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LECTURE X.—THE COMPOUND ENGINE.
BY F. R. LOW.

Before we commence the study of the compound engire
let us brush up a little regarding expansion and the gains and
losses attending it.

As the volume of steam is expanded its pressure falls and
practically in an inverse ratio; that is, if you double the volume
vou halve the pressure, if you treble the volume you have one-
third the pressure, cte., only remember that you must work wath
absolute pressures, not gage pressures.

If you will consider that statement a little you will find
that it means that the product of the volume and the pressure
is constant. Suppose vou have a cubic foot of steam at 120
pounds (absolute). LExpand it to two cubic feet and the pressure
will be 6o, but you have two of the original volumes and 2x60 1z
120. [ you expand it to three cubic feet the pressure will fall
to 40 pounds, but the product of this pressure and the three
volumes is still 120, and however far we may expand it will be
true that, counting the original volume as 1, the pressure times
the number of volumes to which we have expanded will equal the
initial pressurc. The number of times that the original volume

is contained in the final volume is called the “ratio of expan- .

sion.” JI we take one cubic foot of steam and expand it to four

cubic fect the ratio of expansion is four, ete. From this prin-

<iple you will casily see that we can derive the following:
RULES. '

To find the ratio of expansion divide the final volume by the in-
dtial volume. :
What is the ratio of expansion when two cubic feet of steam
are expanded to cleven cubic feet? '
1 -2=325

82965
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2 RULES FOR RATIO OF EXPANSION, TERMINAL PRESSURE, ETC.

To find the terminal pressure divide the fnitial pressure by the
ratio of expansion. .

ExamrLE—Steam of 75 pounds gage pressure is expanded
to six times its original volume. What will its pressure be?

A page pressure of 75 pounds is 75-+15=00 absolute, ap-
proximately, and go=6=15 pounds ahsolute or zero gage.

To find the initial pressure multiply the tfermingl pressure by the
ratte of expansion.

ExasmpLE—In an engine cylinder steam is expanded to 4.5
times its volume at cut-off, the pressure at the end of the stroke
being 18 pounds absolute. What is the initial pressure?

4.5 18=381 pounds absolute, or B1—15=066 pounds gage.

In Fig. 1 let 0  represent the absolute zero of pressure and
o A the zero of volume. Suppose we have a volume of steam
proportional to A B or 0 1 at 120 pounds absolute, If it is ex-
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panded to twice its onginal volume its volume will be repre-
sented by the line o 2 and its pressure will be 120+2—60 pounds.
Setting off 60 pounds on the 2d ordinate we have the point @ as
representing its pressure at this volume. TIf it is expanded
to three times its original size its volume will be bounded by the
ordinate 3 and on this ordinate we set off the pressure 120+-3=40
pounds, locating the point b. Locating in the same manner the
points ¢ d ¢ f g, representing the pressures at successive volumes,
we find that if joined together they form a curve which constantly
approaches, but never reaches the zero line. We can locate as
many points on this curve as we like. For instance, when the
volume has expanded te 114 the pressure will be 12z0-1.5=80
pounds, which set off on the corresponding ordinate gives us the
point k. This curve is called an hyperbola, and represents, when
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GaM BY EXPANSION, 3

used in this way, the gradual decrease of pressure when steam iz
cut off and expanded in an engine cylinder.

Power, you know, is force exerted through space. In Frg 2
we have a force of 8o pounds gage (g5 pounds absolute) exerted
throughout the stroke o x. The force is proportional to the height
of the line & 4 ; the space through which it is exerted is propor-
tional to the length of the line o x, the power which is the product
of the force and space is proportional then to the product of o A
and ¢ x, which is the area of the rectangle 0 4 B .

Now suppose that insiead of carrving the steam the full
Iength of the stroke we cut it off at balf stroke. Then during the
remainder of the stroke the pressure will fall off along the line
B C, Fig. 3. and the power will be proportional to the area 4 B

B E

d

C x D We have used only hali the quantity of steam, but with
the exception of the corner B E C have got as much power as
before, The area B € r 17 is all gain, so you see there is a
very great economy in cutting off at half stroke over carrying
steam full stroke.

Now suppose that instead of cutting off at one-half stroke
as in Fig, 3 we cut off at one-quarter as in Fig. 4. Here again
the power is proportional to 4 B C o D (. Thearea BCx D
is gain from expansion. We have used half as much steam as
in Fig. 3 and lost the area B F, & C. There is still a distinet
gain, but rather less than before, I[n Fig. 3 with half the steam
we got in the diagram 4 B C x D O 85 per cent. of the power
we would have got il we carried steam the full stroke. In Fig.
4, we halve the steam again and still get about 70 per cent, of



4 N LIMIT OF GAIN BY EXPANSION.

what we got with double the quantity in Fig. 3, and about 60 per
cent. of what we got with four times as much steam in Fig, 2.
When the steam follows full stroke all its expansive power
is sacrificed and we lose the area which would be included be-
tween the diagram and the dotted line B ¥V Fig. 1 if that dot-
ted line were extended until it met the back pressure line, which
would be somewhat higher than the line O = even with a con-
densing engine. When expansion is introduced this loss is Jess-
ened. If C y in Fig. 3 were extended to meet a back pressure,
line, m n at atmospheric pressure, the area would be obviously
smaller, and in Fig. 4 the area is shown to be smaller still. [n all
the diagrams the volume to be hlled with steam is proportional
to the line A B, and the power iz proportional to the area

Fi1G, 4.

of the diagram and theoretically the line A4 B will be
shortest per unit of area of diagram, i. €., the volume of steam
called for will be least per unit of power developed, when the '
expansion line just meets the line of back pressure, and the dia-
gram ends in a point as in Fig. §, in other words when the
terminal pressitre just equals the back pressure. The number of
expansions necessary to do this can easily be found, by dividing
the ahsolute initial pressure by the absolute back pressure.
There are several reasons why this theoretical consideration
does not hold good in practice, In the first place, if you had
your steam given to you it would still cost you something to run
an engine. There is the interest on the investment, depreciation,
repairs, attendance, oil, waste, etc. The sum of these fixed charges
per horse power for a given engine will be least when the engine



CYLINDER CONDENSATION, 5

is delivering the greatest number of horse-power, or in other
words, when it has the greatest mean effective pressure. But the
earlier the cut-off, the less the mean effective pressure, the less
the horse-power, and the greater the fixed charges per harse
power. This factor is not of extreme importance, however, for
the fixed charges would not be very much greater for a larger
engine out of which we could get the same horse-power, with a
lower mean €ffective, and the earlier cut-off. The principal dif-
ficulty comes from cylinder condensation, which was considered
somewhat at length in the last lecture. The incoming steam at a
temperature due to the boiler pressure strikes against the cylinder

Fie. 6.

walls which have just been exposed to the exhaust temperature
and condenses until enough heat is given up to heat the surfaces
upto the temperature of the incoming steam. The steam so con-
densed is re-evaporated for the most part on the exhaust-stroke,
and thus gets through the cylinder without doing any work. The
amount of this condensation depends upon the change in the tem-
perature of the cylinder walls. 1If the cylinder could be made
of a non-conducting material, a material which was slow to
absorb and radiate heat, there would be little condensation. You
know that polished surfaces radiate and absorb less than rough
ones, and on several recent high grade engines the inside of the
cylinder heads, the piston heads and all the surfaces exposed to
live steam in the cylinder have been highly finished with bene-
ficial results. The shorter the time required for the revolution



& EFFECT OF CYLINDER CONDENSATION,

the less the condensation. While it is true that whether the
engine runs fast or slow the walls will be exposed hali of the time
to the temperature of the steam and half to the temperature of
the exhaust, it is also true that the temperature of the walls will
vary least when the revolution is completed in the shortest time.

As the steam expands its temperature decreases and the suor-
faces begin to cool, continuing to do so throughout the expansion
and the exhaust stroke., The longer it takes to make the revolu-
tion the cooler these surfaces will get. in a pumping engine
making 30 revolutions a minute the surfaces are exposed to the
exhaust temperature for a full second, and to a temperature below
the initial for the greater part of another sccond during the work-
ing stroke. In an engine running 300 revolutions per minute the
surfaces have only one-tenth the time in which to heat and cool,
the variation of temperature is less and less sieam is condensed in
raising their temperature. The surfaces never get up to the tem-
perature of the steam nor down to that of the exhsust, but vary
back and forth through an intermediate range, the magnitude of
which depends largely on the time of exposure. Experiments
-made by Messrs. Gately and Kletsch upon an unjacketed simple
engine at Sandy Hook showed that the condensation varied sen-
sibly inversely as the rotative speed.® Obviously, too, the emis-
sion of heat from the surfaces and the condensation necessary to
restore their temperature will be greater with greater differences
hetween the initial and exhaust temperatures, the higher the
steam pressure and the lower the back pressure the greater the
condensation.

The ratio of expansion has an important bearing on the
percentage of loss by cylinder condensation. Not only is the
actual amount of steam lost in this way increased with shorter
cut-offs by the fact that the temperature is below that of the in-
itial for a greater portion of the stroke, but as less steam is nsed
per stroke with an early cut-off, the steam condensed in warm-
ing up the surfaces is a greater proportion of the total amount.
Suppose vou have an engine where the stroke is twice the diam-
eter, which is a common proportion. When it is cutting off at
one-guarter stroke the area of the cylinder wall exposed up to

* A Madaual of the Steam Engine. K. H. Thurston. Part 1, page s507.
Journal Franklin Institute, October, 1585,
Cylinder Condensation,



SURFACE INVOLYED IN INITIAL CONDENSATION. 7

cut-off will just equal the area of the piston head and the cylin-
der head.t In addition, there is the counter bore, ports, valve
faces, etc., to be heated. Suppose it takes a cubic foot of steam
to fill the cylinder up to the point of cut-off, and 20 per cent.
more, or one-filth of a cubic foot, is condensed to warm up the
surfaces.

Now suppose that instead of cutting off at 1-4th, we cut off
at 1-8th, we have nearly as much surface to heat up as before,
and that suriace will be cooler on account of the lesser tempera-

ture of the cylinder during the greater expansion, so that we-

shall still condense our one-fifth of a cubic foot to warm up
the surfaces, but, having warmed them up, we let only one-half
a cubic foot through to do work and of this half a cubic foot
one-fifth is 40 per cent. while it was only 2o per cent. of the cubic
foot passed at quarter cut-off, The percentage of loss from
cvlinder condensation thus increases very rapidly with early cut-
offs, and more than equals the gain from increased expansion,

-+ Experiments show that for simple engines at about Bo pounds
pressure the least amount of steam will be required per horse-
power when the cut-off takes place between one-fifth and one-
quarter stroke.

If you will consult a steam table you will find that a pound of
steam at Bo pounds gage, or say g5 pounds absoluie pressure,
contains 11807 heat units. A pound of steam of 120 pounds
gage or 135 pounds absolute contains 11887 heat units, In
other words, we have only to put 1188 7—1180.7=8 heat unils
more into a pound of steam to increase its pressure from 8o to
120, This is a very small percentage of the heat used, but see
how much we have added to the power-producing possibilities of
the steam. In Fig. 6 the heavy diagram represents the power
theoretically obtainable from steam of 8o pounds gage 95 abso-
lute, cut-off at one-quarter stroke with an absolute back pres-
sure of 3 pounds corresponding to a vacuum of 24 inches. If by
the addition of only 8 heat units per pound we raisc the pressure
to 120 pounds gage or 135 absolute, we can with the same ter-
minal pressure and using the same amount of steam, add the area

L z
$The area of the two heads — uu?" The stroke equals 2 diameters so

2
Y stroke = gand this multiplied by the circumferance Dir = D_: also.



