicated by G, H, the
frame which supports the working parts by #. Journal bearings
at B and O support the shaft. The fupction of the mechanism is to
transform the to-and-fro rectilinear motion of the piston to a rotatory
movement at the crank. Without entering into details at this point,
it may be noted that the valve ¥, which alternately admits of the
passage of steam through either of the ports X, ¥, is actuated by a
valve rod I traveling from a rocker o, which derives its motion from
the eccentric rod N and the eccentric £. In the end view, L is the
opening for the admission of steam to the steam chest K, @ is a sim-
ilar opening for the exit of the steam (shown also in the plan), and
V is the valve.

423. The Cycle. With the piston in the position shown, and
moving to the left, steam is passing from the steam chest through ¥
into the cylinder, while another mass of steam, which has expended
its energy, is passing from the other side of the piston through the
port X and the opening @ to the atmosphere or the condenser.
When the piston shall have reached its extreme left-hand position,
the valve will have moved to the right, the port ¥ will have been
cut off from communication with K, and the steam on the right of
the piston will be passing through ¥ to @. At the same time the
port X will be cut off from @ and placed in communication with K.
The piston then makes a stroke to the right, while the valve moves
to the left. The engine shown is thus double-acting.

298
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If the valve moved instantaneously from one position to the other
precisely at the end of the stroke, the PV diagram representing
the changes in the fluid on either side of the piston would resemble
ebtd, Fig. 181. Along ¢b, the steam would be passing from the
steam chest to the cylinder, the pressure being practically constant
because of the comparatively enormous storage space in the boiler,
while the piston moved outward, doing work. At b, the supply of
steam would cease, while communication would be immediately
opened with the atmosphere or the condenser, causing the fall of
pressure along 5. The piston would then make its return stroke,
the steam passing out of the cylinder at practically constant pressure
along td, and at d the position of the valve would again be changed,
closing the exhaust and opening the supply and giving the instan-
taneous rise of pressure indicated by de.

424. Expansion. This has been shown to be an inefficient cycle
(Art. 417), and it would be impossible, for mechanical reasons, to
more than approximate it in practice. The inlet port is nearly
always closed prior to the end of the stroke, producing such a diagram
as debgq, Fig. 184, in
which the supply of
steam to the cylin-
der is less than the
whole volume of the
piston displacement,
and the work area
under bg is obtained
without the supply of

v heat, but solely in
Frc. 187. Arts. 424,425, 427, 430, 431, 436, 441, 445, 446, consequence of the

448, 449, 450, 451, 452, 454.—Indicator Diagram and . .
Rankine Cycle. expansive action of

the steam. Appar-

ently, then, the actual steam engine cycle is that of Rankine * (Art.
411). Butif we apply an indicator (Art. 484) to the cylinder,—an instru-
* It need scarcely be said that the association of the steam engine irdicator dia~
gram and its varying quantity of steam with the ideal Rankine cycle is open to

objection (Art. 454). Yet there are advantages on the ground of simplicity in this
method of approaching the subject. '

e

E




WIREDRAWING 301

ment for graphically recording the changes of pressure and volume
during the stroke of the piston,— we obtain some such diagram as
abedes, Fig. 187, which may be instructively compared with the cor-
responding Rankine cycle, ABCDE. The remaining study of the
steam engine deals principally with the reasons for the differences
between these two cycles.

425, Wiredrawing. The first difference to be considered is that along the
lines ub, AB. An important reason for the difference in rolumes at b and B will
be discussed (Art. 430); we may at present note that the pressures at a and b are
less than those at 4 and B, and that the pressure at b is less than that at a. This
is due to the frictional resistance of steam pipes, valves, and ports, which causes
the steam to enter the cylinder at a pressure somewhat less than that in the boiler;
and produces a further drop of pressure while the steam enters. The action of
the steam in thus expanding with considerable velocity through constricted pas-
sages is described as “wiredrawing.” The average pressure along ab will not
exceed 0.9 of the boiler pressure; it may be much less than this. A loss of woik
area ensues. The greater part of the loss of pressure occurs in the ports and pas-
sages of the cylinder and steam chest. The friction of a suitably designed steam
pipe is small. The pressure-drop due to wiredrawing or “ throttling,” as it is
sometimes called, is greatly aggravated when the steam is initially wet; Clark
found that it might be even tripled. Wet steam may be produced as a result of
priming or frothing in the boiler, or of condensation in the steam pipes. Its evil
effect in this as in other respects is to be prevented by the use of a steam separator
near the engine; this automatically separates the steam and entrained moisture,
and the water is then trapped away.

426. Thermodynamics of Throttling. Wiredrawing is a non-revers-
ible process, in that expansion proceeds, not against a sensibly equivalent
external pressure, but against a lower and comparatively non-resistant
pressure. If the operation be conducted with sufficient rapidity, and
if the resisting pressure be negligible, the external work done should be
zero, and the initial heat contents should be equal to the final heat
contents; t.e., the steam expands adiabatically (though not isentropie-
ally) along a line of constant total heat like mr, Fig. 161. The steam
is thus dried by throttling; but since the temperature has been reduced,
the heat has lost availability. Figure 188 represznts the case in which the
steam remains superheated throughout the throttling process. A is the
initial state, DA and EC lines of constant pressure, AB an adiabatic,
AF a line of constant total heat, and C the final state. The areas
SHIJDAG and SHECK, and, consequently, the areas JDABEH and
GBCK, are equal; the temperature at C is less than that at A. (See
the superheated steam tables: at p =140, H=1298.2 when {=553.1° F.;
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at p=100, H=1298.2 when £ is about 548° F.) The effect of wire-
drawing is generally to lower the temperature, while leaving the
total quantity of heat unchanged.

Fig. 188. Art. 426. — Throttling Fia. 189. Arts. 426, 445, 453.
of Superheated Steam. Converted Indicator Dia-
gram and Rankine Cyecle.

427. Regulation by Throttling. On some of the cheaper types of steam
engine, the speed is controlled by varying the extent of opening of the admis-
gion pipe, thus producing a wiredrawing effect throughout the stroke. It is
obvious that such a method of regulation cannot be other than wasteful; a better
method is, as in good practice, to vary the point of cut-off, b, Fig. 187. (See
Art. 507.)

428. Expansion Curve. The widest divergence between the theo-
retical and actual diagrams appears along the expansion lines b¢, BC,
Fig. 187. In neither shape nor position do the two lines coincide.
Early progress in the development of the steam engine resulted in the
separation of the three elements, boiler, cylinder, and condenser. In
spite of this separation, the cylinder remains, to a certain extent, a
condenser as well as a boiler, alternately condensing and evaporating
large proportions of the steam supplied, and producing erratic effects
not only along the expansion line, but at other portions of the diagram
as well.

429. Importance of Cylinder Condensation. The theoretical analysis of the Ran~
kine cycle (Art. 411) gives efficiencies considerably greater than those actually atiained
in pracirce. 'The principal reason for this was pointed out by Clark’s experiments on
locomotives in 1855 (1); and still more comprehensively by Isherwood, in his
classic series of engine trials made on a vessel of the United States Navy (2). The
further studies of Loring and Emery and of Ledoux (3), and, most of all, those
conducted under the direction of Hirn (4), served to point out the vital importance
of the question of heat transfers within the cylinder. Recent accurate measure-
ments of the fluctuations in temperature of the cylinder walls by Hall, Callendar
and Nicholson (5) and at the Massachusetts Institute of Technology (6) have
furnished quantitative data,
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430. Initial Condensation. When hot steam enters the cylinder at
or near the beginning of the stroke, it meets the relatively cold surface
of the piston and cylinder head, and partial liquefaction immediately
occurs. By the time the point of cut-off is reached the steam may
contain from 25 to 70 per cent of water. The actual weight of steam
supplied by the boiler is, therefore, not determined by the volume at
b, Fig. 187; it is practically from 33 to 233 per cent greater than the
amount thus determined. If ABCDE, Fig. 187, represents the ideal
cyele, then b will be found at a point where V;, =from 0.30 Vzt0 0.75 Vg
(Art. 436).

431a. Behavior during Expansion. The admission valve closes at
b, and- the steam is permitted to expand. Condensation may continue
for a time, the chilling wall surface increasing ; but as expansion pro-
ceeds the pressure of the steam falls until its temperature becomes less
than that of the cylinder walls, when an opposite transfer of heat begins.
The walls now give up heat to the steam, drying it, i.e., evaporating a
portion of the commingled water. The behavior is complicated, how-
ever, by the liquefaction which necessarily accompanies expansion,
even if adiabatic (Art. 372). The reévaporation of the water during
expansion is effected by a withdrawal of heat from the walls; these
are consequently cooled, resulting in the resumption of proper conditions
for a repetition of the whole destructive process during the next succeed-
ing stroke. Reévaporation is an absorption of heat by the fluid. For
maximum efficiency, all heat should be absorbed at maximum tempera-
ture, as in the Carnot cycle. The later in the stroke that reévaporation
occurs, the lower is the temperature of reabsorption of this heat, and
the greater is the loss of efficiency.

4315. Data on Condemsation. Even if the cylinder walls were per-
fectly insulated from the atmosphere, these internal transfers would
take place. The Callendar and Nicholson experiments showed that the
temperature of the inner surface of the cylinder walls followed the
fluctuations of steam temperature, but that the former changes were
much less extreme and Iagged behind in point of time. Clayton has
demonstrated (7) that the expansion curve may be represented (in
non-condensing unjacketed cylinders) by the equation

pv* =constant, n=0.8z+0.465,

where z is the proportion of dryness at cut-off: the value of n being
independent of the initial pressure or rafio of expansion. The initial
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wetness is thus the important factor in determining the rate of reevapora-
tion during expansion. With steam very dry at cut-off (due to jacket-
ing or superheat) heat may be lost throughout expansion. In ordinary
cases, the condensation which may occur after cut-off, during the early
part of expansion, can continue for a very bricf period only: the prob-
ability is that in most instances such apparent condensation has becn
in reality nothing but leakage (Art. 452), and that condensation prac-

tically ends at cut-off.

482. Continuity of Action. When unity of weight of steam condenses, it gives
up the latent heat L; when afterward reevaporated, it reabsorbs the latent heat
L,; meanwhile, 1t has cooled, losing the heat A—A;. The net result is an wncrease of
heat in the walls of L —L,+h—h,=H —H,, and the walls would continually become
hotter, were it not for the fact that heat is being lost by radiation to the external
atmosphere and that more water is reevaporated than was initially condensed; so
much more, in fuct, that the dryness at the end of erpansion s usually greater than
it would have been, had erpansion been adiabatic, from the same condution of nitial
driyness.

The outer portion of the cylinder walls remains at practically uniform tem-
perature, steadily and irreversibly losing heat to the atmosphere. The inner portion
has been experimentally shown to fluctuate in temperature in accordance with the
changes of temperature of the steam in contact with it. The depth of this “ peri-
odic " portion is small, and decreases as the time of contact during the cycle decreases,
e.g., in high speed engines.

433. Influences Affecting Condemsation. Four main factors are
related to the phenomena of cylinder condensation: they are (a) the
temperature range, (b) the size of the engine, (c) its speed and (most
important), (d) the ratio of volumes during expansion. Of extreme
importance, as affecting condensation during expansion, is the condi-
tion of the steam at the beginning of expansion.

The greater the range of pressures (and temperatures) in the engine, the more
marked are the alternations in temperature of the walls, and the greater is the dif-
ference in temperature between steam and walls at the moment when steam is
admitted to the cylinder. A wide range of working temperatures, although practi-
cally ag well as theoretically desirable, has thus the disadvantage of lending itself
to excessive losses.

434. Speed. At infinite speed, there would be no time for the transfer of heat,
however great the difference of temperature. Willans has shown the percentage
of water present at cut-off to decrease from 20.2 to 5.0 as the speed increased from
122 to 401 r. p. m., the steam consumption per Ihp-hr. concwrrently decreasing
from 27.0 to 24.2 1b. (8). In another test by Willans, the speed ranged from 131
to 405 r. p. m., the moisture at cut-off from 29.7 to 11.7, and the steam consumption
from 23.7 to 20 3; and in still another, the three sets of figures were 116 to 401,
20.9 to 8.9, and 20.0 to 17.3. In all cases, for the type of engine under considera-
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tion, increase of speed decreased the proportion of moisture and increased the
economy: but it should not be inferred from this that high speeds are necessarily
or generally associated with highest efficiency.

435. Size. The volume of a cylinder is =D2L+4 and its exposed wall surface
is (xDL)+(xD*+2), if D denotes the diameter and L the exposed length. Tle
volume increases more rapidly than the wall surface, as the diameter is inereasel
for a constant length. Since the lengths of cylinders never exceed a certain hn.it,
it may be said, generally, that small engines show greater amounts of condensation,
and lower efficiencies, than large engines.

436. Ratio of Expansion. This may be defined as Va+ V5, Fig. 187 (Art. 450).
The greater the ratio of expansion, the greater is the imitial condensation. This
would be true even if expansion were adiabatic; with early cut-off, moreover, the
time during which the metal is exposed to high temperature steam is redured, and
1ts mean temperature is consequently less. Its activity as an agent for cooling
the steam during expansion is thus increased. Again, the volume of steam during
admission is more reduced by early cut-off than is the exposed cooling surface, since
the latter includes the two constant quantities, the surfaces of the piston and of the
cylinder head (clearance ignored—Art. 450). The following rhows the results of
several experiments:

OB8ERVERS RaTro or Pez Ce~Nt. oF WATER STEAM CONGTMPTION, '
EXPANsTON AT C¥ T-OFF PorNos ree Inp-ne

. |

Low | High Low ‘l High ‘ Lo { U |

Loring and Emery 42 | 16.8 oo ] ees o212 0 251 E

Willans (9) 40 | 80| 89 ‘ 250 i 2007 1 281 !
. § ——

Barrus (10) gives the following as average results from a large number of tests
of Corliss engines at normal speed :

Cur-orr, Pee CENT. PEROENTAGE OF Cor-orr, Per CENT, PLRCENTAVE oF :
or SreoxE CoXDENEATION 0P STROKE | CONDENRATION
’ [
2.5 62 25.0 24 ;
5.0 54 80.0 20
10.0 44 40.0 16 :
15.0 36 450 15 {
20.0 28 i i

In these three sets of experiments, it was found that the propor-
tion of water steadily decreased as the ratio of expansion decreased.
The steam consumption, however, decreased to a certain minimum
figure, and then increased (a feature not shown by the tabulation)—
see Fig. 189a. The beneficial effect of a decrease in condensation
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was here, as in general practice, offset at a certain stage by the thermo-
dynamic loss due to relatively incomplete expansion, discussed in
Art. 418. The proper balancing of
these two factors, to secure best
efficiency, is the problem of the
engine designer. It must be solved
by recourse to theory, experiment,
and the study of standard practice.

In American stationary engines, the

RAT10 OF EXPANSION . - . . .

Fia. 180a. Art 436.—Eficct of Ratio 7010 0f expansion in simple cylinders

of Expansion on Initial Conden- qg usually from 4 {0 5.
sation and Efficiency.

10 15 20 25
20 25 30 3B 40
1 HP.-HR.,

1]
TOYAL LB8, BTEAM PER HOUR

PROPORTIQN OF WATER AT QUT-OFF
LB, BTEAM PER

437. Quantitative Effect. Empirical formulas for cylinder condensation have
been presented by Marks and Heck, among others. Marks (11) gives a curve
of condensation, showing the proportion of steam condensed for various ratios of
expansion, all other factors being eliminated. A more satisfactory relation is
established by Heck (12), whose formula for non-jacketed engines is

027 |[sT
M="20 3
VNN pe

in which M is the proportion of steam condensed at cut-off, N is the speed of the
engine (r. p. m.), s is the quotient of the exposed surface of the cylinder in square

D
feet by its volume in cubic feet=1—;(gf +4) where D and L are in inches, p is the

TABLE: VALUES FOR T

Do Const. Do Const. Do Conast, Po Const,
0 170 45 262 115 348 185 409
1 175 50 2693 120 353 190 413
2 179 55 277 125 358 195 4164
3 183 60 284 130 362% 200 420
4 186 65 291 135 367 210 427
6 191 70 2973% 140 371% 220 434
8 196 75 304 145 376 230 441
10 200 80 310 150 380% 240 447%
15 210 85 316 155 385 250 454
20 220 90 3214 160 389 260 460%
25 229 95 327 165 393 270 467
30 238 100 332% 170 397 280 473
35 246 105 338 175 401 290 479
40 254 110 343 180 405 300 485

(T in the formula is equal to the difference in constants corresponding with the
highest and lowest absolute pressures in the eylinder.)
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absolute pressure per square inch at cut-off, e is the reciprocal of the ratio of expan-
sion, and T is a function of the pressure range in the cylinder, which may be obtained
from the table on p. 306. Heck estimates that the steam consumption of an
engine may be computed from its indicator diagram (Art. 500) within 10 per cent
by the application of this formula. 1f the steam as delivered from the boiler 18
wet, some modification is necessary.

438. Reduction of Condensation. Aside from careful attention to
the factors already mentioned, the principal methods of minimizing
cylinder condensation are by (a) the use of steam-jackets, (b) super-
heaiing the steam, and (¢) the employment of multiple expansion.

439. The Steam Jacket. Transfers of heat between steam and
cylinder walls would be climinated if the walls ecould be kept at the
momentary temperature of the steam. Initial condensation is elimi-
nated if the walls are kept at the temperature of steam during admis-
sion: it is mitigated if the walls are kept from heing cooled by the
low-pressure steam during the latter part of expansion and exhaust.

The steam jacket, invented by Watt, is a hollow casing enclosing the
cylinder walls, within which steam is kept at high pressure. Jackets
have often been mechanically imperfect, and particular difficulty has
been experienced in keeping them drained of the condensed water.
In a few cases, the steam has passed through the jacket on its way to
the cylinder; a bad arrangement, as the cylinder steam was thus made
wet. It is usual practice, with simple engines, and at the high-pressure
cylinders of compounds, to admit steam to the jacket at full boiler
pressure; and in some cases the pressure and temperature in the jacket
have exceeded those in the cylinder. Hot-air jackets have been used, in
which flue gas from the boiler, or highly heated air, was passed about
the body of the eylinder.

440. Arguments for and against Jackets. The exposed heated
surface of the cylinder is increased and its mean temperature is raised;
the amount of heat lost to the atmosphere is thusincreased. The jacket
is at one serious disadvantage: its heat must be transmitted through the
entire thickmess of the walls; while the internal heat transfers are
effected by direct contact between the steam and the inner * skin ”
of the walls.

Unjacketed cylinder walls act like heat sponges. The function of
the jacket is preventive, rather than remedial, opposing the formation
of moisture early in the stroke, liquefaction being transferred from the
cylinder to the jacket, where its influence is less harmful. The walls
are kept hot at all times, instead of being periodically beated and cooled



308 APPLIED THERMODYNAMICS

by the action of the cylinder steam. The steam in the jacket does
not expand; its temperature is at all times the maximum temperature
attained in the cycle. The mean temperature of the walls is thus
raised.

441, Results of Jacketing. In the ideal case, the action of the jacket may be
regarded as shown by the difference of the areas dekl and debf, Fig. 183 The total
heat supplied, without the jacket, is 1deb2, but cylinder condensation makes the
steam wet at cut-off, giving the work area dekl only. The additional heat 2bf3,
supplied by the jacket, gives the additional work area kbfl, manifestly at high
efficiency. In this country, jackets have been generally employed on well-known
engines of high efficiency, particularly on slow speed pumping engines; but ther
use is not common with standard designs. Slow speed and extreme expansion,
which suggest jackets, lead to excessive bulk and first cost of the engine. With
normsl speeds and expansive ratios, the engine 1s cheaper and the necessity for
the jacket is less. The use of the jacket is to be determined from considerations
of capital charge, cost of fuel and load factor, as well as of thermodynamic efficiency.
These commercial factors account for the far more general use of the jacket in Europe
than in the United States.

From 7 to 12 per cent of the whole amount of steam supplied to the engine
may be condensed in the jacket. The power of the engine is almost invariably

T increased by a greater percentage than that of increase
of steam consumption. The cylinder saves more than
the jacket spends, although in some cases the amount
Droy— of steam saved has been small. The range of net
saving may be from 2 or 3 up to 15 per cent. The

increased power of the engime is represented by the
Pkl difference between the areas abedes and aX Ydes,
Vie Yy %, 0), 1, Fig. 187. The latter area approaches much more
POINT OF CUT-OFF closely the ideal area, ABCDE. Jacketing pays best
Fia. 190. Art. 441.— Effect when the conditions are such as to naturally induce
of J?c:;;':ﬁ“ Various Ex- o1 cessive initial condensation. The diagram of Fig.
panslo 08 190, after Donkin (14), shows the variation in value
of a steam jacket at varying ratios of expansion in the same engine run at constant
speed and initial pressure. With the jacket, the best ratio of expansion was about
10, giving 25 Ib. of steam per hp.-hr: without the jacket, the lowest steam consump-
tion (of 39 lb. per hp.-hr) was reached at an expansion ratio of 4.

LBS. BTEAM PER H P.-HR.
B 8888

442. Use of Superheated Steam. The thermodynamic advantage of
superheating, though small, is not to be ignored, some heat being taken
in at a temperature higher than the mean temperature of heat ahsorp-
tion; the practical advantages are more important. Adequate super-
heat fills the ‘‘ heat sponge ”’ formed by the walls, without letting the
steam become wet in consequence. If superheating is slight, the steam,
during admission, may be brought down to the saturated condition,
and may even become wet at cut-off, following such a path as debabkl,
Fig. 183. With a greater amount of superheat, the steam may remain
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dry or even superheated at cut-off, giving the paths debzyf, debdzd.
The minimum amount of superheat ordinarily necessary to give dry-
ness at cut-off seems to be about 100° F.; it may be much greater.
Ripper finds (15) that about 7.5° F. of superheat are necessary for each
1 per cent of wetness at cut-off to be expected when working with
saturated steam. We thus obtain Fig. 191, in which the increased work
arcas acbd, cefb, eghf are obtained by superheating along jk, ki, Im,
cach path representing 75° of superheat. Taking the pressure along uy
a5 120 1b., and that along kb as 1 1b., the absolute temperatnres are 800 9~
awd 561.43° respectively, and since the latent heat at 120 1b. is 877.2

Ii. t. u., the work gained by each of the areas in v'd
question is aceg 371
~ ro/800.9 — 56143 BER K
T2 ——————1=26.1 B.
87.7 ( — ) 6.1 B. t. w. |\
]

If we take the specific heat of superheated
steam, roughly, at 0.48, the heat used in secur-
ing this additional work area is 0.48 x 7T5=236
B3 t.u. The efficiency of superheating is then N
2651 +36=0.73, while that of the non-super- Fic. 191. Art. 2.—Super-
heated cycle as a whole, even if operated at Car- heat for overcowing Initial
not efficiency, cannot exceed 239.47 +800.9=0.30, ~ Condensation.

Great care should be taken to avoid loss of heat in pipes between the super-
heater and the cylinder; without thorough insulation the fall of tem-
perature here may be so great as to
considerably increase the amount of
superheating necessary to secure the
desired result in the cylinder.

g

443. Experimental Results with Super-
heat. The Alsace tests of 1892 showed, with
from 60° to 80° of superheat, an average net
saving of 12 per cent, based on fuel, even when
the coal consumed in the separately fired
superhesaters wag considered; and when the

THDICATED HORSE ROWER superhesters were fired by waste heat from

_ the boilers, the average saving was 20 per
wamyﬁt&féoi’rgfszwf::m cent. Willans found a considerable saving
by superheat, even when cut-off was at half

stroke, s ratio of expansion certainly not unduly favorable to superheating. As
with jackets, the advantage of superheat is greatest in engines of low speeds and
high expansive ratios. Striking results have been obtained by the use of high
guperheats, ranging from 200° to 300° F. above the temperature of saturation.
The mechanical design of the engine must then be considerably modified. Vaughan
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(16) has reported remarksbly large savings due to superheating in locomof.ive
practice. Figure 193 shows the decreased steam consumption due to various
degrees of superheat in a small high speed engine.

444. Actual Expansion Curve. In Fig. 187, bY'o represents the
curve of constant dryness, bC, the adiabatic. The actual expansion
curve in an unjacketed cylinder using saturated steam will then be
some such line as be, the entropy increasing in the ratio z2-+1y and
the fraction of dryness in the ratio zz+zw. Expressed exponentially,
the value of n for such expansion curve depends on the initial dryness
(Art. 431b); it is usually between 0.8 and 1.2, and averages about
1.00, when the equation of the curve is PV =pv. This should not
be confused with the perfect gas isothermal; that the equation has
the same form is accidental. The curve PV =pv is an equilateral
hyperbola, commonly called the hyperbolic line.

The actual expansion path be will then appear on the entropy dia-
gram, Fig. 189, as bc, be’, usually more like the former. The point b
(cut-off) specifies a lower pressure and temperature than does B in the
ideal diagram, and lies to the left of B on account of initial condensa-
tion. If expansion is then along bc, the walls are giving up, to the
steam, heat represented by the area mbcn. This is much less than
the area mbBM, which represents roughly the loss of heat to the walls
by initial condensation.

445. Work done during Expansion: Engine Capacity. From Art.
Ve
Vs
Assume no clearance, and admission and exhaust to occur without
change of pressure; the cycle is then precisely that represented by
ABCDE, excepting that the expansive path is hyperbolic. Then the
work done during admission is P,V ; the negative work during exhaust
is P,V,; and the net work of the cycle is

95, this is, for a hyperbolic curve, BC, Fig. 187, PpV, log.

PBV5+P3VB log, %— PDV0=PBV3(1 +10g¢ -‘VTG) —Pch.
B

The mean effective pressure or average ordinate of the work area is
obtained by dividing this by V, giving

P3V3(1+10g¢ :;9)
B —
Ve

PD:
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or, letting % =r, it is
Pp(1+log, r)_PD
—_— .

Letting m stand for this mean effective pressure, in pounds per square
inch, A for the piston area in square inches, L for the length of the stroke
in feet, and N for the revolutions per minute, the total average pressure
on the piston (ignoring the rod) is m.d pounds, the distance through
which it is excrted per minute is in a double-acting engine 2 LN feet,
and the work per minute is 2 mALN foot-pounds, or 2 mALN +33,000
horse power. This is for an ideal diagram, which is always larger than
the actual diagram abedes; the ratio of the latter to the former gives the
diagram factor, by which the computed value of m must be multiplied
to give actual results.

Diagram factors for various types of engine, as given by Seaton, are as follows:

Expansion engine, with special valve gear, or with a separate cut-off valve,
cylinder jacketed . . . 0.90;

Expansion engine having large ports and good ordinary valves, cylinders jacketed
.. .0.86 to 0.88;

Expansion engines with ordinary valves and gear as in general practice, and
unjacketed . . . 0.77 to 0.81;

Compound engines, with expansion valve on high pressure cylinder, cylinders
jacketed, with large ports, etc. . . . 0.86 to 0.88; (see Art. 466).

Compound engines with ordinary slide valves, cylinders jacketed, good ports,
ete. . . . 0.77 to 0.81;

Compound engines with early cut-off in both cylinders, without jackets or
separate expansion valves . . . 0.67 to 0.77;

Fast-running engines of the type and design usually fitted in warships . . . 0.57
to 0.77.

The extreme range of values of the diagram factor is probably between 0.50 and
0.90. Regulation by throttling gives values 0.10 to 0.25 lower than regulation
by cut-off control. Jackets raise the value by 0.05 to 0.15. Extremely early
cut-off in simple unjacketed engines (less than }) or high speed (above 225 r. p. m.)
may decrease it by 0.025 to 0.125. Features of valve and port design may cause
a variation of 0.025 to 0.175.

Piston speeds of large engines at around 100 r. p. m. now range from 720 ft.
per minute upward. The power output of an engine of given size is almost directly
proportional to the piston speed. Rotative speeds (r. p.m.) depend largely on tke
type of valve gear, and are limited by the strength of the flywheel. Releasing
gear engines do not ordinarily run at over 100 r. p. m. {Art. 507): nor do four-valve
engines often exceed 240 r. p. m. The smaller engines are apt to have the higher
rotative speeds and the larger ratios of eylinder diameter to stroke. Long strokes
favor small clearances, with many types of valve. Engines of high rotative speed
will generally have short strokes. Speeds of stationary reciprocating engines seldom
exceed 325 r. p. m.
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446. Capacity from Clayton’s Formula. If the expansion curve can be repre-
sented by the equation pr*=const., in which n#1, the mean effective pressure
(clearance ignored) is, with the notation of Art. 415,

_mPs _,  Pp
“r(n—1) ™(n—1)

Pp

m

The best present basis for design is to find »n as suggested in Arts. 4315, 437,
to assume a moderate amount of hyperbolic compression (see Art 451) and to
allow for clearance. This 1s m fact the only suitable method for use where there
is high superheat: m which case n>1.0.

Thus, let the pressure Lmits be 120 and 16 Ib. absolute, the apparent ratio of
expansion 4, clearance 4 per cent, compression to 32 lb. absolute, n=1.15. The
approximate equation above gives

_1.15X120 120

m= -16

- =52
0.60 41.150.15 52 1b.

More exactly, calling the clearance volume 0.04, the length of the diagram is 1.0,
the volume at cut-off is 0.29, and the maximum volume attained is 1.04. The
mean effective pressure is

(120 X0.29) — (27.6 X1.04)

m=(120X0.25)+ 015 —16 (1.04—0.08)
~—(30<0.04 log, 2) =54.5 Ib. per square inch,
1,15
the pressure at the end of expansion being 120 @—32) =27.6 Ib. and the volume at

the beginning of compression being 0.04X22=0.08.

Any diagram factor employed with this method will vary only slightly from 1.0,
depending principally upon the type of valve and gear. Unfortunately, we do not
as yet possess an adequate amount of information as to values of n in condensing
and jacketed engines

447. Capacity vs. Economy. If we ignore the influence of con-
densation, the Clausius cycle (Art. 409), objectionable as itis with
regard to capacity (Art. 418), would be the cycle of maximum effi--
ciency ; practically, when we contemplate the excessive condensation
that would accompany anything like complete expansion, the cycle of
Rankine is superior. This statement does not apply to the steam tur-
bine (Chapter XIV). The steam engine may be given an enormous
range of capacity by varying the ratio of expansion; but when this
falls above or below the proper limits, economy is seriously sacrificed.
In purchasing engines, the ratio of expansion at normal load should
be set fairly high, else the overload capacity will be reduced. In
marine service, economy of fuel is of especial importance, in order to
save storage space. Here expansive ratios may therefore range
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higher than is common in stationary practice, where economy in first
cost is a relatively more important factor.

448. The Exhaust Line: Back Pressure. Considering now the line de of Fig.
187, we find a noticeable loss of work area as compared with that in the ideal
case. (Line JJE represents the pressure existing outside the cylinder.) This is
due to several causes. The frictional resistance of the ports and exhaust pipes
(greatly 1ncreased by the presence of water) produces a wiredrawing effect, mak-
ing the pressure in the eylinder hizher than that of the atmosphere or of the con-
denser.  The presence of air in the exhaust passages of a condensing engine may
elevate the pressure above that corresponding to the temperature of the steam,
and ~o cause undesirable resistance to the hackward movement of the piston.
This air may be present as the result of leakage, under poor operating conditions;
more or less air is always biought in the cycle with the boiler feed and condenser
water. The effect of these causes is to inerease the pressure during release, even
in good engines, from 1 0 to 3.0 Ib. above that ideally obtainable.

Reévaporation may be incomplete at the end of expansion; it then proceeds
during exhaust, sometimes, in flagrant cases, being still incomplete at the end of
exhaust. The moisture then present greatly increases initial condensation. The
evaporation of any water during the exhaust stroke seriously cools the cylinder
walls. In general good practice the steam is about dry during exhaust; or at least
during the latter portion of the exhaust.

449. Effect of Altitude. The possible capacity of a non-condensing engine is
obviously increased at low barometric pressures, on acconnt of the lowering of the
line DE, Fig. 187. With condensing engines, the absolute pressure attained along
DE depends upon the proportion of cooling water supplied and the effectiveness
of the condensing apparatus. It is practically independent of the barometric pres-
sure, excepting at very high vacua; consequently, the capacity of the engine is
unchanged by variations in the latter. A slightly decreased amount of power,
however, will suffice to drive the air pump which delivers the products of conden-
sation against any lessened atmospheric pressure.

450. Clearance. The line esa does not at any point come in contact with the
ideal line E4, Fig. 187. In all engines, there is necessarily a small space left
between the piston and the inside of the cylinder head at the end of the stroke.
This space, with the port spaces back to the contact surfaces of the inlet valves, is
filled with steam throughout the cycle. The distance ts in the diagram represents the
volume of these ° clearance” spaces. In Fig. 195, the apparent ratio of ex-

pansion is ﬁ-—? If the zero volume line OP be found, the real ratio of expansion,

FD
clearance volume included, is TS The proportion of clearance (always ex-
Aa

pressed in terms of the piston displacement) is D The clearance in actual engines
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varies from 2 to 10 per cent of the piston displacement, the necessary amount
depending largely on the type of valve gear. In such an engine as that of
Fig. 186, it is necessarily large, on account
of the long ports. In these flat slide valve
a » engines it averages 5 to 10 per cent: with
A rotary (Corliss) valves, 3 to 8 per cent; with
single piston valves, 8 to 15 per cent. These
figures are for valves placed on the side (bar-
rel) of the cylinder. When valves are placed
on heads, the clearance may be reduced 2 to
c 6 per cent. In the unidirectional flow
f . D (Stumpf) engine (Art. 507), it is only about

F I : -
2 per cent. It 1s proportionately greater in
o P9 v small engines than in those of large size.
F1. 195. Arts. 450, 451. —Real and Ap- 1t may be accurately estimated by placing
parent Expanston. the piston at the end of the stroke and fill-
ing the clearance spaces with a weighed or
measured amount of water. All waste spaces, back to the contact surfaces of the

valves, count as clearance.

451, Compression. A large amount of steam is employed to fill the clearance
space at the beginning of each stroke. This can be avoided by closing the exhaust
valve prior to the end of the stroke, as at e, Fig. 187, the piston then compressing
the clearance steam along es, so that the pressure is raised nearly or quite to that
of the entering steam. This compression serves to prevent any sudden reversal of
thrust at the end of the exhaust stroke. If compression 18 so complete as to raise
the pressure of the clearance steam to that carried i the supply pipe, no loss of steam
will be experienced in filling clearance spaces. The work expended in compression,
eahg, Fig. 195, will be largely recovered during the next forward stroke by the expan-
sion of the clearance steam: the clearance will thus have had httle effect on the
cfficiency; the loss of capacity efa will be just balanced by the saving of steam,
for the amount of steam necessary to fill the clearance space would have expanded
along ae, if no other steam had been present.

Complete compression would, however, raise the temperature of the com-
pressed steam so much above that of the cylinder walls that serious condensation
would occur. This might be counteracted by jacketing, but in practice it is cus-
tomary to terminate compression at some pressure lower than that of the entering
steam. A certain amount of unresisted expansion then takes place during the
entrance of the steam, giving a wiredrawn admission line. If the pressure at s,
Fig. 187, is fixed, it is, of course, easy to determine the point e at which the
exhaust valve must close. Considered as a method of warming the cylinder walls
80 as to prevent initial condensation, compression is ¢ theoretically less desirable
than jacketing, for in the former case the heat of the steam, once transformed to

work, with accompanying heavy losses, is again transformed into heat, while in
the latter, heat is directly applied.” For mechanical reasons, some compression is
usually considered necessary. It makes the engine smooth-running and probably
decreases condensation if properly limited. Compression must not be regarded as
bringing about any nearer approach to the Carnot cyele. It is applied to a very
small portion only of the working substance, the major portion of which is
:xternally heated during its passage through the steam plant.

P
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452, Valve Action: Leakage. We have now considered most of the differences
between the actusl and ideal diagrams of Fig. 187. The rounding of the corners
at b, and along cdu, is due to sluggish valve action; valves must be opened slightly
hefore the full effect of their opening 1s realized, and they cannot close instantaneously.
The round corner at ¢ is due to the slow closing of the exhaust valve. The inclined
lme sa shows the admission of steam, the shaded work area being lost by the slow
movement of the valve. In most cases, admission is made to occur slightly prior
to the end of the stroke, in order to avoid this very effect. If admission 1s oo early,
a nogative lost work loop, mno, may be formed. Important aberrations in the
diagram, aud modifications of the phenomena of cylinder condensation, may result
from leakage past valves or pistons. In an engine like that of Fig. 186, steam
may escape directly from the steam chest to the exhaust port. Valves are more
apt to leak than pistons. A valve may be tight when stationary, but leak when
moving; it may be tight when cold and leak when hot. Unbalanced slide valves,
popret and Corliss valves tend to wear tight; piston valves and balanced slide
valves become leaky with wear. Leakage is increased when the steam is wet.
Jacketing the cylinder decreases leakage. The steam valve may allow steam to
enter the cylnder after the point of cut-off has been passed. Fortunately, as the
difference in pressure between steam chest and cylinder increases, the overlap of
the valve also increases. Leakage past the exhaust valve is particularly apt to
occur just after admission, because then (unless there is considerable compression)
the exhaust valve has only just closed.

The indicator diagram cannot be depended on to detect leakage, excepting as
the curves are transferred to logarithmic codrdinates (7). Such steam valve leakage
as has just been described produces the same apparent effect as reevaporaticn
occurring shortly after cut-off. Ieakage from the cylinder to the exhaust, oceurring
during this period, produces the effect which was formerly regarded as due to cylinder
condensation immediately following cut-off. In engines known to have tight
exhaust valves, this latter effect is not found. t

An engine may be blocked and examined for leakage (Trans. 4. 8. M. E., XXIV,
719) but it is difficult to ascertain the actual amount under running conditions.
In one test of a small engine, leakage was found to be 300 lb. per hour. Tests have
shown that with single flat slide or piston valves the steam consumption ir creases
about 15 per cent in from 1 to 5 years, on account of leakage alone. A large
number of tests made on all types of engine gave steam consumptions averaging
b per cent higher where leakage was apparent than where valves and pistons were
known to be tight.

THE STEAM ENGINE CYCLE oN THE ENTROPY DIAGRAM

453. Cylinder Feed and Cushion Steam. Fig. 189 has been left incomplete, for
reasons which are now to be considered. It is convenient to regard the working
fluid in the cylinder as made up of two masses,— the *cushion steam,” which
alone fills the compression space at the end of each stroke, and is constantly present,
and the ¢ cylinder feed,” which enters at the beginning of each stroke, and leaves
before the completion of the next succeeding stroke. In testing steam engines by
weighing the discharged and condensed steam, the cylinder feed is alone measured ;
it alone is chargeable as heat consumption ; but for an accurate conception of the
cyclical relations in the cylinder, the influence of the cushion steam must be con-
sidered.’
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In Fig. 166, let abede be the PV diagram of the mixtwe of cushion steam and
cylinder feed, and let gh be the expansion line of the cushion steam if it alone were
present. The total volume rq at any point g of the combined paths is made up
of the cushion steamn volume zo and the
cylinder feed volume, obviously equal to
ogq. 1f we wish to obtain a diagram
showing the Lehavior of the ecylinder !
feed alone, we must then deduct from !
the volumes around aberde the correspond-  |f
ing volumes of cushion steam. The point
p is then derrved hy making vp =rq— o,
and the point ¢ by makmg 7t = ru — rs.
Proceeding thus, we obtain the diagram °’
nzjklm, representing the behavior of the

P

cylinder feed. Along nz the diagram =f----- N £ d
coincides with the OP axis, indieating o 7 —v
that at this stage the cylinder contains g, 196, Arts. 453, 457 — Elimination of
cushion steam only. Cushion Steam.

454, The Indicator Diagram. Our study of the ideal cycles in Chapter XIT has
dealt with representations on a single diagram of changes occurring in a given mass
of steam at the boiler, cylinder, and condenser, the locality of changes of condition
being ignored. The energy diagram abedes of Fig. 187 does not represent the
behavior of a definite quantity of steam working in a closed cycle. The pressure
and volume changes of a rarying quantity of fluid are depicted. During expansion,
along he, the quantity remains constant; during compression along es, the quantity
is likewise constant, but different. Along seb the quautity increases; while along
cde it decreases. The quality or dryness of the steam along es or bc may be readily
determined by comparing the actual volume with the volume of the same weight
of dry steam ; but no accurate information as to quality can be obtained along the
admission and release lines sah and cde. The areas under these lines represent
work quantities, however, and it is desirable that we draw an entropy diagram
which shall represent the corresponding heat expenditures. Such a diagram will
2 ; s not give the thermal history of any definite

amount of steam; it is a mere projection of

D e/n F « the PV diagram on different coordinates.

It tacitly assumes the indicator diagram to

| _\J_A represent a reversible cycle, whereas in fact

N the operation of the steam engine is neither
o M cyclic nor reversible.

455. Boulvin’s Method. In Fig. 197,
let abede be any actnal indicator diagram,
A T YZ the pressure temperature curve of

d saturated steam, and QR the curve of satu-
Py ration, plotted for the total quantity of
Fic. 197 Art 455.—Transfer from Py Steam in the cylinder during expansion.

to NT Diagram (Boulvin’s Method).  The water line OS and the saturation curve
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MT are now drawn for 1 Ib. of steam, to any convenient scale, on the entropy plane.
To transfer any point, like B, to the entropy diagram, we draw BD, DK, EH, KT,
BA, AT, HT, BG, and GF as in Art. 378. Then F 1s the required point on the
temperature entropy diagram. By transferring other points in the same way, we
obtain the area NVFU. The expansion line thus traced correctly represents the
actual history of a definite quantity of fluid; other parts of the diagram are imagnary.
It 1s not safe to make deductions as to the condition of the substance from the NT
diagram, excepting along the expansion curve. For example, the diagram apparently
indicates that the dryness is decreasing along the exhaust line SU; although we have
seen (Art. 448) that at this stage the dryness 1s usually increasing (17).

456. Application in Practice. In order to thus plot the entropy diagram, it is
necessary to have an average indicator card from the engine, and to know the
quantity of steam in the cylinder. This last is determined by weighing the dis-
charged condensed steam during a definite number of strokes and adding the
quantity of clearance steam, assuming this to be just dry at the beginning of com-
pression, an assumption fairly well substantiated by experiment.

4570. Reeve’s Method. By a procedure similar to that described in Art. 453,
an indicator diagram is derived from that originally given, representing the behav-
ior of the cylinder feed alone, on the assumption that the clearance steam works
adiabatically through the point e, Fig. 196. This often gives an entropy diagram
in which the compression path passes to the left of the water line, on account of
the fact that the actual path of the cushion steam is not adiabatic, but 18 occasion-~
ally less “‘steep.”

The Reeve diagram accurately depicts the process between the points of cut-
off and release and those of compression and admission with reference to the cylinder
feed only.

4575. Preferred Method. The most satisfactory method is to make
no attempt to represent action between the points of admission and
cut-off and of release and compression. During these two portions
of the cycle we know neither the weight nor the dryness of steam
present at any point. The method of Art. 455 should be used for the
expansion curve alone. For compression, a new curve corresponding
with BQ, Fig. 197, should be drawn, representing the pv relation for
the weight of clearance steam alone. Points along the compression
curve may then be transferred to the upper right-hand quadrant by
the same process as that described in Art. 455. The TN diagram
then shows the expansion and compression curves, both correctly
located with reference to the water line OS and the dry steam curve
TM, for the respective weights of steam; and the heat transfers and
dryness changes during the operations of expansion and compression
are perfectly illustrated.

458. Specimen Diagrams. Figure 199 shows the gain by high initial pressure
and reduced back pressure. The augmented work areas befc, cfho, are gained at high
efficiency; adji and adlk cost nothing. The operation of an engine at back pressure,
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to permit of using the exhaust steam for heating purposes, results in such losses as
adyi, adlk. Similar gains and losses may be shown for non-expansive cycles. Figure
200 shows four interesting diagrams plotted from actual indicator cards from a small

T

N N

Fia. 199. Art. 458.—Initial Pressure and Fia. 200. Art. 458. — Effects of Jacket-
Back Pressure. ing and Superheating.

engine operated at constant speed, inmitial pressure, load, and ratio of expansion
(18). Diagrams A and C were obtained with saturated steam, B and D with super-
heated steam. In A4 and B the cylinder was unjacketed; m C and D it was jacketed.
The beneficial influence of the jackets is clearly shown, but not the expenditure of
heat 1 the jacket. The steam consumption in the four cases was 45.6, 28.4, 27 25
and 20.9 1b. per Ihp-hr., respectively.

MuoLrrLE EXPANSION

459. Desirability of Complete Expansion. It is proposed to show that a large
ratio of expansion is from every standpoint desirable, excepting as it is offset by
increased cylinder condensation ; and to suggest multiple expansion as a method
for attaining high efficiency by making such large ratio practically possible.

From Art. 4486, it is obvious that the maximum work obtainable from a cylinder is
a function solely of the initial pressure, the back pressure, and the ratio of expan-
sion. In a non-conducting cylinder, maximum efficiency would be realized when
the ratio of expansion became a maximum between the pressuve limits. Without
exzpansion, increase of initial pressure very slightly, if
at all, increases the efficiency. 'Thus, in Fig. 201, |
the cyclic work areas abcd, aefg, akif, would all be
equal if the line XY followed the law pv = PV.
As the actual law (locus of points representing
steam dry at cut-off) is approximately,

o H= prH,
the work areas increase slightly as the pressure in-
creases; bub the necessary heat absorption also d o Y
increases, and there is no net gain. The thermod;
namic ad,zuntage of highinitial prissure 18 realized onl?z; Fre. ;221. Art. éﬁ 91-Non-
) pansive Cycles.
when the ratio of expansion i3 large.

By condensing the steam as it flows from the engine, its pressure may be re-
duced from that of the atmosphere to an absolute pressure possibly 13 Ib. lower.
The cyclic work ares is thus increased; and since the reduction of pressure is ac-

o
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companied by a reduction in temperature, the potential efficiency is increased.
Figure 202 shows, however, that the percentage gain in efficiency 1s small with no
ezpansion, wncreasing as the expansion ratwo increases. Wide ratios of expansion are
from all of these standpoints essential to efficiency.

We have found, however, that wide ratios of
expansion are associated with such excessive losses
from condensation that a compromise is necessary,
and that in practice the best efficiency is secured
with a rather limited ratio. The practical attain-
ment of large expansive ratios without correspond-
ing losses by condensation is possible by multiple
/////\\\\////As\\\\\\ expansion. By allowing the steam to pass suc-

o cessively through two or more cylinders, a total
Fra. 202. Art. 439, — Gain due ©€xpansion of 15 to 33 may be secured, with condensa-
to Vacuum. tion losses such as are due to much lower ratios.

P

460. Condensation Losses in Compound Cylinders. The range of pres-
sures, and consequently of temperatures, in any one cylinder, is reduced
by compounding. It may appear that the sum of the losses in the two
cylinders would be equal to the loss in a single simple cylinder. Three
considerations may serve to show why this is not the case:

(¢) Steam reévaporated during the exhaust stroke is rendered avail-
able for doing work in the succeeding cylinder, whereas in a simple
engine it merely causes a resistance to the piston;

(b) Initial condensation is decreased because of the decreased ﬂuctua,-
tion in wall temperature;

(¢) The range of temperature in each cylinder is half what it is in the
simple cylinder, but the whole wall surface is not doubled.

461. Classification. Engines are called simple, compound, triple, or quadruple,
according to the number of successive expansive stages, ranging from one to four.
A multiple-expansion engine may have any number of cylinders; a triple expau-
sion engine may, for example, have five cylinders, a single high-pressure cylinder
discharging its steam to two succeeding cylinders, and these to two more. In a
multiple-expansion engine, the first is called high-pressure cylinder and the last
the low-pressure clinder. The second cylinder in a triple engine is called the
intermediate; in a quadruple engine, the second and third are called the first
intermediate and the second intermediate cylinders, respectively. Compound en-
gines having the two cylinders placed end to end are described as tandem; those
having the cylinders side by side are cross-compound. This last is the type most
commonly used in high-grade stationary plants in this country. The engines may
be either horizontal or vertical; the latter is the form generally used for triples or
quadruples, and in marine service. Sometimes some of the cylinders are horizon-
tal and others vertical, giving what, in the two-expansion type, has been called the
angle compound. Compounding may be effected (as usually) by using cylinders of
various diameters and equal strokes: or of equal diameters and varying strokes,
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cr of like dimensions but unequul speeds (the cyhnders driving independent
thafts), or by a combination of these methods
462. Incidental Advantages. Aside trom the decreased loss through cylinder

condensation, multiple-expansion engines have the following points of superiority.

(1) The steam consumed m filling clearance spaces is less, because the high-
pressure cylinder is smaller than the cylinder of the equivalent simple engine;

2) Compression in the high-pressure cylinder may be carried to as high a
pressure as is desnable without begmning 1t so early as to greatly 1educe the work
area;

(8) The low-pressure cylinder need be built to withstand a fraction only of
the boller pressure; the other cylinders, which carry higher pressures, are com-
paratively small;

(4) In most common types, the use of two or more cylinders permits of using
a greater number of less powerful impulses on the piston than is possible with a
single cylinder, thus making the rotative speed more unifor:n;

(3) For the same reason, the mechanical stresses on the crank pin, shaft, ete.,
are lessened by compounding.

These advantages, with that of superior economy of steam, have led to the
general use of multiple expansion in spite of the higher initial cost which it en-
tails, wherever steam pressures exceed 100 lb.

463. Woolf Engine. This was a form of compound engine originated by Horn-
blower, an unsucecessful competitor of Watt, and revived by Woolf in 1800, after
the expiration of Watt’s principal patent.
Steam passed dhectly from the high to the 4|
low-pressure cylinder, entering the latter
while being exhausted from the former.
This necessitated having the pistons either
in phase or a half revolution apart, and
there was no improvement over any other
double-acting engine with regard to uni- D
formity of impulse on the piston. Figure T -
203 represents the ideal indicator diagrams. pyg, 203, Arts.463,466.— Woolf Engize.
ABCD is the action in the high-pressure
evlinder, the fall of pressure along CD being due to the increase in volume of
the steam, now passing into the low-pressure cylinder and forcing its piston out-

ward. EFGH shows the action in the low-pres-

sure cylinder; steam is entering continuously

throughout the stroke along EF. By laying off

MP = LK, ete., we obtain the diagram T4 BRS,

representing the changes undergone by the steam

a ) during its entire action. This last area is ob-
., viously equal to the sum of the areas 4BCD

~ and EFGH. Figure 204, from Ewing (19)
shows a pair of actual diagrams from a Woolf
engine, the length of the diagrams representing

P

F1e. 204 Art. 463, Prob. 31. —Dia-
grams from Woolf Engine.
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the stroke of the pistons and not actual steam volumes. The low-pressure dia-
gram has been reversed for convenience Some ezpansion in the low-pressure
cylinder occurs after the closing of the high-pressure exhaust valve at a. Some
loss of pressure by wiredrawing in the passages between the two cylinders is clearly
indicated.

464a. Receiver Cngine. In this more modern form the steam passes
from the high-pressure cyiinder to a closed chamber called the receiver,
and thence to the low-pressure cylinder. The receiver is usually an
independent vesscl connected by pipes with the cylinders; in some
cascs, the intervening steam pipe alone is of sufficient capacity to
constitute a receiver. Receiver engines may have the pistons coin-
cident in phase, as in fandem engines, or opposite, as in opposed beam
engines, or the cranks may be at an angle of 90°, as in the ordinary
cross-compound. In all cases the receiver engine has the characteristic
advantage over the Woolf type that the low-pressure cylinder need not
receive steam during the whole of the working stroke, but may have a
definite point of cut-off, and work in an expansive cycle. The dis-
tribution of work between the two cylinders, as will be shown, may
be adjusted by varying the point of cut-off on the low-pressure cylinder
(Art. 467).

Receiver volumes vary from % to 1} times the high-pressure cylinder
volume.

464b. Reheating. A considerable gain in economy is attained by
drying or superheating the steam during its passage through the

T

\WITH REHEATERS
\\ AND JACKETS

REHEATERS
AND JACKETS
WITHOUT
REHEATERS

\ AND JACKETS

WITHOUT REHEATERS AND JACKETS v

Fies. 215 and 216. Art. 464b.—Effect of Reheaters and Jackets (25).

— N

receiver, by means of pipe coils supplied with high-pressure steam from
the boiler, and drained by a trap. The argument in favor of reheating
is the same as that for the use of superheat in any cylinder (Art. 442).
It is not surprising, therefore, that the use of reheaters is only profit-
able when a considerable amount of intermediate drying is effected.
Reheating was formerly unpopular, probably because of the difficulty
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of securing a sufficient amount of superheat with the limited amount
of coil surface when saturated steam was used in the receiver coils.
With superheated steam, this difficulty is obviated. Reheating increases
the capacity as well as the economy of the cylinders.

465. Drop. The fall of pressure occurring at the end of expansion
(cd, Fig. 196) is termed drop. Its thermodynamic disadvantage
and practical justification have been pointed out in Arts. 418, 447.
In a compound engine, some special considerations apply. If there is
no drop at high-pressure release, the diagram showing the whole expan-
sion is substantially the same as that for a simple cylinder. With
drop, the diagram is modified, the ratio of expansion in the high-pressure
cylinder is decreased, and the ideal output is less.

The orthodox view is that there should be no drop in the high-
pressure cylinder (21). The cylinders of a compound engine work
with less fluctuation of temperature than that of a simple engine, and
may therefore be permitted to use higher ratios of expansion (i.e.,
less drop) than does the latter. In the design method to follow, dimen-
sions will be determined as for no drop. Changes of load from normal
may introduce viarying amounts of drop in operation.

466. Combination of Actual Diagrams: Diagram Factor. Figure 210 shows the
high- and low-pressure diagrams from a small compound:engine. These are again

P, s
P
H.P.
a
d
v /]
F S
LP. \s
e — o
v

Fre. 210, Art. 466.—Compound Engine Fie. 211, Art. 466.—Compound Engine
Diagrams. Diagrams Combined.

shown in Fig. 211, in which the lengths of the diagrams are proportioned as are
the cylinder volumes, the pressure scales are made equal, and the proper amounts
of setting off for clearance (distances o and b) are regarded. The cylinder feed
per single stroke was 0.0498 Ib., the cushion steam in the high-pressure cylinder
0.0074 1b., and that in the other cylinder 0.0022 lIb. No single saturation curve
is possible; the Ime ss is drawn for 0.0572 lb. of steam, and SS for 0.0520 Ib. As
in Art. 453, we may obtain equivalent diagrams with the cushion steam eliminated.
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In Fig. 212, the single curve S8 then represents saturation for 0.0498 Ib. of steam.
The areas of the diagrams are unaltered, and correctly measure the work done;
they may be transferred to the entropy plane as
m Art. 455. The moisture present at any point
during expansion 1s still represented by the dis-
tance cd,corresponding with the distance similarly
marked in Fig. 211. Theratio of the area of the e \g
combined actual diagrams to that of the Ran-
kine cycle through the same extreme hmits of
pressure and with the same ratio of expansion
18 the diagram factor, the value of which may
range up to 095, being higher than in simple s
engines (Art. 459).

467. Combined Diagrams. Figure 205 shows Fra. 212. Art. 466. — Combined
the ideal diagrams from a tandem receiver engine. Diagrams for Cylinder Feed.

Along CD, as along CD in Fig. 203, expansion

into the low-pressure cyhnder is taking place The corresponding line on the low-
pressure diagram is EF. At F the supply of steam 1s cut off from the low-pressure
cylinder, after which hyperbolic expansion occurs along FS. Meanwhile, the

i

A

LIMITING]
RIGH PRES! I? CYLINDER

~———

A\ -V
Fia. 205. Arts. 467, 475.—Elimination of Drop, Fic. 214. Art. 468.—Effect of Low-
Tandem Receiver Engine. pressure Cut-off.

exhaust from the high-pressure cylinder is discharged to the receiver; and since a
constant quantity of steam must now be contained in the decreasing space between
the piston and the cylinder and receiver walls, some compression occurs, giving
the line DE. The pressure of the receiver steam remains equal to that at E
after the high-pressure exhaust valve closes (at E) and while the high-pressure
cylinder continues the cycle along EABC. If the pressure at C exceeds that at
E, then there will be some drop. As drawn, the diagram shows none. If cut-off
in the low-pressure cylinder occurred later in the stroke, the line DE would be
lowered, P¢ would exceed Pz, and drop would be shown.

An incidental advantage of the receiver engine is here evident. The intro-
duction of cut-off in the low-pressure cylinder raises the lower limit of tempera-
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ture in the high-pressure cylinder from D in Fig. 203 to D in Fig. 205. This reduced
range of temperature decreases cylnder condensation

468. Governing Compound Engines. Fig. 214 shows that delayed
cut-off on the high-pressure cylinder greatly increases the output of
the low-pressure cylinder while (the receiver pressurc becing raised)
scarcely affecting its own output.

In Fig. 206, is shown the result of varying low-pressure cut-off in
a tandem receiver engine with drop, the low-pressure clearance being

exaggerated for clearncss.

i a b The high-pressure diagram

is fabcde, the low-pressure is

“p ghikl, Dr=pa=p; and Pe=7ps.

Low-pressure cut-off occurs at

h (point e in the high-pressure

N ™ n diagram). If this event occur

¢ Lp N\\'j earlier, the corresponding

l k point on the high-pressure

diagram is made (say) », and

Fic. 206. Art, 468—Effect of Changing Low~ COTPression then raises the

pressure Cut-off receiver pressure to o instead

of f. The result is that the

drop decreases to cp instead of ¢d (p,=p,). The admission pressure

of the low-pressure cylinder thus becomes p,*p,=p, instead of p,,

and the gain ¢mg due to such increased pressure more than offsets the

loss mhj due to the fact that low-pressure cut-off now occurs at p,, =
Psn. The same results will be found with cross-compound engines.

The total output of the engine is very little affected by changes
in low-pressure cut-off: but (contrary to the result in simple cylinders)
the output of the low-pressure cylinder varies directly as its ratio
of expansion. With delayed cut-off, the low-pressure cylinder performs
a decreased proportion of the total work.

When the load changes in a compound engine which has a fixed
point of low-pressure cut-off, equality of work distribution becomes
impossible. The output of the engine should be varied by varying
the point of high-pressure cut-off. Equal distribution of the work
should then be accomplished by variation of low-pressure cut-off.
The two points of cut-off will be changed in the same direction as the
load changes. At other than normal load, there will then be some
drop. The aim in design will be, after fizung upon a suitable receiver
pressure, to select a normal corresponding point of low-pressure cut-off at
which, with the given receiver volume and cylinder ratio, drop will be
eliminated. (Arts. 475-478).

o

4
/
A
-

i
7
/




DESIGN OF COMPOUND ENGINES 325

DesigNn oF CompouND ENGINES

469. Preliminary Diagram. We first consider the action as repre-
sented in Fig. 205, which shows the combined ideal diagrams without
¢learance or compression, and with
hyperbolic expansion. Losses or F
gains between the cylinders are
ignored. The following notation is
adopted:

&
P=initial absolute pressure, lb. ¢ » 7

per sq. in., along ab; Fie. 205. Arts. 469, 470, 473 —Pre-
po=receiver absolute pressure, 1b.  liminary Compound Engine Diagram,
per sq. in., along dc;
p=back pressure, absolute, lb. per sq. in., along gf;
Ppma=mean effective pressure, 1b. per sq. in., high-pressure cylinder;
pm=mean effective pressure, lb. per sq. in., low-pressure cylinder;

v

:—c =R,=ratio of expansion, high-pressure cylinder;
/]

) . . .
— =R, =ratio of expansion, low-pressure cylinder;
Ve

;i‘- =R =whole ratio of expansion;
(]
Z—‘- =(C =ratio of cylinder volumes, or “ cylinder ratio.”

(7
The following relations are useful:

B=RBy=CRy; C=Ei; pm=%clogag; Po=_‘%£;

P
Dt =~—}—a(1 +log, C)—p.

470. Bases for Design. The values of P, p and R being given,
whatever fixes the pressure or volume at ¢ determines the proportions
of the engine. We may assume either *

(a) the receiver pressure, p,;

(b) the eylinder ratio, C =%‘—;

G
(¢) equal division of the temperature ranges; thsat is,

Tb + Tf
Tb— Tc = T“—' Tf, or T‘ = B) 3
* Some designers of marine engines aim at equalization of maximum pressures on
the cranks. This requires careful consideration of clearance and compression.
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and p, is the pressure corresponding with the temperature
T,; or,
(d) equal division of the work; that is, abed =dcefg, attained when

log,C'= (log, R +1—3—:1:—J— 1) =2,

Any one of these four assumptions may be made, but not more than
one. Having made one, the pressures and volumes at b, ¢, ¢ and f
are all fixed.

471, Diagrams with Clearance. We now employ Fig. 213, in which
clearance is allowed for. The expansion curve is still assumed to be
a continuous hyperbola, and inter-

P
cylinder losses are ignored. (These

"r ¥ last need not be important.)
If dp is the high-pressure clearance
IRELS . ¢ (=hd =de, Fig 213), the apparent ratio of
D \l expansion in the high-pressure eylinder is
e
g ,_dc_Rn—dnRn
-P- f m———
y B == T—akn
Fia. 218. Arts. 471-473. — Design Similarly, the apparent ratio of expansion
Diagram, Compound Engne. in the low-pressure cylinder is
,__Ri—diRy
B=Tam

where dz=@ 18 the low-pressure clearance. Engines are usually designed by

o
specifying the whole apparent ratio of expansion, (dD+4gf)<+ab. In terms of the

real ratios, this is
R(14dn) —Rundn

’=——-—-‘
E 1+4-dn—Rudn *

The mean effective pressures in the cylinders are now
P P
Pmr =57 +E(1+dn) log. Rys—po,

Pru=52-+ B(1+) log, Ri—p,
and R;=C only when d,=dj.

The mean effective. pressures reached in practice will differ from
these by some small amount, the ratio of probable actual to com-
puted pressure being described as the diagram factor. Generally speak-
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ing, the diagram factor to be used for the cylinder of a multiple expan-
sion engine of n expansion stages and R ratio of expansion is the same
as that for a simple engine of expansion ratio B, when

R,="VER.

472. Size and Horse Power. In general, diagram factors, piston
speeds and strokes are the same for all the cylinders of the engine.
Then following Art. 446,

2fLN
hp. —3J;U00 (Prndn+pmAd),

where f=diagram factor and 4, and A4; are the areas of high and low-
pressure cylinders respectively, in sq. in. Letting C denote the cylinder

ratio,
_9LNA4,
33000 ( c T 1”"“)
P

in which %‘" describes what is called the ‘“ high-pressure mean-effective

pressure referred to the low-pressure cylinder.”

473. Division of Work: Equivalent Simple Engine. The work
will be divided between the cylinders in the same ratio as the two areas
abed, Dcefg, Fig. 213; or in the ratio,

Pmn—+ Cpml-

When the assumption of equal output is made (Art. 469), the mean
effective pressures must be inversely as the cylinder areas.

The power of the compound engine is very nearly the same as that
which would be obtained from a simple cylinder of the same size as
the low-pressure cylinder of the compound, with a ratio of expansion
equal to the whole ratio of expansion of the compound. This would
ba exactly true if the diagram factor were the same for the simple as for
the compound and if the no-clearance diagram, Fig. 213, were used for
finding p,. An approximate expression for the area of the low-
pressure cylinder of a compound is then

hp.=

%WAVHH%M_§
33000 R py-
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474, Cylmder Ratio. Ratio of Expansion. Non-condensing com-
pound engines usuaIb have a cylinder ratio C =3 to 4. With condensing
engines, the ratio is 4 or 3, increasing with the boiler pressure. In
triple engines, the ratios are from 1:2.0:2.0uptol: 2. 5 :2.5in sta~
tionary practice. With quadruple expansion the ratios are succes-
sively from 2.0 to 2.5 : 1.

Tests by Rockwood (22) of a triple engine in which the intermediate
cylinder was cut out, permitting of running the high- and low-pressure
eylinders as a compound with the high cylinder ratio of 5.7 to 1, glve
the surprising result that with the same initial pressure and expansive
ratio, the compound was more economical than the triple. This was
a small engine, with large drop. The pointing out of the fact that the
conditions were unduly favorable to the compound as compared with
the triple did not explain the excellent economy of the former as com-
pared with all engines of its class. Somewhat later, exceptionally
good results were obtained by Barrus (23) with a compound engine
having the extraordinary cylinder ratio of 7.2 : 1.0. Thurston, mean-
while, experimented in the same manner as Rockwood, determining,
in addition, the economy of the high-pressure and intermediate cylinders
when run together as a compound. There were thus two compounds
of ratios 3.1 : 1 and 7.13 : 1 and a triple of ratio 1 : 3.1 : 23, available
for test. The results showed the 7.1 compound to be much better than
the 3.1, but less economical than the triple (24). As the ratio of expan-
sion decreased, the economy of the intermediate compound closely
approached that of the triple; and at a very low ratio it would probably
have equaled it. It is a question whether the high economy of these
“ intermediate compounds’’ has not been due primarily to the high
ratio of expansion which accompanied the high cylinder ratio. The
best performances have been reached by compounds and triples alike
at ratios of expansion not far from 30. Ordinary compound engines
probably have the high-pressure cylinders too large for best economy.
This is due to the aim toward overload capacity. As in a simple
engine, the less the total ratio of expansion, the greater is the output:
but in a eompound, the lowest ratio of expansion cannot be less than
the eyLnder ratio.

Values of R for multiple expansion engines range normally from
12 to 36, usually increasing with the number of expansive stages.
Superheat, adequate reheating or jacketing justify the higher values
The use of ~ompound (two-stage) engines is common practice every-
where. For stationary service, since the development of the turbine,
the triple, even, is an almost extinct type. The extra mechanical
losses necessitated by the triple arrangement often offset the slightly
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greater efficiency. The gain by the compound over the simple is so
great (where condensing operation is possible) that excepting under
peculiarly adverse conditions of fuel cost or load factor the compound
must be regarded as the standard form of the reciprocating steam
engine using saturated steam.

475. Determination of Low-pressure Cut-off. Tandem Compound. In Fig.
205, let ABCD be a portion of the indicator diagram of the high-pressure cylinder
of a tandem receiver engine, release occurring at C. At this pont, the whole volume
of stcam consists of that i the receiver plus that in the high-pressure cylinder.
Let the receiver volume be represented by the distance CX. Then the hyperbolic
curve XY may represent the expansion of the steam between the states ' and D,
and by deducting the constant volumes CX, LR, MZ, etc., we obtain the curve
CG, representing the expansion of the steam in the two cylmders. For no drop,
the pressure at the end of compression mto the receiver must be equal to that at C.
We thus find the point E, and draw EF, the admission line of the low-pressure
eylinder, such that ac+ad=ae, etc; the abscissa of ¢C' being to that of Fd in the
same ratio as the respective cylinder volumes. By plotting ED we find the point
D at its intersection with CD. A horizontal projection from D to EF gives F. The
pomt F is then the required point of cut-off in the low-pressure cylinder. The
diagram EFSHI may be completed, the curve FS being hyperbolic.

476. Analytical Method. Let the volume of high-pressure cylinder be taken
as unity, that of the receiver as R, that of the low-pressure cylinder as L. Let x
be the fraction of its stroke completed by the low-pressure piston at cut-off, and let
p be the pressure at release from the high-pressure cylinder, equal to the receiver
pressure at the moment of admission to the low-pressure cylinder. The volume
of steam at this moment 1s 1+R; at low-pressure cut-off, it is 1+R~+2zL—z If
expansion follows the law pv =PV, and P be the pressure in the low-pressure cylinder

at cut-off, 14R
p(1+R)=P(1+R+zL—z), or P=p 1—_,TR_:-T_5-

The remaining quantity of steam in the high-pressure cylinder and receiver has
the volume 1 —z-+R, which, at the end of the stroke, will have been reduced to R.
If the pressure at the end of the stroke is to be p, then

=P(1— __DR
pR=P(1—z+R) or P [y
Combining the two values of P, we find

o= R+1
RL+Y

477. Cross-compound: Cranks at Right Angles. In Fig. 208, let abC be a
portion of the high-pressure diagram, release occurring at C. Communication is
now opened with the receiver. Let the receiver volume be laid off as Cd, and let
de he a hyperbolic curve. Then the curve Cf, the volume of which at any pressure
is Cd less than that of de, represents the path in the high-pressure cylinder. This
continues until admission to the low-pressure cylinder occurs at g. The whole
volume of steam is now made up of that in the two cylinders and the receiver; the
volumes in the cylinders alone are measurable out to fC. In Fig. 209, lay off 2z =IC
and 7k so that yk+hi is equal to the ratio of volumes of low- and high-pressure
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cylinder. At the point C of the eycle, the high-pressure crank 1s at ¢, the low-pres-
sure crank 90° ahead or behind it. When the high-pressure erank has moved from
2 to m, the volume of steam m that cylinder is represented by the distance kn, the
low-pressure crank is at o and the volume of steam in the low-pressure cylinder is
represented by pk. Lay off gr, m Fig. 208, distant from the zero volume line al
by an amount equal to ~n+pk. Draw the horizontal line &s. Lay off tu=hn and
fv=us=pk. Then u is a point on the high-pressure exhaust line and » is a point
on the low-pressure admission line. Similarly, we find corresponding crank posi-
tions w and z, and steam volumes Ay and 2k, and lay off AB=hy+zk, Ac={1y,
AD=cB=zk, determining the points ¢ and D, The high-pressure exhaust line

a

~

Fia. 208, Arts. 477-479.—Elimination of Drop, Cross-compound Engine.

guc is continued to some distance below I. For no drop, this line must terminate
at some point such that compression of steam in the high-pressure cylinder and
receiver will make [ the final state. At I the high-pressure cylinder steam volume
is zero; all the steam is in the receiver. Let IE represent the receiver volume
and EF a hyperbolic curve. Draw IG so that at any pressure its volumes are equal
to those along EF, minus the constant volume l[E. Then H, where IG intersects
guc, is the state of the high-pressure cycle at which cut-off oceurs in the low-pressura
cylinder. By drawing a horizontal line through H to intersect 2D, we find the point
of cut-off J on the low-pressure diagram. If we regard the initial state as that when
admission occurs to the low-pressure cylinder, then at low-pressure cut-off the
high-pressure cylinder will have completed the Il% proportion of a full stroke.
Modifications of this construction permit of determining the point of cut-off for no
drop in triple or quadruple engines with any phase relation of the cranks.

478. Cross-compound Engine: Analytical Method. In this case, the fraction
of the stroke completed at low-pressure cut-off is different for the two cylinders.
Let X be the proportion of the high-pressure stroke occurring between admission and
cut-off in the low-pressure cylinder. Proceeding as before, the volume of the steam
at low-pressure admission is 0.5-+R, and that at low-pressure cut-off is 0.5—X+R
+zL. The volume of steam in the high-pressure cylinder and the receiver at the
end of the high-pressure exhaust stroke is R; the volume just after low-pressure
cut-off occurs is 0.5—~X+R. The volume at the beginning of exhaust from the high-
pressure cylinder is 1+R. In Fig. 208, let the pressure at C and I be p; let that at
gbe P. Then
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1+R)=P05+R)or P=p Tt &,
p(1+ R) =P(0.5+ R) or PosT R

Let the pressure at H be Q: then
P(0.5+ R)=Q(0.5— X + R + zL),

o Q= p(0.5+ R)(1+R) —__pA+R) -
(CB—X+R+2Ly(05+R) 05— X+R+zL

B _,(05—X+R) __(1+R)(05—X+R)
But pR = Q05— X+ R =q( = .
ut pR = Q( +R), or p=Q R R(05—X+ R4aL)’

whence,
X=0.5+R—zLR. (A)

In Fig. 209, we have the crank
circles corresponding to the
discussed movements. If Ow
and Oz are at right angles,
then for a high-pressure pis-
ton displacement Oy, we have
the corresponding low-pres-
sure displacement k2. If these
displacements be taken as at
low-pressure cut-off, then

X = Q}! and z = l—E
hi Jk
‘We may also draw OwP, PQ,

and write X = ?—EQ In the
F1e 209. Arts. 477, 478.—Crank Circles and Piston triangles OPQ, Ozz, 0Q=

Displacements. -
\a z2=jk. X, z2°+ Oz'= O’ and
k- X)2+ (]3,‘ -z jk)2= (g) > whence X =Vz—z2 Substituting this value in

Equation (A), we find R (2L —1)=0.5 — vz —z? as the condition of no drop.

479. Practical Modifications. The combined diagrams obtained from actual
engines conform only approximately to those of Figs. 205 and 208. The receiver
spaces are.usually so large, in proportion o the volume of the high-pressure
cylinder, that the fluctuations of pressure along the release lines are scarcely notice-
able. The fall of pressure during admission to the low-pressure cylinder is, how-
ever, nearly always evident. Marked irregularities arise from the angularity of the
connecting rod and from the clearance spaces. The graphical constructions may
easily be modified to take these into account. In assuming crank positions and
piston displacements to correspond, we have tacitly assumed the rod to be of
infinite length; in practice, it seldom exceeds five or six times the length of the
crank. We have assumed all expansive paths to be hyperbolic; an assumption
not strictly justified for the conditions considered.

482, Superheat and Jackets. Since multiple expansion itself
decreases cylinder condensation, these refinements cannot be expected
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to lead to such large economies as in simple engines. Adequately
superheated steam has, however, given excellent results, eliminating
evlinder condensation so perfectly as to permit of wide ranges of expan-
sion without loss of cconomy and thus making the efficiency of the
engine, within reasonable limits, almost independent of its load. The
best test records have been obtained from jacketed engines. A simple
engine with highly superheated steam (see Chapter XV) will be nearly
as economiral as a compound with saturated steam.

483. Binary Vapor Engine. This was originated by Du Tremblay in 1850
(26). The exhaust steam from a cylinder passed through a vessel containing
coils filled with ether. The steam being at a temperature of almost 250° F.,
while the atmospheric hoilng point of ether is 94° F., the latter was rapidly
vaporized at a considerable pressure, and was then used for performing work in
a second cylinder. Assuming the initlal temperatwe of the steam to have been
320° F., and the final temperature of the ether 100° I, the ideal efficiency should
thus be increased from

820 =250 _ 9 4o 320 =100 _ .95,

320 + 460 320 + 460
a gain of over 200 per cent. The advantage of the binary vapor principle arises
from the low boiling point of the binary fluid. This permits of a lower tempera-
ture of heab emission than is possible with water. Binary engines must be run
coudensing. Siuce condensing water is generally not available at temperatures
below 60° or T0° F., the fluid should be one which may be condensed at these tem-
peratures. Ether satisfies this requirement, and gives, ab its initial temperature
of, say, 230° F., a working pressure not far fiom 150 1b. On account of its high
boiling poiut. however, its pressure is less than that of the atmosphere at 70° F.,
and an air pump iy necessary to discharge the condensed vapor from the condenser
just us is the cuse with condensing steam engines. Sulphur dioxide has a much
lower boiling point, and may be used without an air
pump: but its pressure at 250° would be excessive, and
the best results are secured by allowing the steam cylinder
to run condensing at a final temperature as low as pos-
\ sible; at 104° F., the pressure of sulphur dioxide is only
e
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90.3 . The best steam engines have about this lower
temperature limit; the maximum gain due to the use of a
Dimnary fluid cannot exceed that corresponding to a reduc-
°\ tion of this temperature to about 60° or 70° F., the usual

I

o
hd
)
~
P temperature of the available supply of cooling water.

The steam-ether engines of the vessel Brésil operated
at 432 Ib. boiler pressure and 7.6 lb. back pressure of
ether. The cylinders were of equal size, and the mean
effective pressures were 11.6 and 7. 1 lb. respectively. The
coal consunption was brought down to 2.44 Ib. per
Ihp.-hr.; a less favorable result than that obtainable from
good steamn engines of that time. Several attempts have

A TN

F16.917.  Art. 483, Prob.
59. — Binary Vapor En-
gine.
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been made to revive the binary vapor engine on a small scale, the most important
recent experiments are those of Josse (27),on a 200-hp. engine using steam
at 160 lb. pressure and 200° of superheat, including four cylinders. The first three
cylinders constitute an ordinary triple-condensing steam engine, a vacuum of 20
to 25 in of mercury being maintained in the low-pressure cylinder by the circula-
tion of sulphur dioxide in the coils of a surface condenser. The dioxide then enters
the fourth cylinderat from 120 to 180 1b.pressure and leaves 1t at about 35 1b. pressure.
The best result obtained gave a consumption of 167 B t u. per Ihp. per minute,
a result scarcely 1if ever equaled by a high-grade steam engine (Art 550). The ideal
entropy cycle for this engine is shown m Fig. 217, the three steam cylinders being
treated as one. The steam diagram 1s abede, and the heat delivered to the sulphur
dioxide vaporizer is aerm  This heated the binary hquid along k7 and vaporized
1t along 7f, giving the work area hifg. The different hiquid hines and saturation curves
of the two vapors should be noted The binary vapor principle has been suggested
as applicable to gas engines, in which the temperature of the exhaust may exceed
1000° F.
EncINE TEsTS *

484, The Indicator. Two special instruments are of prime importance in
measuing the performance of an engine. The first of these is the indicator, one
of the secret inveuntions of Watt (28), which
shows the action of the steam in the cylinder.
Some conception of the influence of this device
on progress in economical engine operation may
be formed from the typically bad and good dia-
grams of Fig. 218. The indicator furnishes a
method for computing the mnean effective pres-
sure and the horse power of any eylinder.

Figure 219 shows one of the many common
forms. Steam is admitted from the engine cylin-
der through 6 to the lower side of the movable FMG: 218. Arts. 464, 486.—Good
piston 8. The fluctuations of pressure in the and Bad Indicator Diagrams.
cylinder cause this piston to rise or fall to an extent determined by the stiffness
of the accurately calibrated spring above it. The piston movements are trans-
mitted through the rod 10 and the parallel motion linkage shown to the pencil
23, where a perfectly vertical movement is produced, in definite proportion to
the movement of the piston 8. By means of a cord passing over the sheaves
87, 27, a to-and-fro movement is communicated from the crosshead of the engine
to the drum, 24. The movements of the drum, under control of the spring, 31,
are made just proportional to those of the piston; so that the coérdinates of the
diagram traced by the pencil on the paper are pressures and piston movements.

485. Special Types. Various modifications are made for special applications.
For gas engines, smaller pistons are used on account of the high pressures; springs
of various stiffnesses and pistons of various areas are employed to permit of aceu-
rately studying the action at different parts of the cycle, safety stops being pro-
vided in connection with the lighter springs. The Mathot instrument, for
example, gives a continuous record of the ignifron lLines only of a series of suc-

* See Trans, 4, 8. M, B., XXIV, 713; Jour, 4.8, M. BE., XXXIV, 11,
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cessive gas engine diagrams. “Outside-spiing” indicators are a recent type, in
which the spring is kept away from the hot steam. The Ripper mean-pressure
indicator (29) is a device which shows continuously the mean effective pressure
in the cylinder. Instruments are often provided with pneumatic or electrical
operating mechanisms, permitting one observer to take exactly simultaneous dia-
grams from two or more cylinders. Indicators for ammonia compressors must
bave all internal parts of steel; special forms are also constructed for heavy hy-

Fi1g. 219. Art. 484. — Crosby Steam Engine Indicator.

draulic and ordnance pressure measurements. For very high speeds, in which the
inertia of the moving parts would distort the diagram, optical indicators are used.
These comprise a small mirror which is moved about one axis by the pressure and
about another by the piston movement. The path of the beain of light is pre-
served by photographing it. Indicator practice constitutes an art in itself; for
the detailed study of the subject, with the influence of drum reducing motions,
methods of calibration, adjustment, piping, ete., reference should be made to such
works as those of Carpenter (80) or Low (81). In general, the height of the dia-
gram is made of a convenient dimension by varying the spring to suit the maxi-
mum pressure; and accuracy depends upon a just proportion between (a) the
movements of the drum and the engine piston and (5) the movement of the indi-
cator piston and the fluctuations in steam pressure.
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486. Measurement of Mean Effective Pressure. This may be accomplished
by averaging a laige number of equidistant ordinates across the diagram, o,
mechanically, by the use of the planimeter (32). In usual practice, the indicator is
either piped, with intervening valves, to both ends of the cylinder, in which case a
pair of diagrams is obtained, as mx Fig. 218, one cyele after the other, representing
the action on each side of the piston; or two diagrams are obtained by separate
indicators. In ovder that the diagrams may be complete, the lines ab, representing
the boiler pressuie, cd, of atmospheric pressure, and ef of vacuum in the condenser,
should be drawn, together with the line of zero volumne ¢q, determined by measnr-
ing the clearance, and the hyperbolic curve ij, constructed as in Art. 92. The
saturation curve gh for the amount of steam actually in the cylinder is sometimes
added. Asdrawn in Fig 218, the position of the saturation curve indicates that the
steam 18 dry at cut-off—scarcely the usual condition of things.

487, Deductions. By taking a ‘full-load” card, and then one with the ex-
ternal load wholly removed, the engine overcoming its own frictional resistance
only, we at once find the me-

chanical efficiency, the ratio of
power exerted at the shaft to
power developed in the cylin-

der; it is the quotient of the
difference of the two diagrams
by the former. By measur-
ing the pressure and the vol-
ume of the steam at release,

4
and deducting the steam pres-
ent during compression, we
may in a rough way com-
pute the steam consumption

A

\

~

AdcE3

per Ihp.-hr., on the assumption
that the steam is at this point
dry; and, as in Art. 500, by
properly estimating the per-

centage of wetness, we may
closely approximate the actual

steam consumption.
Some of the applications
of the indicator are suggested

by the diagrams of Fig. 220.
In @, we have admission oc-

a
]
3
3
m
c
curing too early; in b, too | —¢ ?
late. Excessively early cut-off ™
is shown in c; late cut-off, with | &._[
i A

excessive terminal drop, in d.
Figure e indicates t00 early gig. 220. Art. 487.—Indicator Diagiams and Valve
release; the dotted curve Adjustment.

would give a larger work area;

in f;release is late. The bad effect of early compression is indicated in g; late com-
pression gives a card like that of &, usually causing noisiness. Figure i shows exces-

2N A2 E
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sive throttling during admission ; j indicates excessive resistance during exhaust
which may be due to thiottling or to a poor vacuum. The effect of a small supply
pipe is shown in 4, in which the upper lne repiesents a diagram taken with the
indicator connected to the steam chest. The abrupt rise of pressure along B(' is
due to the cutting off of the flow of steain from the steam chest to the cylinder.
Figure [ shows the form of card taken when the drum 1s made to derive 1is mo-
tion from the eccentric instead of the crosshead. This is often done w order to
study more accurately the conditions near the end of the stroke when the piston
moves ve1y slowly, while the eccentric moves more rapidly. Figure m is the coi-
responding ordinary diagram, and the two diagrams are correspondingly lettered.
Figure n is an excellent card from an air compressor ; o shows a card from an air
pump with excessive pott friction, particularly on the suction side. Figure p
shows what is called a stroke card, the dotted line representing net pressures on
the piston, obtained by subtracting the back pressure as at ab from the initial
pressure «ac, i.e. by making dec = ah. Figure ¢ shows the effect of varying the
point of cut-off; 7, that of throttling the supply. Negative loops like that of g
must be deducted from the remainder of the diagram n estimating the work done.

488. Measurement of Steam Quality. The second special instrument used in
engine testing is the steam calorimeter, so called because it determines the percent-
age of dryness of steam by a series of heat measurements. Carpenter (33) classi-
fies steam calorimeters as follows:

Calorimeters

Jet { Barrel or tank

Continuous
Barrus— Continuous

Surface {Hoadley
Kent

External — Barrus

Internal — Peabody

Separator
{ Chemical

(@) Condensing

(%) Superheating {
(¢) Direct

489. Barrel or Tank Calorimeter. The steam is discharged directly into an
insulated tank containing cold water. Let W, w be the weights of steam and
water respectively, ¢, # the initial and final temperatures of the water, correspond-
ing to the heat quantities %, k;; and let the steam pressure be Py, corresponding
to the latent heat Lo and heat of liquid %o, the percentage of dryness being 2.
The heat lost by the steam is equal 1o the heat gained by the water ; or, the steam and
water attaining the same final temperature,

W (zoLo + ko — i) = w(hy — ), whence zp = (0t W) — wh — Who,
WL
The value of W is determined by weighing the water before and after the mix-
ture. The radiation corrections are large, and any slight error in the value of W
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greatly changes the result; this foim of calorimeter is therefore seldom used, its
average error even under the best conditions ranging from 2 to 4 per cent. Some
improvement is possible by causing condensation to become continuous and tak-
ing the weights and temperatures at frequent intervals, as in the = Injector” or
« Jet Continuous ” caloiimeter.

490. Surface-condensing Calorimeter. The steam is in this case condensed
in a coil; it does not mingle with the water. Let the final temperatuie of the
steam De #3, 1ts heat contents /25 then

W(.’toLo + ko — }Lg): ‘W(hl _ h) and zo = wh1 + H'hz — ah - IV’IO.
WLy
More accurate measurement of W is possible with this arrangement. In the
Hoadley form (34) a propeller wheel was used to agitate the water about the coils;
in the Kent instrument, arrangement was made for removing the coil to peimit
of more accurately determining V. In that of Barrus, the flow was continuous
and a series of observations could be made at short intervals.

491. Superheating Calorimeters. The Peabody throttling calorimeter
is shown in Fig. 221; stean entering at b through a partially closed valve
expands to a lower steady pressure in 4 and then flows into the atmos-
phere. Let Ly, hy, 2o be the condition at b, and assume the steam to be
superheated at 4, 1ts temperature being T ¢ being the b
temperature corresponding to the pressure p, and the cor-
responding total heat at saturation H. Then, the total heat
at b equals the total heat at A, or

(moLo + ko): H+ k(T—' t),

where % is the mean specific heat of superheated steam
at the pressure p between 7" and ¢; whence

H+ k(T —t)—hy
L,

If we assume the pressure in 4 to be that of the atmos-
phere, H=1150.4, and superheating is possible only when
2y Ly + g exceeds 1150.4. For each initial pressure, then,
there 1s a corresponding minimum value of z, beyond
which measurements are impossible; thus, for 200 lb., Fe.221 Art.401.
Ly=843.2, hy=354.9, and z, (minimum) is 0.94. Aside — Superheat
from this limitation, the throttling calorimeter is exceed. 78 Clorimeter.
ingly accurate if the proper calibrations, corrections, and methods of
sampling are adopted. In the Barrus throttling calorimeter, the valve at
b is replaced by a diaphragm through which a fine hole is drilled, and the
range of =, values is increased by mechanically separating some of the
moisture. The same advantage is realized in the Barrus superheating
calorimeter by initially and externally heating the sample of steam. The

%:
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atnount of heat thus used is applied in such a way that it may be ac-
ourately measured. Let it be called, say, @ per pound. Then

2oLy + T+ Q=H+k(T—t),a.ndw0=H+k(T—Lﬁ— hh—Q,
0

492. Separating Calorimeters. The water and steam are mechanically sepa-
rated and separately weighed. In Fig. 222, steam enters, through 6, the jacketed
chamber shown. The water is intercepted by the cup
14, the steam reversing its direction of flow at this
point and entering the jacket space 7, 4, whence it is
discharged through the small orifice 8. The water ac-
cumulates in 8, its quantity being indicated by the
gauge glass 10. The quantity of steam flowing is de-
termined by calibration for each reading of the gauge
at 9. The instrument is said to be fairly accurate un-
less the percentage of moisture is very swall. The
steam may be, of course, run off, condensed, and
actually weighed.
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493. Chemical Calorimeter. This depends for its
action on the fact that water will dissolve certain salts
(e.g- sodium chloride) which are imsoluble in dry
steam.
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494. Electric Calorimeter. The Thomas superheat-
ing and throttling instrument (85) consists of a small
soapstone cylinder in which are embedded coils of
German silver wire, constituting an electric heater.
This is inserted in a brass case through which flows
a current of steam. The electrical energy correspond-
ing to heat-augmentation to any superheated condition being known, say, as
E B. t.u. per pound (1 B. t. u. per minute=17.59 watts), we have, as in Art. 491,
H+k(T-8-k—E

L,

Fia. 222, Art. 492 —Sepa-
rating Calorimeter.

zyLy + hy + E = H + k(T — t), whence z, =

495. Engine Trials: Heat Measurement. We ma:y ascertain the heat
supplied in the steam engine cycle either by direct measurement, or by
adding the heat equivalent of the external work done to the measured amount
of heat rejected. In the former case the amount of water fed to the boiler
must be determined, by weighing, measuring, or (in approximate work) by
the use of a water meter. The heat absorbed per pound of steam is ascer-
tained from its temperature, quality, and pressure, and the temperature of
the water fed to the boiler. In the latter case, the steam leaving the
engine is condensed and, in small engines, weighed; or in larger engines,
determined by metering or by passing it over a weir. This latter of the
two methods of testing has the advantage with small engines of greater
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accuracy and of giving accurate resultsin a test of shorter duration. Where
the engine is designed to operate non-condensing, the steam may be con-
densed for the purposes of the test by passing it over coils exposed to
the atmosphere, so that no vacuum is produced by the condensation. If
jackets are used, the condensed steam from them must be trapped off and
weighed. This water would ordinarily boil away when discharged at
atmospheric pressure, so that provision must be made for first cooling it.

496. Heat Balance. By measuring both the heat supplied and that rejected, as
well as the work done, it is possible to draw up a debit and credit account show-
ing the use made of the heat and the unaccounted for losses. These last are due
to the discharge of water vapor by the air pump, to radiation, and to leakage.
The weight of steam condensed may easily be four or five per cent less than that
of the water fed to the boiler. Let 71, %, be the heat contents of the steam and
the heat in the boiler feed water respectively; the heat absorbed per pound is
then H— k. Let Q be the heat contents of the exhausted steam (measured
above the feed water temperature) and W the heat equivalent of the work done
per pound. Then for a perfect heat balance, H — %k =@Q + W. In practice, W
is directly computed from the indicator diagrams; H and @ must be corrected
for the quality of steam as determined by the calorimeter or otherwise.

The heat charged to the engine is measured from the ideal feed-
water temperature corresponding with the pressure of the atmosphere
or condenser fo the condition of steam at the throttle: that is, it is
(in general symbols),

R=Q(H-h,), B.t.u perIhp. hr,

where @ represents the steam consumption in lb. per Ihp. hr.
Then 2545+ R is the thermal efficiency=E. Let H, be the total heat
above 32° after adiabatic expansion in the Clausius cycle: then the
ideal efficiency is

H—H,
E,= T ho",
and the “ efficiency ratio ”’ or relative efficiency is
E 2545

Er=g,~qE-Hy
The efficiency ratio referred to the Carnot cycle is correspondingly
2545T
Q(H—ho)(T—1t)y
where T and ¢ are, respectively, the absolute temperatures at the

throttle and corresponding with atmospheric or condenser pressure.
In working up a heat balance, it is convenient to measure all heat

Ec=
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quantities above 32°. The gross heat charged to the engine is then
HQ, less any transmission losses between boiler and engine. If the
engine runs condensing, and @; 1b. of condenser water circulated
rise from #,° to ;° F., the heat rejected to the circulating water is
Q1 (ts—11) B.t.u. There are also rejected, in the condensed steam,
Qhs B. t. u., where %3 is the heat of liquid corresponding with the tem-
perature 3 of the condensed steam. (Note that 3 =i in jet condensing
engines.) Some of the heat thus rejected may, however, be returned
to the boiler, and should then be credited, the amount of credit being
the sum of the weights returned each multiplied by the respective
heat of liquid. Any steam condensed in the jackets is charged to the
engine, but the heat rejected froni the jackets (usually returned to
the boiler) is then credited as @2/ where Q- is the weight of sleam con-
densed and % the heat of liquid corresponding with its pressure (usually
the throttle pressure).

497. Checks; Codes. Where engines are used to drive electrical generators
the measurement of the electrical energy gives a close check on the computation
of indieated horse power. Let G=generator output in kilowatts, Eg=generator
efficiency, Em=mechanical efficiency of the unit, # =Ihp. of engine: then 1.34G=
HEGEn,. In locomotive trials a similar check is obtained by comparison of the
drawbar pull and speed (36). In turbines, the indicator cannot be employed,
measurement of the mechanical power exerted at the shaft is effected by the use
of the friction brake. Standard codes for the testing of pumping engmes (37), and
of steam engmes generally (38), have been developed by the American Society of

Mechanical Engineers.
G‘J J
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Fre. 224. Arts. 498, 499, 500.—Indicator Cards from Compound Engine.
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498, Example of an Engine Test.* Figure 224, from Hall (39), gives
the indicator diagrams from a 30 and 56 by 72-in. compound engine at
58 r. p. m. The piston rods were 4} and 5% in. diameter. The boiler

* Values from steam tables, used in this article, do not precisely agree with those
given on pp. 287, 288,
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pressure was 124.0 lb. gauge: the pressure in the steam pipe near the
engine, 122.0 1b. The temperature of jacket discharge was 338° F. The
conditions during the calorimetric test of the inlet steam were Py= 122.08
1b. gauge, 7 =302.1° F. (Art. 491), pressure in calorimeter body (Fig. 221),
11.36 1b. (gauge). The net weight of bouer feed water in 12 hours was
231,861.7 1b. ; the weight of water drained from the jackets, 15,369.7 1b.

From the cards, the mean effective pressures were 44.26 and 13.295
Ib. respectively; and as the average net piston areas were 697.53 and
2452.19 square inches respectively, the total piston pressures were 44.26
X 697.53=30872.7 and 13.295 x 2452.19=32601.9 lb. respectively. These
were applied through a distance of

1% X 2 x 58 =696 feet per minute;
whence the indicated horse power was

(30872.7 + 32601.9) x 696

33000 = 1338.62.

From Art. 491, @yLy+hy= H+k (T—t), or in this case, 866.5z 4 322.47
=1155.84 + 0.48* (302.1 — 242.3) whence x,=0.995. The weight of
cylinder feed was 231,861.7—15,369.7 = 216,492.0 Ib. At its pressure of
136.7 1b. absolute, L=_866.5, h = 322.4. For the ascertained dryness, the
total heat per pound, above 32° is 322.4 + (0.995 x 866.5) = 1184.5 B. t. u.
The heat left in the steam at discharge from the condenser (at 114° F.)
was 82 B. t. u.; the net heat absorbed per pound of cylinder feed was
then 1184.5 — 82.0 =1102.5; for the total weight of cylinder feed it was
1102.5 x 216,492 = 238,682,430 B. t. u. The total heat in one pound of
jacket steam was also 1184.5 B.t.u. This was discharged at 338° F.
(h = 308.8), whence the heat utilized in the jackets was 118.1.5 — 308.8
=875.7 B. t. u. (The heat discharged from both jackets and cylinders
was transferred to the boiler feed water, the former at 338° the latter at
114° F.) The supply of heat to the jackets was then 875.7 x 15,369.7
=13,459,246.29 B. t. u: the total to cylinders and jackets was this quan-
tity plus 238,682,430 B. t. u., or 252,141,676.29 B. t. u. Dividing this by
60 x 12 we have 350,196.77 B. t. u. supplied per minute.

499. Statement of Results. We have the following:

" (a) Pounds of steam per Inp.-hr.= 231,861.7 + 12 +1338.62 = 14.43.
(This is the most common measure of efficiency, but is wholly
unsatisfactory when superheated steam is used.)

* Value taken for the specific heat of superheated steam.
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(b) Pounds of dry steam per Ihp.-hr. =14.43 X 0 995* =14.36.

(¢) Heat consumed per Ihp. per minute = 350,196.77 + 1338.62 = 261.61
B.t. u

(d) Thermal eficiency = 33049+261.61 = 0.1621.

952,141,676.29
S22 % 01621 =176 B. t. u.
2818617 : "

35192114 _ o oga
351.22 + 159.6

(g) Clausius efficiency (Art. 409), with dry steam,

866.5 810.82
22 } Phutveriedhodend
(851.2 114)(1 810 82) —573.6 log. 3736

351.09—1144-866.5
(k) Ratio of (d) =+ (g) = 0.1621 + 0.265 = 0.61.

(e) Work per pound of steam=

(f) Carnot efficiency =

=0.265.

500. Steam Consumption from Diagram. The inaccuracy of such estimates
will be shown. In the high-pressure cards, Fig. 224, the clearance space at each
end of the cylinder was 0.932 cu. ft. The piston displacement per stroke on the side
opposite the rod was 706.86 x T2 — 1728 = 29.453 cu. ff.; the cylinder volume
on this side was 29.453 + 0.932 = 80.385 cu. ft. The length of the coriespond-
ing card () is 3.79 in.; the clearance line ¢ is then drawn distant from the
admission line

0.932 .
. 8.79 = =0.117 in.
X 29.453

At d, on the release line, the volume of steam is 30.385 cu. ft., and its pressure is
31.2 1b. absolute. From the steam table, the weight of a cubic foot of steam at
this pressure is 0.076362 1b.; whence the weight of steam present, assumed dry, is
0.076362 x 30.385 = 2.3203 Ib. At a point just after the beginning of compres-
sion, point e, the volume of steam expressed as a fraction of the stroke plus the
clearance equivalent is 0.517 + 8.907 = 0.1321, 8.907 being the length by in inches.
The actual volume of steam at e is then 0.1821 x 30.385 = 4.038 cu. ft., and its
pressure is 28.3 1b. absolute, at which the specific weight is 0.069683 lb. The
weight present at e is then 4.038 x 0.069683 = 0.280 1b. The net weight of steam
used per stroke is 2.3203 — 0.280 = 2.0403 1b., or, per hour, 2.0403 x 58 x 60 = 7090
Ib., for this end of the cylinder only. For the other end, the weight, similarly
obtained, is 7050 lb.; the total weight is then 14,140 lb. The horse power
developed being 1339, the cylinder feed per Ihp -hr. from high-pressure diagrams
is 10.6 1Ib., or 26 per cent less than that which the test shows. The same process
may be applied to the low-pressure diagrams. It is best to take the points d and e
just before the beginning of release and after the beginning of compression respec-

* The factor 0.995 does not precisely measure the ratio of energy in the actual
steam to that in the corresponding weight of dry steam, but the correction is usually
made in this way.
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tively. The method is widely approximate, but may give results of some value
1n the absence of a standard trial (Arts 448, 410).

501, General Expression. In Fig. 224q, let —%=B, %=D. Let the cylinder

area be A sq in., the stroke S ft, the clearance d=m(L —d)=m4S: and let the
speed be n r. p. m. The horse power of the double- p
acting engine 1s

2pmASn

—2Pm d

H.P. 33,000’ l<

for pm lbs. mean effective pressure per square inch. d

The weight of steam used per stroke, in pounds, is !

7= BAS(+m) _ DAS( +m) : s
= 144, 144XV, i N g
AS B D Fie 224a. Art 501.—Steam

144 (1 —I—m) (x—p,, X V.,) *  Consumption from Diagram.

where v and ¥, are the specific volumes of dry steam and z and X are the dryncss

. of the actual steam, at d and e respectively Making X =2z=1.0, we find (from
the andicator dwagrams alonc) the weight of steam consumed per Ihp. hour to be
in pounds,

120nW _ 13,750(1+m) (_B _ 2)
HP. Pm vo Vol®
In applying this to compound engines, pm must be taken as the total equivalent
mean effective pressure “referred to”’ to the cylinder of area 4 (Art. 472).

562
For the conditions of Art. 500, pm=44.26+ (g%x 13.295) =90.36,and thesteam
rate is 1.0317 30.385 4.038
13,750 (90.36) (30.385>< 13.24 ~30.385 xi4.53) =104 Ib.

502. Measurement of Rejected Heat. A common example isin testsin
which the steam is condensed by a jet condenser (Art. 584). In a test
cited by Ewing (40), the heat absorbed per revolution measured above the
temperature of the boiler feed was 1551 B. t. u.; that converted into work
was 225 B. t. u. The exhaust steam was mingled with the condensing
water, a combined weight of 51.108 1b. being found per revolution. The
temperature of the entering water was 50° F., that of the discharged mix-
ture was 73.4° F., and the cylinder feed amounted to 1.208 lb. per revolu-
tion. The temperature of the boiler feed water was 59° F. We may
compute the injection water as 51.108 — 1.208 =49.9 1b. and the heat
absorbed by it as approximately 49.9(73.4 — 50)=1167 B. t. u. The
1.208 1b. of feed were discharged at 73.4°, whereas the boiler feed was at
59°; a heat rejection of 73.4 — 59 = 14.4° occurred, or 14.4 X 1.208 =174
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B.t. u. The total heat rejection was then 1167 + 17.4 = 11844 B. t. u,,
to which we must add 47 B. t. u. from the jackets, giving a total of
1231.4 B. t. u. Adding this to the work done, we have 12314 4 225 =
1456.4 B. t. u. accounted for of the total 1551 B. t. u. supplied; the
discrepancy is over 6 per cent.

TWhen surface condensers are used, the temperatures of discharge of
the condensed steam and the condenser water are different and the weight
of water is ascertained directly. In other respects the computation

would be as given.*

508. Statements of Efficiency. Engines are sometimes rated on the basis of
fuel consumption. The duty is the number of foot-pounds of work done 1 the
eylinder per 100 pounds of coal burned (sometimes—and preferably—the number
of foot-pounds of work per 1,000,000 B. t. u consumed at coal. The efficiency
of the plant 1s the quotient of the heat converted mto work per pound of coal, by
the heat units contained in the pound of coal. In the test m Art. 408, the coal
consumption per Thp.-hr. was 2068.84 +1338.62=1.54 lb. In some cases, all state-
ments are based on the brake horse power nstead of the wndicated horse power. The
ratio of the two 18 of course the mechanical efficiency. It may be noted that the
engne is charged with steam, not at boiler pressure, but at the pressure in the steam
pipe. The difference between the two pressures and qualities represents a loss
which may be considered as dependent upon the transmissive efficiency. The plant
efficiency is obviously the product of the efficiencies of boiler (Art. 574), transmission,
and engine.

504. Measurement of Heat Transfers: Hirn’s Analysis. In the refined methods
of studymg steam engine performance developed by Hirn (41), and expounded by
P Dwelshauvers-Dery (42), the heat absorbed
and that rejected are both measured. Dur-
ing any path of the cycle, the heat inter-
change between fluid and walls 18 computed
from the change in internal energy, the heat
externally supplied or discharged, and the
external work done.

The mternal energy of steam is, in general
symbols, h+zr. The heat received beimng @,
- __v and the heat lost by radiation @', we have
Fie. 225. Art. 504.—Hirn's Analysis. the general form

Qu=Q'2+Ez—E1+ Wi =Qr+wo(ha+2orz) —wi (b +21m1) + W,

where the path is, for example, from 1 to 2, and the weight of steam increases from
w, to w.. Applying such equations to the cycle, Fig. 225, made up of the four

* It is most logical to charge the engine with the heat measured above the tem-
perature of heat rejection. This, in Fig. 182, for example, makes the efficiency

debe debc .
ez rather than D2 the ordinate ¥.X representing the feed-water temperature,
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operations 01, 12, 23, 30, we have, M, denoting the weight of clearance steam and
M that of cylinder feed, per stroke, in pounds.

Eo=M(ho+2xora); By = (Mo+M) (ha+2zar3);
Ey=(Mo+M) (M +$17‘1); Ey=Mo(hs +2s73)

Let Qq, @b, Qc, Qa, represent amounts of heat transferred to the walls along the
paths a, b, c, d.
Consider the path a. Let the heat supplied by the incoming steam be Q. Then

Q _Qa = Wa+(E1 —Eo) .

Along the path b, —Qo=Wp+(E:—E,); along d, —Qg~=—Ws+(Es—E).

Along ¢, heat 1s carried away by the discharged steam and by the cooling water.
Let G denote the weight of cooling water per stroke, ks and A, its final and initial
heat contents, and 4, the heat contents of the discharged steam. The heat rejected
by the flud per stroke is then G(hs—hs)+Mhs. Then —Q—G(ho—hi) —Mhe=
—We+ (Bs—E»), and Qo= —G(hs —he) —Mho+Wo— (Bs — E).

Values for the k& and r quantities are obtained from the steam table for the pres-
sures shown by the indicator diagram. The diagram gives also the work quantities
along each of the four “ paths.” The conditions of the test give @, G, ks, ke, k4,
and M. Theremaining unknown quantities are M, and the drynesses. M,is found
by assummg ;=10 (see Art 500). Then the dryness at any of the remaining
points 0, 1, 2, may be found by writing

»
r= 17)70,
where v is the volume shown by the indicator diagram, v, is the specific volume
of dry steam and w is the weight of steam present, at the point in question. The
quantity w will be equal to M, or (M +M,) as the case may be.

505. Graphical Representation. In Fig. 226, from the base line zy, we may
lay off the areas oefs representing heat lost during admission, smba showing heat
gained during expansion, mhcr showing heat gained
during release, and oakr showing heat lost during
compression. If there were no radiation losses
from the walls to the atmosphere, the areas above
the line zy would just equal those below it. Any
excess in upper areas represents radiation losses.
Ignoring these losses, Hirn found by comparing the
work done with the value of Q—Mhs—G(hs—hy)
an approximate value for the mechanical equivalent
of heat (Art. 32). IR "y

Analytically, if Q; denote the loss by radiation, " - 15
its value 1s the algebraic sum of Qa, @, Qc, Qa. If o'u-----____...'h
the heat @, be supplied by a steam jacket, then g 2926, Art. 505.—Heat
Qr = Qj -+ EQa' 6, ¢, d- The heat transfer during Transfers.
release, Q., regarded by Hirn as in a special sense a
measure of wastefulness of the walls, may be expressed as @:—@Q;,—=C4 5 ¢. In
a non-condensing engine, @, can be determined only by direct experiment.

P
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505z. Testing of Regulation. The * regulation > of a steam engine refers to
its variations in speed. In most applications uniformity of rotation is important.
This is particularly the case when engines drive electric generators, and the momen-
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tary or periodic variations i speed must be kept small regardless of fluctuations
in initial pressure, back pressure, load or ratio of expansion. This is accomplished
by using a sensitive governor and a switably heavy fly-wheel. Regulation cannot
be studied by unaided observation with a revolution counter or by an ordinary
recording instrument. An accurate indicating tachometer or some special optical
device must be employed (Trans. 4. S. M. E., XXIV, 742).

TypEs oF STEAM ENGINE

5086.- Special Engines. We need not consider the commercially unimportant
class of engines using vapors other than steam, those experimental engines built
for educational mstitutions which belong to no special type (43). engines of novel
and limited application like those employed on motor cars (44), nor the * fireless ”’
or stored hot-water steam engmes occasionally employed for locomotion (45).

507, Classification of Engines. Commercially important types may be con-
densing or non-condensing. They are classified as right-hand or left-hand, accord-
ing as the fly wheel is on the right or left side of the center line of the eylinder,
as viewed from the back cylinder head. They may be simple or multiple-expan-
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Fie. 228. Art. 507. — Angle-Compound Engine. (American Ball Engine Company.)
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sion, with all the successive stages and cylinder arrangements made possible in
the latter case. They may be single-acting or double-acting; the latter 1s the far
more usual arrangement. They may be rotative or non-rotative. The direct-acting
pumping engine is an example of the latter type; the work done consists in a
rectilinear impulse at the water cylinders. In the duplex engine, simple cylinders
are used side by side. The terms horizontal, vertical, and inclined refer to the posi-
tions of the center lines of the cylinders. The horizontal engine, as in Figs. 186
and 229, is mostly used in land practice; the vertical engine is most common at

< >
| l
e

[ ¢ty WIDTH oottt o

Tl 1
B %~ C —p—C

= —— [ — ——]

__}

i

/I

l«—a

+ F1a, 229. Art. 507.— Automatic Engine. (American Ball Engine Company.)

sea. Cross-compound vertical engines are often direct-connected to electric gen-
erators. Vertical engines have occasionally been built with the cylinder below
the shaft. This type, with the inclined engine, is now rarely used. Inclined
engines have been built with oscillating cylinders, the use of a crosshead and
connecting rod being avoided by mounting the cylinder on trunmnions, through
which the steam was admitted and exhausted. Figure 228 shows a section of
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the interesting angle-compound, in which a horizoutal high-pressure cylinder
exhausts into a vertical low-pressure cylinder. A different type of engine, but
with a similar structural arrangement, has been used in some of the largest
power stations.

Engines are locomotive, stationary, or marine. The last belong in a class by
themselves, and will not be illustrated heie; their capacity ranges up to that of
our laigest stationary power plants. Stationary engines are further classed as
pumping engines, mill engies, power plant engines, etc. They may be further
grouped accoiding to the method of absorbing the power, as belted, direct-con-
nected, Tope driven, etc An engne directly driving an air compressor is shown in
Fig. 86. “ Rolling mill engines” undergo enormous
variations in load, and must have a correspondingly
massive (tangye) frame. Power plant engines gen-
erally must be subjected to heavy load variations;
their frames are accordingly usnally either tangye or
semi-tangye. Mill engines operate at steadier loads,
and have frequently been built with light girder
frames. Modern high steam pressures have, however,
led to the general discontinuance of this frame in
favor of the semi-tangye.

A slow-speed engine may run at any speed up to
125 r.p.m. From 125 to 200 r.p.m. may be re- °
garded as medmum speed. Speeds above 200 r.p.m.
are regarded as high. Certain types of engine are
adapted only for certain speed ranges; the ordinary
slide-valve enge, shown in Fig. 186, may be oper-
ated at almost any speed. For large units, speeds
range usually from 80 to 100 r.p.m. The higher-
speed engines are considered mechanically less re-
liable, and their valves do not lend themselves to quite
as economical a distribution of steam. An important
class of medium-speed engines has, however, been in-
troduced, in which the independent valve action of
the Coiliss type has been retained, and the promptness
of cut-off only attainable by a releasing gear has been
approximated. In some cheap high-speed engines
governing is effected simply but uneconomically by
throttling the steam supply. Such engines may have
shallow continuous frames or the sub-base, as in Fig.
229, which represents the large class of automatic
high-speed engines in which regulation is effected by
automatically varying the point of cut-off. Figure 230
shows three sets of indicator diagrams from a com-
pound engine of this type, running non-condensing
at various loads. Some of the irregulations of these
diagrams are without doubt due to indicator inertia; but they should be care-
fully compared with those showing the steam distribution with a slow-speed

Fia, 230. Art. 507, Prob. 30.— Indicator Cards from Automatic Engine.

L T
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releasing gear, in Fig. 218. All of the so-called “automatic” engines run at
medium or high rotative speeds.

The throttling engine is used only in special or unimportant applications. The
automatic type is employed where the comparatively high speed is admissible, in
units of moderatesize. Better distribution is afforded by the four-valve engine, in
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Fi6. 231.  Art. 507. — Corliss Engine Details. (Murray Iron Works Company )
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which the four events of the stroke may be independently adjusted, and this type
is often used at moderately high speeds. Sharpness of ent-off is usually obtainable
only with a releasing gea1, in which the mechanism operating the valves is discon-
nected, and the steam valve is au-
tomatically and instantaneously
closed. This feature distinguishes
the Corhss type, most commonly
used in high-grade mill and power
plant service. With the releasing
-gear, usual speeds seldom exceed
100 r.p.m. The valve in a Cor-
liss engine is cylindrical, and ex-
tends across the crlinder. Some
details of the mechanism are

shown in Fig. 231. In very large l
engines, the releasing principle is I
sometimes Tetained, but with
poppet or other forms of valve.
Figure 232 shows the parts of a
typical Corliss engine with semi-
tangye frame.
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Fra. 232,  Art. 507.— Murray Corliss Engine.
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5074. The Stumpf Engine. Re-~
markable reductions mn cylinder loss
have been effected by the unidirec-
tional-flow piston-exhaust engine
of Stumpf, shown m Fig. 23la.
The piston itself acts as an exhaust
valve by uncovering slots in the
barrel of the cylinder at <y strike.
The jacketed heads form steam
chests for the poppet admission
valves. The pistonis about half
as long as the cylinder. The ad-
vantages of the engine are, very
slight piston leakage, no special
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exhaust valve, ample exhaust ports, § 3

low clearance (1% to 2 per cent) 2z {

and reduced cylinder condensation. £ .

This last 1s due to the continuous &' I AN

flow of steam from ends to centerof £ _§§ % E

the cylinder, which keegs thecooled M ! 3 =:§
v

and expanded steam from sweeping
over the heads. (The steam in an engine cylinder is by no means in a condition
of thermal equilibrium.) The condensation is so small that very large ratios of
expansion arc employed, and the simple engine with erther saturated or superheated
steam seems to give an efficiency about equal to that attained by a triple expan-
sion engine of the ordinary type. Compression is necessarily excessive: so much
go that when the engine is used non-condensing a special piston valve, working 1o
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the piston, is used to prolong the exhaust period during part of the return stroke.
Some of the advantages are thereby sacrificed: this modification 1s not necessary on
condensing engines.

The device has been applied to locomotives on the Prussian state railways (Engi-
neering Magazine, March, 1912). The cyhnders are of excessive lengths: a special
valve gear, highly economical in power consumption, has been developed. The
early compression (no supplementary exhaust valve bemg used) requires large
clearance: but 1t is claimed that with a concave-ended hollow piston the wall surface
of the clearance space (which influences the loss) is from 40 to 60 per cent less than
that in an ordinary locomotive cyhnder. Any initial condensation is automatically

08000,

! /
AL

//,.‘\:\‘

]
Fre. 231a. Art. 507a.—The Stumpf Engine.

discharged through holes in the ¢ylinder wall, so that it ceases to be a factor in
producing further condensation.

508. The Steam Power Plant. TFigure 233, from Heck (46), is
introduced at this point to give a conception of the various elements
composing, with the engine, the complete steam plant. Fuel is burned
on the grate 1; the gases from the fire follow the path denoted by the
arrows, and pass the damper 4 to the chimney 5. Water enters, from
the pump IV, the boiler through 29, and is evaporated, the steam
passing through 8 to the engine. The exhaust steam from the engine
goes through 18 to the condenser III, to which water is brought through
91. Steam to drive the condenser pump comes from 26. Its exhaust,
with that of the feed pump 31, passes to the condenser through 27. The
condensed steam and warmed water pass out through 23, and should, if
possible, be used as a source of supply for the boiler feed. The free
exhaust pipe 19 is used in case of breakdown at the condenser.
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509. The Locomotive.
This is an entire power plant,
made portable. Figuie 234
shows a typical modern form.
The engine consists of two
horizontal double acting cyl-
inders coupled to the ends of
the same axle at 1ight an-
gles. These are located un-
der the front end of the
boiler, which is of the type
described in Art. 563. A
pair of heavy frames sup-
ports the boiler, the load be-
ing carried on the axles by
means of an, intervening
“ gpring rigging.” The stack
is necessarily short, so that
artificial draft is provided by
means of an expanding noz-
zle in the “smoke box,”
through which the exhaust
steam passes; live steam
may be used when necessary
to supplement this. The
engines are non-condensing,
but superheating and heat-
ing of feed water, particu-
larly the former, are being
introduced extensively. The
water is carried in an aux-
iliary tender. excepting in
light locomotives, in which a
“gaddle ” tank may be built
over the boiler.

The ability of a locomo-
tive to start a load depends
upon the force which it can
exert at the rim of the diiv-
ing wheel. If d is the cylin-
der diameter in inches, L the
stroke in feet, and p the
maximum mean effective
pressure of the steam per
square inch, the work done
per revolution by two equal
cylinders is wd2Lp. Assume

I\

~0 n
=4
= = o U

(From **The Steam Enwne,” by R. C 1T, Heck )

Fic 233, Arts. 508, 668, 580, 581, Prob. 56 — The Steam Power Plant.




this work to be trans-
mitted to the point of
contact between wheel
and rail without loss,
and that the diameter
of the wheel is D feet,
then the tractive power,
the force exerted at
the rim of the wheel,

2
is nd?Lp — wD = ‘%’-’.

The value of p, with
such valve gears as are
employed on locomo-
tives, may be taken at
80 to 85 per cent of the
boiler pressure. The
actual tractive power,
and the 'pull on the
drawbar, are reduced
by the friction of the
mechanism; the latter
from 5 to 15 per cent.
Under ordinary con-
ditions of rail, the
wheels will slip when
the tractive power ex-
ceeds 0.22 to 0.25 the
total weight carried by
the driving wheels.
This fraction of the
total weight is called
the adhesion, and it is
useless to make the
tractive power greater.
In locomotives of cer-
tain types, a ¢ traction
increaser ” is sometimes
used. This is a device
for shifting some of the
weight of the machine
from trailer wheels to
driving wheels. The
weight on the drivers
and the adhesion are
thereby increased. The
engineman, upon ap-
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proaching a heavy grade, may utilize a higher boiler pressure or a later cut-off
than would otherwise be useful.

510. Compounding. Mallet compounded the two cylinders as early as 1876.
The steam pipe between the cylinders wound through the smoke box, thus becom-
ing a reheating receiver. Mallet also proposed the use of a pair of tandem compound
eylinders on each side. The Baldwin type of compound has two cylinders on each
side, the high pressure being above the low pressure. Webb has used two ordinary
outside cylinders as high-pressure elements, with a very large low-pressure cylinder
placed under the boiler between the wheels. In the Cole compound, two outside
low-pressure cylinders receive steam from two high-pressure inside cylinders. The
former are connected to crank pins, as in ordipary practice. the latter drive a
forward driving axle, involving the use of a crank axle. The four crank efforts
differ in phase by 90°. This causes a very regular rotative impulse, whence the
name balanced compound. Inside cylinders, with crank axles, are almost exclusively
used, even with simple engines, in Europe: two-cylinder compounds with both
cylinders inside have beenemployed. Theuseof the crank axle has been complicated
in some locomotives with a splitting of the connecting rod from the inside cylinders
to cause it to clear the forward axle. Greater simplicity follows the standard
method of coupling the inside cylinders to the forward axle.

511, Locomotive Economy. The aim in locomotive design is not the greatest
economy of steam, but the installation of the greatest possible power-producing
capacity in a definitely limited space. Notwithstanding this, locomotives have
shown very fair efficiencies. This is largely due to the small excess air supply
arising from the high rate of fuel consumption per square foot of grate (Art. 564).
The locomotive’s normal load is what would be considered, in stationary practice,
an extreme overload. Its mechanical efficiency is therefore high. For the most
complete data on locomotive trials, the Pennsylvania Railroad Report (47) should
be consulted. The American Society of Mechanical Engineers has published a
code (48) ; Reeve has worked out the heat interchange in a specimen test by Hirn’s
analysis (49). (See Art. 551.)

(1) D. K. Clark, Railway Machinery. (2) Isherwood, Experimental Researches
in Steam Engineering, 1863. (8) De la condensation de la vapeur, etc., Ann. des
mines, 1877. (4) Bull. de la Soc Indust. de Mulhouse, 1855, et seq. (5) Proc. Inst.
Ciwv. Eng.,, CXXXI. (6) Peabody, Thermodynamics, 1907, 233. (8) Min. Proc.
Inst. C. E., March, 1888; April, 1893 (9) Op. cit. (10) Engine Tests, G. H.
Barrus. (11) The Steam Engine, 1892, p. 190. (12) The Steam Engine, 1905,
109, 119, 120. (13) Proc Inst. Mech. Eng., 1889, 1892, 1895. (14) Ripper, Steam
Engune Theory and Practice, 1905, p. 167. (15) Ripper, op. cit., p. 149. (16) Trans.
A.8.M.E.,, XXVIII, 10. (17) For a discussion of the interpretation of the Boulvin
diagram, see Berry, The Temperature-Entropy Diagram, 1905. (18) Proc. Inst Mech.
Eng., January, 1895, p. 132. (19) The Sieam Engine, 1906. (21) Trans. A. S. M.
E., XV. (22) Ihd., XIII, 647. (23) Ibid, XIX, 189. (24) Ibid., loc. cit. (25)
T¥d., XXV, 482, 483, 490, 492. (26) Manuel du Conducteur des Machines Binaires,
Lyons, 1850-1851. (27) Peabody, Thermodynamics, 1907, 283. (28) Thurston,
Engine and Boler Trals, p. 130. (29) Ripper, Steam Engine Theory and Practice,
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SYNOPSIS OF CHAPTER XIII
Practical Modifications of the Rankine Cycle

With valves moving instantancously at the ends of the stroke, the engine would
operate in the non-expansive cycle. The mtroduction of cut-off makes the cycle
that of Rankine, modified as follows:

(1) Port friction reduces the pressure during admission. This causes a loss of availa-
bility of the heat Regulation by throttling is wasteful.

(2) The expansion curve differs in shape and position from that in the ideal cycle.
Expansion 1s not adiabatic. The steam at the point of cut-off contains from 25
to 70 per centof water on account of inifial condensation. Further condensation
may occur very early in the expansion stroke, followed by reevaporation later
on, after the pressure has become sufficiently lowered. The exponent nf the
expansion curve is a function of the initial dryness. The inner surfaces only of
the walls fluctuate i temperature. Condensation is influenced by

(@) the temperature range: wide limits, theoretically desirable, introduce some
practical losses;

(b) the size of the engine: the exposed surface is proportionately greater in
small engmes,

() its speed : high speed gives less time for heat transfers;

(d) the ratio of expansion: wide ratios increase condensation and decrease
efficiency, particularly because of increased initial condensation. Imitial
wetness facilitates the formation of further moisture. In good design, the
ratio should be fixed to obtain reasonably complete expansion without

Ll
excessive condensation, say at £or §f0 1. M= g/—f_g %. Values of T.

Steam jackets provide steam insulation at constant temperature; they oppose initial
condensation in the cylinder and are used principally with slow speeds and high
ratio of expansion. Some saving is always shown. Superheat, used under similar
conditions, increases the mean temperature of heat absorption. Each 75° of
superheat may increase the dryness at cut-off by 10 per cent. The actual expan-

141 . .
sion curve averages PV=pv. M.E. P.=M_ Pp with the Rankine
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2 diagram factorXmALN
33000 '

Diagram factor =0.5 to

. . . nP B P B
0.9. With polytropic expansion, M. E.P.= P R F(_ﬁ——l—)

form of cycle. H.P.=

(3) The exhaust line shows back pressure due to friction of ports, the presence of air,
and reevaporation. High altitudes mcrease the capacity of non-condensing
engines.

(4) Clearance varies from 2 to 15 per cent. ‘Real” and ‘“apparent’ ratios of
expansion.

(5) Compression brings the piston to rest quietly ; though theoretically less desirable
than jacketing, it may reduce initial condensation.

(6) TValve action is not instantaneous, and the corners of the diagram are always
somewhat rounded. Leakage is an important cause of waste.

The Steam Engiune Cycle on the Entropy Diagram.

Cushion steam, present throughout the cycle, is not included in measurements of
steam used.

Its volumes may be deducted, giving a diagram representing the behavior of the
cylinder feed alone.

The indicator diagram shows actions neither cyclic nor reversible: it depicts a
varying mass of steam.

The Boulvin diagram gives the N T history correctly along the expansion curve only.

The Reeve diagram eliminates the cushion steam?; it correctly depicts both expan-
sion and compression curves, as referred to the cylinder feed.

The preferred diagram plots the expansion and compression curves separately.

Diagrams may show (@) loss by condensation, (D) gains by increased pressure and
decreased back pressure, (¢) gains by superheating and jacketing.

Multiple Expansion

Increased initial pressure and decreased back pressure pay best with wide expansive
ratios.

Such ratios are possible, with multiple expansion, without excessive condensation.

Condensation is less serious because of (@) the use made of reevaporated steam,
(b) the decrease in initial condensation, and (¢) the small size of the high.
pressure cylinder.

Several numbers and arrangements of cylinders are possible with expansion in two,
three, or four stages.

Incidental advantages: less steam lost in clearance space ; compression begms later ;
the large cylinder is subjected to low pressure only ; more uniform speed and
moderate stresses.

The Woolf engine had no receiver ; the low-pressure cylinder received steam through-
out the stroke as discharged by the high-pressure cylinder. The former, there-
fore, worked without expansion. The piston phases coincided or differed by 180°.

In the receiver engine, the pistons may have any phase relation and the low-pressures
cylinder works expansively. Early cut-off in the low-pressure cylinder increases
its proportion of the load, and is practically without effect on the total work of
the engine.
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The approximate point of low-pressure cut-off to eliminate drop may be graphically
or analytically determined for tandem and cross-compound engines.

In combining diagrams, fw) saturation curves are necessary, unless the cushion steam
be deducted.

The dwagram factor has an approximate value the same as that n a simple engine hav-
ing V'n expansions, in which n is the number of expansions in the compound
engine and ¢ its number of expansive stages.

Cylinder ratios are 3 or 4 to 1 if non-condensing, 4 or 6 to 1 if condensing, in com-
pounds ; triples have ratios from 1:2.0:2.0 to 1:2.5:2.5. A large high-pressure
cylinder gives high overload capacity.

The engine may be designed so as to equalize work areas, or by assuming the cylinder
ratio. * Equivalent simple cylinder.”” Values of R.

Governing should be by varying the point of cut-off in both cylinders.

Drop in any but the last cylinder is usually considered undesirable,

Exceptionally high efficiency is shown by compounds having cylinder ratios of 7 to 1.
The high-pressure cylinder in ordinary compounds is too large for highest efficiency.

The binary vapor engine employs the waste heat of the exhaust to evaporate a fluid
having a lower boiling point than can be attained with steam. Additional work
may then be evolved down to a rejection temperature of 60 or 70° F. The hest
result achieved is 167 B. t. u. per Thp.-minute.

Engine Tests

The indicator measures pressures and volumes in the cylinder and thus shows the
t¢cyele.”
Its diagram gives the m. e. p. and points out errors in valve adjustment or control.
Calorimeters : the barrel type: xo = m(w+ W) —wh— Who;
Wiy
why + Whe — wh — Who-
Wiy ?

surface condensing > xy =

H4+x(T

superheating : xp = Lo_ D= Mo, Yimuts of capacity ;

H+(T—H—h—-@Q.

LO B
separating : direct weighing of the steam and water;
chemical : insolubility of salts in dry steam ;
electrical : 1 B. t. u. per minute =17.59 watts.

Barrus: xg =

Engine trials : we may measure either the keat absorbed or the heat rejected 4 ihe work
done.

By measuring both, we obtain a heat balance.

Results usually stated : 1b. dry or actual steam per Thp.-br.; B. t. u. per Ihp.-minute ;
thermal efficiency ; work per Ib. cteam ; Carnot efficiency; Clausius efficiency ;
efficiency ratios.

By assuming the steam dry at compression and cut-off or release, and knowing the
clearance, we may roughly estimate steam consumption from the indicator diagram.

Duty=ft.-Ib. of work per 100 lb. coal (or per 1,000,000 B.t.u.) Plant efficiency=

B.t.u. of work . . _ Brake hp.
B.t.u. in conl Mechanical efficiency " Indicated hp.
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Hirn's analysis: Ey=32M (hy+2zry); Hz=E;+ W, ; heat transfer to and from
walls may be computed from the supply of heat, the change in internal energy,
and the work done. The excess of losses over gains represents radiation.

Testing of regulation (speed control).

Types of Steam Engine

Standard engines: non-condensing or condensing, 1ight-hand or left-hand, simple
or multiple expansion ; single-acting or double-acting ; rotative or non-rotative ,
duplex or single ; horizontal, vertical, or inclined , locomotive, stationary (pump-
ing, mill, power plant), or marine , belted, direct-connected, or rope-driven ; air
compressors ; girder, tangye, or semi-tangye frames ; slow, medium, or high speed ;
throttling, automatic, four-valve, or releasmg gear. The Stumpf uniflow engine.

The power plant: feed pump, boiler, engine, condenser.

]

The locomotive : tractive power= I)p ; adhesion=0.22 to 0.25X weight on drivers;

two-cylinder and four-cylinder compounds, the balanced compound ; high econ-
omy of locomotive engmes.

PROBLEMS

1. Show from Art. 426 that the loss by a throttling process is equal to the prod-
uct of the increase of entropy by the absulute temperature at the end of the process.

2. Ignormng 1adiation, how fast are the walls gaming heat because of transfers
during expansion in an engme runmng at 100 r.p.m., in which § pound of steam is
condensed per revolution at a mean pressure of 100 Ib., and 0.30 pound is reevaporated
at a mean pressure of 42 1b.> (.Ans., 3637 B. t. u. per minute).

3 a. Plot curves representing the 1esults of the tests given in Art. 434,

3b. Represent by a curve the results of the Barrus tests, Art. 436.

4. All other factors bemyg the same, how much less mitial condensation, at 1 cut-
off, should be found 1 an engine 303//X 48" than in one 7/X7/? (Art. 437).

5. Sketch a curve showing the variation in engine efficiency with ratio of expan-
sion.

6. Find the percentage of initial condensation at } cut-off in a non-condensing
engine using dry steam, runmng at 100 r. p. m. with a pressure at cut-off of 120 Ib,
the engine being 304"/ X48' (Art. 437). !

7. In Fig. 193, assuming the initial pressure to have been 100 lb., the feed-water
temperature 90° F., find the approximate thermal efficiencies with the various amounis
of superheat at a load of 15 hp.

8. In an ideal Clausius eycle with initially dry steam between p=140 and p=2
(Art. 417), by what percentage would the efficiency be increased if the mitial pressure
were made 160 1b. ¢ By what percentage would it be decreased if the lower pressure
were made 6 1b. ?

9. Find the mean effective pressure in the ideal cycle with hyperbolic expansion
and no clearance between pressure hmits of 120 and 2 1b., with a ratio of expansion
of 4. (4ns., 69.6 1b.)

10. Find the probable indicated horse power of a double-acting engine with the
best type of valve gear, jackets, etc., operating as in Problem 9, at 100 r. p. m., the
cylinder being 304/ 48/". (Ignore the piston rod.) (Ans., 1107 hp.)
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11. In Problem 9, what percentage of power is lost if the lower pressure is raised
to 33 1b. ?

12. By what percentage would the capacity of an engine be increased at an altitude
of 10,000 ft. as compared with sea level, at 120 Ib. imitial gauge pressure and a back
pressure 1 1b, greater than that of the atmosphere, the ratio of expansion being 4 ?
(Atmospheric pressure decreases 4 Ib. per 1000 ft. of height.)

3. An engine has an apparent ratio of expansion of 4, and a clearance amounting
to 0.05 of the piston displacement. What is its real ratio of expansion ® (4ns., 3.5.)

14. In the dry steam Clausius cycle of Problem 8, by what percentage are the ca-
pacity and efficiency affected if expansion is hyperbolic instead of adiabatic ? Discuss
the results.

15. In an engine having a clearance volume of 1.0 and a back pressure of 2 Ib.,
the pressure at the end of compression is401b. If the compressien curve is PV 1.03 =¢,
what is the volume at the beginning of compression ? (Ans., 18.28.)

16. An engine works between 120 and 2 lb. pressure, the piston displacement
being 20 cu. ft., clearance 5 per cent, and apparent ratio of expansion 4. The expan-
sion curve is PV 102=¢, the compression curve PV 103 =¢, and the final compression
pressure is 40 lb. Plot the PV diagram with actual volumes of the cushion steam
eliminated.

17. In Problem 16, 1.825 Ib. of steam are present per cycle. Plot the entropy dia-
gram from the indicator card by Boulvin's method.

18. In Problems 16 and 17, compute and plot the entropy diagram by Reeve’s
method, assuming the steam dry at the beginning of compression. (See Art. 457.)
Discuss any differences between this diagram and that obtained in Problem 17.

19. In a non-expansive cycle, find the theoretical changes in capacity and economy
by raising the initial pressure from 100 to 120 Ib., the back pressure being 2 1b.

(Ams., 1.2 per cent gain in capacity: 8.5 per cent increase in efficiency.)

20, A non-expansive engine with limiting volumes of 1 and 6 cu. ft. and an initial
pressure of 120 1b., wathout compression, has its back pressure decreased from 4 to 2 1b.
Find the changes in capacity and efficiency. The same steam is now allowed to expand
hyperbolically to a volume of 21 cu. ft. Find the effects following the reduction of
back pressure in this cage. The steam is in each case dry at the point of cut-off.

(4ns., (@) 1.7 per cent increase in capacity and efficiency; (b) 3.2 per cent

increase in capacity and efficiency.

21. Find the cylinder dimensions of an automatic engine to develop 30 horse
power at 300 r.p. m., non-condensing, at } cut-off, the initial pressure being 100 Ib,
and the piston speed 300 ft. per minute. The engine is double-acting,.

22. Sketch a possible cylinder arrangement for a quadruple-expansion engine with
seven cylinders, three of which are vertical and four horizontal, showing the receivers
and pipe connections.

23. Using the ideal combined diagram for a compound engine with a constant
receiver pressure, clearance bemng ignored, what must that receiver pressure be to
divide the diagram area equally, the pressure limits being 120 and 2 and the ratio of
expansion 16 ?

24, Consider a simple engine 30}/X48” and a compound engine 15} and
303" 48", all cylinders having 5 per cent of clearance and no compression. What
are the amounts of steam theorstically wasted in filhng clearance spaces in the simple



360 APPLIED THERMODYNAMICS

engine and in the high-pressure cyhnder of the compound, the pressures being as in
Problem 23 ?

25. Take the same engines. The simple engine has a real ratio of expansion of 4;
the compound is as in Problems 23 and 24. Compression 1s to be carried to 40 1b. n
the simple engine and to 60 lb. in the compound m order to prevent waste of
steam. By what percentages are the work areas reduced 1n the two engmes under
consideration ?

26. A cross-compound double-acting engine operates between pressure limits of
120 and 2 lb. at 100 r.p.m. and 800 ft. piston speed, developing 1000 hp. Find the
sizes of the cylinders under the following assumptions, there bemg no drop . (a) dia-
gram factor 0.85, 20 expansions, receiver pressure 24 lb.; (b) diagram factor 0.85,
20 expansions, work equally divided ; (c) diagram factor 0.85, 20 expansjons, cyhnder
ratio 5:1; (d) diagram factor 0.83, 32 expansions, work equally divided. Find the
power developed by each cyhnder in (@) and (¢). Find the size of the cylinder of the
equivalent simple engine having a diagram factor of 0.80 with 20 expansions. Draw
up a tabular statement of the five designs and discuss their comparative merits.

27. In Problem 26, Case (a), the receiver volume being equal to that of the low-
pressure cylinder, tind graphically and analytically the point of cut-off on the low-
pressure cylinder.

28. Trace the combined diagram for one end of the cylinder from the first set of
cards in Fig. 230, assuming the clearance in each cylinder to have been 15 per cent
of the piston displacement, the cylinder ratio 3 to 1, and the pressure scales of both
cards to be the same.

20. Show on the entropy diagram the effect of reheating.

30. In Art. 483, what was the Carnot efficiency of the Josse engine? Assuming
it to have been used in combination with a gas engine, the maximum temperature in
the latter being 3000° F., by what approximate amount might the Carnot efficiency
of the former have been increased ? (The temperature of saturated sulphur dioxide
at 35 Ib. pressure is 52° F.)

31. An indicator diagram has an area of 82,192.5 foot-pounds. What is the
mean effective pressure if the engine is 30§/ 48" ? What is the horse power of this
engine if it runs double-acting at 100 r.p. m. ?  (4ns,, 28.11k.; 498 hp.)

32. Given points I, 2 on a hyperbolic curve, such that V,—V,=15 P;=120,
P,=34.3, find the OP-axis.

33. An engine develops 500 hp. at full load, and 62 hp. when merely rotating its
wheel without external load. Whait is its mechanical efficiency ®* (.4ns., 0.876.)

34. Steam at 100 Ib, pressure is mixed with water at 100°. The weight of water
increases from 10 to 11 1b., and its temperature rises to 1974°. 'What was the per-
centage of dryness of the steam ? (A4ns., 95 per cent.)

35. The same steam is condensed in and discharged from a coil, its temperature
becoming 210° and 10 1b. of surrounding water rise 1n temperature from 100° to 2043°.
Find the quality of the steam. What would have been an easier way of determining
the quality ?

36. What is the maximum percentage of wetness that can be measured in a throt-
tling calorimeter m steam at 100 lb. pressure, if the discharge pressure is 30 1b. ?

(Amns., 2.5 per cent.)

37. Steam at 100 Ib. pressure has added toit from an external source 30 B. t, w
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per pound. It 1s throttled to 30 b, pressure, its temperature becoming 270.3°.
What was 1te diyness? (Ans, 0.955.)

38, Under the pressure and temperature conditions of Problem 87, theadded heat
1s from an electric current of 5 amperes provided for one minute, the voltage falling
from 220 to 110. 'What was the amount of heatadded and the percentage of dryness
of the steam ? (See Art. 494.) (Ans., 95.4 per cent.)

39. An engine consumes 10,000 lb. of dry steam per hour, the moisture having
been completely eliminated by a recerver separator which at the end of one hour is
fouud to contan 285 lb. of water. What was the dryness of the steam entering the
separator? (4ms., 97.2 per cent.)

A double-acting engine at 100 r.p.m. and a piston speed of 800 feet per minute
gives an indicator diagram 1n which the pressure limits are 120 and 2 1b., the volume
limts 1 and 21 cu. ft. The apparent ratio of expansion is 4. The expansion curve
follows the law P71.02=¢, Compression is to 40 1b., according to the law PT103=¢,
Disregard rounded corners. The boiler pressure 1s 130 lb., the steam leaving the
Dboiler 1s dry, the steam at the throttle bemg 95 per cent dry and at 120 Ib. pressure.
The hoiler evaporates 26,500 lb, of steam per hour; 2000 lb. of steam are supplied to
the jackets at 120 lb. pressure. The engine runs jet-condensing, the inlet water
weighing 530,000 1b. per hour at 43.85° F., the outlet weighing 554,000 1b. at 90° F.
The coal burned is 2700 1b. per hour, 1ts average heat value being 14,000 B. t.u.
Compute as follows:

40. The mean effective pressure and indicated horse power. (Nore. The work
quantities under the curves must be computed with much accuracy.)

(4ns., 68.57 1b.; 1196.8 hp.)

41, The cylinder dimensions of the engine. (Ans., 30.24 by 48 in.)

42. The heat supplied at the throttle per pound of cylinder and jacket steam, and
the B. t. 1. consumed per Ihp. per minute ; the engine being charged with heat above
the temperatures of the respective discharges.

43. The dry steam consumption per Ihp.-hr., thermal efficiency, and work per
pound of dry steam.

44. The Carnot efficiency, the Clausius efficiency, and the efficiency ratio, taking
the limiting conditions as at the throttle and the condenser outlet.

45. The cylinder feed steam consumption computed as in Art. 500; the consump-
tion thus computed but assuming z=0.80 at releass, £=1.00 at compression. ~Com-
pare with Problem 43.

46. The percentage of steam lost by leakage (all leakage occurring between the
boiler and the engine); the transmissive efficiency ; the unaccounted-for losses.

47. The duty, the efficiency of the plant, and the boiler efficiency.

48, The heat transfers and the loss of heat by radiation, as in Art. 504, assuming
2=1.00 at compression. Compare the latter with the unaccounted-for heat obtained
in Problem 46. .

40. The value of the mechamcal equivalent of heat which might be computed
from the experiment. (£ ns., 720.)
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50. Explain the meaning of the figure 2068.84 in Art. 503.

51. Revise Fig. 233, showing the arrangement of machinery and piping if a sur-
JSace condenser is used.

52. A locomotive weighing 200,000 1b. carries, normally, 60 per cent of its weight
on its dnivers. The cylinders are 19”726, the wheels 66" in diameter. What is
the maximum boiler pressure that can be profitably utilized ? If the engine has a
traction mcreaser that may put 12,000 Ib. additional weight on the drivers, what

maximum boiler pressure may then be utilized ?

53. Represent Fig. 217 on the PV diagram.

54. Find the steam consumption in Ib. per Ihp.-hr. of an ideal engine working in
the Clausius cycle between absolute pressures of 150 lb. and 2 Ib., the steam contain-
ing 2 per cent of moisture at the throttle. What isthe thermal efficiency ?

55. What horse power will be given by the engine in Problem 10 if the ratio of
expansion is made (a) 5, (b) 3?

56. If an engine use dry steam at 150 lb. absolute pressure, what change in
efficiency occurs when the back pressure is reduced from 2 to § Ib. absolute, if the
ratio of expansion is 30 ? If the ratio of expansion is 100 ?



CHAPTER XIV
THE STEAM TURBINE

512. The Turbine Principle. Figure 235 shows the method of using steam in
a typical impulse turbine. The expanding nozzles discharge a jet of steam at high
velocity and low pressure against
the blades or buckets, the im-
pulse of the steam causing ro-
tation. We have here, not
expansion of high pressure steam
against a piston, as in the ordi-
nary engine, but utilization of
the kinetic energy of a rapidly
flowing stream to produce move-
ment. One of the assumptions
of Art. 11 can now no longer
hold. All of the expansion oc-
curs in the nozzle; the ansion .
produces velocity, the ve?feﬂty does F10- 235 Arts.;fg;‘_;t d?&;ge Laval Turbine
work. The lower the pressure )
at which the steam leaves the nozzle, the greater is the velocity attained. Tt will
presently be shown that to fully utilize the energy of velocity, the buckets must
themselves move at a speed proportionate to that of the steam. This involves ex-
tremely high rotative speeds.

The steps in the design of an impulse turbine are (a) determination
of the velocity produced by expansion, (b) computation of the nozzle
dimensions necessary to give the desired expansion, and (c¢) the propor-
tioning of the buckets.

513. Expansive Path. There is a gradual fall of pressure while the
steam passes through the nozzle. With a given initial pressure, the pres-
sure and temperature at any stated point along the nozzle should never
change. There is, therefore, no tendency toward a transfer of heat be-
tween steam and walls. Further, the extreme rapidity of the movement
gives no time for such transfer; so that the process in the nozzle is truly
adiabatic, although friction renders it non-isentropic. The first problem
of turbine design is then to determine the changes of velocity, volume,
temperature or dryness, and pressure, during such adiabatic expansion,
for a vapor initially wet, dry, or superheated; the method may be accu-

363
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rate, approximate (exponential), or graphical. The results obtained are
to mnclude the effect of nozzle friction.

514. The Turbine Cycle. Taking expansion in the turbine as adiabatic
and as carried down to the condenser pressure, the cycle 1s that of Clausius,
and is theoretically more efficient than that of any ordinary steam engine
working through the same range. The turbine is free from losses due to
interchange of heat with the walls. The practical losses are four:

() Friction in the nozzles, causing a fall of temperature without the
performance of work;

(b) Incomplete utilization of the kinetic energy by reason of the
assumed blade angles and residual velocity of the emerging jet (Art. 528);

(¢) Friction along the buckets, increasing as some power of the stream
speed ;

(@) Mechanical friction of journals and gearing, and friction between
steam and rotor as a whole.

515. Heat Loss and Velocity. In Fig. 236, let a fluid flow adiabatically

from the vessel @ through the frictionless orifice b. Let the internal en-

ergy of the substance be e in « and £ in b; the

velocities v and V; the pressures p and P; and

b the specific volumes w and W. If the velocities

could be ignored, as mn previous computations,

the volume of each pound of flmid in a would

decrease by e in passing out at the constant

pressure p; and the volume of each pound of

Fig 26 Art 515 —Flow fluid in b would increase by W at the constant

thiough Orifice r

pressure P. The net external work done would

be PW— e, the net loss of internal energy e— E, and these two quan-

tities would be equal. With appreciable velocity effects, we must also
consider the kinetie energies in ¢ and b; these are

22 V2,
2—5 and %,

BE=T+ I+ W+,
(T+D+ W+ V=0,
2
(B~ + PV —po) + (3= 2)=0,

and we now have

2 2y
& v
E+PW4 _—= —
+ +29 e+Pw+2g:
2
or Z—-é‘--:pzv—PW+e-—-E.

29 2y
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Let X, U, H, R, and z, u, %, r, be the dryness, increase of vol-
ume during vaporization, heat of liquid, and internal latent heat, at
P W and pw respectively ; let s be the specific volume of water; then
for expansion of a vapor from pw to P W within the saturated region,

172

2
%—ﬂ=p(xu+s)—P(XU+s)+h+xr—H—XR
=¢—Q+s(p—P),
in which ¢, @ represent total heats of wet vapor above 82 degrees.
If expansion proceeds from the superheated to the saturated reyion,
2 2
Y pi(ut )+ (W)= P(XU+5)+ htr

2g 2g
+P(y£1—@—H—XR,

in which n=wu + s is the volume of saturated steam at the pressure p,
w is the volume of superheated steam, and
p(w—mn)
y—1

is the internal energy measured above saturation.* This also re-
duces to ¢ — @ + s(p — P), where ¢ is the total heat in the super-
heated steam, and the same form of
expression will be found to apply to
expansion wholly in the superheated d s
region. The gain in kinetic energy
of a jet due to adiabatic expansion to
a lower pressure is thus equivalent to B \
the decrease in the total heat of the

steam plus the work which would be
required to force the liquid back
against the same pressure head. In
Fig. 2387, let ab, AB, OD, represent the three paths. Then the
losses of heat are represented by the areas dabe, deABe, deCDfe.

T c

N

Fra. 237. Art. 515.— Adiabatic Heat
Drop.

* For any gas treated as perfect, the gain of internal energy from ¢ to T'is

k R PV —pv
UT - =2(T-)=——(T—1t)= ———=—

1 L]
or in this case, since internal energy is gained at constant pressure,
" CL08

y—1
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The term s(p—P) being ordinarily negligible, these areas also rep-
resent the kinetic energy acquired, which may be written

Ifz -v2

2g 2517 %
In the turbine nozzle, the initial velocity may also, without serious
error, be regarded as negligible; whence

2 . R P
;]_g =g —Q or V=1+/50103.2(¢ — Q) =223.84+/¢ —Q feet per second.
516. Computation of Heat Drop. The value of ¢ — @ may be determined
for an adiabatic path between stated limits from the entropy diagram,
Fig. 175, or from the Mollier diagram, Fig. 177. Thus, from the last
named, steam at 100 1b. absolute pressure and at 500° F. contains 1273
B. t. u. per pound; steam 85 per cent dry at 3 lb. absolute pressure
contains 973 B. t. u. Steam at 150 lb. absolute pressure and 600° F. con-
tains 1317 B. t. u. If 1t expand adiabatically to 2.5 1b. absolute pressure,
its condition becomes 88 per cent dry, its heat contents 1000 B. t. u., and
the velocity produced is

293.84~/317 = 3980 ft. per second.

517. Vacuum and Superheat. The entropy diagram indicates the nota-
ble gain due to high vacua and superheat. Comparing dry steam expanded
from 150 Ib. to 4 b, absolute pressure with the same steam superheated
to 600° and expanded to 2.5 lbs. absolute pressure, we find ¢ — @ in the
former case to be 248 B. t. u., and in the latter, 317 B. t. u. The corre-
sponding values of V are 3530 and 3930 ft. per second. The turbine is
peculiarly adapted to realize the advantages of wide ratios of expansion.
These do not lead to an abnormally large cylinder, as in ordinary engines;
the “toe” of the Clausius diagram, Fig. 184, is gained by allowing the
steam to leave the nozzle at the condenser pressure. Superheat, also, is
not utilized merely in overcoming cylinder condensation; it increases the
available «fall” of heat, practically without diminution.

518. Effect of Friction. If the steam emerging from the nozzle were brought
back to rest in a closed chamber, the kinetic energy would be reconverted into
heat, as in a wiredrawing process, and the expanded steam would become super-
heated. Watkinson has, in fact, suggested this (1) as a method of supeiheating
steam, the water being mechanically removed at the end of expansion, before re-
conversion to heat began. In the nozzle, in practice, the friction of the steam
against the walls does partially convert the velocity energy back to heat, and the
heat drop and velocity are both less than in the ideal case.

The efficiencies of nozzles vary according to the design from 0.90 to 0.97. The
corresponding variation in ratio of actual to 1deal veloaity is 0.95 to 0.99.
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In Fig. 238, for adiabatic expansion from p, v, ¢, to P, V, Q, the
velocity imparted is

22384+Vg— Q.

During expansion from p, v, g, to Py, V3, @y,
the velocity imparted is

P

223.84 Vg¢g—@Q,.
Since V; exceeds V, the steam is more nearly FNO, 1'1,%,

dry at V7; i.e @ exceeds Q. The loss of
energy due to the path pvg — AV @, as
compared with prg — PVQ, is

Fia. 238. Art. 518 — Abiabatic
Expansion with and without
x? Friction.

2g=Ql'—Q’

in which X*is the difference of the squares of the velocities at @ and Q).

This gives X? = 50103.2 (@, — @). In Fig. 239, let NA be the adiabatic

) path, VX the modified path due to fric-

] tion. NZ represents a curve of constant

total heat; along this, no work would be

done, but the heat would steadily lose its

availability. As NX recedes from NA

toward NZ, the work done during expan-

X £ \\ sion decreases. Along N4, all of the heat

! lost (area FHNA) is transformed into

. N work; along NZ, no heat is lost and no

Fm'l,aﬁgas Mﬁ;:;iezlﬁ&;liif;i "7 work is done, the areas BFHNC and

BFZD being equal. Along NX, the heat

transformed into work is BFIINC — BFXE = FHNA — CAXE, less

than that during adiabatic expansion by the amount of work converted
back to heat. Considering expansion from N to Z,

V = 223.84vg — @, =0,

since ¢ = @),. Nozzle friction decreases the heat drop, the final velocity
attained, and the external work done.

E A

¢

1B

[}
[}
c_E D N

519. Allowance for Friction Loss. For the present, we will assume
nozzle friction to reduce the heat drop by 10 per cent. In Fig. 240, which
is an enlarged view of a portion of Fig. 177, let .AB represent adiabatic
(isentropic) expansion from the condition .4 to the state B. Lay off

AB

B0=—iﬁ,
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and draw the line of constant heat ¢D. Then D is the equivalent final
H state at the same pressure
as that existing at B, and
AC represents the heat
3 drop corrected for friction.
Similarly by laymng off

HG = AH

al ¢ 10
and drawing GE to inter-
° sect the 35-lb. pressure
, line, we find the point E
D on the path AD of the
steam through the nozzle.
Ry We may use the new heat
)7 drop thus obtamned in de-
termining T7; or generally,

N if m is the friction loss,
F1e. 240. Arts 319, 524, 525, 532, 534 — The Steam Path

>

0

7
of the Tuibine :_5= (]_ — rm) (q —_ Q)
and =223.84 V1 — mVy — Q.

If m =010, V= 21242 vg — Q.

520. Analytical Relations. The influence of friction in determining the final
condition of the steam may be examined analytically. For example,let the initial
condition be wet or dry; theun friction will not ordinarily cause superheating, so
that the steam will remain saturated throughout expansion. Without friction, the
final dryness z, would be given by the equation (Art. 392),

' a7

log. ,;,-f- Y= _;‘,-",

Friction causes a return to the steam of the quantity of heat m(¢ — Q). This in-

creases the final dryness by n(q [_—Q—) , making it
0

T{logerf,ﬁ%l} +m(g— Q)

X, = .
0 [0
If the initial condition is superheated to ¢, and the final condition saturated,
adiabatic expansion would give

t 1., s _ Zoly
log,?,+z+l ]og,? =7

and friction would make the final condition
’ {loge Tt rlog ) 4 meg - @

T
Xo= A .
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If the steam is superheated throughout expansion, we have for the final tem-
perature T, without friction,

!
lo,,eT+ + If:]oge = l°+L logeT

in which the value of %, must be obtained by successive approximations.

521. Rate of Flow. For a flow of G poundsper second at the velocity V, when

4
the specific volume is W, the necessary cross-sectional area of nozzle is F = ﬂ .

The values of W and |” may be V
read or inferred from the heat
chart or the formulas just given.
In Fig. 241 (2), let ab represent
frictionless adiabatic expansion
on the TN plane, ¢’'l/ the same
process on the P plane. By

PRESSURE 2 o N
finding ¢, and values of Q at vELSeTY —N
various points along ab, we may EAN %N
obtain a series of successive !
values of V. The correspond- / & ‘1',,
ing values of W being read from D, 1l
a chart or computed, we plot the 2
curve MN, representing the re- , W

lation of specific volume and
velocity throughout the expan- Fre 241 Art. 521.—Graphical Determination of
sion. Draw yy' parallel to OW, Nozzle Area.

making Oy = (7, to some con-

venient scale. Draw any line OD from O to MN, intersecting yy’ at £. From
similar triangles, yt:y0:: On:nD, or yk = (}g =PF.

To find the pressure at any specified point on the nozzle, lay off yk = F, draw
OkD, Dn, and project z to the PT plane. The minimum value of F is reached
when OD is tangent to JfN. [t becownes infinite when V' = 0. The conclusion
that the cross-sectionul urea of the nozzle reackes @ minimum at a certain stage in the
expansion will be presently verified.

522. Maximum Flow (2a). For a perfect gas,

e= _2_ E’Z .
-1’ -1
If the initial velocity be neghglble, we ha.ve, as the equation of flow (Art. 515),
V w PW ?
Pw4+-E =Y —PW);
=pw—PW+ - y_l(pw W);
and since

=1
y—1
puy =PWy, PW:pw(i) =pw(£) Y
w. p
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Then

y=1

Pt o1 (2)7 | )=ty [1-(B)7 ).

From Art. 521,
1 1

G= %’: FV - w(%)’7= FV—-—%—’(J&);.

Taking the value of V at

Jeopom{1-(8)7)

we obtain

P\ v
F\/2 _ll_Rz{l—(—) } 2 g1
G=p 1 P _Fp [Zg v {(g)y_(_z-_v) v }]1}
i1
(3)
This reaches a maximum, for air, when P —p = 0.5274 (38). The velocity is then
equal to that of sound. For dry steam, on the assumption that y = 1.135, and

that the above relations apply, the ratio for maximum flow is 0.577.
Using the value just given for the ratio P — p, with y = 1.402, the equation

for G simplifies to 5a
P G = 0491 Fp \/ 29

the equation of flow of a permanent gas, which has been closely confirmed by
experiment. With steam, the ratio of the specific heats is more variable, and the
ratio of pressures has not been as well confirmed experimentally. Close approxi-
mations have been made. Claike (4), for example, shows maximum flow with
saturated steam to occur at an average ratio of 0.56. The pressure of maximum
flow determines the minimum or throat diameter of the nozzle, which is independ-
ent of the discharge pressure. The emerging velocity may be greater than that
in the throat if the steam is allowed to further expand after passing the throat.
The nozzle should in all cases continue beyond the throat, either straight or ex-
panding, if the kinetic energy is all to be utilized in the direction of flow.

In all cases, the steam velocity theoretically attained at the throat of the nozzle
will be 1450 ft per second.

523. Experiments. Many experiments have been made on the flow of fluids
through -nozzles and orifices. Those of Jones and Rathbone (5), Rosenhain (6),
Gutermuth (7), Napier (8), Ratean (9), Hall (10), Wilson (11), Kunhardt (12),
Buchner (18), Kneass (14), Lewicki (15), Durley (16), and chiefly, perhaps, those
of Stodola (17), should be studied. There is room for further advance in our
knowledge of the friction losses in nozzles of various proportions. There are sev-
eral methods of experimentation: the steam, after passing the orifice, may be con-
densed and weighed; the pressure at various points in the nozzle may be measured
by side orifices or by a searching tube; or the reaction or the impulse of the steam
at its escape may be measured. The velocity cannot be measured directly.
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A greater rate of flow is obtainable through an orifice in a thin plate (Fig.
242) than through an expanding nozzle (Fig. 243). For pressures under $0 Ib.,
with discharge into the atinosphere, the plain o1ifice is more efficient
in producing velocity. For wider pressure ranges, a divergent
nozzle is necessary to avoid deferred expansiou occurring after
emergence. Expansion should not, however, be carried to a pres-
sure lower than that of dischaige. The rate of flow, but not the
emeiging velocity, depends upon the shape of the inlet; a slightly Z
rounded edge (Fig. 243) gives the greatest rate; a greater amount g 249, Art.
of rounding may be less desirable. The experimentally observed 523.—Diverg-
critical pressure ratio (f, Art, 522) ranges with various fluids 8 Orifice.
from 0.50 to 0.85. Maximum flow occurs at the lower ratios with rather sharp
corners at the entrance, and at the higher ratios when a long divergence occurs
4 beyond the throat, as in Fig. 248. The “most efficient”
nozzle will have different proportions for different pressure
ranges. The pressure is, in general, greater at all points
along the nozzle than theory would indicate, on account of
Frc 243. Arts. 523, friction; the excess is at first slight, but increases more and

825 —Expanding mnore rapidly during the passage. Most experiments have
Nozzle. . . . .
necessarily been made on very small orifices, discharging to
the atmosphere. The fiiction losses in larger orifices are probably less. The
experimental method should include at least two of the measurements above
mentioned, these checking each other. The theory of the action in the nozzle
has been presented by Heck (18). Zeuner (19) has discussed the flow of gases to
and from the atmosphere (20), both under adiabatic and actual conditions, and
the efflux of gases in general through orifices and long pipes.

7

D .

524. Types of Turbine. The single stage impulse turbine of Fig.
285 is that of De Laval. Its action is illustrated in Fig. 244. The
pressure falls in the nozzle, and remains cssones
constant in the buckets. The Curtis and nozze | _—
Rateau turbines
use ‘a series of | svowerwnen
wheels, with ex-

<— panding nozzles

™" between the va-
rious series (Figs.

- 215, 246). The steam is only partially ex-
I Ts::;n:%_curﬁs panded in each nozzle, until it reaches the
' last one. Such turbines are of the multi-

stage impulse type. During passage through the blades, the ve-
locity decreases, while the pressure remains unchanged. In the

PRESSURES
STEAM PATH

CL_OF SHAFT

FiG. 244. Art. 524.—De Laval
Turbine.

STATIONARY BUCKETS

AT
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pressure turbine of Parsons, there are no expanding nozzles; the
steam passes successively through the stationary guide vanes @, g,
meswnes,  and movable wheel buckets, W, w, Fig. 247.
" A gradual fall of pressure occurs, the buck-
PIROr  ets being at all times full of steam. In
impulse turbines, the buckets need not be
full of steam, and the pressure drop occurs

Fia. 246 Art.. 521.—Ratean in the nozzle only.

Turbine. A lower rotative speed results from the
use of several pressure stages with expanding nozzles. Let the
total heat drop of 317 B. t.u., in Art. __ prasunes
516, be divided into three stages by three

V7222000

. . wi (N
sets of nozzles. The exit velocity from G2 Z
w (G ATH OF
P . ictl 1 9333337 7 STE=AéM'==
each nozzle, corrected for friction, is 922222230 »

then 212.42Vg— @ = 2180 ft. per sec-
ond, instead of 3980 ft. per second ; lay- Fie.247. Afflf';f;’ﬁ;:33-—l’arﬂons
ing off in Fig. 240 the three equal heat '

drops, we find that the nozzles expand between 150 and 50, 50 and
13, and 13 and 2.5 Ib. respectively. The rotative speeds of the wheels
(proportional to the'emerging velocities), Art. 528, are thus reduced.

525. Nozzle Proportions; Volumes. The specific volume W of the
steam at any point along the path AD, Fig. 240, having been obtained
from inspection of the entropy chart, or from the equation of condition,

and the velocity ¥V at the same point having been computed from the
heat drop, the cross-sectional area of the nozzle, in square feet, is F'= _WFG
(Art. 521). Finding values of F for various points along the expansive
path, we may plot the nozzle as in Fig. 243, making the horizontal inter-
vals, ab, be, cd, ete., such that the angle between the diverging sides is
about 10°, following standard practice.® It has been shown that F reaches
a minimum value when the pressure is about 0.57 of the imitial pres-
sure, and then increases as the pressure falls further. If the lowest
pressure exceeds 0.57 of the initial pressure, the nozzle converges toward
the outlet. Otherwise, the nozzle converges and afterwards expands, as
in Fig. 243. Let, in such case, o be the minimum diameter, O the outlet
diameter, L the length between these diameters; then for an angle of

10° between the sides, —00— — % = L tan 5° or L =5.715(0 — o).

* A variable taper may be used to give constant acceleration of the steam
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526. Work Done. The work done in the ideal cycle per pound
of steam is T78(¢ — @) foot-pounds. Since 1 horse power = 1,980,000
foot-pounds per hour, the steam consumption per hp.-hr. is theoreti-
cally 1,980,000 + 778(¢ — @) =2545 +~ (¢— Q). If F is the effi-
ciency ratio of the turbine, from steam to buckets, and e the
etficicncy from steam to shaft, then the actual steam consumption
per indicated horse power is 2545 + E(gq — @), and per brake horse
power is 2545 + e(¢ — @) pounds. The modifying influences of nozzle
and bucket friction in determining % are still to be considered.

527. Relative Velocities. In Fig. 248, let a jet of steam strike
the bucket 4 at the velocity v, the bucket itself moving at the speed
u. The velocity of the steam rela-
tive to the bucket is then repre-
scnted in magnitude and direction
by V. The angles @ and ¢ made
with the plane of rotation of the
bucket wheel are called the absolute
entering and relative entering angles
respectively. Analytically, sine=v
sina =+ V. The stream traverses
the surface of the bucket, leaving it with the relative velocity 2/,
which for convenience is drawn as z from the point 0. Without
bucket friction, # = V. The
angle f is the relative angle of
exit. Laying off u, from 2z, we
find ¥ as the absolute exit ve-
locity, with ¢ as the absolute
angle of exit. Then, if 2=7,
sing = Vsinf~+ Y.

To include the effect of nozzle

Fia. 248. Art. 527.— Velocity Diagram.

e . .
¥ J ht L\ and bucket friction, we proceed
Fro. 249, Arts. 527, 532, 534. — Velocity 88 in Fig. 249, decreasing v to
Corrected for Friction. V1 —m of its original value

(Art. 519), and making 2 less than V by from 5 to 20 per cent, as
in ordinary practice. As before, sin e =vsin ¢ + ¥; but for a bucket
friction of 10 per cent, sing=0.9 Vsinf+ Y.



374 APPLIED THERMODYNAMICS

528. Bucket Angles and Work Done. In Fig. 250, the absolute
velocities v and ¥ may be resolved into components ab and db in the
¢ direction of rotation, and ec and de at right
angles to this direction. The former compo-
nents are those which move the wheel; the lat-
ter produce an end thrust on the shaft. Now
ab+bd (bd being negative) is the change in
ST o velocity of the fluid in the direction of rotation;
it is the acceleration; the force exerted per
Y pound is then
(b +bd) + g =(ub + bd) + 32.2
= (vcos a+ Ycos y) + 32.2.

e
Fic. 250 Arts 3238, 529.—
Rotative and Thrust

Components. This force is exerted through the distance u
feet per second; the work done per pound of steum 1is then,
u(v cos & + Y cos ¢) + 32.2 foot-pounds. This, from Art. 526, equals
718 E (¢ — @) whence '

F=u(vcos a + Y cos g)+ 25051.6(qg — Q).
The efficiency is thus directly related to the bucket angles.

To avoid splashing, the entrance angle of the bucket is usually
made equal to the relative entering angle of the jet, as in Fig. 251.
(These formulas hold only when the sides of the
buckets are enclosed to prevent the lateral
spreading of the stream.) In actual turbines,
bd (Fig. 250) is often not negative, on account
of the extreme reversal of direction that would
be necessary. With positive values of dd, the
maximum work is obtained as its value ap-
proaches zero, and ultimately it is wv cos a+32.2.

Since the kinetic energy of the jet is 012-, the Fra 251, Art 528 —
a9 Velocities and Bucket

efficiency # from steam to buckets then becomes  Avsies:

2% cos a. In designing, we may either select an exit bucket angle

which shall make dd equal to zero (the relative exit velocity being
tangential to the surface of the bucket), or we may choose such an
angle that the end thrust components de and ca, Fig. 250, shall bal-
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ance. In marine service, some end thrust is advantageous; in
stationary work, an effort is made to eliminate it. This would be
accomplished by making the entrance and exit bucket angles equal,
for a zero retardation by friction. With friction considered, the
angle of exit K, in Fig. 251, must be greater than the entering an-
gle e. In any case, where end thrust 1s to be eliminated, the rota-
tive component of the absolute exit velocity must be so adjusted as
to have a detrimental effect on the economy.

529. Effect of Stream Direction on Efficiency. Let the stream strike
the bucket 1n the direction of rotation, so that the angle a =0, Fig. 250,
the relative exit velocity being perpendicular
to the plane of the wheel. The work done is

v2=Y while the kinetic energy is gi The
g 29

vV—1u
22

efficiency, 2w , becomes a maximum at

0.50 when = =f—)’- With a cup-shaped zane, as

in the Pelton wheel, Fig. 252, complete reversal
of the jet occurs; the absolute exit velocity,
ignoring friction, is ¥ — 2u. The change in
velocity is v+ v — 2u = 2(v — u), and the work

Fi1c. 252 Arts. 529, 536. — Pel-
ton Bucket.

: . 4u(v—
is 2u(v— u) + g, whence the efficiency, An(r—u)
v

2

, becomes a maximum

at 100 per cent when v =
practicable.

g- Complete reversal in turbine buckets is im-

530. Single-Stage Impulse Turbmme. The absolute velocity of steam enter-
ing the buckets is computed from the heat drop and nozzle friction losses. In a
e —u— ] turbine of this type, the speed of the

/'\ i buckets can scarcely be made equal
k - \e Ya |

p to half that of the steam; a more

<A > A usual proportion is 0.3. The velocity

w thus seldom exceeds 1400 ft. per
second. Fixing the bucket speed and
the absolute entering angle of the
steam (usually 20°) we determine
graphically the entering angle of the
bucket. The bucket may now be de-
signed with equal angles, which would
¢ eliminate end thrust if there were no
F1e. 253. Art. 530. — Bucket Outline. friction, or, allowance being made for
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friction, either end thrust or the rotative component of the absolute exit velocity
may be eliminated. The normals to the tangents at the edges of the buckets being

3 ===
=
3
D. A
£
.4
g

Y

SIN

FiG. 254. Art. 531.—Cartis Turbine.

(General Electric Company )

drawn, as ec, Fig. 253,
the radius r is made
equal to about 0.965 ec.
The thickness ¢ may
be made equal to 0.2
times the width ZI.
The bucket as thus
drawn is to a scale as
yet undetermined;
the widths %! vary in
practice from 0.2 to
1.0 inch. (Forastudy
of steam trajectories
and the relation there-
of to bucket design,
see Roe, Steam Tur-
bines, 1911.)

It should be noted
that the back, rather
than the front, of the
bucket is made tan-
gent to the relative
velocity V. The work
per pound of steam
being computed from
the velocity diagram,
and the steam con-
sumption  estimated
for the assumed out-
put, we are now in a
position to design the
nozzle.

531. Multi-stage
Impulse Turbine. If
the number of pres-
sure stages is few, as
in the Curtis type, the
heat drop may be di-
vided equally between
the stages. In the
Rateau type, with a
large number of
stages, a proportion-
ately greater heat drop

occurs in the low-pressure stages. The corresponding intermediate pressures are
determined from the heat diagram, and the various stages are then designed as
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separate single-stage impulse turbines, all having the same rotative speed. The
entrance angles of the fixed mtermediate blades in the Curtis turbine are equal to
those of the absolute exit velocities of the steam. Their exit angles may be
adjusted as desired; they may be equal to the entrance angles if the latter are not
too acute. The greater the number of pressure stages, the lower 1s the economical
himit of circumferential speed; and if the number of revolutions is fixed, the smaller
will be the wheel. Figure 254 shows a form of Curtis turbine, with five pressure
stages, each contaming two rows of moving buckets. The electric generator is at

the top.

532. Problem. Preliminary Calculations for a Multistage Impulse Turline.
To design a 1000 (brake) hp. impulse turbine with three piessure stages, having
two moving wheels in each pressure stage. Initial pressuie, 150 lb. absolute;
temperature, 600° F.; final pressure, 2 lb. absolute; entering stream aungles, 20°;
peripheral velocity, 500 ft. per second ; 1200 revolutious per minute.

By reproducing as in Fig. 240 a portion of the Mollier heat chart, we obtain
the expansive path 4B, and the heat drop is 1816.6 — 987.5 = 329.1 B.t.u. Divid-
ing this into three equal parts, the heat drop per stage becomes 329.1 — 3 = 109.7
B. t. u. This is without correction for friction, and we may expect a somewhat
unequal division to appear as friction is considered. To include friction in deter-
mining the change of condition during flow through the nozzle, we lay off, in Fig.
240, AH =109.7, HG =A_H, and project GE, finding p = 50, ¢ = 880°, at the out-

10
lets of the first set of nozzles. The velocity attained (with 10 per cent loss of

available heat by friction) is » = 212.42V109.7 = 2225 ft. per second

F1g. 255. Art. 532. — Multi-stage Velocity Diagram.

We now lay off the velocity diagram, Fig. 249, making a=20° u=>500,
v=2225. The exit velocity z may be variously drawn; we will assume it so that
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the relative angles e and f are equal, and, allowing 10 per cent for bucket friction,
will make z = 0.9 V. For the second wheel, the augle e’ is again 20°, while +/, on
account of friction along the stationary or guide blades, is 0.9 Y. After locating
V7, if the angles ¢’ and ' were made equal, there would in some cases be a back-
ward impulse upon the wheel, tending to stop 1, at the emergence of the jet along
Y’. On the other hand, if the angle #’ weie made too acute, the stream would be
unable to get away from the moving buckets. With the particular angles and
velocities chosen, some backward impulse is inevitable. We will limit it by mak-
ing f” = 30°. The rotative components of the alsolute velociiies may be computed
as follows, the values being checked as noted from the complete graphical solution
of Fig. 255:

ab = v cos 20° = 2225 x 0.93969 = 2090.81. (2080)

ed =cz—de=09 Veosf— u=0.9 Vecose — u=0.9(2090.81 — 500) — 500 = 931.73.

(925)
ef = eg cos20° = 0.9 cg*cos20° = 0.9 x 1158 x 0.93969 = 979. (975)
kl = km — Im = 500 — 2’ cos 30° = 500 — 0.9 7" cos 30°
=500 — (0.9 x 596.2 + x 0.86603) = 36.
The work per pound of steam is then ("7’ + c’;;:;f = “) u= 396;22%2500 = 61500

foot-pounds, in the first stage. This is equivalent to 61,500 — 778 = 79.2 B. t. u.
The heat drop assumed for this stage was 109.7 B. t. u. The heat not converted
into work exists as 1esidual velocity or has been expended in overcoming nozzle
and bucket friction and thus indirectly in superheating the steam. It amounts
101097 — 792 =30.5 B, t. u.

Returning to the construction of Fig. 240, we lay off in Fig. 256 an =179.2
B. t. u. and project no to Zn, inding the condition of the steam after passing the
first stage buckets. Bucket friction has moved the state point from m to o, at
which latter point Q@ = 1237.2, p = 50,¢ = 414°. This is the condition of the steam
which is to enter the second set of nozzles. These nozzles are to expand the steam
down to that pressure at which the ideal (adiabatic) heat drop from the initial
condition is 2 x 109.7 = 219.4 B. t. u. Lay off ae = 219.4, and find the line eg of
12 1b. absolute pressure. Drawing the adiabatic op to intersect eg, we find the
heat drop for the second stage, without friction, to be 1287.2 — 1120 = 117.2 B. +. u. "
giving a velocity of 212 A2VIIT.3 = 2209.66 ft. per second.

* To find cg, we have
b = Vcose = 2000.81 — 500 = 1590.81, bj = wsin e = 2225 x 0 84202 = 760,99,

=Veb’ + b = VIGNBL + T60.90° = 1765, v = 09 V= 0.9 x 1765 = 1588.6,

h=zsinf = 1588 5sin ¢ = 1588.522 1 1588.5 ‘F°62° = 685,

¢g =Veh’ + hg = VE8E: + 931.732 = 1158,
t To find ¥/, we have
@f =v'sin20° =090 ¥sin20° = 0.9 x 1158 x 0.34202 = 355,
nf=ef - u =979 — 500 = 479, V! =Vns’ 4 gi =V470® 1 355° = 596.2.
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The complete velocity diagram must now be drawn for the second stage, fol-
lowing the method of Fig.255. This gives for the rotative components, ab=2160.97,
cd = 994.87, ¢f = 1032.59, ki = 8.06. (There is no backward impulse from %l in
this case.) The work per pound of steamn is

500(2160.97 +994.87 4+ 1032.59 + 8.06
( + 3 2; * ) = 65,163 foot-pounds,

or 83.76 B. t. u. Of the available heat drop, 117.2 B. t. u., 33.44 have been ex-
pended in friction, etc. Laying off, in Fig. 256, pg = 83.44, and projecting ¢r to
meet pr, we have r as the state point

for steam entering the third set of nozzles. P
Here p=12, ¢, =223° Q';=115344. In -
expanding to the final condenser pressure,
the ideal path is rs, terminating at 2 lb.
absolute, and giving an uncorrected heat
drop of Q,—Qs;=1153.44—1039=114.44 [
B. t. u. The velocity attained 1is 1%

212.42V'114.44 =2271.83 feet per second. \3‘12
A third velocity diagcam shows the —F ole185.44
work per pound of steam for this B =200
stage to be 63,823 foot-pounds, or 82.04 I\ B
B.t.u. We are not at present con- \ -t
cerned with determining the condition '\’6/
of the steam at its exit from the third /‘:o,=1089
stage.

The whole work obtained from a
pound of steam passing through the three J

stages is then 79.2-83.76-4-82.04 =245.0

B.t.u. (20a). The horse power required  Fyo p55.  Art. 532.—Stenm Path. Mal ¥
. 256. . 532.—8 , Multi-

is 1000 at the brake or say 1000-+-0.8= stage Turbine, #

1980000
1250 hp. at the buckets. This is equivalent to 1250 X 9378 = 3,181,250 B. t. u.

per hour. The pounds of steam necessary per hour are 3,181,250 +245.0=12,974.
This is equivalent to 12.97 Ib. per brake hp.-hr., a result sufficiently well confirmed
by the test results given in Chapter XV.

Proceeding now to the mnozzle design, we adopt the formula F =G;/_—W from Art.
521. It will be sufficiently accurate to compute cross-sectional areas at throats
and outlets only. The path of the steam, in Fig. 256, is as follows: through the
first set of nozzles, along am; through the corresponding buckets, along mo; thepce
alternately through nozzles and buckets along o, ur, v, vt. The points «, v, etc.,
are found asin Fig.240. It is not necessary to plot accurately the whole of the
paths am, ou, rv; but the condition of the steam must be determined, for each
nozzle, at that point at which the pressure is 0.57 the initial pressure (Art. 522).
The three initial pressures are 150, 50, and 12; the corresponding throat pressures
are 85.5, 28.5. and 6.84. Drawing these lines of pressure, we lay off, for example,
wz =1 aw, project zy to wy, and thus determine the state y at the throats of the
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first set of nozzles. The corresponding states are similarly determined for the
other nozzles. We thus find,

at y, p = 85.5, t = 474 at m, p = 50, t = 380°,
g =1260.5; g =1217.87;

at A, p =28.5,t = 3139, at u, p =12, z = 0.989,
q=1192; ¢ = 1131.72;

at B, p = 6.84, z = 0.9835, at v, p =2, z = 0.932,
¢ = 1118; g = 1050.44.

e now tabulate the corresponding velocities and specific volumes, as below.
The former are obtained by taking 7"= 223.84 Vg, —q,; the latter are coinputed from

the Tumlirz formula, W = 0.5963 % —0.256. Thus,at the throatof the first nozzle,

¥ = 923.84 VI316.6 — 19605 = 1683 ; while IV = 0.5963 4—6&8# — 0.256 = 6.26.
In the wet region, the Tumlirz formula is used fo obtain the volume of dry
steam at the stated pressure and the tabular corresponding temperature; this is
applied to the wet vapor: W, = 0.017 + 2(W, — 0.017). The tabulation follows.

Aty, V= 1683, IV = 6.26; at m, V = 2225, W = 9.724 :
at 4 V=1507, W = 15.92; atu, V=2999, W = 32.24;
at B, V = 1880, TV = 53.92; atv, V=9271, W = 162.62.

The value of G,the weight of stean flowing per second, is 12,974 3600 =3.604 1b.
For reasonable proportions, we will assume the number of nozzles to be 16 in the
first stage, 42 in the second, and 180 in the third. The values of & per nozzle for
the successive stages are then 3.604 = 16 = 0.22525, 3.604 — 42 = 0.08581 and
3.604 — 180 = 0.02002. We find values of F as follows:

Aty 022525 x 826 _ 600839; atu, 208581 x 8224 _ 41005,

Y 1653 2909
0.92595 x 9.794 _ ) 0.02002 x 53.92 .
at m, 22202 X OT2 _ 0.000989; at B, 202X 5392 _ ,000309;

at 4, 0__-0808115(;10-93 = 0.000903; at v, 0_.—-020025;;1162'62 = 0.00144.

Completing the computation as to the last set of nozzles only, the throat
area is 0.000809 sq. ft., that at the outlet being 0.00144 sq. ft. These corre-
spond fo diameters of 0.385 and
0.515 in. The taper may be uniform
from throat to outlet, the sides mak-
ing an angle of 10°. This requires
a length from throat to outlet of
(0.515 — 0.385) ~ 2 tan 5° = 0.742 in.
The length from inlet to throat may
be one fourth this, or 0.186 in., the
edge of the inlet being rounded.
The nozzle is shown in Fig. 257.

The diameter of the bucket wheels at mid-height is obtained from the rotative
speed and peripheral velocity. If d be the diameter,

8.1416 d x 1200 = 60 x 500, or d = 7.98 feet.
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The forms of bucket are derived from the velocity diagrams. For the first
stage, we proceed as 1n Art. 530, using the relative angles ¢ and f given in Fig. 255
for determining the angles of the backs of the moving blades, and the absolute
angles for determining those of the stationary blades.

533. Utilization of Pressure Energy. Besides the energy of impulse
against the wheel, unaccompanied by changes in pressure, the steam may
expand while traversing the buckets, producing work by reaction. This
involves incomplete expansion in the nozzle, and makes the velocities of
the discharged jets much less than in a pure impulse turbine. Lower
rotative speeds are therefore practicable. Loss of efficiency is avoided by
carrying the ultimate expansion down to the condenser pressure. In the
pure pressure turbine of Parsons, there are no expanding nozzles; all of
the expansion occurs in the buckets (Art. 524). (See Fig. 247.) Here
the whole useful effort is produced by the reaction of the expanding steam
as 1t emerges from the working blades to the guide blades. No velocity is
given up during the passage of the steam ; the veloeity is, in fact, inereasing,
hence the name reaction turbine. The impulse turbine, on the contrary,
performs work solely because of the force with which the swiftly moving
jet strikes the vane. It is sometimes called the velocity turbine. Turbines
are further classified as horizontal or vertical, according to the position of
the shaft, and as radial flow or axial flow, according to the location of the
successive rows of buckets. Most pressure turbines are of the axial flow

type.

534. Design of Pressure Turbine. The number of stages is now large. The
heat drop in any stage is so small that the entering velocity 1s no longer negligible.
The velocity of the steam will increase continually throughout the machine, being
augmented by expansion more rapidly than it is decreased by friction. If the
effective velocity at entrance to a row of moving blades 1s V', increasing to V. by
reason of expansion occurring in the blades, the energy of reaction, available for

The effective velocity entering the stationary blades

performing work, is = 2;
being V3, and increasing to ¥, by expansion therein, energy is produced equal to
V=V,
- 29 2 , Which is given up to the following set of moving blades, in the shape of an
impulse. Each moving blade thus receives an impulse at its entrance end and a
reaction at its outlet end. By making the forms and angles of fixed and moving
blades the same, the work done by impulse equals the work done by reaction, or

Vi-V2 V2-Vy?
29 2

In Fig. 259, lay off the horizontal distance FO, representing the aggregate axial
length of four drums composing a pressure turbine. The peripheral speeds of
drums vary from 100 to 350 ft. per sec., increasing as the pressure decreases and
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as the size of the machine increases, and being generally less in marine than in
stationary service The successive drum diameters and peripheral speeds frequently
have the ratio /2 :1 (21) Assume, mn this case, that the peripheral speed of the
first drum 1s 130 ft per sec., and that
of the last drum 350 ft per sec. The
usual plan 1s to mcrease the successive
drum speeds at constant ratio. This
makes the speeds of the blades on the
mtermediate drums 181 and 251 ft per
sec , respectively.

The steam velocity will be usually
i between 134 and 3 times the blade ve-
c G D 5 . locity. it will increase more rapidly as
Fi. 259. Art. 53%, Prob. 17.—Design of }e Jower pressures are reached The

Pressure Turbuue. value of this ratio should vary between
about the same limits for each drum.

The curve EA 1s sketched to represent steam velocities assumed: the ordinate
FE may be 130X2=260 ft. per second, and the ordinate OA say 973 ft. per sec.
The shape of this curve is approximately hyperbolic.

Tt is now desirable to lay off on the axis FO distances representing approximately
the lengths of the various drums. An empirical formula which facihtates this is

VELOCITIES
B,T.Up CONVERTED TO WORK  3*

f

1

)

!HAFT

[/

n=—

where n=number of rows of blades when the blade speed is u ft. per sec.,
C'=a constant, =1,500,000 for marine turbmnes, =2,600,000 for turbo-generators.

When (as in our case) u is different for different drums, we have
= 'g; Xs,
U

n; being the number of stages on a drum of blade veloaty w, developing the s pro-
portion of the total power. The power developed by the successive drums increases
toward the exhaust end: let the division in this case be ¥, %, %, §, of the total respect-
ively. Then for C'=2,600,000,

2,600,000 1 _ 2,600,000 1 _
=" Xg =26 %="Tga X5 =16,
2,600,000 1 _ 2,600,000 3 _
'ﬂa——'—2512 X4 —10, m——-——3502—-><§— 8.

The total number of stages is then approximately 60. The distances FC, CD, DB,
BO, are then laid off, equal respectively to #3, 4%, %% and @5 of FO. At any point
like G, then, the steam velocity is Z@ and the blade velocity is that for the drum
in question: for G, for example, it is 181 ft. per seec.

Knowing the steam velocity and peripheral velocity for any state like @, we
construct a velocity diagram as in Fig. 249, choosing appropriate angles of entrance
and exit. In ordinary practice, the expansion in the buckets is sufficient, not-
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withstanding friction, to muke the relatwe exit and absolute entramce angles and
velocities about equal. (This equalizes the amounts of work done by impact
and by reaction.) In such case, we have the simple graphical construction of
Fig. 260.
Since ab =bc, db=be, and ad =ec, we ob-

tain

u(ah+he) _ad(hc + hd)
work=—"gr ~ 323 -

Drop the perpendicular bk, and with % as
a center describe the arc aj. Draw dg per-
pendicular to ac. Then

dg? = adXdc = ad(dh+he), and

— .
work=;Tg2 foot-pounds, or (I:-Tg3) B.t.u.
- : F1e. 260 Art. 534, Prob. 18.— Velocity

This result represents the heat converted Diagram, Pressure Turbine.

into work at a stage located vertically in
line with the point @, Fig. 259. Let this heat be laid off to some convenient
scale, as GH. Similar determinations for other states give the heat drop curve
IJKHLMNOP. The average ordinate of this curve is the average heat drop or
work done per stage. If we divide the total heat drop obtained by the average
drop per stage, we have the number of stages, the nearest whole number being taken.*
Suppose the machine to be required to drwe a 2000 kw. generator (2400 kw. overload
capacity) at 175 Ib. vmatial absolute pressure and 50° of superheat, the condenser pressure
being 11b absolute, the r. p. m. 3600, the generator efficiency 0.94 and the losses as follows:
steam frictrom, 0 25; leakage, 0 06, windage and bearings, 0.16; residual velocity in
exhaust, 0.03. The theoretical heat drop is 1227—890=337 B. t. u. The drop
corrected for steam friction is 337 X0.75=253 B. t. u. The average ordinate of the
heat drop curve in Fig. 259 being 4.16 B. t. u., the corrected number of stages is
258
4.16
be corrected for the necessary revised numbers of stages in the various drums: thus,

the whole heat drop being 253 B. t. u., that in the first drum must be %3 =422

=61 (nearest whole number) instead of 60. The curve of heat drops may now

B.:t. u. The average heat drop per stage for the first drum being (average ordinate
2.2
of IJ) 1.56 B. t. u., the number of stages on that drum is %5_6=27 (instead of 26).

For the other drums, proceeding in the same way, the numbers of stages work out
as before, 16, 10 and 8.

The aggregate of losses exclusive of steam friction is 0.25. The heat available
for producing power is then 253X0.75=190 B. t. u. per lb. of steam. With the
given generator efficiency, the weight of steam required per kw.-hr. is

2545 X 1.34
190}0.94

* Dividing the total heat drop at a state in a vertical line through C by the average
drop per stage from F to C, we have the number of stages on the first drum.

=19.0.
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At normal rate, the weight of steam used af the overload condition is

%9 = 12.67 lb. per sec.

535. Specimen Case. To determine the general characteristics of a pressure
turbine operating between pressures of 100 and 35 lb., with an initial superhcat
of 300° F., the heat drop bemng reduced 25 per cent by friction. There are to he
3 drums, and the heat drop is to be equally divided between the drums. The per-
ipheral speeds of the successive drums are 160, 240, 320 ft. per second. The rela-
tive entrance and absolute exit velocities and angles are equal; the absolute entrance
angle 18 20°. The turbine makes 3000 r. p. m. and develops 2500 kw. with losses
between buckets and generator output of 65 per cent.
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Fia. 260 a. Art. 535. — Expansion Path, Pressure Turbine,
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In Fig. 260 a, the expansive path is plotted on a portion of the total heat-
entropy diagram. The total heat drop is shown to be 1842 — 1130 = 212 B. t. u,,
and the heat drop per drum is 212 —8 =70% B.t. u. In Fig. 2605, lay off to any

scale the equal distances ab, be, cd, and the vertical distances ae, by, ci, rep-
resenting the drum speeds. Lay off also ak, m, co, equal respectively to
1} x (ae, bg, ci), and al, bn, cp, equal respectively
to 3% times these drum speeds. The curve g¢r |p u
i L 4
A
//
- =T |
e
l [ IR M A B S
| ¥ 1. v
g mE R — 1 ;
9
k | e e —r— —_—— -—Tg h
€ f
a 14 c a

F1a. 2605. Art. 535 — Elements of Pressure Turbine.

of entrance absolute velocities is now assumed, so as to lie wholly within the area
Aisntpuvowmz. Figure 260 ¢ shows the essential parts of the velocity diagram
for the stages on the first drum. Here ab representsag in Fig. 260 3, ad répresents
. ono de )2_(279.7)2_ g Bt u i .
ae, the angle bad is 20°, and (—168.3 =583 =38.12 B. t. u. is the heat drop
for the first stage in the turbine. Making ac represent by and drawing de, ch, af,
we find ( af )2= (——3?4'7)2= 3.70 B. t. u. as the heat drop for the last stage on
158.3 158.8
the first drum. For intermediate stages between these two, we find,

INITIAL ABSOTUTE | ORDINATE FROM Hzat Dror,

VELocITY a B.T.T
ab = 850 de = 279.7 3.12
3563 282.8 8.20

3623 285.9 3.26

368% 289.0 3.34

375 202.1 3.40

381} 295.3 3.48

387% 298.4 3.56

393% 801.5 3.63

ac = 400 df=3804.7 3.70
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In Fig. 260 b, we now divide the distance ab into 8 equal parts and lay off to
any convenient vertical scale the heat drops just found, obtaining the heat drop
curve z4. The average ordinate of this curve is 3.41 and the number of stages on
the first drum 18 704 — 8.41 = 21 (nearest whole number). The number of stages

-

&

Fia. 260¢. Art. 535. — Velocity Diagram, Pressure Turbine.

on the other drums is found in the same way, the peripheral velocity ad, Fig.
260 ¢, being different for the different drums. The diameter d of the first drum is
given by the expression
__60X160 _
3000 =d = 60 X 160 or d—mo—l.02ft.

The weight of steam flowing per second is

2500 x 1.34 x 2545 _
0.65 x 212 x 3600 17.1 Ib.
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In the first stage of the first drum, the condition of the steam at entrance to
the gwde blades is (Fig 260a) H=1342, p=100; at exit from the moving blades,
it 15 H=1338 59, p=98. From the total heat-pressure diagram, or by computa-
tion, the corresponding specific volumes are 6.5 and 6.6. The volumes of steam
flowing are then 6.5 X17.1=111 and 6.6 X17.1=113 cu ft per second. The absolute
steam velocities are (Fig 260 b) 350 and 356 ft. per second. The axial components
of these velocities (entrance angle 20°) are 0 34202X350=120, and 0.34202 X 3561
=122 Thedrum peripherys102X3 1416 =3 2 ft. If the blade thicknesses occupy
1 this periphery and the width for steam passage between the buckets is constant,
the width for passage of steam 18 §X3 2=2 133 ft., and the necessary height of fixed

111 . . 113
sis———————=0434ft.or 5 21n. at theb f —_—
buckets is 2133120 or 1n. at the beginning of the stage and 21335122

=0.434 ft. or 52 in. at the end. The fixed blade angles are determined by the
velocities be and ab, Fig. 260, those of the moving blades by bd and bc. There is
no serious error involved in takmg the velocity and specific volume as constant
throughout a blade. The height of the moving buckets should of course not be less
than that of the guide blades; this may be accomplished by increasing the thick-
ness of the former The blade heights should be at least 8 per cent of the drum
diameter, if excessive leakage over tips is to be avoided. The clearance over tips
varies from 0.008 to 0.01 inch per foot of drum diameter. Blade widths vary from
2 to 11 in, with center-to-center spacing from 1% to 4 ins.

The method of laying out the blades is suggested in Fig 260d. Let ab be the
absolute steam velocity at entrance to a row of moving blades, cb the blade velocity.
Then the relative velocity ac determines the enter-
ing angles at c and ¢ The moving blade is made
with a long straight tapering tail, in which expan-
sion occurs after the steam passes the pomt r. Let
hj, parallel with the center line of the expanding
portion of the blade (fg), represent the wvelocity
attained at the outlet of this blade, and let jk again
represent the blade velocity. Then Ak represents
the absolute velocity of exit and determines the
entering angles of the following fixed blades, on and
ml being parallel with k. Fmally, since the steam
must emerge from the fixed blades with a velocity
parallel with ab, we draw pg parallel with ab, n 2
determining the direction of the expanding posi~- Fia. 260d. Art 535 -—Blading

tion (beyond s) of the fixed blade. The angles abe of Pressure Turbine.
and %hjk are made equal, and range between 20°
and 30°.

It should be noted that the velocities indicated by the curve gr, Fig. 260 b, are
those of the steam at exit from the fixed blades and entrance to the moving blades.
The diagram of Fig. 260 gives the absolute velocity of the steam entering the next set
of fixed blades.

ComMEeRCIAL ForMs oF TURBINE,

536. De Laval; Stumpf. Figure 235 illustrates the principle of the De Laval
machine, the working parts of which are shown in Fig. 261. Entering through
divergent nozzles, the steam strikes the buckets around the periphery of the wheel
b. The shaft ¢ transmits power through the helical pinions @, a, which drive the
gears e, ¢, ¢, ¢, on the working shafts f, f. The wheel is housed with the iron cas-
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ing g. This is a horizontal single-stage impulse turbine with a single wheel. Its
rotative speed is consequently high; in small units, it reaches 30,000 r. p. m. It is
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b.ilt oprincipa.lly in small sizes, from 5 to 300 h.p. The nozzles make angles
of 20° with the plane of the wheel; the buckets are symmetrical, and their angles
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range from 32° to 86° increasing with the size of the unit. For these proportions,
the most efficient values of » would be about 950 and 2100 for absolute steam veloci-
ties of 2000 and 4400 feet per second, respectively; in practice, these speeds are
not attained, » ranging from 500 to 1400 feet per second, according to the size.
The high rotative speeds require the use of gearing for most applications. The
helical gears used are quiet, and being cut right- and left-hand respectively they
practically eliminate end thrust on the shaft. The speed is usually reduced in the
proportion of 1 to 10. The high rotative speeds also prevent satisfactory balanc-
ing, and the shaft is, therefore, made flexible; for a 5-hp. turbine, it is only %
inch in diameter. The bearings %, j are also arranged so as to permit of some
movement. The pressure of steam in the wheel case is that of the atmosphere or
condenser, all expansion occurring in the nozzle. A centrifugal governor controls
the speed by throttling the steam supply and by opening communication between
the wheel case and atmosphere when necessary.

The nozzles of the De Laval turbine are located as in Fig. 235. Those of the
Stumpf, another turbine of this class, are tangential, while the buckets are of the
Pelton form (Fig. 252), and are milled in the peripbery of the wheel. A very
large wheel is employed, the rotative speeds being thus reduced. In a late form
of the Stumpf machine, a second stage is added. The reversals of direction are so
extreme that the fluid friction must be excessive.

537. Curtis Turbine. This is a multi-stage impulse turbine, the principle of
operation having been shown in Fig. 245. In most cases, it is vertical ; for marine
applications, it is necessarily made
horizontal. Figure 262 illustiates
the stationary and moving blades
and nozzles. Steam enters through
the nozzle 4, strikes a row of mov-
ing vanes at a, passes from them
through stationary vanes B to
another row of moving vanes at e,
then passes through a second set
of expanding nozzles at % to the
next pressure stage. This particu-
lar machine has four pressure
stages with two sets of moving
buckets in each stage. The direc-
tion of flow is azial. The number
of pressure stages may range from
two to seven. From two to four
velocity stages (rows of moving
buckets) are used in each pressure
stage. In the two-stage machine,
the second stage is disconnected
when the turbine runs mon-con-
densing, the exhaust from the first

F1a. 262. Art. 537. — Curtis Turbine. stage being discharged to the at-
mosphere. Governing is effected
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by automatically varying the number of nozzles in use for admitting steam to the
first stage. A step bearing carries the whole weight of the machine, and must be
supplied with lubricant under heavy pressure; an hydiaulic accumulator system is
commonly employed.

538. Rateau Turbine. This is a horizontal, axial flow, multi-stage impulse
turbine. The number of pressure stages 1s very lazge— from twenty-five upward.
There is one velocity stage in each pressure stage. Very low speeds are, theiefore,
possible. Figure 263 shows the general airangement; the tranveise partitions e, e
form cells, in which 1evolve the wheels £, /. the nozzles are merely slots in the
partitions. The blades a1e pressed out of sheet steel and riveted to the wheel.
The wheels themselves are of thin pressed steel.

1 1

Fia. 263 Art. 538. —Rateau Turbine.

539. Westinghouse-Parsons Turbine. This is of the axial ‘flow pressure type,
and horizontal. The steam expands through a large number of successive fixed
and moving blades. In Fig. 264, the steam enters at 4 and passes along the vari-
ous blades toward the left; the movable Buckets are mounted on the three drums,
and the fixed buckets project inward from the casings. The diameters of the
drums increase by steps; the incieasing volume of the steam within any section is
accommodated by varying the bucket heights. The balance pistons P, P, P are
used to counteract end thrust. The speed is fairly high, and special provision
must be made for it in the design of the bearings. Governing is effected by inter-
mittently opening the valve T7; this valve is wide open whenever open at all.

The length of this machine is sometimes too great for convenience. To over-
come this, the ¢“doubleflow” turbine receives steam near its center, through
expanding nozzles which supply a simple Pelton impulse wheel. This utilizes
a large proportion of the energy, and the steam then flows in both directions
axially, through a series of fixed and moving expanding buckets. Besides reduc-
ing the length, this arrangement practically eliminates end thrust and the neces.
sity for balance pistons.
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540. Applications of Turbines. Turbo-locomotives have been experimented
with in Germany; the direct comnection of the steam turbine to high-pressure
rotary air compressors has been accomplished. In stationary work, the dnect
driving of geneiators by turbines is common, and the high rotative speeds of the
latter have cheapened the former. At high speeds, difficulties may be experi-
enced with commutation; so that the turbine is most successful with alternating-
current machines. When driving pumps, turbines permit of exceptionally high
lifts with good efficiencies for the centrifugal type, and low first costs. For low-
pressure, high-speed blowers, the turbine is an 1deal motor. (See Art. 239.) The
outlook for a gas turbine is not promising, any gas cycle mvolving combustion ab
constant pressure being both practically and thermodynamically inefficient.

The objections to the turbine in marine application have arisen from the high
speed and the difficulty of reversing. A separate reversing wheel may be em-
ployed, and graduation of speed is generally attained by installing tuibines in
pairs. A small reciprocating engine is sotetimes employed for maneuvering at
or near docks. Since turbines are not well adapted to low rotative speeds, they
are not recommended for vessels rated under 15 or 16 knots. The advantages ot
turbo-operation, in decreased vibration, greater simphcity, smaller and more deeply
immersed propellers, lower center of gravity of engine-room machinery, decreased
size, lower first cost, and greater unit capacity without excessive size, have led to
extended manne application. The most conspicuous examples are in the Cunard
liners Lusitania and Mauretania. The former has two high-pressure and two low-
pressure main turbines, and two astern turbines, all of the Parsons type (22).
The drum diameters are respectively 96, 140, and 104 in. An outpus of 70,000 hp.
is attained at full speed.

541. The Exhaust-steam Turbine. From the heat chart, Fig. 177, it is
obvious that steam expanding adiabatically from 150 1b. absolute pressure and
600° F. to 1.0 1b. absolute pressure transforms into work 365 B. t. u. It has been
shown that in the ordinary reciprocating engine such complete expansion 1s unde-
sirable, on aceount of condensation losses. The final pressure is rarely below 7 Ib.
absolute, at which the heat converted into work in the above illustration is only
952 B. t. u. The turbine is particularly fitted to utilize the remaining 113 B. t. u.
of available heat. The use of low-pressure turbines to receive the exhaust steam
from reciprocating engines, has, therefore, been suggested. Some progress has
been made in applying this principle in plants where the engine load is intermit-
tent and condensation of the exhaust would scarcely pay. With steel mill en-
gines, steam hammers, and similar equipment, the introduction of a low-pressure
turbine is decidedly profitable. The variations in supply of steam to the tuibine
are offset by the use of a regenerator or accumulator, a cast-iron, water-sprayed
chamber having a large storage capacity, constituting a ¢«fly wheel for heat,” and
iy admitting live steam to the turbine through a,reducing valve. When a sur-
plus of steam 1eaches the accumulator, the pressure rises; as soon as this falls,
some of the water is evaporated. The maximumn pressure is kept low to avoid
back pressure at the engines. A steam consumption by the turbine as low as
85 Ib. per brake hp.-hr. has been claimed, with 15 1b. initial absolute pressure and
a final vacuum of 26 in. Other good results have been shown in various trials
(23). (See Art. 552.) Wait (24) has described a plant at South Chicago, Ill., in
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which a 42 by 60 inch double cylinder, reversible rolling-mill engine exhausts to an
accumulator at a pressure 2 or 3 lb. above that of the atmosphere. This dehvers
steam at about atmospherie pressure to a 500 kw. Rateau turbine operated with
a 28-n vacuum. The steam consumption of the turbine was about 35 lb. per
electrical hp -hr , delivered at the switchboard.

The 8 S. Turbinia, 1 1897, was fitted with low-pressure turbines receiving the
exhaust from reciprocating engines and operating between 9 1b. and 1 1b. absolute.
One third of the total power of the vessel was developed by the turbines, although
the initial pressure was 160 Ib.

542. Commercial Considerations. The best turbines, in spite of their thermo-
dynamically superior cycle, have not yet equalled 1n thermal efficiency the best
reciprocating engines, both operating at fullload. (Thisrefers to work at the cylinder.
The heat consumption referred to work at the shaft has probably been brought as
low, with the turbine, as with any form of reciprocating engine ) The combination
of reciprocating engine and turbine (Art. 552) has probably given the lowest con-
sumption ever reported for a vapor engine. The average turbine is more economical
than the average engine; and since the mechanical and fluid friction losses are
disproportionately large, it seems reasonable to expect improved efficiencies as
experimental knowledge accumulates.

The turbine 1s cheaper than the engine; it weighs less, has no fly wheel, requires
less space and very much less foundation. It can be built in larger units than a
reciprocating cylinder. Power house buldings are cheapened by its use; the
cost of attendance and of sundry operating supplies is reduced. It probably depre-
ciates less rapilly than the engine. The wide range of expansion makes a high
vacuum desirable; this leads to excessive cost of condensing apparatus. Similarly,
superheat is so thoroughly beneficial in reducing steam friction losses that a con-
siderable 1nvestment in superheaters is necessary. The choice as between the
turbine and the engine must be determined with reference to all of the conditions,
technical and commereial, including that of load factor. Turbine economy cannot
be measured by the indieator, but must be determined at the brake or switchboard,
and should be expressed on the heat unit basis (B t u. consumed per unit of output
per minute).

For results of trials of steam turbines, see Chapter XV.

(1) Trans. Inst. Engrs and Shipbuilders in Scotland, XLVI, V. (2) Berry,
The Temperature-Entropy Diagram, 1905. (2 a) For the general theory of fluid
flow, see Cardullo, Practical Thermodynamics, 1911, Arts. 55-60; Goodenough,
Principles of Thermodynamics, 1911, Arts. 148-150, 153; for empirical formulas,
sec Goodenough, op cit., Art. 154. (3) To show this, ;EJut the expression in .

the brace equal to m, and make %=O ; then g = (‘1%) =¥ which maybe solved

for any given value of y. (4) Thests, Polytechnic Institute of Brooklyn, 1905.
(5) Thomas, Steam Turbines, 1906, 89. (6) Proc. Inst. (. Eng., CXL, 199.
(7) Zeus. Ver. Deutsch. Ing , Jan. 16, 1904. (8) Rankine, The Steam Engine, 1897,
344. (9) Evxperimental Researches on the Flow of Steam, Brydon tr.; Thomas, 0p. cit.,
106. (10) Thomas, op. cit., 123. (11) Engineerng, XIII (1872). (12) Trans.
A.8. M. E.,XI, 187. (13) Mitteil. uber Forschungsarb., XVIII, 47, (14) Practice
and Theory of the Injector, 1894. (15) Peabody, Thermodynamics, 1907, 443.
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(16) Trams. A. 8. M. E., XXVII, 081. (17) Stodola, Steam Turbines. (18) The
Steam Engine, 1905, I, 170. (19) Techmcal Thermodynamics, Klem tr., 1907: 1,
225; II, 153. (20) Trans. 4. 8. M. E , XXVII, 081. (20 a) For a method for
equalizing the three quantities of work, see Cardullo’s paper, * Energy and Pressure
Drop in Compound Steam Turbines,” Jour. A. § M. E., XXXIII, 2. (21) See
H. F. Schmidt, in The Engineer (Chicago), Dec. 16, 1907; Trans. Inst Engrs. and
Shupbuilders mn Scotland, XLXIX. (22) Power, November, 1907, 770. (23) Trans.
A.8.M.E.,XXV,817; Ihd, XXXII, 3, 315. (24) Proc. A.1.E. E., 1907.

SYNOPSIS OF CHAPTER XIV

The turbine utilizes the velocity energy of a jet or stream of steam.
Expansion m a mozzle is adiabatic, but not isentropic, the losses in a turbine are due
to residual velocity, friction of steam through nozzles and buckets and mechanical

friction.
E+ PW+ 2 e+ pw+ f—, or E:q— Q, approximadtely ;
29 29 29
whence V=223847— Q. -
The complete expansion secured in the turbine warrants the nse of exceptionally high
vacuum,

Nozzle friction decreases the heat converted into work and the velocity attained ;
V=212.42vVg~ Q.

The heat expended in overcoming friction reappears in drying or superheating the
steam.

F= G—F—; , which reaches a minimum at a definite value of £, For steam, this value
y 4

is about 0.57. If the discharge pressure 1s less than 0 57 p, the nozzle converges to
a * throat?’ and afterward diverges.

The multi-stage impulse turbine uses Jower rotative speeds than the single stage.

The diverging sides of the nozzle form an angle of 10°; the converging portion may be

one fourth as long.

Steam consumption per Thp.-hr. = 2545 ~ E(¢ — Q).

The rotative components of the absolute velocities determine the work ; the relative
velocities determmne the (moving) bucket angles. Bucket friction may decrease

relative velocities by 10 per cent during passage. Work =(vcosa 3 Y cosg) ¥
Efficiency = & = Work — 778(q — Q). Bucket angles may be adjusted to equalize
end thrust, to secure maxunum work, or may be made equal.

For a right-angled stream change, maximum efficiency is 0.50 ; with complete reversal,
it is 1.00. With practicable buckets, it is always less than 1.0,

The backs of moving buckets are made tangent to the relative stream velocities.

The angles of fixed blades are determined by the absolute velocities.

In the pure pressure turbine, expansion occurs in the buckets. No nozzles are used.
Turbines may be horizontal or vertical, radial or axial flow, impulse or pressure type.

In designing a pressure turbine, 1-")-‘: 0.33 to 0.67. The heat drop at any stage may

equal (l—gg—a) g, Fig. 260, The number of stages is the quotient of the whole heaf;
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drop, corrected for friction; by the mean value of this quantity. Friction through
buckets may be from 20 to 30 per cent. The accumulated heat diop to any stage
is ascertained and the condition of the steam found as m Fig. 240 Typical
design, Arts. 534, 535.
Commercial forms include the De Laval, single-stage impulse :
Stumpf, single- or two-stage impulse, with Pelton buckets.
Curtis, multi-stage impulse, usually vertical, axial flow.
Rateaun, multi-stage impulse, axial flow, horizontal, many stages.
‘Westinghouse-Parsons, pressure type, axial flow, horizontal ; sometimes of the
¢ double flow ** form.
Marine applications involve some difficulty, but have been satisfactory at high speeds.
The turbine may utilize economically the heat rejected by a reciprocating engine. A
regenerator 1s sometimes employed.
The best recorded thermal economy has been attained by the reciprocating engine ;
but commercially the turbine has many points of superiority.

PROBLEMS

1. Show onthe TN diagram the ideal cycle for a turbine operating between pressure
limits of 140 lb. and 2 lb., with an initial temperature of 500° F. and adiabatic
(isentropic) expansion. What 1s the efficiency of this e¢ycle ?

(Amns., efficiency is 0.24)
2. In Problem 1, what is the loss of heat contents and the velocity ideally
attained ?

3. In Problem 1, how will the efficiency and velocity be affected if the initial
pressure is 150 1b.? If the initial temperature is 600° F.? If the final pressure is 1 1b.?

4, Solve Problems 1, 2, and 3, making allowance for friction as in Art. 519,

5. Compute analytically, n Problem 3, first case, the condition of the steam after
expansion, as 1n Art 520, assuming the heat drop to have been decreased 10 per cent
by friction. (Ans, dryness=0.877.)

6 An ideal reciprocating engine receives steam at 150 lb. pressure and 550° F.,
and expands it adiabatically to 7 lb. pressure. By what percentage would the
efficiency be increased if the steam were afterward expanded adiabatically in a turbine
to 1.5 1b. pressure. (Ams., 47 per cent.)

7. Steam at 100 lb. pressure, 92 per cent dry, expands to 16 lb. pressure. The
heat drop is reduced 10 per cent by friction. Compute the final condition and the
velocity attained. (Ams., dryness=0.846; velocity =2375 ft. per sec.)

8. In Problem 5, find the throat and outlet diameters of a nozzle to discharge
1000 1b. of steam per hour, and sketch the nozzle.

(Ans., throat diameter =0.416 in.)

9. Check the value §=0.5274 for maximum flow in Art. 522,
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10. Check the equation of flow of a permanent gas, in Art, 522,

11, If the efficiency in Problem 5, from steam to shaft, is 0.60, find the steam
consumption per brake hp -hr., and the thermal efficiency.

12. In Problem 5, let the peripheral speed be u =480, the angle a=20°, and find
the work done per pound of steam in a singlestage impulse turbine (@) with end
thrust eliminated, (b) with equal relative angles. Allow a 10 per cent reduction of
relative velocity for bucket friction.

13 InProblem 12, Case (b), what is the efficiency from steam to work at the
buckets® (Item E, Art. 526.) Find the 1deal steam consumption per Ihp.-hr,

14, Sketch the bucket in Problem 12, Case (b), as in Art. 530.

15. Compute the wheel diameters and design the first-stage nozzles and buckets
tor a two-stage impulse turbine, with two moving wheels in each stage, as i Art. 532,
operating under the conditions of Problem 5, the capacity to be 1500 kw., the enter-
ing stream argles 20°, the peripheral speed 600 ft. per second, the speed 1500 r. p. m.,
the heat drop reduced 0.10 by nozzle friction. Arrange the bucket angles to give the
highest practicable efficiency,* the stream velocities to be reduced 10 per cent by
bucket friction. State the heat unit consumption per kw.-minute.

16. In Problem 5, plot by stages of about 10 B.t.u. the NT expansion path in a
pressure turbine in which the heat drop is decreased 0.25 by bucket friction.

17. In Problem 16, the drums have peripheral speeds of 150, 250, 350, Construct
a reasonable curve of steam velocities, as in Fig. 259, the velocity of the steam enter-
ing the fizst stage bemng 400 ft. per second, and the outputs of the three drums
asd b1

18. In Problem 17, let the absolute entrance angles be 20° and let the velocity
dragram be as in Fig. 260. Find the work done 1 each of six stages along each drum.
Find the average heat drop per stage, and the number of stages in each drum, the
total heat drop per drum having been obtained from Problem 16.

19. The speed of the turbine in Problem 18 is 400 r.p.m. TFind the diameter of
each drum.

20. In Problems 16-19, the blades are spaced 2 centers, The turbine develops
1500 kw. Find the heights of the moving blades for one expansive state, assuming
logses between buckets and generator of 45 per cent. Design the moving bucket.

21. Sketch the arrangement of a turbime in which the steam first strikes a Pelton
impulse wheel and then divides; one portion traveling through a three-drum pressure
rotor axially, the other through a two-pressure stage velocity rotor with three rows of
moving buckets in each pressure stage, also axially, the shaft of the velocity turbine
bemg vertical.

22. Compare as to effect on thermal efficiency the methods of governing the
De Laval, Curtis, and Westinghouse-Parsons turbines.

23, Determine whether the result given in Art. 541, reported for the §.8.
Turbinia, is credible.

* The angle f must not be less than 24° in any case.



CHAPTER XV

RESULTS OF TRIALS OF STEAM ENGINES AND STEAM TURBINES

543. Sources. The most reliable original sources of information as io con-
teinporaneous steam economy are the Transactions or Proceedings of the various
national mechanical engineering societies (1). The reports of the Committee of
the Institution of Mechanical Engineers on Marine Engine Trials aie of special
interest (2). The Alsatian experiments on superheating have already been 1e-
ferred to (Art. 443). The works of Barrus (3) and of Thomas (4) present a mass
of results obtained on reciprocating engines and turbines respoctively. The
investigations of Isherwood are still studied (5). The Code of the American Society
of Meclanical Engineers (T'rans. A. S. M. E., XX1IV) should be examined.

543«4. Steam Engine Evolution. The Cornish simple pumping engines (9)
which developed from those of the original Watt type had by 1840 shown dry steam
rates between 163 and 24 Ib. per Thp.-hr. They ran condensing, with about 30 Ib.
initial pressure, and ratios of expansion between 3% and 1%, and were unjacketed.
Excessive wiredrawing and the single-acting balanced exhaust (which produced
almost the temperature conditions of a compound engine) led to a virtual absence
of cylinder condensation.

The advantage of a large ratio of expansion was understood, and was supposed
to be without definite limit until Isherwood (1860) demonstrated that expansion
might be too long continued, and that increased condensation might arise from
excessive ratios. Early compound engines, without any increase in expansion
over the ratios common in simple engines, failed to produce any improvement.
steam rates attained being around 19 Ib. As higher boiler pressures (150 1b)
became possible, the ratio of expansion of 14, then adopted for compounds, promptly
reduced steam rates to 15 Ib. These have been gradually brought dovn to 12 Ib.
in good practice. The 5400 hp. Westinghouse compound of the New York Edison
Co., with & 5.8 : 1 cylinder ratio, 185 Ib. steam pressure and 29 expansions, reached
the rate of 11.93 Ib.

Triple engines, using still higher ratios of expansion, soon attained steam rates
around 123 Ib. The best record for a triple with saturated steam seers to be 11 05
Ib., reached by the Hackensack, N. J., pumping engine, with 188 Ib. throttle pressure
and 33 expansions.

Quadruple engines, and engines with superheat, have shown still better results:
see Arts. 549¢, 549d, 550.

544. Limits and Measures of Efficiency. Art. 496 gives expressions
for the Clausius (E,) and relative (E;) efficiencies corresponding with
397
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given steam rates and pressure and temperature "conditions. The
efficiency of the turbine cannot exceed E,. That of the reciprocating
engine has for a still lower limit the Rankine efficiency, which is with
saturated steam,

14
%(Pﬂl V1 — PaZave) + by + 217 — ha—Zora

B hi+z1Ly—hg ?

where p; =upper pressure, lb. per sq. in., absolute;
ps=terminal pressure, lb. per sq. in., absolute (end of expansion);
ps=lower pressure, lb. per sq. in., absolute (atmosphere or
condenser);
2, =initial dryness (beginning of expansion};
Zzg=terminal dryness (end of expansion);
vy =specific volume at pressure p;;
v =specific volume at pressure ps;
hy =heat of liquid at pressure p;;
ho=heat of liquid at pressure ps;
ha=heat of liquid at pressure ps;
7, =Internal heat of vaporization at pressure p;;
ro =internal heat.of vaporization at pressure ps;
L, =latent heat of vaporization at pressure p;.

With the regenerative cycle (Art. 530) the Carnot efficiency is the
limit. With superheated steam, the Rankine cycle efficiency is

144
H—H2+-777§U2(P2— P3)

Br= H—hg ’

where H =total heat in the superheated steam, B. t. u.;

H; =total heat above 32° at the end of adiabatic expansion;

vg =specific volume of the actual steam at the end of adiabatic
expansion;

p2=pressure of steam at the end of adiabatic expansion, 1b. per
8q. in.;

p3 =lowest pressure, lb. per sq. in.;

hz =heat of liquid at the pressure ps.

The efficiency ratio Z, is almost always between 0.4 and 0.8;
In important practice, between 0.5 and 0.7. Attention is called

* The back pressure p; of best efficiency is not necessarily the lowest attainable.
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to the table, Art. 551. Average values of the efficiency ratio seem

to be: Condensing. Non-condensing.
Simple........... 0.4 0.6
Compound........ 0.5 0.65
Triple............ 0.6 0.8 (Art. 549a).

With saturated steam, it is from 0.15 to 0 2 higher in non-condensing
than in condensing engines, and increases by 0.05 to 0.1 as the number
of expansive stages increases from 1 to 2 or from 2 to 3. With high
superheat, E 5 seems to be between 0.6 and 0.7 for both condensing and
non-condensing engines having either one or two expansive stages.
The figures given for saturated steam are increased 0.03 to 0.05 by
jacketing. The steam rate (Ib. dry steam per hp.-hr.) is scarcely a
precise measure of performance, and is of very little significance
when superheat is used. Results should preferably be expressed in
terms of the thermal efficiency or B. t. u. consumed per Ihp.-min.
(See Art. 551.)

545, Variables Affecting Performance. Some of these can be weighed from
thermodynamic considerations alone: but in all cases it 18 well to confirm computed
anticipations from tests The essentially thermodynamic factors are:

(a) Initial pressure (Art. 549 e); (b) Dryness or superheat (Arts. 519 f, 549 g);

(¢) Back pressure (Art. 549 h); (d) Ratio of expansion (Art 549 7).

The factors influencing relative efficiency, to be considered primarily from experi-
mental evidence, are

(e) Wire-drawing (Art. 5497); (f) Cylinder condensation including:

(9) Leakage (Art. 549 k); (1) Jacketing (Art. 549 m);
(B) Compressmn} (Art. 549 1); (2) Superheating (Art. 549 g);
(#) Clearance ) ’ (3) Multiple expansion and reheating

(Arts. 549 m, 549 n);
(4) Speed, Size (Art. 549 0);
(7) valve action (Arts. 546-548 b, (5) Ratio of expansion (Art. 549 7);
549 o, 551).

SUMMARY OF TESTS
546. Saturated Steam: Simple Non-condensing Engines, without Jackets.

| 1
Imtial StemﬂbR“e' EEE ?‘Z‘
Gage Ratio of| rMEER
Type of Valve. Pres- Rpm Size, Hp | Expan- g E 5 %ﬁ”
5:1[1‘1];&, 8108 | Avge. |7 imuts g“gg; [==1:5)
<Q®°
Single, automatic, high
compression. .. ... 70-100| 100-300 [ 20-100 | 3—4 | 32% (30-38,0.141|0.55
Double, automatic. .| 75-80........ 50-150 4 | 30 |[..... 0.134/0 63
Four-valve, non-releas
ing . ... 100| below 225 |jabove 50| 3—4%| 29 26-32,0.15 | 0 58
Four-valve, releasing. 100| below 100 [above 75| 3—4%| 26 24:—28’0 15 |1 0.65
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547. Saturated Steam, Simple Gondensing Engines, without Jackets: Improved
Valve Gear.
Imtial | Steam Rate, Lb | (Approximate)
R £
Valves P?:sgs?.lre, Rpm !sze, Hp E:g:“?
Lb. ‘ sion Average | Range E, Eyp
|
Non-releasing | 90-110 | below 225 |over 60| 33~5 24 22-26 |0 268| 0 35
Releasing. . 90-100 | below 100 |over100| 33-5 214 |193-233| 0 266 | O 40
l

5482, Saturated Steam, Compound Non-condensing Engines, without Jackets.

Tnitial (Approximate)
S —
Valve. Pﬁgﬁre. R p m | Suize, Hp Ra::??:b.

Lb Ey Ep
Single, automatic ......|110-165 | 250-300| 50-250 | 23 6 0 167 0 63
Double, automatie. . 120 265 165 23 2 0 162 0 67
Four-valve, releasing . 130 100 [350-450| 21 9 0 166 070
Willans .. ........ oof oo - o o oo ] ol 20 9 0.166 072

5485, Saturated Steam, Compound Condensing,

without Jackets, Normal

Cylinder Ratio,
Inttial Steam (Approximate)
Valve. Pr&’;ﬁe' R p.m | Size, Hp | Rate, Lb
Lb. By Er
Single, automatie ..... 110-130 | 200-300 | 100-500( 19 1 0 275 0 43
Double, automatic. .. . 120 |160-170(103-300| 16 3 0 275 0 50
Four-valve, releasing.. . .| 100-150 flunder100|abovel00| 14 6 0 278 0 56

5494. Saturated Steam, Triple Expansion, without Jackets (12), (13), (14),

(15).
Initial (Approximate)
Back Pressure. Pr(e}sz%xie, Steam Rate, Lb.
b E; Ep
Non-condensing (8). .. .. R T 183 0.169 0 80
Average. | Range.
Condensing.. .....coovvievnnnnn. 124-200 123 11415 | 0.295 0 61
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5490. Jacketed Engines, High Grade, Saturated Steam, Compounds Usually
with Reheaters.

Steam Rate, Lb.
Type.
Same Type of
Jacketed Engne,
Unjacketed
Small, non-condensing simple, 5 exp., 75 lb. gage

Pressure . ...  .c.eee o eeeen . 25 26-32%
Simple condensing, 120-150 Ib. pressure .. 1720 19126
Woolf compound, condensing, 16 exp., 12 r p. m,,

120 Ib. pressure . ... . ..... 13.6 | ...,
Compound non-condensing. ... . . 19 20.9-23 6
Compound condensing, ordinary cyhnder ratlo * 13.5 14.6-19.1

(Saving due to jackets, —1} to 4109 per cent:

per cent of total steam consumed mn jackets,
about 5.0.)
Compound condensing, high cylinder ratio, 150
175-Ib. pressure, about 30 expansions, 8 to
14 per cent of total steam used in jackets and
reheaters . .......... . ... . ... 11.9
Triple condensing, 85 to 175 lb pressure, 25 to 33
EXPANSIONS. .. «evvr sevnrnnnn see aen aas 11 05-11 75 11 75-15

* One engine gave, with jackets, 13.85; without jackets, 14 99.

549¢. Superheated Steam, Reciprocating Engines.

Bt u. Approxi- .
Type, ST | o | G | BRAERS,
Simple non-condensing, no jackets, slight
superheat. . ....... . ... .. iiiieaa. 23
Simple non-condensing, no jackets, 620° F . 15.3 319 0.182 0 66
Simple condensing, 800 hp., 4 exp., 65 Ib.
pressure, 450°F .. .......... ..., ... 16 317 0 259 0 52
Simple condensing, 620°F.. ............ 11 6 234 0 27 0 67
Compound non-condensing, locomotive.. . ... 17 6 R -
Compound condensing, 500° F..... ....... 12 9 253 0 291 0 57
Compound condensing, 620°F... . ....... 10.6 224 0.3 ‘0 63
Compound condensing, 45 hp., 600-lb. pres-
sure, 800° F. (19). .. ........cviuinn... 10 8 246 0.375 0 46
Triple condensing, 500°..... ............. 109 221 0.299 0.64
Triple condensing, 620°................... 96 200 0 309 0 69




402 APPLIED THERMODYNAMICS

5494. Comparative Tests, Saturated and Superheated Steam.

Steam Rate, Lb B. t. u. per Hp ~-mun.

- S -
Saturated f;iﬁiﬁ Saturated hgar.)tee!d

Compound condensing, 150-Ib pressure,

superheated 250° .... .. .. .. ... v 213246 | 199-223
Compound condensing, 140-lb. pressure,

superheated 400° (18) R ... 13 84 9 56 247 205
Compound condensing, 130-lb. pressure,

superheated 307° . . ..... ...... 11 98 8 99 225 192

(126 r. p m., 250 hp , 32 exp )(11)

549; Initial Pressure. Increased pressures have been so associated with
development 1 other respects that 1t is difficult to show by experimental evidence
just what gam 1 economy has been due to increased pressure alone. Art. 546
gives usual steam rates from 24-28 Ib. for simple non-condensing engines of the
best type, in this country, with initial pressures around 1001b. In Germany, where
pressures range from 150 to 180 Ib., the corresponding rates are between 19 and 23
Ib. per Ihp -hr.

549f. Initial Dryness. The efficiency of the Clausius or Rankine cycle is greater
as the 1itial dryness approaches 1.0 (Art 417). No considerable amount of moisture
is ever brought to the engine in practice, and tests fail to show any mfluence on
dry steam consumption resulting from variations in the small proportion of entrained
water.

. 549g. Superheat. There is no thermodynamic gain when superheating is less
than 100°, because the steam is then brought to the dry condition by the time
cut-off is reached Tables 549 ¢ and 549 d show that heat rates for compound
engines with low superheat are around 250 B. t. u, and for triples about 220 B. t. u.,
while with high superheat the compound or the triple may reach about 200 B. t. u.
With high superheat, exceeding 200° F.,, some gain due to temperature is realized
in addition to the elimmation of cylinder condensation. To properly weigh the
effect of high superheat, all steam rates given for saturated steam should be
reduced to the heat unit equivalent. This is done in the table shown at the top of
page 403

Adequate superheating thus causes a large gain in simple engines, either condens-
ing or non-condensing In either case, the simple engme using superheated steam
is as economical as the ordinary compound engine using saturated steam, so that
superheat may be regarded as a substitute for compounding. The best compounds
and triples with superheat are (though in a less degree) superior to the same types
of engine using saturated steam.
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Initial TFeed Btu B'pgr“ Per Cent
Type. RE::,MI?b %g‘;luur': Tempera- per Ihp -mmn,| G212 b_y
T ture. Thp -min. lsxga?teel; hse‘;gf; z.
Simple non-condensing,
best. ... R 26 100 200° 434 319 26
Simple condensing, best 2131 110 150° 383 234 39
Compound non-condens-
ing .... ....... 221 120 200° 380 |332(loco-; 13
Compound condensing, motive)
ordinary. ... . .....| 15 150 150° 268 | 224-253| 5-17
Compound condensing,
high cylinder ratio (see
Art. 549b). ...... . .| 12-13 175 150° | 213-247(192-223| 0-22
Triple condensing, aver-
L. ..oviriainennas 123 175 150° 224 |205-221| 1-9

549% Back Pressure. This is best investigated by considering the difference
in performance of condensing and non-condensing engines. Arts. 546-549 ¢ give:

Steam Rate, Lbs per Ihp.-hr.
Type Sa:\?r:gclgﬁg to
Non—fno:dens- Condensing. Condensing.
Simple non-releasing. 29 24 17
Saturated Steam, | Simple, releasing.. . 26 21.5 17
not jacketed Compound (average) 22 2 16 7 17
Triple. ..... ..... 185 12 5 32
Saturated steam, Simple. .. ..... 25 18 5 26
:ncketed Compound (usual (average)
Jacketed. YD) et 19 13 5 29
Superheated [ Simple, average......... 19.15 13 8 28
steam. Compound, average ... 17.6 11.4 35

The arithmetical averages give about the results to be expected:
(1) Condensing saves 24 per cent in simple engines, 27 per cent in compounds,
32 per cent in triples;
(2) Condensing is relatively more profitable when jackets or superheat are used.

549;. Ratio of Expansion. This has been discussed in Art. 436. Since engines
are usually governed (i. e., adapted to the external load) by varying the ratio of
expansion, a study of the variation in efficiency with output is virtually a study of
the effect of a changing ratio of expansion. (The question of mechanical efficiency
(Arts. 554-558) somewhat complicates the matter.) Figure 266 gives the results
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of such an investigation. The shape of the economy curve is of great importance.
A flat curve means fairly good economy over a wide range of probable loads. The
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F1a. 266a. Art. 549:.—Efficiency at Various Ratios of Expansion.

flatness varies with different types of engine. A few typical curves are given in
Fig. 266a. Curve I 18 from a single-acting Westinghouse compound engine, run-
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Fra. 266b. Art. 549:.—Efficiency and Ratio of
Expansion.

ning non-condensmng Curve II is
from the same engine, condensing
(Trans A S. M. E, XIII, 537).
Curve III is for the 5400-hp.
Westinghouse compound condensing
engine mentioned 1 Art. 543a.
Curve IV 1s for a small four-valve
simple non-condensing engine: curve
V for asingle-valve high-speed simple
non-condensimg engine

If we regard the usual ratio of ex-
pansion in a compound as 16,in a
simple engme, 4, and in a triple or
high-ratio compound as 30, with cor-
responding steam rates of 15, 26, and
124 (condensing engines), we obtain
the curves of Fig. 266 b, showing a
steady gain of efficiency as the total
ratio of expansion increases, provid-
ing two stages of expansion are used
when the ratio exceeds some value
between 4 and 16. It appears that
no considerable further gain can be
expected by increasing either the
ratio of expansion or the number of
stages.
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549;. Wire-drawing. None of the tests above quoted applies to throttling
engmes. Cut-off regulation is now almost universal. Moderate throttling may be
desirable at high ratios of expansion (Art. 426) A large part of the 8 per cent differ-
ence in steam consumption between the single-valve and double-valve engines
of Art. 546 (15 per cent in Art. 548 b) is due to the partial throttling action of the
single valve at cut-off. The difference between the performances of four-valve
engmes with and without releasing gear is very largely due to the comparative
absence of wire-drawing in the former. This difference is 10 per cent mn Art. 546

549%. Leakage. The average steam rate ascertained on engines which had
run from 1 to 5 years without refitting of valves or pistons (7) was 39.3 Ib. This
was for simple single-valve non-condensing machimnes, for which the figure given in
Art 546 is 323. Some of the difference was due to the fact that the engines tested
ran at light loads (§ to § normal: see Axt. 549 7 and Fig. 266) but a part must-also
have been due to leakage resulting irom wear In 65 tests reported by Barrus,
the average steam rate of engines known to have leaking valves or pistons was
4 8 per cent higher than that of those which were known to be tight. Leakage
is less in compound than in simple engines. (See Art. 452.)

549]. Compression, Clearance. The theory of compression has been discussed
(Art. 451). High-speed engines have more compression than those running at low
speed. The compression in compound engines is less than that in simple engines.
There is an amount of compression (usually small) at which for a given engine and
given conditions the efficiency will be a maximum. No general results can be given.
The maximum desirable compression occurs at a moderate cut-off: at other points
of cut-off, compression should be less Within any range that could reasonably
be prescribed, the amount of compression does not seriously influence efficiency

Clearance is a necessary evil, and the waste which it causes is only partially
offset by compression. Designers aim to make the amount of clearance (which
depends upon the type and location of the valves) as small as possible. The pro-
portion of clearance in steam engines of various types is given in Art. 450. The
differences between the steam rates of single valve and Corliss valve engines, shown
in Arts. 546 to 548 b, already mentioned as partly due to wire-drawing, are also
in part attributable to differences in clearance.

549m. Jackets. The saving due to jackets may range from nothing (or a slight
loss) up to 20 per cent or more. Art. 549 b shows minimum savings of 6 to 9 per cent
and maximum of 19 to 23 per cent, for one, two or three expansive stages. Yet
there are undoubtedly cases where jackets have not paid, and they are not usually
applied (excepting on pumping engines) in American stationary practice to-day.
The best records made by compounds and triples have been in jacketed engines.
This is with saturated steam. With superheat, jackets are not warranted. The
proportion of steam used in jackets (of course charged to the engine) ranges usually
between 0.03 and 0.08, increasing with the number of expansive stages. Jacketing
pays best at slow speeds and high ratios of expansion.

Reheaters for compound engines can scarcely be discussed separately from
jackets. It is difficult to get an adequate amount of transmitting surface without
making the receiver very large. The objection to the reheater is the same as that
to the jacket—increased attention is necessary in operation and maintenance.
There is an irreversible drop of temperature inherent in the operation of the reheater.
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5491. Multiple Expansion. The tables already given furnish the following:

UNJACKETED ENGINES

Steam Rate, Lb. per Ihp -hr
Condensing Non-condensing.
No. of expansion stages . 1 2 3 1 2 3
Type
Single-valve . R 19 1 . 32 236
Double-valve . . 16 3 .. 30 23 2
Four-valve, non-releasing. 24 - . 29 .
Four-valve, releasing . 213 14 6 12 5 26 219 185

Superheat, good valve 11 6-16 10 6-12 9 9 6-10 9 15 323 17 6

The non-condensing engine with a cheap type of valve 1= 23 to 27 per cent more
economical in the compound form than when simple. (The non-condensing compound
1s on other grounds than economy an unsatisfactory type of engme, see American
Machinast, Nov. 19, 1891 ) In four-valve releasing engines, non-condensing, the
compound saves 16 per cent over the simple and the triple saves 16 per cent over
the compound. The same engines, condensing, give a saving of 32 per cent by com-
pounding and an additional saving of 14 per cent by triple expansion ~ With super-
heat, non-condensing, the compound 1s from 15 per cent worse to 23 per ceni better
than the simple engine  Condensing, the compound saves 15 per cent over the simple
and the triple saves 13 per cent over the compound.

High Ratio Compounds have been discussed in Art. 478 The tests in Art. 548 b
include only compound engmes of normal cylinder ratio. The following resulis

have been attained with wider ratios:
Lbs per Ihp hr.

150-1b pressure, 26 exp , ratio 7 : 1..... 12 45 (jacketed)
150-1b pressure, 120r. p. m, 33 exp. .. .. 12 1 (head jacketed)
130-1p. pressure. 126 r. p. m., 32 exp. ... . .. 11 98 (jacketed)

These figures are practically equal to those reached by triple engines. They
are due to () high ratios of expansion, (b) jacketing, and () the high cylinder ratio

5499. Speed and Size: Efficiency in Practice. None of the tests shows a steam
rate below 16.3 Ib. at speeds above 140 r. p. m. Low rotary speed is essential to the
highest thermal efficiency. Between very wide limits—say 100 or 200 to 2500 hp.
—the size of an engine only slightly influences its steam rate. Very small umts
are wasteful (some direct-acting steam pumps have been shown to use as much as
300 Ib. of steam per Thp -hr)(6) and very large engines are usually built with such
refinement of design as to yield maximum efficiencies.

All figures given are from published tests. It is generally the case that poor
performances are not published. The tabulated steam rates will not be reached
in ordinary operation: first, becausc the load cannot be kept at the point of
maximum efficiency (Art. 549 2)—nor can it be kept steady—and second, because
under other than test conditions engines will leak Probably few bidders would
guarantee results, even at steady load, within 10 per cent of those quoted. In
estimating the probable steam rate of an engine in operation, this 10 per cent should
first be added, correction should then be made for actual load conditions, based
on such a curve as that of Fig. 266, and an additional allowance of 5 per cent or
upward should then be made Ior leakage.
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Fic. 266. Arts. 5492, 556.—Test of Rice and Sargent Engine (10).

LBS. STEAM PER I.HP. HR,

550. Quadruple Engines: Regenerative Cycle. Some of the best perform-
ances on record with saturated steam

Lave been made 1n quadruple-expansion c 5
engines. The Nordberg pumping engine Z
at Wildwood (16), although ot only i o)
6.000,000 gal. capacity (712 horse power) ZJ

and jacketed on barrels of cylinders
only, gave a heat consumption of 186
B. t. u. with 200 1b. initial pressure and B i s
only a fair vacuum. The high efficiency
was obtained by drawing off live steam
from each of the receivers and trans-
terring its high-temperature heat direct
of the boiler feed water by means of A o . E N
:;?;Leho;a.;.aerrls}; geiﬁewﬁjsggh::ma;ﬁc;ﬁz F1a.267. Art. 550.—Nordberg Engine Diagram.s
limit, and a closer approach made to the Carnot cycle than in the ordinary en-
gine. Thus, in Fig. 267, BCDS represents the Clausius cycle. The heat areas
288 78 LIHE, gKJh, NMLg represent the withdrawal of steam from the
\THROTTLE  yarious receivers, these amounts of heat being applied to heating
the water along Bd, de, ¢f. The heat imparted fiom without 18 then

only ¢fCDE. The work area DHIJKLMRS has been lost, but

the much greater heat area 4 Bf¢ has been saved, so that the effi-

ciency is increased. The cycle is regenerative; if the number of

steps were infinite, the expansive path would be DF, parallel to

B(, and the cycle would be equally efficient with that of Carnot.

The actual efficiency was 68 per cent of that of the Carmot cycle.

AN 10,00 The steam rate was not low, being increased by the systein of
recever drawing off steam for the heaters from 11.4 to 12.26; but the 1eal
efficiency was, at the time, unsurpassed. A later test of a Nord-
berg engine of similar counstruction, used to drive an air com-
pressor, is reported by Hood (17). Here the combined diagrams
were as in Fig. 268. Steam was received at 257 Ib. pressure, the
vacuum being rather poor.

At normal capacity, 1000

hp., the mechanical effi-

. ciency was 90.35 per cent,

13.38 RECEIVER and the heat consumption

- 16929 B. t.u

= v
1.24.CONDENSER

82
RECEIVER

FiG. 268. Art. 550. —Hood Compressor Diagrams.
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551, Summary of Best Results, Reciprccating Stationary Engines.
Lbs Steam Efii{c;telncy B. t.u. per

perIhp.-hr. (Art. 496) Thp.-min.
Saturated steam, simple, non-condensing,

single valve, without jackets. . . . 32 0 51-0 55 548
Saturated steam, simple, non-condensing,

double valve, without jackets . . 30 0.63 502
Saturated steam, simple, non-condensing,

four valve, releasing, without jackets .. 26 0.65 434
Saturated steam, simple, non-condensing, .

with jackets.. ..... . ... . 25 0 68 418
Saturated steam, compound non-condenemg

Wlthout]a.ckets C e 22 0.63-0.72 353
Saturated steam, simple condensmg, four

valve relea.smg, without jackets.... .. 21% 0.40 383
Saturated steam, compound non-condensing,

with jackets, four valve ... . ... 19  0.71-0.82 305

Saturated steam, compound condens-
ing, normal ratio, single valve, no

jackets .. ... ... . ... L. ... 19 0.43 359
Saturated stea.m s1mp1e condensmg, with

jackets .. . . . . 18% 0.45 330
Superheated, compound non-condensing

(locomotive). .. . 17% 0 580 72 332
Superheated (620° F) steam Slmple "non-

condensing . . 15 0.66-0 8¢ 319
Saturated steam, compound condensmg, four

valve, no ]ackets ............ . 143 0 56 274

Saturated steam, compound condensm
normal ratio, 'four valve, with ]ackets 133 0.50-0.60 255
Saturated steam triple condensing, no

jackets. . .. . 12% 0.61 234
Saturated steam ngh Tratio compound con-

densing, Jacketed .................. 12 0.63 226
Superheated (620° F.) steam, simple, con-

densing.....ooovs ciiiiiaiiiiian. 11% 0.67 234
Saturated steam, triple condensing, with

jackets....... .. ... il 113 0.66 205
Superheated (620° F.) steam, compound con-

densing .......... . .. ......... . 10% 0.63 224
Superheated (620° F.) steam triple con-

densing.. ......... .. .. ....... 9% 0.69 200
Saturated steam, quadruple, condensing. . ... * 169

* Efficiency is 77 per cent. that of the Carnot cycle between the same extreme
temperature limits.
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552, Turbines. With pressures of from 78.8 to 140 Ib.,* and vacuum from
24.3 to 26 4 in , steam rates per brake horse power of 18.0 to 23 2 have been obtained
with saturated steam on De Laval turbines. Dean and Main (20) found correspond-
1ng rates of 15.17 to 16 54 with saturated steam at 200 Ib. pressure, and 13.94 to 15.62
with this steam superheated 91°.

Parsons turbines, with saturated steam, have given rates per brake horse power
from 14 1 to 18 2, with superheated steam, from 12 6 to 14 9. This was at 120
Ib pressure. A 7500-kw. unit tested by Sparrow (21) with 177.5 1b. initial pressure,
95.74° of superheat, and 27 in. of vacuum, gave 15 151b of steam per kw.-hr. Bell
reports for the Lusitania (22) a coal consumption of 1.43 lb. per horse power hour
delivered at the shaft. Denton quotes (23) 10.28 lb. per brake horse power on a
4000 hp. unit, with 190° of superheat (214 B t. u. per minute); and 13.08 on a 1500-
hp. umit using saturated steam. A 400-kw unit gave 11 2 lb. with 180° of super-
heat. A 1250-kw. turbine gave 13.5 lb. with saturated steam, 12.8 with 100° of
superheat, 13.25 with 77° of superheat (24). (All per brake hp.-hr.)

A Rateau machine, with shight superheat, gave rates from 15.2 to 19.0 lb.
per brake horse power. Curtis turbines have shown 14.8 to 18.5 Ib. per kw.-hr.,
as the superheat decreased from 230° to zero, and of 17.8 to 22.3 Ib. as the back
pressure increased from 08 to 28 lb. absolute. Kruesi has claimed (25) for a
5000-kw Curtis unit, with 125° of superheat, a steam-rate of 14 Ib. per kw.-hr.;
and for a 2000-kw. umt, under similar conditions, 16.4 lb.

A 2600-kw. Brown-Boveri turbo-alternator at Frankfort consumed 11.1 Ib. of
steam per electrical horse-power-hour with steam at 173 lb. gauge pressure, super-
heated 196° and at 27.75 ms. vacuum. The 7500-kw. Allis cross-compound engines
of the Interborough Rapid Transit Co., New York, with 190 Ib. gauge pressure and
25 ins vacuum (saturated steam) used 17.82 lb. steam per kw.-hr. When exhaust
turbines were attached (Art. 541) the steam rate for the whole engine became between
13 and 14 lb. per kw.-hr., or (at 28 ins. vacuum) the B. t. u. consumed per kw.-
min., ranged from 245 to 264; say, approximately from 156 to 168 B. t.u. per
Ihp.-min , which was better than any result ever reached by a reciprocating engine
or a turbine alone Heat unit consumptions below 280 B. t. u. per kw.-min. (190
per Thp.-min.) have been obtained in many turbine tests.

553. Locomotive Tests. The surprisingly low steam rate of 16.60 Ib. has
been obtained at 200 lb. pressure, with superheat up to 192°. This is equivalent
to a rate of 17.8 lb. with saturated steam. The tests at the Louisiana Purchase
Exposition (26) showed an average steam rate of 20.28 Ib. for all classes of engines
tested, or of 21.97 for simple engines and 18.55 for compounds, with steam pres-
sures ranging from 200 to 225 1b. These results compare inost favorably with any
sbtained from high-speed non-condensing stationary engines. The mechanical
sfficiency of the locomotive, in spite of its large number of journals, is high; in
the tests referred to, under good conditions, it averaged 88.3 per cent for consoli-
lation engines and 89.1 per cent for the Atlantic type. The reason for these high
:fficiencies arises from the heavy overload carried in the cylinder in ordinary ser-
vice. The maximum equivalent evaporation per square foot of heating surface
varied from 8 55 to 16.84 lb. at full load, against a usual rate not exceeding 4.0 1b.
n stationary boilers; the boiler efficiency consequently was low, the equivalent
svaporation per pound of dry coal (14,000 B. t. u.) falling from 11.73 as a maxi-
num to 6.73 as a minimum, between the extreme ranges of load. Notwithstand-

* Pregsures in this chapter, unless otherwise stated, are gauge pressures
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ing this, a coal consumption of 2.27 1b. per Thp.-hr. has been reached. These trials
were, of course, laboratory tests; road tests, reported by Hitchcock (27), show less
favorable results; but the locomotive is nevertheless a highly economical engine,
counsulering the conditions under which it runs.

554, Engine Friction. Excepting in the case of turbines, the figures given
refer usually to indicated horse power, or horse power developed by the steam 1n
the cylinder. The effective horse power, exerted by the shaft, or brake horse
power, is always less than this, by an amount depending upon the friction of the
engine. The ratio of the latter to the former gives the mechanical efficiency, which
may range from 083 to 0.90 in good practice with rotative engines of inoderate
size, and up to 0.965 in exceptional cases. (See Art.497.) The brake horse power is
usually determined by measuring the pull exerted on a friction brake applied to the
belt wheel. When an engine drives a generator, the power indicated 1o the cylinder
may be compared with that developed by the generator,
and an over-all efficiency of mechanism thus obtained. The
difficulties involved have led to the general custom, in
turbine practice, of reporting steam rates per kw -hr.
Thurston has employed the method of driving the engine
as a machine from some external motor, and measuring
the power required by a transmission dynamometer.

In direct-driven pumps, air compressors and re-
frigerating machines, the combined mechanical efficiency
is found by comparing the indicator diagrams of the ,
steam and pump cylinders. These efficiencies are 3
high, on account of the decrease in number of bearings,

FRICTION HP.

o~

crank pins, and crosshead pms. a LoAn
555. Variation in Friction. Theoretically, atFic. 269. Art 565.— Eng1ne
least, the friction includes two parts: the initial Friction.

friction, that of the stuffing hoxes, which remains practically constant ; and the
load friction, of guides, pins, and bearings, which varies with the initial pressure
700 and expansive ratio. By plofting
/ concurrent values of the brake horse
power and friction horse power, we
/ thus obtain such a diagram as that
gz of Fig. 269, in which the height ab
S represents the constant initial frie-
tion, and the variable ordinate zy
..n\"/ the load friction, incieasing in arith-
Pl metical proportion with the load.
/ It has been found, however, that in
practice the total friction is more
B b s b % s 4 aﬁec.ted_by accidental variations in
PV — lubrication, ete., than by changes in
load, and that it may be regarded as
practically constant, for a given en-
gine, at all loads.
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Fia. 270. Art. 555.—Willans Line for Varying
Initial Pressure.
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The total steam consumption of an engine at any load may then be regarded
as made up of two parts: a constant amount, necessary to overcome friction; and
a variable amount, necessary to

do external work, and varying 24 7
with the amount of that work. 2200 //
Willans found that this latter 2000

part varied in exact arithmeti- 11800

cal proportion with the load,
when the output of the engine
was varied by changing the initial
pressure; a condition repre-
sented by the Willans line of
Fig. 270 (28). The steam rate
was thus the same for all loads,
excepting as modified by frie-

11600 s

- 600-

\ LBS STEAM PER HOUR
T
P

- . . 400

tion. (Theoretically, this 10 20 30 40 50 00 70 80 90 100 110 120
should not hold, since lowering STECTRICAL ORSE FOWER

of the initial pressure lowers g 979 Ar 555, Prob. 10.—Willans Line for a
the efficiency.) When the load Parsons Turbine.

is changed by varying the ratio

of expansion, the corrected steam rate tends to decrease with increasing ratios,
and to increase on account of increased condensation; there is, however, some
gain up to a certain limit, and the Willans line must, therefore, be concave up-
ward. Figure 271 shows the practically straight line obtained from a series of
tests of a Parsons turbine. If the line for an ordinary engine were perfectly
straight, with varying ratios of expansion, the indication would be that the gain
by more complete expansion was exactly offset by the increase in cylinder con-
densation. A jacketed engine, in which the influence of condensation is largely
eliminated, should show a maximum curvature of the Willans line.

558, Variation in Mechanical Efficiency. With a constant friction loss, the
mechanical efficiency must increase as the load increases, hence the desirability
of running engines at full capacity. This is strikingly illustrated in the locomotive
(Art. 554). Engines operating at serious variations in load, as in street railway
power plants, may be quite wasteful on account of the low mean mechanical
efficiency.

The curve in Fig. 266 gives data for the “ Total "' curve of Fig. 271a, which is
plotted on the assumption that the horse power consumed in overcoming friction
is 100, and the corresponding total weight of steam 1000 Ib. per hour. Thus, at
700 Ihp., the steam rate from Fig. 266 is 12.1 Ib., and the steam consumed per hour
is 8470 Ib. The corresponding ordinate of the second curve in Fig. 271a is then

(8470 —1000) -+ (700 —100) =7470 +600 =12.45,

where the abscissa is 600.
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557. Limut of Expansion. Aside from cylinder condensation, engine friction
imposes a linut to the desirable range of expansion Thus, in Fig 272, the hne

8

[e;

F16.272 Art 557.—Engine Friction
and Limit of Expansion.

ab may be drawn such that the constant
pressure Oa represents that necessary to
overcome the friction of the engme. If
expansion is carried below ab, say to ¢, the
force exerted by the steam along bc will be
less than the resisting force of the engine,
and will be without value. The maximum
desirable expansion, irrespective of cylinder
condensation, is reached at b.

558. Distribution of Friction. Esperi-
menting 1 the manner described in Art,
555, Thurston ascertamned the distribution
of the friction load by successively removing
various parts of the engine mechanism.
Extended tests of this nature, made by

Carpenter and Preston (29) on a horizontal engine indicate that from 35 to 47 per
cent of the whole friction load 18 imposed by the shaft bearings, from 22 to 49 per
cent by the piston, piston rod, pins, and slides (the greater part of this arising from
the piston and rod), and the remaining load by the valve mechanism.

(1) Trans. A. 8 M. E, Proc. Inst. M. E, Zeits. Ter Deutsch. Ing., etc. (See
The Engineering Digest, November, 1008, p.542.) (2) Proc. Inst. Mech. Eng., from 1889.

(8) Engune Tests, by Geo. H, Barrus.

(4) Steam Turbines, 1906, 208-267. (5) Re-

searches in Experimental Steam Engineering. (6) Peabody, Thermodynamics, 1907,
244, White, Jour. dm., Sve. Nav. Engrs., X. (T) Trans. 4. S. M. E., XXX, 6, 811,
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(8) Ewing, The Steam Engine, 1906, 177. (9) Denton, The Stevens Institute Indi-
cator, January, 1905. (10) Trans. A. S. M. E., XXIV, 1274, (11) Denton, 0p. cit.
(12) Ewing, op cit., 180. (13) Trans. A S. M. E., XXI, 1018. (14) Ibid., XXI, 327.
(15) Ibid,XXI,793. (16) Itd,XXI, 18l. (17) Ibid., XXVIIL, 2,221. (18) Ibid.,
XXV, 264 (19) Ibid , XXVIII, 2, 226. (20) Thowmas, Steam Turbines, 1906, 212.
(21) Power, November, 1907, p. 772. (22) Proc. Inst. Nav. Archis., Aprl 9, 1908.
(23) Op cit. (24) Trans. 4. 8. M E, XXV, 745 et seq. (25) Power, December,
1907. (26) Locomotive Tests and Exhibits, published by the Pennsylvania Railroad.
(27) Tians. A S. M. E.,, XXVI, 064. (28) Mn. Proc. Inst. C. E., CXIV, 1893,
(29) Peabody, op. ¢it., p. 296.

SYNOPSIS OF CHAPTER XV

Sources of information : development of steam engine economy.
Limit of efficiency (Rankine cyclc), with the regenerative engine, the Carnot cyecle;
with the turbine, the Clausius cycle. Efficiency vs. steam 1ate.

Variables affecting performance :
Efficiency varies directly with 1nitial pressure ;
is independent of initial dryness;
ig increased by high superheat (superheat is a substitute for compounding);
varies inversely as the back pressure, and is greater in condensing than in
non-condensing engines ;
reaches a maximum at a moderate ratio of expansion and decreases for
ratios above or below this;
varies directly with the number and independence of valves;
may be seriously reduced by leakage or high compression ;
is usually somewhat increased by jacketing;
increases with the number of expansive stages, though more and more
slowly ;
is low in very small engines or at very high rotative speeds ;
in ordinary practice is below published records.
Typical figures for reciprocating engines and turbines, with saturated and super-
heated steam, simple vs. compound, condensing vs. non-condensing, with and
without jackets, triple and quadruple regenerative.

PROBLEMS
(See footnote, Art. 552.)

1. Find the heat unit consumption of an engine using 30 1b. of dry steam per
Ihp.-hr. at 100 lb. gauge pressure, discharging this steam at atmospheric pressure.
How much of the heat (ignoring radiation losses) 1n each pound of steam is rejected ?
‘What is the quality of the steam at release ?

(4ns., a, 504.4 B. t. u. per minute ; b, 1088.8 B. t.u. ; ¢, 93.6 per cent.)

2. What is the mechanical efficiency of an engine developing 300 Ihp., if 30 hp.
is employed in overcoming friction ® (4nrs., 90 per cent.)
3. Why is it unprofitable to run multiple expansion engines non-condensing ?
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4. Find the heat unit consumptions corresponding to the figures mn Art. 552 for
De Laval turbines, assuming the vacuum to have been 27 in.*
(dns., @, 295, b, 286 B t.u. per minute.)
5. Find the heat unit consamption for the 7500-kw. unit n Art. 552.
(Ams., 296.3 B. t. u.)

6. Estimate the probable limit of boiler efficiency of the plant on the S.S.
Lusitanaa, i the coal contained 14,200 B. t. u. per 1b.
(4ns., if engine thermal efficiency were 0.20, mechanical efficiency 0.90, the
boiler efficiency must have been at least 0.69 )
7. Determine from data given in Art. 553 whether a coal consumption of 2.27
Ib. per. Ihp.-hr. 15 credible for a locomotive.

8. Using values given for the coal consumption and mechanical efficiency, with
how little coal (14.000 B. t.u. per pound), might a locomotive travel 100 miles at a
speed of 50 miles per hour, while exerting a pull at the drawbar of 22,0001b. ¢ Make
comparisons with Problem 8, Chapter IT, and determine the possible efficiency from
coal to drawbar.

9. An engimme consumes 220 B t.u. per Thp.-min., 360 B. t. u. per kw.-min. of
generator output. The generator efficiency 1s 0.93. What 18 the mechanical
efficiency of the direct-connected unit? (Ans., 88 per cent.)

10. From Fig. 271, plot a curve showing the variation 1 steam consumption per
kw.-hr. as the load changes.

11. An engine works between 150 and 2 lb. absolute pressure, the mechanical
efficiency being 0.75. What is the desirable ratio of (hyperbolic) expansion, friction
losses alone being considered, and clearance being ignored ®_ (A4ns., 12.25.)

12. If the mechanical efficiency of a rotative engine is 0.85, what should be its
mechanical efficiency when directly driving an air compressor, based on the mimmum
values of Art. 5582 (4ns., 0.94.)

13. In the jacket of an engine there are condensed 310 1b. of steam per hour,
the steam being initially 4 per cent wet. The jacket supply is at 150 lb. absolute
pressure, and the jacket walls radiate to the atmosphere 52 B t.u. per minute. How
much heat, per hour, is supplied by the jackets to the steam i the cyhnder ?

14. A plant consumes 1.2 lb. of coal (14,000 B.t.u. per 1b.) per brake hp.-hr.
What is the thermal efficiency ?

* Vacua are measured downward from atmospheric pressure. One atmosphere =
14.696 1b per square mnch = —29.921 inches of (mercury) vacuum. If p=absolute
pressure, pounds per square imch, v=vacuum in inches of mercury,

»
=20.921 (1——2_).
v=29.921 (1 14.696)

14.696
p=m (29- 921 —‘U)-



CHAPTER XVI
THE STEAM POWER PLANT

560. Fuels. The complex details of steam plant management arise
largely from differences in the physical and chemical constitution of
fuels. ¢¢Hard” coal,* for example, is compact and hard, while soft coal is
friable; the latter readily breaks up into small particles, while the former
maintains its initial form unless subjected to great intensity of draft.
Hard coal, therefore, requires more draft, and even then burns much less
rapidly than soft coal; and its low rate of combustion leads to important
modifications in boiler design and operation in cases where it is to be used.
Soft coal contains large quantities of volatile hydrocarbons; these distill
from the coal at low temperature, but will not remain ignited unless the
temperature is kept high and an ample quantity of air is supplied. The
smaller sizes of anthracite coal are now the cheapest of fuels, in propor-
tion to their heating value, along the northern Atlantic seaboard; but the
supply is limited and the cost increasing. In large city plants, where
fixed charges are high, soft coal is often commercially cheaper on account
of its higher normal rate of combustion, and the consequently reduced
amount of boiler surface necessary. The sacrifice of fuel economy in
order to secure commercial economy with low load factors is strikingly
exemplified in the “double grate” boilers of the Philadelpha Rapid
Transit Company and the Interborough Rapid Transit Company of New
York (1).

561. Heat Value. The heat value or heat of combustion of a fuel is determined
by completely burning it in a calorimeter, and noting the rise in temperature of the
calorimeter water. The result stated is the number of heat units evolved per pound
with products of combustion cooled down to 32° F. Fuel oil has a heat value
upward of 18,000 B. t. u. per pound, its price is too high, 1n most sections of tte
country, for it to compete with coal. Wood is in some sections available at low
cost; its heat value ranges from 6500 to 8500 B. t. u. The heat values of com-
mercial coals range from 8800 to 15,000 B. t. u. Specially designed furnaces are
usually necessary to burn wood economically.

* A coal may be called hard, or anthracite, when from 89 to 100 per cent of its
combustible is fized (non-volatile, uncombined) carbon. If this percentage is between
83 and 89, the coal is semi-bituminous ; if less than 83, it is dituminous, or soff.
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TABLE—COMBUSTION DATA FOR VARIOUS FUELS

Symbol Equivalent Reaction t gertLg
Hydrogen . .. . H H;+0=H:0 62,1001
Carbon R C C+0=CO0 4,450
Carbon . . C C+0:=C0s 14,500
Carbon monoxide. Co CO+4+0=C0. 4,385
Acetylene C.H, C;H,+0:;=2C0,+H,0 21,4001
Methane .| CH, CH;+ Q4 =CO0:+2H;0 23.842%
Ethylene . . C.H, C:H,+0=2C0;+2H,0 21,250%
Sulphur . . .. S S4+0. =80, 4,100
Gasolene* . . CeHis CeH1u+01=6C0O,+7H:0 19,000%

* Gasolene 18 a vanable mixture of hydrocarbons, CsHis being a probable approximate formula

1 The number of atoms 1n the molecule 18 disregarded
t These figures represent the ** high values” When hydrogen, or afuel containing hydrogen,
18 burned, the maximum heat 13 evolved if the products of combustion are cooled below the tem-
erature at which they condense, so that the latent heat of vaporzation 18 emitted The * low
ﬂeat value "’ would be (9704 Xw) B t u less than the high value when w 1s the weight 1n pounds
of steam formed during the combustion, 1f the final temperatures of the products of combustion
were the same 1n both “ high "’ and * low " determinations When the products of combustion

are permanent gases there 18 no distinction of heat values

561q. Computed Heat Values. When a fuel contans hydrogen and carbon
only, its heat value may be computed from those of the constituents. If oxygen
also is present, the heat of combustion is that of the substances uncombined with
oxygen. Thus mn the case of cellulose, CeH;(0s, the hydrogen is all combmed with
oxygen and unavailable as a fuel. The carbon constitutes the %% =0.444 part
of the substance, by weight, and the computed heat value of a pound of cellulose
18 therefore 0.444 14,500 =6430 B. t. u.

The heat of combustion of a compound may, however, differ from that of the
combustibles which 1t contains, because a compound must be decomposed before
it can be burned, and this decomposition may be either exothermic (heat emitting)
or endothermc (heat absorbing). In the case of acetylene, CoH,, for example, if
the heat evolved in decomposition 1s 3200 B. t. u., the “ high ”’ heat of combustion
is computed as follows:

C=44#X14,500 =13,400
H=+%X62,100 = 4,790
Heat of decomposition= 3,200
Heat value =21,390

With an endothermic compound the heat of combustion will of course be less
than that calculated from the combustibles present
Suppose 0.4 cu. ft. of gas to be burned 1 a calorimeter, raising the 