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PREFACE
This book
"Steam."

is

written as a sequel to the author's elementary book on

It

was prepared in the

first

instance as notes for the

second-year engineering students in this college, and deals, in as simple

a form as possible, with those branches of the subject which are of

fundamental importance to a sound knowledge

steam-engine design

of

and management.

Modern students

of

steam engineering have a great advantage over

their predecessors, in possessing such a wealth of recorded practical

experience as appears in the Proceedings of the Engineering Institutions, as well as in the

Technical Journals, and the writer has to express

his personal indebtedness to all these sources of information in the

The

preparation of this Ijook.

assistance received

is

acknowledged, as

far as possible, throughout.

Special attention has been given to the subject of the heat quantities

involved in the generation and use of steam.

temperature-entropy diagram has been used, and
solution of a

In

number

of ordinary

this purpose the

applications in the

everyday problems exemplified.

this connection, as well as for

of illustration

For
its

now employed by

many

beautiful graphical methods

engineers, students

and teachers

of

the subject are greatly indebted to the work of Mr. J. Macfarlane Gray,

Capt. H. Riall Sankey, the late P.

W.

Willans, and

many

others.

The

writer desires to express his personal indebtedness to Capt. Sankey for
his kindness in supplying

chart,

which appears

him with

copies of his temperature -entropy

for the first time, as Plate I. of this book.

This

chart has gone through an interesting process of evolution since the
occasion

when Mr.

J.

Macfarlane Gray read his paper at the Paris

meeting of the Institution of Mechanical Engineers in July, 1889,
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'•

On

the Rationalization of Regnault's Steam Experiments," describing

and explaining the use
Since

entropy chart.

steam and water

of the

that time

Capt.

lines of the

constant pressure, and constant volume in 1892
also the scales of total heat

and internal energy,

for the superheated-steam field.

the chart as

shown

in Plate

;

lines

of

and more recently

as well as the chart

All these additions

I. of this

temperature-

Sankey has added

now appear upon

book.

Other subjects dealt with include the compound engine, superheated
steam, and superheaters, the use of high steam-pressures, ^-alve gears,

steam-engine governors,

flywheels,

and other engine

There

details.

are also chapters on the balancing of engines, and steam-engine per-

formance, embodying the most recent results obtained from
of engines

and on modern steam-engine

;

mill engine, the

modern

all classes

design, including the Corliss

quick- revolution engine, the marine engine,

and the locomotive.

The author here
Scott

King

desires to express his

acknowledgments to Mr. T.

for the valuable original designs, both of

and complete engines, which he has prepared
for this
help,

book

and

;

also to

to Mr. F.

Mr.

J.

W.

engine details

for the author specially

Kershaw, M.Sc,

for

much

valuable

Boulden for kindly reading the proof-sheets.

W. RIPPER.
University College, Sheffield,
November, 1899.

PREFACE TO THE FOURTH EDITION
In the present edition a new chapter is added on the Steam Turbine,
and a very full series of Questions with Answers has been appended,
which covers the requirements of the various public examinations on
Steam, including the examinations of the Institution of Civil Engineers,
the Universities, and the Board of Education, Honours Stages,

W. RIPPER.
The University, Sheffield,
September, 1905.

SIXTH EDITION
Considerable additions have been made
Turbine.

to the chapter on the Steam
The Total Heat-entropy Chart introduced by Dr. Mollier

has also been added, and
in

its

application to various practical problems

Steam Turbine work has been explained and

The author

Brush Electrical Engineering Co

and Messrs. G. and

,

kindly supplying diagrams, and to Mr. J.
for

much

illustrated.

indebted to the British Westinghouse Co., the

is

W. Kershaw,

J.

Weir

for

M.Sc. B.Eng.,

valuable assistance.

April 1912.

SEVENTH EDITION
Experience

of the requirements of students preparing

and other examinations
addition to this

new

in

edition of

at the end of the book, which

covering the

field

much

it is

The additions

the private student.

worked-out typical

examples,
of

foi*

University

Steam Engineering has suggested the
valuable matter to the Questions

believed will be of great service to
consist of a large

carefully

classified,

the subject required

of

number

and

of fully

fairly

fully

the student by the

Professional Institutions.

W. RIPPER.
University op Sheffield,
July, 1914.

CONTENTS
PAGE

Iktroductory

.

,

1

.

CHAPTER
I.

II.

Thermodynamics of Gases

,

Temperature-entropy Diagrams

IV.

The Slide-valve

VI.
VII.
VIII.

IX.

X.

.

.

.

.

.........

Quality of the Steam

in

the Cylinder

110
125

...,,.....,...

Internal Surface of Engine Cylinders

The Steam-jacket

.

.,..,...,.,...

Injector

Condensers

41

90

Compound Engines
Superheated Steam

5

60

,

The Indicator

XL The
XII.

o

25

III.

V.

,

Properties of Steam

146

164
166
172

..... .....

179

XIII.

Feed-water Heaters

XIV.

Governors

200

Turning Effort in the Crank-shaft

227

Flywheels

245

XV.
XVI.
XVII,
XVIII.

XIX.

XX.
XXI.
XXII.

Engine Details

191

.252

Friction of Engines

275

Balancing the Engine

277

Steam-engine Performance

300

Types of Steam-engines— The Mill Engine

The

Corliss Engine

.....

320
331

CONTENTS.

xii

CHAPTER

XXIII.

Quick-revolution Engines

XXIV.

The Marine Engine

XXV.
XXVI.

...,,...,...
.,

...

PAGE

348
363

The Locomotive

368

The

385

Stea.m Turbine

APPENDIX
Ripper's Mean-pressure Indicator

451

II.

Satukated-steam Tables

453

III.

Saturated-steam Tables

IV.

Condenser Temperatures and Pressures

I.

V.
VI.

455

*

456

Table of Mean-pressure Eatios

457

Table of Entropy

458

QUESTIONS WITH SOLUTIONS

459

INDEX

511

LIST OF PLATES
PLATE
I.

II.

The Temperature -entropy Chart
Quick-revolution Engines

III.

MA.RINE Engines

IV.

The Locomotive

V.

Total Heat-entropy Diagram

....

Frontispiece

To face

358
366
372

.,

490

—

;

—

STEAM-ENGINE THEORY
AND PRACTICE
INTRODUCTORY.
DEFINITIONS AND UNITS.
Work

is

defined as the overcoiniug of a resistance through a space

by the application of a force, and the amount of work (Q) done is
measured by the resistance (R) or the force (F) in pounds, multiplied
by the distance (S) in feet through which the resistance is overcome
or through which the force acts
and the product is given in foot;

pounds, thus

:

U = RS =

FS

foot-lbs.

The unit of work is the foot-pound, or the work done by a
one pound acting through the space of one foot.
The unit of work in metric units is the work done by the
one kilogramme
kilogrammetre

acting

through

the

space

kilogrammetre = 7*23 3

1

of

one

force of
force of

metre = one

foot-lbs.

When

the motion takes place round a fixed axis, as in the case of a
crank, then the mean resistance (R) multiplied by the space traversed
(27rr feet per revolution) gives the work done, and

U
When

work

=

27r>-R foot- lbs.

per revolution.

done by pressure upon a moving piston, as in steamengines, it is measured by the product of the mean pressure p per
square inch, the area of the piston
in square inches, and the length
of stroke of the piston S in feet ; then
is

A

U = jjAS
or, if

P

=

A

p X

144.

and

—

U =p
But

A

X ^

= V=

volume
.-.

and

foot-lbs. per stroke

be expressed in square

U

feet,

then the pressure per square foot

X 144 X

A

X S

of piston displacement in cubic feet;

= p X 144 X

V = PV
V

area of piston be 1 sq. ft., then
in cubic feet will be
numerically equal to the length of stroke of the piston in feet.
if

B

—

j
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Work

represented by an Area.— Since work is expressed as a product
it may therefore be represented by the area of a plane
thus the work done on the piston of the steam-engine is
figure
represented by an area drawn by an "indicator," the length of the
diagram corresponding with the length of stroke of the piston to a
reduced scale, and the mean height of the diagram giving the mean
pressure on the piston throughout the stroke.
The total amount of energy received by an engine or
Efficiency.
machine of any kind is either used in the doing of vseful ivork or is
wasted, and
energy received = useful work + lost work
of

two numbers,
;

—

„

total

—

work done

useful

.

emciency = r——

-.

\

energy received

Power is defined as the " rate of expenditure of energy,"
amount of work performed in a unit of time
power = pounds x feet -i- minutes

—

or the

The Horse-power. — The unit of power used by British engineers
the "horse-power,"' which is equivalent to the performance of
33,000 foot lbs. of work per minute or 33,000 -^ GO = 550 foot-lbs.
In heatper second or 33,000 x 60 = 1,980,000 foot-lbs. per hour.
is

;

;

=

=
=

42-42 B.T.U. (British ther33,000 -4- 778
units the horse-power
42-42 x 60
2545 B.T.U. per hour.
mal units) per minute, or
The French horse-power (cheval) is 75 kilogrammetres per second
542*5 foot-lbs. per second, or rather less
= 75 X 7 '233 foot-lbs.
than the British horse-power.

=

=

1

= 1-0139 cheval
horse-power
= 0447 kilogramme per cheval
per horse-power
kilogranmie per cheval = 2 235 lbs. per horse-power.

1 lb.
1

Horse-power is the work done by the steam in the
by the aid of the indicator, and expressed in
This power includes, of course, that necessary
horse-power units.
to drive the engine against external resistance, and that used to
overcome the frictional I'esistance of the engine itself.
PLAN
units of work done per minute
Indicated

cylinder as obtained

I.H.P.

where

=

P = mean

""

33,000

effective pressure in

33,000

pounds per square inch on

piston.

A = elTective
=

area of piston in square inches.
(diameter of cylinder in inches)-

X 0-7854

less

area

of piston-rod.

L=

length of strukc in

from end to end

N=
=
—
HXAMPLE

feet,

or distance travelled

by piston

of cylinder.

number of strokes per minute, or for double-acting
engines.
= number of revolutions X 2 (
number of revolutions, for single-acting engines.
number of impulses per minute, for gas-engines.
)

1.

— Find

the indicated horse-power

of

an engine with

—

:
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length of stroke 18 in., number of
cylii\cler 12 in. diameter,
revolutions per minute 90, mean etfective pressure per square inch
on piston 40 lbs.

u

Thenl.n.R =
"

PLAN
33^0
(P X A)

X (L X N)

lbs.

ft.

per min

.

33,000
12 X 12 X 0-7854) lbs x (I'S X 90 x 2) ft. per min
(40
X
_ "
=
33;ooo
4520 lbs. X 270 ft. per min.

"

.

33,000

= 37

nearly

—

Example 2. An engine is required to indicate 37 horse-power
with a mean effective pressure on piston of 40 lbs. per square inch,
length of stroke 18 in., number of revolutions per minute 90 find
the diameter of the cylinder.
First tind the area from the formul?.—
:

i.n.ir.

-

^=
A, or area

From which

the diameter

Diameter

=

33 QQQ
33,000 I.H.P

P X L X

_
~
piston, =

of

PLAN

may

.

N

33^000^x 37 _
40"x T5"x 90 X 2
113

sq. in.

be obtained thus

/ area
y/ ^,.^^

-

113

= ^^/ ^^^^

^lU

=^

.

- 12 m.

Brake Korse-power (B.H P.) represents the power which the engine
capable of transmitting for the purposes of useful work, that is, the
power exerted by the steam in the cylinder less the power absorbed
in driving the engine itself.
is

total

—

This power is measured excejit where the engines are
by means of a brake dynamometer.

B.H. P.
-J-

The
its

TT

p

efficiency of a

1

=:

•

1

rt»

•

too large

ff

mechanical efficiency of engine

whole machine

is

the product of the efficiencies of

several parts.

Practical Electrical Units

=
=
Ohm =
Coulomb =
1 watt =
Ampere

Volt

—

the unit of strength of current, or rate of fluw.
the unit of electro-motive force.
the unit of resistance.
(ampere-second) = the unit of quantity
1 ampere X 1 volt = the unit of power.

STEAM-ENGINE THEORY AND PRACTICE.

= 0'7373 foot-lbs. per seco»id
= 00009477 heat-units per second (Fahr.)
= ~^ horse-power.
1 kilowatt, or 1000 watts, = 0-9477 heat-units per second
= 1-3405 horse-power.
1 horse-po-wer = 746 watts = 746 volt-amperes.
volts X amperes
= electrical horse-power.
^i-?i—
746
1 electrical unit = 1000 watt-hours.
1

watt

i

.

•

i

i

^^

Other Useful Constants—
1 cub. ft. of water weighs 62-3 lbs.
1 gallon = 0-1605 cub. ft. = 10 lbs. of water at 62° F.
column of water 2-3 ft. high corresponds to a pressure

A

1 lb.

knot

1

inch

1
1
1
1

per

1 kilo,
I

lb.

1

cub.

sq.

— 14*223
0^ C. and

cm.

of air at

cub.

of

sq. in.

= 6080 feet per hour.
= 25*4 millimetres.
metre = 39-37 inches.
cubic metre = 35-32 cubic feet.
kilogramme = 22 lbs.
lb. = 7000 grains = 453-6 grammes.
lb. per sq. in. = 0-0703 kilogramme per

1

1

per

lbs.

per

sq.

cm.

sq. in.

at atmosjjheric pressure

=

12-387

ft.
ft.

0-0807

of air at 0^ C.
lb.

and at atmospheric pressure weighs

CHAPTER

I.

THERMODYNAMICS OF

— Heat

GASES.

a form of molecular energy, and it may bo converted
work by means of the change of volume which it
produces in bodies acted upon by it. The medium through which
work is done by the action of heat may be either solid, liquid, or
gaseous, and the nature of the substance used is a question of relatis'e
convenience or suitability. Thus, if an iron bar be heated, the bar
expands, and if some form of resistance be interposed to its expansion,
=
then the work done in overcoming the resistance =
X S, where
may represent an enormous force, and S a very small space.
On the other hand, if a gas be used as the " working fluid," and be
heated in a closed cylinder behind a moA'able piston, then the work
done by the heat through the expanding gas
X S, as before,
where the resistance is comparatively small, and the space S moved
through by the piston is comparatively large.
Engineers generally utilize the smaller forces acting through large
distances, rather than unmanageably large forces acting through small

Heat.

is

into mechanical

U

R

R

=U= R

distances.
If a quantity of heat (Q) be applied to unit weight of any substance,
increases the energy contained in the substance, and its effects may
in general be divided as follows
(1) It raises the temperature of the
body ; that is, it increases the rate of molecular vibration. The heatunits involved in raising the temperature
S.
(2) It causes the
body to expand against its own internal resistances ; that is, it
increases the range of molecular vibration.
The heat so expended
in doing internal work is written p (rho).
And (3) it does external
it

:

=

work, E, by overcoming external resistance to expansion.

Then

Q =

S

+p+E

In the case of the generation of steam from water, the internal
work p is large and the external work E is small. In the case of a
perfect gas, the internal work is nothing.
Unit "of Heat.— The British thermal unit (B.T.U.) is the heat
required to raise 1 lb. of pure water one degree Fahrenheit, measured
at a standard temperature, usually given as 39° Fahr,, but more
recently as 62" Fahr.
1
1

Specific Heat.

French

B.T.U.
calorie

=
=

0-252 calorie
3 968 B.T.U.

— When equal weights of different substances are raised

STEAM-ENGINE THEORY AND PRACTICE.
through an equal range of temperature, the quantities of heat involved
are not the same in each case, l)ut vary in accordance with the thermal
Thus, if an iron vessel weighing 62'5 lbs.
capacity of the substances.
contain a cubic foot of water also weighing G2-5 lbs., then, though
both iron and water are at the same temperature, and are equal in
weight, they do not contain the same quantity of heat.
As a matter of
fact, the water contains about eight times the heat contained by the iron.
The relative thermal capacity, or the "specific heat," of substances
is defined as the amount of heat necessary to raise unit weight of the
substance one degree measured at the standard temperature.
A more
correct term than "'.specific heat" w^ould be "coefficient of thermal
capacity."

Table of SrECiFic Heats.

—
THERMODYNAMICS OF GASES.
care mutually convortil)lo, and heat requires for its production, and
produces by its disappearance, a definite number of units of work for
each thermal unit."
The value of the mechanical equivalent of the thermal unit as
determined by Joule was 772 foot-lbs., sometimes called Joule's equivalent, and written J.
Recent investigations, by Rowland and many others, as to the exact
value of J have led to the conclusion that 778 is a more nearly correct
value for the mechanical equivalent, and this value will be used
throughout.

Thus

1

B.T.U.

=

778

foot-ll)s.

—

= J

Second Law of Thermodynamics. " Heat cannot pass from a
cold body to a hot one by a purely self-acting process " (Clausius).
That is to say, heat flows from hot to cold, but not in the reverse
direction, and it is impossible, having once permitted a fall of temperature, as from the boiler furnace to the water in the boiler, or from
the boiler to the condenser, to render the heat available for work by
an attempt to return the heat by a self-acting process in the opposite
direction.

law that no heat-engine can convert the whole
work, but that, as soon as the temperature of the added heat has fallen to that of the surrounding
atmosphere, the heat remaining is no longer available for doing
useful work.
Also that if Tj be the highest absolute temperature
available, and To the lowest absolute temperature available, it is
impossible to obtain a greater efficiency than is represented by the
It follows

from

this

of the heat supplied to it into

fraction

Ti

-To

whatever the nature of the v.orking

Ti

fluid.

The

statements will be illustrated later.
In order to understand more clearly the
Effect of Heat upon Gases.
principles involved in the transformation of heat into work by steam,
it will be helpful to consider first the simpler case of the action of heat
upon air, which is subject approximately to very simple laws, and which
laws, it is assumed, would be absolutely obeyed by a perfect gas.
The product of the pressure P and the volume
of
Boyle's Law.
a perfect gas is a constant quantity when the temperature remaiiis
truth of

the..e

—

—

V

constant.

PV =

constant (at const, temp.) where
pressure per square foot, and
volume in cubic feet.
The constants for various gases have
been determined with great accuracy by

P =

V=

^

Regnault.
The value of PqVo may be calculated
thus if the volume Vf, of 1 lb. of air at
32° Fahr. and at atmospheric pressui'e (760
mm.) be 12 387 cub, ft. per pound
P„Y„ = constant
U-7 X U-t X 12 387 = 26,220 foot-lbs.
:

—
STEAM-ENGINE THEORY AND PRACTICE.
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number

If a

then the

of rectangles of equal areas PnV,,, PiV,, P0V2,

Here P

constant temperatui'e.

PV
Law
different

ft,

c is

—

Charles.
gases expand

line of

= constant

2P X *V 3P X -iV =
„
Under constant

of

be drawn,

an isothermal line, or
varies inversely as V, thus—

line joining the points a,

equally

for

etc.

equal volumes of
the same increment of temproportionally to the absolute
pressure,

and the volume changes
temperature.
The product P„V(| being given for a gas at T,„ or 32° Fahr., then the
value of the constant for any new PV due to change of temperature,
being proportional to the absolute temperature, may be found thus
perature,

:

T—

P VV -— P VV orp
-T

1

J

But P„V, =

j:

26.220"

.-.

+ 461 = 493
Ti = 53-2Ti nearly

and To = 32
26220

T,

PjVi = 26,220^-

=

-^g3

This equation for a perfect gas is written PV - RT, where
is a
constant depending on the density of the gas.
For air the constant

R

R=

53-2.

—

Absolute Temperature. It is found by experiment that when air
is heated or cooled under constant pressure, its volume increases or
decreases in such a way that if the volume of the gas at freezingpoint of water be 1 cub. ft., then its volume, when heated to the
boiling-point of water, will have expanded to 1'3654 cub. ft.
Or, inversely, if the volume remain constant, and the pressure
exerted by the gas at freezing-point = 1 atmosphere, then the pressure
at boiling-point of water = 1*3654 atmospheres.
These results may be set out in the form of a diagram (Fig. 2).
Thus, draw a vertical line to represent temperatures to any scale, and
mark on it points representing the freezing-point and boiling-point of
water marked 32° and 212° respectively. From 32° set out, at right
angles to the line of temperature, a line of pressure ah = 1 atmosphere to any scale, and at 212° a line cd = 1'3654 atmospheres to the
same scale. Join the extremities db of these lines, and continue the

—

line to intersect the line of temperatures.

It is assumed by physicists that, since the pressures vary regularly
per degree of change of temperature between certain limits within
the range of experiment, they vary also at the same rate beyond that
range, and, therefore, that the point of intersection of the straight
line dh produced gives the point at which the pressure is reduced to
zero.

So long as the gas exerts any pressure, it is presumed to exert that
the point,
pressure by virtue of the heat-energy contained in it
therefore, of zero pressure is reckoned as the point of zei'o temperature
on the absolute scale. Then
;

—

——

THERMODYNAMICS OF GASES.

+

oa
180 oa
or oa
492 6

l-365i

:

:

1

=

that is, the zero of absolute temperature is 492G below the freezingpoint of water, or 492-6 - 32 = 460'6 below zero Fahrenheit.
Calling
this 461, and writing T for temperature
absolute,

nary

and t
then

for

temperature by ordi-

scale,

T =
T =

or,

461
273

-f
4-

/
^

Fahrenheit
Centigrade

Also, if Pj and Vj be the pressure and
volume of a gas at absolute temperature
Ti, then at constant volume and change
of absolute temperature to

-

Pi

X

T., its

pressure

To
^;

or

its

volume at

pressure at temperature

T.,

=

constant

T„
Y^

x

,.,

.

or Intrinsic Energy (Joule's
When a gas expands without doing

Internal

Law).

—

work, its temperature remains
unchanged.
This law was arrived at by Joule in

external

the following way
Two copper vessels,
connected by a tube as

c-j^A

:

A

and B, were
Fig. 2.
shown.
One
vessel was exhausted by an air-pump so as to produce as nearly
as possible a perfect vacuum, and the other was tilled with compressed air, at a pressure of 22 atmospheres.
The vessels were then
immersed in water.
the stopcock was turned, the compressed air in A rushed
empty vessel B. The temperature of the water surrounding
the vessels was taken, before and after, with

When

into the

a very delicate thermometer, but no appreWhen the vessels
ciable change was noted.

were immersed in separate vessels of water,
the stopcock was
it was found that when
opened and the gas rushed from A, the water
surrounding it fell in temperature, while the
water surrounding B at the same time increased in temperature and by the same
amount.
The setting the mass of air in
motion absorbed heat from the one vessel, which was restored again
The net result
in the other vessel when the motion was destroyed.
was that there was no change in the temperature of the gas. The
temperature of a gas is a measure of its internal or intrinsic energy,
and in the above experiment, since there was no loss of temperature
there was no loss of internal energy.
From this mav be deduced also

—
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intrinsic energy of a gas may be converted
the kinetic energy of molecules in motion, with corresponding
loss of temperature, as when the gas cooled on rushing from A.
2. That the kinetic energy in the moving molecules of a gas will
reappear as heat if the moving mass is brought to rest, as when the
temperature increased in the vessel B,
The specific heat is
Specific Heat of Gases (Regnault's Law).
the amount of heat in thermal units required to raise unit weight of
The specific heat of a substance varies
the gas through 1° Fahr.
according to the conditions under which the substance is heated.
Thus, if heat be applied to 1 lb. of gas in a closed vessel, the gas is
said to be heated at constant volume, and the heat required to raise its
temperature one degree is written C,„ which stands for specific heat
C„ x 778 = K^, or the
of gas at constant volume in thermal units
specific heat at constant volume expressed in foot-pounds.
When the same weight of gas is heated in a cylinder having a
movable piston under a constant external pressure, if the temperature be raised one degree as before, the volume increases, and therefore work is done in pushing the piston out against the external
pressure, as, for example, that of the atmosphere.
The heat-units required to
This is heating under constant pressure.
raise the temperature one degree under constant pressure is written
C/„ and it is greater than C,„ owing to the extra heat required to do
the work of moving the piston against external resistance, in addition
to raising the temperature of the gas ; and C^, X 778 = K^ = specific
By the measurements
heat at constant pressure in foot-pounds.
of Regnault, the value of C„ for air = 0-1691 thermal unit = 131 6
The value of C^, for air = 0-2375 thermal unit = 1848
foot-lbs. = K„.
1.

That the heat or

into

—

;

foot-lbs.

=

K^.

heating a gas under constant volume or constant
represented by diagrams as follows
Take a point a between the axes of pressure and volume, so that
Apply heat to
its volume for 1 lb. of gas.
OP is its pressure and

The

efiects of

pressure

may be

:

OV

\

\
J2
r,

it

when

rise, as

Fig.

4.

the piston

is

prevented from moving
vertical line ah (Fig.

shown by the

;

then the pressure will
and its temperature

4),

-
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will rise, as shown by the intersection of the line nh with
of higher temperature!.

Here the whole

of the heat-energy apjilied has

raising the temperature of the

1

K>.

\\

isothermak

been absorbed in

No external work has
product P(V — Vj), and here

of gas.

been done, work being measured by the
(V - V,) = 0.
The heat absorbed - K„(T.. — Tj) foot-lbs. per pound, and this
represents the increase of internal energy per pound.
If now the heat be applied to the gas enclosed in a cylinder under
a movable piston, the external pressure being constant, the heat
absorbed will not only raise the temperature of the gas from T, to Tg
as before, but will do work in moving the piston from V to Vj against
external resistance P (Fig. 5).
Then the line ah will represent the line of
and the cross-lined area = work done — P(OVi

constant

—

OV).

pressui*e,

The heat

absorbed = K„(To - T,)
P(OVi - OV) foot-lbs. per pound.
The total heat expended per pound under these conditions is equal
to the number of degrees rise of temperature multiplied by the specific
heat at constant pressure = K^(T. — Tj).
And (the total heat
expended) — (heat expended in external work) = heat expended in

+

internal

work

;

or since

K^T, -

T.)

- OV) = R(T. - T^)—
R(T, - TO = (K, - R)(T, - TJ

P(OVi

-

But heat expended
of

temperature

is

in internal work per pound and per degree rise
equal to the sp3cific heat at constant volume

.-.

—

(K,-R)(T,-T,) = K„(T,-T.)

(K,-R) = K„

R

= K,

-

K„

R

= the diffei*ence between the two specillc heats expressed
that is,
in foot-pounds.
The ratio of the specific heat at constant pressure K, to the specific
heat at constant volume K„ is much used in thermodynamic problems,
and is expressed by the Greek letter ga.nma, thus

—

It has been

shown that —
Iv^

/.

K„(y

— K, = R,
- 1) = R
Iv„ =

and

K^,

-f-

K„

=

y

-r

C,,

^=C: =

0-238
0"T69

—

=

^^,
^'^^^

Work done during Expansion. When a gas expands in a cylinder
under a movable piston, if the piston were moved by some external
force, then the volume and pressure of the enclosed gas would change,
but the temperature would remain constant (providing there were

12
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no losses by radiation, etc.).^ Therefore the curve indicating the
varying condition of the gas as to pressure and volume would be an
If, however, the piston
isothermal curve.
were moved at the expense of the heatenergy stored in the enclosed gas, or, in
other words, at the expense of its intrinsic
energy, then external work would be done
by it and heat-energy expended hence
the pressure of the gas would fall below
the isothermal, and if no other heat influences have been introduced, such as loss
of heat by conduction through cylinder
Fig. 6.
walls, or gain of heat from some external
source or internal chemical action, then the curve described would
be what is known as the adiahatic curve {adiabatic meaning literally
no passage of heat to or from the expanding gas).
These two curves the isothermal and the adiabatic ai'e of great
importance in the theory of heat-engines, but they both represent
ideal conditions which are only approximately realized in practice.
If, during the expansion of a given weight of gas, heat is added
so as to keep the temperature constant, then the intrinsic energy
of the gas is also constant (see Joule's Law), and the heat expended
in doing external work during expansion is exactly balanced by the
heat supplied to retain the gas at constant temperature.
The work done during isothermal expansion is given by the area
ahdc enclosed between the hyperbolic curve, the two vertical ordinates,
and the zero line of pressure.
This area may be supposed to be made up of a number of indefinitely narrow strips, the area of each being
equal to ^ X dv, whei-e p = pressure, and
dv the indefinitely small width of the strip.
P -_
;

—

—
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heat supplied to balance the loss and to retain the constant temperature, or constant intrinsic ener<,'y of the gas.
Work done durirg Adiabatic Expansion. During adiabatic expansion the work done is less than that done during isothermal expansion, owing to the fact that during adiabatic expansion the work is
done at the expense of its own intrinsic energy alone, and the amount
of heat in the gas as the expansion proceeds becomes less and less.
In
any case the change of internal energy and the amount of work done
per pound of gas = Kp(Ti — To).
The adiabatic expansion ciirve for a gas is a particular case of the
general formula PV" = constant, and is written PV^ = constant,

—

where y

=

the ratio of the specific heats =

K =14
—
''

for air.

-">

The area enclosed by a curve

of this

arca=
but

PY« = P,V,

P(ZV

form

is

obtained thus

:

'

;
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Then, dealing with a cubic foot of gas, since \i\]) - pressure per
square foot = P, work done during expansion from Vj to V^

'""'..{-(!) •"'!
n

Also Pi V/

^

P.V."

=

constant

-\
"

^ V, \
;

(^

J

p..

= p"

^-

Therefore work done during expansion between pressure^ Pj and

-

n

The above equations

P.,

(•")

1

and (3) give the work done per cubic
and with zero back pressure.
work done during admission and expansion
(1), (2),

foot of gas during expansion only,
'J'herefore the total
against back pressure V.,

Relation between Volume, Pressure, and Temperature for a Perfect
Gas.

P,Vo

P,Vi = RTi; P,V, = RT,

For adiabatic expansion,

also

therefore multiplying,

=

also

,„

= P.^V^

PiV^

=

T.,

/PAvri

t; =

y)
y-'

and Ti

To:: Pi

:

V,: Vi
7

V,

—

drawn

T.

''^^^'i^

I

,

7

v

/

^,T

y-

:

P,

y

Pi^: P,v

::

7
:

Vi

:

:

Pi

:

P,

an air-coniprcssor at 60' Fahr.,

or
Example. Air
521^ absolute, and at atmospheric pressure lind the temperature
when the pressure is raised to four atmospheres without loss of heat
by cooling.
is

into

:

——

—

—

;
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Then from equation

<!^:)
1-4-1

= 521(4) '•*
logT, = log52H-eiMog4
= 2-7168 + (0-29 X 0-602)
= 2-8914
To =779^ absolute, or 318^ Fahr.
in
equation PV" = constant.
n
the
of

To find the value
Let ab he a portion of the curve
Take any point j> in the curve, and
draw a tangent to the curve from p,
intersecting OY and OX in c and d
1.

of

the form

PV"

constant.

;

then

— =-;r, = n,

may be

which

•'

fd

eo

ob-

This method
tained by measurement.
may be applied to indicator diagrams
when ej) = total volume of gas (in= zero line
cluding clearance), and
of pressure (absolute).
2. The value of n may also be obtained
by taking any two points on the curve
then using the equation

OX

area

=

P.Vi
n

(except when n = I, when the formula
constant
3. Since PV" = PjV/'

- PoV^
— 1
~^^^

fails).

=

log

P

-j-

H log

V=

log Pi

+

n log

Vi

_ og F, - log P
••
^-JogV-logV,
represented by Areas.'— When
l

.

Heat-Energy

heat

is

applied

to

a perfect gas — that is, a gas in which none
of the heat added is absorbed in doing work
to overcome internal resistance, but all the
heat goes either to increase the temperature
or to do external work
then the quantities
of heat involved may be represented by areas

—

as follows
1.

Let

:

A

represent the condition as to

and volume of 1 lb. of gas at a
given temperature and let the gas expand,
doing work by virtue of the heat-energy conpressure

;

Fig. 9.
tained in the gas, but without loss or gain of
heat externally.
Then, when the gas has expanded indelinitely until
'

Sue Papers

liy

Dr. Oliver Lodge, Engineer, January. 1894.
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the whole of the intrinsic energy has been expended by conversion
the temperature will have reached absolute zero.
The
work done, and therefore also the intrinsic energy of the gas at the
beginning in condition represented by point
will be represented
by the area enclosed by the lines Ac, cX, and the adiabatic curve Aa
prolonged to meet
(Fig. 9).
If expansion continue to zero temperature and pressure, then
into work,

A—

—

OX

—

=

area

But Po

=

-

PiVi

7-

P,V.,
-,

1

0,

=

area

.-.

^'^\ =

y-

1

^^\
y- 1

=

KJ,

either of which expressions represents the intrinsic energy of the gas
in state A.^
at constant volume till its
2. If heat be added to the gas in state
and B
temperature rises to B, then, if adiabatics be drawn through
(Fig. 10), area XcA« represents the intrinsic heat-energy in the gas
in state A, XeB?> the intrinsic energy in state B, and the area aABh
represents the additional heat required to change the state of the gas

A

A

from

A to

B.

Since the internal energy in a given weight of gas depends on the
= T^ and that at B := Tg,
temperature, then, if temperature at
considering unit weight of gas-

A

area a AB6= K„(T.,

A

-

T,)

to B accompanied by addition of
of state from
and B, area aABb gives the
adiabatics be drawn through
to state B.
heat received by the gas during the change from state
to B work has been done represented
But during expansion from
inby area cABd (Fig. 11), and therefore the total heat applied
3.

heat,

For any change
if

A

A

A

=

c

d

X

J".

Fig. 10.

+

energy in B
- intrinsic energy in

trinsic

B

Fig. 11.

that
If the

is,

work done

A

in passing from state

XdBh + cABd — XcAa ~ aABb =

temperature of the gas at
'

A

to state

;

To draw an

B

is

heat .supplied

greater than that at A, then

adiabatis curve, see Appendix.

—
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the intrinsic energy at B is greater than at A, and the heat added to
the gas at
is more than that recjuired merely to do the work cABd.
4. Let now the path
to B be situated as in Fig. 12, where B
falls below the adiabatic through A,
Here no heat has been received

A

A

Fig. 12.

from external sources on the contrary, loss of heat has taken place
And intrinsic energy of gas in state
represented by area bBAa.
= work done during expansion A to B + intrinsic energy remaining
or
in gas in state B + loss of heat during expansion
;

A

;

area

An

5.

XcAa = cABd + XdBh + hBAa

important case

is

the one in which the heat added to a

perfect gas during expansion is the exact equivalent of the work done,
and therefore the temperature at the end of the operation remains
This is the case of isothermal expansion.
the same as at the beginning.
(Fig. 13) is an isothermal, or line of constant temHere, since
perature, the intrinsic energy of the gas is constant at any point in
Intrinsic energy in
this line independently of pressure or volume.
= Xc'Aa. Heat added during expansion
to B
«AB6. But
work done ; or
heat added
energy remaining at B
energy at

AB

A

A

A+

=

=

+

XcAa + aABh = XdBh + cABd
But XcAo = XdBh
:. aABb = cABd
that is, the heat added to a perfect gas during isothermal expansion
is the exact equivalent of the work done.
The relation of the four areas marked AV, X, Y, Z (Fig. li), to the
quantities of heat involved in the change
from
to B when
is an isothermal line
is as follows

A

AB

:

W

4- X =
X+Y =

work done
heat received equivalent to work

done

W+Z
Y 4- Z

=
=

intrinsic energy in gas at
intrinsic energy in gas at

W = work
X

A
B

done at expense of intrinsic
energy originally present at A
= additional work done by heat received during operation AB

—
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Z =

Y

A

residual energy remaining of original energy at
to maintain constant intrinsic energy

= additional heat-energy

of gas during expansion along the isothermal line AB
done during Compression. If a quantity of gas, in state
as to pressure and volume, be compressed in a cylinder under a
movable piston, then, if the compression
take place slowly, the heat due to the
work done upon the gas, instead of increasing its temperature, may be supposed
to be dissipated through the sides of the
containing vessel.
In this case the temperature would remain constant, and the
pressure would increase in accordance
j^
with Boyle's Law, and the curve of compression would be given by the isothermal
If, however, the compression of the gas is supposed to take
curve AB.
place quickly, then the heat due to the work done upon the gas will
increase the temperature of the gas, and the pressure will also rise,
in consequence of the increased temperature, above that during
isothermal compression, and the curve of compression will be given
by a curve AC above AB.
The work done upon the gas during isothermal compression is the
same as the work done by the gas during isothermal expansion, and

A

Work

is

given by the expression PiVj log^

y

;

or

=

RTj

log^ r

where V^

is

the original and V., the final volumes, and Vj -^ Vj = r.
Similarly, the work done upon the gas during adiabatic compression is the same as the work done by it during adiabatic
expansion
'

—

^

r-1'

These principles may be illustrated by taking the work done in
an air-compressor (Fig. 16) on 1 lb. of air. During the suction stroke
from O to M, the volume Vj at pressure Pj is drawn into the cylinder.
On the return stroke the air is confined, and as the volume decreases
the pressure increases finally to Po, at which pressure the air is forced
If, during the operation of compressing the air,
into the mains.
the heat due to compression is all removed by some method of
cooling, the temperature of the air will remain constant, and the
If, however,
line of pressures will follow the isothermal curve NE.
the air is not cooled during compression, but all the heat due to
compression be retained, then the line of pressures will follow the
In practice the actual curve takes some position,
adiabatic curve NF.
NG, between the isothermal and adiabatic lines.
During the suction stroke BN the work done = i>^v^.
During compression NF up to pressure p^ =.^'3} the work done

~ "n -

i

—

—

—
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the
During the delivery of the air FA against constant pressure
work done = p.,r^. The net work (U) of compression from p^ to f^
and delivery at f.^ per lb. of air =
ip.^

area

BAFN.

U = Ih^i

But

-'

- 1>{>\

=
«

—

1

^y

The work done upon the gas
by compression from pi to ^3 is
converted into heat and increases
the temperature of the gas, thus
t3

The mean

When

eifective

the compr(!Ssion

= (^;)^'t.

pressure

is

during compression and deUvery

adiabatic, «

=

y =

=

1-4.

—A

cycle is defined as a series of operations through
Carnot's Cycle.
which a substance is passed, the substance being brought back
finally to the same state in all respects as that from which it started.
The area enclosed by the cycle is a measure of the net or useful work
done.
The cycle of operations known as Carnot's cycle for a perfect or ideal
heat-engine consists of four stages, illustrated as follows
Let a cylinder contain unit weight of gas enclosed under a
movable piston, and let there be an indefinite supply of heat at
constant temperature, Tj
also a lower limit of temperature, T..
Then, assuming no losses due to radiation, conduction, and
:

;

friction
1. Let the temperature of the gas in the cylinder to start with be
the same as that of the source of heat, namely T,, and let the cylinder
be in contact with the source of heat. Then, if the gas at state point
(Fig. 17) in the cylinder expands, doing work on the piston, and at
the same time a supply of heat from the source passes into the gas,
maintaining the temperature constant at Tj, the change of pressure and
volume will be represented by the isothermal line AB. During this

A

—
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work done = aABZ>. At the same time a quantity of heat,
has been given to the expanding gas

process the
Qi,

Qi =

aAB6 =

XABY

Let the supply of heat be cut off at B, and
to expand without any further communication
2.

let

of

the gas continue
Then the

heat.

pressure will fall more rapidly, and
the temperature will no longer be
maintained at Tj, owing to the loss
of
heat in the performance of
external work, which has been
done at the expense of the intrinsic
energy of the gas ; and let the
temperature fall to the lowest temperature, T2, during which the expansion curve BC is described. The

BC = bBCt". This
completes the forward stroke,
3. By the aid of a flywheel or
^„
other means, let the return stroke
now be made but let the cylinder be now placed in contact with
an indefinitely large cooling arrangement, represented by the lower
limit of temperature, T.j, the temperature of the gas at C being
also To.
There is at first no transfer of heat. But, as the gas is
compressed behind the piston while it returns, the immediate effect
is to increase the temperature of the gas ; but, being in contact with
the cooler at temperature T.^, the temperature remains at T, during
the time the compression is going on.
Let the compression continue
till the piston reaches point D, when communication with the cooler is
work done during

d
p

M

c

Ir

;

closed.

The point

is

so

chosen

that

the

adiabatic

through

D

passes

through A.

During this third operation the piston does work on the substance,
the amount of which is negative and is equal to the area cCD^.
At the same time a quantity of heat, — Q.j, has been rejected to the
cooler

XDCY

Q, = cCDcZ =
Continuing the compression, no heat can now escape, and the
pressure and temperature rapidly rise the compression line
is
described, and the substance is restored to
at Tj, where its condition
is now in every respect the same as at the beginning of the series of
operations.
The work done during the compression
is negative,
and is — aADrf.
The net work ("W) done is the algebraic sum of the work done
during each of the separate operations thus, using the symbol Wj
to represent work done during the first operation, namely, expansion
4.

DA

;

A

DA

;

AB—

w = W, + Wo - w, - w,
=

area

ABCD

—

—

—

— —
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These quantities may be stated in detail thus, using p„ for pressure
at a, and x\ for volume at a ; then

Wl

(1)

Y

=

^*

P.^'a log,

a

AB

is an isothermal line.
This also represents heat taken
since
in by gas during expansion
Qj = aABt =
Work done by gas during
(2) No heat taken in or rejected.
adiabatic expansion
Wo

AB =

XABY.

BC =

W.=
energy =

loss of internal

Heat

(o)

^-^""^[l-f^"
K,,(T,

rejected during operation

— T,)
= W^

CD

V

^^=vya log,. Y
= Qo = cCd/z
No

=

XDCY
Work done on

heat taken in or rejected.
= W4
adiabatic compression
(4)

—

DA

= K„(Ti

gain of internal energy

—

gas

during

T„)

In operations (2) and (4) the loss and gain of heat are equal
and balance each other also comparing the work done in the two
cases W2 and W4, it will be seen that the equations are equal, for
p_,r,j = ipjo^,
since a and 6 are on the same hyperbolic curve.
It
has also been shown (p. 14) that, since AD and BC are adiabatic
;

curves

VN7-i_T,

vj
Comparing stages

/'V,y/-'_T.3

-T/ \nJ
(1)

and

(3)

we have
therefore from (1)

and from (3)

I«_v*
••

-t,'

—

v,,
:—-

Wj

V^

^ ^^

=

V,-

Ve*

'

r

=

fjp^, log\, vv*

W^ =

-"p/',, log,

v"

= RTj

log,,

= RT.

log. r

r

^ d

Then the difference between heat absorbed
= heat converted into work = R( Tj —

in (3)

But

total heat received

= RTj

therefore efficiency

=

in (1) and heat rejected
To) log, r.

log^ r

— tjt^^—

"

~

—T

~

From a study of the statement of the Carnot efficiency, it will bo
evident that " between given limits of temperature the efficiency of an
engine is the greatest possible when the whole reception of heat takes

;
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place at the highest limit, and the whole rejection of heat at the
lowest."
The greater the range of temperature available, the nearer the
T,
T
approaches unity, and therefore the greater the
fraction
n^

——

"-

value of the efficiency of the engine, other things being equal.
The range may be increased by increasing the value of Tj, or
decreasing the value of To.
Suppose an engine to work between the temperatures 300'^ Fahr.
and 60° Fahr. Then its maximum efficiency

=

—ry.

—^=

1^^

=

0*315

=

31-5 per cent.

It will therefore be seen that the quantity of heat

which is rejected
and that the

necessarily large even under the best conditions,
efficiency is of necessity far removed from unity.

at Tj

is

The value of the fraction increases as Tj increases, and this is the
direction in which improvement continues to be made from time to
time in the steam-engine, and it has been carried to a still greater
extent in the gas and oil engine.
The lowest practical limit, To, is the temperature of the surrounding
atmosphere.
It may assist the student if the action of heat-engines, working
between given limits of temperature, be compared with the action of
the water-wheel working between two different water-levels. The
water-wheel is a device for using the difference of water-level, while
the heat-engine is a device for using difference of temperature, in
both cases for the purpose of doing useful work.
In the case of the water-wheel, it is evidently essential to maximum
efficiency that full use should be made of the difference of level ; that
no part of the height is wasted before the water reaches the wheel or
after it leaves it.
In other words, to take full advantage of the
height, the wheel should receive its water from the highest level and
release it at the lowest.
AVe might push the analogy a step further to illustrate the principle that reversibility is a condition of maximum efficiency.
For
suppose some external mechanical power to work the water-wheel
then, if the direction of rotation of the wheel be reversed, the ^heel
might be made to transfer water from the lower level to the higher
level, providing that the wheel, when working normally, received
water at the highest level and rejected it at the lowest any fall at
either side of the wheel would prevent it from being reversible.
This analogy is due to Carnot.
If the reversible water-wheel just described were turned in the
reverse direction by a second water-wheel (made somewhat wider,
so as to make it, say, 20 per cent, more powerful), then the first
wheel might be made to lift the water back again from the bottom
level to the top.
;

;
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If, however, the water-wheel were reversed by means of a heatengine instead of by another water-wheel, then, with the oidinary
commercial engine, the heat expended will be from five to ten times
as great as that actually converted into work, 80 to 90 per cent, of
the heat being rejected at the exhaust of the engine.
From this we see that when work is done by gravity, or transferred
as work in any way, the loss is merely that due to the friction of the
machinery of transmission, and need not be more than perhaps 20
per cent. whereas when work is done by transmutation of licai into
work, there is always a necessary and unavoidable loss of at least
70 per cent, of the heat, when working between the limits of temperature at present used in steam-engines, and a further loss of from
10 to 20 per cent, from causes which are more or less preventible.
It appears, therefore, that work obtained by means of heat-engines
is a somewhat costly commodity, and it is therefore important to
strive to obtain as high a percentage as possible of the heat actually
available as work.
From what has been said, it will be evident that though, by the
first law of
Thermodynamics, heat and work are mutually convertible, all the work which can be obtained by the conversion of
the heat will not be available as useful work.
Thus, when speaking
of the heat value of 1 lb. of coal as 14,000 heat units, and expressing
the same as units of work, we write
;

—

14,000

X 778 =

10,892,000 foot-lbs.

But it is a mistake to suppose that this number of foot-pounds of useful
work can be obtained from 1 lb. of coal, as only about 30 per cent,
of it is available for the performance of useful work under the most
perfect conditions within present limits of temperature.
By a consideration of the areas. Figs. 10, 11, 13, and 17, it will be
seen why it is not possible in any case to convert into useful work
the whole of the heat added to a working fluid.
Thus, suppose 1 lb.
of air at atmospheric temperature, say 60°, is heated to 500° Fahr.,
is expanded behind a piston, doing work until the
tenjperature has again fallen to 60°.
It might be thought that the
whole of the heat in this case had been converted into useful work
but it is not so, because during the expansion of the gas in addition
to the useful work done
it has been doing work against the back
pressure on the other side of the moving piston ; and it would only
be possible to convert the whole of the heat into useful work provided
the gas was expanded against absolute zero of pressure and temperature behind the piston ; also that the expansion of the gas itself was
continued down to this limit, namely, the absolute zero of temperature and pressure.
The loss due to incomplete expansion and to
work done against back pressure accounts for the large loss of heat
rejected at the exhaust in all heat-engines (see Temperature-entropy
diagrams. Chap. III.).
By the second law of Thermodynamics, it is not possible to expand,
to any useful purpose, below the temperature of the surrounding

and the gas

—

—

—
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atmosphere, and there are many practical objections to expanding
as far as this, especially that of excessive dimensions of the engine.
Increase of practical efficiencies must therefore be obtained in the
direction of increased initial temperatures, as very little improvement
can be expected at the lower end of the scale.
These statements may be summarized as follows
The
1. WorTc transmitted as ivorlc, as from one machine to another.
possible efficiency may reach nearly 100 per cent., depending only on
the loss of friction.
2. Heat transmitted as heat, measured as heat units and independently of temperature as from the furnace to the water in a heating
The possible efficiency may reach perhaps 90 per cent.,
apparatus.
depending only upon the difference between the quantity of heat, Q„
generated by the products of comliustion and the quantity, Q.,, rejected.
The efficiency = (Qj — Q.,) 4- Qu "where Q = quantity of heat as distinguished from temperature.
3. Worh converted into lient, as in the case of the friction brake.
Hei-e the efficiency will be 100 per cent.
Here the efficiency always equals
4. Heat converted into warh.
(Qi — Q-O "^ Qi' where Qi = heat received, and Qo = heat rejected
:

;

But

this

efficiency,

practical

—To

T —
—7^

",

efficiency,

y^~^\

always

falls

short

of

the

of a perfect engine.

Within the present limits of temperature used in steam engines,
the efficiency of the perfect engine cannot exceed about 30 per cent.
The actual efficiency of steam-engines varies from 2^ to 20 per cent.

—

CHAPTER

II.

PROPERTIES OP STEAM.
water at its temperature of maximum density
higher temperatures its volume per pound increases, and is obtained by multiplying 0-016 by a factor, the value
of which, as determined by Hirn, is as follows

TnK volume

=

of 1 lb. of

16 cub.

At

ft.

:

Temperiitiire.

Factor.

212° Falir.
284°
.,

1-0431

3.^0°

,.

892°

„

10795
1127
1159

Let heat be applied to 1 lb. of water at 32° Fahr., enclosed in a
cylinder under a movable frictionless piston exposed to atmospheric
pressure externally, and suppose the area of the piston to be 1
Then, neglecting the weight of the piston, the pressure on
sq. ft.
the piston = the pressure of the atmo.sphere - 'p lbs. per square inch
= J) X 144 lbs. per square foot
P.
The effects of heat upon the water are
1. The temperature rises, but the piston remains stationary, except

=

—

till a certain temperature is
This temperature
reached depending on the pressure on the piston.
is called the boiling-prnnt, and it varies as the pressure on the water
varies, thus

for the small expansion of the water,

:

Pressure on water.

STEAM-ENGINE THEORY AND PRACTICE.

26

disappears, till the whole of the 1 lb. of water has been converted
into 1 lb. of steam.
The steam during formation remains at the
same temperature as the water from which it is produced. The heat
added all the while evaporation is taking place is termed " latent
so called because the continued application of heat during
evaporation does not raise the temperature, and it was not clear to
the early experimenters what became of this heat.
3. The water having been completely evaporated, if the heat be
still further continued, the temperature, instead of remaining constant as before, will again begin to rise, now that the steam is no
longer in contact with water ; and the piston will also continue to
and the result will be the formation of svperheated
rise higher ;
steam at constant pressure, but increasing volume and increasing
temperature.
Steam is said to be " superheated " when it is heated
above the temperature of the boiling-point of the water corresponding
to the pressure at which it is generated.
Saturated Steam is steam at the greatest possible density for its

heat,"

It is invisible, and also, of course, " dry," as, if it were
must contain moisture or water in suspension, and this would
then not be steam only, but a mixture of steam and water, or wet
steam, which is no longer invisible.

pressure.
not, it

If 1 lb. of water is gradually converted into steam in a cylinder
under a movable piston, the steam is saturated all the time of its
formation until the last drop of water is evaporated. Beyond that
point, if the heat is continued, the steam becomes superheated,
increases in volume, and the vessel no longer contains steam at the

greatest possible density.

—

The temperature
Pressure and Temperature of Saturated Steam.
steam in the presence of water is the same as that of
the water with which it is in contact, and there is one temperature
At any other pressure the
only for steam at any given pressure.
temperature has some other value, but always fixed for that particular
pressure.
If the temperature falls, then the pressure falls, and a
portion of the steam is at the same time condensed ; or if the temperature increases, then the pi'essure also increases, and more of the
water present is converted into steam.
It may here be noted that, in practice, the water in a boiler, when
the circulation is bad, is not all of the same temperature throughout.
The temperature of the upper portion of the water is the same as
that of the steam, but the temperature of the water below the fire
is not necessarily the same, and where this occurs, the effect is to
produce unequal expansion in the boiler, which is the cause of many
of saturated

serious boiler troubles.

Our knowledge of the relation between the pressure, temperature,
and volume of saturated steam is chiefly due to the experiments of
The results of these experiments were stated in the
Regnault.
form of equations, from which the tables now in use have been
calculated.

Regnault's

experiments

were

conducted

with

great

care

and

—
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accuracy, and the results plotted, and curves drawn on copper, from
which the formulae were then deduced.
The general relationship between pressure and temperature is set
forth in the following diagram (Fig. 18), from which it will be seen
that the pressui'e not only varies with the temperature, but that the
rate of change of pressure is more rapid as the temperatures increase.
Thus at 212° Fahr., and at atmospheric pressure, a rise of 1° in
temperature is followed by a rise of pressure of hardly \ lb. per square
inch, while at 400^ Fahr., or 250 lbs. pressure, a rise of temperature
of 1° is accompanied by an increase of pressure of 3 lbs. per square
inch and the pressure rapidly increases ; thus steam at 54 G° Fahr.
has a pressure of 1000 lbs. per square inch.
It has been proposed to use high-pressure steam in pipes of small
bore to act as a means of superheating steam brought in contact with
the external surface of the pipes, but it will be seen how enormously
high the pressure must become before a temperature can be reached
which shall be of much use for superheating.
It should also be pointed out that though the working pressures
of steam will undoubtedly continue to rise in many departments of
engineering, yet the efficiency of the
steam is proportional to the range of
1000
temperature through which it works,
and hence the rate of gain of efficiency will not keep pace with the
rate of increase of pressure.
Rankine gives the following equation connecting the pressure and
temperature of saturated steam
;

:

logjoi?

in which

=

T=

A^

+

Fp

-

yj

461-2 Fahr.

For pounds per square inch the
= 6-1007,
values A, B, and C are,
log B = 3-43642, log C = 5-59873.
temperatures
This equation gives very accurate
results.
It is most convenient to
Fig. 18.
obtain temperatures from the tables
in practice, but the tables usually do not give values at very high

A

pressures.

—

Heat of Water and Steam. For practical purposes, the
heat of water is reckoned as unity at all ordinary temperatures.
In other words, if t be the temperature of the water, then the units of
This,
heat required to raise 1 lb. of the water from 32° to /° = < — 32.
however, though sufficiently accurate for practical purposes, is not
Specific

specific

strictly true.

The specific heat of steam, according to Regnault,
constant pressure, and 0-346 at constant volume.

is

0-4805 at

— —
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The total heat of evaporation (H) is defined
Total Heat of Steam.
to be the number of units of heat required to raise a pound of water
at 32° Fahr. to a given temperature,
and to convert it all into steam at
1146
The equation by
that temperature.
966
may be calcuwhich the value of
lated for any temperature, f, of the

H

H

L

steam in Fahrenheit units

P,

total heat
''

212"

'*°°"

= 1082

is

+ 0-305/

^

From which

it will be seen that the
heat slowly increases as the
temperature of evaporation increases,
305 thermal unit per degree of rise in temperature (see

total

namely, by

Fig. 19).
Heat to raise the temperature of the water {h) during evaporation,
reckoned from 32'^, is the number of thermal units per lb. to raise the
water from 32° Fahr. to the temperature of evaporation /. In practice
it is usual to obtain the value of h, thus
:

=

;<

-

/

32

The true value of h is, however, somewhat greater than this, and is
given in the Tables in the Appendix it includes the heat used in
expanding the water as well as in increasing its temperature.
If the feed water supplied to a boiler is at some temperature, tj
higher than 32°, the total heat of evaporation is then reduced by
<^ — 32 ; thus, if the temperature of the water to begin with is, say,
50° Fahr., then the total number of thermal units per pound required
to convert it into steam at 212° will be less than that given by the
tables by 50 - 32, or = 1146-6 - (.50 - 32) = 1128-6.
Latent Heat.— The latent heat of evaporation (L) is defined as the
heat required to convert 1 lb. of water at a given temperature into
steam at the same temperature^ and under constant pressure.
;

II

or

= L

L =

+

H-

A
A

Or L may be obtained approximately by the following formula

L =

1114

-

Q-lt

:

/

From this equation it will be seen that the latent heat decreases as
the temperature increases (see Fig. 19).
During the evaporation of 1 lb. of water, for every additional
unit of heat,

v-

part of the

1

11).

of

water

is

converted into steam,

The heat L supplied
the last drop of water is evaporated.
during this process of evaporation has been expended in two ways
(1) In overcoming the internal molecular resistances during the
change of state from water at boiling temperature to steam. The
beat so used is termed the internal latent heat, and is usually written

till

:
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(2) In doing external work by overcoming
p.
the external resistance or pressure, P, per square foot through a space
equivalent to the volume occupied by the 1 lb. of steam at the given
This heat is
pressure, less the original volume of the 1 lb. of water.
called the external latent heat, and is written E.

with the Greek letter

Latent heat.

External heat.

Internal heat.

Then, during formation of steam
total heat

also

E

H

=

PV

= ^p- =

/*

+L

PV

^-7. heat-units

PV is the work done in foot-pounds, omitting the volume occupied
by the water from which the steam was generated.
If s = volume of the water in cubic feet before evaporation begins,
and V = volume of the steam when the last drop of water has been
evaporated, and P = external pressure in pounds per square foot, then
ohan<*e of volume = V — s = m, and the external work done = E =
s) = P(V - 0-016) = P«.
The value of V is very large compared with s, and the more so the
Thus at atmospheric pressure, V = 1644 times s,
lower the pressure.
while at 200 lbs. absolute pressure, V = 141 times s.
The internal latent heat of steam (p) may be written in work- units,

P(V -

thus

:

p

= J(L)

The "internal latent heat"
"internal or intrinsic energy" (p

- P(V
(p)
-f-

-

s)

must be distinguished from the
h) of

steam.

In the short Table on p. 30, particulars are given of the quantities
of heat involved for a few cases of varying pressure from 1 lb. to
200 lbs. absolute pressure, and a careful study of this table will be
helpful.

Taking the items in the order given

The temperature

of 32° Pahr. is taken as the arbitrary startingquantities of heat are measured.
(2) The temperature of the boiling-point increases with the pressure ;
but the temperatures increase more slowly as the pressures increase
(1)

point from which

all

(see also Pig. 18, p. 27).
(3) As the pres'3ure

under which the steam is formed increases,
and thus the volume occupied per

the steam becomes moi'e dense,

pound becomes

smaller.

steam be formed at atmospheric pressure, then its volume
per pound is 26"6 cub. ft., but if the pressure is increased to 200 lbs.
per square inch absolute, then the volume per pound is 2"29 cub. ft., or
of the volume at atmosjjheric pressure.
only about
If the

—

p

1
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3°

The

(4)

total

as the pressure

heat required to generate

1

lb.

of

steam increases

increases, but the difference is very small.

Hence

the cost, or heat expenditure, per pound of high-pressure steam is
very little greater than the cost per pound of low-pressure steam.
Thus the total heat of steam at 1!00 lbs. absolute pressure is 1198,
while that of steam at 100 lbs. is 1182, or a difference of 16 units of
heat per pound, or 1-4 per cent.
But the possible work due to expansion from the higher pressure is much greater than from the lower.
Thus, expanding down to 10 lbs. from 200 lbs. initial pressure, the
mean pressure is 40 lbs. ; and from 100 lbs. initial pressure, the mean
pressure is 33 lbs., or a gain of mean pressure of 21*2 per cent.,
neglecting back pressure,
(5) The value of /i, or the number of units of heat per pound contained in the water itself measured from 32° to temperature of the
boiling-point, increases with the pressure.
It will thus be evident
that boilers having a large water space, as the Lancashire and Scotch
or marine boiler, carry a large store of heat in the water itself.
Thus the heat contained in the water of a boiler at 200 lbs. pressure
= 354*6 — 180-7 = 173-9 units per pound more than if the pressure
in the boiler were at that of the atmosphere.
When the pressure in
the boiler falls from some high pressure to a lower pressure, the heat
liberated from the water itself is capable of evaporating a certain
=
portion of its own weight at the reduced pressure.
Thus, if t^ —
the difference of temperature due to fall of pressure, and L = the
latent heat of steam at the lower pressure, then weight of water
evaporated by heat contained within itself — {t^—
-^ L lbs. per
pound of water present.
tn,

Q

Pressure per square inch (absolute) on water during evaporation

1

...

Temperature of water auppliedl
Fahr
/
Temperature of wutor at boiling-point Fahr
...
...f
of 1 lb. of steam (cubici

Volume
feet)

/

Total heat to generate 1 lb. of
steam from water at 32° Fahr.

=

H

Units of hent to raise 1 ]b. of
water from 32° Fahr. to boiling-point = /i = < — 32 nearly
Latent heat = E -tExternal work = E
Internal work
Percentage of

work,

Heat

—

H

p

coiivcrtid into^

E

in

j

the

steam,

from 32° Fahr.

countiugl
...

...j

.jno

^-

—

;
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ready for starting, but with the stop-valve and all outlets closed, the
surface of the water, if it could be seen, is comparati\ely quiescent
but on opening the stop-valve and starting the engine, or on lifting
the safety-valve by hand, or in any other way relieving the pressure,
however slightly, then more or less violent ebullition immediately
takes place, due to the fact that the heat stored in the water is in
excess of that required at the reduced pressure, and this liberated heat
goes to evaporate water.
similar effect occurs in the case of water in steam-cylinders when
the pressure is reduced by expansion, or during exhaust the heat
present in the water at the initial pressure and temperature exceeds
that which the water can retain at lower pressures, hence a portion
of the water is evaporated from this cause as soon as the pressure
falls (see " Re-evaporation," p. 112).
(6) It will be noticed that the latent heat decreases as the pressure
and temperature increase. Considering the component parts of latent

A

;

heat separately
The boiler,
First, the heat (E) transformed into external work.
the steam -pipe, and the cylinder up to the face of the piston may
be looked upon as one vessel, having a movable side, represented
During
by the piston, by which the volume may be increased.
the formation of steam in the boiler, each successive portion of the
steam generated expands from its volume as water to its volume
as steam, against the resistance of the surrounding pressure ; and
thus, in addition to the heat contained in the steam, heat has been
expended at the moment of formation in the boiler in doing the work
of finding room for the steam, which is found by the movement of
The heat thus expended in the performance of external
the piston.
work is the quantity E, the value of which in the table, though not
quite constant at all pressures, is nearly so, increasing slowly as the
pressure increases.
The heat expended in external work during formation of steam at
200 lbs. and 14-7 lbs, pressure respectively is as follows
:

200 X

IW

X

144:

14-7

X 2-29 -^ 778 =
X 26-04 -^ 778 =

—

84-3 heat-units
72-3
12-0

or a difference of 16-8 per cent., showing the extent of the increase in
between the limits of pressure given.
the value of

E

This heat, it should be remembered, having been expended during
the process of formation of the steam, is not, and never has been,
present in the steam, but was supplied as required from the original
Condensation in the cylinder of a steam-engine,
source of heat.
therefore, so long as the cylinder is in communication with the boiler,
is not due to the performance of work.
As soon, however, as cut-off takes place, the steam is no longer in
communication with the original source of heat, and all the work to

——
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be done, during the expansion of the steam from the point of cut-off
leaves the engine, must be done at the expense of the intrinsic
energy of the working fluid in the cylinder, which includes the
internal latent heat of the steam p, and that portion of the heat of the
water h which it gives up during expansion.
When steam is used in the cylinder without expansion, it is the
external latent heat E which is used, and the small proportion which
this bears to the total heat will be seen from the Table.
Thus, for
1 lb. of steam at 100 lbs. per square inch absolute, the external latent
heat E is 81-2, and the total heat from 32° Fahr. is 1181-9, or the
proportion of the useful work done to the heat expended is only 6*9
per cent., and this is the maximum efficiency possible when no further
attempt is made to utilize the heat still contained in the steam by
making use of its expansive properties.
When steam is formed under pressure, work is done against the
pressure ( = PV, the product of the pressure and the volume of the
steam formed), and steam condensed under pressure has work done
upon it by the pressure (also = PV, or the product of the pressure and
the volume of the steam condensed).
Tensity and Volume of Steam. Various formulae have been devised
to show the relation Ijetween the pressure and volume of steam, and
to draw the curve known as the curve of constant steam weight. This
relation has not yet been determined by experiment except for a limited
range of pressures. From the experiments of Messrs. Tate and Unwin,
the following formula has been deduced
till it

—

:

„

or {v

-

0-41)(p

4-

0-35)

= 0-41+

««^

p

-I-

0-35

= 389
v = volume

= constant

where p = pounds per square inch absolute, and
steam in cubic feet at pressure p.
A formula of the following form gives very accurate
pv"

=

of 1 lb, of

results

:

constant

For dry steam the value of the index n is, according to Zeuner, 1-0646,
and the constant is 479 for pressures in pounds per square inch and
volumes in cubic feet, thus

Rankine gave n = j^

;

thus— ^
\

'po^'^

or, as

/o

lj>'V^r

7

- constant

=

482

given by Mr. Brownlee
ir^^v

then lug V

=
=

330-36
2-519 - 0-941 logp

equals the logarithm of the volume of

1

lb.

saturated steam in cubic

—
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feet.

The density

of steam,

D

(or its

33

weight per cubic

foot),

is

the

reciprocal of the volume.

D= V1
or log

D

=

=^"'''
330-36

0-941 log

-

j;

2-519

—

at 212"^

Fahr. It is usual, in exEquivalent Evaporation from and
pressing evaporation results in steam-boiler trials, to reduce them all
to one common standard, namely, that of the number of pounds of water
which would be evaporated with the same number of heat-units from
a feed temperatui-e of 212^ inro steam at 212^. If the feed water be
at a temperature of 32°, then the total number of heat-units required
to evaporate the water at a given pressure may be found from the
table of total heat of evaporation ; but if the feed water be at some

higher temperature,
than the total heat

H-

(<y

-

/„

H

32)

then the heat-units required per pound are
from the Tables by t^ — 32.

=H+

32

-

<

=

less

heat-units per pound

But the
steam

heat-units required to convert 1 lb. of water at 212° into
at 212° = 966 units.
Therefore the equivalent weight of

water, Wj, evaporated "from and at 212° Fahr."

—A

Example.
boiler evaporates 9 lbs. of water per pound of coal,
working at a pressure of 90 lbs. absolute, feed temperature 60° find
the equivalent evaporation from and at 212° Fahr.
;

1179-6 + 32-60
_ ^^ „
^ ^ H4-32-L
^"960— = ^
iee— =
where W = weight evaporated from
feed temperature.

„^

„
^

I'^-^^s lbs.

actual

—

Incomplete Evaporation. Wet Steam. It has been assumed so
far that, during the evaporation of the 1 lb. of water, the whole of
the water is completely evaporated to dry steam.
But, in practice,
the steam from steam-boilers always contains more or less moisture
in suspension.
Sometimes the moisture present is considerable.
The total heat required to produce wet steam is, of course, less than
that to pi'oduce the same weight of di-y steam, by the latent heat
which would be necessary to convert the proportion of moisture
present into steam.
This is an important point to bear in mind
in estimating the evaporative

efficiency

of

steam-boilers,

and many

impossible results have been claimed for boilers through neglect to
estimate the quality of the steam obtained as to dryness.
Thus,
suppose a boiler to supply perfectly dry steam at a pressure of 90 lbs.
absolute, corresponding to a temperature of 320° Fahr. ; temperature
60° Fahr.
t of feed-water
Then the total heat of evaporation

=

=
=
=

H

-

(«

1179-6
1151-6

-

-

32)
(60 - 32)

—
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Or the

might be written

total heat of evaporation

Q =

x\i

+

/'i

—

/«/

where x = the dryness fraction of the steam.
the case for perfectly dry steam

Then,

if

x -

1,

which

is

Q =
=

+ 290 -

889-6
1151-6

28

The values of h and L are obtained from the steam tables, or may
be calculated.
If the steam supplied by the boiler, instead of being perfectly dry,
contains say 10 per cent, of suspended moistux'e, then the heat
expended per pound of wet steam

= Q = aL + — \
= (0-9 X 889-6) + 290 '*i

=

28

1062-64

If the steam from the boiler is assumed to be dry, and the 10 per
of moisture present is neglected, the evaporative efficiency of
For 11 51 "6 units of heat from the
the boiler will be exaggerated.
coal will evaporate 1 lb. of water from feed-water at 60° Fahr. into
cent,

dry steam at 320° Fahr. But the steam containing 10 per cent, of
moisture only actually requires 1062'6 units of heat, and therefore
the weight of water which will appear to be evaporated under the
conditions

latter

=

tatttw-

--

1'086

maximum

lb.,

or 8-6 per cent,

more than

quantity possible had
equally important, in determining the economy of steamengines, to be aware of the quality as to dryness of the steam
supplied to the engine, otherwise the engine may be debited with
using a weight of steam a portion of which it has not received as
steam, but as water.
Dryness Tests for Steam. The methods adopted to determine
the condition of the steam supplied by a boiler as to dryness are
the

It

the steam been dry.

is

—

various.

—A

common though somewhat rough
1. The Barrel Calorimeter.
method, unless done with great care, is that of the barrel or tank
It consists, in its simplest form, of a barrel placed on
calorimeter.
a weighing-machine and partly filled with a certain weight of cold
water, into which steam is carried by a pipe reaching nearly to the
bottom of the barrel, and having a perforated end. An arrangement
for stirring and properly mixing the hot and cold
is also fitted
The increase of temperature after the addition of a certain
water.
If—
weight of steam to the cold water is carefully taken.
= original weight of cold water,
w = weight of steam (wet or dry) blown in,

W
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=
=
=
L =
X =
jf,

temperature of cold water,

U

teiuperatui'e of water after addition of steam,

<3
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tempeiature of the steam,
latent heat of the steam at given pressure,
pounds of dry steam supplied.

Then—
a;L

+ tp(<3 -

Heat

fo)

=

W(/o

-

<i)

Heat gaiued by water.

by steam.

lost

or

if the heat gained by the water, namely, W(/.j — /,),
reduced by the portion of heat giA'en up by the water added which
entered as steam and with the steam, namely, to^t.^^ — L), the remainder
of the heat must be due solely to the latent heat of the dry steam
supplied.
If, therefore, this remainder be divided by the latent
heat L of dry steam at the given pressure, the quotient gives the
weight of dry steam supplied.
Example. If a barrel or tank contains 200 lbs. of water at a
temperature of 60° Fahr., and 10 lbs. of moist steam be added at
a pressure of 85 lbs. absolute, thus raising the temperature of the
water to 110° Fahr., find the percentage of moisture in the steam.
(Latent heat of steam at 85 lbs. pressure absolute = 892. Tempe-

Or, in words,

is

—

rature 316°.)

Then—
X

= W(4

-

200(110

=

8"9 lbs.

t,)

-

L

w(t,

-

to)

-

- 10(316
892
of dry steam
60)

110)

or

10

Y^

2.

—X
8-9

100 = 11 per cent, of moisture

The Separating Calorimeter, shown in
It consists of two

Prof. R. C. Carpenter.

Fig. 20, is designed

by

one within the
The wet steam is supplied
vessels,

with a steam space between.
through the pipe F, and the water contained in it, after sti-iking
the convex surface of the bottom of the cup N, is thrown outwards
against the sides of the cup, passes through the small holes or meshes
other,

in the side of the cup,

and

falls into

chamber

The cup N serves
away with it water
The steam now freed

C.

to prevent the current of steam from carrying

which has already been deposited in chamber C.
from moisture passes away at the top of the cup

N

into the outside

—
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chamber D, and is discharged at the bottom of the vessel through
an orifice, H, of known area, which is so small that the steam in the
calorimeter suffers no
reduction

sensible

in

pressure.

The pressure in the
outer chamber D, and
also the weight of steam
discharged at
in a
given time, is shown by
separate scales on the
pressure-gauge.
The rate of flow of
steam through a given

H

depends upon
the pressure, and this
rate is determined by
trial, and the outside
scale on the gauge is
graduated accordingly.
The readings give
the weight discharged
in ten minutes.
By
Napier's law the flow
of steam through an
orifice from a higher
to a lower pressure is
proportional to the absolute steam pressure,

orifice

until

the pressure

against which the flow
takes place equals or
exceeds 0'6 of that of
the vessel under pressure.

Fig. 20.

reading, and

««

=

The quality
the

weight of moisture separated at

amount

of

W

steam x

=

,y

moisture

=

(1

of the

W

= weight of
If
steam flowing through
orifice
by gauge

.

—

-

a;)

K

X 100
w

=

iw

,

H

~ X

100

The Throttling Calorimeter was invented by Prof. C. H. Peabody.
The form described here is a modification of it by Prof. R.
Carpenter.
The action of this calorimeter depends upon the fact

C

that the total heat of steam at high pressure

is

greater than that
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at low pressure, and on falling in pressure the excess of heat is
liberated, and goes first to evaporate any moisture present, and then
to superheat the steam
at lower pressure, if the

excess

of

heat

is

suffi-

cient.

In the figure (21), the
steam passes from the

main steam-pipe at boiler
pressure into the vessel
C, where it falls nearly
to atmospheric pressure,
and passes away by the
exhaust opening at bot-

tom of
The

vessel.

due to

its pressure.

temperature of
the steam in vessel C is
taken by the thermometer as shown, and this
temperature is then compared with the normal
temperature of the steam

Fig. 21.

of the steam in the calorimeter, above the atmosphere,
This
read from the manometer or U-tube shown in the figui^e.
reading, added to that of the barometer, gives the absolute pressure in
the calorimeter.
ExAMPLE.r— The total heat in 1 lb. of steam at 100 lbs. pressure
absolute is 1182, and that in 1 lb. of steam at 20 lbs. absolute is 1151,
and if the steam were allowed to expand from 100 lbs. in the steampipe to 20 lbs. pressure in vessel C without doing external work, the
If the
units of heat liberated per pound = (1182 — 1151) = 31.
steam in vessel C is at 20 lbs. absolute pressure, its latent heat is
954 units. The weight of moisture which the excess heat will evaporate
954 = 0-032 lb.
will therefore be 31
If, however, the amount of moisture present was less than this,
then the balance of the excess heat would superheat the remaining
steam above its normal temperature, and the excess would be shown
by the thermometer. In such a case the percentage of moisture may
If the moisture present is
be computed from the formula given below.
greater than the excess heat can evaporate, then no superheating takes
It is, however,
place, and this calorimeter would not be applicable.
very accurate within the limits of its action, namely, with steam con-

The pressure

is

~

taining not more than from 2 to 3 per cent, of moisture.
If <i = temperature of steam in main steam-pipe, f^ = temperature
in vessel C into which the steam has been expanded to a lower pressure,
and = normal temperature of steam in C due to its pressure ; then
total heat per pound of steam carried into calorimeter = /;, -f .rLj. In
the calorimeter, the heat in the steam due to its reduced pressure
t-i

—

;
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=

+

and if there is sufficient
7*3
L:i when the moistui'e is just evaporated
excess heat to superheat the steam, then heat required = 0'48 (/.> — ^3).
;

ThenTil

+

'^1^1

=

7*3

+

L3

+ 0-48(/2 -

l^

or

X =

7*3

-\+

L3

+ 0-48(^.3 -

O

L:

—

Expansion of Steam, We have seen (p. 32) that when saturated
steam is worked without expansion, only about from 6 to 8 per cent,
It will now be
of the heat expended is couA'erted into useful work.
shown how further work can Ije obtained from the steam by expanding
it in a cylinder after communication with the boiler has been cut off,
by making use of as much as possible of the internal energy contained in the enclosed steam before exhausting it into the air or
condenser.

When

steam

is

admitted to the cylinder for a portion of the stroke
forward during the remainder of the
stroke by the internal energy of the enclosed steam, the diagram of work is

only, the piston being driven

similar to that

Let Opi =

shown

in Fig. 22.

pressure of steam ;
OVo = length of stroke j)i'^ = li^^^ of constant pressure of steam during admission
and while communication is open between
boiler and cylinder ; a
point of cut-off
ab
expansion line representing fall of
pressure from j^i to p.^ during expansion of
the steam from OVj to OVo.
Fig. 22.
Here the steam is expanded from pressure pi to pressure p^, and exhausted against a back pressure po.
The total or gross work performed
area of whole figure Op^ahYo O.
The total work done during admission
area Op/tY-^. This is all
the work which the steam would do if there were no expansion.
The total work done during expansion — area VjatVg.
The work performed against back pressure
area OpJ)Y2.
The net or effective work done = area p^PiCibpo.
Then of the total work done, the work gained by using the steam
expansively is shown by the area Y^abYo, and this area is increased the
higher the initial pressure and the greater the number of times the
initial

;

=

=

=

=

=

steam

expanded.
in the Appendix gives the factor for obtaining the
mean pressure during admission and expansion, having given the
initial absolute pressure, or the ratio of expansion, or the number of
is

The Table

expansions.

By

'
'

volume

of expansions " is meant the number of times the final
the steam in the cylinder contains the original volume

number
of

expanded.

The Expansion Curve.

— The character

of the

expansion curve of the

—

—
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steam after cut-off depends upon the conditions as to loss or t^ain of
heat by the steam during expansion.
Throe important cases will be considered
When the curve is represented by a
1. The Hyperbolic Curve.
rectangular hyperbola, or Ijy the formula fv = constant.
This curA'c
approximately coincides with that obtained in practice, and, being
simpler in construction than the other
curves, is the one most usually applied
to obtain approximate results by calculation of the work done in engine
:

—

cylinders.

When ah (Fig. 22) is a curve fulfilling
the condition jjv
constant, the area of
the whole figure is given as follows

=

:

X Ovi = piJ'i
also the area Ob =
X Ov., =poV.2 — 'p\'-\
The area v^ahvo = piVj X loge?*, vp^here

=

Oa

=

r

0/)i
0/>o

V
= PV = constant = hypprbolic curvp
17
h — PVTs = constant = saturation curve
10
c = PV^= constant = adiabatic curve
a

Fig. 23.

--.

+

Therefore the whole area of Op^nhVo = 2h^\{^
logt*")In practice there is always more or less back pressure acting against
the piston, which reduces the effective work.

Thus

— P2V2

;

effective

if

opo

=

but in

back pressure, then
cases

all

effective

pressure throughout

effective

work

work

= jo,„Vo,

the stroke, and

Vo

= piVi{l +

log^r)

where p„^ = mean
= total volume of

piston displacement.

Therefore omitting clearance
2-)„^Vo

—

= 2J]Vi(l

-f-

logt}*)

— pju

or

1

where 2h

=

Pi.

=

-f-

logeJ"

P>n=lh~^.

^

P;

back pressure.

—

When the steam in the cylinder expands,
2. The Saturation Curve.
doing external work, and receives heat during the expansion from
some external source (as a steam-jacket), just sufficient to prevent
any condensation of the steam taking place, the expansion curve is
said to be the " curve of constant steam weight," and its condition at
any point of the expansion as to volume, pi'essure, and temperature
corresponds with the numbers given in Regnault's Tables for saturated
This curve may consequently be drawn for 1 lb. of steam by
steam.
taking the values for volume and pressure given in the Tables.
An approximate formula given by Rankine for the curve of constant
steam weight

is

pv^'

=

constant.

—

This curve represents the expansion of
3. The Adiabatic Curve.
steam without gain of heat from a jacket or any other source, or
without loss of heat by radiation, conduction, or any other cause,
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except the loss of the heat which is transformed into work during the
Such conditions are, of course, ideal, but they serve as
expansion.
a useful standard with which to compare the actual results obtained
in practice.

proceeds, the weight of steam present as steam
continually being reduced owing to partial condensation due to
the pex'formance of work at the expense of the heat contained in the
It will therefore be evident that the pressure will
expanding steam.
fall continuously below that of the "curve of saturation," which is

While the expansion

is

the curve which would be obtained if no condensation took place.
An approximate expression for the form of the adiabatic curve
IQ

given by Rankme, namely,

fw'-*

=

is

constant.

According to Zeuner, n = 1*1 35 for the adiabatic curve for dry
saturated steam ; or for wet steam when x = the dryness fraction,
1"035.
then n = 0-lx
Thus, given steam with 5 per cent, of wet1-035 = 1-130. For superheated steam,
ness, then n = (0-1 X 0*95)

+

71

=

+

1-333.

—

CHAPTER

III.

TEMPERA TURE-ENTR OPY DIA GRAMS.
The

indicator diagram represents by an area the work done per
stroke in foot-pounds, the area consisting of pressure and volume for
its rectangular co-ordinates.
The temperature-entropy diagram, as applied to engineering purposes, represents the heat -units converted into work per pound of the
working fluid.
In this diagram the
vertical ordinates represent temperature
^
reckoned from absolute zero, and the area
of the figure is quantity of heat, Q, in
^
heat-units.
The horizontal dimension is
<
^
obtained by dividing the heat-units su2>
S
plied during any given change by the
imean absolute temperature during the
°
change.
To this horizontal dimension
Clausius gave the name of " entropy."
^
Entropy is length on a diagram whose
height is absolute
temperature,
and
Scale op Entropy
whose area is energy, Q, in heat-units.
^.^

-j^

Any

Fig. 24.
change of heat received or rein a change of entropy,
the amount of the change being equal to the sum of the heat elements
added or subtracted, each bemg divided by the absolute temperature
of the substance at the time of the change then

jected

results

;

Entropy = 2

The Greek

letter

6

(theta)

,^

was used by Maxwell to stand for
(i^^O """as used by Rankine and by
Mr. Macfarlane Gray, therefore, gave

absolute temperature, and <^
Maxwell to denote entropy.
the name $(^ (theta-2M) to this heat diagram, just as j;w is a name for
the work diagram of pressure and volume as co-ordinates.
If, in Fig. 24, ah represent a line of constant temperature Tj, and cd
the line of constant temperature To also ac and hd lines of constant
entropy ^j and <^o respectively, then the area ahcd represents to scale
the heat-units involved in the change of temperature of unit weight
of the substance heated from temperature To to Tj, or cooled from Tj
to To.
Change of temperature is here represented by change of vertical
height of the temperature lines, and change of entropy by a change
of horizontal length measured along the scale of entropy.
Then the
,

—

:

STEAM-ENGINE THEORY AND PRACTICE.

42

quantity of heat, Q, involved in any cycle of operations, ahcd,
thus
Q = (Ti - T,)(<^.3 - <^0

is

given

Isothermal lines are lines of constant temperature

adiabatic lines
;
are lines of constant entropy.

Entropy may also be
expressed on the pressurevolume diagram by the
intersection of adiabatics
isothermals,
thus

and

25) the isothermals
ah and cd represent lines
of constant temperature,
Tj and T., respectively,
and ac, hd are adiabatics,
or lines of constant en(Fig.

tropy, ^1

and

(f>.2.

During

the expansion from a to h
been
added,
heat has
Fig. 25.
though the temperature
has remained constant at
Tj ; the change is represented by a change of entropy = ^., — <^i.
During expansion from h to d the entropy is constant, and the
change is represented by a change of temperature, Tj — T^.
The Temperature-Entropy Diagram for Steam. This diagram, first
proposed by Willard Gibbs, and afterwards independently by
J. Macfarlane Gray, illustrates very clearly many points connected
with the thermodynamics of steam, which can only be otherwise
solved by more or less difficult calculation.
The construction of the diagram will be best understood by taking
an actual case thus
Taking the case of 1 lb. of
(1) Heat to raise Temperature of Water.
water at 32°, which it is desired to convert into steam at some
temperature Tj, then the heat quantities involved in the A'arious
changes are represented as follows
Referring to Fig. 26, let
and
represent the axes of tempedraw a scale
rature and entropy ; and on the vertical ordinate
of absolute temperature fi'om the base line, which is the zero of
temperature.
Then O
Let To be the absolute temperature 493, or 32° Fahr.
may be taken as the zero of entropy. And entropy of water heated

X

—

—

;

—

:

OY

OX

OY

from To to Tj

-'

T„T

J T„^

lb. of water at 32°, the temperature
gradually rises and the entropy also gradually increases, hence the
condition of the water as to heat will be represented by the tracing

If

now heat be added

to the 1

—
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of the curve T„T.,T,, etc.
plied to the water during the change from
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heat in heat-units supto T., is represented
by the enclosed area OT^Y:.m. Again, suppose To to be the temperature
of a boiler feed-water, and the water is heated to temperature of
boiling-point, Tj, then the quantity of heat supplied to the water
between temperatures To and Tj is represented by enclosed area
aToTji =
B on the figure.
The horizontal dimension, or entropy, for water raised from temperature T, to To = oa = loge To - log, T«, and from To to T^ = ah =
The curve T'oTiT,, etc., is called the " water-line."
loge Ti - log. To.
T,,

A+

Temperature

-

FOR

Entropy Diagram

Steam

FAH

328

(Si

/
ENTROPY Scale
loqTFig. 26.

The " water-line " is practically very nearly a straight line, hence
the following approximate method may be adopted, which dispenses
with the use of logarithms
:

„

_

quantity of heat added

mean temperature during
(T —

Entropy = i^t

j-

addition

To")

tS

approximately

—

When the boiling-point of
{2) Heat to evaporate Water into Steam.
water is reached, the addition of heat no longer raises the temperature,
but during the formation of steam the heat is added at constant
temperature; the chahge is an isothermal one, hence the lineT,c is
horizontal, and it is extended further and further to the right as
more and more heat is added. When the whole of the 1 lb. of water
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has been converted into steam, the length of the line TjC for steam at
temperature Tj
latent heat of steam at Tj
Lj
"~

or total entropy of
as zero,

absolute temj^erature T^
1 lb.

of

steam at

Tj,

~ Tj

measured from entropy at Tj

J-1

-•-0

The heat-units required to convert the 1 lb. of water at Tj into
steam at Tj is I'epresented by the area V^^cf = C + DFor steam generated from water at some temperature To, the entropy
or the steam, or the length of the line To<i,

or total entropy of 1 lb, of steam at To, measurecl from entropy at Tq
as zero,

=

,

To

loge

,-T^

+

L.,

Mf

The curved line cd to the right of the diagram is obtained by
determining points, as explained above, for various temperatures and
pressures, and drawing a free curve through the several points, c, d,
This curve is called the "dry-steam line," or the
etc., thus obtained.
" saturation curve."
1 lb. of steam at Tj be expanded adiabatically to To, then the
temperature during expansion is represented by the fall of the

If the
fall of

horizontal line TjC to position T._,^, so that the " state point " c moves
along the adiabatic or (constant entropy) line eg, while Tj moves
downward along the water-curve to To.
The heat converted into work during admission at constant tempeB -|- C.
rature Tj and expansion down to Tg = TaTjC^/To
At the end of adiabatic expansion the proportion of the 1 lb. of

=

steam which

is

now

present as steam

=

T.(7

x

= ( loge rp'
^T^y
= (a6 + 6/) -r- «e
The proportion
expansion

=

1

—

of

x

= ™^.
•

Ta

steam condensed by performance
gd

=m

of

work during

,

rejected to the condenser = area aTogfa = D -f- A.
be added by a steam-jacket or other means to the expanding
steam, just sufficient in quantity to prevent any condensation of the
steam due to work done, the heat so added = firea, fcde.
The " state point " c of the steam travels during expansion, while
the steam is maintained in a dry condition, along the dry-steam line

The heat
If heat
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=

additional work done due to the jacket heat
area cd(j.
rejected to condenser
T.dea.
If the steam is wet to begin with, then a vertical line may be

The
The heat

cr?.

=

drawn through some point

s,

making

T8
=
j~

x^

=

proportion of dry

steam present; also TjS = x^L^ -^- Tj, and if the steam expands, then
the proportion of dry steam present at end of adiabatic expansion from
1\ to To = Xo = T,;/( -^- T,f/ or—
;

<

lo

—

Example. If dry steam at 150 lbs. absolute and temperature 358°
Fahr. expand to atmospheric pressure, tind the value of x., when the
expansion is adiabatic.

=

\ 81U
0-87

^^

^'^'^

J\)ii6

To draw Constant-volume Curves on the Temperature-entropy
Chart.
On an independent base-line XY, shown above the temperature-entropy diagram (Fig. 27), raise a scale of volumes of cubic feet

—

Fig. 27.

to the right of

number

Fig.

27.

From

this

of cubic feet occupied per

scale of

pound

of

volumes set off the
steam at the various

;
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pressures included within the range of pressures to be represented on
the diagram.
From any points, rtj, &,, Cj, on the saturation curve raise projectors
to XY, and produce them above XY, making them equal in height to
the volume occupied by 1 lb. of steam at temperature ai, 6j, Cj, etc., as
shown at a.,, hi, c.,. From a, h, and c draw perpendiculars to meet
in a.j, 63, c.j, and join these points to (tot &2>
respectively.
Then, if any horizontal be drawn from the scale of volumes intersecting the lines a.2a.^, bj).^, etc., as at aj)^c^, the horizontal may be
considered a line of constant volume in elevation, and corresponding
points may be obtained in plan by projecting from a^, 64, c^, etc., to cut
aa^, 6&1 respectively in points a^, b^, Cj, etc.
free curve drawn through
the points so obtained gives the constant-volume line aJ)-^%. Any
number of further lines may be added, as shown in Plate I., which is
the temperature-entropy chart as used for ordinaiy drawing office
purposes, and containing all the lines necessary for plotting any case
occurring in ordinary practice.
This chart was prepared originally in
this form by Captain H. Riall Sankey, to whom is due the application
of the constant-volume line to the chart.
The constant- volume lines may be drawn by direct measurement
thus, if bb^ is equal to any number of cubic feet (depending on the
temperature of the steam), say 10, then bb^ may be divided into ten
equal parts, which may be numbered from left to right 1, 2, 3, etc.,
respectively.
As each horizontal line represents in cubic feet the
volume of the steam at this particular pressure, similar subdivisions
may be made on other horizontal lines, and if the corresponding
numbers be respectively joined, the required constant-volume lines

XY

<^-2

A

may

be drawn.

I. is the portion B + C of the temperature- entropy
diagram Fig. 26, but the A'ertlcal scale of temperatures and pressures
has been greatly enlarged, which gives the chart considerable

The chart Plate

extension vertically.
The various temperature-entropy diagrams given throughout this
book have been drawn to various scales. Thus, when it was necessary to include the exhaust- waste area, a much smaller vertical scale
of temperatures has been used ; but where only the upper or " usefulwork " portion of the diagram was required, a much-extended temperature scale is employed.
Applications of the Temperature-Entropy Diagram.— Of the total
heat supplied to steam-engines, from 2 to 10 per cent, may be converted into useful work in non-condensing engines, and in multiple
expansion condensing engines this percentage may be raised as high
as 20 per cent, or more.
The remainder of the heat is lost by condensation in the cylinder,
by radiation, and, lastly, and greater than all the rest, by the amount
carried away to exhaust.
This loss of heat to exhaust may be best understood by a careful
study of the temperature-entropy chart, from which it will be seen
how the proportion of exhaust waste may be most effectively
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reduced, namely, by using steam of the highest possible initial
pressure, expanding as far as practicable, maintaining the steam in
the cylinder in the driest possible condition, and finally exhausting
against a back pressure reduced to the lowest possil)le limit.
E\ery unit of work obtained from the steam during expansion
after cut-otf is obtained by recovering a portion of the internal energy
of the steam, the whole of which would otherwise pass away to exhaust
unutilized.
Therefore the greater the range of temperature and
pressure through which the working fluid acts while doing useful
work, the greater the possibility of gain by expansion, and the
greater the proportion of the total heat supplied which is converted
into useful work.
And since the cost in heat-units per pound of steam
at high pressures is very little more than for steam at low pressures,
the advantage of using high pressures and large expansions will be
obvious.
Several cases will now be considered, illustrating the relation
between the total heat added and the heat rejected to
exhaust.
^.
Case I. Steam generated at ntmospheric pressure and exr4 I
Tiausted into the atmosphere at 32° Fahr.

This coiTesponds to the case of the generation of steam
open to the atmosphere. The heat quantities
involved in this case have been already given (p. 30).
The heat rejected may be considered in connection with the
condensation of 1 lb. of steam in a cylinder under a movable
weightless piston, the Aveight shown upon the piston being
If
intended to represent atmospheric pressure (Fig. 28).
the cylinder be placed in communication externally with
a cold body, the steam will be condensed, the piston will
gradually fall, and, if the cooling action be continued, the
whole of the steam will be reduced to its original 1 lb. of
in a boiler

water at

32"^.

Fig. 28.

Here the heat
body includes

—

(1)
(2)

The
The

(3)

The heat

rejected or carried

away by the

cooling

internal latent lieat
external work or work done upon the Bteam by
the pressure of the air during condensation

893-G

lieat of

lost

by the water

72-3
180-7

114GG

And

The total heat
this is the same as the total heat supplied.
supplied and rejected is given by the whole area of the diagram
S
L (Fig. 29), and no useful work has been done.
Case II. Steam generated at atmospheric pressure, doing loorh on a
piston, and exhausted into a condenser at 32° Fahr., representing a pressure
of 0*085 Ih. p>er square inch.
Here the total heat supplied per pound of steam is the same as in
Case I., but the heat rejected is less, as will be understood by reference
to the cylinder and piston in Fig. 28.
For suppose tha*:., when the

+

—
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cooling commenced, the piston had been secured so that it could not
the pressure of the steam decreased, and that the whole of the
steam is condensed to water at 32° Fahr. Then evidently the heat
rejected is less than in the previous case by the amount of work done
upon the steam by the falling piston under atmospheric pressure;

fall as

or

Heat

rejected

=

total heat

=
=

1146-6
1074-3

-

—

external

work

72-3

for this particular case.

The result is given by the areas Fig.
the total heat supplied. The
curved line hd enclosing the
external- work area is the " constant-volume line," drawn as
on

exjilained

p.

45,

and

30.

The area ahcde

is

it

INTERNAL ENERGY

Fig. 30.

Fig. 29.

the gradual fall of temperature and loss of enti'opy of
the steam during condensation at constant volume, that is, with the
piston rigidly secured at the top of the cylinder while condensation
Then the heat
takes place, till a temperature of 32° is reached.
below this line is the heat rejected ;
represents

and

total heat

—

heat rejected = external latent heat

Thus, the constant- volume line serves the purpose also of enclosing
an area representing the external latent heat, and of separating the
external energy from the internal energy of the steam.
The indicator diagram for such a case is a rectangular
parallelogram.

Case III. 8tea.m at atmospheric pressure exhausted into a condenser
against a haclc pressure of 5 lbs. absolute.
The effect is the same as though, when the piston had arrived
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at the extreme height due to the vokime of 1 lb. of steam at 212°,
the piston is secured, the weight representing the atmosphei'ic

pressure removed, and a weight one-third its size placed on the
piston (Fig. 31).
Here the steam will condense at constant volume till the pressure
falls to 5 lbs. on the square inch, when the piston will begin to fall
and the volume to decrease, and, if the cooling be continued, the
whole of the steam may be reduced to 1 lb. of water at 32° Fahr.

Heat

lost

by water

Internal heat
^3 external work

=

(212°

-

180-0

32°)

8935

=

3

of

723

24'1

...

1097-6

The indicator or fv diagram for this case is represented
B represent the total work done ; area
The nreas

A+

work, and area

B = work

by Fig.

32.
useful
against back

A

=

pressure.

The heat quantities inA^olved are
by the temperature-entropy

illustrated

diagram. Fig. 33, where area
cides with A, Fig. 32, area

iA\

A

coin-

B

with

Fig. 31.

Fig. 32.

B,

Fig.

32.

When

Fig. 33.
1

lb.

of

steam condenses at constant volume

from 15 lbs, to 5 lbs. pressure per square inch, the condition of the
steam during the process, or the path of the state point, is traced
by the constant-volume line fe. At e the weight of steam now
remaining, namely, ce -^ cli lb., continues to be condensed, but no
longer at constant volume, but under constant pressure of 5 lbs. per
square inch, during which the line cc is traced by the state point
E
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the steam has become water at temperature due to pressure of
The temperature of the 1 lb. of water
namely, 162'^ Fahr.
falls still further to 32° Fahr., and the heat thus given up by the
water is represented by the area ahcd. The total heat rejected in
this ease is given by the whole area below the cross-lined portion of
the figure, namely, the area abcefg.
Case IV. Shoiving the loorh done hy steam at various initial })ressures
without expansion (Fig. 3-i).
For steam of 50 lbs. pressure, admitted through the whole length
of stroke and exhausted 'against atmospheric pressure, the work done
till

5

lbs.,

3 CuJfjt

8-4 CuLjt

Fig. 34.

per pound

is shown by the shaded area A.
The value of this area in
heat-units may be obtained by direct measurement with the planimeter, or it may be obtained from the steam Tables, thus the
external latent heat of steam at 50 lbs. pressure is 77*7 ; the external
latent heat of {ac~ag) lb. of steam at 212°
area tac = 72-3 X 84
-^26
23-4, 72-3 being the external latent heat of steam at 212°
Fahr., fc the constant-volume line for 8-4 cub. ft., and 2G the volume
:

=

=

in cubic feet of 1 lb. of

steam at 212°.

Then the shaded area A = 77*7 — 23-4 = 54-3 heat units, and the
efficiency of the steam = 54-3-^ total heat of steam at 50 = 54-3 -f1167-6 = 4-65 i^er cent., reckoning feed-water at 32°. The remainder
passes away to exhaust; namely, 1167-6 — 54-3 = 1113-3 heat-units.
If, now, the pressure were raised to 150 lbs., and still worked
without expansion, then the work done per pound of this steam,
exhausted against atmospheric pressure,

is

represented by the area

B

—
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by the figure

enclosed

=

and the

74-7,

This

adeh.

efficiency of the

area

steam =

= 83 —

(72-3
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X

3 -^ 26)

74-7

^^w^

—

6 3 per cent.

much

larger efficiency than with steam of 50 lbs.
The loss per pound of steam, due to the back pressure of
pressure.
the atmosphere, with the higher pressure of 150 lbs., namely, the
triangular area aht, is less than the area act, which is the loss due

This

is

not a

back jjressure per pound of steam at 50 lbs. pressure.
exhaust is 1191 2 — 74'7 = 1116'5 heat-units, or nearly

to atmospheric

The

loss to

the same as before.
occupying 3 cub. ft. per pound had
If steam at 150 lbs. i)ressure
been used without expansion in the same cylinder which previously
contained 1 lb. of steam at 50 lbs. pressure, and having a volume of
8'4 cub. ft., then the actual work done in the cylinder per stroke in
the two cases, as distinguished from the work done per pound of steam
will be
for 1 lb. of steam at 50 lbs. pressure = 54*3 x 778 = 42,245*4
foot-lbs., and for (8'4 4- 3 = 2'8) lbs. of steam at 150 lbs, pressure =
2-8 X 74-7 X 778 = 162,726-5 footlbs., or 3-85 times the amount with
the higher pressure, and chiefly
because a greater weiijht of steam
has been employed.
It will be remembered that the
weight of coal consumed depends,
roughly speaking, upon the wcvjht
of water evaporated.
Case V. Showing the effect of
using the steam expansively on the

—

—

—

extension of the useful-work area,
the reduction of the proportion of the total heat rejected to

and on

exhaust.

The case has been chosen of
steam at 60 lbs. absolute pressure,
expanded adiabatically 2, 3, 4,
10 times, and working down to
a back pressure of 3 lbs. Area
.

.

.

A

represents the work
done during admission, all the
Fig. 35.
areas being measured down to
the 3-lbs. pressure line ; area B rei:)resents the gain by two expanThese areas
sions ; area C the gain by three exjiansions, and so on.
The values of
are traced off the temperature-entropy chart, Plate I.
the respective areas are given approximately in the following table,
measured from the chart by the planimeter
(Fig.

35)

:

A.
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it will he seen that the total work done, expanding
ten times, is 190-8 -^ 75 = 2-54 times the work done without expansion.
If a line be drawn (Fig. 35) through the 15-lbs. line of pressure,
then all the area below this line down to the 3-lbs. pressure line
represents the gain by working condensing, otherwise lost to exhaust.

From which

FiG. 3G.

It shows, also, that with steam at 60 lbs. pressure not more than
about 3i expansions could be used if the engine were non-condensing,
and worked against a back pressui*e of 15 lbs.
Case VI. Showing the effect of adding a condenser ichen steam of high
initial pressure is used, with and tvithoid expansion.
When the steam is used without expansion from 150 lbs. initial
pressure, exhausting against a back pressure of 15 lbs., the heat
converted into work is represented by area A, Fig. 36. If this
steam is exhausted into a condenser,
the additional work done by the
steam is represented by the area D,
which is only a very small proportion
If, however,
of the total work done.
the steam is worked expansiA'ely,
expanding from 150 lbs, down to
15 lbs. without condensing, then
the useful-work area is increased
4- B
but, to permit of such
to
expansion, if the weight of steam
used is exactly 1 lb., the cylinder
must have a capacity of about 22*5

A

Fig. 37.

cub.

ft.,

;

instead of 3 cub.

ft.

as

when

used without expansion. Further, if
a condenser be added, and expansion be carried down to, say 7 lbs.,
and exhausted against a back pressure of 3 lbs., the additional work
done is represented by the area C. To expand the steam down to so
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low a pressure as 7 lbs., the capacity of tho cylinder must be increased to about 44 cub. ft. (sec Plate 1.).
From this it will be seen how the useful work obtained per pound
of steam has been increased by raising the initial pressure and expanding as much as possible but the greater the expansion, the
larger the capacity of cylinder required to contain the same weight
of steam at the low terminal pressure before it is finally exhausted.
The indicator or 'pv diagram for such a case is represented by
Fig. .37, and the reference letters correspond in the two diagrams
(Figs. nC) and .37).
The " State Point " of the Steam. If any point be taken, as
Fig. 38, on the temperature-entropy chart, then this point
p.
determines the condition of the steam as to temperature, pressure,
Thus, the horizontal line nh
dryness, volume, and internal energy.
also «j) -^ ab = the
through p gives the temperature and pressure
The constant-volume line through 'p
dryness fraction per pound.
This volume is also
gives the volume of the steam present as steam.
ah at the pressure given by
equal to the volume per pound X Of
the horizontal through jj.
The constant-volume line also separates the external energy E
from the internal energy I, the area shaded below the constantvolume line and between the verticals drawn from 'p antl 32° representing the internal energy in the steam at j) reckoned from 32'^.
;

—

;

~

A

Fig.

The area

a'pc

Fig. 39.

:i8.

= E

is

the heat converted into

work during formation

of (ojj -i- a6) lb.

The
where

area I

H = total heat of
L=

El
I

=
=

latent

^H-^Lxl^)
1 lb. of
,,

_

(^E,

x

^)

steam at temperature
„

,,

external latent heat
,,
,,
internal energy of steam at state point

jo.

a.

—— —

—

—
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Work done

per Pound of Steam during Admission and Expansion,
Referring to Fig. 39, it will be seen that the work done (U) in
heat-units per pound of steam during admission at temperature Ti,
with adiabatic expansion to temperature To, and exhausted at that
temperature, = areas B
C or

—

1.

+
+

U=

;

B)
area (C
area C -f area (B

=
= l/-^^^^ +
assuming the

specific

\—

Tg

7io

=

—

Tj

U

=

;

+ A) —
-

(T,

T,)

heat of water at

area

-

A

T, log, ~;

.

temperatures

all

<

=

1,

and

or approximately

(T
Lj

—

To)

^+

rp

(Ti

—

Ta)

—

T —T
TafTTp

,

rjy\

The formula given
if

(1)

.

for the latent heat, L, of steam is 1114
be expressed in degrees absolute temperature, then

1114

-

(2)

•

0'7t

;

or

= X- 0-7(t + 4G1)
= 1437
L = 1437 - 0-7 T

0-7t

X

or

The formula

U
2.

To

(1)

= (1437
find

then becomes

-

0-7T0 (

the value of

adiabatically from Tj to To
as in Fig. 40.

U

= (1437 - 0-7T0 (

^i^^ ) + (Ti

-

T,)

-

% loge ^^

(3)

U for a case where the steam expands
and exhausts against a back pressure Tj,
^'~-'
)

+

(Ti

-

T,)

-

T, log,

'^^

'

"^
,

144(j>,-p,)V,
778

\^^

The whole of the expression, except the last fraction, represents
The full
area A, Fig. 40, and the last fraction represents area B.
B
C may be
area 2hT^\^4h =
obtained by substituting Tj for T„
The diflerence (A
in equation (3).
B
B) = area C,
C) - (A
which is usually rejected, because it
does not pay to expand so far.
In equation (4) all the terms are
known at once except Vo. In order
to find the value of Vg, or, in other
Fig. 40.
words, the volume of steam remaining as dry steam after adialmtic expansion from Tj to To, it will be
necessary to find the value of x, or the dryness fraction, "at Tg, and
to multiply by x the volume of 1 lb. of saturated steam at To (taken
from the steam Tables).

A+

+

+

+

+

—

—

—

;
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T,
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+
,
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L,

L,

) "^

rj.'

ip;

(see p. 44)

3. The work done per pound of wet steam expanding adiabatically
from Tj to Tj and exhausting at To, when the proportion of dry
steam to begin with = x then
:

U

.tl/-^^^^

The following formula,
work done by 1

-

(T,

4-

T,)

-

T, log,

.

^;

.

(5)

form to that given by Rankine,
steam, expanding from Tj to To,
the steam remaining saturated or at constant steam weight during
expansion.
This result might be produced by jacketing.
4.

gives the

U

= 1437

loge

similar in
of

lb.

% - 0-7(Ti

T„)+I^^^--P^)l^*

ipj

778
Area

B.

where V = volume of 1 lb. of saturated steam at pressure
steam expands down to j)-2 ^•'^^ exhausts at p.,, then the last
fraction disappears from the equation.
5. The same results, as already given,
may be stated in a somewhat different
form thus, the work done during adiabatic expansion per pound of steam is
done at the expense of the internal
energy of the steam, and the expres(Fig. 41)

po.

If the

;

sions

for

follows

the

internal

energy

are

as

Fig. 41.

:

of expansion = A, + a',p,
end of expansion = ho + x.,p.2
hence work done during expansion is equal to the difference of these
two quantities = J (hi — h., + ^iPi — •'^'aft) foot-lbs.
where J = 778.
Then, to find the net work
done per pound of steam during
admission and adiabatic expansion down to back-pressure line, and
exhausting against back pressure where .^i = 1—

At beginning
at

U

work done during admission =
work done during expansion =
work done during exhaust =

U=
Note.
ternal

—

p^

+

-jfi^h

work in

at pressure jh

J(pj

>

U=

+ jPiVi -

= Ln where

heat-units,

x,p.

p^

and Lj

=

=

p,Vi
J(^pi

—

x.,p..

-\-

h^

— h)

p.^x.^v^

-

p).p-.p. -\-

/«:

-

Zio)

internal latent heat,
latent heat per

.

.

pii\

(1)

=

ex-

pound of steam

then
J(L,

- x,U +

h,

-

/t.)

foot-lbs

(2)

——

—

—
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But by

equation, p. 45

—

a-oL.

Substituting in equation

U=

=

y ,^

(2),

+ loge

j T,

>j,'

and expressing

L,'^'^^^ - T.log, ^1

in heat-units

+

/*,

-

7*,

...

(3)

A

(Fig. 42) under
Flow of Steam.— When steam flows from a vessel
pressure p, into vessel B against back pressure ^o, then the total
internal energy of the steam at pi
^"^^
before expansion = ^j
^'ipi
after expansion adiabatically to some
less pressure p.,, the internal energy

+

=

Fig. 42.

+

^o

'>

The work done upon

x^p.^.

AB =

a-iPiVi, where Vj
volume per pound at Pj.
The work done by the steam in AB
against Pg = .roP,V„, where V, = volume per pound at po.
If v•^ = velocity of the steam at beginning of expansion, and u, =

the steam in

=

velocity at end of expansion, then

energy of the steam
and energy
energy expended ; therefore
;

~

'^

^

= the gain

supplied

=

energy

of kinetic

remaining

+

J(/'i

+

.r,pO

+

.T,P, V,

If the initial velocity

i\ is

from the following equation
v.?

-^ =

J(7ti

=

J(7ji

—

+

7*2

7(,

2^^-

=

zero,

J(A,

+

.r,p,)

then the

+ a:,P,V, + ^

final velocity is

obtained

:

+
+ .TjLi —
.Tipi

.To/Jo)

+ XiPiVi -

aJaPoVa

x.Jj.^

—

Thermal Efficiency. Steam-engine efficiency may be expressed in
various ways ^ thus
1. The proportion of the total heat supplied which is converted
into useful work is called the absolute thermal efficiency.
2. The ratio between the heat converted into work in the actual
engine, and that which an ideal engine would convert into work
when working between the same limits of temperature, is called the
standard thermal efficiency.
;

The standard thermal efficiency will evidently depend upon the
particular kind of ideal engine cycle chosen with which to compare
the actual engine, and this is a matter about which there is much
variety of opinion.
The

efficiency of the Camot cycle ideal engine will be made clear
the case of steam by refei-ring to Pig. 43.
Considering the
case of 1 lb. of water raised to the maximum temperature Tj and

for

'

See paper by Captain H. Biall Sankey, Froc.

Inst. C.E., vol. csxv. p. 182.

;
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During evaporation the
converted into steam at that temperature.
steam is supplied throughout at the constant temperature T„ represented by the movement of the vertical line through j? towards the
corresponding with
rio-ht of the figure till j) coincides with A-, and
Areas
admission line ah in Fig. 44,
C + D represent the heat-units added =
the latent heat of evaporation at T,.

The steam

is

then expanded adiahatically

to the lower limit of temperature
To represented by the line Itm (Fig. 43),
During the return
and he (Fig. 44).
stroke of the piston, suppose that the

down

A

D

A.
Fig.

M

Fig. 44.

now condensed within

the cylinder itself by cooling, so that,
when the piston has returned along the line cd to d, the volume
has been reduced to rs -^ rn of the volume of 1 lb. of steam at T,
then the heat abstracted by cooling is equal to area D.
The last step is now to compress, if possible, the mixture of steam
and water enclosed as represented by da (Fig. 44), and along the
adiabatic line sjj (Fig. 43), so that it may become 1 lb. of water raised
from temperature Tg to Tj by the work of compression ; the heat
supplied by the compression being equal
B.
Then the heat sup,P
to the areas
plied during the cycle = areas C -f; the
the heat conheat rejected = area
;
verted into work by a perfect engine
working according to this cycle = C.
m
Therefore the efficiency of the Carnot cycle

steam

is

A+

D

D

= E =

C
C

_

Ti

+D

-

T,

Ti

It will be noticed, however, that in the
steam-engine the portion of the cycle re-

presented

by the fourth

step,

A

D

namely,

adiaV)atic compression, is very impei'fectly

performed, because in tlie actual engine
only the steam retained in the cylinder
Fig. 4,5.
at beginning of compression, namely, rs
-^ rn of 1 lb., is actually compressed ; the remainder, having been
exhausted and condensed at temperature T2, must be heated to Tj by
The efficiency of such an arrangeaddition of heat from the boiler.

ment

is

shown by

Fig. 45.

—
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If the ideal engine expels the proportion sn -4- rn of its steam (by
weight), heat has to be supplied to the boiler to raise the temperature
of this portion of condensed steam from To to Tj, and this heat is

represented by the areas
efficiency

of

E+

F, where

st

=— x
rn

such a steam-engine working with

«»"•

The absolute

compression of

a

portion only of the steam supplied

=

C

C+E
+ E + F-f D

which

is less than that of the Carnot cycle, though greater than if
there had been no compression.
The arrangement of heating the feed-water by doing work upon
it is known as the " dynamic feed-water heater."
The Clausius Cycle ^ is described in four stages as follows
1. Feed-water raised from temperature of exhaust to temperature
of admission steam.
2. Evaporation at constant admission temperature.
3. Adiabatic expansion down to back pressure.
4. Rejection at the constant temperature corresponding with the
:

—

back pressure.
These stages are represented in Fig. 46, thus
To is the temperature of the feed- water and of the exhaust steam area
+ B is
the heat added to the feed-water to raise
:

A

;

it

steam-admission

to

temperature,

T,.

During evaporation in the boiler, C -f- D
The
is the latent heat added per pound.
expansion being adiabatic, and being continued

to

the

coi'ner in in Fig.

with

c (Fig.

47).

back-pressure

46

is

sharp,

line,

the

and coincides

Compare with

Fig. 49,

h

Fig. 47.

Fig. 46.

is not carried down to back pressure.
The
stage is to condense this steam at constant temperature T2 by
abstraction of heat
during the return stroke of the piston,
till the 1 lb. of water is returned at the original feed-temperature, To.
The heat converted into work by a perfect engine working under
these conditions is represented by the area
-f B ; and for the
Clausius cycle

where the expansion

last

D+A

' This cycle
has now been adopted by the Inst. C.E. as the standard of comparison for steam-en (!:iue8, and is called by them the "Rankine cycle," it having
beau published simultaneously and independently by these two investigators.

—

—
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Absolute thermal efficiency

This cycle

is

=

j-^y

B
b

4-

4I

S9

C
^fT)

evidently less efficient than the Carnot cycle,

C
,-,

y.

cycle differs from the Clausius cycle
(1) By addition of heat to the cylinder to maintain the steam dry
throughout the period of expansion ;
(2) By not carrying the expansion so far as to the back pressure,

The Rankine dry steam

but ceasing the expansion at some pressure pa higher than the back
pressure ^3.

These effects are illustrated in Fig. 48, where during expansion
heat has been added, making Kn the expansion line instead of Kw,
the additional heat from a jacket or other
source being represented by the area
hkng.
This added heat has been sufficient
to render the steam dry during expansion,
and to cause the expansion line to coinbut
cide with the saturated-steam line
it will be seen that the efficiency of this
Jihng.
heat is very low, being nikn
;

—

Fig. 49.

Fig. 48.

The effect of incomplete expansion is seen by the area lost between
the shaded area and the back-pressure temperature line through T.,,
shown dotted.
Weight of Steam required per Hour per I.H.P. by the Ideal Engine.
The number of foot-pounds of work performed per hour per horsepower = 33,000 X 60 = 1,980,000 or in heat-units, 1,980,000 -^ 778
=r 2545.
Then, if U = the number of units of heat converted into
work per pound of steam, and S = the pounds of steam required per

—

;

horse-power per hour

Q = 2545
-^~
S

lbs.

from which the weight of steam per I.H.P. per hour for the ideal
engine can be calculated.
In practice, owing to various losses, some weight of steam, W,
Then efficiency of the engine
greater than S is always I'cquired.
= E = S -^ W.

CHAPTER

IV.

THE SLIDE-VALVE.
slide- valv^e, as its name implies, is a valve which slides to and
opening and closing ports or passages for the flow of steam to or
from the cylinder.
The functions to be performed by the valve include (1) admission
of the steam to the cylinder to give an impulse to the piston
(2)
to cut off" the supply of steam when the piston has travelled a certain
portion of the stroke ; (3) to open a passage just before the com-

The

fro,

;

pletion of the stroke, for
the escape or exhaust of
the steam from the cylinder ;
to close the exhaust
(4)
passage before the piston
reaches the end of the return stroke, to secure a certain amount of "cushioning."
Lap of a Valve.
The
amount by which the valve
overlaps the outside edge of
the port when the valve is
in the middle of its stroke,
is called the outside lap (see parts o, o, Fig.
Similarly, the
50).
amount by which the valve overlaps the inside edge of the port
when the valve is in the middle of its stroke, is called the inside
lap (see i, i, Fig. 50).
Lead of the Valve. " Lead " is the amount by which the valve
uncovers the port when the piston is at the beginning of its stroke
(see Fig. 52).
The lead to exhaust is always greater than the lead
to steam admission (Fig. 52).
The way in which these various functions are fulfilled for both
the forward and backward strokes of a double-acting engine may be
seen from the Figs. 51-54.
Fig. 51 shows the valve in its middle position and closing both
ports, in which position the amount of lap, or overlap, of the valve

—

—

may be measured.
Fig. 52

shows the piston at the end

of the stroke,

and the valve
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opening the ste<am-port to admission of steam.
This port
opening is the lead.
Fig. 53 shows the slide-valve at the end of its stroke.
It does
not necessarily open the steam-port fully for admission, but it
just

Fig. 51.

Fig. 52.

Fig. 53.

Fig. 54.

always opens fully to exhaust when the valve

is

at the

end

of its

travel.

Fig. 54.
Here the piston is at the other end of its stroke, and the
valve lias opened the opposite port by an amount equal to the lead.
Double-ported Slide-valve. For large cylinders, such as the low-

—
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pressure cyliiuler of compound engines, the travel of the valve in
order to open the port to supply sufficient steam would be inconveniently great.
To reduce the travel, and thereby also to reduce
the work to be done by the eccentric in moving the valve, the doubleported slide-valve is used, as shown in Fig. 55.
The steam-passage P of the cylinder terminates in two ports
instead of one, and the steam-ports are each made one-half the width
which would be necessary for a single port, and the travel of the
double-ported valve is therefore only half that of the common A'alve
for the same total area of port-opening.
The valve is so constructed that, when in the middle of its stroke,
each of the four steam-ports is covered by an equal inside and
outside lap, though some modification of this is made in short-stroke
engines.
The steam-admission and exhaust arrangements are equivalent to
that of two separate simple slide-valves. The steam is supplied to

Fig. 55.

the inner admission edges of the valve by passage S, S, cast in
the sides of the valve, passing through from side to side, and
communicating with the cylinder when the valve uncovers the
ports.

In large engines with a single flat valve the total pressure of the
steam on the back of the valve would be so excessive, unless reduced
by some means, that the load thrown on the eccentrics and working
parts of the valve gear owing to the friction between the valve and
cylinder faces would be a serious drawback to the efficiency of the
engine.

To reduce this eflfect, an equilibrium ring, E, is fitted to the back of
The ring is fitted in a circular
the valve, as shown in the figure.
groove, and fits steam-tight against a circular planed surface on the
back of the valve. It is set up to its work against the valve by set
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seiews passing through the cover, which act against a spring, and
can Ijc adjusted from the outside.
The internal sjiace between the ring and the cover is connected
with the exhaust pipe or condenser, and hence a considerable portion
of the total pressure on the valve is removed.
similar arrangement of equilibrium ring at the back of the valve
as used in some locomotives is shown in Fig. 56.

A

Fig. 56.

The Piston Slide-valve is a form of slide-valve which is used for
high-pressure steam, to avoid the loss due to the friction of the
The piston-valve as in perfect equilibrium as
ordinary flat valve.

regards the steam pressure, and is
cylinder of triple-expansion engines.

much used

for the high-pressure
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H
It

is

not used for the lower-pressure cylinders, because the dimen-

sions of the valve to give the required port-opening

to the dimensions of the cylinder

The

is

large relatively

itself.

disadvantages with this type of valve are (1) the loss
of steam past the circumference of the valve into
the exhaust passage ; and (2) the large clearance space, owing to the
volume of the steam-passages being necessarily great with the
chief

due to leakage

piston-valve.

The example given in Fig. 57 shows the valve remoA^ed from the
The valve itself, PV, consists of a double piston,
valve chamber.
the width of the pistons being the same as the width of face in an
ordinary flat slide-valve, and being sufiicient to cover the port when
in mid-position, and to provide the necessary lap.
The valve works in two short bushes or barrels, B, in which
passages, SP, are made all round the bush, which form the steam-port
for admission and exhaust of steam to and from the cylinder according
The steam-port, being in the foriu of a
to the position of the valve.

Fig. 58.

by bars instead of a continuous circular
with which the larger types of pistonvalves are fitted, to work to and fro over the port without catching
on the edge. The steam enters as shown it passes to either end of

series of openings separated

port, enables the spring rings,

;

the piston-valve, and, the valve being hollow, the admission steam can
pass right through it from end to end.
The exhaust escapes by the
internal edges of the valve, and passes away by the chamber surrounding the body of the valve, the reduced diameter of this part
corresponding to the exhaust chamber of the simple slide-valve.
Sometimes this arrangement of the steam is reversed, the steam
being admitted at the inner edges of the pistons from the chamber
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around the middle of the valve, and exhausted from the outer ends
and through the interior of the valve. The latter arrangement is
adopted in some cases with superheated steam.
The Eccentric, Fig. 58, is a disc fixed on the crank-shaft in such
a way that the centre of the disc is eccentric, or " out of centre," with
the centre of the shaft.
Fig. 59 shows that the motion transmitted by an eccentric with an eccentricity CE is equivalent to that
obtained from a small crank where radius is r = CE.
The disc is

Fig. 59.

termed the sheave of the eccentric, and is made in halves, the halves
being secured by bolts and split cotters as shown. The band surrounding the sheave is called the strap. The sheave rotates inside the
strap in the same way as the crank-pin rotates in the connectingrod head.
The eccentric rod is attached to the strap, and the
slide-valve receives a reciprocating motion
from it, similar to
that received by the piston from the crank-imi, but on a reduced
scale.

The angle of advance
which the centre

of the eccentric is the angle in excess of 90°

line of the eccentric is in

advance of the centre lins

of the crank.

co-

Fig. 60.

Thus, in Fig. 60,

through the centre

E

OC

is

the crank-arm, and

of the eccentric.

OE

the line passing

—

;
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Then the angle
To

AOE =

^

=

the angle of advance

the angle of advane 3 of the eccentric, having given the
With radius OE (Fig. 61)
of the valve
radius of eccentric, or half travel of valve, describe a circle about O.
Produce the centre line CO of the crank through 0. Set off Oa
the lead, and from 6 raise a perpenthe lap of the valve, and ah
Join OE'. Then EOE' is the angle
dicular to cut the circle in E'.
of advance of the eccentric.
outside lap ;
Let
travel

find

and the lap and lead

=

:

=

=

i

=
=

\

=

inside lap

;

outside lead ;
inside lead, or lead to exhaust
radius of eccentric ;

=
=
= angular advance
a = any angle passed through by crank
D = valve displacement from mid-position
+ = i 4o +
lap + lead
^
^
^
From Fiff. 61 shiO =
=
r^ = ^^^
r
T"eccentric
radius
oi
p
—
= p sin —
p si a
1.2

p

;

;

;

Zj.

^1

"

.

'='

;

Zj

~^

i -{-L
J

i.

I,

Valve Displacement

pi

I

^^

C

for

;

^^^^

valve displacement

06 = OE' cos E'06
L __ Opening of port

>^|

^^"""^--.....^^^^

I

(n

—

Given Angular Travel of Crank. Let
crank C (Fig. 62) travel through
angle a from its dead centre
then

^ j^

-~^ _ -"^r::-^

^

,
l^

p

)

i

to steam

j

=p
^^

sin (a
^.^^ (-„
\.

+ 0)
^ ^\J
.

_

^

To find the Position of the Piston
any Position of the Crank. 1.

'

Fig- 62.

—

for

When

the length of the connectingrod is very great compared with the length of the crank-arm.
Then, if ah (Fig. 63) represent stroke of piston, and r = radius of
crank, a perpendicular let fall on ah from crank position c gives a
point m as the corresponding position of the piston.

Om =
am =

(V)

r cos 6

r(l

—

cos 6)

(2)

But if the connecting-rod be comparatively short compared with r,
as is the case in practice, then, in Fig. 64, let ah be the path of the
piston to any scale, and aCh the crank-pin circle.
With radius equal to the length of the connecting-rod, and from
a centre on ha produced towards a, draw an arc, st, touching the
This may be termed the mid-travel arc and the displacecentre o.
ment of the piston from mid-stroke for any position, C, of the crankpin
Gv drawn parallel to the line of stroke, ah. Take also some
Then the displacement of the piston
other position of the crank, C.
;

=
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from

its

mid-position

=

Arcs C/ and

C'i'.

C(j,

conaec ting-rod
from centre on ha
produced, also give
the piston displace-

ments 0/ and 0{j
= Cu and C'i; re- Con/iecfino
Jlodi
spectively. The
distance
vn mea.

sures the deviation
the piston for
jjositions C or
of
the crank due to
the obliquity of the
connecting-rod.
of

C

/|\0

/
a\

Zeuner Valve
Diagram, This

—

diagram was

first

by

Dr.

proposed

Zeuner of Dresden,
and, owing to its
great

and

convenience

simplicity, is very

much

y^

used-

i\^
1
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drawn with radius

of
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Fig.

position,

65, let ah be the travel of the slide-valve, Oa the crank
the position of the centre line of the eccentric,

and

OE

angular
adhaving
vance B. Then a perpendicular, Ec, on a&
gives Oc, the distance
o^ the valve from its
mid-position.
If the
crank-shaft move round
on its centre so that a
passes to a^ and E to
El, and Oc' is the distance of the A^alve from
its
mid - position for
eccenti'ic position OEj.

Instead of the crank

OE

and eccentric
moving round the
Ort

cir-

cular path, the result
will be the same if the
line 06 be supjjosed to
move in the reverse
direction as at \, h^

FiG. 65

etc. (Fig. 66),

and

pendiculars Ecj,

drawn

per-

Ef.j

be

Then

as shown.

the angles OcjE,
Oc^E, etc., are right
angles, and therefore a
all

circle

drawn upon

OE

diameter will pass
through the points Cj,
as

C„,

etc.

(Fig. 67),

and

the portion Ocj, Oca,
etc., of the lines intercepted by this fixed
circle
gives the
distance of the vah'e from
its central position for

any position
etc., of

b,

h^,

629

the crank.

The Zeuner diagram
here given with the
usually required marked thereon.
The
connection
beis

particulars

Fig. G6.

tween the valve diagram and the indicator diagram
In Fig.

half the travel of the valve.

is

also shown.

drawn with radius ORj, equal to
The outside "lap circle" is drawn with

68, the circle Rj, Rg, etc., is
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VP

=

radius
the outside lap.
Distance
is set off
the lead, and
the pei'pendicular PP, is raised to cut the travel circle in P,.
Then

PoORg

is the angular advance
the eccentric, position of
crank being at OA.
On P.^ORdraw the primary and secondary valve circles on the diameters OP2 and OR- respecti^•ely, as shown.
From centre
O, with radius
= the inside lap, draw the inside lap

of

\).

OW

circle.

Then the real position of
the crank is
for position
OP2 of the eccentric, and for
rotation in a clockwise direction.
If these positions remain fixed while the radius
ORj rotates in the opposite
Fig. G7.
direction, the result will be
the same as though
and
OP., rotated in the true direction, as already explained (Fig. 6G).
Then, if ORj be assumed to be the position of the crank at the
commencement of the stroke, the length OP, the part of ORj intercepted
by the primary valve circle, is the distance which the valve has moved
from its mid-position and this includes OV, the lap, and YP, the port
opening, shown shaded, and which is, in fact, the lead of the valve.
The opening of the other port to exhaust at the same instant is given
by the length DW.^.
If a radius be drawn through B, the intersection of the valve circle
with the outside lap circle,
is the position of the crank when
admission of steam begins namely, just before the crank reaches its
dead centre, R^. Continuing the rotation of the crank, on reaching
equal to the lead,
the dead centre the port is open by an amount
as already stated.
The valve now continues to open the port wider,
until at the position OP^ of the crank the valve is at its maximum
distance from its mid-position.
The valve now commences to return
towards its mid-position, and the port is gradually becoming more and
more throttled till the crank reaches OR4, where the outside lap circle
intersects the valve circle.
The port is then closed, and cut-off has
taken place, the expansion of the steam in the cylinder commencing
from this point. Expansion continues till the crank reaches OR,,
where the inside lap circle cuts the secondary valve circle when the port
opens to exhaust.
Rg drawn at right angles to OP.,, or tangent to the
valve circles, is the position of the crank when the valve is in mid-

OA

OA

•

—

OR

VP

position.
If the valve had no inside lap, then R., would be the position of the
crank when the exhaust port opens, and R5 continued across the
diagram would give the position of the crank at exhaust closure ; but

TO

STEAM-ENGINE THEORY AND PRACTICE.

when the valve has inside lap, a
radius equal to the inside lap,
Then crank positions obtained
through the intersections of the

circle is drawn from centre O with
cutting the secondary valve circle.
by drawing lines from centre O
inside lap circle and the secondary

valve circle give the positions of the crank at exhaust opening and

Fig. G8.

closing

respectively.

At

M

the port

is

fully

open to exhaust

;

at

By the valve has moved a distance QR- past the edge of the port, thus
leaving the port wide open to exhaust till the crank reaches ON, when
the port begins to close till Rg is reached, when compression of the
steam remaining in the cylinder takes place, till the port opens again

THE SLIDE-VALVE.
The

for re-admission of steam.

= width

of port.

arc through

Q

7E
is

drawn

so that ^^'Q

—

Reuleaux or Reech Diagram. The foHowing diagram is known as
Ileuleaux's diagram in (Termaiiy, and Reech's in France.
Referring to Fig. 60, if the eccentric radius be turned back through
an angle 0, then the valve would be in mid-position, and the crank would
behind its dead centre. In Fig. 69, let the same circle
be at an angle
represent the path both of the crank-pin and of the eccentric centre,
each to different

scales.

Through the centre

of the circle

draw

DD^

Fig. 69.

making an angle B
as explained above,

= the angular advance of the
D is the position of the crank

eccentric.

when the

Then,
valve

is

For any
in mid-position, and DDj is called the mid-position line.
of the crank, the displacement of the valve from its
position C or
Draw SSj
C?>i or C'k drawn perpendicular to DD^.
mid-position
parallel to DD', and at a distance from it = outside lap = o, and draw
i.
inside lap
EEj parallel to DDj, and at a distance from it
the port opening to
Then for ci-ank position C, the length Gn
steam when the valve has travelled a distance Cm from the centre.
the exhaust port is open, C'k — i, and the valve
For crank position
has travelled a distance C'h from its mid-position.
The diagram refers to one side of the piston only, and neglects the

C

=

=
=

C

obliquity of the eccentric rod

and connecting

rod.

=
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P from the lap lines represent the
showing on the steam side the port is not
fully opened, while on the exhaust side, in this case, the valve travels
beyond the edge of the port.
"When the crank turns clockwise, S is the admission point, Sj =
the point of cut-ofF, E^ = opening of exhaust port E = compression.
on SSj = the steam lead, and the
The perpendicular let fall from
perpendicular let fall from Aj on EEj = the exhaust lead.
This diagram teaches most clearly a number of facts of importance
For example, suppose, on a given engine, the lap of the
in practice.
valve was decreased by removing a portion from the outside edges of
the valve then the effect would evidently be to cut off later in the
stroke, which would no doubt be the object of reducing the lap,
but it would also increase the lead, which would probably be an
objectionable feature, and this could only be prevented by altering
the angular advance of the eccentric, in other words, by making the
The effect of
less, until the lead was the amount required.
angle
this on Sj, El, and E would be to make them all later.
Again, it might be desired to increase the lead of the valve,, altering
nothing except increasing the angle of advance 6 of the eccentric.
The effect of this, it would be at once seen, would be to make all the
operations of the valve at Sj, E^, and E earlier.
Problem.— Given travel, cut-off, and lead, to tind the lap and the
angular advance of the eccencric.
Draw circle from O with
The

width

lines

of the

drawn

steam

at a distance
port,

;

A

;

radius
70),

at

OC =

half travel (Fig.

and draw the lead

circle

A with radius = lead.

Draw
cut-off C

a line from point of
tangent to lead circle. Then
a circle drawn from centre O
touching this line is the lap
circle, its radius being equal
to the lap required.
line,
DD', drawn through the centre
O parallel to the lap line, makes
an angle with AAj equal to
the angular advance required.
Effect of Obliquity of ConTaking the case
necting-rod.
of a vertical engine, and drawFig. 70.
ing the crank circle (Fig. 71)
to an enlarged scale with diameter AAj (Fig. 72), then the effect of
a short connecting-rod on the distribution of the steam on the opposite
sides of the piston may be seen by the aid of the diagram.
Thus
(Fig. 72), DDj is the position of the crank when the eccentric is 90°
ahead of the vertical centre line, and st is the mid-travel arc of the
piston.
Also lap-lines are drawn parallel to DDj, and at a distance
from it equal to the outside lap o at the top end and d at the bottom

A

—
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If o and o' aro oqual, then it will be seen that crank position C
point of cut-oft' for the top side of the piston, and crank position
But Cm is greater than
c' is the point of cut-oft' for the bottom side.
(in, or, in other words, the piston is further past midposition on the downstroke at C than on the upstroke
at c', and therefore cut-off" takes place later on the downstroke than on the upstroke.
This inequality of cut-off may be reduced by altering
the lap on the bottom side, making lap d less than the
top lap 0.
Then cut-off" will take place at Co later than
before, but the lead on the bottom will be increased
(see perpendicular from Aj on lap line through c,
Aja.,, which is greater than the lead Aa').
In practice
it is usual to have less lap and more lead on the bottom
end of the cylinder than at the top.
Valve Ellipse. This is a method which has been
in use for many years, especially among locomotive
engineers, for repi'esenting the relative positions of the

end.

is tlie

=

—

and
The process

slide-Aalve

piston.
is

to

draw two

Fig. 71.

lines at right angles to

one another, the one to represent the line of direction of motion of
the slide-valve, and the other that of the piston.

Fig. 72.

Thus, in Fig. 73, let CP represent the stroke of the piston, and
the circle through C drawn with radius OC
crank-pin path.

=

let

If

74
iis
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circle

be divided into any number of equal parts, as shown,
then, neglecting the ob-

lA

PISTON

PAT

liquity of the connect-

LI

Zl

V:,

ing-rod, if a perpendicular la be let fall

on

CP

tion

a

1

is

from any

posi-

of the crank -pin,

the corres23onding

position of the

From

centre

circle

with

piston.

O draw a
I'adius OE

=

radius

of

eccentric.

If

now

the

direction

motion of the slidevalve be assumed, for
of

the purpose of the diagram, to be at right
angles to that of the
piston, the eccentric po-

OD

must be set
and therefore
OD is drawn making
an angle Q with CO.
sition

back

Fig. 73.

J

Fig. 74.

90°,

;
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Tlien for crank-pin position C, eccentric position is at D.
Startinf
from D, divide tlie eccentric circle into the same number of equal
parts, r, 2', etc., as on the crank-pin circle.
Draw liorizontals from
the eccentric positions to in
verticals
from the
tersect
crank positions, and join the

The

intersections.
fiijure

closed
" valve

the

called

is

ellipse."

To allow for obliquity of
the connecting-rod, instead of
dropping perpendiculars as at
la, draw arcs through points
of the crank -pin
1,
2, etc.,
path with radius equal to
length of connecting-rod from
a centre on line PC produced.
Similarly, to allow for the
obliquity of the eccentric rod,
draw arcs through 1', 2', etc.,
on the eccentric path with
radius equal to length of
eccentric rod from a centre
on line OE produced.
In Fig.
from
equal to

AA be

74, if

XX

o,

?'

if

it

the outside lap

BB = = inside
= S = width of
Then,

set off

on one side of
lap,

and

steam

CO

port.

the valve ellipse be

drawn

as explained (Fig. 73),
the points of admission, cutoff,

release,

and compression

are determined by the intersection of the valve ellipse
with the respective edges of
the port lines
and BB.
Perpendiculars
on to the
Fi3. 73.
centre line
will give the
piston positions at each of these points respectively.
Fig. 75 shows an application of the valve ellipse to an actual case
from practice. From the face of the ports S, E, 8, in the sectional
drawing at the bottom of the figure, lines are drawn perpendicularly
to any convenient length from each edge of the respective ports,
and this length is subdivided to represent equal portions of the
on the
piston-stroke.
valve ellipse is then drawn from centre
half-stroke line of the piston for steam at a distance = outside lap of
valve from edge of port, and from centre B for exhaust on the port line,
The centres
and B are the positions
as there is no exhaust lap.

AA

XX

A

A

A
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o£ the respective
position.

steam and exhaust edges of the valve in mid-

Several ellipses are usually drawn for different amounts of travel of
the valve as the link is notched up (see Fig. 87).
Two ellipses are drawn in this case, and, referring to the larger
ellipse, it shows for any position, say 0-3 of the piston stroke, that
the steam port is not only freely open = ce, but the valve has moved
a distance eh past the edge of the port ; and on the other side of the
piston the exhaust port is not only wide open, but the valve has moved
The cut-off points for different amounts
past the edge a distance eV
of travel of the valve are given at d, d ; the points of release are r, r,
and of compression Z*, Tc.
Expansion Valve Gears. The importance of working steam
expansively has been already explained, and a certain amount of
expansion may be obtained with the common slide-valve by the
addition of lap, but a cut-off not earlier than about 0'7 of the
stroke can be obtained in this way, and this is usually not sufficient
The amount of additional lap necessary to
for economical working.
cut off at any earlier point causes difficulties of other kinds, and other
means have therefore been employed to obtain an early cut off of the
Locomotive and marine engineers
steam-supply to the cylinder.
generally employ the link motion both for reversing and for regulating
the degree of expansion ; but for stationary engines, especially when
not requiring to be reversed, a separate expansion valve is used, or
some form of Corliss or drop-valve gear.
The Link Motion. There are various kinds of link motion, but the
arrangement known as the Stephenson link motion is the one almost
.

—

—

/

(
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ahead of the crank, the (Urection of rotation being shown by the
arrow.

But to reverse tlie engine, the eccentric centre must by some means
be moved from E to some position E' (Fig. 77), having a suitable
angle COE' ahead of the crank.
This is accomplish(!d in the
link motion

by having two separate eccentrics, one keyed with
its centre at E, and the other at
E', the ends of the respective
eccentric rods being joined together by a Hnk, as shown in
Fig. 78.
Then by means of a
lever attached to the link, L,
either eccentric, as desired,

may

be baade to communicate its
motion to the slide-valve by
moving the link so as to bring
one or other of the eccentric rods
into line with the slide-valve
rod.

The slide-valve is connected
by the valve rod to a little block
which fits in the slot of the link,
so that any movement of the
link in the dii'ection of the axis
of the valve rod afiects the position of the valve.

When

the

middle of the

l^lock

is

in

the

link, the valve is

influenced equally by both eccenwith the result that the
Jig. 78.
engine will not run in either
direction.
The nearer the block is to its mid-position in the slot,
the less is the travel of the valve and the earlier the steam is cut off
in the cylinder.
The Stephenson Link Motion, illustrated in Fig. 78, and shown
in skeleton in Fig. 79, is made with the link concave towards the
crank shaft.
The centi'e line of the link is drawn with a radius
equal to the distance between the centre of the eccentric measured
along the rod to the centre line of the link.
When the crank is on
the centre away from the link, and the rods are attached to the
trics,

shown in Fig. 79, the rods are said to
the usual way of connecting the eccentric rods
When the crank is in the same position as before, and
connected to the end of the link on the opposite side
centre line, as shown in Fig. 80, the rods are said to
be " crossed." In the latter case, the result is not quite the same
as when the rods are open.
With open rods the lead increases as the
nearest end
be "open."
to the link.
the rods are
of the main

of the link, as

This

is
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link approaches its mid-position ; with crossed rods the reverse is
This is iUustrated more fully in Figs. 86 and 88.
the case.
The paths of the moving parts of the link motion during a revolution of the crank are compounded of the movement due to the
connection of the link with the eccentrics, and of that due to the
connection of the link with the radius bar or drag link, SR (Fig. 79),
which is free to move at the link end, but is fixed at the reversing
The end of the link connected to the radius bar will, of
lever end, S.
course, move in an arc of a circle about this fixed centre.

Fig. 79.

Fig. 80.

"When the link is pulled right ovei', so that the eccentric rod is
as nearly as possible in line with the valve rod, the link is said to
be in "full forward gear " or in "full backward gear," as the case may
be, depending on which eccentric is thrown into gear.
When the throttle-valve is closed the link must be placed so
that the block attached to the slide-valve rod is in the middle of
the link.

To

start

an engine with a link motion having open rods

for a
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of turning of the crank shaft, the link must he
same direction as it would move if it were connected
ligidly to the crank shaft and turned round with it.
When the link is in " mid gear," the travel of the slide-valve

given direction

moved

in tlie

on each side

of its middle position is equal to the lap of the A'alve plus
the somewhat increased lead which the valve has in mid-gear with
the open-arm link motion.
The shorter the eccentric rods relatively
to the valve-travel, the greater the increase in the lead as the link
approaches mid-gear.
In consequence of the somewhat complex motion of the link, there
is always more or less " slotting " or i-ubbing of the link upon the Ijlock.
The nearer the block is to the point of suspension of the link, the
less the slotting motion.
Hence the link is usually suspended from
the end nearest the forward eccentric rod, so as to reduce the wear and
tear due to the slotting motion to a minimum for the most common
working position of the link.
In this case, in backward gear the slotting motion is more or
less considerable, but this disadvantage is conceded for the sake
of the more perfect action in forward gear.
When equal efficiency
of the link is required in both forward and backward gear, the link is
suspended from the centre.
The position of the centre, S, of the suspension rod, SR, Fig. 79,
is chosen thus
Trace the path of the point
on the link to which
the suspension rod is to be attached when the link is in full forward
gear, for a complete revolution of the crank shaft, and without the
Again trace the path of the same
restraint of any suspension link.
point when the link is in full backward gear.
Now, with a radius equal to the proposed length of the suspension
rod, draw an arc from some centre which shall as nearly as possible
bisect the irregular curved figure for full forward gear.
The centre
of this arc is chosen for the centre of the suspension rod in full
Similarly, with the same radius as before, bisect the
forwai'd gear.
irregular curve for full backward gear.
The two centres thus obtained tix as nearly as possible the path of the end of the reversing
lever to which the suspension rod is attached.
Usually some compromise is made in favour of full forward gear.
Expansion Regulator Arm. In compound and triple-expansion
engines with link motions all connected with one reversing shaft,
it is often desirable, for the sake of regulating the distribution of
the power between the respective cylinders, to adjust somewhat
the position of the link of the low-pressure cylinder relatively to
that of the high-pressure cylinder, and to give it an earlier or later
cut-off as required.
This is sometimes done by the method illustrated
in Fig. 81, namely, by connecting the outer end of the suspension rod S
to a block, the position of which is capable of adjustment by the screw
as shov/n.
The position of the slot in the arm
is so arranged that,
if the engines required to be suddenly reversed,
the link may be
thrown into full backward gear without the necessity for any readjustment of this supplementary expansion gear ; for the position

R

:

—

A

8o
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of the outer centre of the suspension rod may be anywhere in the
slot of the lever without its affecting to any extent the action of the

link in full backward gear, as the centre line of the slot
pendicular, or nearly so, to that of the suspension rod.

A = mid

is

per-

position.

B:= ahead

position.

C = astern

position.

Pia, SI.

—

Valve Diagrams for Link Motion. It will be convenient to consider here the case of a single movable disc, the eccentricity of which
can be varied, and a variable cut-off" thus obtained with a single
This arrangement is important, especially because of its
application in connection with shaft governors as an automatic cutoft' gear for high-speed engines.
The disc D, Fig. 82, is keyed to the crank shaft, and the adjustable
disc E, with centre P, is the eccentric disc to which the eccentric rod
and strap are secured. It will be seen that the disc E is secured to
D, but that it may be so adjusted that the centre P may be held in
any position between P and P^. The effect of this on the distribution
Thus
of the steam is well shown by the Zeuner diagram. Fig. 83.
C is the centre of the shaft, and CP1P3 in Fig. 82 is drawn to an
Take positions Pj, Pg, Pn, and draw circles
enlarged scale in Fig. 8.3.
on the diameters CPj, CP„, CPo ; then, for position CPj in full forward
gear, cut-off" takes place at Cj, drawn through the intersection of the
eccentric.
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lap circle with the valve circle on CPj, and as Pj approaches Po, cut-off
When Pg is reached the engine will be stopped,
takes place earlier.
and as P,, approaches P3 the engine is reversed. All other points,

Fig. 82.

as

of

release,

same way.

compression,

Fig. S3.

and admission, may be traced in the
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would take place earlier, because the moving backwards of the line
OA through the angle a to OB is equivalent to moving the eccentric
OE forward, or increasing the angular advance by the same angle.
If, therefore, Oe be drawn equal to OE, and making the angle EOe = a,
then Oe is the equivalent eccentric, which will produce the same
result, if e be coupled direct to the valve moAdng in the line OA, as
would be produced if the valve were
coupled to B, driven by OE, and moving
in the direction OF.
If the motion communicated at B
were in the line BG, as is approximately
the case in practice, the length of the

Fig. 85.

Fig. 86.

Of of the equivalent eccentric is a little increased. By drawing
EE' at right angles to OE, then the line joining O to E' and making
an angle a with OE is the equivalent eccentric required.
Referring to Fig. 85, OF' is the resultant eccentric for the end D
If the rods were " crossed " as at ED (Fig. 84), instead
of the link.
of " open " as at EB, then the motion communicated from the point
D in the line OD will be the same as from A in the line OA, except
that the respective movements of the valve Avill be later, because the
mo\dng of the eccentric rod from OA to OD through the angle a
would have the same result as reducing the angular advance of the
eccenti-ic by the same angle.
Hence, if EE" be drawn backwards
from OE, at right angles to OE, and OE" making an angle a with
OE, then OE" is the " equivalent eccentric " for the crossed rod ED.
radius

To

find the

movement

of the valve

when

the block

A is

situated

and F' (Fig. 85) be joined, and the
point P be taken midway between E' and F', then OP is the resultant
and for the movement of the valve when the block is at
eccentric
any intermediate position K, the resultant or equivalent eccentric
may be approximately found by drawing a circular arc through the
points E, P, F, as shown enlarged at E6F (Fig. 86), and diAidiiig this
KD (Fig. 85), as explained belo^^^
arc in the same ratio as BK
An application of this method, with the addition of the Zeuner
in the middle of the link,

if

;

:

E'
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viilve, diagram drawn upon the equivalent eccentric radius, is useful
in finding the travel, the lead, points of admission, cut-off, compression,
and release for any po.sition of the block in the link. Thus, let

OE

(Fig. 86) equal the eccentricity of the eccentric, and draw the angle
EOE' equal to the angle a (Fig. 85), and make EE' at right angles to

perpendiculars from E and E' on the horizontal through
in a and h.
Draw the lap circle OL. Then, if the
extreme end of the link Y\
(Fig. 85) is moved till it
coincides with A, OE is the
half-travel of the valve, and
La is the lead. When the
link is moved so that the
block is in mid-gear, then
Oh is the half-travel of the
valve, and Lo is the lead.
Fig. 87.
For any intermediate position of the block
in the link, produce Ea to F, and make aF = aE,
and draw the arc of a circle through points E, 6, and F. Then E&F
may be looked upon as a miniature link, and if a point
be taken
so that
as
(Fig. 85), then
is the equivalent
eccentric for that position of the block in the link.
Circles drawn on OE, OK, Gh as diameters give, by their intersections with the inside and outside lap circles, the points of admission,
cut-off, etc., for the respective positions E, K, &, etc., of the block in
the link.
It will be seen, on drawing these circles, that as the link
approaches mid-position the following changes occur: (1) the lead
of the valve increases ; (2) the
travel of the valve decreases ; (3)

OE.

Let

fall

O, cutting

it

A

OK

:

:

exhaust closure,
admission
take
place

cut-off,

release,-

and

-

re

K

BK KD

EK KF

earlier.

The

effect

diagram
up " the

(Fig.

upon the indicator
87) of "notching

link, or bringing the
link nearer to mid-gear, may be

compared with the Zeuner

gram
Each

dia-

for the respective positions.

operation

namely, admission,

of

the

valve,

cut-off, release,

and

compression, taking place
as the link approaches
mid-position, the effect upon the
shape of the indicator diagram,
and therefore also upon the mean
effective pressure of the steam in
Fig. 88.
the cylindei', is very marked.
Link Motion with " Crossed " Arms. When the eccentric rods are
attached to the link as shown in Fig. 80, the effect on the steam
earlier

—

;
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distribution for various positions of the link will be seen from Fig.
88.
The line EE" is drawn at right angles to OE. As before
opposite side of OE, making an angle
Then a perpendicular through E" on the
line through O gives a point b, and an arc drawn through
from a centre on line 06 produced, and drawn concave

OE'

explained,

a with

horizontal
h

E

and

is

set off

(see Fig.

it

towards the

on the

84).

link, gives

a curve representing the path of the centres

moves from full to mid-gear.
of
the radius of the equivalent eccentric for position
the block in the link, assuming EF to be the actual link to a reduced
If valve circles be drawn on OE, OK, and Oh, and the lap
scale.
circle be added, it will be seen that as the link approaches miilposition^(l) the valve-travel and the port opening rapidly decrease
in Figs. 86 and 88) ; (2) the lead decreases ; and (3)
(compare
the gear may be designed so as to give no port opening when the
of the equivalent eccentrics as the link

Thus

OK

K

is

OK

link

is

in mid-position.

In setting a link motion, the port opening or lead is usually set to
be the same at both ends of the stroke when the link is in mid-gear.
The Meyer Expansion Valve Gear. This gear, illustrated in Figs.
89 and 90, consists of two plates sliding on the back of a main valve

—

ir^i
Fig. 89.

as shown.
The degree of expansion is regulated by varying the
distance apart of the two plates as required, by means of a right and
left handed screw.
In Fig. 90,
is the main or distributing valve, which is an

MV

ordinary simple slide-valve, with the addition of pieces at the ends
to form ports, p, through the valve.
are the exi^ansion valve
plates.
Consider the expansion valve EV moving to the left
then when e reaches n cut-off takes place, and the port in the main
valve
is closed, till on the return stroke e again moves to the
right of n.
Evidently, by increasing the distance between the two
plates of the expansion valve, the distance s between e and n
when
both valves are in mid-position is decreased, and cut-off takes place

EV

MV

—

—

earlier.

The main valve acts as an ordinary slide-valve, and the engine
might be worked with it alone if the expansion valve were entirely
removed ; though in that case the steam would be supplied to the

THE SLIDE-VALVE.
cylinder during the greater portion of
of the expansion valve does not in

tlie

piston-stroke.

any way
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The

action

affect the action of the

exhaust through the

main valve.
The relative motion
of
the
two

yr
^Z

valves may be conveniently found by

making an outline
drawing of the valves
and ports (Fig. 90),
and drawing on the
line
above
centre
the valves, a circle

representing the
path of the centre of
the exjiansion eccenand below the
valves a circle representing the path
of the centre of the
main-valve
eccentric, both circles to
the same scale as
that of the valves.
Fig
On these circles
draw the relative positions of the crank and eccentrics. The main
eccentric is set as for a simple valve, and the angle COE is known,
having given the lap and lead of the main valve.
The expansion eccentric is usually set right opposite the crank for
a reversing engine for a non-reversing engine the angle C'O'E' is

tric,

;

somewhat less than 180°.
Assuming the limits of
then first by the method

from 0-8 to 0*2 of the stroke,
Let templets of the valves
be made preferably full size, and so that they may be moved relatively
to each other, and let the crank and eccentric on the respective circles
drawn above and below the figure be placed in position correctly for
0-8 stroke of the piston.
Draw perpendiculars from the respective
eccentric positions E and E' of the eccentrics, moved to position -f on
the circular path, and let the centres of the respective valves coincide
with these lines.
Then the edge e of the expansion plate must be so
placed as to cover the port, the centre line of the plates remaining as
determined by the position of the eccentric. Proceeding similarly for
the other limit, the range of opening and closing of the plates will be
cut-off, say,

of templets

:

determined.

The plates composing the expansion valve must be sufficiently wide
to prevent re-opening of the port in the main valve before the cylinder
port is closed.
Application of Zeuner Valve Diagram to Meyer Valve

Gear.— In
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if OC represent the position of the crank,
main-valve eccentric with angular advance 6, and

Fig. 91,

OM tliat
OE

of the
that of the

expansion valve with angular anvance ^, then Oa is the distance
of the main valve from its middle position, and 06 the distance of the
expansion valve also ab is the distance between the respective centres
of the two valves.
If now OD, Fig. 92, be drawn equal and parallel
to EM, and a perpendicular Y)d be let fall, then Od = ah, and OD
;

may

be considered as an eccentric with angular advance y8 and
eccentricity OD, which governs, for any part of its path, the relative position of the centres, or the relative motion of the main
and expansion valves.

OM

OE

(Fig. 93) describe the main-valve circle, and on
On
also on
describe a circle
describe the expansion- valve circle
Then, for any position
representing the relative-motion cii'cle.
of the crank, Om is the distance of the main valve from its midposition, and Oe is the distance of the expansion valve from its midposition.
Hence em is the distance between the centres of the two
valves.
But Od
from M, E,
em, because if lines be drawn on
respectively to m, e, and d, these lines are parallel, for each of
and
But
them, forming angles in a semicircle, are perpendicular to OA.
are equal.
and
But when a line (as OA) cuts perpendiculars
from the extremities of two equal and parallel lines (OD and EM),
the perpendiculars intercept equal poi'tions of that line ; therefore
of a crank, the radius vector Od,
Od = em. And for any position
intercepted by the relative-motion circle, gives the relative positions
of the centres of the main valve and the expansion valve respectively.
;

OD

OA

OA

=

D

OD

ME

OA

THE SLIDE-VALVE,
Referring to Fig. 90,
are at a distance apart

we

=

when the centres of the valves
then cut-ofF or re-admission will

see that

en

=

s,

take place.
Thereif a circle
be
struck from centre
O (Fig. 94) with

A,

fore,

radius

s

=

Od^,

87

cut-

take place
when the crank is at
OC, and re-opening
of the -s'alve port will
take place when the
off

will

crank

is

From

at

OC,

this it

will

be seen that, having
given the position of
the crank at which
cut-off is required, the value of

^^^ ^^
8

may

Fro. 04,

be determined by the length

88
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crank position which is intercepted by the
relative-motion circle.
If the value of s becomes greater than OD, the expansion valve
becomes useless, merely contracting the port in the main valve instead
To cut off at early points in the stroke, the value of
of closing it.
that is, the expansion plates overlap the ports
s may become negative
Thus od} is
of the main A'alve when both valves are in mid-position.
the negative value of s to cut off at crank-position 0P\ or at O'l of the
of the line representing the

—

stroke of the piston.
The vai'ious values of s are brought down on to one line, LF,
these distances may be used for graduating the scale by which
valve may be set for any desired point of cut-off.
Reuleaux Diagram for Meyer Valve Gear. The action of
expansion valve may be easily followed from this diagram (Fig.

—

and
the
the
95).

Fig, 05.

Thus, taking the same example as in Fig. 94, draw the mainvalve circle with radius OM, equal to the eccentricity of the mainDraw also the relative-motion circle with radius
valve eccentric.
of the relative motion or virtual eccentric (obtained as explained
in Fig. 92), and from the same centre the crank circle CjCo to any
convenient scale.
make the angle
From
^ = the angular advance of the
main-valve eccentric, and in a direction opposite to the crank-pin

OD

AB

AOM =
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motion and draw DD, making an angle y with AB, the angular
advance of the relative motion eccentric. From
set off tlie lap
line of main valve parallel to MO, and at a distance I from it.
Then
with main A'alve, port opens at crank -position OCj and closes at OC2.
From DD measure a distance, S, corresponding with s in Fig. 90.
Then OC3 is the position of the crank at point of cut-ofF. If s be
negative, that is, if the expansion plates overlap the ports in the
main valve when both valves are in mid-position, set-off S, = lap of
expansion plate.
Then cut-off takes place earlier in the stroke,
namely, when the crank is at OC4.
The expansion valve, for position Sj of the plate, re-opens the port
in the main valve at Cg.
It will be seen that C., falls behind C^,
that
is, the main valve has closed the steam port before the expansion
valve re-opens the valve port.
If Cg had fallen before C2, the steam
would be admitted to the cylinder twice during the stroke.
;

MO

—

—

CHAPTER

y.

THE INDICATOR.
The indicator was originally invented by James "Watt, and although
improved in points of detail, the main features of the instrument as
devised by him are substantially retained at the present time by
makers of indicators.
The uses to which the indicator is chiefly applied are
1. To obtain a diagram from which conclusions may be drawn as
to the correctness or otherwise of the behaviour of the steam in the
cylinder
the promptness of the steam admission the loss by fall of
pressure between the boiler and the cylinder the loss by wiredrawing the extent and character of the expansion the efficiency of the
arrangements for exhaust, including the extent of the back pressure ;
;

;

;

;

;

the

amount of compression.
To find the mean effective pressure exerted by the steam upon

2.

the piston, with which to calculate the indicated horse-power of the
engine.
3. To determine whether the valves are set correctly by taking
diagrams from each end of the stroke, and observing and comparing
the respective positions of the points of admission, cut-off, release,
and compression.
4. To determine the condition of the steam as to dryness when
the diagram is measured in connection with the known weight of
steam supplied to the cylinder per stroke.
Description of the Indicator. The instrument, of which there are
several different types, consists essentially of a small steam-cylinder
containing a piston, and spring to regulate the movement of the
piston according to the pressure ; a pencil carried by a system of
light levers constituting a parallel motion, by which the pencil
reproduces the vertical movement of the indicator piston, but
magnified four, five, or six times ; and a drum to which a paper or
" card " is attached, and which receives a backward and forward
rotation on its own axis by a motion derived by a reducing gear
from the crosshead or other suitable portion of the engine.
By the combined vertical movement of the pencil and horizontal
movement of the paper, a closed figure is drawn called the indicator
diagram.
The enclosed area represents the effective work done by
the steam upon the piston the upper portion of the diagram represents
the varying pressure of the steam during the forward or impulse

—

;
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stroke of tho piston, and the lower portion that during the backward
stroke.

The diaojrani traced by the indicator pencil differs more or less
considerably from the theoretical {j^v) diagrams already considered.

Fig. 9G.

but the actual diagram is usually the more satisfactor}-, as it
approaches the more closely to the form of the theoretical diagram.
Three indicators will be here described, as sufficient for our
purpose, namely, the Thompson indicator, the Tabor indicator, and
the outside-spring indicator by Messrs. Elliott Bros.
1.

The

Thompson indicator

is

illustrated in

section

in

Fig.

9G.
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The indicator and tap here shown are screwed into a union connected
immediately with the end of the cyHnder.

The area

the indicator piston is one-half square inch.
It is
engine cylinder by opening the
tap.
The steam then lifts the piston,
compressing the .spring to an extent depending on the pressure.
The piston has no packing, and makes
an easy fit with the indicator barrel.
The piston-rod is connected to the pencil
lever by means of a ball joint and a small
milled nut.
The upper side of the piston communicates with the atmosphere by means of
small holes in the upper portion of

of

put into communication with the

cylinder.

Fig. 97.

The drum upon which the paper
fixed for receiving the

a

vertical

pin

diagram

The drum

is

is

carried by a disc which rotates on
pulled in one direction by a cord,
is

attached through a reducing
motion to the engine crosshead
or some other suitable point,
and it returns in the opposite
direction liy the

tension of a
spring coiled in the drum.
The tension of this .spring
may be regulated by a fly-nut
on the drum spindle.
The
drvim is shown in section in
Fig. 96.

The object of most recent
improvements in steam-engine
indicators has Ijeen to reduce
the weight of the parallel
motion, so as to reduce the
errors

due

to

inertia

which

occur at high speeds with the
heavier moving parts.
The parallel motion of the

Thompson

indicator

is

sented by Fig. 97.^
The points a and
fixed.

about

a,

The
and

link

are
turns

6

ac

eh about

repre-

6.

The

described by the pencil
d is practically straight within
the limits of its motion.
To cliange the spring in the

line
Fig. 98.

From

a paper by Mr.

C

F. Budenberg, M.Sc, on " Steam Engine Indicators."
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Thompson

indicator, unscrew the small milled nut by which the pistonattached to the pencil lever.
Then unscrew the cylinder cover,
and remove the cover, spring and piston. Unscrew the spring from
the cover, and lastly from the piston.
Proceed in the reverse order to
fix a new spring.
2, The Tabor indicator is illustrated in Fi"s.
98 and 99. The

rod

is

Fig. 99.

most noticeable feature
secure a straight-line

a curved

slot is

of this indicator is the
of the pencil.

movement

A

means employed

G

t-o

containing
fixed in an upright position, and a roller fixed to the
jjlate

94
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The curve of
is fitted so as to roll freely in the slot.
the slot is so formed that it exactly neutralizes the tendency which
the pencil has of describing a circular arc, and the path of the pencil
This arrangement reduces the weight of moving
is a straight line.
levers to a minimum, and this instrument is especially suitable for high
The pencil movement consists of thi'ee pieces the pencil
speeds.
bar H, the back link K, and the piston-rod link L. The two links
The lower pivots of
are parallel to each other in every position.
these links and the
pencil-point are always
in the same straight

pencil lever

—

If

line.

link,

an imaginary
with the

pai'allel

pencil bar, be supposed

drawn from the bottom
centre of one link to the
other Imk, the combination would form a pantagraph.
The slot and
roller serve the same
purpose, but to better
adA^antage.

The

pencil

^mechan-

ism multiplies the piston motion five times.
To change the spring
of the Tabor indicator,

remove the cover and
the screw beneath the piston, which

loosen

liberates

from

the

the

piston

piston-rod.

Then unscrew the
ton

and

from

pis-

the spring,
spring from

the
the cover.
Proceed in
the reverse order to fix
another spring.
Selection of Spring
for Indicator.
Springs
are made of various
strengths to suit the
pressure of steam employed in the engine

—

to be indicated, weak
springs being required
Fig. 100.

pressures.

The strength

of the spring is

f<jr

low pressures, and

strong springs fcj high
marked upon it ; thus a —^

—

A

THE INDICATOR.

95

spring gives a reading of 1 lb. per square inch pressure for every —2
in. vertical movement of the indicator pencil.
The strength of the spring chosen depends upon the height of
diagram required, which might be 2^ to 3 in. for slow speeds to
At 100 lbs. pressure
not more than half that height for high speeds.
in the steam-chest, and no loss by throttling, a -^ spring would
give a diagram 2 in. above the atmospheric line, a —^ spi-ing about
In measuring the diagram to find the mean
1^ in., and so on.
pressure, care must be taken that the scale used is the same as that
of the spring in the indicator.
of the outside-spring indicator, by Messrs.
be understood from the diagrams (Figs. 100,
It possesses the advantage of
101).
having a spring which is not exposed
to high temperature, and which is
3.

The construction

Elliott

Bros.,

will

therefore especially suitable for indisuperheated
using
cating engines
steam, or engines using steam of high
pressures and tempei'atures.
Attachment of the Indicator.
hole is drilled at each end of the
cylindei', and tapped to receive a halfinch steam-pipe, to which to connect
Care must be
the indicator-cock.
taken, in fixing the position of the

—

hole, that it is in no danger of its
being covered by the piston of the
engine at the end of the stroke. The
pipe connecting the indicator should
be as short and direct as possible,
and be well lagged. Long pipes and
sharp bends may greatly interfere
with accui'acy of results.
Reducing^ Motions. The motion of
the indicator drmu must be an exact
reproduction of the motion of the
Fid. 101.
piston, or crosshead, on a reduced
The length of the indicator diagram is usually from 3 to 4
scale.
in., or longer for slow-speed engines ; at high speeds the length is
The movement of the drum is obtained by some arrangereduced.
ment for reducing the motion of the crosshead in the folloAving

—

ratio,

namely
(length of diagram required)

-f-

(length of stroke o£ engine)

obtaining the movement required differs according
The cord used for
to the design of the engine to be indicated.
attaching the drum to the moving part of the engine should be as
short as possible, and the cord itself well stretched before being used
for such a purpose.

The method

of

—
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Fig.

102 shows a method of

fitting

up an indicator gear
vertical

engine,

for a small
as used by

the author for experimental
purposes.
Figs. 103-107 showother methods, as apphed to
horizontal engines. The points
requiring
special
attention
are
(1) The point from which
the motion of the cord is taken
must be a correct reproduction of the motion of the crosshead to a reduced scale.
For this purpose it is necessary that the ratio
should be constant for all
positions of the crosshead (see

AB AC
:

Figs. 103, 105,

and

106),

where

C

represents a pin moved by
the crosshead of the engine,
and B the pin to which the
indicator string is attached.
The cord is carried away
parallel
from
the pin B
to
the centre line of the
engine ; but when the cord is
taken off the circimafei-ence of
a portion of a disc, as shown
in Fig. 104, the cord may be
carried away to the indicator
Fig. 102.

in

Fig.

103.

any

direction,

because the
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travel of
all

any point in the cord throughout

its

97
length

is

the same for

directions of the cord.

>-".

Fig. 104.

A

Fig. 107 is a pantagraph, the point
being connected to the crosshead, while the point C is a fixed centre.
The cord is attached to E,
so placed that E is in the straight line joining
to
(2) The cord must in all cases (except when attached to the circumference of a disc) be led away fi-om the driving-point in a line parallel

A

C

.1.
Fig. 105.

to the line of motion of the piston to a leading-off pulley, after which
it may be taken at any angle, in the same plane, to the indicator

drum
drum

the important point being that the motion of the cord at the
the same as its motion at the di-iving-point.
Sometimes a reducing motion is fixed to the indicator direct, and
consisting of two pulleys whose diameters are in the same ratio as
Then
(length of stroke of engine\
(length of diagram required)
a cord led from the large pulley to the engine crosshead by a suitable
;

is

:

H

—
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giii<le pulley, and another cord from the small pulley to the indicator
drum, give the motion of the drum required without any levers.
Method of taking Indicator Diagrams.

Lubricate the indi-

1.

cator piston.
2. Befoi^e
attaching
the
indicator,
blow
through the pipes to
see that they are clear.
3. Adjust the drumcord so that the drum
rotates freely without

knocking at either end
of its stroke.
4. Place the cord on
the drum, and attach
the cord to the driving-

Fig. 107.

point.
5.
6.

Warm up the indicator by admitting steam for a few seconds.
When the steam is shut off, bring the pencil round till it touches

the card gently, and draw a firm line. Adjust the stop-screw so that
the pressure on the pencil cannot afterwards be excessive.
The line drawn while the steam-cock is shut is called the " atmospheric line."
7. Open the steam-cock, apply the pencil to the card, and draw a
diagram. Allow the pencil to remain against the card till several
diagrams are traced one upon another.

—XY = atmospheric line; AB = admission line; BC = steam
CD = expansion line DE = exhaust line EF = back-pressure
FA = compression line A = point of admission C = point of cutD = point of release F = point of compression.

Fig. 108.
line
line
off;

\.

;

;

;

;

;

Remove
Name

;

;

the card and

of engine

Date
No. of diagram
Scale of spring

mark on

it

the following particulars

:—

— —

—
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Cylinder diameter
stroke

,,

Which end
Diameter of piston-rod
Revolutions per minute
Boiler pressure

Vacuum
Barometer
Initials

—

The Indicator Diagram. Fig. 108 is an example of a common
form of diagram from a single cylinder non-condensing engine
running under good working conditions
The admission line, AB (Fig. 108), shows the rise of pressure of
the steam as it enters the cylinder. The character of this line
thus in Fig. 109, the eflect of too
varies with the lead of the valve
early opening of the port to steam is shown by the dotted line to ;
:

:

too late action

is

shown

BC

at

Fig. 110.

n,

shows how nearly the steam pressure
For this purpose it is
the cylinder reaches that of the boiler.
usual to draw the boiler-pressure line over the steam line as shown
There is always a certain fall of pressure between
in Fig. 114.
the boiler and the cylinder in consequence of throttling of the steam

The steam

line,

(Fig. 108),

in

=

excess of lead;
= early release
early compression.

Fig.

109.

vi

wiredrawing;

s

;

jj

=

r

=

Fig.

no. n
exhaust

=
;

insufficient lead;

x

=

t

—

late

late compression.

and passages, and especially at high speeds, when working linked up, also with Aery long steam-pipes, or with steam-pipes
too small in diameter or having sharp bends.
Again, during the flow of steam into the cylinder there is often a
further gradual fall of pressure, as shown by dotted line p (Fig. 109),
due to the increased demand for steam as the piston advances, causing
a sudden large displacement. This effect, namely, the gradual fall
in the ports

known

as " wiredrawing."
regulating the engiiie by a throttle
valve, and thus varying the opening for the supply of steam, is shown
by Fig. Ill, which was obtained by successively removing portions
of the load on the engine and maintaining the speed constant by
partially closing the steam-supply valve.
for a heavy load fell to B for a
The forward-pressure line
medium load, and to C for a light load, the points of cut-off, release,
and compression remaining constant.
The point of cut-off, C (Fig. 108), is more or less sharp and definite

of pressure during admission, is

The

effect

on the steam

line of

A
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witli trip-valve gears, which cut off suddenly by the action of a
strong spring but with the slide-valve the cut-ofiF is more gradual,
the corner is rounder, and the exact point of cut-off is more difficult
to locate.
In such a case the point of cut-off may be taken at the
point where the concave curve of the expansion line meets the convex
curve of the cut-off corner.
The effect on the diagram of varying the point of cut-off is shown
;

Fig. 112.

Fig. 111.

112 for non-condensing engines, and in Fig. 113 for condensing engines with a trip-valve gear, the cut-off being fairly sharp.
Fig. 114 shows the effect of regulating the cut-off with a slidein

Fig.

valve high-speed engine.

Here the

cut-off jDoint

is

much

less definite

than with a trip gear ("Fig. 113).
In the non-condensing diagi-ams (Fig. 112) with an early cut-off,
it is seen that the expansion line falls below the atmospheric line,
and forms a loop at the end of the diagram this is due to the pressure of steam during expansion falling below atmospheric pressure,
and hence, when the exhaust port opens, the pressure will rise instead
;

Fig. 114.

Fig. 113.

This is a most wasteful form of
diagram.
In condensing engines with a good vacuum, a loop is not
formed even with a very early cut-off (Fig. 113).
Where it is necessary to work regularly with a very early cut-off,
the conditions are uneconomical, and the engines are too large for
their work.
The expansion curves of indicator diagrams vary considerably, and
They are, in fact, the
they do not obey any very definite law.
resultant effect of a variety of separate causes, operating to a
different extent in different engines, and even in the same engine
by change of conditions. These causes include increase of volume
condensation by work done and by loss of
of the steam after cut-off

of fall to the back-pressure line.

:

;

THE INDICATOR.

loi

heat to the internal cylinder surface ; re-evaporation of water present
in the cylinder during expansion.
It is, however, frequently helpful to apply to the expansion line
of a diagram an approximate standard, and for this purpose the
hyperholia curve is used, and, without expecting the diagram necessarily to follow that curve, useful information may sometimes be
obtained by its aid, especially as to the probable extent of re-evaporation iu the cylinder.
The method of applying this curve to the
diagram is explained on p. 109.
The release point, I) (Fig. 108), occurs just before the end of the
stroke.
The higher the rate of revolution of the engine the earlier
the exhaust, the trouble with high-speed engines being not so much
how to get the steam into the cylinder as how to get it out.
The exJiaust line,
(Fig. 108), repiesentsthe fall of pressure which
takes place when the exhaust port is opened.
Fig. 109, p. 99,
shows, by dotted line, early opening to exhaust at s, and Fig. 110
late exhaust at t.
The hack-pressure line, EF (Fig. 108), shows the pressure against
the piston during its return stroke, the amount of the pressure being
measured from the back-pressure line down to the zero line of pressure.
In non-condensing engines, the back pressure coincides the
more nearly with the pressure of the atmosphere as the exhaust
In good non-condensing
passages permit of a free exit for the steam.
engines the back pressure is aboub 1 lb. above the atmosphere, and in
condensing engines about 3 lbs. above zero.
(Fig. 108), commences from the point of
The compression curve,
exhaust closure at F, The point of closure depends upon the amount
of inside lap on the valve, and the angular advance of the eccentric,
and the nature of the curve formed will depend upon the pressure
of the steam trapped, as well as upon the volume of the clearance
space.
valve having an amount of inside lap suitable for a condensing engine when the pressure of the steam at beginning of
compression is only, say, 3 lbs. absolute, will probably show an
excessive amount of compression when the same engine is used
non-condensing, and compressing steam at 16 lbs. absolute pressure.
The shape of the compression corner of the diagram is, however,
the resultant effect of several causes, including the compression of
the steam enclosed ; compression of air trapped with the steam,
especially in non-condensing engines ; leakage of steam into and
out of the cylinder during compression ; and the early admission
of steam before the piston has yet reached the end of its backward
stroke, especially with a link motion linked up towards mid-

DE

FA

A

position.

—This

the space enclosed between the piston and the
when the piston is at the end of its stroke,
and includes the space between the piston and cylinder cover, the
A'olume of the steam-jaort up to the face of the slide-valve, and the
volume of any other pipes or passages opening into the cylinder
requiring to be filled with steam each stroke, such ms auxiliary
Clearance.

is

face of the slide-valve

—

—

STEAM-ENGINE THEORY AND PRACTICE.

I02

The
starting valve pipes, relief cock, and indicator connections.
clearance volume is relatively greater in small engines than in large,
and varies from 3 to 10 per cent, of the piston displacement. With
The
piston valves the clearance volume may reach 25 or 30 per cent.
clearance space, though generally a source of loss when considered in
connection with steam consumption, is necessary for practical reasons
hrst, to avoid danger to the cylinder covers by allowing space for
the small amount of water which is invariably present to a greater or
less extent in engine cylinders ; and also to provide passages sufficiently
large for the ready ingress and egress of the steam. Since the clearance

—

volume depends upon the area

of the piston,

and not upon the length

of stroke, it follows that in the short-stroke cylinder of large diameter

the clearance volume
displacement.

is

necessarily a large proportion of the piston

Y^Q clearance line, OP (Fig. 115). Before this line can be drawn,
the volume of the clearance space must be obtained by calculation
Then, if
from the drawings of the cylinder, or by measurement.
vertical lines be drawn touching the ends of the indicator diagram,
The
the distance between them represents the piston displacement.
clearance line must then be set back from the line through AB, so
that its distance OB from the end of the diagram is to the whole
length of the diagram BC, as the volume of the clearance is to the
volume

The
below

of the piston displacement.
zero line of pressure, or line of perfect vacuum, is drawn 14-7 lbs.
the atmospheric line, or, more correctly, by the reading of the

B
Fig. 115.^

— OB = clearance

volume;

BC

piston displacement.

atmospheric pressure from the barometei', which is set down from the
atmospheric line to the same scale of pounds as the spring used in
drawing the dijigram.
Effects of Clearance.
1.
Effect of clearance on the ratio of
expansion
= piston displacement; c ~ clearance volume;
In Fig. 116, let
a — piston displacement at cut-off
R = nominal expansion ; Ej —

—

:

V

;

actual expansion.
Assuming hyperbolic expansion

—

—
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R=
R,=

Example.

=

100

lbs.

Then

— Let V = 5 cub.
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final volume
_V
a
volume at cut-off

a
ft.

{- c

c

;

=

= «

cub.

1

pressure

initial

ft.

absolute.

at \ of the stroke, and, neglecting the
volume, the nominal number of expansions 11 = 5.
the clearance volume is added, then the actual number

cut-off takes place

effect of clearance

But when
of expansions

Or the actual

~ volume

i-atio of

at cut-off

expansion

The terminal pressure

)

neglecting clearance

)

The

terminal pressure
including clearance

V+

volume

final
^

|

is

~

a

-\-

\ instead

100

—

^

-"-'

X
X

-0 "-,

final
-IT

6

c~

rT= 3

of 4.

initial

=

f

volume
volume

^

-.

,„^«
100,,

V

=

20

=^ Od-rr

,

j

Clearance steam does no work on the piston during admission

;

but

after cut-off its effect is to raise the pressure during expansion, or to
permit a larger expansion for a given terminal pressure, and thus to

increase the area of the expansion portion of the work diagram.
2. Effect of clearance on steam consumption when the steam is
admitted to the cylinder through the whole length of stroke, and
with no compression of exhaust.
stroke by
Here evidently the clearance A'olume
steam that does no work on the piston,
and the steam so used is all wasted at
the exhaust.
3. Effect of cleai'ance on work done
per unit volume 01 weight of steam with
expansion.
(a) Taking first the case (Fig. 117)
and comwhere clearance volume
To find the work done pression =
per unit weight of steam, which is here
taken as the weight of 1 cub. in. of steam
5 CUIN.
at 75 lbs. absolute pressure, expanded
down to back pressure of 15 lbs. absolute.

=

:

,^

Mean
or

mean

pressure

area

—

—

75(1 -f l"g, r)

length

effective pressure

Work done per
(&)

—

=

39'15

Here

=

+

—

1-61)

5

15 = 24*15

unit of steam admitted

Taking, secondly, clearance

pression

75(1

5

=

24-15

volume

=

39-15

lbs.

x

= 05

5

=

cub.

120-75 inch-lbs.
in.

and com-

(Fig. 118).

for the

same terminal pressure the piston displacement may

^
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be increased to
each case.

cub.
final

in.,

the

number

of

being five in

expansions

volume

original volume
75
area
(75 X Vh^logjMean pressure (
36-59
during stroke
7
length
36'59 — 15
21*o9
or eifective pressure
21-59 X 7 -f- 1'5
Work done per cubic inch of steam admitted
100-75 inch -lbs.

+

=

=
=
=

=

This result, namely, 101-75 units of work per cubic inch of steam
admitted, compared with 120-75, which is the amount of work done
per unit of steam with no clearance space in the cylinder, shows a
loss due to clearance space in this example of 16-5 per cent, in work
Both these cases are without compression.
units per unit of steam.
(c) Taking the same data as before, but with compression during

6
7
CUB. IN

Fig. 118.-— Area

e/'ccZ

=

1

area abed

=

"1-5.

the backward sti'oke from atmospheric pressure up to initial
pressure (see Fig. 119).
Considering the case numerically, it has been shown, case (o), that
the figure chdf without clearance (Fig. 119) is equivalent to a work
area of 24-15 X 5 = 120-75 units; also, by case (?>), that the figure
cbde with clearance is equivalent to a work area of 21-59 x 7 =
151-13 units, or a difierence equal to the area/fZe of 30-38 units.
But the area of the figure o6a2 = i^og^ r = log^ 5 = 1-61") times the
area of the clearance volume rectangle og = 1-61 x 75 X 05 = 60-375.

The mean pressure

=

—

area 6ba2
,

tt

'-^ = 30-1875

Deducting pressure of atmosphere, 30-1875 — 15
units performed during forma-)
^ -.nr-^ ., o

Work

tion of compression corner abc

=

15*1875

oa

.,

one.

j

That is, the negative work area of compression dbc
positive woi-k area/f?e due to increased expansion.
Therefore the work area chdf without

clearance

is

is

equal to the
equal to the
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work area ahde with clearance, and each of these areas has been
formed with the same weight of steam. Hence there is no loss by
clearance

expansion

In practice the two
is,

pressure,

and when

latter conditions are rarely fulfilled,

and there

when compression is carried to
is carried down to back pressure.

therefore, usually a considerable loss

the clearance volume
speed engines.

is

initial

by clearance,

when

especially

proportionally large, as in short-stroke high-

The compi-ession of the steam towards the end of the exhaust
smooth
is of more importance from the point of view of
and
running and the prevention of shocks than of steam economy
the higher the speed the more necessary is it to have a good com-

stroke

;

pression corner to the diagram.
The Stephenson link motion fulfils this condition very efficiently
by providing an inci-easingly early closure to exhaust, and an increasing lead when linking up takes place at high speed, the combined
effect of which is to give a large compression corner, shovv-n in Fig.
87,

and

thereby to

improve

engine.

the

smoothness

of

running

of

the

—

Limit of Useful Expansion. In addition to the limit which cylinder
condensation and excessive A'ariation of stress upon the piston may

NON CONDENSING

d

6

8

10

EXPANSIONS
Fig. 120.

upon the number

of expansions pei'missible in a single cylinder,
a further reason for limiting the number of expansions,
namely, the work to be done by the engine in overcoming back
pressure and friction ; and this applies to both simple and compound
engines of all classes.
The proportional loss due to work done against the back pressure
of the atmosphere increases directly as the expansions increase,
while the gain due to increased expansion is a gradually decreasing
limit is therefore eventually reached, beyond which further
one.
This is well illustrated by the
expansion would involve a loss.
following (Fig. 120), which is a modification of a diagram l>y \rillans.

place
there

is

A

io6
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From the point O a vertical line, OW, is drawn representing work
done in foot-pounds, and Oa is a line of volumes in cubic feet.
On the vertical line through O a scale is set off of work done per
cubic foot of steam at any required pressure ( = PV).
Then, assuming hyperbolic expansion, the work done by expansion from 1 to 2,
3, 4, etc., cub. ft. is set up to scale on the vertical lines from the
respective points 2, 3, etc., on the line Oa.
Thus at 2 cub. ft. the height of the vertical 2K for any pressui'e,
as 75 lbs., = PV(1 + log, 2); at 3 cub. ft. = PV(1 + log, 3), etc.
These vertical lines represent to scale the total work done by the
steam during admission and expansion, 2, 3, 4, etc., times.
But these totals will be reduced by the work done against back
pressure.
For non-condensing engines, taking 16 lbs. per square
inch absolute to represent back pressure due to the atmosphere, and
2 lbs. per square inch of piston to overcome the friction of the engine,
then from 1 set up PV due to back pressure = (18 x 1) ; from 2 set
up (18 X 2), and so on. Then the height of the vertical from Oa to
meet the oblique line through e represents the work done against
back pressure and friction for non-condensing engines.
Similarly,
an oblique line through c is drawn for condensing engines, allowing
6 lbs. absolute for work done against back pressure and in overcoming friction.
Then the vertical ordinates measured at each ratio of expansion,
from the friction line to the curves, give the theoretical net effective
work for the initial steam pressure taken.
The most effective number of expansions is where this ordinate is a
maximum.

A

dotted line (m) is drawn representing the number of
expansions, beyond which it does not pay to go.
The limiting ratio
of expansion for non- condensing engines was given by Willans as
For condensing engines, it will be
(absolute initial pressure) -^ 25.
seen from the figure that the limiting ratio (?ji') is much higher, and
in practice the number of expansions = (absolute initial pressure)
-f

14 approximately.
Indicated Horse-power (I.H.P.).

a

—The

formula is given on p. 2.
convenient to use a constant for
each engine = L x
-4-33,000, where L = length of
It

is

A

€

^ stroke in feet, and A = effective
^ area of piston in square inches,
1
Then—
<^

P X N x

=

^

where P
sure, and

iC

per minute.

2

N

The mean

constant

=

LH.P.

mean effective pres= number of impulses
effective pressure,

as

obtained from an actual indicator
diagram, is the mean width of the figure measured by the scale of the
indicator spring with which the diagram was taken (Fig. 121).
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The mean forward
figure cahd

j)ressure

is

the

mean

107
heiglit

of

the

irregular

from the zero Hue of pressure.

The mean hack pressure is the mean height of the irregular figure
The difference between the
cehd from the zero line of pressure.
the mean effective pressure.
mean heights of these two figures
Measurement of Mean Pressure. For this purpose two methods
may be adopted first, the method of ordinates ; or, second, the use
The method of ordinates is as follows Draw two
of the planimeter.
lines at right angles to the atmospheric line, touching the diagram
at its extreme ends, and divide the space between them into 10 equal
parts (or, when great accuracy is required, into 20 equal parts).
In order now to find the mean width of the diagram, measure the
width in the centre of each space by the scale corresponding to the
spring of the indicator, add the i-esults together, and divide by
the number of measurements ; the i-esult will be the mean efl^ective

=

—

—

:

pressure.

The planimeter
pressure may be

FiCx.

an instrument by means of which the mean
obtained from the diagram more rapidly than

122.

is

Fig. 123.

There are various kinds of planimeters, as the
by measurement.
Amsler planimeter, the Coffin averaging instrument, the Hatchet
The operation with the Amsler planimeter
planimeter, and others.
consists of ti'acing the outline of the diagram with a pointer of the
instrument, when the mean pressure of the diagram may be read
from the graduations of a small roller, the movement of which
depends upon the path of the tracer as it passes over the outline of
the diagram.
When a diagram has loops, as shown in Fig. 122, the loops represent negative work, and show that the engine is under-loaded.
The

Fig. 124.

Fig. 125.

The forward line
loops would disappear if the load were increased.
bed would then rise as in Fig. 123, while tlie back-pressure line J'gd

—
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Or, by exhausting into a condenser, the backpressure line may be lowered, while the forward - pressure line
In all cases of diagrams with loops, it is advisable to draw
remains.
the zero line of pressure, and estimate by the usual method of
ordinates, the mean pressure of the whole forward-pressure diagram,
cibcde (Fig. 124), and afterwards
of the back-pressure diagram,
The difference will be the resultant mean
ahfgde, shown cross-lined.

remains as before.

effective pressure.

To find the power of an engine, diagrams must of course be taken
When one indicator is connected
from each end of the cylinder.

Fig. 12G.

Avith the

as

shown

two ends

of the

cylinder by pipes and a three-way cock,

two diagrams
This system (Fig. 125)

in Fig. 125, the

may both be taken on one

is not to be i-ecommended
except for small engines.
The mean pressure of such diagrams is
taken by measurement separately,, and their sum is divided by 2 to
obtain the mean pressure.
To find the mean value of the area
of the piston, when the
steam acts on a full face, a^, of the piston on one side, and when on
the other side the amount of this area is reduced by the area a.^ of
the piston-rod

card, as Fig. 126.

A

Then mean

area

A=

{a^

+

(a^

—

a.^]

-i-

2

For compound or multicylinder engines, the power of each cylinder
separately is obtained, as already explained, and the sum of these
the total indicated horse-power.
at Variable Speeds.
Where the revolutions are
variable during the period of trial, indicator diagrams should be
taken more frequently, and to ensure accuracy where the speed
varies considerably, and especially when the mean pressures at the
two ends of the cylinder vary also, it is more satisfactory to keep
the diagrams from the two ends of the cylinder separate to obtain
a piston constant for such end separately ; to find the I.H.P. for eacli
diagram as it is taken to take the diagrams at equal intervals ; and,
finally, to find the mean of all the diagrams from the respective ends
Then the sum of the means from each end of the
of the cylinder.
cylinder is the total I.H.P.
To draw a Hyperbolic Curve upon an Indicator Diagram. The
point from which the curve is drawn may be at a just before the
is

—

Mean Power

;

;

—
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exhaust port opens, or at h just after cut-off. At a the weight of
steam present in. the cylinder as steam is usually a maximum, owing
It will not represent the xcliole weight
to the effect of re-evaporation.
of steam passing through the cylinder, because even here there is
probably a certain percentage of water not yet re-evaporated, and a
The
certain amount of leakage past the piston and valve to exhaust.
space between the diagram and the curve will show approximately
the loss of area due to the previous condensation of the steam now
reappearing in the later part of the diagram.
Set off first the clearance line at O, and draw the zero line of
Then, to draw the curve
pressure 0« by scale of indicator spring.
touching point a (Fig. 127), draw a horizontal and vertical line

'

;^c

—

CHAPTER

yr.

QUALITY OF THE STEAM IN THE CYLINDER.
In

all ordinary types of steam-engines, the steam in the cylinder at
the point of cut-ofF is less than that actually admitted to the cylinder
per stroke, the remainder being present in the cylinder as water, or

having passed away to exhaust by leakage at the slide-valve or
piston.

The amount

the loss from these two causes combined varies
cent, of the total weight of steam supplied per
The causes of the presence of water in the cylinder may be
of

from 20 to 50 per
stroke.

stated in detail as follows
1.

2.

:

Wetness of the steam originally supplied by the boiler.
Wetness due to condensation in long ranges of steam-pipes and

in the valve chests, especially when these parts are not well covered
with non-conducting material.
3. "Initial condensation" of the steam on entering the working
barrel of the cylinder.
4. Condensation due to work done by the steam during expansion
in the cylinder after cut-off.
5. Condensation due to external radiation and conduction from the

cylinder walls.

—

When steam carries
1. Wetness of Steam supplied by the Boiler.
over with it from the boiler to the engines water which has not been
evaporated, but which passes away mixed with the steam, the
phenomenon is known as priming.
The conditions which determine,

to a greater or less extent, the
(a ) the
quality of the steam supplied from a boiler as to dryness are
whether by natural draught or
rate at which the steam is generated
the greater the rate the greater the tendency
accelerated draught
to wetness,
(&) The area of the water surface at the water-level of
the boiler per pound of steam generated per minute ; the smaller the
surface area for a given weight of steam delivered, the greater the
disturbance of the surface, and the more pi'obability of the steam
being wet hence the steam is usually dryer from a Lancashire boiler

—

:

;

—

boiler,
(c) The volume of the steam space;
within certain limits, the smaller the volume the greater the tendency
hence one means of reducing the amount of priming in
to wetness
(d)
boilers is to work with the water-level low in the gauge-glass,
The size of the boiler compared with the weight of steam required

than from a vertical-type
;
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thus a large slow-running engine, if
per stroke by the engine
supplied with steam from a relatively small boiler, causes a fluctuation of pressure in the boiler at each stroke of the engine, which
induces surface agitation of the water as the pressure varies, and
tends to increase the wetness of the steam.
This eifect may be
remedied by throttling down the steam-supply at the stop-valve, so
as to reduce the extent of the fluctuation of the pressure in the boiler.
2. Wetness due to Condensation in Steam-pipes and Valve Chest.
The loss of heat from uncovered steam-pipes is considerable, and
varies directly as the difference of temperature of the steam and the
external air, and inversely as the thickness of the pipe.
The loss from iron steam-pipes uncovered, per degree difference
of temperature between steam and external air, is approximately
2-4 thermal units per hour per square foot of external surface of pipe.
By covering the pipe with woollen felt ^ inch thick, this loss is reduced to 0-7 thermal unit per hour per square foot of external surface
of metal pipe ; with 1-inch covering the loss is 0-4 thermal unit, and
with a 2-inch covering 0-24 thermal unit.^
;

—

All water present in the steam should, as far as possible, be
separated from it, so that the steam may enter the cylinder dry, and
for this purpose it is usual to fix a separator
as near as possible to the engine.
The action
of one form of separator, of which there are
various designs, will be understood by reference to Fig. 129. The wet steam enters the
chamber at the top, and passes through a
spiral passage downwards towards the bottom
The whirling motion of the
of the separator.
steam thus set up causes the particles of
water present in the steam to strike the
sides of the chamber, and to flow to the
bottom of the vessel. The steam passes forward in a more or less dry condition, in an
upwai'd direction through the exit pipe, the
bottom of which is some distance from the
bottom of the separator. Connected with
Fig. 129.
the separator is a " steam trap " into which
the water is collected, and from which it is passed into the feed-tank.
gauge-glass is fitted to show the height of water present in the
bottom of the separator.
3. Initial Condensation.
Xext to the loss of heat at the exhaust,
that due to initial condensation of steam in the cylinder is the most
serious of the losses connected with the use of steam as a working
fluid ; and the endeavour to prevent the loss from this cause has
accounted for most of the improvements in the steam-engine since
the time when James Watt invented the separate condenser.
Before
this time the cylinder was used alternately as a steam-cylinder and
a condenser.

A

—

^

These numbers are deduced from a table by Mr. A. G. Brown in " The Indicator."
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When steam from the boiler is admitted to the cylinder with the
piston at the beginning of the stroke, it comes in contact with the
metallic surfaces of the cylinder cover, the face of the piston,
the walls of the steam ports, and more or less area of the circumferential surface of the cylinder barrel.
If all these surfaces were as hot as the steam which enters the
cylinder, no transfer of heat would take place between the steam
and the metal, and therefore there would be no initial condensation
of the steam.

But in practice the temperature of the walls is always lower than
that of the entering steam, the walls being cooled during expansion
and during exhaust, by having been in contact with the comparatively
Consequently,
cool steam of reduced pressure at these periods.
during admission of steam at the beginning of the stroke, condensation takes place, till the walls are heated up to a temperature
Hence the weight of steam
approaching that of the initial steam.
admitted to the cylinder per stroke, up to point of cut-off, is greater
than that present in the cylinder as steam, by the amount condensed
dxiring admission in the process of warming up the cylinder walls.
Condensation, then, up to point of cut-off is due to the heat lost in
warming up the metallic walls with which the steam comes in contact

m the cylinder.
In addition to this, as already explained in the chapter on temperature-entropy diagrams, there is the condensation which takes place
after cut-off due to the work done during expansion at the expense
of the internal energy of the steam.
Considering the amount of steam condensed in the cylinder, it
would seem, at first sight, that the cylinder must gradually become
choked with water. Such is more or less the case when the engine is
started, and before the cylinders have been properly heated up, and to
get rid of this water, relief-cocks are fitted at each end of the cylinder,
which are always opened when the engine is started, so as to hlow
through and relieve the cylinder of the water deposited.
As the temperature of the cylinder walls gradually increases, less
water is deposited. If the r^ief-cocks are now shut, mure or less condensation will still continue, but the water deposited is usually removed
from the cylinder by re-evaporation.
Re-evaporation. During the stroke of the piston, as soon as cut-off
takes place, the pressure of the steam gradually falls, and the water
present, owing to the removal of the pressure upon it, begins to reevaporate as soon as the pressure of the steam falls below that
corresponding with the temperature of the water in the cylinder.
This point generally occurs soon after cut-off, and the re-evaporation
continues as the expansion continues, the weight of steam present,
When
as steam, gradually increasing towards the end of the stroke.
still
suddenly,
less
or
uiore
is,
pressure
the
opens,
port
the exhaust
further reduced and the rate of re-evaporation accelerated, and during
the exhaust stroke the water of initial condensation more or less
completely disappears as diy steam.

—

—

;
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The heat required for re-evaiioration is obtained partly from the
heat in the water itself, but chiefly at the expense of the heat in the
cylinder walls ; hence the greater the re-evaporation the more heat
flows from the walls, and the more heat must be given up to the walls
on the succeeding stroke by the steam during admission.
The heat given up by the steam to the walls is i)ractically lost
(except for the small amount of work done by re-evaporated steam),
because this heat, which is again returned by the walls, is given up
during exhaust, and thus increases the already large exhaust waste.
Mean Temperature of Cylinder Walls. From the experiments of
Messrs. Bryan Donkin, Callendar, and Nicolson, it has been shown
that the cylinder walls may be divided into two parts, namely, the
outer portion, where the temperature is constant ; and the inner or
" periodic " portion, where the temperature fluctuates with the temperature of the steam in contact with it.
The depth of the periodic portion is usually very small, and the
less so as the time of interaction is less between the steam and the

—

cylinder walls.
In all cases economy results from raising the mean temperature of
the walls nearer to that of the initial steam in the cylinder.
The
mean temperature of the walls is raised as the weight of steam passing
through the engine per minute is increased, and the condensation is
thus reduced per pound of steam supplied.
Conveisely all causes tending to reduce the mean temjierature of
the cylinder walls tend also to increased cylinder condensation, and
therefore to increased consumption of steam per I.H.P. per hour.

Weight
°

of metal heated

=

!
(

*^^™^
01 iron

absorbed j- (specific heat
degrees rise 01 temperature)

^^^*,^

X

—

The range of temperature of the steam in
of Temperature.
cylinder is the diflerence {t^ — t>), where
is the temperature
during admission, and
the temperature of exhaust.
The range of
temperature is thus independent of the point of cut-oft".
But cylinder condensation depends, not directly on the range of
temperature of the steam, but on the mean temperature of the
internal portion of the cylinder walls, and the following relations
should be noted between range of temperature of the steam and mean
temperature of the walls
(1) For a given constant range of temperature of the steam in a
cylinder, the mean temperature of the walls increases as the point of
cut-ofi" is later ; hence the mean temperature, and also the amount of
cylinder condensation, may vary considerably with the same range

Range

the

tj^

/.j

:

of temperature.
(2) The mean temperature of the walls may remain constant for any
number of difierent ranges of temperature above and below the mean
hence the amount of cylinder condensation may vary considerably with
the same mean temperature, being greater as the difference between
the initial temperature of the steam and the mean temperature of the
Walls is greater, and vice versa.
I
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supplied to Cylinder. Experiment has shown that
ti> the cyHnder initially wet tends
still further to
increase initial condensation, at least up to a certain Irmit, and,
conversely, the drier the steam the smaller the heat interaction
between the steam and the cylinder walls. Hence the importance
of draining steam-pipes and valve chest, as already pointed out.
Water entering the cylinder with the steam tends to become
partially evaporated in passing through the cylinder, because the
sensible heat contained in the water on entering the cylinder is
greater than will be retained by it on leaving, hence a portion of the
original water is evaporated by the heat liberated at the lower

Wet Steam

steam admitted

pressure.

—

In addition
4. Condensation due to Work done during Expansion.
to initial condensation due to interchange of heat between the steam
and the cylinder walls, there is, during expansion in the cylinder, an
internal or molecular liquefaction due to work performed at the
expense of the internal energy of the steam therefore the greater
The extent of the
the expansion the wetter the steam becomes.
condensation due to work done has been already explained under
temperature-entropy diagrams (p. 44), and on unjacketed cylinders
the causes tending to wetness of exhaust exceed those tending to
;

dryness.

—

Speaking generally, the amount of initial condensation depends
(1) Upon the difference between the initial temperature of the
steam entering the cylinder and the mean temperature of the cylinder
walls, condensation being less as the mean temperature of the walls
approaches the temperature of the initial steam.
(2) Upon the point of cut-off in the cylinder the mean temperature
of the cylinder walls is higher, and therefore the condensation is less,
as the cut-oft' is later — that
is, as the
greater weight of steam is
passed through the cylinder per stroke, other things being equal.
(3) Upon the time of contact of the steam with the cylinder walls,
condensation being less as the rate of revolution (N) increases, other
;

things being equal.
(4) Upon the extent of cylinder surface exposed to the steam when
the piston is at the beginning of the stroke, condensation being less
as the area of metallic surface taking part in the heat interchange
is less.

The measure

of

initial

expressed by Escher thus

condensation in

the

cylinder

has been

:

W=

initial condensation in B.T.U. per pound of steam
exposed surface of
feed- water in pounds per stroke; s
initial temperature of steam
the*metal at beginning of stroke ; Ti
the
Q^ean temperature of cylinder walls (absolute scale); p
T^^

where
weight

=

;

=

of

=

;

=

_

density of the entering steam

;

N=

revolutions per minute

;

A

is

a

—
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given as 80 for unjacketed cylindors, and 06 for
This constant will \ary with varying types of

engines.

To

the

find

— To

Diagram.-

Weight

of

Steam accounted

for by the Indicator
steam in a cylinder per stroke from
necessary to know the volume occupied

find the weight of

the indicator diagram, it is
by the steam present in the cylinder
at the point of the stroke chosen for
measurement, and the pressure of
steam at that point then, knowing
from the Steam Tables the weight
per cubic foot of steam at the given
pressure, the weight required can
be at once determined.
The points from which measurements are taken must be chosen
from that portion of the diagram
Fig 130.
where the slide-valve covers the
ports, and where the steam is completely enclosed within the cylinder,
In other words, the points must
and its volume definitely known.
be chosen on the expansion curve after cut-off and before release,
oi- on the compression curve after exhaust closure and before opening
of the port for readmission.
= clearance volume,
piston
Thus, referring to Fig. 130,
All
displacement, iOj = weight of 1 cub. ft. of steam at pressure h.
;

AV =

OA

volumes are expressed in cubic feet.
) Weight of dry steam at &.
1

Then —

(

piston displacement
(2)

Weight of dry steam

Weight

=

]

(

^

+

)

clearance volume

w^

at c

piston displacement
(3)

x

x Ay

J

+

clearance volume

>

w^

+

clearance volume

;

jy.^

of dry steam at d

piston displacement

x Ttt

)

In the same way, the weight of steam may be determined ft)r any
other point on the expansion curve.
To find the Dry Steam Fraction at Cut-off. The indicator diagram
accounts for all the steam present in the cylinder as steam, but it
gives no clue as to the amount of water present in the cylinder at
the same time, or as to the extent of the loss by leakage, uidess we
have first some independent means of determining the weight of
steam supplied to the engine, as by weighing the /eed-water, for
example, or by other methods to be afterwards described. Then, to
tind the dry steam fraction the facts required are as follows
(1) Total weight of feed- water per hour -^ number of strokes per

—

:
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=

actual weight of working fluid
hour
stroke, called " cylinder-feed."

passing through cylinder per

(2) Weight of steam per stroke (assumed diy) retained in the
cylinder as clearance steam is determined from compression curve
at &, the point 6 being chosen as near as possible to the actual
exhaust closure (Fig. 130).
(3) Total weight of steam in cylinder per stroke after cut-ofF and
cylinder-feed -j- clearance steam.
during expansion
(4) "Weight of dry steam at cut-off (determined fi'om the indicator
diagram by measurement, as already explained).
(dry steam measured from
(5) Dry steam fraction at cut-ofF
cleai-ance steam).
indicator diagram) 4- (cylinder-feed
In the same way the dry steam fraction may be determined by
measurement for any other portion of the expansion curve up to
These results may be shown graphically by the
point of release.

=

=

+

following method
To apply the Saturation Curve to an Indicator Diagram. This
curve represents the curve of expansion which would be obtained if
the whole of the steam and water passing through the engine per
It also
stroke were present in the cylinder as dry saturated steam.
This is the ideal curve
supposes no condensation during expansion.
which is aimed at when the steam jacket is used.
To draw the curve, set off, as before explained, the clearance line
and the zero line of pressure, and draw a horizontal line through any
point c (Fig. 131) on the expansion curve of the diagram at cut-oflf
or beyond it
then ad is the clearance
volume, ah is the volume of the known
weight of steam in the cylinder during
expansion, supposing it all present as
dry saturated steam at pressure c, and
including the weight of steam enclosed
during compi'ession, and the weight of
steam passing through the cylinder per
stroke.
Also ac -4- ah is the dry steam
fraction at c.
The steam in the clearance space at beginning of compression
is assumed to be dry saturated steam.
The dry steam fraction curve below
Fig. 131.
the indicator diagram (Fig. 131) is constructed for all points of the expansion curve from cut-off to release
by setting up from a horizontal line to any scale the ratio d(^ 4«'6'
The fraction ch -^ ah represents the loss by condenac -^ ah.
sation and by leakage.
Application of the Indicator Diagram to the Temperature-Entropy
The temperature-entropy chart is illustrated on Plate I., and
Chart.-^
consists, as already explained, of that poi^tion of the temperatureentropy diagram enclosed between the " water-line " and the " drysteam line," on the left and right respectively, the horizontals
:

—

;

=

—

'

See

alfco

Boulvin's method,

p.

301.
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The portion of the
intersecting these lines being lines of temperature.
chart used will depend, of course, upon the range of temperature
between which the particular engine works.
The object of placing the indicator diagram upon the chart is to
represent by an area the heat-units converted into work per pound of
steam expanding in the cylinder, independently of all considerations
as to size or power of the engine, and to show what the extent of the
losses are as compared with a perfect engine working between the
same limits of temperature.
The temperature-entropy diagram di-awn upon the chart differs
from the indicator diagram in giving, not the work done per stroke in
foot-pounds, but the work done per pound of steam in thermal units.
It is necessary first to know the weight of steam passing through
the engine per stroke, and the weight of steam enclosed in the
clearance space.
Then the saturation curve can be applied to the
indicator diagram, as explained on p. 116.
If it is required only to compare the actual expansion line of the
indicator diagram with the adiabatic or saturated-steam lines of
the temperature-entropy diagram, then the method is similar to that
shown in Fig. 131, the value of ac -^ ah being determined for a
number of points between cut-off and release. Then, knowing the
pressure and dry steam fraction for each point taken on the indicator
diagram, corresponding points, d(^ 4- a'?>', on the same pressure lines
may be located at once upon the temperature-entropy chart (Fig. 133).
For this purpose no constant-volume lines are required to be used but
when it is required to transfer points other than those on the expansion curve, it is necessary to find the diagram factor of the indicator
;

diagram.
If the steam expanding in the cylinder, including the steam
enclosed at compression, weighs exactly 1 lb., the diagram factor
will be 1.
If the actual weight expanding is either more or less
than 1 lb., it is necessary to find the factor by which the actual weight
of steam must be multiplied, so that actual weicjld X diagram factor

=

1;
or

factor =
diagram
°

——

i

^—,'.

i
weight
actual

The diagram factor is used in order to express the changes of the
indicator diagram on the chart in terms of 1 lb. of steam.
If, now, any point d (Fig. 132) on the indicator-diagram be taken,
and the volume of the steam in the cylinder corresponding with that
point be determined, this volume multiplied by the diagram factor
gives the position of the point d as to volume on the chart (Fig.
completely
position
is
its
133), and, its pressure being known,
determined.

— In

c then c' can be immeby finding the line of pressure on the chart
corresponding with the pressure of c on the mdicator-diagram, and
making the ratio a'c' -r- a'h' =z ac -^ ah.

Example.

diately found

on

Fig.

132 take any point

Fig. 133

;
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To find any other point, as dl, not on the expansion line, find the
actual volume of the steam in the cylinder at d, and multiply this
volume by the diagram factor. This gives
the constant-volume line on which dl will
be found, and, the pressure of d being
known, the position of c?' is completely
determined.
Any other points may be
similarly found.
free curve is drawn
through the points thus found.
In the example chosen, the mean-admission line up to cut-off" has been sub-

A

stituted for the actual line.

Fig. 132.

The mean-

^soj.^

Fig. 133.

admission line and the back -pressure line are both taken back to the
water-line, and the compression curve is neglected.
If there were no losses whatever in steam-engine cylinders, the
diagrams of work done per pound of steam would fill the whole area
between the water-line on the left and the vertical adiabatic line on
the right (Fig. 134), and between the upper
.PRESSU RE AT STOP-VALVE
horizontal line representing the pressure of
steam at the engine stop-valve, and the lower
horizontal line representing the pressure in
the exhaust pipe.
The object is to fill up
as much as possible of the available area on
the chart.
It will be seen that (neglecting the effects
of compression) there are four conditions
which determine the gain or loss in the
thermal efficiency of the steam expanding in
the cylinder.
(1) The nearness of the mean-admission
PRESSURE IN EXHAU3T-PIPE
pressure line ab to that of the source from
Fig. 134.
which the steam is supi^lied.
in other
(2) The proportion of dry steam present in the cylinder
V7ords, the extent to which the dry -steam fraction line he of the
actual engine diagram, shown shaded, approaches the dry-steam line
of the chart, enlarging or otherwise the area of the shaded diagram
between the water-line and the dry-steam line.
(3) The number of expansions of the steam, or the extent to which
the pressure at end of expansion approaches the back pressure.
Thus
(Fig. 134) the line cd represents fall of pressure during release, the
;
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taking place at nearly constant volume, and following very nearly
a constant-volume line of the chart.
Wheti the terminal pressure of expansion is carried down to bacic
pressure, the expansion line he extends to /; but as the difference of
pressure between that at the end of the expansion and the back pressure becomes greater, the further the release-corner line cd recedes from
fall

the point /, the blunter the corner becomes, and the greater the loss
of area due to incomplete expansion.
When the steam is admitted to
the end of the sti'oke, and the engine is worked without expansion,
the line cd recedes to the position shown 1)y the dotted line hm^ where
few is also a line of constant volume.
(4) The nearness of the back-j)ressure line to that representing
the pressure in the exhaust pipe.
Relative Effects of Cylinder Condensation and Number of Expansions of Steam in a Single Cylinder.
If the indicator diagram from
an engine with an early cut-off be drawn upon the temperatureentropy chart, the diagram will have some
form similar to that shown by the shaded
If, now, the indicator diagram for a
area.
later cut-ofl' be transferred, it will have
some position extending further towards
the right to the dry-steam line, as shown
by the unshaded jiortion ; and showing a
larger dry steam fraction, and a gain of
wor-k done per pound of steam by increased
dryness of the steam.
But with the earlier
cut-off there was a gain of area by mcreased
expansion, and these two areas one due to
increased dryness, and the other due to
increased expansion tend to neutralize each
other.
For a limited number of expansions,
Fig. 135.
the gain by increased expansion is the larger
gain, but beyond this the gain may become
negative owing to loss by condensation,
The best number of expansions in any
cylinder is that which gives the largest

—

—

—

-Q-^ DIAGRAM

CUB. FT. PER LB OF STEAM.
Fig. 136.

/
Fig. 137.

work area per pound of steam passing through the engine.
Usually, from three to five expansions in one cyliadci-

give

a

—

^
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maximum work area but the best number of expansions, considered
from this point of view, varies with different types of engines, and
can only be determined by experiment.
To draw the Adiabatic Curve on the pv Diagram from the Temperature;

—

entropy Chart.
From the point O (Fig. 136) draw rectangular axes OPj
to any convenient scales.
At Pj, Pj, P3, etc., draw horizontal
lines Pjtt, P.j6, etc., representing to scale the volumes
taken from the
Steam Tables of 1 lb. of saturated steam at absolute pressures Pj, Pg,
etc., and join the points a, c, h by a free curve.
Then acb represents
the curve of volumes for 1 lb. of saturated steam without condensation.
Divide the line P..c at e, so that Pgg -f- P^c
T-^e^ -f- T;jCi on the temperature-entropy chart (Fig. 137), and so on for any number of divisions.

and

OV

—

—

=

Then, by joining the points so found, we obtain the dotted line aed on
thep.y diagram (Fig. 136), which is the adiabatic curve required.
Hirn's Analysis. This is a method of analyzing the action of the
steam passing through the

—

cylinder,

and

showing

by

areas the quantities of heat
the
interchanged
between
steam and cylinder walls.

This method, first employed
by Hirn, has been developed
Dwelgraphically by Prof.

shauvers Dery, of Liege.
The portions of the stroke

by subscript
indicated
with
corresponding
those on the diagram (Fig,
Fig. 138.
138); thus a for admission,
Then
h for expansion, c for exhaust, d for compression.
are

letters

= volume in cubic feet described by piston during
=
„
„
„
=
„
V,, =
„
„
„
„
V^ = volume in cubic feet of clearance space.
V = whole volume displaced by piston.
V^
Y^
V^

,,

.,

,,

,,

admission.
expansion,
exhaust.
compression.

—

Work done in Thermal Units. The work done in thermal units by
the steam during the several portions of the stroke is represented by
T with its appropriate subscript, thus
:

T„
Tj
T^

T^
T^

=
=
=
=
_|_

=
expansion =
exhaust
=
compression =

work done during admission
„

,,

„

,,

,.

„

area ep'mTie in thermal units.
.,

,,

„

hmnsh
hgpsh
efghe

„

„

.,

„

,,

„

Tj = absolute work done by steam = ai'ea ep'mnse.
net area of indicator diagram.
Tj) — (T,, +T^)
(T„

=

+

Heat exchanged.

—The quantities of
'

heat in thermal units exchanged

Proc. Imt. C.E., vol. xcviii. p. 254.

— —

—
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between the steam and the metal are represented by areas R„, R^,
the areas being drawn to the same scale as the work diagram.
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etc.j

= heat exchanged between metal and steam during admission.
=
expansion.
„
„
„
exhaust.
Rp =
„
R,, =
compression.
„
„
E = heat lost by external radiation.
Q = the quantity of heat supplied to cylinder per stroke by adR„
R^

,,

,,

,,

,,

,,

Q'

Q

,,

mission steam.
the quantity of heat supplied from the jacket.
4- Q' = total heat supplied.

=

—

'Weigld of Steam.
Let the weight of wet steam admitted to the
lbs., of which M.t is the weight of dry steam, and
cylinder per stroke
M(l — a') is the weight of water present in the steam. Then, neglecting
the effects of leakage, the actual condition of the steam at any point in
the expansion curve is known, since the actual weight of steam passing
through the cylinder per stroke is known by a test of the engine.
Let also the weight of steam retained in the clearance sjiace each

=

M

stroke = M^.
The actual weight of this steam may be measured,
knowing the pressure g at beginning of compression, and assuming

the steam dry at this point.
lbs. of water
Quantity of Heat.
The heat Q required to raise
irom 32° Fahr. to its temperature of admission, and to evaporate the
portion M.v, is

M

—

Q = M{h +

.rL)

For superheated steam heated from
saturated steam to temperature

Q=

M{;i

t^

—

+L

normal

+0-48(f,

-

tempei-ature

of

t„

t,,)\

—

The internal heat of the steam in the clearInfernal Heat of Steam.
ance space at commencement of compression, assuming the steam dry

= M/A, +

p,)

p„ represent weight, sensible heat, and intei*nal
heat respectively of steam at pressure and volume at point g on the

where

h^,

IVI^,

and

diagram (Fig. 138).

The internal heat at
where x„

The

=

cut-off

= (M +

dry steam fraction at point

m

internal heat at end of expansion

^^g)(,Ki

+

^mPm)

on the diagram

(Fig. 138).

= (M

+

-f-

^I„)(^'«

^,,P,i)

And

similarly for the several parts of the cycle.
Thermal Units interchanged between the Steam and the Metal enclosing

— I. To find the heat R„ exchanged during
The heat supplied is Q the heat in the cylinder at
admission is M,{hf + .r^jy)
the work done is T„ and the heat remaining in the steam at cut-off is (M -f- M^)(i^,„ -f x,„p,„). Then
the

Steam

in the Cylinder.

admission.

;

;

Q

-f

M/A,

from which R„

;

+ x^,) = T„ + E„ + (M + M,)(/^„ +

may

be obtained.

.i\..f>,„)

(

1
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If the steam

is

superheated at

cut-off, this

equation will be modi-

by corrected values for the heat supplied, and the heat contained
in the steam at cut-off, as ex^alained above, and in the chapter on
The temperature of superheated steam at cut-off
superheating.
may be determined by its increased volume over that of the same
weight of saturated steam at the same pressure, it being assumed
that superheated steam behaves as a gas, and that its increase of abso-

fied

lute temperature is proportional to its increase of volume.
The heat
2. To find Rj, the heat exchanged during expansion.
the
a;„p„)
in the steam at the end of expansion is fM -\- Mj,)(/j„
external work is Tj ; the heat present at beginning of expansion is

+

(M +

MJ(7t,„

(M +

+ .T,„p„0
+

then—

;

M,)(/i„,

;

x„fi,,)

=

T,

+ E,

4-

(M

+

M,)(/^, -f a-,p„)

(2)

from which R^ may be obtained.
the heat rejected by the cylinder walls to the
The heat in the steam at the end of exthe work done upon the steam
M,,)(/i„ 4- Xnp,^
pansion is (M
during exhaust is T,, the heat in the steam at beginning of comx,p,j^.
pression, assuming the steam of compression dry, is M/Zi,
The heat rejected to condenser in exhaust steam is measured by
a test of the engine, and by actually weighing the steam condensed
in a surface condenser in a given time, and then dividing the amount
weighed by the number of strokes made by the engine in that time.
Then
This gives the weight of steam ( M) exhavisted per stroke.
temperature t.
The heat in this
lbs. of steam bacome water at
Tlie heat carried away by the concondensed steam is now M.^l^.
densing water equals the weight of condensing water (W) per stroke
multiplied by its increase of tempei'ature in passing through the
3.

To

find R^,

steam during exhaust.

+

;

;

+

M

condenser

=

W(^i

(M-fM,)(/i,.

from which

R^,

—

may be

4. To find the heat,
during compression.
The internal heat
Then
M^(^,
XgPg^.
and the internal heat
Xfpj) ; then

+

Then—

t^.

+ .r„pJ+T, = R,4-MA, + W(^-,',) + M,/7^,-f;«^p^)

R,„ exchanged between the walls and the steam

steam at begimiing of compression is
done upon it = T,; during compression
of the steam at end of compression is M^(7t^ -f

in

the

work

Ml\ + x,pg)
from which

(3)

obtained.

may be

is

;

-f

T,

=

M/Zv

+

x,p,)

+K-

.

.

(4)

obtained.
GrapMc Representation of the Quantities of Heat exchanged. Scale of
The quantities of heat employed in the performance
the Diajram.
of work may be measured directly from the indicator diagram.
The volume described by the piston is represented by the length
of the indicator diagram.
From this a scale of cubic feet of piston
displacement may be made upon the diagram.
The vertical scale of pressures on the indicator diagi'am represents
pressures per square inch ; but it may be converted into a scale of
R,,

—
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pressure in pounds per square foot by multiplying the scale by 144,
or by dividing the unit of the inch-pressure scale by 144 to represent
a pressure of 1 lb. pei' square foot. Then an area having P, or the
unit of pressure per square foot for height, and V, or the unit of
This area
volume in cubic feet for length, = 1 foot-lb. of work.
multiplied by 778 repi^esents a thermal unit on the diagram, and is
During
the unit chosen for representing also the heat-exchanges.
admission, if P„ is the pressure i^er square foot, and V,, the vcjlume
os (Fig. 139), then
displaced by the piston up to point of cut-off
woi'k done

=

P„V„

foot-lbs.

=

rV
„"_/'
778

=

P,

thermal

=
units =

T„.

Hence-

778T„

zero lines of jjressure and volume,
represents to the scale of the diagram the heat expended in the
cylinder in doing the work of admission = area otjs.

The area P„V„, measured from the

Heat-exchange Areas.— Having obtained R„ by equation (1), a rectoe, so that
angle is drawn on the same base V„ = os, and at height r„

=

778R„

Then the rectangle

?•„ above os represents,
to the same
diagram of work, the heat given by the steam

at a height

scale as the indicator

to the cylinder walls.
Similarly for the other parts of the stroke,

drawn representing

_

**"-

and

R,,, R,.,

778R''

"'Vr

''"
'

R,; respectively

_ 778R,
~ "V7

the rectangles can be
:

778R„

These rectangles represent the inean result of the heat-exchanges
during the several portions of the stroke.
Distinction between Positive and Negative Quantities of Heat.—
In the forward stroke during admission, the heat transferred from
steam to metal is considered positive,

and the rectangle R„ representing the
quantity is drawn above the
zero line on the base os (Fig. 139).
For the heat-exchange during the expansion part of the stroke, the heat
passes conversely from the metal to
the steam ; the interchange is conthe rectangle
sidered negative, and
Rj is drawn below the zero line on the

heat

base

st

down

to

r,,.

backward

stroke, the opare adopted for the
the rectangles, namely,
positions of
above the zero line for negative exchange that is, from metal to steam

For

posite

the

positions

—

Fm.

and below

1.S9.

the

zero

line
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—

Hence the
that is, from steam to metal.
positive exchange
exhaust rectangle R^ is drawn above the zero line on the base mi,
and the compression rectangle R,^ is drawn below the zero line on
The positive and negative quantities are further
the base om.
distinguished by the direction of the cross-hatching on the rectangles.
R^ — R;, = R,- = the net heat-exThe sum of the rectangles R„
and rectangle
change while the steam is enclosed in the cylinder
R^ = area oknt may be constructed on the base ot. The area R^ =
rectangle R^., the heat rejected to exhaust, if there were no loss by
external radiation, E ; but since there is always some loss E in
practice, then

for

+

;

R^ _ R^

4-

R =
^

R^

-f

E

E may be obtained. In Fig. 139 the difference between
the areas of the rectangles oknt and the rectangle R^,, expressed as
thermal units, represents the loss E.
If the cylinder is steam-jacketed, the water of condensation from
the jacket is weighed separately, and the weight of water collected
from the jacket per hour divided ~"by the number of strokes of the
engine per hour gives the weight (M^) of steam condensed in the
jacket per stroke.
Then the heat-units (Q') per stroke given up by
the jacket
Q'
M^ X L
from which

=

where

L =

If R^.

=

the latent heat of steam at the pressure in the jacket.
heat rejected to condenser during exhaust, T = work done

by steam, then

Q+Q' = T + Rc + E
in words, the total heat supplied, including the jacket heat, is
equal to the heat expended on work done, plus the heat rejected to
condenser, plus the heat lost by external radiation.
or,

CHAPTER VII.
COMPOUND ENGINES.
Various methods have been adopted to increase the efficiency of the
steam in the cylinder, including

—

1.

Compounding the

cylinders.

Steam-jacketing.
Superheating.
4. Increased rotational speeds.
these methods will now be described in the above order.
2.

3.

And

Compound Engines.
It will be clear, after studying the temperature-entropy chart, that
the proportion of useful work to be obtained per pound of steam will

increase as the initial pressure increases, providing advantage is taken
of the possibility of working the steam expansively so as to recover a
portion of its internal energy, and providing also that initial condensation and all other condensation can be reduced.
large ranges of expansion ai-e
Pressures are gradually increasing
being obtained by means of the multi-cylinder engine; reduced
losses by condensation are being secured by compounding, steamjacketing, superheating, and increased rotational speeds.
Referring to the compound engine and the reasons for its adoption,
there are three impoi'tant objections to working steam at high pressures and large expansion in one cylinder, and these objections become
more serious as the pressure and number of expansions increase.
1. The volume of the cylinder must be sufficient to provide for the
required expansion of the steam, but it must also be sufficiently
Similarly, also, the working
strong to cany the maximum pressures.
parts require to be sufficiently large and strong to transmit the
maximum stresses ; and since the maximum pressures and stresses
are greatly in excess of the mean when the number of expansions in
one cylinder is large, the engine becomes excessively heavy and costly
compared with the power exerted.
2. The loss by initial condensation increases rapidly as the number
of expansions in one cylinder increases.
3. The turning effort on the crank-pin becomes excessively variable.
By the introduction of the compound engine, the range of stress on
the working parts, the loss by initial condensation, and the iri'eguiarity of the turning eflbrt are much reduced, as compared with a
;

•
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worldng with the same initial pressure and
Hence, for smoothness of working, with a
wide range of pressures, and for economy of fuel, the compound
engine was an important advance on the simple engine.
The improvement in the distribution of the stresses, and of the
turning effort effected by compounding the cylinders, is dealt with
later.
The reduction of the loss by initial condensation in compound engines as compared with single-cylinder engines working
through the same range of pressures may be accounted for as follows
the heat transferred from the steam to the metal
1. Because
depends upon the difference of temperature between the initial steam
and the metal with which it is in contact but in a compound engine
the only cylinder coming into contact with condenser pressures and
temperatures is the low-pressure cylinder, and the further removed
from the low-pressure cylinder, the higher the temperature of the
This corresponds also with the
walls of the preceding cylinders.
temperature of the steam passing through the engine, the hot steam
meeting the hot walls, and the cooler steam the cooler walls ^ hence
the difference of temperature between the steam and the walls in
single-cylinder engine
of expansions.

number

:

—

;

;

contact with

it being reduced, the condensation is reduced also.
Because initial condensation in the successive cylinders of a
compound engine is not cumulative, but is approximately that due to
one cylinder only.
The water due to initial condensation in each
cylinder is usually re evaporated during the exhaust sti'oke in that
cylinder, and leaves the cylinder as steam, to pro\dde for the needs
2.

of the succeeding cylinder,

and

so on.

— The

essential feature of compounding
steam from one cylinder into a second cylinder of
larger volume, where the steam may do further work by continued
This may be repeated through three or four or more
expansion.

Methods of Compounding.
to exhaust the

is

successive cylinders.

Engines may be compounded by exhausting from a high-pressure
cylinder into a low-pi'essure cylinder of one or other of the following
types :—
cylinder of larger diameter but the same stroke, which is the
1.
usual arrangement.
cylinder of the same diameter but longer stroke.
2.
cylinder having the same dimensions as the high-pressure
3.
cylinder, but with its piston making a larger number of reciprocations
or strokes per minute, the engines working on independent cranks.

A

A
A

4.

Any

In

all

combination of these methods.
cases the work done in a cylinder, or between the pistons
of a compound engine, or in any combination whatever of cylinders
and pistons
p„,(^2
^i)» "where p„, is the mean pressure, and
(Vo
Vi) the increase of volume while the steam is enclosed, and
independently of the way in which the increase of volume is obtained.
Double-expansion compound engines may be divided into two

=

~

—

'

The

high-pressMre cylinder migiit be called with equal correctness the bighami the lovi-presmre cylinder the low-temperature cylinder.

temperatiire cjlinder,

COMPOUND ENGINES.
main

classes:

cylinder

(1) the

AVoolf type,

in

which

commence the stroke sinmltaneously,
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t)ie

pistons

as in

of

each

tandem engines

140), or those with cranks at 0° or
apart; (2) the Receiver type, in which
the cranks are set at an angle other than
0^ or 180° with each other, and in wliich
the steam exhausted from the first cylinder
called the reis passed into a chamber
ceiver, between the two cylinders, where it
(Fig.

From BolUr

ISO''

c\
HP

yjH C^

L P

H P

LP

zm
J,

V^

To condenser

i
CR

!i=Lt

Fig. 140.

is

retained

till

R=5
Fig. 141.

the second cylinder

is

ready to receive

it.

In pi'actice it is usually found unnecessary to have a separate special
chamber for a receiver, as the exhaust pi^^e of the liigh-pressure cylinder
and the valve chest of the low-pressure atford sufficient capacity for the
puip;)se.

—

Number of Cylinders. Having determined the terminal pressure
desired at the end of the expansion, and the number of expansions
or point of cut-off in each cylinder, then the number of cylinders will
depend upon the range of pressure, and will increase as the initial
Thus for condensing engines the terminal prespressure increases.
sure may be 10 lbs. absolute, and for non-condensing engines 20 lbs.
absolute, and the number of expansions in each cylinder, say, three.
Then for the condensing engine (Fig. 142), if the ratio of the cylinder
volumes is 1:3, and there were no losses, the pressure at cut-otf in
the low-pressure cylinder is approximately 30 lbs.
If now the highpressure cylinder at end of stroke contains the same volume of steam
as the low-pressure cylinder at cut-off, then the pressure at end of

;
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stroke in the high-pressure cylinder is 30 lbs., and again cutting off at
\ of the stroke, the initial pressure in the liigh-pressure cylinder is 90
lbs. absolute.
For boiler pressures of 150 to 180 lbs. and condensing engines, the
steam is expanded in three cylinders successively, which arrangement
is known as the triple-expansion engine.

At boiler pressures of 200 lbs. and upwards quadruple-expansion
engines are used.
Equal Distribution of the Work and Initial Stresses between the
In the example just chosen of a two-cylinder, or doubleCylinders.
expansion compound, with the volume of the high-pressure cylinder
equal to the volume of the low-pi-essure cylinder up to cut-ofF, the
curve of expansion is continuous, as shown in Fig. 142, and there is
no loss by compounding with such an arrangement, as the work done

—

^'t^'lCUti.ft.^
t^

.

.,

3 cult ft -

Fig

142.

is the same theoretically as would be done in a single cylinder of the
same dimensions as the low-pressure cylinder.
But from Fig. 143 it will be seen that it is possible to secure this
with any number of different ratios between the cylinders thus, if
OV.J = volume of low-pressure cylindei", then if ab be drawn as
shown, Oa may be taken as the back pressure on the high-pressure
cylinder and the forward pressure on the low-pressure cylinder
O Vj = volume of the high-pressure cylinder peha is the work
diagram for the high-pressure cylinder, and ahfvf) is the work
diagram of the low-pressure cylindeih is the point of cut-off in
;

;

;

the low-pressure cylinder

;

and

?

is

the ratio between the cylinder

volumes.
if cd had been drawn instead of ah, then Oc is the pressure
the cylinders ; pedc and cr7/Y.jO are the respective work
diagl-ams ; d is the point of cut-off in the low-pressure cylinder ; and

Again,

between

OV,

,

is

the ratio between the cylinders.

ov..

Hence the

ratios

between the cylinders may be widely

different.

——

—

——
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In

fixing the ratio for any given case, the ratio is so chosen
the effective work areas of the respective cylinders and the
initial stresses on the respective pistons are as nearly as possible

that

equal.

Taking the case illustrated in Fig. 144, where jj, = 100, with
8 expansions ; ratio of cylinder volumes 1:2; back pressure 4 lbs.
absolute.
Comparing the work done in the two cylinders and the
initial stresses

Mean

on the

pistons,

we have

effective pressure p,„ in the high-pressure cylinder
1 -f

= 100

loge V

+

1

1-386

= 34-65

Mean

effective pressure P,„ in the low-pressure cylinder

=
Multiplying

p„,

and

(34-65

X

Vi

and

=

1

17-16

P,,^

and

v.,,

we have

34-65) and (17-16

X

2

=

34-32)

the work done in the two cylinders is practically equal.
Comparing now the initial stresses on the respective pistons, we
have since these stresses are in the ratio of the net initial pressures
multiplied by the relative areas of the pistons

that

is,

—

(100

In

-

25)1

:

(25

-

4)2

much

:

:

75

:

42, or as 1-8 to 1

words, the initial stress on the high-pressure piston is
that is, the area of the highin excess of that on the low
Hence,
pressure piston is too large.
when the cylinders are designed to give

other

—

Fig. 145.

of the work with a continuous expansion
the high-pressure cylinder is too large to maintain equality
and at the loss of some efficiency,
of initial stresses on the pistons
it is necessary in practice to reduce the dimensions of the highpressure cylinder.
This may be done by retaining the cut-off at point b (Fig. 145) in
the low-pressure cylinder, and reducing the high-pressure cylinder

an equal distribution
line,

;
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This arrangement will cause a fall or " drop"
to ac.
of pressure at the end of the stroke in the high-pressure cylinder from
"
d to the receiver pressure c, and a consequent loss by drop " of the
Here the initial stress on the low-pressure piston
trianf^ular area dch.

volume from ah

unchanged, while the stress on the high-pressure piston is reduced
By a certain amount of compromise,
in the proportion of ac -^ ah.
way to approximately equalize both the
it will be possible in this
work done and the initial stresses in the cylinders.
The same principles apply to the design of any number of succesis

sive cylinders.

Features of the Compound Engine.— 1. Effect of varying the Cut-off
Suppose the
tJie High-pressure cylinder on the Distribution of Power.
the cut-ofF in the low-pressure cylinder to
2
cylinder ratios to be 1
be constant at 0*5, and to enclose a volume at cut-off equal to the
whole volume of the high-pressure cylinder. Then the effect on the
distribution of power between the cylinders may be shown by the use
In
of the diagram (Fig. 146), which assumes hyperbolic expansion.
practice this diagram is subject to

in

:

;

many,

and

in

some

siderable, modification,

con-

respects

but for obtain-

general idea of the various
occurring in compound engines,
whether for double, triple, or quadruple expansion, it is very helpful.
With a cut-off at 0*25 of the stroke
in the high-pressure cylinder, and at
an initial pressure p-^, the steam expands in this cylinder along ah to a
terminal pressure jp.^ = p^x 0*25, neg-H.Rvollecting clearance.
This is also the
LP
pressure in the receiver.
Then the
,.„
Fig
work diagram of the high-pressure
cylinder is given by the area PiUhp.^, and of the low-pressure cylinder
by the area p^efo.
With a cut-off at 0-5 of the stroke in the high-pressure cylinder,
approximately twice the weight of steam is supplied per stroke the
steam is exhausted from the high-pressure cylinder into the receiver
at some higher back pressure p^, acting as back pressure on the small
piston and as forward pressure on the large piston, and the work
diagrams are given by the areas p^gnp.^ and p^nhfo for the small and
ing a

effects

j'

1

;

large cylinders respectively.
There is here, with a late cut-off, a large increase of work done
in the low-pressure
cylinder, while the work done in the highpressure cylinder is nearly the same with a late as with an early
cut-off.

The same point is illustrated by Figs. 147 and 148. These show
that when the power is regulated by the cut-off as the cut-off" in
the high-pressure cylinder is made later, the total power of the
engine is increased, and the larger share of the increased power is

—

—
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Variable Cut-off
Constant
„
(00

Point of
cut-off.

in H.P. Cylinder.

L.P.

„
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show the effect of throttling. Fig. 149 is for a condensing engine,
and Fig. 150 for a non-condensing engine. The dotted shaded areas
show the work areas when the initial pressure has been reduced by
throttling the steam-supply to the high-pressure cylinder.
The fullline figures .show the effect on the distribution of the power before the
initial pressure was reduced by throttling.
CUT-OrriNBOTH CYLINDLRS

5

PRESSURE 40

CAli CE

^^'.cj^J'ltt.^cu.b.ft.

Fig. 152.

Ficr.

J^

153.

Fig. 152 shows the effect on the distribution of the power between
the cylinders, of throttling the initial steam between the ranges of
100 and 40 lbs. pressure. Vertical measurements above and below
the pressure line give the work done in the high and low-pressure
cylinders respectively.
The effect of adding a condenser is also

shown.
3. Effect of a Variahle Cut-off in the Low-pressure Cijlinder on the Distribution of the Power between the

—

distribution
Unequal
power can be remedied to
some extent by regulating the point
Cylinders.

of the

of cut-oft" in the low-pressure cylin-

suppose the cylinder
and cut-off" in each

der.

Thus,

ratios

= 1:4,

cylinder

at

pf)C(Jp^ (Fig.

half-stroke,

and

let

HP.CUT-orF CONSTANT

CUT-OFF

-3

IN L.P

153) be the work area

the high-pressure, and p^efga
the work area for the low-pressure
cylinder.
If now the cut-oft' in
cylinder
be
the
low-pressure
changed from 0-5 to 0*25 of the
stroke, then the work areas will
be changed, the high-pressure diagram being reduced to the area
Pihcp.,, and the low-pressure diagram being increased to the area fffja.
for

Fig. 154.

Conversely,

if

the cut-off

134
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made later, the receiver-pressure line will fall,
the high-pressure area will be thereby increased and the low-pressure
Hence, to throw a larger share of the total work into the
decreased.
low-pressure cylinder, make the cut-off in that cylinder earlier, and
An adjustThis is also illustrated in Figs, 151 and 154,
vice versa.
able cut-ofF for the low-pressure cylinders of marine engines is shown
in the low-pressure is

in Fig. 81,
Fig. 155 shows indicator diagrams of one set of engines of H,M,S,
The full-lined diagrams represent
Poioerful, a twin-screw cruiser,^

the power-distribution between the cylinders when the engines exerted
13,000 I,H.P., and the dotted-lined diagrams the power-distribution
at 2500 I.H.P.
200

Pig. 155,
At

Boiler pressure (lbs.)

Vacmini

(ins.)

Revolutions

rn.p.

I

A.L.

,,,

full

power.
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times the volume of the high-pressure cylinder
and the effect of
the restricted volume of the receiver is to make the back-pressure
line of the high and the admission line of the low-pressure diagram
;

somewhat irregular.
The theoretical form
Fig. 160,
constant.

The

of these portions of the

which represents the pressures in the

diagrams is seen
assuming

receiver,

in
jjr

volume is usually made as small as possible to avoid
heat by radiation, but the necessities of the design determine
the volume.
Other things being equal, the effect on the power-distribution, of a small receiver, is to increase somewhat the back pressure
against the high-pressure piston, and increase the initial pressure on
the low.
Increasing the volume of the receiver, therefore, increases
to a small extent the area of the high-pressure diagram, and decreases
the area of the low.
5. An increase of pressui'e sometimes occurs in the low-pressure
cylinder towards the point of cut-off, shown in practice as a more or
less sudden increase of pressure during admission on. the low-pressure
diagram, especially when the engine is running slowly.
This is due
to the high-pressure cylinder exhaust passing into the receiver before
cut-off has taken place in the low.
Practical Modifications.
In discussing lirst principles of the compound engine simple approximate diagrams were used merely to
illustrate the principles, but in practice numerous corrections of
these assumed conditions have to be made, as will be seen by comparing diagrams Fig. 155 with the figures previously considered.
receiver

loss of

—

The

losses in practice

may be summarized

as follows

:

between the pressure in the boiler and the
the amount of the loss varies with
initial pressure on the piston
the speed of the engine, its distance from the boiler, the design of
the steam-passages and valve gear.
2. The loss due to wiredrawing during admission of the steam
1.

The

loss of pressure

;

to

the h.p.

cylinder.

This causes

the

mean admission

pressure

between the beginning of the stroke and the point of cut-off to be
less than the initial pressure.
3. The loss due to " drop " of pressure between the end of expansion
in the high-pressure cylinder and the initial pressure in the low.
4. The loss of pressure between the back pressure of one cylinder
and the forward pressure of the succeedmg cylinder.
This is generally
5. The loss due to early opening of exhaust.
very small.

The

due to back pressure on the low-pressure cylinder.
considerable thus, if the h.p. and l.p. piston ratios are
1:7, then 1 lb. additional back pressure due to defective vacuum in
the condenser will be equivalent to a loss of 7 lbs. mean pressure on
the h.p. piston.
7. In unjacketed cylinders, the gradual reduction of the weight of
steam pi^esent as steam as the expansion proceeds by transmutation
of heat into work.
6.

This

loss

may be

;

— —

^
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For double-expansion engines, with a given fixed terminal

pressui-e,

of expansions falls in practice to about
85 per cent., and in triple-expansion engines to 70 p.er cent., of that
given by initial pressure 4- terminal pressure.

usually 10

lbs.,

The diagram

the

number

factor

is

the ratio of the actual

mean

eifective pressure

an engine, referred to the low-pressure cylinder, to the theoretical
mean effective pressure obtained with the same number of expansions,
and supposing the only losses to be the back pressure of 3 lbs. for
The
condensing engines and 16 lbs. for non-condensing engines.
theoretical expansion curve may be assumed either adiabatic or
for simplicity it is usually assumed hyperbolic, and the
hyperbolic
diagram factor is found accordingly. Thus
of

;

T^.

Diagram

«

,

factor

—

pressure
= ^^~ = K
—mean
mean pressure

actual

p^

^^

theoretical
, ,
Actual
mean pressure
^
,

= ^p„ =

^r

p,„

X 33,000

I.H.P.
^

^_,

LAN
.

A=

area
referred to low-pressure cylinder, where
cylinder, and
piston speed in feet per minute.

of

low-pressure

LN =

iheoretical

where

R=

clearance)

-J-

mean

j)re.ssure

= p,„ = Pi

=5

— Pi,

(volume of piston displacement of l.p. cylinder
(volume of steam at cut-off in h.p. cylinder).

plus

Diagram Factors for Compound Engines.

High

speed, short stroke, unjacketed
Slower rotational speeds
„
jacketed
.,
„
jacketed
Corliss valve gear

...

Triple-expansion marine engines (Seaton)

...

...

60 to 80 per cent.
70 „ 85
,.
85 „ 90
„

90
60 „ 66

„
„

—

In
Mean Effective Pressure referred to Low-pressure Piston.
multiple expansion engines it is convenient for many purposes to express
the sum of the mean effective pressures on the various pistons in terms
of an equivalent mean pressure reduced to a common scale of piston
area, and for this purpose the low-pressure piston area is chosen as the
standard.
The sum of the equivalent pressures is then spoken of as
the total mean effective pressure "referred to the low-pressure piston."
Thus, in the case of a triple-expansion engine having piston areas in
the proportion 1:2-7:7, and mean effective pressures in the proportions
91, 33-8, and 13 respectively ; reducing these to the common scale of
the low-pressure piston area, we have
:

in high-pressure
cylinder referred to
low-pressure cylinder.

M.E.P.

—
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To find the Sizes of the Cylinders for a Compound Eng-ine of given
Power. —It is usual fiist to detenuiiH' the diainetor of the low-pressure
piston by considering that its capacity will Vje the same as would be the
case if the total work of the engine is to be done in that cylinder alone..
For whatever the number of cylinders which precede the low-pressure
cylinder, this cylinder must itself be large enough to contain each
stroke the volume and weight of steam necessary to develop the
specified power with a given terminal pressure.
In other words, the
total steam used by a compound engine is the steam exhausted from
the low-pressure cylinder.

The

volume and weight

of steam used are the same, whether
occurred in the low-pressure cylinder by having an
early cut-off in that cylinder, or whether they occurred in a series of
preceding cylinders exhausting finally to the low-pressui-e cylinder and
expanding there to the same terminal pressure.
The area (A) of the low-pressure piston for a given total power of
the combined cylinders, and with a given stroke, is determined from
the formula
final

the expansions

all

(PxA) x(LxN) _
33000
where

P = mean

=
=

^""^^^

^-^•^-

effective pressure referred to low-pressure piston

40 to 45 lbs. per sq. in. at maxinuim load or
30 to 35 lbs. per sq. in. at most economical steam con;

sumption.

The higher values

of

P

are taken at the higher boiler-pressures.

—

Example. Find the diameter of the low-pressure cylinder of a
compound vertical engine for a maximum load of 400 I.H.P. stroke
;

18 ins.; revolutions per minute, 155
lbs. per
to low-pressure piston

=40

X 33000
X L X N

A = I.H.P.
P
=
=

709"6

30

;

mean

efiective pressure referred

sq. in.

400 X 33000
40 X 1-5 X 155 X 2

sq. ins.

ins.

diameter.

To find the Diameter of the Eiyh-pressure Cylinder.~'H.A\ing detei'uiined the dimensions of the low-pressure cylinder, the diameter
of the high-pressure cylinder will depend upon a number of conditions, but the chief object usually is to provide that the power of
the engine shall be divided equally between the cylinders, and that
the maximum stresses on the piston shall be as nearly as possible
So far as the power of the engine is concerned, provided the
equal.
low-pressure cylinder is correctly designed, the total power will be
on the whole independent of the ratio of the cylinders, though the
smooth and economical working of the engine may be much influThe following tables give the proportions usually
enced by it.
Then, allowing a ratio of 3^ to 1 from the table, area
adopted.
of high-pressure piston = 706 5 -^ 3-5 = 201 -80 sq. ins. = 16 ins.

diameter.
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Double-expansion Compound ENciNEt;.
Condensing.

Boiler pressure ...
...
lbs.
Ratio of L.P. to H.P. volumes ...

120

4

Non-condensing.

Boiler pressure

Ratio of L.P. to H.P. volumes

lbs.

9n-]()n

2i

Locomotive Compounds (Von Borries).

120
Si

—
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engine having high-pressure, intermediate, and low-i^re-ssure cylinders.
Then, referring to Fig. 158
ao
done upon high-pressure piston up to cut-off = ftj
1. Work
4" a.y
This work is done by the external latent heat of the steam
provided at the boiler, and is not
followed by condensation due to the

+

work done.
2.

Work

done in high-pressure

cylinder after cut-off

=

fcj

-j-

6^ 4-

&.).

Heat-units converted into work =
(area &i •\-'b..-\-h.^-^ll^.
This loss

due to work done, is followed by equivalent condensation,
and the steam is made permanently
wet to this extent throughout.
3. Work done against high-presof heat,

sure piston

Fig. 158.

=

(flo

+

fcj

+

«3

+ ^i) =

work done upon intermediate-presNet work
sure piston up to cut-off.
done by steam = 0. No condensa-

work done.
done by steam during expansion in I. P. cylinder = Cj + Co.
Heat-units converted into work = (area c^ + e^)-f-778. This is followed by an equivalent condensation of steam, increasing pez'manent

tion due to
4.

Work

wetness.

LP. piston = work done upon L.P. piston
Net work done by steam = 0. No condensation.
6. Work done by steam during expansion in L.P. cylinder = c^.
Heat-units converted into work = (area c^) -f- 778, with equivalent
5.

=

Work done

(d'.i

+ ^3 +

against

c.j).

condensation, producing permanent wetness.
Diagram of Relative Piston Displacement in Compound Engines.
Having given the ratios of cylinders and clearance and receiver
volumes for a given compound engine, it is possible to follow the
steam through the engine, and to construct diagrams representing the
nature of the changes of volume and pressure between the points of
entering and leaving the cylinder.
In Fig. 159, horizontal lines are lines of volume, and vertical lines
are subdivided into portions of a revolution.
Thus, starting at a on
the top line, let aO = volume of high-pressure clearance (c^) ; 05
= volume of high-pressure piston displacement (i\) ; ah volume of
receiver (R) ; ho' = volume of low-pressui'e clearance (c,) and 5'0'
volume of low-pressure piston displacement.
On the lines 05 and 0'5' draw semicircles representing a halfrevolution of the crank-pin, and divide it into any number of equal
parts say five, as shown.
On the vertical line to the left of the
figure set off ten equal spaces representing parts of a revolution.
The diagram is completed for one and a half revolution. The cranks
being supposed at right angles, when the h.p. piston is at beginning
curve is now drawn
of stroke O the l.p. piston is at half-stroke K.

—

=
;

—

A

=
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for each cylinder, called the "curve of piston displacement," through
the points of intersection of the horizontals from the divisions on
the line of revolution, and of the \erticals from the corresponding

ADMISSION

142
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The application of the diagram (Fig. 159) to the consideration of
the indicator diagrams of compound engines is shown in Fig. 160.
This figure shows, as before, the piston-displacement curves for

N0lifnOA3a

3N0

cranks at right angles, the theoretical indicator diagram of the highpressure cylinder being drawn below the high-pressure piston curve,
and the low-pressure indicator diagram below the low-pressure curve.

—

— ——

— ——

;
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The

initial

known, is set up from the zero lino of
cut-off takes place at 0*4 of the stroke in

pressure, being

In the diagram,

pressure.
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the high-pressure cylinder, and the initial fv being known, all other
points in the cycle may be determined, assuming hyperbolic expansion,
as follows

In

the

:

the

equations,

subscript

figures

refer

to

corresponding

on the portions of the figure representing the theoretical
= volume of steam at point 3, measured
Thus
indicator diagram.
from beginning of stroke that is, from vertical line AO and to the
left in the high-pressure diagram, and from vertical line through
B and to the right in the l(jw-pressure diagram. When the exhaust
side of the high-pressure cylinder is in communication with the lowpressure cylinder, then the volume, including that of the receiver,
is given by the horizontal intercept between the lines of
piston
figures

r.,

—

displacement.
Since, for the purpose of this diagram,
a constant
'P^k^^

+

C;,)

=

from which the terminal pressure

+

may be assumed

that

+ C,)

pt;

=

(1)

And

obtained.

the point of cut-

being known, then

off in the low-pressure cylinder

^9(^9

_Pio(Wio

is

it

<•;)

= Pio(% +

(2)

<?/)

From which j)^,
and

or the pressure at cut-off in the low-pi-essure cylinder,
therefore also the pressure in the receiver at that time, is known.

Then the pressures at all other points may be obtained by the
following equations
Referring to the theoretical indicator diagrams in the lower part of
Fig. 1 60, then for the high-pressure cylinder
:

i^iO^i

+

c,)

=

'poiy.

+ c,)

(3)

At

point 2 the steam exhausts and mixes with that in the receiver,
which is at some pressure f^ previously calculated.
P2(''2

+ cO+bR=b(«3

But during the return

4-c,

+

...

E).

(4)

of the high-pressure piston, so long as the low-

pressure cylinder is not open to receive steam, the volume enclosed
is for the moment reduced, hence the pressure rises to ^4 until the
low-pressure valve opens the port to steam, when the pressure instantly
falls to pg.
BCi's

+

c,

+

R)

=

i^X^4

+ c. +

E)

....

(5)

When the low-pressure valve opens to steam, the receiver steam
mixes with that in the clearance space of the low-pressure cylinder
thus
(G)
c„ -f R
c,)
R) -f pioc, = f-ly^
Viy^ -f c,

+

+

This action continues, and

+

.

.

meanwhile the low-pressure piston

is

moving forward and increases the displacement, causing the pressure
to fall to pe, Mhen the high-pressure exhaust-valve closes, and compression begins in the high-pressure cylinder
V-l^,

+

c,

+R+

f,)

= fj^v, +

;

c, -f

then

R +

c,

-f v^)

.

(7)

—
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v^ is the volume displaced by the low-pressure piston from the
beginning of its stroke, and which volume may be measured by the
horizontal intercepted between the lines of piston displacement, as
shown by the dotted projectors.
The back pressure jj,i in the low-pressure cylinder is fixed

where

—

(P12C,)

= pii(yi3 +

c,)

(8)

The same principles may be further extended to represent the
changes in any number of cylinders by taking two at a time.
Over the low-pressure diagram the high-pressure diagram is shown
It has been transferred from the opposite side of the figure
dotted.
to show more clearly the relation between the diagrams.
To combine Indicator Diagrams of Compound Engines (Fig. 161).—
This is a method of constructing the diagrams to a common scale of

;

)

NV \\\v|<\\W\\|\\^\\\V
30

20

10

scale of vols.

in cub. ft.

Fig. 161.

volumes and pressures for the purpose of showing the relative work
areas to a uniform scale, and of seeing where the losses occur which
are peculiar to compoiuid engines.
The original indicator diagrams for each cylinder ai-e first divided
into ten equal parts, as in the ordinary way, and the clearance line
and saturation curve are drawn on the original diagrams by the method
already descn'bed (p. 116).
Then taking a length of, say, about 12 in. for the length of the
low-pressure diagram, set ofi" on a horizontal line which may serve
as the scale of volumes and as the absolute zero line of the pressure,
a distance so that the length of the low-pressure diagram represents, to the scale chosen, the piston displacement of the low-pressure

—

cylinder.

To the same scale set back the cleai"ance volume AS of the lowpressure cylinder.
Through point
raise a perpendicular line, which
is called the clearance line, or the zero line of volumes, and from this
zero mark off the scale of volumes as shown in Fig. 161.
This scale
is the scale of all volumes measured on the diagram.

A
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The coiiimon scale of pressures chosen may be that of the original
low-pressure indicator diagram, or some multiple, say 1-5 of that
Then first, to complete the extended low-pressure diagram,
scale.
divide the length chosen for this tliagram into the same number of
divisions (namely ten) as marked on the original indicator diagram,
and set ujj to the scale chosen on the respective division lines of the
enlarged diagram, the absolute forward and backward pressures given
at the corresponding divisions of the original diagram.
These points,
when joined up by a free curve, will be a reproduction to an extended
scale of the original indicator diagram.
To reproduce the high-pressure diagram to the new scales, set off
the clearance volume and piston displacement of the high-pressure
cylinder to the same scale of volume as used for the low-pressure
cylinder, and divide the piston displacement into ten equal parts.
Then transfer to these division lines the absolute forward and back
pi'essure given at the corresponding division lines of the original highThe original indicator diagrams should
pressure indicator diagram.
first be measured with the scale of the spi-ing used in taking the
diagram, and the actual absolute forward and back pressures marked
upon them, so that these numbers can be transferred at once to the
combined diagram with the enlarged scale of j^ressures.
If the scale of the original low-pressure diagram is ^2, and that
of the high-pressure diagram ~, then, if the scale of pressures chosen
for the combined diagram is pg-, the vertical dimensions of the diagrams
of the original scale of pressures for
on the enlarged scale will be
of the original scale for the highthe low-pressure cylinder, and
pressure cylinder.
The saturation curve is transferred from the original diagram
to the combined diagram in each case, by the method of "dry steam

~
~

fraction."

probable that the saturation curve of the respective cylinders
coincide— that is, will not be continuous. This could only
occur if the same weight of cushion steam was retained in each
Generally the weight of cushion steam is less in the
cylinder.
lower-pressure cylinders, and therefore the saturation curve of the
first cylinder falls outside that of the second cylinder.
In each cylinder we have during expansion the weight of steam
supplied from the boiler per stroke, called the "cylinder feed," and
In the
the steam retained in the clearance space at compression.
diagram (Fig. 161) the compression curve of the low-pressure diagram
is carried up by a dotted line to any horizontal line, in this case the
atmospheric line, and the compression curve of the high-pressure
= weight of
diagram is brought down to the same line. Then
cushion steam in the low-pressure cylinder, and AS = weight of
also SR = BE =
cushion steam in the high-pressure cylinder
" cylinder feed " per stroke.
It

is

will not

,

AB

;

—

CHAPTER VIII.
SUPERHEATED STEAM.
temperature of saturated steam depends upon its pressure. If heat
be taken from it, some of the steam is condensed, but the temperature
of what remains is unchanged so long as the pressure is unchanged.
If heat be added to the steam when it is not in contact with water,
its temperature will be raised above that due to its pressure ; in other

The

words,

it

will be superheated.

of saturated steam in the presence of water cannot
be raised without raising its pressure. On the other hand, steam may
be superheated without raising its pressure if the steam be permitted
If steam were superheated in a closed
to expand as the heat is added.
chamber where no expansion is possible, then the pi"essure would
But
increase with the temperature, as in the case of any ordinary gas.
in practice the steam is used in the engine as fast as it is generated,
and the displacement of the piston is practically an indefinite extension
of the volume of the steam space of the boiler.
Hence the effect of superheating the steam which passes through
the superheater at constant pressure is to increase its volume per
pound at the given pressure, the increase of volume being assumed
to be proportional
in the present state of our knowledge of the subject
to the increase of its absolute temperature.
Superheated Steam previously used and afterwards abandoned.
In 18.59, in a paper read before the Institution of Mechanical Engineers
on superheated steam, by Mr. John Pemi,^ several cases were referred
to in which superheated steam was then being used successfully, and
for some ten years afterwards superheaters were frequently applied,
especially in marine work.
In 1860 particulars were given ^ of Parson and Pilgrim's method of
supei'heating, as carried out on the boilers of passenger steamers then
running on the Thames. This method consisted of cast-iron pipes
placed in the fii*e-grate, and showed that even in those days the importance was appreciated of placing the superheater near the furnace,
and not merely in the uptake, to be heated by waste gases, as was the
case generally in the marine practice of that time.
But at an early period in the history of superheating, it was found
generally that if superheating was carried beyond about from 400°
to 500° Fahr., trouble was liable to occur in the form of scored
cylinders and valve faces, the cause of which was probably due to

The temperature

—

'

Proc. Inst. Mech. Engineers, 1859

and 1860.

—
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defective lubricatioii.
The tallow, which was the lubricant of that
time, decomposed at temperatures lower than that of the steam La the
valve-chest, and the charred residue was worse than useless for the

purpose for which it was intended.
It was also found that the superheater tubes were sometimes burnt
out, owing probably to a solid deposit on the inside of the superheater tubes through the use of salt feed-water.
This was before the
days of the surface condenser.
Considerable attention had also been given to superheating from
an early period by the Alsatian engineers, and in 1857 Mr. Hirn
issued a report of trials and experiments made by him on the value of
superheating, which showed that a lai'ge gain might be expected
from the use of superheated steam.
The boiler pressure used by
him was 55 lbs., and with steam superheated from 410° to 490^ Fahr.
he obtained economies of from 20 to 47 per cent.
Superheaters continued to be used, more or less, down to about
1870, after which they were rapidly abandoned.
The abandonment of superheating was probably due to the introduction, about that time, of steam of higher pressures and higher
normal temperatures, accompanied by the rapid introduction of the
compound engine, as it was found that by these means the economy
obtainable by superheating might be more easily secured, and with
fewer mechanical difficulties.
Accordingly engineers devoted themselves to increasing the range of
steam-pressures, and to the
development of multiple-expansion engines.
But with saturated
and engineers
steam the limit of efficiency is now nearly reached
are once more reverting to superheating, in which direction a large
advance on present-day efficiency may be expected, and, in fact, is
now being obtained.
The sjjecific lieat of superheated steam at constant pressure, according to Regnault, = 0'4805, and at constant volume = 0'346.
The total heat (HJ of superheated steam is the heat required to
raise the temperature of I lb. of water at 32° Fahr. to the boiling-point
(fj) due to the pressure (p^) ; then to convert it into saturated steam
at the same pressure ; and finally to superheat the steam to some
temperature t, while the pressure p^ remains constant. Then
;

H. = H,

+

0-48

{t,

-

where Hi = the total heat of saturated steam at pressure pi.
Temperature-Entropy Diagram for Superheated Steam. In Fig.
162, let rtAB/c represent, by an area in heat-units, the heat required
The method
to generate 1 lb. of saturated steam at temperature Tj.
of constructing this diagram is explained on p. 42.
If now this steam be superheated to some temperature T^, the
additional heat required = Q, = 0-48(T, — Tj), and the area representing the superheat is drawn by setting off first the entropy cd of the
48(log^ T,
superheated steam on the scale of entropy, making cd =
— log^ Ti) and from d raising a perpendicular f^T, to a height T, equal

—

;

to the absolute temperature of the superheat.

The

line

/ T,

is

a line

—
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constant pressure, and with the scale usually adopted is very
For a large range
nearly straight for small ranges of temperature.
points may be found for intermediate temperatures, and a
free curve drawn through them.
Then the total heat required to
generate 1 lb. of superheated
steam from water at temperature To to steam at Tj, and then
to superheat it to T^, is represented by the area aT^ Tj/T^ da.
If the steam expands adiabatically from T, to T.,, then the
work done by the 1 lb. of superheated steam, if there were no
losses, is represented by the area
of

T,Ti/T>To.

When the pressure of the
superheated steam has fallen by
expansion to g, namely, where
the saturated-steam line fm is
Fig. 162.
cut by the adiabatic line T/?,
the temperature has now fallen to that of saturated steam, and the
If
steam at this point g is dry, but is no longer superheated.
the expansion is continued, the steam now becomes wet, and at li
the weight of moisture present = (Jim -^ TgWi) lb.
To find the value of the dryness fraction .^^ = TJi -^- T^w, we have
a;,L2

t;

"^

>2

=

^j

+

c^i

+

0-48 log,

from which x., may be obtained, where <^i and
at Tj and T^ respectively (see Entropy Tables
Fig. 162, these values are represented by

ad

The

efficiency of

-\-

oa

=

he

-\-

6b

-\-

^

<^o

=

entropy of water

in Appendix).

From

cd

that portion of the heat added as superheat, apart
from its practical effect in reducing cylmder
condensation, may be seen by considering the

somewhat

exaggerated tempeiature - entropy
diagram, Fig. 163.
Let ABCi)H represent the heat contained in
1 lb. of satvirated steam at pressure and temrepresent the heat
perature C, and let
added as superheat. Then, if the superheated
steam in the cylinder be expanded down to back
pressure BM, the steam at release would be dry
saturated steam without any superheat, and
-^
the efficiency of the superheat =

HDEG

SDEM

HDEG.
For the case where steam

is

superheated at release,

if

the steam

SUPERHEATED STEAM.
in the cyliiulei- at

EG

adialjatie line

some high tenipeiature, E,
some lower pressure, F

to

is
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expanded along the

(at which, liowever, the

steam is still superheated), then, if release takes j)laee, the superheated steam will follow the constant-volume lines FKKL till it
the back-pressure line BL. The efficiency of the superheat
and the loss due to release taking place
before the whole of its superheat had been used is 8NKFMS.
The
heat-equivalent of these areas can be measured fi'om the temperatureentropy chart in heat-units.
is drawn by taking the specific
The constant-volume curve from
heat of steam at constant volume 0"346 and drawing the cui've
as
was drawn for constant pressure, substituting 0'346 for 0-48.
It will be evident from this diagram that no important gain can be
theoretically expected from superheating.
falls to
is

NDEFKN -^ HDEG,

K

KF

DE

Superheating and Evaporating Surface.

— Heat

employed to super-

heat the steam inci'eases the number of units of heat carried to the
engine per pound of steam supplied.
Also the heat available for
evaporation of water is reduced by the amount employed in superheating the steam. Thus, suppose 10 per cent, of the heat from the
furnace gases employed in superheating the steam, instead of evaporating water on an extended heating surface of the boiler.
The effect
will be 10 per cent, less water evaporated per pound of coal burnt,
and the steam generated will carry away to the engine 10 per cent,
Considering the boiler and superheater
additional heat as superheat.
as one plant, the efficiency of this plant is unchanged, provided the
temperature and quality of the chinniey gases is the same in both
cases ; the heat supplied by the coal having been actually taken up
in some form by the working fluid, whether to evaporate water or to
supei-heat steam is immaterial from the point of view of the efficiency
of the steam genei'ator.
The effect, however, on the efficiency of the steam as a working fluid
is very marked, as will be shown.
Temperature of Superheat required to maintain the Steam dry up
to Cut-off.^ From experiments made by the author on the behaviour
of superheated steam in a small Schmidt-engine cylinder, it apjjears
that the amount of superheat necessary to reduce the initial condensation up to cut-oft' by any required amount is given approximately by the
following rule ^ namely, that for each 1 per cent, of wetness at cut-off,
7*5° Fahr. of superheat must be present in the steam on admission to
the engine to render the steam dry at cut-off.
(A rise of 7 "5° Fahi'.
will be equal to 7*5 x 0'48 = 3"6 thermal units.)
For example, suppose, in a simple engine, when using saturated
steam, 25 per cent, of the steam is condensed up to cut-off, and it iu
required to find how much superheat is necessaiy to secure dry steam
in the cylinder at cut-off.
Then, by the rule, since 1 per cent, of
wetness requires 7 5° Fahr. of superheat, 25 per cent of wetness will

—

:

* Deduced by Mr. Michael
Longridf^c from the author's experiments. See the
discussiou on the author's paper on " Superheated Steam Eugino Trials,'' Ttoc-

Inst. C.E., vol. cxxviii.
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require 7-5 x 25
thermal units per

=

187'5° Fahr. of

pound

superheat

=

(187 -5

X

0-48)

=

90

of steam.

These figures apply only to the exj^eriments above referred to, and
they will, of course, be subject to some modification for the numerous
types of engines and variable conditions occurring in practice.

In such an engine as the one above described, only 75 per cent, of
the steam is engaged in the performance of useful work.
The heat
supplied per pound of saturated steam would be approximately 1000
units from temperature of feed-water, and the efficiency of the heat
about 10 per cent. ; that is, 100 thermal units are converted into work
for 1000 units supplied.
But by the addition of 90 thermal units as superheat, the whole of
the 1 lb. of steam is present as dry steam in the cylinder at cut-off,
and the useful work done is increased approximately in the proportion
of from 75 to 100, or a gain of 33 "3 per cent.
That is, we now have
133-3 units of heat converted into work for an expenditure of 1090
units; or an efficiency of 133-3-^1090 x 100 = 12-23 per cent., as
against 10 per cent, without superheat.
This shows a veiy large
efficiency for that portion of the heat used to superheat, namely,
33-3 -^ 90 X 100 = 37 per cent.
Using tlie same numerical example, it may be seen, also, how superheating reduces the ex^
tent of the heat-exchange
steam and
^375/g between the
^ / the cylinder- walls ; for
since 7*5° of superheat per
pound of steam prevents
1
per cent, of initial condensation, we have 7'5 x
0-48 = 0-6 heat-units absorbed by the walls, instead of 1 per cent, of the
latent heat of the initial
steam, which for steam at
100 lbs. pressure = 883-3
X 1 -^ 100 = 8-83 heatunits, or 2-45 times as
much heat. "When the
superheat is sufficient to
maintain the steam dry
at release, the heat-exchange is still further
reduced.

The same

effects

may

be shown graphically by
the aid of Fig. 164. Thus,
Fig. 1G4.
suppose
dry
saturated
steam supplied to an engine, and that the condensation at cut-oflT
was 50 per cent.
Then area ahcde = heat supplied per pound of

/
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steam ; and the work area, when the steam
exhaust pressure, = shaded area
The loss of work due to
cfgb.
condensation = area fdhg.
To prevent this loss by means
of superheating, by the rule given
above, for every 75^ of superheat
added to the steam, wetness at
per cent.,
cut-oft' is reduced 10
and the work area cfgb is gradually extended towards the right
as more and more superheat is
added, until with 375° of superheat (= 7*5 X 50) the steam is
dry at cut-oft", and the whole ai'ea
cdhh

is

now

available

as

useful

J ISO^

is

iSi

expanded down to

lOOOf SUPERHEAT

ISO'of

SUPERHEAT

aSO'or SUPERHEAT

, /

work.

2 100-///^'

That is, in order to obtain the
work area cfyb with saturated

"

¥'

=

steam, the heat-units expended
INDICATED HORSE-POWER
area abcde, and the efticiency =
Fig. 165.
cfgb -^ abcde ; but by the addition
of the much smaller area edst heat-units as superheat, the work area
is nearly doubled, and the efticiency is now cdld) -|- abrdst.
Hence the
economy of heat employed as superheat.
The numerical values of these areas should be plotted for actual
examples on the chart, Plate I., and measured by the student with a
planimeter.
The effiect on steam-consumption of gradually increasing amounts
of superheat is well seen by Fig. 165, illustrating the steam-consumption with a small single-actmg Schmidt motor, having a pair of
7-in. cylinders, stroke 11 '8 in., running at 180 revolutions per minute,
and supplied with steam with varying degrees of superheat.
According to the i-ule above stated, engines of the best types ha^"ing
a minimum loss by initial condensation will require steam less highly
superheated than engines of an inferior type having a larger loss by
initial condensation.
To obtain dry steam at release, the steam at cut-oft' will be more
or less superheated (see Fig. 167), and this condition of things requires
a further amount of superheat of from 50° to 100°, depending on the
number of expansions, being greater as the expansions increase. It
is also necessary to superheat the steam in the superheater to a
higher degree than is required at the engine, because of the loss of
This loss
heat which occurs in the passage from one to the other.
depends upon the length of piping and upon the quality and amount
of the non-conducting lagging employed.
Reasons of Gain by Superheating. The object of superheating is
to secure dry steam in the cylinder, and the actual gain in practice
which follows the use of superheated steam is due to the more or less

—
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for when the
loss by cylinder condensation
working fluid is saturated steam, no transfer of heat, however small
in amount, can take place from the steam to the metal without
accompanying deposition of water in the cylinder, which, during the

complete removal of the

exhaust stroke,

is

;

evaporated

at

the expense of the heat

the

of

cylinder- walls.

The

result

is,

that

with saturated steam

mean temperature of the cylinder-walls
much below that of the steam on entering
other hand, when the steam is sufficiently

the
is

On the
the cylinder.
highly superheated it is in a far more stable condition than before
the superheat was added, and can part with the whole of its superheat to the cylinder-walls without undergoing any liquefaction.
The drier the steam at cut-ofT, the more work is done per pound
The drier the steam at
of steam passing through the cylinder.
release, the less demand upon the cylinder-walls during exhaust for
heat of re-evaporation, and the higher the mean temperature of the
cylinder-walls.
dry cylinder at release parts with little heat to
the comparatively non-conducting medium passing away during
exhaust, hence the smallness of the heat-exchange between the
steam and the cylinder-walls under such conditions.
Superheating thus removes the principal source of loss of heat
by the walls, namely, water in the cylinder at release, and reduces
also the amount of the heat-exchange between the steam and the
walls to a minimum.
Effect of Superheat upon Heat-exchange in the Cylinder.
By
the aid of the method described as Hirn's analysis on p. 120, it

A

1

Fifi.

166.

—Wet steam tliroughout
expansion.

—

—

167.
Superheated steam
throughout expansion.

Fir,.

possible to show by areas the effect of superheat in reducing the
extent of the heat-exchange between the steam and the cylinderwalls in any actual case.
The method consists in finding the heat missing from the steam at
cut-off, due to absorption of the heat by the cylinder-walls, and
representing the same by a rectangular area drawn to the same scale
of heat-units- as the indicator diagram (see Figs. 168 to 170).
The heat missing at cut-off = (total heat supplied in the steam per
stroke) -f (heat in steam enclosed at compression) -\- (work done upon

is

'

is also said to greatly reduce the loss by leakage between the
and the face of the ports.
scale of the indicator diagram in heat-units = total work in foot-lbs. -j- 778.

Superheating

slide valve
^

The

——

—
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—

compression)

(work done

153

during admission)

(heat remaining in steam at cut-ofl).
Using the same symbols as employed in Hirn's
then, when Q„
heat missing at cut-ofF
(1) For steam not superheated at cut-off (Fig. 166)

analysis, p.

—

120

=

Q + M,(/i„ + av„) + AW,

-

AW, +

(2) For steam superheated at

Q +

+

M„(/*„

.r„p„)

cut-ofiF

Q„

(Fig. 1G7)

+ AW„ = AW„ +
^v('.<

+

(M +

-

Q„

4-

:

M„)(/»,

+

x,p,^.

:

(M + M„)

[7*^

+

p,

+

'01

from which Q„ may be obtained.

The value
at cut-off,

temperature of the superlieated steam
obtained by measuring to .scale from the clearance line

of #„ the absolute

is

w///m
iFiG.

168.— High

superheat.

Fig. 169.— Medium
superheat.

Fig. 170.— Xo
superheat.

steam at cut-off on the indicator diagram ; and to
v„ of saturated steam measured to the
Then it is assumed that the steam behaves as
saturated-steam curve.
a perfect gas, and expands in proportion to its absolute temperature
the volume
the

same

and

t^

v,

of the

the volume

.scale

;

:

/„

:

:

Vj

:

«;„.

made by the author, the diagrams Figs. 168,
have been drawn, showing the way in which the extent of
the heat-iuterchange with the cylinder walls during admission is
The heat-exchange area, shown shaded,
reduced by superheating.
and equal in value to Q„ in the above formula, is drawn to the same
scale as the work-area of the indicator diagram expressed in heatunits.
The Figs. 168 to 170 show how the heat-exchange becomes

From

a series of trials

169, 170

smaller as the degree of superheat increases, or, in other words, as
The power and
the dryness of the steam up to cut-off increases.
speed of the engine, and therefore also the area of the indicator
diagram, are constant throughout.
Effect of Superheat on Weight of Steam required per Stroke.—
With a constant speed and power of engine, and a constant area of
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indicator diagram, but a varying degree of superheat in the steam,
the relative weights of steam passing through the cylinder per stroke,
may be shown by placing the dry-steam curve upon the diagram as
explained on p. 116.
Then for the constant-work diagram, shown shaded (Fig. 171), the
weight of steam required per stroke when no superheat is used is

represented by ad

lbs.

A
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pound of steam is well shown by the aid of the temperature-entropy
diagram.
Fig. 173 is illustrative of the kind of tigures obtained in
this way.
This diagram is drawn from the indicator diagrams, having first
obtained the weight of steam used per stroke, also the dryness fraction of the steam, using different degrees of
superheat in each case, but maintaining a
They are then
constant speed and power.
transferred direct to the temperature-entropy chart (see p. 116).
Thus, if the area ahcd represent in thermal
units the work done per pound of steam
when no superheat is used, then the addition of a moderate amount of superheat has
the effect of increasing the dryness fraction
of the steam, and thus increasing the effecIf sufficient
tive-work area cibcd to aefd.
superheat be added to maintain the steam
in a superheated condition at cut-off and
throughout expansion, then the dryness line
passes outside the saturated-steam line, and
a peak rises to a point s, the height of which
depends upon the actual temperature of the
steam in the cylinder, and is determined as
already described on

Then the
steam

=

p.

152, where

effective-work area per

^,.

=

v
/„-.

pound

-p^^

j^g

of

amsngd.

It will thus be evident how superheat, by increasing the dryness
fraction of the steam in the cylinder, increases the useful work done
per pound of steam supplied, the steam previously lost in the

cylinder by initial condensation being now available for useful work.
Considering the expansion line of these diagrams, and the extent
to which they deviate from the vertical adiabatic line, it will be seen
that the wetter the steam is in the cylinder at cut-oft*, the greater the
flow of heat from the walls to the steam during expansion, as shown

expansion line ht towards the dry-steam line mn
but the drier the steam is at cut-off, the
more nearly the expansion line becomes a vertical line (see ek) in
other words, the more nearly the cylinder becomes non-conducting.
If the superheat is sufficiently high to supply not only the heat
absorbed by the cylinder walls, but also to provide the heat-equi\alent of the work done during expansion, then the steam will be dry
at release ; and this is the condition of maximum efficiency in a

by the slope

of the

as the expansion proceeds

;

—

single cylinder.
If more superheat is added to the steam than is sufficient for the
purpose of securing dry steam at release, then the steam is superheated in the exhaust pipe, and, unless the engine is compound, the
superheat in the exhaust steam increases the loss at exhaust.
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Superheated Steam in Compound Engines. It is not practicable t(i
superheat the steam supplied to the first cylinder of compound engines
to such an extent as to secure superheated steam in the second cylinder.
The very high economies obtained in practice by the use of superheated steam have been obtained in engines where the steam in the
first cylinder only was superheated, and then it is exceptional to
find the steam dry 2'b release in the first cylinder, even with steam in
the high-pressure valve-chest at 600° Fahr,
In compound engines, although, by means of high superheating,
the whole of the steam supplied to the first cylinder may appear in
that cylinder as dry steam, yet when it passes forward to the next
cylinder, only about 70 per cent, of it, or less, will appear as steam at
cut-off", the
remainder being present as water, if there is no superheating between the cylinders.
The power of the lower-pressure
cylinders is therefore much reduced as compared with the power of
the high-pressure cylinder.
Superheating between the cylinders
would add to the power and efficiency of the lower-pressure cylinders
for a given weight of steam supplied to them ; and this may be
accomplished by fitting a multitubular reheater receiver between the
cylinders, for reheating with superheated steam, by surface reheating
(not by mixing).
This is equivalent to jacketing the receiver.
Superheated steam may be looked upon, not as a means of obtaining
a thermal efficiency with the steam-engine in any way proportional to
the temperatures used in the supei'heat, but as a device for realizing,
or at least approaching, the full thermal efficiency of the saturated
steam between the range of pressures used in the engine.
Notwithstanding what has already been done, still higher efficiencies
may be expected to follow the adoption of higher initial pressures
combined with sufficient superheating to maintain the steam dry
throughout the expansion.
Admission of a Supplementary Supply of Superheated Steam
between the Cylinders of Compound Engines. If drying and superheating the exhaust steam, on its way from the high to the
low 2^1'essure cylinder, could be accomplished by the admission of an
auxiliary feed of highly superheated steam from the main steam-pipe
to the receiver, it might be supposed that the loss would be more
than compensated by the increased efficiency of the steam in the
following cylinders.
But it will be seen that this proposal, though
often made, is not feasible ; for, assuming the auxiliary steam
supplied from the main steam-pipe to contain 10 per cent, additional
heat as superheat equivalent to, say, 100 heat-units per pound then,
if the steam in the receiver contains 10 per cent, of moisture, the
weight of auxiliary feed necessary, even to dry the steam without
any superheating (that is, to provide heat-units = y^L, where
L = latent heat of steam in the receiver), would be nearly equal to
the total weight of steam exliausted into the receiver from the first
cylinder, which is an altogether impracticable quantity. ^
Lubrication.
The difficulties which arose from defective lubricatior*

—

—

—

—

'

rruc. Inst. C.E., vol. cxviii. p. 86.
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steam were probably due to
the fact that the lubricant
or at least that portion of it admitted to
the valve-chest, where it would be suljjected to the maximum temperature of the steam -had all its lubricating properties destroyed,
and its presence then would be more harmful than otherwise. But
with the greatly improved quality of the lubricants now to be obtained,
and with increased attention to the method of application of the lubricant, this cause of trouble has been removed.
If great care is taken to prevent loss of heat by radiation between
in the earlier ai)plicati()ns of suj^erheated

—

—

SECTI ON
FiCx.

Of^ C C

174.

and the engine by the ample use of good nonthen the superheated steam may be delivered at a high
temperature up to and surrounding the admission valve but when it
enters the cylinder it parts usually with the whole of its superheat to
the cylinder walls, the steam l)eing rarely superheated at cut-oft' except
with very highly superheated steam, and then only when tlie cut-off" is
comparatively late.
the

superheater

conductoi-s,

;

Hence the chief point requiring attention in regard to lubrication
the steam-admission valves rather than the piston.

is
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Superheaters.

— Fig.

174

illustrates the Schmidt superheater as fitted

It consists of coils of tubes placed above
the boiler, around which the flue gases are made to pass on their way
The coils are arranged watch-spring like, and placed
to the chimney.
one above the other.
The steam leaves the steam-space of the boiler by a perforated
tube, enters fii'st the lowest coil, and then passes to the next coil
above it. These two coils are termed the "fore-superheater," and
they contain the wettest steam they are also, of course, subjected to
The steam then passes
the highest temperatures of the flue gases.
from the second coil into the vertical enlarged pipe (called the " afterto a small vertical boiler.

;

evaporator "), and from here it passes to the topmost coil of the upper
It then flows downwards through the sucor " main superheater,"
cessive coils in a direction opposite to that of the flow of the chimney
gases, and leaves the superheater at its maximum temj^erature from
the lowest coil of the main superheater (the third coil from the
The steam flowing in
bottom) and passes forward to the engine.
the opposite direction to the chimney gases enables a high temperature of steam to be obtained with a comparatively low temperature
of

chimney gases.
The wet steam

in

the

lowest

coils

is

intended as a protection
overheating of these

against
coils.

For

regulating the supera valve is fixed at the
top of the vertical flue tube,
which is closed when the maximum superheat is required,
and the gases have then all to
pass through the superheater
coils
on their way to the
chimney.
To reduce the superheat the valve is partially
raised, and more or less of the
furnace gases may escape by
the chimney without passing
through the coils.

heat,

In experimenting with this
superheater, the author found
that if the weight of steam
jiassed through the coils per
minute were reduced, then, independently of the firing, the
temperature of the steam imon
mediately began to fall
the other hand, if the weight
of steam passed through the
coils
per minute were
in;

Fig.

17.^.

creased, then the tempei-ature of the steam immediately began to rise
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From many experiments

within certain
it was found that,
higher the velocity of the steam passing through the
superheatei-, the more rapidly the heat was taken up hy the steam.
also.

limits,

the

The Schwoerer superheater
and with considerable

success.

is

a type

much used on

iron pipes fitted with transverse ribs

the Continent^

an arrangement of caston the outside and longitudinal

It consists of
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on the inside, as shown in Fig. 175. The regulation of the
superheat is secured by dampers.
Fig. 176 is an illustration of the Schwoerer superheater^ as fitted
by Messrs. James Simpson it Co. to a Babcock and Wilcox boiler.

ribs

©—

F[Gt.

Fig.

177

is

application

an enlarged view
by the same firm

177.

of the superheater.

Fig. 178

to a Lancashire boiler.

Fig.

shows its
179 shows

an independently fired installation of the Schwoerer superheater.
Figs. 180 and 181 show a small-tube type of superheater as fitted to
a Lancashire boiler by Messrs. Hick, Hargreaves k Co.
The jiosition of the superheater, in relation to its distance from the
if the
furnace, depends upon the extent of the supei'heat required
:

steam is merely to be dried, then the superheater may be placed in
But it is usually
the waste gases beyond the boiler-heating surface.
desirable to place the superheater where the temperature of the gases
The higher the temperature of the ga.ses to
is at least 1000° F.
which it is exposed, the more efficient the surface, and the smaller
proportionately the surface required for a given degree of superheat.
Heat transmitted by Superheaters.— From the results of many
experiments, Mr. Michael Longridge states that, in order that the
superheater surface may be efficient, there should be a head of temperature between the flue gases and the steam of something like
400° F.
AVith such conditions he estunates that a heat transmission
of about five units per square foot of surface per hour per degree of
difference in temperature, the difference of temperature being taken as
the difference between the mean temperature of the flue gases and of the
steam respectively before entering and after leaving the superheater,^
From a paper on "Superheating," liy Mr.
Engineers, April, 1896.
' Proc. Inst. Mech. Engineers, 189G, p. 175.
'

W. H.

Patcliell

Pioc.

Imt Mech.
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Regulation of Superheat.

may be summarized

— The methods employed

as follows

for this purpose

:

SCALE
8.000

m TO.

Fig. 179.'

(1) By the use of dampers regulating the flow of flue gases to the
superheater.
'

From " Application

Sinieraglia.

de la Surcbauffe aux Machines a vapeur," by Prof. Fran9ois
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(2) By mixing or corDbining saturated and superheated steam in any
required proportion.

(3)

By

the use of an independently fii-ed superheater, which arrangeitself very easily to the regulation of the heat.
regulating the rate of How of the steam.

ment lends
(4)

By

—

;

.

CHAPTER

IX.

INTERNAL SURFACE OF ENGINE CYLINDERS.
The

loss by condensation in engine cylinders is due to the difference
temperature between the steam and the cooler metal of the cylinder,
and the extent of the loss increases as the extent of the actual surface
in contact with the steam increases.
The portion of the double stroke, during which heat passes from the
steam to the metal, begins at admission of the steam to the cylinder
and terminates usually almost immediately after cut-off, where the
expanding steam has fallen in temperature to that of the mean
temperature of the walls. The greater the area of the internal surface
per pound of steam admitted, the greater the condensation. Hence the
importance of reducing this surface as much as possible, especially the

of

clearance portion of it, where, by care in designing, considerable reductions might often be made, with a corresponding improvement in the
economy of the engine.
In respect of clearance surface and cylinder surface generally, it
may be well to compare the effect of
^ ._^
difference of ratio between cylinder diameter and length of stroke.
Taking cylinders (Fig. 182) of equal
capacity
and B,
having 4 sq. ft. of
piston area and 1 ft. stroke, and B having
1 sq. ft. of piston area and 4 ft. stroke ;
representing the short-stroke, high-speed
type of engine of relatively large piston
area, and B representing the long-stroke
type with relatively small piston area
then, neglecting clearance volume and
steam passages, the relative area of clearance and cylinder surface exposed to
equal weights of steam in the two cases will be seen from the
following table
I

:

A

A

A

:

Piston area
Stroke
Piston displacement
Surface of barrel
Clearance surface

„

„

-f barrel to

\

stroke

. .

INTERNAL SURFACE OF ENGINE CYLINDERS.
\

Clearance surface

+ barrel

+

,

to

^

sq.ft.

stroke

full

„

Surface exposed per unit weight of steam admitted with cut^stroke
off at
ditto
Ditto
„
Ditto
ditto
^
„
full „
ditto
Ditto
=1

Comparing the two

cases,

on admission

of

A.

13-35
15-13

165
B.

\

12 69
16-26

!

j

\

-.t^g

g.-g

j

5-78
4-45
3-78

!

4-56

'

423

'

4-06

steam to the respective

cylinders, the clearance surface of the short-stroke engine is four times
If cut-off" takes place at \ stroke,
as great as with the long-stroke.
the actual wall surface of the cylinder enclosing the steam up to cut-

in the long-stroke engine, and 75 per cent, more than
That is, if condensation be directly
short-stroke engine.
proportional to surface, the condensation in the short-stroke engine
will be 75 per cent, greater than in the long-stroke engine when
cut-off" takes place at \ stroke in each engine.
It will, however, be observed that as the cut-off" is made later, the
respective areas of cylinder surface in the two cases become more and
more nearly alike, and if .steam were admitted to the end of the stroke,
the surface is 7 per cent, greater in the long-stroke engine ; in other
words, the loss by condensation in the two cylinders would be more
The earlier the cut-oft" the
nearly the same as the cut-off" is later.
more advantage lies with the long-stroke engine.
It has been so far assumed that the engines are run at the same
rotational speed ; but if they are run at the same piston speed, as

off" is

5-56

sq. ft.

this in the

case, then the short-stroke enguie would
four times as many revolutions as the long-stroke.
But if the assumption is correct that cylinder condensation is
inversely proportional to the square root of the number of rotations,
then the loss by condensation in the long-stroke engine as compared

would be more probably the

make

with that in the short- stroke

is

as

1

:

—f- =

\

\

\.

Short-.stroke engines are therefore most economical when run at
high speeds and with a late cut-oft".
In shortThis statement takes no account of clearance volume.
stroke engines (see above table) the clearance volume is proportionally large, and in such engines great care must be taken to make the
best use of the compression steam, so as to fill the clearance space
with steam at a pressure as near as possible to the admission pressure,
otherwise the dift"erence must be made up by boiler steam, and the
amount required for this purpose may be a large proportion of the
total steam used.
Turned and Polished Clearance Surfaces. The advantage of
turned and polished surfaces for the clearance spaces in reducing
cylinder condensation has been proved in numerous instances ; and
the most economical I'esults yet recorded with saturated steam have
been obtained in engines having the piston face and inner surface
The surfaces appear to be
of the cylinder cover turned and polished.
thereby rendered more nearly non-conducting.

—

CHAPTER

X.

THE STEAM-JACKET.
The steam-jackefc, as its name implies, is an arrangement for covering
It consists of a chamber
the cylinder with a hot-steam covering.
or chambers enveloping the working barrel and the covers of the
cylinder.
These chambers are filled with steam at a temperature
equal to or greater than the initial temperature of the working steam
entering the cylinder.
The object of the jacket is to maintain the temperature of the
internal walls as nearly as possible equal to that of the steam
entering the cylinder, and in this way to reduce the loss due to
initial condensation.
As already stated, whatever tends to increase the mean temperature of the walls tends also to reduce initial condensation, and
experiment has shown that the heat expended in the jacket for this
purpose is more than compensated for by the increased efficiency of
The extent of the gain followthe working steam in the cylinder.
ing the use of the jacket varies greatly according to the conditions
of working, the construction of the jacket, including the arrangements
for drainage and for supply of steam to the jacket, the temperature of
the steam supplied to the jacket, the speed of the engine, the quality
of the steam entering the cylinder, the ratio of internal cylinder surface to weight of steam used, the range of temperature of the steam
in the cylinder, etc.
Action of the Jacket. Unjacketed cast-iron cylinders are practically a heat sponge absorbing from the steam, each stroke during
admission, heat which should have been employed in doing useful
work, and rejecting the same amount of heat, but at a lower
temperature, during expansion and exhaust, by re-evaporation of
the water deposited at the beginning of the stroke.
This heat is
almost entirely wasted, as the useful work done by it by re-evaporation of water during expansion is extremely small, and the remainder
goes away during exhaust to increase the already large exhaust

—

waste.

The greater the proportion

of

water deposited in the cylinder, up

demand upon the store of
cylinder walls for the purpose of re-evaporation ; the
deeper, also, the ebb and flow of the heat-wave in tlie metal walls

to a certain limiting point, the greater the
lieat

in

the
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each stroke, the larger the proportion <tf heat taking part in this
most wasteful process.
The action of the jacket is therefore to reduce the extent of the heatinterchange between the steam and the walls, and, as a consequence,
to reduce also the weight of water to be afterwards re-evaporated at
the expense of heat from the cylinder walls.
Thus with a jacket a
smaller proportion of the heat of the steam is wasted in merely
passing into and out of the walls, and a larger proportion is employed
in the performance of useful work than when no jacket is used.
All heat transmitted through the cylinder walls from the jacket
is accompanied by a corresponding loss due to condensation in the
jacket, but the net result is in favour of jacketing.
For it should
be noted that each 1 lb. of steam condensed in the jacket leaves the
jacket as water containing say 270 units of heat while each 1 lb. of
steam condensed in the cylinder passes away as steam, and carries
with it to the air or condenser the latent heat of the steam (from 900
to 1000 units) which has been first given to and then taken from the
cylinder walls.
There is no re-evaporation of the water in the jacket,
but it may be usefully employed as a hot feed to the boiler. The
heat transmitted by the jacket per pound of steam condensed therein is
the latent heat of steam L for the pressure in the jacket.
Since the amount of heat transmitted
Effect of Speed of Rotation.
through the cylinder walls varies with the time, then, as the rate
of rotation increases, the extent of the heat interchanged per stroke
between the steam and the walls will become less, until, when the
speed is indefinitely great, the heat-interchange is zero, and the
From this it follows that the eflSciency of
jacket is of no eifect.
the jacket is greater as the rotational speeds decrease.
With given initial and back presEffect of Ratio of Expansion.
that is, with a fixed range of temperatures in the cylinder,
sures
but with a variable cut-off the efficiency of the jacket will vary with
For, since the flow of heat through the cylinder
the point of cut-off.
walls varies with the temperature on the two sides of the walls, it
is evident that the jacket heat will pass more readily the earlier the
cut-off, since the mean temperature of the internal portion of the
cylinder walls is lower as the cut-off is earlier.
Hence the jacket is more effective in cylinders having a large ratio
During expansion the re-evaporation is greater without
of expansion.
a jacket than with one, and the dryness fraction, especially at release,
is always gi-eater with a jacket than without one.
The following diagram shows the varying efficiency of a steamjacket at different ratios of expansion.
It was prepared by Mr. Bryan
Donkin from trials made by him with an engine ha^dng a cylinder
6 in. diametei-, stroke 8 in.
speed in all experiments about 220
revolutions per minute ; steam pressure, about .50 lbs. above atmo;

—

—

—

—

;

sphere.

Water
of loss

which

the cylinder, from any cause whatever,, is a source
from the cylinder walls. Owing to the property
liquids possess of absorbing heat from surrounding bodies
in

of heat
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during the process of evaporation which follows a fall of pressure,
easy to account for the rapid flow of heat from the walls to the
water in the cylinder during expansion, but especially when the
exhaust port opens.
However dry the condition of the steam on entering the cylinder,
there is always some initial condensation (except when a high degree
of superheat is used), and even if the steam were dry at cut-oif, tliere
is still the water formed during expansion by transmutation of heat
into work.

it is

AoLes

30-7 Lbs

CUT OFF

%

EXPANSIONS 7

Fig. 183.

Assuming that

care has been taken to obtain dry
steam in the cylinder by lagging steam-pipes, cylinders, and valvechests, by fixing separators, and drain-cocks from valve-chests, by
all

possible

reduction as far as possible of the proportion of clearance surface,
of cylinder-cover and pistons, then,
unless the speed of rotation is high, the steam-jacket or superheating
wdll still be necessary to secure dry steam at release.
The action of the jacket may be further illustrated by the aid of
the temperatui-e-entropy diagram.

and by polished internal surfaces

THE STEAM-JACKET.
1.

If the cylinder walls are as hot as the entering steam,

steam is dry at
dry throughout

cut-off.

The heat required

expansion =
area dkfd (Fig. 184), where Itf
is the dry or saturated steam
cui've,
or curve of constant
steam weight. This shows that
without a jacket, in the best of
engines, the dry steam, expanding adiabatically and doing
work, becomes wetter as the
expansion continues, and that
the steam can only be dry at
release by the further addition
of heat from an external source.
It also shows that the heat so
added is not theoretically so
efficient as the heat of the working steam, because the whole of
the added heat is not applied
at its maximum temperature,
but is applied during a gradual
The efficiency
fall of temperature.
case
tice,

169

of

then the

to maintain the steam

the jacket steam in such a

nkf-^ aJcfd. If this were the condition of things in practhen a jacket would not be a source of gain, but a source of
is

;
but in practice these conditions are considerably
modified, with the result that the jacket heat actually increases the

loss of efficiency

efficiency.
2.

In unjacketed cylinders, though dry steam

is

supplied

to the

engine, the steam is never dry at cut-off, but has some dryness
Suppose now that a jacket be added, and that the
fraction tc -4- tk.
steam is thereby rendered dry at cut-ofF and throughout expansion to
area akfd. But by this addition
release. Then heat supplied by jacket
area clfec ; therefore
of heat there is an increase of useful work
clfec -f- aJcfd, or an increase
the actual efficiency of the jacket heat

=

=

=

from (tce2) -r- optica') to (tl'fp -7- optkfd).
Construction of the Jacket.— The success of jacketing depends very
largely upon the care exercised both in the design and use of the
If a jacket is so constructed as to leave pockets which will
jacket.
inevitably remain filled with water, or flat horizontal surfaces upon
which will continually lie a layer of water through which heat is
expected to pass to the cylinder, the result will be disappointing.
Great care should be taken to arrange for the proper flow of the
water deposited in the jacket to the jacket drain by sloping surfaces
and properly placed drain-pipes.
The steam-supply pipe to the jacket should be made of ample
diameter also care should be taken to provide for efficient circulation
of the steam in the jacket.
Cylinders ai-e sometimes made with a surrounding jacket, through
of engine efficiency of

;
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which the steam from the boiler first passes before entering the
The object of this is, no doubt, to accelerate the action of
the jacket by a rapid circulation of the jacket steam.
Such jackets
should be well drained, but the jacket is never in direct connection
with the exhaust side of the piston, hence its mean temperature is
higher than that of the internal cylinder walls.

cylinder.

The value

of the jacket is greater, other things being equal, as the

the cylinder are smaller ; because in small cylinders
the cylinder surface per unit weight of steam passing througli the
engine is greater than in large cylinders.
One effect of jackets is to increase the tendency to loss of heat by
radiation, as the area of the external surface and the temperature of
the surface are both increased by the addition of jackets.
It appears, from various experiments, that there is no advantage in
making the pressure of the steam in the jacket of any cylinder more
than a few pounds greater than that of the initial steam in the
cylinder.
Thus it is usual to reduce the pressure in the jackets of
the second and succeeding cylinders of triple and quadruple expansion
engines.
In the engines of H.M.S. Poiverful, the pressure of steam at the
stop-valve is 210 lbs.
All the cylinders are steam-jacketed. The
high-pressure cylinder is jacketed with steam at 210 lbs. pressure.
The steam to the intermediate jacket passes through a reducingvalve loaded to 100 lbs., and to the low-pressure jacket through a
reducinar-valve loaded to 25 lbs.
tlimensions of

J J J
100

80

^.

60

40

STEAM

TO

BOTTOM JACKET

Fig. 185.

^

20

NNN
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N

show by the darkened areas the proportion
marked N, N,
water present at cut-off with no steam in the jackets.
The rectangles marked J, J, J show the effect on the dryness fraction
of the steam when steam is admitted to all the jackets ; from which
it will he seen that the gain resulting from a jacket is greatest in the
low-pressure cylinder, and least in the high-pressure cylinder.^
The Repoi'ts of the Research Committee of the Institution of
Mechanical Engineers on the value of the steam-jacket are a collection
of valuable facts obtained from numerous sources, but the Report
containing the final conclusions of the committee has not yet been
published.
It has, however, been shown that the gain by jacketing
angles

of

varies considerably as the conditions and extent of the jacketing
vary, being from 2 or 3 per cent, to 25 per cent, in favour of jacketing.
In the trial of the Pawtucket pumping engine by Prof. J. E.
Denton, the engine being compound, with both cylinders jacketed on
barrels and ends, and with steam at full boiler pressure in all the
jackets, a difference of only 3 per cent, in favour of jacketing was
obtained.
From trials made by Prof. Osborne Reynolds of the triple -expansion
fully jacketed engines at the Owens College, it was found that with
jackets filled throughout with boiler pi'essure, 19-4 per cent, of the
Without steam in any
total heat supplied was converted into work.
of the cylinder jackets this percentage fell to 15-5, showing a gain of
over 25 per cent, in favour of jacketing.
'

See " Reports of Research Committee on the Value

Imf.

MR,

1889, 1892, 1894.

of the

Steam Jacket," Troc.

CHAPTER XL
THE INJECTOR.
injector is an instrument for feeding boilers, and is used instead
It was invented in 1858
or in conjunction with, a feed pump.
by M. Giffard, a French
engineer, who estabhshed
beyond doubt the power
of a jet of steam, passing
from the steam space of
a boiler, to force water
into
the
same boiler
against the same internal
pressure as that of the

The
of,

steam

itself.

The construction
injector

stood

by

the

diagrammatic
(Fig.
Fin.

]f

nozzle,

187).
s,

of the
underfollowing
sketch

be

will

The steam-

shows how the

steam is supplied to the injector through a small inlet. The
of the steam-supply is regulated by the coned plug, which fits
less closely against

The combining

the

amount
more or

orifice.

where the slowly mo\dng water, drawn
is
the action of the steam-jet, combines with the
swiftly flowing stream of condensed steam, and is carried forward by
it into the boiler.
The delivery tube, d, receives the contents of the combining tube.
Here at its narrowest part the maximum velocity of the jet is attained,
and from this point the velocity of the jet is reduced as it proceeds
along the diverging tube to the boiler feed-pipe /.
The overjloiv, o, is an opening or break in the pipe through which
excess of water or steam may escape during the operation of starting.
Fig. 188 illustrates the actual construction of the injector as
originally introduced, and of which pattern lai'ge numbers are still
up from the well

iuh?,

R

r,

l^y

made.
Fig. 189

is

a section of Messrs. Holden and Brooke's Injector (non-

lifting pattern).

Action of the Injector.

— To

start the

injector, it is

necessary

first
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to turn on the water-supply, and then to withdraw the steam -spindle
slightly so as to admit steam through the nozzle into the injector.
The steam-spindle may then be fully opened, the supply of water

being regulated

till

there

is

no o\ertlow of either water or steam.

The steam-jet carries forward with it entrained air from the waterchamber (A, Fig. 187), thereby causing a partial A'axuum in that
chamber, and the water in the suction pipe to rise and enter the combining tube.
The jet of steam, coming into contact with the cold
condensed laterally to an attenuated thread of water, which
its original velocity, and passes forward from the
combining tube into the delivery tube, carrying with it entrained
water,

is

retains, however,

water.

After passing through the throat of the delivery tube, the velocity
steam decreases as the cross-section of the diverging tube
increases, and finally the combined stream enters the boiler.
—
The Combining Tube. In this tube,
(
by means of the vacuum formed by
the condensed steam, the water is
of the

—

>)

drawn up

into the injector.

evident,

therefore,

must be

sufficiently

It

is

water
cold to condense

that

the

the steam, and that the proportion of

STEAM

OVERFLOW

Fig. 188.

water to steam must be

sufficient

to ensure complete condensation.

—

—

;
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The
the injector is to lift water from a well placed below it.
quality of the vacuum in this tube depends upon the temperature
of the combined steam and water.
The effect of varying the steam pressure with a given setting of
Thus, if
the instrument is to vary also the supply of water needed.
the steam pressure is increased, the supply of feed-water should
increase also, to properly condense the steam, or the degree of vacuum
Or, if the
will be reduced and the action of the injector impaired.
pressure of the steam is reduced, the feed-water will be in excess, and
will escape by the overflow.
if

—

H

= the head of water in the
Velocity in the Delivery Tube. If
to the internal pressure, then the velocity {y) of
a jet of water flowing from

boiler equivalent

=

V'ij/H, and the
the jet to enter
the boiler, or its equivalent
in pressure, must be in excess

the boiler
velocity of

of this.

= the weight of
water in pounds,
then P in pounds per square
ft. = loH lbs. ; or
Also,

1

cub.

if

ft.

w

of

and

2gP

From which it is clear that
the velocity of a jet varies
inversely as the square root
of its density (iv).
Thus the

Fig. 190.

velocity of steam will be very

much

greater than the velocity of water under the same pressure,
because of the very low density of steam compared with water
hence the effectiveness of the condensed steam-jet as a means of
admitting water into the boiler against the boiler pressure.
The impinging jet enters the boiler because the kinetic energy

which

it

possesses

I

—

-:^^

I,

or its equivalent in pressure,

is

greater than

H

that which is due to the head
of the equivalent water-column acting
in the opposite direction.
Napier's formula for the flow of steam into
the air in pounds per second
*^

where

A

P =

70

pressure absolute in pounds per square inch
= area of orifice in square inches.
In the gradually diverging delivery tube, if a section be taken at
boiler

;

— —

—

——
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successive positions along the tube, there will be exactly the same
weight of water tiowing through each of these sections in the same
time, namely, AV, where
= velocity in feet per second, and
=
area in square feet; and
= AjVi = A2V2, etc., assuming the
density of the jet to be uniform.
And since the area
of the section
increases from the minimum section towards the boiler, so the
velocity decreases
and since the area changes as the square of

V

A

AV

A

;

the diameters of the section, the velocity will change inversely as
the square of the diameters.
This is shown by the diagram Fig.
190, where a curve of velocities is set up at successive sections of the
tube, calculated thus
:

,,

,

.,

Velocity at
''

or

I

if

^,
\

1

any
•'

,

section

AV
=

—r—
Aj

,,
;

or V

1

=
=

volume

passing; in cubic feet

m square

v^-^iarea 01 section

rPV

,

=

,

-ry, where a

1-

leet

,.

,

.

diameter of section

ttj"

Since the pressure at any section varies with the velocity, a curve
pressures is also drawn.
It is calculated from the following

formula

:

H,

+

^

-

-

;7-

^:_

=

H.,

+

,-r

=

a constant

these expressions representing the " total heads " at the beginning and
end respectively of the delivery tube and the sum of the pressure
and kinetic energies in the tube being a constant
;

Then H3

;

H,

""''

+

~

'''''

2^

for any section of the tube being obtained as explained
and the value of P being equal to icH as before, we may

the value of

above

=

i-

write

P,

^

Pi

^

t;r'

-

v.^

Weight of Feed Water per Pound of Steam.
supply to be dry, and reckoning from 32' Fahr.

— Assuming

the steam

Ijj
Heat-units contained in the steam per pound = /<i
feed-water per pound = ^3
„
\V)7^
mixture per pound = (1
„
„

+

+

Then, neglecting losses by radiation, the pounds of feed-water
supplied per pound of steam used by the injector may be obtained
when we know the rise of temperature of the water passing through
the injector.

Thus

Gain of heat by feed- water
Loss of heat by the 1 lb. of steam
The kinetic energy of the jet)
expressed in heat-units

Then—

S

=
=
_
~

W(7<2
Lj -f
/.
^

,

—
^'1

li^')

~

^h

\vr\~
^1g

v

^

778

—

—

—
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+ \ - h = (1 4- W)|^ X -^|g + W(L - 7/3)
Loss by steam = kinetic energy of jet + gain by
L,

feed

Neglecting the term representing kinetic energy, which would be
very small

+

L,

-

h,

h,

=

W(h h—

h.;)

h-i

= the weight

of feed-water lifted per pound of steam
supplied to the injector

The overflow is assumed to be open to the atmosphere, and therefore
It is seldom
the temperature of the jet cannot exceed 212° Fahr.
higher than 170° Fahr.
The temperature of the water passing into the boiler depends upon
the fact that the steam from the jet must all be condensed as it
leaves the steam-nozzle.
The temperature of the water with which the injector is supplied
must be low enough to condense the steam from the steam-nozzle,
The weight of water delivered
otherwise the injector will not work.
per pound of steam used is about 13 lbs. for locomotive injectors.

As

the

temperature of the feed-water

initial

is

increased, the weight

of steam required to lift a given weight of feed-water increases.
The mechanical woi'k performed by the
Efficiency of the Injector.
injector consists in lifting the weight of feed- water through a height

—

h,

and delivering

into the boiler against the internal pressure.

it

U=

U =

{W/<

(W

-f 1)^,^,}

jin heat-units

the equivalent head = j) x 2 '3 due to
head in feet per 1 lb. pressure
and
= pounds of water delivered per pound of steam.
If considered as a pump, the efliciency E„j is

where

work done

the pressure, where

W

4-

h^,

;

2'3

=

=

E

;

U
'"

Li

+

J^i

—

7*2

where the denominator represents the number of units of heat given
up by the steam to perform the wijrk.
The Thermal Efficiency, E„ of the injector is unity, for —
f Heat supplied \
V from boiler J

_
~

f
\

work done

in lifting

or

^'~
That

is, all

and

injecting feed- water

U+

W(/^,

Li -f

the heat expended

is

h,

-

\

J

i

f

heat restored

\

to boiler

^3)
ho

restored either as

work dons

or-
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ij-j

and the value E, of the above fracIt should be noted, however, that the heat is returned at

in heat returned to the boiler,

tion

=

1.

a lower temperature.
When a boiler plant is provided with an economizer or feed-heater,
the injector may be made to supply the feed through the feed-heater,
and the hot feed from the injector may thus be still further heated
in the feed-heater on its way to the boiler.
The Lifting iDJector. The property possessed by the injector
enabling it to lift water depends upon its power to reduce the
pressure in chamber
(Fig. 187) below that of the atmosphere.
There is no difficulty in continuing the water-supply when it has
once entered the injector, because of the vacuum formed by the condensation of steam in the combining tube ; but to raise the water in
the first place, the jet of steam passing out of the nozzle at a high
velocity must act first as an ejector entraining the air aw^ay from the
chamber
and carrying it forward through the combining tube, thus
causing a vacuum in A.
For this purpose the steam must have a free passage througli the
instrument sufficient to prevent any throttling of the steam as it
issues from the nozzle, otherwise a pressure will be set up in
greater than that in B (Fig. 187) which is open to the atmosphere,

—

A

A

A

and no water

will be lifted.
This freedom from throttling of the steam as it passes along the
combining tube may be accomplished in two ways first, by arranging
for a small amount of steam to pass through the jet by only opening
slightly the steam-spindle ; or, secondly, if a large flow of steam is
passing through the nozzle, to arrange for a self-acting method of
enlarging the area of exit for the steam, to prevent its becoming
Injectors fitted with such an arrangement
throttled in the injector.
are termed automatic, self-acting, re-starting injectors.
"Automatic" Injectors. These are injectors which, if stopped in
their action by jolting, as on a locomotive, or from any other cause,
automatically re-start, and continue to work without requiring any
readjustment of the steam or water supply, as would be necessary if
the injector were of the type previously described.
The methods adopted in order to fulfil the condition of automatic
re-starting are shown in Figs. 191 and 192.
Fig. 191 is a standard
pattern as made by Messrs. Holden and Brooke.
Fig. 192 is the
" split-nozzle " injector, in which it will be seen that the combining
tube is split longitudinally for rather more than half its length.
The loose half forms a flap, and hangs freely from a hinge. When
the injector is not at work the flap hangs open, and thus aflbrds a
large area for escape of steam through the overflow.
When steam is turned on it flows freely through the injector,
entraining air with it, forming a vacuum in the suction pipe and
drawing water into the instrument. When the water reaches the
combining tube, the steam is condensed, a partial vacuum is formed,
and the flap instantly closes, the overflow being in communication
with the air. The split nozzle then acts as an ordinary solid
:

—

N
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combining

tube,

and the

water

is

sjE-^^^

carried forward through the
delivery tube into the boiler.

The Holden and Brooke

in-

jector (Fig. 191) is similar in
principle to the flap, but the
flap

valve

is

placed

in

the

DELIVERY

Fia. 192.

shell of the injector instead of in the nozzle.

The Exhaust Injector is similar in principle to an ordinary injector,
and differs from it chiefly in having a steam-nozzle of very wide bore.

Fig. 193.

The feed-water supply to the exhaust injector must be arranged to
jiow into the injector.
Fig. 193 shows the attachment of the exhaust injector to a boiler.

—

;

;;

—

;
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XII.

CONDENSERS.
The

cojidenser is a chamber into which the steam is passed and condensed instead of being exhausted into the air.
The object of the condenser is twofold, being first to remove as far
as possible the effect of atmospheric pressure from the exhaust side of
the piston by receiving the exhaust steam and condensing it, thus
reducing the back pressure from 16 or 17 absolute to 3 or 4 lbs.
absolute ; and, secondly, to enable the steam which acts on the piston
to be expanded down to a lower pressure before leaving the cylinder
than can profitably be done when the steam exhausts into the air.
In compound engines, since the influence of the condenser acts in
the largest cylinder, the proportional increase of power will be large,
varying from 20 to 30 per cent., depending on the proportion which

the increase of

mean

pressure bears to the original

mean

pressure

The proportional
the power of the engine

of the engine referred to the low-pressure cylinders.

gain by a condenser will thus be greater as
is

reduced.

Condensers
follows

are

of

various

types,

which

may be

divided

as

:

1. Those requiring large quantities of cold water for the purpose of
condensing the exhaust steam, including
(a) Jet condensers
(6) Surface condensers
(c) Ejector condensers
where in each case the cooling water passing from the condenser flows

—

away

to waste.

i-equiring very small quantities of water, the place of the
continuous water-supply being taken by an extended cooling surface
exposed to currents of air, and including
(a) Evaporative condensers
(6) Ordinary condensers combined with a system of air-cooling of
the condensing water.
The jet condenser, as its name implies, condenses the steam by
means of a jet of cold water, and is illustrated by Fig. 194.
The steam, on being exhausted from the cylinder, passes into the
The
condenser C, where it is condensed by the jet of cold water.
condensed steam and injection water must now be removed by means
2.

Those

i8o
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AP, so called because it removes the air which comes
into the condenser with the injection water and also with the steam.
The air thus introduced to the condenser is cumulative, and would
soon set up a large back
unless
repressure
of the air-pump

moved.
air

by

The amount of
volume in in-

jection water is said to
average 5 per cent, of

the volume of the water.
The condensed steam,
injection water, air, and

vapour are pumped into
the hot well HW, and
thence flow chiefly to
waste.

The feed-supply

taken
from this source.
The suction valve of
for the boilers is

Fig. 194.

the air-pump is called
the foot valve, and the
delivery valve is called
the Tiead valve.

Another form

of jet

condenser and air-pump used for horizontal engines as made by
Messrs. Tangyes of Birmingham is shown in the diagram, Fig. 195.
The air-pump rod is an extension of the piston-rod through the
back end of the cylinder. The exhaust steam enters the condensing
chamber C, where it is met by the cold-water spray J and condensed.
The condensed steam and injection water are removed from this
chamber by the air-pump AP, which draws it through the suctionvalves FV, and forces it forward through the delivery ^-alve
into
the hot well HAV, from which the boiler-feed may be taken.
The
remainder overflows.
The steam should enter the upper portion of a jet condenser so that
there is no danger of the water flowing back to the cylinder, and in
all cases the injection supply should be carefully regulated, and shut
ofi" before or at the same time as the steam-supply is closed when the
engine is stopped.
The condenser should be so shaped that the water may flow readily
by a fall from the condenser to the bottom of the air-pump.
The capacity of a jet condenser may be generally one-third that of
the cylinder or cylinders exhausting into it.^
The surface condenser has now entirely
Surface Condensers.
superseded the jet condenser for marine work, and it is employed
for stationary work in cases where it is desired to return the condensed
steam as feed to the boilers, as when the condensing water is too dirty
or too full of impurities to be used as feed.
Seatou's " Manual of Marine Engineeriugr,"

HV

—

'
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Up
Nvas
ivas

to about the year 1860 the pressure of steam in marine boilers
not more than 30 lbs. to the square inch, and the boiler-feed
taken from the hot well of a jet condenser.
This water

^M_

imi^^'ti'AJ)

HMr:

J5V

Jd\^

Fig. 195.

practically as salt as sea-water, owing to the fact that the
condenser was supplied with a sea-water injection, the sea-water and
the exhaust steam being in the proportion of about 30 to 1 by weight.
Even with the low boiler-pressures then used, the salt in the boiler
was a serious drawback, for sea-water contains -^^ of its weight of
solid matter dissolved in it, and when evaporated, the whole of the
dissolved solid matter is left behind to be deposited on the boilerThis incrustation is
plates, forming a more or less solid incrustation.
a bad conductor of heat, and further, since it keeps the water from
contact with the hot furnace-plate, there was great danger of the plate
To prevent
getting red hot, and the top of the furnace collapsing.
the water in the boiler from becoming too much saturated with salt,
it was necessary to "blow off" a portion of the contents of the boiler
from time to time, and to supply its place with a fresh supply of
By thus blowing away to waste large quantities of hot
sea-water.
water, a considerable waste of heat was evidently the result.
But when steam pressures began to increase this being made
possible by the introduction of mild steel plates for boiler construction
the difficulty arising from the presence of salt in the feed- water now
became more serious, for at higher temperatures and pressures the
presence of solid matter is much more mischievous and dangerous.

was

—

—
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Hence the introduction of the surface condenser, which does away with
the necessity of feeding the boiler with salt water
the condensed
steam itself being kept separate from the condensing water, and the
condensed steam alone being pumped back again to the boiler as a
hot fresh-water feed.
For the steam is here condensed, not by being
mixed with large volumes of cold water, but by coming in contact
with cold metallic surfaces.
Thus the great advantage of the surface condenser consists in its
providing a feed to the boilers free from sea-salt in solution.
Starting with the boilers filled to the working level with pure
water, this same water is used over and over again indefinitely, the
;

\=^
Fig. 196.

only additional feed being that necessary to make up for the small
waste from leaky glands, loss by safety-valves, etc.
The general arrangement of a surface condenser is shown in Fig. 196.
The cold metallic surface required by which to condense the steam
is provided by means of a large number of
thin tubes through which a current of cold
water is circulated.
This arrangement
supplies a large cooling surface within
comparatively small limits of space.
The tubes are made to pass right through
the condensing chamber, and so as to permit
of no connection between the steam and
condensing water. The steam is exhausted
into the condenser, and there comes in contact with the cold external surface of the
J
tubes.
It is then condeiised, falls to the
bottom, flows into the air-pump chamber,
and is pumped into the hot well, from which
the feed-pump passes it forward to the
boiler.

The tubes are secured

to tube plates as

shown

(Fig. 197),

and outer
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covers are placed over each end, space being left to allow of circulation
water as shown by the arrows.
The cooling water is forced through the tubes by means of a

of the cooling

Fig. 198.

pimp, sometimes of an independent type, as shown in Fig.
though frequently of the simple plunger type worked directly

circulating

198,

from the engine.

The

cold" circulating Avater

condenser through a
flanged opening in the
cover, and it is compelled

to

pass

enters

at

the

bottom corner

of

the

,

first

through the lower set
of tubes by a horizontal
di^^ding-plate,

and

to

return through the upper rows to the outlet
leading to the overflow.
Fig. 199 illustrates
a surface condenser and
air-pump as applied to
the
engines,
marine
pumps being driven
from the main engines

by
by

worked
from the cross-

side levers

links
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The Vacuum Gauge.
vacuum gauge

—The

records

the

between the

ditFerence

pressure

Fir. 199.

of the external air and
the pressure in the condenser in inches of

mercury, not in pounds

1
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per square inch.
in.

of mercury.

usually

taken as

The face of the gauge is graduated from
One inch of mercury = 0-491 lb. pressure.
5,

and then

1

lb.

pressure

=

2

in.

of

to 30

This

is

mercury

approximately.
To convert the reading of the vacuum gauge into pounds per square
inch pressure measured from absolute zero, take reading of vacuum
gauge, subtract from 30, and divide by 2.
Independent Air-pump and Condenser. To convert a non-condensing
plant into condensing, a simple method is to fix an independent con-

—

FiG. 200

worked by its own separate steam-cylinder.
Such an arrangement is shown in Fig. 200, which illustrates the
Worthington independent jet condenser.
Exhaust steam enters at A and passes into the vacuum chamber F,
through a spray of cold water issuing from the cone valve D, the
The quantity of cold injection
cold-water supply being connected at B.
water is adjusted by the wheel E.
The condensing water and condensed steam are removed by the airpump G, through the suction valves H, and the discharged valves I,
denser and air-pump

to the discharge pipe J.

The Worthington pump is " duplex " — that is, there are two steamand two pumps working together side by side, forming one
set, and so combined as to act reciprocally, each on the steam-valve of
The one piston acts to give steam to the other, after which
the other.
it finishes its own stroke, and waits for its valve to be acted upon
cylinders
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This pause allows all the valves to
can renew its motion.
and prevents shocks. One or other of the valves is
always open, and there can therefore be no dead point.
condenser
Fig. 201 illustrates the Wheeler independent surface
mounted on its own air and circulating pumps, these pumps being
them.
driA en by a single separate steam-cylinder shown between
before

it

close quietly,

Fig. 201.

A

feature of this condenser is the " double-tube system " of conveying the cooling water, as shown in Fig. 202. The circulating or
cooling water enters at the outer end of the smaller internal tubes,
which extend nearly to the far end of the larger tubes. The small
tubes are open at the inner end, and the large tubes are closed at

Fig. 202.

that end by a brass cap.
Thus the water, after passing through the
small tube, returns in the opposite direction through the annular
space between the two tubes.
By this device the surface exposed per
unit weight of cooling water supplied is considerably increased.
The water passes from the lower group of tubes to the higher, as
shown by the arrows, and after passing in a similar manner through
the upper group of tubes, leaves the condenser at the top.
Weight of Water required per Pound of Steam condensed.— Each
pound of cooling water entering a jet condenser will gain ^2 — ^1 units
of heat, and each pound of steam condensed will lose
— ^^ units of

H

—
1
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tg

=

injection water,

tj

temperature of mixture of condensed steam and
= total
temperature of injection water,
= weight of cooling
heat of steam at pressure in exhaust pipe. If
water required per pound of steam, then
heat

;

where

final

=

initial

W(<o

-

<0

W

H=H

=

-

(<,
{t.,

k

-

32)
32)

U

This assumes the steam dry at exhaust, which
f<jr

H

W

is

sufficiently accurate

practical purposes.

The weight of water required
somewhat greater than that

for condensing in surface condensers

condensers, because in surface
condensers the final temperature {t^ of the cooling water on one side
of the cooling surface must always be less than that of the steam {t.^
on the other side of the surface whereas in the jet condenser the
condensing water and condensed steam are both finally at the same
temperature {i.^. For surface condensers, assuming the exhaust steam
from the cylinder is dry
is

in jet

;

—

W = H -H

(/,

-

32)

n

H—

— l^ being the
io —32 being the heat lost by the steam, and
heat gained by the condensing water.
The Ejector Condenser. This apparatus, as constructed by Messrs,
ly,

—

T.

Ledward

&

Co.,

is

illus-

trated in Figs. 203 and 204.
The cold water, which should
be supplied from a head of 15
to 20 ft., enters the apparatus
through a contracted nozzle as
shown, and passes forward in
the form of a round solid jet

WATER>-^

through

a

series

of

coned

and at a suitable velocity obtained from the head
of water in the supply pipe.
The exhaust steam entering

nozzles,

the apparatus flows into the
annular spaces between the
cones, and is
condensed by
the stream of cold water and
rapidly carried

DISCHARGE

Fig. 203.

away

;

and this

condensation of the exhaust
steam takes place so rapidly
as to maintain a high degree
of vacuum
in the
exhaust
chamber.
Where a natural fall of
water is not available, a pump

CONDENSERS.

i37

must be used to raise the water to the requii-ed height, or to force
the water direct into the condenser.
With this apparatus a vacuum can be obtained before the engine
starts, which is in some cases an advantage.
No air-pump is required with the ejector condenser. It will be

noticed that the ejector condenser delivers a stream of water against
atmospheric pressure while there is a more or less perfect vacuum in
This is due to the kinetic energy of the jet of
the condenser itself.

water being able to overcome atmospheric resistance. The amount
of condensing water required per pound of steam condensed may be
calculated in the same way as already described for the jet condenser.
Evaporative Condensers.— The chief dithculty in the way of
workinfT engines condensing instead of non-condensing has usually

STEAM-ENGINE THEORY AND PRACTICE.
been the absence of a good supply of water, the quantity required
and jet condensers being from twenty to thirty times th?
weight of the feed-water used. But with the introduction of the
evaporative condenser, the absence of a good water-supply is no
longer a difficulty, as the same resxilt may be obtained by the action
By the use of such an extended
of air on an extended cooling surface.
external cooling surface, it is possible with a supply of cooling water
no greater in amount than that used by the boiler feed, or even less,
to secure an efficient vacuum.
The increase of power, or increase of economy of steam for the
same power as compared with working non-condensing, as already
stated, may be considerable, while after the first cost of the apparatus
Thus if the mean
the working expenses are practically nothing.
effective pressure on the piston without a condenser is 30 lbs. per square
inch, and this mean pressure be increased by an additional 12 lbs.
due to removal of back pressure by the condenser, we have a gain
of 40 per cent., and this gain would probably be a very good interest
on the outlay.
The evaporative condenser, as made by Messrs. Ledward & Co.
(Fig. 205), consists of a series of pipes arranged and constructed
in surface

COLO

WATER

FROM PUMP
:^HCRTOWN MAINS

OPEN

AIR

CONDENSER

;rONOENStO STEASi^

Fig. 205.

so as to afford a large external radiating surface, over which small
streams of water are allowed to slowly trickle.
The exhaust steam
enters the system of pipes at one end, the other end being connected
with an air-pump which maintains a vacuum in the pipes. The
exhaust steam parts with its heat by evaporation of the water on
the external surface of the pipes.
circulation of cooling water is
continuously maintained by means of a circulating pump, which
feeds from the collecting tank below the system of pipes.
The apparatus just described is in all respects similar to an ordinary
surface condenser.
Condensing-water Coolers. ^The illustration (Fig. 206) shows an
arrangement by Messrs. Worthington for re-cooling the condensing
This
water, which is discharged from an ordinary jet condenser.
arrangement is not to be confounded with the evaporative condenser

A

—
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The feature of the arrangement is that the condensation may be
maintained continuously by the use of a comparatively small original

CONDENSER^
Fig. 206.

supply of cooling water, this water, which is used over and over
again, being successively heated in the condenser and cooled in a
cooling tower.

1
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The heated water, on leaving the condenser, is raised to the top of
the tower, where it is distributed, and cooled by means of a current of
air induced by a fan, and finally returned to the storage tank, from
which it is again drawn for re-use in the condenser.
small portion of the water is evaporated in the tower, but the
amount so evaporated is less than that of the condensed steam by
which the injection water is continuously augmented in the condenser.
The cooling surface within the tower is made up of series of hollow
cylindrical tiles arranged one above the other but not concentri-cally.
In this way a large cooling surface is provided.
The hot water from the condenser passes up by a pipe through the
centre of the tower, and is sprayed over the top row of tiles by distributing pipes, which rotate around the central pipe ; the rotation being
accomplished by the reaction
of the jets of water issuing
from the sides of the rotating

A

pipes.

The
(Fig.

Edwards Air - Pump
206a).— The feature of

this air-pump is that the foot

and the bucket valves
the ordinary tyjie of airpump are dispensed with, head
valves only being required.
valves,
of

The condensed steam

flows

by

gravity from the condenser into
the base of the pump, and from
thence it is ejected mechanically by means of a solid conical
piston descending upon the
base, which is also conical,
and which fits the piston when
the piston is at the bottom of
its stroke.

When the conical piston
descends, the water is projected
at a high velocity, silently and
Fig. 206a.
without shock, through the
ports shown at the bottom of the working barrel of the air-pump.
The rising piston or bucket closes the ports, traps the air and water,
and discharges them through the valves at the top of the barrel. This
pump is said to be equally successful at high and low speeds.

—

:

CHAPTER

XIII.

FEED-WATER HEATERS.
of heating the feed-water suj>plied to boilers cannot
be too frequently impressed, from the point of view not only of
economy, but also of the durability of the boiler.
The economy obtained by the use of feed-water heaters arises from
the fact
(1) That the heat used for the purpose of feed heating is usually
heat which would otherwise have been wasted as in exhaust feed
heaters and waste chimney-gas feed heaters.
(2) That the evaporative power and efficiency of the boiler are
increased when the solid matter dissolved in the feed-water has been
tirst separated and deposited in the feed-heater, rather than on the

The importance

:

more effective heating surface of the boiler.
The economy obtained by using heat for feed heating which would
otherwise be wasted, may be illustrated numerically as follows
Suppose steam supplied from the boiler at 150 lbs. pressure by
Then the total heat per pound from 32° = 1193-6 units; or if
gauge.
the cold feed-water is at 60'' F. then the net heat per pound required
= {1193-6 - (60 - 32)} =
CAIN BY FEED HEATING
1165-6 thermal units with
:

STEAM AT 100 LBS.

a cold feed-supply.
If now the temperature
of the feed-water is raised

we shall require
the boiler furnace,
for each pound of water
evaporated (1193-6 - (200
- 32) } = 1025-6 thermal
units, which is a gain of
to

200^^,

from

140
1165-6

X

100

=

.
'•.

^
\

\

\

12 per cent.

The diagram (Fig. 207)
shows the extent of the
gain by heating feed water.
Thus,

referring

to the

40

100

120

160

^00

2'

Fig. 207.

clined line

a feed

80

TEMPERATURE OF FEED

in-

drawn through
temperature of 40^ it

60

is

.
j ^
tca*
seen that by heating the feed to IbO

—
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the gain is over 10 per cent. ; or if it is raised to 280° the gain is
over 20 per cent.
The inclined lines have been plotted from calculation.

A

good form of exhaust-steam feed-heater, as made by the Wheeler
Engineering Company, is illustrated in Fig. 208.
The exhaust steam enters the lower part of the heater, passing
around and among the tubes, and leaves by an exit towards the top
of
suffice Buiw

the

heater.

The space

sur-

rounding the tubes in the heater
is made large enough to allow a
free passage of the steam without increasing back pressure.

The

feed-water

cold

passes

through the tubes, entering at
the bottom and passing upwards
to the top through one half of
the tubes, and downwards to the
bottom through the other half.
The tubes are screwed into
the tube-plate at one end, and
at the other end pass through a
stuffing box, so that the tubes
are free to expand independently
of the body of the condenser.
The feed-water and that part of
the heater containing it, are

under boiler pressure, and must
thei'efore be constructed of suitstrength

able

the purpose.
forced into
the boiler by the feed pump,
through the heater, against the
Fig. 208.
I^ressure of the boiler.
feed-water heater may be
of value even in condensing engines, the heater being then placed
between the engine and the condenser. The gain in such a case is
due to the fact that the temperature of the water in the hot well is
usually much lower than that corresponding with the pressure of
the steam in the exhaust pipe.
For example, the water in the hot
well may not be more than 90°, while the temperature of the steam
in the exhaust pipe may be 150°.
The use of the exhaust steam from auxiliary engines for the
purpose of feed-heating is considered good practice.
Feed-heating by Steam from the Receiver of a Compound Engine.^
It has been already pointed out that the maximum efficiency of a heat

The feed-water

for

is

A

engine
'

is

expressed

by the equation

T — T
^^y

—

'-,

where Tj

=

initial

See an article on " Feed Water Hea'crs," by Dr. A. C. Elliott, Engineering,

January

11

1895.
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temperature of the workijig ihiid, and To = the temperature due to the
back pressure against tlie piston.
But the efficiency of the steam-engine cycle falls short of this,
owing to the heat of the feed not being supplied at the maximum
temperature, but along a gradually increasing temperature line.
The useful work done falls short of the Carnot cycle by the dotted
triangle aeh (Fig. 209).

may be further approached by the
from the working steam by stages during
expansion, from the high-pressure cylinder downwards towards the
The cycle then
condenser, for the purpose of heating the feed-water.
becomes similar to that of the engine of Dr. Stirling, who applied
the regenerative princijile of adding and subtracting heat to and
from the working fluid by means of a regenerator. Thus, in Fig. 210,
if, instead of expansion along ct from T^ to T,, heat is abstracted for
This

method

efficiency,

however,

of abstracting heat

7^

m

fl

q
Fig. 211.

Fig. 210

Fig. 209.

the purpose of feed-heating equal in amount to the area mdcg ; then,
transferred to the working fluid,
if the heat, mdcg, so abstracted be
and the amount transferred per pound be equal to that required to
namely,
raise the temperature of the 1 lb. of feed-water from T, to Tj,
rejected
heat
net
hhcg
and
the
=
area
added
;
heat
net
the
fabh : then

=

area

fadm

=

ai^ea hstg ;
'
abed

and the

efficiency

=^^^^;,^

sbct_ Tj
hhcg

-T,
Ti

The system introduced by Mr. Weir of heatmg the feed-water by
steam taken from the receiver between the cylinders of compound
Thus, instead of
engines is an approximation to the same result.
the expansion being carried along the adiabatic line, cd, from c to d,
cylinder, and
it expands from c to e (Fig. 211) in the high-pressure
from
extracted
is
em,,
namely
ep
steam,
dry
-fthe
of
then a portion
If an indefinite number of small
the receiA-er to heat the feed- water.

—

—
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portions be extracted, then the irregular line, cej)^, will approach
nearer and nearer to the dotted line, ck, and the efficiency becomes
equal to (Tj — To) -7- T^.

Taking a numerical example Compare the efficiency of a triple-expansion engine
with and without feeil-heatiug, the feed being heated in the former case by steam
from the receiver between the intermediate and low-pressure cylinders (Fig. 212).
Initial absolute temperature of steam T, = 842°
Temperature in exhaust-pipe T„ = 624°
Temperature in receiver Il„ = T3 = 740°
Absolute temjjerature of air-pump delivery = 590°
•

Suppose 10 per

cent, of the

steam be taken from receiver Rj

at

temperature T3 to

heat the feed- water.
1.

To

Efficiency

ivitliout

feed-heating:
the number of units of heat converted

find the value of XJ

=

FEED HEATER
Fig. 212.

work with steam working from T^ and expanding
exhausting at that temperature.
Total work done ivUhout feed-heating =
Into

down

to T.,

and

U

= (1437 -

0-7

Tiy^-^^ +

= (847-6 X 0-2589)
= •/50-24

-f

218

-

(Ti

-

T,)

-

T,log,^^ (gee
'

187-2

Also, total heat-units supplied per

.

pound

of

steam

= H = 1437 -f O-3T1 from absolute
= 1082 -f 0-3t from 32° Fahr.
Or from feed-temperature 590'^ absolute
= (1437 -\- 0-3Ti) - 590 = 1099
therefore efficiency

^ U
= E = -„

zero

6 units

250-24

=
'i

099

~ 0'22819
t>

p.

54)

—

^
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2.

Efficiency
If

xc'ith

U =

u.
U,

=
=

Then, since -

:

work done per pound working from
„
total

Tj to

T.,

t^iot;

„

„

work done

of the steam passing through the engines

lb.

at T3, the total

feed-heating
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is

removed

work done per ponnd

=

=

1,
'

n

-U

4- -U,,

n

U

has been found, and it only now remains to
find the value of U„, the process being exactly the same as in finding
U, substituting T^ for To throughout thus, to find U„, or the work
done per pound of steam working between the temperatures Tj
and T3

But the value

of

;

U,

=
=
=

(1437

-

0-7

X 0-121U -H 102
109072 heat-units.

847-6

Total tcork done (U,)

receiver;

TO^^^^ + (Tx

and when n
u,
'

-

-

-

T3 log,

95 608

by the steam when

=

T,)

-

is

extracted from the

10; then

= "-J u + 1 u,
n
n
= 0-9 X 250-24 0-1 X
= 236123 heat units.

109072

-I-

But the work done when no steam was withdrawn from the
was equal to 25024, and is, of course, greater than when
steam was withdrawn from the receiver. Before, however, we can
compare the efficiencies of the two systems we must find the net
receiver

heat supplied in each case, and for this purpose, in the latter case,
we must find the temperature (Fj) of the hot feed obtained by this
system of feed-heating.
Thus, if F be the temperature of the unheated feed-water, and
1437
0-3Ti = the total heat of steam when temperature is expressed
in absolute units, we have

+

—

F

-

1

(590

X

0-9)

\

-K"^)
=
=

Then

n

net heat supplied

+

+

0-3 T^

(1689 6

-

-

U,.

109-072)

X

with the hot feed from receiver

=

=
can

1437

0*1

689-05

Hi

We

,

now compare

0-3Ti
-f 0-3

1437
1000-55

the efficiencies-

-

F,

= H„

and
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(1) Efficiency without hot feed

=

0-22819 as already found.

=

Ej

=

(2) Efficiency with hot feed

U
g-

''36"123

= ^[^^ =

0-236

There is, therefore, a gain in favour of the system of heating the
feed-water by steam withdrawn from the receiver in the proportion
of 0-236
22819, or a gain of 3-4 per cent.
The economy obtained by feed-heating may be well seen by
reference to the temperature-entropy diagram (Fig. 213).
Thus,
caking the data used in the
,"
abovc problcm, the diagram
INITIAL TEMP. bn2°l^
represents first the heat in
RECEIVER TEMP. 7iJ0/
the feed-water which is inTEMP, or HOT FEED 6BiJ
cluded within the area to
the left of ha. The temEXHAUST TEMP. 624,
HOT WELL TEMP 59d-.
perature of the water from
the hot well is given as
590° Fahr. absolute. This
is seen to be 34° below the
temperature of the exhaust
steam.
It should here be
noticed that the temperature of the condensed steam
passing away through the
:

air-pump is always below
that due to the pressure in

rf

W'

condenser, in conseof the cooling due
to the excess circulating
This excess is necessary,

the

quence

YiQ 213

through the condenser.
the condensed steam in the condenser being near its
boiling-point, the air-pump would not work.
With the conditions already described, the heat required per pound
of steam, when the feed is drawn direct from the condenser, is given
by the area liacdfh. By the arrangement described of supplying
steam from the receiver to heat the feed, the temperature of the feed
has been raised, and the total heat now recjuired to generate 1 lb.
of steam is reduced by the area hanmli, making the net heat required
mncdfm. This has been accomplished at the expense of a loss of
rise.
The net gain has been
heal = vtsfo, or a loss of useful work
shown to be 3*4 per cent.
Feed-water Filters. The chief objection to the use of condensed
steam as a boiler-feed is the presence of oil carried out of the
cylinders with the exhaust steam, and which, if pumped into the
boilers, may cause serious ti^ouble through deposit on the furnace
plates.
Too much care cannot be taken to prevent oil passing into
the boilers, and, for the purpose of separating the oil, the feed-water
is passed through a feed-water filter.
If a sample of unfiltered feed-water from the hot well of a surface
condenser be drawn ofi", it will be seen to have a slightly milky

water passing
otherwise,

=

=

—
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appearance, and to be soapy to the touch.
Wheii this water is
passed through a good filtei-, the oily constituents are ahnost entirely
removed.^
These filters consist essentially of a series of layers of filter-cloths
and fine grid-wire meshes, through which the feed-water is either
drawn or forced by the feed-pumps, and is thereby cleansed of
suspended matter.
The filtering material meantime becomes gradually laden with a

dark viscous muddy deposit, consisting

of hea\y oils and certain
This deposit is periodically removed from the filter
matter.
by cleaning or renewal of the filtei'ing medium.
rainei'al

Fig. 214.

only ; the impurities dis^of course, removes solid matter
into the boiler unless removed
forward
pass
feed-water
the
in
solved
chemical means. The efficiency and
in a feed-water heater or by
nature of the filtering material
duration of a filter depend upon the
strata through which the feedof
number
or
thickness
and upon the
at the point of lowest
placed
be
water passes. The filter should
for the loxv^r ^^e temperafeed-water
the
of
temperature
possible
of the oilj
less fluid is the condition

The

filter

ture the more viscous and the
from the feed-water.
matter, and the more easily it is separated
Magaziw, Octuber, 1897.
Crts«ier'«
in
1
See article by Mr. N. Sinclair,

;
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a type of feed-water filter made by the Harris Filter
The arrangement speaks for itself.
To reduce the amount of oil returned to the condensers from the

Fig. 214
Company.^

is

introduced, in some cases of marine
prohibiting the use of oil in the cylinders, not only of the
auxiliary, but also of the main, engines ; and experience has shown
engines, regulations have been

practice,

—

= condenser; E = pipe for
Fig. 215. C = connection from main steam-pipe;
transmitting pressure of head of water in condenser
G = oilto oil-chamber
=
plug valve for filling oil-chamber
= valve for regulating
chamber
L = sight-feed glass tube, showing delivery of oil in drops
delivery of oil
= connection to steam-chest of engine, or to steam-pipe, for delivering the
= valve for running off condensed water from oil-chamber.
oil ;

D

;

D

H

;

;

K

;

M

N

that vertical engines may be worked without any lubrication of the
pistons except by the water in the cylinder ; but there is certainly
a loss of efficiency in most cases, due to increased friction.
The Sight-feed Lubricator has been a most valuable invention,
as it provides for a regular supply of oil to the cylinder, and in
'

From

Cassier's Magazine, October, 1897.
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minimum quantities. The diagram (Fig. 215) illustrates Grandison's
condenser type of sight-feed lubricator.
This lubricator acts by the
pressure obtained from the head of water contained in the condenser
D and the vertical pipe E, correcting it to the bottom of the oilchamber G. When first fixed, the condenser and pipe are filled by
hand, or allowed to fill by the condensation of steam admitted by the
pipe C attached to top of the tube.
The oil-chamber is filled with
oil through the plug
valve H, and the sight-tube L is filled with
water.
The valves F and
at the bottom of the condenser-tube
and sight-tube respectively are then opened, the condensed water
enters the bottom of the oil-chamber, and by its pressure displaces
the oil, which flows from the top down the small centre tube, and is
forced through the nozzle inside the glass tube L.
The oil leaves
the nozzle in drops, and ascends through the water in the tube, and
thence through the pipe to the steam-chest of the engine. The
rate of feed or number of drops is regulated by the valve
at the
bottom.
When the oil is exhausted, it is replenished by first closing
the inlet and outlet valves, removing the plug valve H, and rumiiug
the condensed water oft' by the small valve, N, at the bottom.
This
valve is then closed, and the chamber refilled with oU.

K

K

.

CHAPTER XIV
GOVERNORS.

—

Regulation of the Speed of the Engine. Variation in. speed of an
may be due to variation of load on the engine, or to variation
When the variation
of mean pressure of the steam in the cylinder.
engine

of the nature of a gradual increase or decrease of speed extending
over a number of I'evolutions, such variation is controlled by the
When, however, the speed of rotation tends to vary
governor.
during the period of a single revolution, due to variable turning
effort on the crank -pin, or to sudden change of load, as in a rolling
mill, such variation is regulated by the ilywheel.
The object of the governor is to maintain as nearly as possible a
uniform speed of rotation of the engine independently of change of
load and of boiler -pressure.
None of the governors applied to steam-engines are able to accom
plish this result perfectly, for, being themselves driven by the engine,
they camiot begin to act until a change of velocity has first occurred
to give motion to the regulating mechanism.
In practice, however, when any change of velocity does take place,
a good governor instantly acts and
prevents anything more than a small
is

alteration of speed.
Governors regulate the speed by
regulating the mean pressure of the
steam acting on the piston. This is
usually done in one of two ways
By throttling ; that is, by vary1
ing the initial pressure of the steam

—

supplied, the point of cut-off remaining constant.
2.

By

variable expansion

by varying the point of

;

that

is,

cut-off in the

cylinder, the initial pressure remaining constant.
The principle of action of most
governors depends upon the change
of centrifugal force when the rate of
rotation changes.
In the case of a simple revolving pendulum, let
weight of

W=

—

—
GOVERNORS.

and F = centrifugal force due to speed of rotation, li = height
cone of revolution, and r = radius of rotation of ball.
Then,
if the speed of rotation is constant, the ball remains at a constant
distance, r, from the axis of rotation by the action of the centrifugal force F.
The measure of the force necessary to maintain the
ball at this constant distance, r, may be shown b)^ means of a weight,
Then, taking moments
F, hanging over a pulley, as shown (Fig. 216).
about
ball,

of

A

F X

/i

=

W

X

r

So that, knowing the values of W, r, and 1i for any given governor,
and neglecting friction, F can at once be found by calculation.
Fig. 217 illustrates a simple type of pendulum-governor, the action
of which, as will be seen by the figure, is, by the rotation of the
balls, to

sleeve

E

spindle,

cause a

movement

of the sliding-

upwards or downwards on the
and thus give motion to the

bell-ci'ank lever C, which, in this case,
regulates the opening and closing of the
valve through which the steam is supplied to the engine.

Suppose a governor of the kind deof
is supplied for the purpose
attachment to an engine. There are, in
the first place, at least two important
points to be determined
1. At what speed must the governor
This information is
be made to run.
needed in settling the sizes of the pulleys
or wheels by which the governor is driven
from the engine-shaft.
2. Through what range of speed will
the governor run during the movement
of the sleeve from its bottom to its top
position.
This must be known, because
for any other speeds outside this range
the governor may rotate on its axis, but
Fig. 217.
it will in no sense be a governor, and will
serve no purpose whatever.
certain speed of rotation must be reached before the balls move
from their position of rest. When this speed is reached, the governor
scribed

A

begins to act.
If, when the speed increases, the governor reaches its top position,
and in doing so does not close the steam-supply to the engine, then the
speed may go on increasing, but the governor is no longer acting as a
governor.
It acts as a governor only between the range of speed that
belongs to it while moving from its bottom to its top position.
Let Fig. 218 represent the configuration of the governor when in its
bottom and top positions respectively.

— ——
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Then F x

=

/«

WX

F= W
and F is therefore known
mined by measurement, and

r

T

r and li being deterthe weight of one ball (omitting
Or F may be determined by
for simplicity the weight of the arms).
experiment, as shown in Fig. 216.
Having found F, we have now to find the speed of rotation which
will generate a centrifugal force equal
for both positions,

W being

toF.
It is shown in works on theoretical
mechanics that centrifugal force

47r-nVW

and

n

=

.">:

Wr

27rV

h

where n = revolutions of the governor
per second, and r = radius of rotation
in feet.

may

This

be conveniently written

F = WrN' X

N

0-00034

=

=

revolutions per minute >•
radius in feet.
of the
may now find the speed
governor for the two positions shown in the sketch. Fig. 218.
5 lbs., and taking first the lowest position of the
1. Suppose
governor balls, and finding the values of r and h by measurement

where

;

N

We

W=

T X =
F X 13-5 =
F=
Ji

Then
To

X

r

5x6
2-22 lbs.

W = 2-22 -^ (5 x
N=

2.

W

0-5 x 0-00034)
51 revolutions per minute

find the speed in the

F x =
F X 10-5 =
F=
N' =
/<

N=

WX

=

2614

upper position
»•

5 X 10-5
5
5 -^ (5 X -875 X 0-00034)
58 revolutions per minute

= 3361

of speed of the governor is from 51 revolutions per
bottom position to 58 revolutions in its top position.
friction in the working parts of the governor will be

Here the range
minute in

The

its

effect of

referred to later.
Height of Cone of Revolution.

— The

relation

between the height

—
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h of the cone of reAolution (Fig. 219) and the speed of the governor
is obtained from the following equation
:

F X
since

/t

=

AV X

r

—

—
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the movement of the sleeve which can be obtained for a change of
This, of course, renders such an
speed from 200 to 300 revolutions.
arrangement useless for the purpose of governing at high speeds.
The value of li may be written
/i

where w

=-=

=

9

angular velocity in radians,
27rN

and

radians per second

60

where

N=

Thus,

if

revolutions of the governor per minute.
the revolutions of a simple Watt governor are 120 per

minute
^«

The height

li

=

.

o^'v X
27rN \

o
-

=

varies inversely

0-204

as

only,

ft.

=

2-448

in.

the square of

the

revolutions

and does not depend upon weight

length of arm ; thus the
height 7t will be constant at a constant speed for either of the governors
A, B, or C (Fig. 220).
Loaded Governors. It has been
seen that the simple pendulum governor is unsuitable for high speeds,
because the ditlereuce of height li^ — ^
for a given change of speed, rapidly
becomes too small, as the speed of
rotation increases, to be of practical serA^ce in giving motion to the
steam-regulating mechanism.
If now a weight be added which increases the load on the governor,
but does not increase the centrifugal force, then a large movement
of the sleeve may be obtained with a high speed of rotation, and at
the same time a much more powerful type of governor is obtained
than when no central weight is used.
loaded governor running at a high speed may be constructed
with comparatively small rotating weights, because the centrifugal
force increases as the square of the number of revolutions and only
directly as the weight of the balls, and the centrifugal force therefore rapidly increases with the speed.
Fig. 221 is a drawing of a model of a Porter governor with which
many useful experiments may be made, and which serves to illustrate
the principles involved in governor design, including the values of
F for varying positions of the balls, and for varying weights on the
sleeve, from which the corresponding speed may be calculated.
In a Porter governor as illustrated by Fig. 222, it will be seen that
of ball or

—

A

GOVERNORS.

205

the load on tha sleeve does not itself add anything to the centrifugal
force, though it necessitates the generation of a large centrifugal force
in the rotating balls before the load on the sleeve can be moved.

Fig. 221.

had been put on the balls as in Fig. 223, then the vertical
movement of the balls and the sleeve would be equal, but in Fig. 222
If a load

the vertical

movement

of the central load is twice that of the ball.

—

—

•

;;

STEAM-ENGINE THEORY AND PRACTICE.

2o6

has to balance the moment, not only of its own weight (Wr), but also
Thus, referring to Fig. 223, if the
its share of the central load.
central load were attached to the governor as shown, then each

weight

W would

carry half L, and the value of

F =

(
(

W + L^
-

\ r
)

^'

since in the Porter governor the central load is moved through
times that moved through by W, then, by
a vertical distance
the principle of virtual velocities

But

=K

—

F=(W + K^)^
But

in practice

it is

make

usual to

then

But

F

also

=

,

K

=

F = (W

where

W=

2

+

;

L)^

weight of one

ball

;

from which

9

we have
"*"

^

i^ revolutions per second

Comparing the value of n here given for the loaded governor with
the value of n given for the simple governor, we have the ratio

+ L)^.i.
Wh
VW + L ^W

'(W

2^V
or as

The equivalent value

:

of h in feet for a

load L has double the vertical
also be written thus

central

:

h

=

loaded governor, where the
of the ball, may

movement

W+LX
W
Wjf L
W

27rN

60

These same

results,

and many other useful

facts connected with
be shown graphically, as
will now be explained.
Let the triangle
ahc, Fig. 224, represent the triangle of
forces acting at the centre of the ball of
the governor when the governor is at rest
ah = weight of ball ; he = horizontal pres-

governors,

against point of rest as shown
tension in arm, all to the same
scale representing pounds.
When the governor begins to rotate and
Fig. 224.
to increase in speed, the centrifugal foi'ce
the ball increases, gradually reducing the amount of the
siire of ball

and ac

F

of

may

=

—
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horizontal pressure of the ball against the point of rest until the two
are equal, after which any further increase of speed will cause the
ball to mcjve outwards along the arc cd, say to d.
Then ade is the
triangle of forces in the new position of the arm, and ae
weight of
ball to a new scale.
Using, however, the same scale as before, then
oh is still the weight, and \>f to the same scale = F.
If ac and ad are
the two extreme positions of the governor arm, then the speed corresponding to these positions can be calculated from the values of F,
given respectively by he and hf to the scale of pounds ; and, taking
for r the values he and de to a scale of feet

—

—

F = WrN2 X

0-00034

let ah - weight of one ball, and hd to the same scale
weight of central load L on sleeve, as in the Porter governor.
The whole value of L is
taken, and not half L, for reasons explained above.
Then,

In Fig. 225,

=

when

the speed of the gover-

nor genei'ates a centrifugal
force = be, if there were no
central load, the governor
ball is just about to rise, and
to make an angle greater
than cah with the spindle «b.
But, with the central load L
and the speed as before, the
centrifugul force he = df\ the
effect is equivalent to the
arm ac lying in position a/.
Produce ac to meet de in e.
Then de is the centrifugal

which must be obtained
from the rotating ball before
the governor will begin to
move from its position of
rest, df being the centrifugal
force to balance the weight
of the ball, and fe to balance

force

the central load.
Fig. 22.0.
If arj be the position of
the outer limit of the arm,
and, if aj be continued to to, then dm, measured from the diagram
to the same scale of pounds as ab, is the centrifugal force necessary to
place the governor arm in this position, and the range of speed of
the governor may be calculated, knowing the values of F in pounds,
namely, de and dm for the respective positions of the arm.
In Fig. 225, eh = Fi, and ed = F.,, these being respectively the
arm
centrifugal force without and with central load when the ball
of
square
the
as
varies
F
But
makes the angle cah with the spindle.
the speed (N)

;

then

—

—

—

-
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Fi

and

:

ch

'.

r-2

:

ed

:

ah

',

N/
Ni:N, ::

Ni^

N^ N/

:

:

:

:

:

ad

:

W W+L
VW VW + L
:

:

=

=

F^, these
being respectively the
Fg and m<i
Similarly, A:?>
centrifugal force without and with a central load, when the ball-arm
makes an angle gab with the central spindle.

N

can be deterthe values of F so obtained, the values of
any proportions of weight to central load.
If the central load be increased or diminished by an amount = ic,
then the change of speed Nj to Ng for a gi^^en position of the governor
arm is obtained from the ratio

From

mined

for

Ni

:

N.

:

^/\y

:

+ h y VV + L
:

±

w?

—

The sensitiveness of a governor may be defined as
Sensitiveness.
the ratio of variation of speed «i — n^ to mean speed n, where n,
and n.2 are the range of speed permitted by the governor, and the
sensitiveness per cent.

= ~!——? x

100.

n

Taking

definition of sensitiveness, and neglecting the effect
of the friction of the governor, and the working parts connected with
it, it will be found that the addition of a central load has theoretithis

no effect upon the sensitiveness of a governor, though since, in
practice, the friction of the governor and its gear may be considerable,
the sensitiveness of the loaded governor is actually much greater

cally

than that of the unloaded one.
Thus, if the range of speed of a governor of the Porter type, but
unloaded, be from 60 to 70 revolutions, then, if a central weight
= 8 times the weight of one ball be added to the central spindle, we
have, for the speed of the governor in the lowest position

W

N2 v/
V \V + L
No: VI V9
or Nj = 180 revolutions

Ni

:

60

and

:

:

:

:

for the highest position of the ball

70

iN^Jl:

or

N.J

=

^r9

210 revolutions

That

is, with
the unloaded governor the sleeve moved through its
movement between the speeds of 60 and 70 revolutions, while
the loaded governor gave the same movement of the sleeve between

full

the speeds of 180 and 210 revolutions.
Applying now the above formula, we have

—

(1)
^

70-60,„^
100 = ,.^„
lo-38

(2)

210^^2^^00=15-38

-'

,

per cent
per cent

195

That

is,

the sensitiveness

is

the same in both cases

when

friction

is

GO VERNORS.
omitterl.

more
the

But when

friction is included, the loaded governor

sensitive type, because the friction
total

forces
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acting

on

is the
a smaller proportion of
when loaded than when

is

the governor

unloaded.

About

2 per cent, variation of .speed of the engine is the practical
with good governors.
less percentage than this
requires a very large flywheel.
Diagram of Forces for the Porter Governor.— Fig. 226 shows
a Porter governor with another form of the diagram of forces drawn
for the two limiting positions of the balls.
The object is to find the

A

limit of variation

Fig. 226.

F

two positions, and to find therefrom the
speed of the governor.
of each ball is 3 lbs. ] the
In the example taken, the weight
central load L is 40 lbs. ; in the lowest position the radius r
centrifugal force

at these

maximum and minimum

-

—12—

ft.,

W

and in the highest position

r

=

——-

ft.

\ij

BD

In order that the system of forces acting on the lever
joining
the ball and sleeve may be in equilibrium in any position of the
governor, the resultant of the forces acting upon it must pass
through its virtual or instantaneous centre of rotation.
Produce the lines
and
to meet in O.
Then O is the instantaneous centre, and the resultant of the weights and centrifugal force
acting on this side of the governor must pass through the point O.
P

AB

ED

;

2IO

The
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resultant

=

W+

..

,

a-i^*^

this force

RG

is

set

down

any convenient scale from the horizontal line through B. The
position of this resultant of the vertical forces is obtained by dividing
the horizontal distance between the verticals through
B and
in the proportion of the weights acting

to

D

through

B

and D.

In the

BR

of

present case
= -1^
the horizontal distance.

The

centrifugal

horizontal,

force

may

and

is

be

taken as acting through the
centre of the ball B.
The
resultant of the centrifugal
and vertical forces must
Fig. 227.
act through O.
Join
and from G, the extremity of the vertical resultant draw a horizontal
is the centrifugal force
produced in K. Then
or
to meet
required in pounds to the same scale as the scale of weight in RG.
From this the number of revolutions required to balance the governor
in this position may be at once calculated as before.
similar process is adopted for the other jwsition of the governor
shown.
The centrifugal force is again determined, and the speed
obtained.
Thus the range of .speed of the governor is known.
27*2
In the present example, in the lower position, the force F
42-3 and
260 ; in the higher position, F
and the revolutions

RO

RO

GK

RO

A

=

N=

=

N=

290.
The same result is shown by drawing the vertical line of
3 lbs. and
40 lbs.,
Fig. 227 to the scale of weights, namely, "W
and drawing lines from the apex parallel to the arms of the governor ;

=

L=

horizontal line completing the figure for any required
angularity of arm gives the value of F when measured with the same
scale as the line of weights.
governor is said to be stahle or static
Stability of the Governor.
when it maintains a definite position of equilibrium at a given speed ;
it is said to be unstable or astatic when at a given speed it assumes

then the

—A

any position throughout its range of movement. The
condition of stability is that F must increase more rapidly than r
whea the ball moves outwards.
If F increases or decreases propoi^tionally as r increases or decreases,
then the speed n is constant for all positions of the ball.
In the diagram (Fig. 228) the oovernor ball is shown in three
different positions, with radii de, fb, and gh respectively.
If ab be
the common scale of W, the weight of the ball, then the triangles
ach, afb, and aib are respectively the triangles of forces, and cb, fb,
and ib respectively are the centrifugal forces for the positions J, /,
and g of the balls.
indifierently
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In Fig. 229, if the governor arm were made to slide in the cap at
then the centrifugal force F would vary as the radius r, and the

Fig. 228.

Tic. 220.

lengths de, ce, and he respecti^'ely represent both the radius r and the
centrifugal force F.
To compare these two cases, Figs. 228 and 229, by plotting the
results and superposing them, let Fig. 230 be constructed, making
the ordinates = F and the abscissae = r.
shall then have for Fig. 229 the
line joining the intersections of F and r
a straight line, namely, OS.
But for
Fig. 228 we notice that the values of
^
F and r when plotted do not coincide
Thus, for the k,
with the straight line.
position / of the ball (Fig. 228), fb
F = r but for position d of the ball,
de, the radius, is less than ch, the centrifugal force ; also gTc, the radius, is
greater than ib, the centrifugal force.
Let or._i (Fig. 230)
radius de (Fig.
Fig. 230.
228), and let r,c (Fig. 230) = centriThen the
fugal force cb (Fig. 228), and so on for the other points.
line joining the respective intersections will be a curve of the form cfg.
The relation which the curve cfg bears to the straight line oS,
drawn from the origin o is important. Thus, since the values of
F for the curve cfg increase more rapidly than the values of r, the
curve is steeper than the straight line o8, in which F varies as r.
The angle made by a tangent to the curve cfg at /, with a line (of)
joining the point of contact / to the origin o, is a measure of the
Stability of the governor.
If the curve cfg coincide with the line oS, then the governor

We

=

;

=
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would be in neutral equilibrium.

If the curve crossed the line oS
the tangent to the curve made a
less angle with the horizontal than the line joined to the origin o,
then the governor would be in unstable equilibrium.
Power of a Governor. The power of a governor is measui^ed by
the work done by the governor in lifting through its full range of
movement, and it is equal to the mean centrifugal force exerted
multiplied by the range r^ — r^ in feet through which the force acts in
mo^ing the governor through its full range.
The power of a governor, and the effect upon the power of
additional loading, can be well seen by plotting a curve with F for
ordinates and r for abscissae.
Such a curve can be plotted for an actual go-^'ernor, or it may be
constructed from data obtained from an outline sketch.
Let j-j, r^, Tg, etc. (Fig. 2.31) be the path of the ball of a Porter
governor.
= weight of one ball and L = central load. First
Let
.suppose
governor unthe
loaded ; that is, L = 0, and
draw a curve ah (Fig. 232),
by plotting the respective
in the other direction

—that

is,

if

—

W

F and
The value of

•\alues of

=

2Wi

r.

F

in

pounds

which includes the

It,

Fig. 231.

Fic. 232.

of the two balls ; and r
decimal parts of a foot.
Next draw a curve cd, which

effect

of the central load.

It

is

Here F

is

is

drawn

to a convenient scale of

obtained by including the effect

= 2(W +

L)^.

usual to estimate the centrifugal force

F

of

one ball only when

;
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considering questions of speed and I'otation, lift of sleeve, and so on
l>ut double the value of F must be taken for the effect of the two balls
v.hen considering the 'power of the gOA'ernor.
The area r^ahi-i shows the work done by an unloaded governor in
moving through its full range.
The area r^cdr^ represents the work done by a loaded governor in
moving through the same range.
The increase of power by increase of central load is thus very clearly
seen.

—

Friction of a Governor.
Hitherto the efiect of friction on the
governor has been neglected, and its movements have been considered
But in practice, if
to be perfectly free from any disturbing effects.
F = the centrifugal force which would cause
the governor to rise if there were no friction,
a further force / is necessary before any rise
of the governor actually occurs in order to
overcome the friction of the moving parts,
and therefore a certain range of speed takes
place due to the respective centrifugal forces
F and F -f /, but without any corresponding
rise of the governor.
Similai'ly, in the downward direction, the
speed of the governor may change accompanied by a corresponding change of force
from F to F — /, but without any change of
position of the governor owing to the resistance due to friction.
The amount of the friction, or, in other
FiG. 233.
words, of the upward pull, due to a change
of speed of the governor, but without a corresponding rise of the sleeve,
may be determined either graphically or numerically as follows.
In Fig. 233, if the angle aoh is the configuration of the governor
arm, aft = F, c<? = F +/, cK = /.
The problem is to find ic, which is
the i-esistance clue to friction when the speed rises from N, namely, that
due to F, to Ni, namely, that due to F -f/.
ah cd ::Y :Y +f
andF: F +f::W:^;'
+
Nf

Then

\

W

:

:

w

N-

:

W W
W

W

for one ball

for
\

Example.
without anv

N-

— Find the pull on

ball weighs 5 lbs
lift

,

z<;

two

balls

the governor sleeve

and the speed changes from 100

of the sleeve.

when

the governor

to 120 revolutions

—
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12Q-2

The

X

100^

5

100-

=

4-4 lbs.

effect of friction in increasing

governor

may

the total range of speed of the
be well shown by the diagram first proposed by Mr.

Hartnell.
In the Fig. (234) for any governor, neglecting friction, the curve ah
is drawn so that any vertical ordinate = F at radius r.

550

300

265

Fig 234.

Take any point c on this curve then the centrifugal force r.x
and the radius or.^ being known, the speed at c can be found from
;

F=

47r-n-r

=

F,

^
U

But when F

varies as r, n is constant ; and oc is a line of constant
speed of rotation.
Also the lines drawn from o to a and from o to 6
are lines of constant speed of rotation, and they represent the range
of speed of the governor in moving through its extreme positions
oi\ tD or.^, when friction is neglected.
If now friction lines be added,
gf being drawn = F
/ for each position r-.r^, etc., when the balls are
moved outwards, and de is drawn
F
the balls are moved
inwards, the total range of speed of the governor is now given Ijy the

+

=

—/when

oi and of, which, it will be seen, is much greater than before.
be taken = 1 ft. to scale, then a scale of speeds may be drawn
on the vertical line KS by calculating the value of F for certain
speeds as 100, 120, 140, etc., and setting up the values of F found on
the line RS, and joining to the point O. These points are then

lines

If

oR

—
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to the revolutions

used in

—

Isochronism. -When a governor is so designed that the height h of
the cone of revolution of the balls is constant for all jiositions of the
balls (see Fig. 229), then the speed n is constant throughout the full
range of movement of the governor, neglecting frktion.
The governor
is then said to be isochronous, that is, it runs at 1,1 equal speed in all
positions.

In such a case

F varies

directly as

F -

r,

for

W

47r%^/-—
9

all the factors but F and r are constant.
Referring to Figs. 230 or 234, it will be seen that the curve of such
a governor is a straight line radiating from the origin o, and it will
be evident that such a governor will be in neutral equilibrium also
that it does not obey the condition of stability, namely, that F must
increase more quickly than r as the governor rises.
Such a governor would be too sensitive, for the engine driving the
governor would first increase in speed until it reached the speed due
to the governor, after which the slightest increase would cause the
balls to fly to the extreme position and the governor to cut off steam.
The engine would then slow down, when the balls would suddenly
fall to the other extreme position, and the steam-supply be opened
wide.
This effect of continual fluctuation above and below the mean
speed is called " hunting.""
In practice it is somewhat reduced by
the friction always present in a governor geai", and it may be further
reduced by the addition of a dash-pot or by means of a spring, which
is arranged to cause F to increase somewhat more quickly than r.
If the governor balls move
in a parabolic path, then
they fulfil the condition of
isochronism, namely, that h

and

;

is

constant.

Thus, it is a property of
the parabola (Fig. 235) that

Fig. 235.

the subnormal ah

Fig. 23G.

=

h

is

constant for

all positions of thf>

weight

W

on

2l6
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move in a parabolic path, the
the parabolic curve XY, so that if
height li will be constant.
An approximate equivalent to this is obtained by the use of the
and by suitably choosing the points of suscrossed-arm governor
pension a, a of the arms, as in Head's governor, Fig. 236.
If the points are chosen so that A is approximately constant, then
If, however, the points a, a
the governor is in neutral equilibrium.
are taken nearer the axis than in the previous case, then the equilibrium is stable but if further away from the axis than in the first
case, instead of nearer to it, then the equilibrium becomes unstable
that is, the height li of the cone of revolution becomes greater, and
not less, as the speed increases.
Spring governors can be made isochronous, if desired, by so adjusting the sj^ring that the initial compression in the spring bears the
same ratio to the total compression that the minimum radius of the
balls bears to the maximum
The spring is usuradius.
ally made a little stronger
\

;

—

than this to give

stability

This point
to the governor.
is referred to later.
Fig. 237 is a drawing of

a Hartnell automatic variable expansion governor for
regulating the travel of an
working
expansion valve
on the back of a main
slide valve, the travel being
regulated by the movement
in the slotted
of the lever

A

VALVE

As the speed inlink B.
creases the gOA'ernor raises
the position of the lever A,
and the travel of the valve
This
reduced.
is thereby
governor
close

is

capable of very

regulation,

and when

the speed exceeds a given
number of revolutions, the
steam supply may be entirely cut off.

Governor.—
two inverted ball -arms which are
The

Proell

Fig. 238 consists of

suspended by the curved
crank levers LL from
The centrifugal force of the balls is counteracted by a
the pins CO.
powerful spring S, which takes the place of a weight.
On the engine i-eaching a certain speed, which is determined by
Fig. 237.

bell
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the initial compression in the spring, the balls
the sleeve rises from its bottom position, as
towards
the
highest

move
shown

outwarfls,

and

in the ligure,

shown dotted.
The points AA, at

position,

which

the
ball-arms
are pivoted, are chosen
outside the centre lines
of the arms, and in
such a position that
the centres of the balls
as
they open mo^e
very nearly in a hori
zontal plane.
This governor may thus be
made as nearly isochronous as desired by
making the centrifugal
force of the balls increase or decrease in
the same ratio as the
compression
of
the

,'
/

_

V

^

spring.

The figure also show's
mode of application
of an auxiliary spring
the

E to vary the speed of
the engine while running.
The spring rests
in a sleeve, F, which is
pivoted in a bracket
at K.
The point P at
the upper end of the
auxiliary
made to

spi-ing

move

I

Fig. 238.

is

QR

shown in the lever
the effect of the movement of P in the
groove in the direction towards the centre of the governor is to
further compi'ess the spring E, as well as to increase the leverage of
the spring about the centre R, and thus to assist the outward movement of the balls and reduce the speed at which the governor begins
by means

as required along the groove

of the screw

W

;

to act.
Fig. 2.39 is a sectional drawing of the well-known " Pickering "
governor, fitted also with a stop-valve
in the same casting as the
valve of the governor.
In the Pickering governor, the ordinary arms
are replaced by flexible sheet-steel strips, to which the balls are
attached, and which bend outwards by the outward tendency of the
balls as the speed increases.
This bending of the strips causes
the upper cap on the top of the spindle to press the spindle downwards, and to tend to close the steam-passages by the equilibrium

A
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valve

V

governor

at

The speed at which the
the bottom of the spindle.
be made to act is regulated by a spring S, which is

may

Fig. 239.

equivalent to regulating the" load on the spindle, the spring actuating
a forked lever resisting the downward movement of the valve spindle.
The Shaft Governor. To secure regulation of the speed by automatic cut-ofl' in quick revolution engines, and to obtain a governor
sufficiently powerful for the
purpose, it is usual to use
what is known as the shaft
governor.
The construction
of this type of governor will
be understood from the dia-

—

grams which follow. The
mechanism of the governor
is usually arranged to work
a pulley keyed to the
engine crank-shaft, and it
thus rotates at the same speed as the shaft. The movement of the
parts of the govei-nor depends, as usual, upon the change of centrifugal force of rotating weights on change of speed of the engine.
Fig. 240.

in
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There are many diffei'ent designs for transferring the movement of
the balls to the valve gear for the purpose of regulating the cut-off;
but a simple form consists of an arrangement as shown in Fig.
is the eccentric from which
the slide-valve of the
240, where
engine is worked. The governing of the engine is done by varying
the position of the eccentric centre relatively to the centre of the
shaft, and thus varying the travel of the slide-valve.
The eccentric is slotted as shown, so as to permit of a radial
movement of the eccentric arm about some convenient centre C, the

A

Fig. 241.

of which is to give the required change of position of the
centre of the eccentric disc relatively to that of the crank-sliaft.
In Fig. 241, which is an outline sketch of a shaft governor, the
rotating wheel
is keyed to the engine shaft, and the weights E, E
The weight levers are connected to
are pivoted to the wheel at F, F.
the eccentric arm at G, and when the speed increases, the weightsmove outwards about the centres F, F by centrifugal force, and cause
the eccentric disc to move across the shaft by means of the levers as
effect

D

shown.

means
The

The springs

resist

the outward

of the springs the speed at
effect of the

movement

movement

of the balls, and by
is regulated.

which the governor acts

of the eccentric disc across the shaft is
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which happens iu an ordinary Stej^henson link motion,
end to the middle j^osition, and
is moved from the
which has already been described in connection with the link motion.
But the subject may here be considered a little further.
In an automatic cut-off gear arranged to vary the travel of the
valve by an adjustable eccentric, when the path of the eccentric
similar to that
the link

when

centre is a sti'aight line at right angles to the crank, as in Fig. 242,
the lead ed is constant for all positions a, 6, c, or d of the eccentric,
where circle of radius oa is the maximum travel circle, and oe is the
radius of the lap circle.
When the path of the eccentric centre is on an arc ad, concave
towards the crank-shaft centre, as in Fig. 243, then the lead increases

Fig. 243.

Fig. 242.

as the eccentric moves nearer to d in the arc ad ; that is, the lead is
greatest at the minimum loads.
When the arc ad is convex towards the crank-shaft centre, as in
Fig. 244, then the lead ef is a maximum at full load, and decreases
to ed, a

minimum,

In this case the lead may be
reduced to zero, or a minus quantity at

at the light loads.

mid-position.

The

arc of

movement

of

the eccentric centre depends upon the
point of suspension of the eccentric
arm of the governor.
Generally speaking, the condition of
constant lead, as in Fig. 242, would be
preferred, but each type has its own
special advantages.
Fig. 243 represents the conditions
which obtain in most ordinary linkFig. 244.
motion engines, where the lead is
greatest at light loads, the increasing lead securing a sufficient port
opening to maintain the initial steam-pressure as high as possible to
obtain the full benefit of expansion, the power being kept down by
a large compression.
Fig. 244 is exceptional, but is preferred by some engmeers.
In
this case a reduced port opening at light loads reduces the initial
steam pressure by partial throttling, and a large expansion is sacrificed to reduced range of stress on the piston.

GOVERNORS.
If the point of suspension of the eccentric arm, instead of being on
the centre line XY, is chosen in some position, A, as shown in Fig.
245, we then have a compromise between the conditions ah-eady
described, and the same lead may be obtained at both maximum and
minimum loads, with a somewhat larger lead in mid-position.
The varit)us points of port opening, cut-ofl", release, and coinpression
for any position of the eccentric centre on the arc ad may be found, as
already shown in Figs. 85, 88, and 90.

AGe=~--

r

T'

z-

4.'

extensions

FiG. 245.

Fig. 246.

—

The law of the helical spring is that equal increments of
Springs.
load give equal inci'ements of extension or compression, within certain
limits.

may

be represented by a diagram (Fig. 246) where the baseand the vertical lines the loads producing
Then it will be found by experiment that the line
the extensions.
Joining the upper extremities of the load-lines is a straight line, the
extensions being in units of length, and the loads in pounds.
The load required to extend the spring per unit of length say
is a measure of the strength of the spring.
Thus la is the
1 inch
strength of the spring, being the load I'equired to extend the spring
This

line is the line of extension

—

—

1 in.

The load required to extend the spring 2 in. is twice that required
Similarly, we have seen that at conto extend it 1 in., and so on.
stant speed of rotation
centrifugal force varies
directly as the radius,
and a similar
Fig. 246

figui'e to

may be used

to

represent the uniformly
centrifugal
increasing
force as the radius of
rotation increases, the

remaining
revolutions
constant (Fig. 247). If,
Fig. 248.
Fig. 247.
therefore, the revolving
weights of a governor ai-e held by springs so designed that the tension
of the spring is equal to the centrifugal force at all positions of the

—

;
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balls, then Figs. 2iG and 247 may be combined (Fig. 248), and in suclv
a case the governor is isochronous.
Example.
ball weighing 20 lbs. revolves at 250 revolutions per
Find the strength of spring required to make the governor
minute.
isochi'onous, su})posing the spring to be attached directly to the ball.
Since, by supposition, the tension in the spring varies with the
centrifugal force, then, when the ball is at zero radius, the tension in
the spring is also zero ; and if S = the strength of the spring, that is,
the pull required to stretch it unit length, then

—A

Sr

where

r

=

=

0-00034

-M2 X

WX

is,

x N-

radius of ball or stretch of spring in inches

= 0-0000284 X W X
= 0-0000284 X 20 X
= 35-5 lbs.
the spring = 35-5 lbs.

S

that

r

the sti'ength of

N'
250-

per inch of extension.

Let the mean radius of the rotating weight be 12 in. with a range
Then (Fig. 249) 6b is the
2*5 in. on each side of the mean radius.
mean radius; and the pull in the spring at this radius = 35-5 x 12
= 42 G. Set up &e = 426 lbs. Then for all other positions of
is assumed constant, the
the rotating weight, since the value of
centrifugal force and the pull in the spring at any radius will be
given, by joining the line oe through the origin o, and measuring

N

the vertical height as at ad, ef to the same scale as he. The line
ad = 9-5 X 35-5 = 337-25, and the line cf = 14-5 x 35-5 = 514-75.
So far we have considered the strength of the spring for an isochronous
governor, or one ruixning at constant speed for all positions of the
but, as before explained, such governors are not desirable,
balls
being inactive below the speed required, and flying outwards through
their whole range of movement when this speed is slightly exceeded.
The friction, however, which is always present more or less in all
governors prevents absolute isochronism in any governor.
In practice, a spring
h is chosen whose strength
increases at a rate somewhat greater than the
rate of increase of the
radius.
Thus, suppose
in the same governor
the
strength
of
the
spring to be 45 lbs., to
find the effect of the
change of spring upon
the speed for the same
range of radius. The
speed at the mean poFig. 249.
sition
oh (Fig. 249),
namely, 12 inches radius, being the same as before, the centrifugal
;

—

—

GOVERNORS.

223

force in this position and the tension of the spring are in cquililjrium
and are equal to 35"5 x 12 = 426 lbs. = he. At the minimum radius
oa, the tension in the spring is
ag,

=

now 42G — (45 x

and at the maximum radius
ch;

range

represents a
9-5
radius oa

this

minimum

=

=

426

2-5)

=

313-5

lbs.

=

=

538-5 lbs
(45 X 2"5)
of speed as follows: (1) For the

oc

-j-

in.

F

WX

00034 X

r
V2,

313-5

N

0-0000284 X 20 X 9-5
= 241 revolutions per minute

(2) For the maximum radius

oc

=

y^2

~
N=

The

14-5 in.

000*0

0-0000284 X 20
260

X 14^

variation in speed neglecting the e£Fect of friction

rangeof speed

^,

260

,^^

—

241

Also geh is the liiae of force with the stronger spi'ing, and it makes
with oe an angle oeg, which is a measure of the stability of the
governor.
If the spring is attached to the weight arm at some point
250), between the centre a and the centre
of gravity of the weight 6, then the strength
of the spring must be greater than if at-

c (Fig.

j;

tached directly to the ball in the ratio —.
''

ac
considered only the
centrifugal force acting in the governor,
but during a change of speed of the engine
there are other forces beside centrifugal
"pio. 250.
force acting on the gOA^ernor, and which
will be fovmd to either oppose or assist the action of the centrifugal
force.
These forces will now be briefly considered.
Let Fig. 251 represent a governor disc
1. Tangential Acceleration.
secured to the engine shaft and rotating about the centre A, and let
the ball B be connected by the arm BC to the pivot C on the disc.
Then an increase in the speed of rotation of the disc will cause the
ball B to move outwards from the centre
by centrifugal force.
But if the centre C of the ball arm be pivoted at the centre of the
shaft, as in Fig. 252, then, when the disc is rotated, the centrifugal
force acts radially along the arm comiecting the ball to the centre of
the shaft, but the centrifugal moment is zero, since the pi^ot of the
arm coincides with the centre of tlie shaft, and the force has no effect
for the purpose of regulation of si:)eed.

We

have

so

far

—

A
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If, however, the speed of rotation of the disc increases, then the
tendency is for the ball (Fig. 252) to maintain its original speed and
to lag behind relatively
to the disc, which is
equivalent to a move-

ment

in

of the

the

the

direction

D

direction

arrow D, or in
opposite

the speed of
rotation of the disc decreases.
This movement of the ball relatively to the disc and
Fig. 251.
in a direction tangential to the path of the centre of gravity of the ball, is the result of
the inertia of the ball producing tangential acceleration.
In the case of Fig. 251, the moment about C of the force producing tangential acceleration is zero whatever the change of speed,
because the line of action of the force passes through the pivot.
In Fig. 252 this moment is a maximum. In intermediate positions
the moment of the force producing tangential acceleration is equal to
the force multiplied by the perpendicular distance CD, between the
pivot C, and the tangent to the circle drawn from the centre of
rotation, and passing through the centre of gravity of the weight.
This force may be made to assist or to oppose the centrifugal force
to

Fig. 254.

Fig. 253.

if

Fig. 255.

according to the position of the pivot of the ball arm in relation to
Thus, if in Figs. 254, 255 the
the centre of gravity of the weight.
disc is rotating clockwise as shown, then in Fig. 254 the moment of
the tangential force acting during increase of velocity of the disc
= P X CD, and it acts so as to supplement the centrifugal force, and
thus to make the governor more prompt and rapid in its movement
in Fig. 255, with the position as shown, the tangential force acts to
oppose the centrifugal force, and thus to make the governor more
;

sluggish.
is

—

Another form of acceleratmg force which
2. Angular Acceleration.
capable of useful application in the shaft governor will be understood
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At the end of the arm AB, which
attached to the
shaft at centre A, let the weight at the end B
be distributed in the form of a bar, CD,
instead of being concentrated in the form
of a ball at the centre of gravity B ; and let
the bar CD be free to move about the centre B.
Then, if the shaft to which AB is I'igidly
attached is rotated about the centre
at a
high velocity and then suddenly stopped, the
kinetic energy in the balls C and D will cause
Fig. 25G.
the arm CD to spin round the centre B.
Similarly, if during the rotation of the shaft
the rate of rotation should suddenly increase, even slightly, then
from the

is

illustration (Fig.

supposed

to

be

256).

rigidly

A

r

^
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recently

been successfully applied as a supplement

force for
governor.

the purpose

of

increasing the

to centrifugal
sensitiveness of the shaft

Fig. 257 illustrates a very successful governor made on this principle,
and known as " Begtrup's shaft governor," made by Messrs. Browett
and Lindley, of Patricroft-

—

CHAPTER

XV.

TURNING EFFORT IN THE CRANK-SHAFT.
As

has been already pointed out, it is important, for steadiness of
running, that the turning effort in the crank-shaft should be as
uniform as possible. But in practice, the conditions are such that
the turning effort varies more or less considerably during each halfrevolution of the crank.
The nature and extent of the variation,
and the means adopted for reducing it to a minimum, will now be
described.
The causes producing variable turning eiFoi't are
1. The variable pressure of the steam acting on the piston.
2. The mechanical combmation of crank and connecting-rod which,
even with a uniform steam-pressure on the jiiston, results in a variable
turning effort on the crank-pin, the variation rangmg from zero to a
maximum twice every revolution of the crank.
3. The inertia of the reciprocating parts of the engine, including
the piston, piston-rod, cross-head, and connecting-rod, which absorb
power in acquiring velocity during the early portion of the stroke,
and restore it while beuig retarded during the later portion of the

—

stroke.

The means employed to reduce the variable turning effort in the
crank-shaft, or to modify its effects, are
1. The combination of engines working on separate cranks in the
same shaft, the cranks being so disposed that the mutual variations
The
in the separate cranks correct each other when in combination.
number of cranks employed in practice may be one, two, three, four,
five, or more, and the more numerous the cranks the more uniform the
twisting moment at all j^oints in the revolution of the shaft.
2. The adjustment of the points of cut-off and compression to the
speed of the engine.
3. The use of the flywheel.
It will be necessary, before proceeding further with the subject, to
consider the relation between the respective velocities of the piston

and crank -pin.
Piston and Crank-pin Velocities.
the connecting-rod.
Take any point
position of the crank-pin

when

—Neglecting

the obliquity of
258) to represent the
crank of radius OP moves about the

P

(Fig.
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Assume

centre O.

a uniform velocity

that the crank-pin P moves in its circular path at
at right angles
Set off
in feet per second.
to OP, or tangential to the circle at point
equal in length to the
P, making
of the j^in to any scale of feet
velocity
per second.
This velocity V, in a direction tangential
to the circle, may be resolved into component velocities, Pa horizontally, and P6

PV

V

PV

V

vertically.

Draw

PN

the perpendicular

to

meet the

Then angle Z^PV =
and P« = Y sin 6 and

hoiizontal diameter.

angle

PON =

Q

;

Fh = V cos e.
But when OP

Fig. 258.

;

drawn

is

to scale to re-

l)resent in units the velocity of the crank-

V

PN

=
assumed uniform), then the perpendicular
intercepted between the pei"pendicular and the centre
O
cos
and thus for any position P of the crank -pin,
;
Pa
sin $
the horizontal component of the crank-pin velocity
the velocity of the piston.
Relative Velocities, including Obliquity of Connecting-rod. In
Fig. 259, let O be the centre of the crank -pin circle, with radius of crank
OP, and
the length of the connecting-rod.
The point
is the
position of the cross-head pin, and relatively also of the piston.
To
find
the relative velocities of
crank-pin and pis'ton with a short
connecting-rod, PN, find the virtual centre or instantaneous axis
about which the connecting-rod
is moving for the given position OP of the crank, by drawing
lines
and
normal to the
direction of motion of P and
at
the moment considered.
Then the
point
is the virtual centre reFig. 259.
quired, and the relative velocities
of P and
are propoi'tional to
the virtual radii
and
respectively.
pin
sin

(which

0,

and

=V
=V

is

ON

PN =
=

=

—

PN

N

PN

NA

PA

N

A

N

AP

AN

The same

result may be obtained by producing the connecting-rod
meet the perpendicular through the centre O in C. Then the
triangles APN and OPC are similar, and AP
OP OC. In

NP to

:

AN

:

:

:'

other words, if OP = velocity of crank-pin, then the intercept OC =
corresponding velocity of piston for position OP of the crank.
Polar Diagram of Piston Velocity. The velocity of the piston at
each point of its path throughout the stroke may be represented by a
cui've as follows
First draw a circle with radius Oa = assumed
constant velocity of the crank-pin, and, as shown in Fig. 260, draw the
connecting-rod for various crank-positions, a, b, c, cutting the vertical

—

:
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With radius 01, 02, 03, etc., transfer
centre line at points 1, 2, 3, etc.
these distances on to their respective crank positions a, b, c, etc., and
join the 2>oints so obtained by a curve.
If the obliquity of the connecting-rod had l^een neglected, thi.s curve

Fig. 260.

would be a cii'cle, but it will now be seen to be an irregular figure
extending beyond the crank-circle for a short portion of the crank-path.
With a shoi't connecting-rod, the point of maximum velocity of the
piston is as nearly as possible that at which the crank and connecting-rod are at right angles ; in other words, where the centre
line of the connecting-rod is tangential to the crank-pin j^ath, as at

OP, OQ (Fig. 261).
The velocity of the piston is the same as that of the crank-pin
when the crank is perpendicular to the centre line of the engine, and
again at crank position 0Z>, where the connecting-rod produced from
h passes through a.
The conditions are similar at d and e below XY.
Between crank positions a and h and d and e the piston velocity is
greater than that of the crank -pin in all other positions the piston
velocity is less than that of the crank -pin.
At positions of maximum velocity of the piston, namely, at OP and
OQ of the crank, the velocity of the piston is to that of the crank-pin
;

as

Oc Oa.
Tangential Pressure on the
:

—

Crank-pin. Having considered the
and crank-pin, we will now examine the
relation between the forces acting through these moving parts.
First, considering the case where the pressure of the steam is
assumed uniform throughout the stroke, and neglecting the obliquity
of the connecting-rod and the inertia of the moving parts.
In Fig. 262, let AB produced be the centre line of a horizontal engine,
O the centre of the crank-shaft, and OA the radius of the crank. Let
OA also represent to scale the total pressure P acting on the piston
(supposing the pressure on the piston constant).
When the crank is in position AO, the pressure of the steam upon
relative velocities of piston

the piston has no tendency to turn the crank about its centre O, the
piston-rod, comiecting-rod, and crank being all in one straight line,
and the whole pressure acts to press the crank-shaft against its
bearings.
When the crank is in position OB, the pull being in the

;
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AB,

again no tendency to turn the crank about O.
Tliese
called the dead centres.
of the crank, the whole pressure P on
the piston (negleoting the obliquity of the connecting-rod) acts at
the moment in the direction of motion of the crank-pin, and hence the
whole force is exerted in turning the crank. At this point C, and at
the opposite point D, the turning moment is a maximum = P x CO.
From this we see that, even though the pressure on the piston is
uniform throughout the whole stroke, the turning effort on the crankpin is very variable, changing from zero at the dead centres, to a
line

there

is

two positions of the crank are
For positions OC and OD

.P

c

LJB

maximum

at

two points

of the revolution.

Under

the conditions here

assumed, the points of maximum turning effort are when the crank is
at right angles to the axis of the cylinder
but when the steam is
cut off at some earlier point than half-stroke, the maximum turning
effort is somewhere nearer the beginning of each half-revolution.
At intermediate positions the pressure on the ci^ank-pin is employed
partly in turning the shaft, and partly in causing an increased pressure
through the crank upon the main bearings.
To find the tivistinij moment on the shaft due to the pressure on the
piston acting on the crank at point C (Fig. 263).
The pressure P,
acting parallel to AB through C, causes a twisting or turning moment
about O
X DO = P X CE. But P is assumed constant; therefore for any point, C, C, C", of the crank the twisting moment is proportional to the perpendicular CE, C'E', etc., drawn from C upon AB
and the amount of the twisting moment in inch-pounds = CE, C'E', etc.,
in inches multiplied by P, the total pressure on the piston in j^ounds.
;

=P

The tangential or turning effort acting on the crank-pin, as distinguished from the tivisting moment acting through the shaft, may be
found thus
If T is the turning effort acting tangential ly on the pin, then T x
But
radius CO = twisting moment due to turning effort T about O.
P X CE is also the twisting moment
:

;

therefore

T x CO
T

P X CE
=

CE
Px CO
Psin

6

—

—
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the

If

radius

CO

be drawn

equal

to

the

pressure

P

ix\

to scale,

then

from

T =

we have T

1'

X

777;

CO

= CE

and

this is true for any position of the ci'ank.
Since the twisting moment at any part of the revolution is equal to
the tangential effort multiplied by a constant number, namely, the
length of the crank, the diagram of tangential effort and the diagi-am
of twisting moments ai'e the same, though measured by a different
scale, the one being in pounds, and the other in pounds multiplied by
the radius of the crank in inches.
Diagrams of Turning Effort on the Crank. The facts above stated
as to the variable nature of the tangential or turning effort on the
crank-pin during a revolution of the crank may be well illustrated by
a diagram as follows
Let the circle
represent the crank-pin path, and OC the
radius of the crank and let OC represent to scale the pressure on
the piston (supposed uniform).
Take a number of equal subdivisions,
C, C, etc.
Then the perpendicular

—

:

ACBD
;

on AB for any position OC of
crank represents the turning
effort on the crank-pin at this point.
From C, C, etc., set off on the
radius OC produced distances CF,
If the exC'F' equal to CE, CE'.

CE

the

tremities of these lines be joined, a

curve is obtained above and below
the centi'e line which repi-esents
the turning effort at every part of
the revolution
and it will be seen
therefrom in what way the turning
effort varies during one revolution
from zero at
and B to a maximum
;

A

As before explained,
the scale of measurement be
multiplied by the crank radius in
Fig. 264.
inches, the same diagram will serve
as a twisting-moment diagram.
The dotted circle drawn from the centre O, witli radius OK, is
the curve of mean tangential j)ressure, and it is drawn by making
P 2 TT, where P = the mean effective pressure on the piston
(neglecting friction).
(Fig. 264) may be unwound
The circumference of the circle
and the diagram set up on a straight base, as shown in Fig. 265. The
straight base
is drawn equal to the circumference of the circle
It is then divided into the same number of equal
(Fig. 264).
parts as the circumference, and distances CF. C'F', etc., set up from
and H.

at Cr
if

AK

;

:

:

:

ACBD

MN

ACBD
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the respective divisions.
The curves joining the ends of these lines
are the curves of tangential pressure as before.

K(

The mean tangential-pressure
so that

MK

P

:

:

2

:

:

line

KL

is

drawn by

setting

up

MK,

77.

It will be noticed that the area MFF'B, enclosed between the base
and the curve and shown shade-lined, is the diagram of work done
upon the crank-pin during a half-revolution of the crank-shaft, the
ordinates representing the turning effort in pounds, and the base
representing the distance through which the eftbrt has been exei'ted
and this area is exactly equal (neglecting friction) to the work done
upon the piston during a single stroke, as given by the indicator
If S = stroke of piston, and P = mean pressure on piston,
diagram.
;

then S

mean

X - = path

of crank-pin during one stroke of piston,

tangential jDressure on crank-pin,

PxS
The

line

KL

pressure, but

=

=P x

and

MK.

2

-

(PxH)x(Sx|)

(Fig. 265) has been called the line of mean tangential
also the line of resistance due to the load (assuming

it is

Fig. 266.

the
are
the
the

load constant)
equal, there

;

for unless the

must be a change

mean

effort

and the mean resistance

of speed of revolution of the engine,

speed increasing or decreasing as the effort

is

greater or less than

resistance.

"We have seen

that,

though the resistance

is

uniform, the effort

Thus (Fig. 266), during a half-revolution of
the crank, and commencing at the point a, the force exerted rises
above the mean-resistance line KL, and continues above this line
till
the point c is reached, and unless a flywheel is attached to
is

extremely variable.

the engine to absorb the additional power, the result will

be that
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during the short portion ac of the revolution, tlie driving force being
greater than tlie resistance, the speed of rotation will increase and
become a maximum at c. Beyond the point c tlie driving force falls
below the resistance, and without a flywheel to restore power to the
engine, the speed will decrease until the point e is reached, at which
point the speed is a minimum.
It will thus be seen, though the speed per minute may be uniform,
that there is much tendency to irregularity of speed of rotation during
This tendency, however, is very largely corrected
a single revolution.
by the addition of a flywheel, as is explained subsequently. If the
(Fig. 266), representing the circumference of the
straight base
crank-pin path, be divided into a scale of degrees, then M^/ degrees
to scale represent the position of the crank-pin past its dead centre
when the velocity of the crank is a minimum, and M/j degrees the
position of the crank-pin when the velocity of tlie crank is a maximum.
When the speed of the engine is constant, the area ahc is equal to
When the area ahc is greater than the area cde, then
the area cde.

MN

M

the speed is increasing, and vice versa.
For
Effect on the Twisting Moment of Combinations of Cranks.
several reasons, it is important that the twisting moment on the
crank-shaft should be as uniform as possible, and therefore that the
areas ahc and cde (Fig. 266) should be reduced as much as possible.
The way in which these areas are affected by various combinations of
multiple-cylinder engines working on various arrangements of cranks
The steam in the respective
is shown by the following figures.
cylinders is considered of uniform pressure throughout the stroke for
the sake of simplicity.
Case I. A single engine ivorJctng on a single crnnlc. This case has
already been considered.
Case II. Two engines working on the same shaft with cranlts directly

—

opposite (Fig. 267).

In this case each engine is on
the dead centre at the same time,
and the points of minimum and
maximum twisting moment on the
Hence the
crank-pin coincide.
twisting stresses in the crankshaft are doubled throughout, and
the diagram of total twisting

moments

is

together

the

obtained by adding
diagrams of each

-Effl

-m^
Fig. 2G7.

crank as shown in Fig. 268. Thus INttD is the twisting-moment curve
for a single engine during a half-revolution, and JMrD is the twistingmoment curve for the combined cranks when placed directly opposite.
McD is obtained by doubling the ordinates ah, so that ac = 2ab for
each position along the circumferential base MN.
From this diagram (Fig. 268), it will be seen that in Case II. the
stresses vary through a much wider range than in Case I., the range
in the second case being from zero to double the maximum stress
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which obtained

mean

twistint;^

The line of resistance KL, or of
case.
raised to twice its former height, and the

in the

first

moment,

is

Fig. 268.

shaded areas ecjf and r/De represent the energy in foot-pounds given
up to the flywheel or restored by it respectively, twice every revolution.

This arrangement of opposite cranks

is

sometimes adopted, especially

in small high-speed engines, with the object of balancing.

Case III, Cranks at
arrangement of cranks

This

right awjles.

is

much
and

the most

common

advantages in
reducing the range of the twisting stresses will be
.seen from Fig. 270.
^
^\
This arrangement possesses the further ad^
vantage
of
^" —'""O an engine
to
— enablinK
— "start more
^"O~"!S^
/
easily than when the two cranks are opposite,
_^
for when one crank is on the dead centre the
/
f
other is in the position of maximum turning
moment, in which position the engine may be
unless it should happen that
started easily
steam is cut off by the valve-gear before the
Fig. 269.
half-stroke, in which case the engine
would
have to be mov^^d round till the crank was past the dead centre before
starting could take place.
Fig. 270 is constructed by drawing first the twisting-moment curve
in two-cylinder engines,

its

»

—

:mg. 270.

as before for one crank, as MfcD on the half-revolution lengtli I\[D.
Then for the second crank the point s, midway between
and D, oi

M
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90^ ah(>ad of M,,

is

the starting-point for the second curve of twisting

moment.

When the engines are equal in all respects, as is here assumed,
then the two curves are equal, and the curve sir is drawn equal to
M6D. The true curve of twisting moment, ehft, etc., is then found
by taking the sum of the vertical distances of the sepai-ate curves,
thus ac + ad = ae, and so on.
The

line

KL

is

the

mean

turning-effort line for a single crank, as

and MK' = 2MK for the double crank. Or in practice, when
the power of the engines is unequal, MK' is obtained from (Pj + P.,
before,

2
4-

...)-, where

Pj, P^, etc., are

the

mean

effective pressure

on each

piston respectively for two or more engines.
Case IV. Triple expansion engines ivith cranks at 120°.
In Fig. 272, the curves for a single engine are
_^
drawn as before, starting from the point
with
the first curve; at a point 120° ahead of M, for
the second crank ; and at a point 240° ahead of M,
for the third crank.
The true curve of twisting
moments is then obtained by taking the sum
of the ordinates ah
and constructing
<^c
(^'Jt
the curve by taking as many ordinates as are
required.
Fig. 271.
From the Figs. 268, 270, 272, it will be observed that by increasing the number of cranks the percentage variation
in the turning effort is much reduced, as shown by the shaded areas on
each side of the mean line KL.

M

+

+

Turning Effort on the Crank-pin with Variable Pressure on the
It has already been shown, in connection with the ^'elocity
x'atios of i^iston and crank -pin (Fig. 273), that for any position ()(J
of the crank and CP of the connecting-rod, if OA be drawn perpendicular to OIST, velocity of P
velocity of C
OA OC, the velocity
of the crank-pin OC being constant, and OA varying with the posiPiston.

—

:

:

:

:

tion of the piston in the path of its stroke, MN. Then, having obtained
the velocity ratio of two rigidly connected joints, C and P, and

knowing that

force i-atio

=

——
i

r-

-^-> the pressures transmitted
^

velocity ratio
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C and P in the c4ement PC are inversely as their velocii'is.
Hence, if OC represent to any scale the pressure Yd on the piston,
then OA represents to the same scale the turning effort on the crankat

P

N

FiG. 273.

pin C. Or, more conveniently, if the pressure Pc? per square inch on the
piston for any position P be set off on CO as at Ca, and oh be drawn
parallel to OA, then ah is the turning effort on the crank-pin per
square inch of piston area for the position OC of the crank ; for the
triangles
and afeC being similar,
OC ah aC. If ah be
multiplied by the area of the piston in square inches, the total turning

OAC

OA

;

'.'.

effort is obtaijied.

\

—

Diagram of Effective Pressure on the Piston. In order to obtain
the twisting-moment diagram accurately, it is necessary to find out
the net pressure acting on the piston at each point of the stroke, and
this can only be obtained by knowing the pi'essure acting on the two
opposite sides of the piston ; whereas the indicator diagram gives the
forward line, and the backward line on the same side of the piston.
therefore require to have a diagram taken from each side of
the piston at the same time, and to combine the forward line of the
diagram from one side with the backward line of the diagram from
the opposite side.
In Fig. 274,
and B are indicator diagrams from opposite sides
of the piston, and C and
are effective-pressure diagrams drawn
therefrom. Fig. 274, C is the net or resultant diagram for the front
end of the cylinder, and
for the back end set up from a horizontal base line MN.
The diagrams are drawn by first dividing each
figure into ten equal divisions, and each line MN, M'N', similarly.
Take, for example, division 1 on each diagram, A, B, and C a is the
total forward pressure (Fig. A) when h is the back pressure at the
same time on the other side of the piston (Fig. B) therefore the height
at division 1 (Fig. C) is equal to the difference between a and h, and
so on for each division.
Towards the end of the stroke of the piston,
the back pressure due to large compression may be in excess of the
forward pressure, and the curve becomes negative and falls below the
zero line of pressure MN.
The Figs. C and
(274) are net diagrams for each side of the
The effect of the inertia of the reciprocating parts
piston respectively.

We

A

D

D

;

;

D

is

not here included.
Influence of Inertia of the Reciprocating Parts.

— It may be explained

TURNING EFFORT IN THE CRANKSHAFT.
that by the term inertia is meant the property possessed by bodies
by virtue of which they offer resistance to change of velccity, whether
A FRONT END

Fig. 274.

that change be from a condition of zero velocity, as when a shot
is projected from a gun, or whether the change be from that of a
liigh velocity to a condition of rest, as when the flying projectile is
In each case the inertia of the shot had to be
stopped by the target.
overcome in the first instance, by the energy in the powder and
in the second instance, at the expense, possibly, of the fractured
target upon which the force was expended.
Similarly, in order to
start the reciprocating parts of an engine from their condition of
rest at the beginning of each stroke to that of maximum velocity, if
the piston velocity is high, a considerable proportion of the energy of
the steam may be absorbed in overcoming the inertia of those parts
before its effect can be felt as turning effort on the crank-pin.
Fortunately, however, there is no loss of energy due to this cause,
for the force required to overcome inertia during the increase of
velocity is again restored in the later part of the stroke as pressure
on the crank-pin while the crank-pin brings the moving parts to rest.
It is evident, therefore, that before constructing a diagram of
turning eftbrt on the crank-pin, we must fir.st " correct the indicator
diagram for inertia" by subtracting the amount of the pressure
employed in accelerating the reciprocating parts during tlie early
part of the stroke, and adding to the diagram the pressure restored
to the crank-pin while retarding those parts during the later portion
of the stroke.
The amount of the effort absorbed during acceleration is in all
cases equal to that restored during retardation, and the total energy
exerted upon the pin (neglecting friction) is unaffected by the work
of acceleration and retardation, but the distribution of the turning
effort during each half-revolution of the
crank may be gi-eatly
changed, and its uifluence upon the regularity of speed of the engine
may be considerable.

—

;
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Force required to accelerate the Velocity of the Reciprocating
Parts.
The reciprocating parts include the piston, piston-rod, crosshead, and part of the connecting-rod, and the force required may be
easily found by assuming, for the purpose of this problem, that the
whole mass of the parts is concentrated at the crank-pin, and rotating
with it the obliquity of the connecting-rod being in the first instance
neglected.
The centripetal force exerted when the mass is turned about the centre
O (Fig. 275) acts radially in the direction AO, PO, BO, etc., for every

—

—

position of the crank, and

is

equal to

F =

=

Mo/r

;

and

this force

resolved horizontally, as at PE, and vertically, as at PN, for each
position of the crank.
Thus, if OP =
the centripetal force F, then PE =
Ic
—-^^^^
^-^F cos = the horizontal component
y^
of the centripetal force F, and is the
\

may be

NO

=

I

I

\

---]E

amount

/'f^
/

^v

I

^\J

I

/

n

aI

\

j

i_
|B~

|0

V

/

I

\

/

!

N.

y

I

\^,^_^|^_^„.'^
I

Fig. 275.

of force

employed in accelerat-

ing the velocity of the mass at position
to B.
-^ ^^ ^^^ horizontal direction
The forces may thus be obtained for all
positions P of the crank, and they are
the same as would be required to accelerate the reciprocating parts in their
corresponding ordinary positions, the
masses, the horizontal distances, and
the intervals of tune being the same

A

in either case.

components of the centrij^etal force take no part in
horizontal acceleration, and are therefore neglected.
At the beginning A of the stroke, the whole centripetal force F acts
Therefore
horizontally, it has no vertical component, and cos ^ = 1.

The

vertical

acceleration at

W

A

is

a

maximum, and = F

=

- WrN- x

00034,

0^

=

=

where
weight of reciprocating parts in pounds, r
radius of
number of revolutions per minute. In order
crank in feet, and
to apply the force, when obtained, to the indicator diagram, it must
be expressed in pounds per square inch of the piston area the above
value of F is therefore divided by the piston area in square inches.
Thus, pressure i-equired per square inch of piston to start the reciprocating parts at beginning of stroke

N=

;

_ WrN- X 0-00034
area of piston

At

the middle of the stroke the whole centripetal force acts vertiHere the velocity of the
cally, and it has no horizontal component.
reciprocating parts is a maximum, and there is no longer any force
exerted in increasing its velocity any further the acceleration, therefore, at the mid-positions of the crank is zero.
Beyond tliis point the reciprocating parts are retarded until they
;
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are brought to rest at the end of the stroke
the forces exerted on the
crank-pin in bringing the moving parts to rest are exactly the reverse
of those acting upon the piston to generate its velocity during the
tirst half of the stroke.
The distribution of the forces throughout the stroke may be seen
represents the length of the piston stroke.
by Fig. 276, where
Set
off AC =/as obtained by the above equation, and use the same scale
of pounds as is used for the indicator diagram to which the diagram
is to be applied.
At D, the mid-position of the piston, the acceleration is zero.
At intermediate points, as at N, set off
(Fig. 276) to
scale, by measurement of the horizontal component
from the
;

AB

NO
NO

Fig. 276.

Fig. 277.

diagram (Fig. 275), or by calculation of the value of/ cos 6 for
several positions of the crank.
If the ordinates so found be joined,
is obtained.
the straight line
and
The triangles
are equal, and they each represent,
by their area, work done (1) by the steam upon the piston to generate
velocity, (2) by the reciprocating parts upon the crank-pin dunng

CODE
ACD

BED

maximum to zero velocity. Thus, area of triangle
kinetic energy stored up in mo\'ing parts on reaching middle

retardation from

ACD =
of

stroke

^"^
But

=

area of triangle

Wi;2

*^ = r =
AD
,,

,

therefore

'"
radius
of
"

.^
AC

crank, and r

W«;2
as before.

x ^AC

=

The same

(jr

^1/

reasoning applies to triangle DEB, which represents energy given up
by the reciprocating parts and transferred to the crank-pin.
Illustrations of the Effects of Inertia upon the Pressure transmitted to the Crank-pin.^— Suppose first the case of an engine taking
steam through the whole length of stroke. Then the indicator diagram

approximately a rectangle = ABCD (Fig. 278). Let the pressure of
steam AB = 20 lbs. per square inch, and the pressure to accelerate the

is

piston

=

6 lbs. reckoned per square inch of piston area

=

'—

area

gr
of piston.
If AE be set down below AD = 6 lbs.
AD = 6 lbs., and points E and F be joined,

to scale, and DF above
then the line EKF represents the extent of correction required for the indicator diagram
before the pressure transmitted to the crank-pin can be determined.
Between points B and G on the top line of the diagram, set down
'

Sec "

A Practical

Treatise on the

Steam Engine," by

3Ir.

A. Rigg.
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below BG ordinates m equal to and corresponding with ordinates n
between lines EK and AK. Similarly, set up above GC ordinates to
equal to and corresponding with
ordinates n between KF and KD.

Then

ALGHD

is the corrected
diagram, from which is measured
the pressure transmitted to the
crank -pin.
Though the pressure of the
steam upon the piston is assumed
uniform throughout, the pressure
transmitted to the crank-pin is
very variable, being 14 lbs. at the
beginning of the stroke, 20 lbs. in
the middle of the stroke, and 26
lbs. at the end of the stroke
and
Ftg. 278.
since the effects of inertia rapidly
increase with the speed, the ratio of increase being as the square
of the velocity, the diagram shows how seriously high the pressure on
the crank-pin may become at high speed towards the end of the stroke,
especially when the pressure of the steam is retained throughout the
;

stroke.

These high inertia effects are, however, greatly modified by working
the steam expansively, and by a judicious use of steam-compression
at the back of the piston.
If the steam be worked expansively in the cylinder, the effect in
reducing the excessive pi'essure on the crank -pin at the end of the
SSS is the assumed
stroke will be seen from the diagram (Fig. 279).

Fig. 279.

Fig. 280.

diagrtim of net effective steam-pressure on the piston, set up from the
Line EF is the inertia line, and the piston-pressures
base-line AB.
n on the same
S, S, S, corrected for inertia by makmg ordinates m
vertical line, and above or below SSS as required, give the line CCC,
the ordinates of which at the various parts of the stroke give the

=

actual pressures transmitted to the crank-pin.
Fig. 279 shows the effect of expansion only,

and Fig. 280

of

expansion and compression in tending to make the pressure more
uniformly equal throughout the stroke, as shown by line CCC,

—
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Influence of Weight of Reciprocating Parts in Vertical Engines.
the upward stroke of the piston, the -weight of the reciprocating
parts acts against the steam throughout the whole stroke.
Hence, if
the weight of those parts expressed in pounds per square inch of piston
area be set up from
(Fig. 281), to the same scale as AC, and

On

A = AF

FG

be drawn parallel to AB, then FG is the new base-line, which
will coincide with the base of the net steam-pressure diagram to be
corrected for effects of inertia and weight of moving parts.
is the
beginning of the stroke, and the ordinates m are subtracted from,
while the ordinates n are added to, the ordinates of the net steampressure diagram, in order to obtain the amount of pressure transmitted as turning etlbrt on the crank-pin.
For the downward stroke

A

Fig. 281.

Fig. 282.

the case is reversed, the weight of the reciprocating parts acting with
the steam-px'essure throughout the whole stroke.
In Fig. 282, if A'C be drawn as before, representing the force
requii'ed to generate the required velocity in the moving parts at the
commencement of the stroke, then, since on the downward stroke,
part of this force (namely, A'F') is supplied by the weight of the
parts, an amount of force equal to F'C only is required to be jii'ovided
by the steam to generate velocity.
The line F'G', drawn a distance below A'B' equal to the weight of
the moving parts per square in. of piston area, is the new base upon
which the net steam-pressure diagram will be placed to be corrected
for effects of velocity and gravity upon the moWng parts.
The
ordinates m will be subtracted from and the ordinates n added to
the corresponding ordinates of the steam-pressure diagram,
being
considered the beguining of the stroke.
The work done (= area AG) in lifting the reciprocating parts
during the upward stroke, and thus reducing the effective work on
the crank-pin, is compensated for by the restoration of the same
amount of work to the crank-pin during the downward stroke (= area
A'G'), the weights during this stroke assisting the steam-pressure.
There is, therefore, no loss due to the weights of the mo\'ing parts.
When the Obliquity of the Connecting-rod is included. When the
influence of the short connecting-rod is included, the problem of finding
the mertia line is more complex, but for practical purposes it is usually
sufficient to find the accelei-ation at the two ends of the stroke, and
Then, by drawing a free curve
to find the point of zero acceleration.
through these three points, we may obtain with sufficient accuracy the

A

—

inex'tia line required.'

Fur a construction
Balimciug of Engines."
'

"

for

finding all points in

tlie

curve, see tie chapter

B

on

—

—

:
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First, to find the point B (Fig. 283), or the position of the piston
at the point of its maximum velocity, where its acceleration is zero.
This may be found with almost absolute accuracy by a simple
geometrical construction, thus

Fig. 283.

Draw OC

(Fig. 283) to scale equal to the crank radius, and draw
at right angles to it and equal in length to the connecting-rod.
about O. Or
Join OA, and rotate the right-angled triangle

AC

OCA

=
BO =

B02

B

V' -

f

>Jl'

r^

+ r^

the point required representing the position of the piston in the
of the stroke at the moment of maximum velocity.
It is
path
also the point of zero acceleration on the inei-tia curve.
(Fig. 284),
At the point D, the beginning of the stroke
is found in the following way.
When the
the accelerating force
crank is passing the dead centre and the connecting-rod is finite, the
is

DE

DE

DA

Fig. 285.

Fig, 284.

centripetal force includes two effects first, that due to the i-otation
mass about the centre of the crank-shaft O ; and, secondly,
that due to its tendency to rotate also about the centre B of the conThus the acceleration at P is proportional
(Fig. 285).
necting-rod
:

of the

BP

to the

sum

of the curvatures di'awn with radii

OP and BP respectively.

the other end of the stroke, when the cr^nk is passing the centre
P', the centripetal force due to the motion of the connecting-rod acts
in the same direction as that of the crank, and the acceleration at
Hence, if the
P' is proportional to the difference of those curvatures.
connecting-i"od = n times the radius r of the crank, then the accele-

At

rating
° force

~

-3i\r

—

atP=— V »

nr'

(

^

9>

|

-)= -

V-i>

—

gr

w'/
If,

(

V

1

+

- ), and the force at P'
«/

then, the value of the centripetal

TURNING EFFORT IN THE CRANKSHAFT.
force at

= DA

P

and

and

EC

F

(Fig. 285) be set off vertically from

D
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and E, and

ABC

284), and a free curve
be
drawn, then
is the curve of inertia required
with which to
correct the net pressure-diagram on the piston when determining
the pressure transmitted to the crank-pin.
This subject will be
dealt with more fully in the chapter on " Balancing of Engines."
respectively (Fig.

ABC

If the speed of the engine exceed a certain number of revolutions,
the pi-essure necessary to accelerate the piston may be greater than
that of the steam-pressure in the cylinder, in which case the crank

f-

244

STEAM-ENGINE THEORY AND PRACTICE.

Fig. 286 is drawn with the data here given, lengths
set off to scale equal to 69 '9 and 4:4'5 at the beginning

A and C being
and end of the

stroke respectively, and the point B is found, as already explained,
by finding geometrically the position of the piston when the crank
and connecting-rod are at right angles. A free curve of inertia is
then drawn, and the diagram of net effective pressure on the piston
is set off, as shown by dotted lines, by measuring from the inertia
curve' to the top line of the indicator diagram (see Fig. 279), and
resolving the pressure as shown to find its tangential effect on the
crank-pin.

Thus, if the net pressure 6, measured from the base line to the
corrected indicator diagram, shown dotted, be set off on the corresponding crank position as shown, and the vertical component a,
intercepted by the connecting-rod, be set off on the crank position
produced, then, by joining the outer extremities of the lines a, the
curve of turning effort on the crank-pin is obtained.
It may here be pointed out that though the force absorbed in
accelerating the moving parts is restored during retardation of those
parts, yet in practice there will be a waste of energy to a greater or
less degree at the end of each stroke, if owing to slack bearings there
is a " pound " or shock as the crank turns the centre and the moving
With slack main bearings, the
parts change the direction of motion.
crank-shaft may be lifted on the up-stroke, and possibly bent or
sprung on the down-stroke. To avoid such effects, the brasses should
be kept in good condition, having a, minimum of slackness, and the
energy in the piston at each end of the stroke should l^e absorbed by
a judicious use of steam-cushioning on the exhaust side, so that the
piston may be brought to rest as nearly as possible without shock.

CHAPTER

XVI.

FLYWHEELS.
Fluctuation

of speed of the crank-shaft

of the shaft

may

during each single revolution
be reduced by the use of a flywheel, whose mass
and radius of rotation provide a large moment of inertia, absorbing
energy when the turning eftbrt is in excess of the resistance, and
restoring it to the shaft when the resistance is in excess of the effort.
The extent to which the turning eftbrt transmitted to the crankpin varies above and below the mean turning eftbrt is well seen by the
diagrams already given.
Thus in the case of a single crank engine this variation is large,
while in triple engines with three cranks at 120'' the variation is
reduced to within veiy narrow limits.
It is clear, therefore, that for the single-crank engine a large and
heavy flywheel is much more necessary than for the three-crank
engine of the same power.
To design a flywheel to meet the requirements of a given case, it is
necessary to find out first what is the extent of the periodical fluctuation of energy, above and below the mean energy transmitted during
a single revolution.
For this purpose a turning-eftbrt diagram is drawn by the method
Thus, in Fig. 287, curve ahcde represents the
already explained.
turning eff"ort for a single-crank engine during one whole revolution.

Fig. 287.

Of the two curves dhc and cde, that which shows the larger
The line fg is the
excess of energy is chosen for the calculation.
mean of the two curves. The resistance is assumed constant. Then
the work E done during one stroke is represented by the area ahc,
AE,
If area liibm
which area is equal also to the rectangle afgc.
then AE -f- E is called the coeflicient of fluctuation of energy.
For multiple-crank engines the turning-eftbrt curves for the
separate cranks are combined (Fig- 288), and the coefficient of
ae.

=

—

—

;
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fluctuation of enei\2:y

is

above the mean-effort
during the stroke.

i^ow the ratio of one of the areas projecting
as the area efg to the total effort oibcd

line,

To find the value in foot-pounds of the area efg, obtain l^y means of
a planimeter, or by simple measurement to any scale, the ratio of the
area efg to the area ahcd.
Then, since the area of (ibcd is known,
being equal to the work in foot-pounds done by the steam upon the
piston or combined pistons during the stroke, the area efg may be
obtained at once.
To find the -weight of flywheel, having given the coeflicient of
fluctuation of energy and the limit of variation of speed.
Fluctuation of the force acting as turning effort on the crank-shaft
consequence, followed by fluctuation of speed of
is, as a necessary
I'otation.
This is objectionable in all engines, but is especially so in
some d apartments of engineering, such as electric lighting ; and
although the speed of rotation cannot be made absolutely uniform,
so long as the turning effort is not uniform, the variation may be
reduced to any required extent by increasing the mass and radius of
the flywheel.
= the weight of the rim of the flywheel, the weight of the
If
arms being neglected r = the radius to centre of figure of the rim
V = velocity of rim at radius r in feet per second ; and w = angular
velocity of wheel

W

;

;

Ihen the energy

of

the wheel

=

-—

-

= —^
2g

2,7

for any addition of energy AE, such as area hhm (Fig. 287), we
have an increase of speed from wi to wo, and

and

AE = Wr2

(Do

—

OJi

^g
that is, for a given value of AE the change of speed will vary inversely
as the weight and as the squai^e of the radius of the wheel.
The radius of the wheel is determined somewhat by considerations
of appearance and proportion, according to the discretion of the
designer, always remembering that the peripheral speed of the rim
But having
should not exceed 100 ft. per second as a maximum.
determined the radius, the weight required to reduce the variation of
speed to within given limits is obtained as follows
:

;
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AE =
2j7

W
=
W = "^^
where

Vj

velocity,

2gv~

X

2«

X

Tcv

2^

^

.'/

= maximum velocity, v = mean velocity, and
also k = coefficient of fluctuation of speed =

v.2

= minimum
-,

The

value of k varies from tto for punching and shearing machines to ~;-^
to -g^ for electrical machinery.
This variation of speed has to do with the speed fluctuation during
a single revolution, and has nothing to do with the fluctuation of
speed from minute to minute, which is the work of the governor.
I'he stresses in a flyrolieel are of two kinds
(1) those due to centrifugal force, and (2) those due to inertia.
:

1.

The

centrifujial

wheel

force actins: radially in the

=

per

W

foot of rim, measured on the mean circumference,
= weight of the
rim per foot of length r = radius of wheel to centre of rim in feet
V = velocity of rim in feet per second at radius r.
The action of this force in tending to burst the rim of the wheel
may be considered as equivalent to that of steam-pressure acting
internally on the circular shell of a boiler, and as, in the case of a
boiler, the tendency to burst the wheel in a plane through any
diameter = F x d, where F stands for centrifugal force per foot of
rim, and d the mean diameter of the wheel in feet
and the stress
;

;

per square inch on the material

= f = —^ = —
area

,

where a

=

area of

'2a

section of rim in square inches.
In addition to the tendency to fracture of the wheel just referred
to, the centrifugal force tends also to bend the rim, between the arms,
concave to the centre. There is also a tensile stress upon the arms.
2. The stresses due to inertia of the mass of the wheel may become
large when there is any more or less sudden variation of the speed of

the engine, the eflfect of which is to put a bending stress upon the
arms, which may be considered as cantilevers loaded at the rim end
and secured at the boss of the wheel.
flywheel with a cast-iron rim 15 ft. mean diameter
Example.
The section of the
runs at a speed of 90 revolutions per minute.
rim = 150 sq. in. Find the stress on the rini tending to separate it
also find the stress per square inch on the
through any diameter
in., one on each
material of the wrought-iron strap plates, 8 in. x

—A

;

H

side of junction of segment.
Then, weight per foot of rim

150 X 12 X 0-26

=

4G8

lbs.

measured on mean circumference

=
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Centrifugal force

F

per

foot of rim

qr

= WrN' X 0-00034
= 468 X 7-5 X 90 X
= 9666o

90

X 0-00034

This is the radial force per foot of rim.
Resolving this force at
right angles to a diameter, then the total force tending to separate
the rim through a diameter

=r Xd
= 9666 5 X
= 144997-0

15
64-7 tons

ll)S., 01-

/ per square inch in wrought-iron
of wheel together
Stress

=t=
J.

''

load

area

=

144997-5
X

2

x

TTTF.

2(8

x

^r^T
1-5)

=

straps holding segments

.-,^^,

3021

,,

lbs.

per
^

sq. in.

^

This neglects the influence of the arms in resisting tensile

stress.

Fig. 289.

Fig. 289

Musgrave

is

a combined flywheel and rope drum as made by Messrs.
The construction will l)e understood from the

of Bolton.

drawing.
Fig.

290

is

a type of flywheel

made

for rolling mills in the

United
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States.

It

of wheel

is

was recently described by Mr. John Fritz. ^
in diameter from 20 to 30 ft.

made varying

This design
It has been

subjected to very severe treatment, and is said
never to have been known to fail.
The rim is cast in segments, each segment being

accompanying arm

and both seghollow as shown.
The
holes in the segments are made smaller at the
ends so as to allow for the metal taken out for the
connecting T-pieces.
The steel limbs or T-pieces
are designed so that the rim is as strong at the
joints of the segments as elsewhere.
It will be noticed that at the centre of the
wheel there is a space left of about \ in. on both
sides of each arm.
This is filled with oakum, and
driven hard after the wheel is finished and in its

cast with its

ment and arm are

;

cast

place.

by
Fig.
291 .shows a design for a flywheel
" Duisburger
the
Maschinenbau - Actien - Gesellschaft " with a cast-iron rim made in segments,
a cast-iron boss, and steel-plate arms secured in pairs to the boss
'-^

Fig. 292.

Fig. 203.

and rim as shown, with a

cast-ii'on distance-piece

between the pairs

of arms.
'

Cassier's Magnzine, vol. IG, No. 2.

-

From

" .Stabl

uud Eisen," May.

1899.

FLYWHEELS.
Figs. 292

and 293

^

show a fonn

flat steel plates, consti'uctecl

by the

p].

^51

of huilt-up flywheel conipo.sefl of
P. Allis Company (jf Milwaukee,

U.S., for a cross-conipf)und engine, 32-in. and 62-in. cylinders, and 5-ft.
The speed at which the wheel is intended to run is 75
revolutions per minute, giving a spe^d at the circumference of 90 ft.
per second.
stroke.

Fig. 292 is a side elevation of half the wlieel and a section throuf^h half the boss
boss is made of cast iron, and is 8 ft. extreme diameter.
Against each face of
the boss are two annular steel plates, A, Fig. 292, wliich are 1 in. thick and 23 in.
wide, and split on the diameter. From these plates extend the wcl>plato9, sixtten
in number, to the extreme outside diameter of the wheel.
Between the plates on
the opposite sides of the boss are trass-pieces, 1 in. by 8 in., bolted at the ends
with two ^-in. bolts, and having at the centre two l^-in. bolts as struts. The trusspieces are put at the joints between the web-plates.
Outside tlie web-plates are
cover-plates D, 1 in. thick and 27 in. wide, also split on the diameter.
Through
the outside cover-plates D, web-plates B, and inside plates A, are forty 2]-in. bolts.
In addition there are forty-eight IJ-in. bolts on each side, through the cover-plates
and web-plates. The section of the rim between the web-plates consists of thirteen
1-in. steel plates placed side by side and joined on the ends as shown.
Outside of the
web-plates, on each side of the rim, are 1-in. by 12-in. plates, forming cover-plates
around the entire rim. Still outside tliis is another strip 1 in. by 5 in. all round
the wheel.
Countersunk rivets 1^ in. diameter hold the plates and rim together.

The

A

"
good average value for the energy necessary to be stored in
fly-wheels for electric lighting purposes is 2*9 foot-tons per electrical
horse-power, and in traction plant 4 foot-tons."

"Built
second."
•

From

*

tSee

steel

wheels

may have

a peripheral velocity up to 130

ft.

per

-

the Railroicl Gazette.
paper by Mr. A. Marshall Downie.

B.S^c.

(Engineering, January 17, 1902).
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Cylinders.
The strength of cylinders, as of all other parts of steamengines, is initially dependent upon the pressure of the steam to be
used.
The thickness of the cylinder must be sufficient to safely withstand the maximum steam-pressure and to ensure a safe casting

throughout.
The general proportions of the cylinder depend upon the relation
between the length of stroke and the diameter of the cylinder. This
value varies from 1 "5 to 2'0 for ordinary horizontal mill-engines, and
from 1-2.5 to 0*6 for vertical quick-running engines.
The steam-ports are made sufficiently long (generally from
G to
0"8 of the cylinder diameter) to admit the steam promptly and
through as large an area as possible when the valve begins to uncover
the port, so as to give the piston the full benefit of the maximum
steam-pressure from the commencement of the stroke.
long port
has the additional advantage of permitting a smaller travel of valve
for a given area of port opening.
The dimensions of the port are also governed by the necessity of
providing ready egress for the steam during exhaust.
Getting the
steam out during exhaust is a more difficult problem than getting
the steam into the cylinder.
Large ports, however, involve large
clearance volume and large clearance surface, and, for reasons
already given, both of these should be reduced to the lowest possible

A

limits.

The

ai'ea of

steam-port

flow not exceeding 6000

Area ofc port
.

.

=

is

ft.

made

sufficient to

per minute

arta of piston in sq.
^^
"i

permit of a velocity of

;

in.

X

piston speed in

-^^

^

ft.

min.
per
i^

By turning the face of the piston in the lathe, and where possible
also the inner surface of the cylinder cover, the cleai-ance volume may
be more readily reduced to the lowest practical limit than when the
castings are left rough.
The clearance space permitted between the piston and cylindei
end vaiies from \ in. to ^ in., depending on the size of the engine.
Where the clearance space is very small, additional care is necessary in the adjustment of brasses at the various joints between the
piston and the crank-pin.
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In order that a hard surface shall be
Cylinder-liners and Barrels.
presented to ihe rubbing action of the piston, it is usual to fit a
separate Avorkiiig barrel made of hard, close-grained metal, forced or
shrunk into the cylinder, or secured by a flange at the bottom end
The cylinder-cover end of
fitted with bolts, as shown in Fig. 294.
The space between the workingthe liner is left free to expand.
barrel or liner and the cylinder-casting constitutes the steam-jacket,
and the joint at the cover end of the liner is made steam-tight and
at the same time allowed to expand freely by methods such as that

shown

in Fig. 294.

Fig. 295.

Fig. 294.

Many examples of cylinders are given throughout
295 shows a cylinder fitted with a piston-valve.

this book.

Fig.

—

Cylinder Patterns. Where a great variety of sizes of engines are
it becomes a matter of prime importance to keep down the
number of separate patterns, for a large stock of patterns represents a
large capital, which is to a considerable extent unproductive.
in making a series of engines of uniform type but somewhat
varying powers, one head pattern can be used for the two ends of
length of
the"^ cylinder with but slight alteration, and by varying the
the barrels the cylinder pattern can be used for a variety of piston

made,

strokes.

It

is

strokes,

customarv in many firms to keep engine beds to standard
and make the total initial pressure and power of tandem

—

254
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compound cylinders equal

to the half of the total initial pressure of a
cross-coupled or side-by-side compound engine, or equal to that of the
high-pressure cylinder only.
Thus, taking a cross-coupled compound engine, 16 in. and 30 in.
cylinder diameters, by 42 in. stroke, to find the compound tandem
engine the combined power of whose cylinders is equal to that of the
high-pressure cylinder of the 18" X 30" X 42'' cross-coupled engine,
the stroke to remain the same ; then, since the power is proportional
to the squares of the cylinder diameters, we have

—

jQ2

-g-

=

324
-2"

=

162; and

V 162 =

13

in.

nearly

that is, a 13-in. diameter high-pressure cylinder is equal to one half
By the addition of a suitable lowthe power of the 18-in. cylinder.
pressure cylinder to work tandem with the 13-in. high-pressure
cylinder, the total power will then be equal to that of the 18-in. highpressure cylinder, then

3Q2

-y =

450; and

V450 =

about 22

in.

that is, the heads of a cross-coupled compound engine 13' X 22' x 30''
stroke would be used as a 13' X 22' X 42' stroke tandem compound
engine, the beds, rods, bearings, etc, being the same as for a single
engine of the 18" X 30" X 42" size.

This gives a well-designed arrangement in both cases, and minimises
the number of patterns required.
Low-pressure cylinder patterns of small engines are used for highpressure cylinders of large engines by simply lengthening the barrel.
The above remarks assume a fairly uniform piston speed in the
a])ove engines, varying not more than 10 per cent, of, say, 600 to 660 ft.
per minute.

The splitting up of cylinder castings
by defective casting, and if an engine

also reduces the risk of loss

is wanted in a hurry,
the
cylinder can be treated in several separate machines, and the parts
assembled when machined in a much shorter time than is possible if
This, of course, does
the cylinder is machined as a single casting.
not apply to the case where a large number of engines of standard
pattern are passing through special machines, or where the time lost
in fitting the assembled parts would be greater than that lost in the
processes of machining the cylinder as one casting.
Fig. 296 shows a cylinder stufting-box and gland fitted with Ward's
is the piston-rod, which must be true and free
metallic packing.
from grooves if the arrangement is to be steam-tight ; with this
packing a brass bush is not necessary at the bottom of the stulfingbox.
B is the stuffing-box, which holds the packing. C is the glandcover, which has a perfectly true face on the inner side, where the
packing-pieces E and F bear upon it and make a steam-tight joint.
The packing-pieces E are made of anti-friction metal, lined on the
The pieces F make joints
outside with gun-metal to stiffen them.

A
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with the pieces E (see plan of figure), and prevent the passage of
steam at the partings of those pieces. The pieces E extend from
the face of the gland nearly to the top of the stuffing-box.
hoop, G, surrounds the packing-pieces.
It is bevelled as shown,
and fits against a corresponding face on the packing-pieces E. The

A

Fig. 296.

hoop

G

pressed against by two springs, H, which keep the packingThere
their work on the rod and the face of the gland.
is a further small gland and stuffing-box on the outer side of the
main gland-cover, which is sometimes fitted to keep the joint dry ; it
is packed with ordinary packing.

pieces

is

up to
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—A

perfect piston would be one which was at the same
Pistons.
In practice, in order to make
time both steam-tight and frictionless.
the piston steam-tight, various forms of spring rings are used, which,

while rendering

the

piston

steam-tight, also

set

up more or

less

friction against the cylinder walls during the stroke of the piston.
The packing-rings of pistons have themselves an initial spring or
tendency to open themselves against the cylinder-barrel, by being
first instance as a
ring to a slightly larger diameter
after
than the cylinder-barrel,
which the ring is cut obliquely so
that the ring may be compressed

turned in the

Fig. 297.

^

Fig. 298.

the barrel.
The steam is prevented from passing
through the oblique slit in the ring just made by the insertion of
a gun-metal tongue-piece. A, fitting in a groove cut right acz'oss the

and closed

slit (see

to

fit

Fig. 299).

of marine engines, and also of
locomotives, the packing-rings are generally small square spring
rings of cast-iron or bronze, without springs behind them.
Fig. 298 is a good type of stationary engine piston.

For the high-pressure pistons
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and 300 are typical examples of cast-steel pistons as made
marine work. They are much lighter than cast-iron pistons of
the older type of the same diameter, and, being conical in shape, they
Figs. 299

for

are also stiller and more rigid.
The small spiral springs behind the packing-ring in Fig. 299 force

\^_jf^m

Fig

299.

the ring against the cylinder-barrel, and they are capable of accurate
and uniform adjustment.
These spi-ings are compressed so as to
exert a pressure of about 2 lbs. per scjuare inch of the bearing surface
of the packing-ring.^
'

See Sennett and Oram,

'•

The Marine Steam Engine,"

p.

231.
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Too much care cannot be taken to obtain on the one hand a steamand on the other hand to secure steam-tightness with a
minimum of friction. In horizontal engines the friction is further
increased by the weight of the piston, and in horizontal stationary
engine? the practice of marine engineers of using light steel pistons
might be followed with
tight piston,

advantage.
Fig. 302 represents
views of a piston-packing having a double adjustment, as made by

Lockwood and
The pistonring is in two parts, and
within the two halfrings is a compound

Messrs.

Carlisle.

spring, one part being
helical,

Fig. 302,

shown in
and tending

as

press the packingrings outwards against
the cylinder walls ; and
another part having a
tendency to press the
apart
against
rings
the internal faces of the
piston-llange and the
This prelunk-ring.
to

vents the steam from
piston
passing
the
through the back of the
packing-ring.
Fig. 297 is a pistonvalve fitted with the
same kind of packing

and spring-ring.
Piston-speed varies in

ordinary practice from
about 300 to 400 ft. per
minute in small factory
engines,

to about

800

per minute for marine engines, and over
Fig. 300.
1000 ft. per minute for
the locomotive,
The piston-rod is designed to resist safely the stresses due to the
maximum load on the piston. and the area of the rod is calculated at
This is usually at the cotter end of the rod, where
its weakest part.
the method of connection is by a cotter to the cross-head (see Fig„
ft.
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Here the stresses change direction each stroke, being com303).
pressive during the outward stroke and tensile during the inward
stroke and consequently the factor of safety must be a large one.
The safe stress per square inch at this section for steel piston-rods is
;

8000 lbs. per square incli. At the other end of the piston-rod, where
the rod is turned down to take the nut, the weakest part is of course
at the bottom of the screw-thread.
It will be noticed, however, that
this part is subject to tensile stress only.
Cross-heads. The cross-head forms a head for the purpose of providing a bearing or support at the outer end of the piston-rod, and
to which the connecting-rod is attached
by a pin passing through the crossThis pin is sometimes called
head.
the gudgeon.
The cross-head varies

—

considei'ably

in

design,

depending on

the shape of the guides and on the
extent to which adjustments are fitted
for taking up wear on the brasses and on the guides.
The cross-head and guides prevent the oblique thrust or pull of
HALF Elevation

Fig. 302.

the connecting-i'od from bending the piston-rod,

This can be seen

26o
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When

by reference to Fig. 301.
the piston is being impelled forward
so that the rotation of the crank-pin is clockwise, then, if the connecting-rod makes an angle Q with the centre line as shown, the

C causes a backward thrust Q through the
P,
connecting-rod, which may be resolved into two forces, one,
tending to compress the piston-rod, and the other acting normally to
the guides, as shown by T.
resistance at the crank-pin

=

= VP' +
P = Q cos B
and T = Q sin H

Then Q

T'^

also

Again, when the piston

by the steam, the resistance

is

being driven in the opposite direction

of the crank-pin causes a

downward

pull

on the cross-head end of the piston-rod, the tendency again being
to cause a downward thrust upon
the guides.
If the engines are made to rotate in the opposite direction, the
conditions will be reversed, and
the thrust T will be always upwards for both strokes of the
piston, instead of downwards as
before.

It should be noticed, also, that
the crank-pin di"ags the
piston as it does, for example,
when steam is shut off while the
engine continues to rotate the
direction of the thrust on the
guides is reversed ; hence the netop and bottom
cessity for a
guide-bar under all circumstances.
The amount of thrust on the
guide-bar, that is, the value of T
in Fig. 301, varies according to
of the connectthe angularity
ing-rod, and to the position of the
The thrust is greatest when the
point of cut-off in the cylinder.
crank is at right angles to the axis of the piston-rod, providing
cut-off does not take place before half-stroke, and is reduced to

when

—

—

nothing at each end of the stroke hence the guide-bars wear hollow
in the middle, and arrangements should be made for removing the
guides and trueing them up.
It is usually important, in horizontal engines, that the engine should
rotate in the direction in which the thrusts of the cross-head are
taken upon the bottom guide-bar. This is especially so for the sake
;

of efficient lubrication.
When engines are required to rotate in either direction equally,
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the surfaces in contact between the block and the guide are made
equally large; but when the engine is intended to rotate always in
one direction, or nearly so, as in the marine engine, electric light

r

^:;v;;j

Fig. 304.

on which the thrust comes is
while the opposite surface may be mvich
reduced, as in the case with the slipper or shoe-guide (Fig. 304), the
prevailing dii-ection of the thrust being taken on the largest surface
of the block.
It is necessary that the cross-head should overrun the guide a little
engines,

made

and

mill engines, the surface

sufficiently

large,

[p

_ _ _o_ _

_

c-l
Fig. 305.

at the end of the stroke, so that no ridge may be formed by wear,
which would cause trouble if any slight change were made in the
length of the connecting-rod due to wear or adiustment of brasses.
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most used types of cross-heads and
only being displaced by the necessity
of diflerently constructed engine frames to meet the greater working
stresses due to high steara-pressure and more rapid reciprocation of
moving parts, rather than by any inherent defect in construction
It is essentially the locomotive pattern of twenty
or performance.
The
years ago, and was exclusively used for large fixed engines.
surfaces in contact with the slide-bars can be increased, so as to have
very low working pressures without unduly increasing the cross-head
Fig. 305 represents one of the

slide-blocks,

and one which

is

and gudgeon.
Figs. 304 and 305 are examples of what might be termed the
marine type of cross-head, for it is universally used with the slide-bar
attached to the back standard of marine engines. The head is forged
The slipper is made adjustable, and can
solid with the piston-rod.
be packed out from the head; or the slide-bars can be packed up
from the standards, and the top strips let down.
This cross-head is used between channel slide-bars, and
Fig. 306.
Adjustment for
also in the Corliss type and with other trunk beds.

wear is obtained by taking out the liners and drawing the slippers
up the inclined faces. The cross-head is usually made in cast steel,
and the slij^pers are cast iron.
Fig. 307 is a good example of a light cross-head suitable for
high-speed engines.
The wearing surfaces of the cross-head are
large in proportion to the diameter of the piston-rod.
The gudgeon
is fitted with an oil-box, which is drop-fed in vertical engines, and
wiper-fed for horizontal engines.
The gudgeon is cut away at each
side so as to form a relief corresponding to the recess in the brasses,
and to give the wearing surfaces an over-run, and so prevent the
formation of a shoulder when the gudgeon wears.
The slippers ai'e secured by studs, which are riveted on the wearing
faces and suitably filed clear so as not to have contact with the
slide-bars

The cone attachment of the gudgeon is a good feature, and makes
The split cone allows the gudgeon to be
a very solid arrangement.
always held true, and any slack to be taken up truly.
The sides of the cross-head are prevented from closing under the
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nip of the gudgeon nuts by projecting nipples on the slippers.
The
can be adjusted by inserting sheet-brass when necessary.
The best designs of cross-heads have low pressures on the slipper
face, and if kept below 40 lbs. per square inch, adjustments are almost
an unnecessary complication.
The pressure on the guide surface should not exceed 100 lbs.
per square inch as a maximum.
The maximum jiressure on the crosshead pin should not exceed 1200 lbs. per square inch of diameter x
slippers

Fig. 307,

—

The Connecting-rod. Figs. 308 to .311 shoAV designs for a connectThis design is also largely used for land
ing-rod of the marine type.
engines, both horizontal and vertical.
The weight of this type of connecting-rod is less than that of other
It is especially suitable
types suitable for the same size of crank-pin.
for high-speed engines, on account of the smaller amount of crankbalance required.

The interspace between the cap and body

of

the

large

end

is
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usually fitted with brass fillers, as shown at A, Fig. 310 ; the fillers
are retained in place by small studs as shown, and they can be
withdrawn when the rodend requires adjustment
by slacking out the main
nuts and lifting the fillers
off the studs without removing the studs. This
saves taking down the
whole of the large end,
and effects a great saving
of the time required to
adjust the brasses.
All brasses forming a
semicircle

v^^

upon

the

tend to close
when
pin

forcibly
unless
heated,
In this deprevented.
sign the brasses ai'e held
in place by side screws
and by the packing between the brasses.
In order to further
minimize the risk of closure of brasses upon the
pin, it is usual to cast
or cut away recesses, as
shown at c. Fig. 309.
The surface need not be
cut away through the
whole length of the bearFig. 308.
ing, for the oil is retained
better if the recess is stopped at each end about j to i^ in. from the
beginning of the radius of the crank-pin junction with the crankwebs.
In large end connecting-rod brasses for 6-in. crank-pins and
upwards, babbit metal strips are fitted in slotted recesses, as shown
in Fig. 308.
The surface of the babbit strips is usually left projecting
The bolts bear on each side of
•3V in. above the sui"face of the brass.
the brasses, and are usually relied upon to prevent the brasses from
turning when the packing pieces are filed thin.
Fig. 312 shows a fork-ended connecting-rod with outside bearings
for attachment to a solid cross-head.
It was a type largely used
some years ago on Lancashire mill engines, but is now largely displaced by more direct and less expensive forms of connecting-rods.
The higher speeds and pressures of to-day necessitate the line of
jii'essure between cylinder and crank-pin being maintained as nearly
in a straight line as possible, hence the success of the single-piston
rod-brass as against the double set of brasses of the forked connecting-
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beds and wide-spreading gudgeons of some years
tyjje it is ahiiost impossible to maintain the
perfect alignment of the connecting-rod, and if the brasses on both
sides are not adjusted exactly similarly, the work is liable to be done
on one side of the fork only, in which case fracture at the root of
the fork may occur,
rod,

with the

ago.

In the

flat

latter

I^.
}-

O

^
::J
f-

-^

Fig. 309.

Fig. 313 is an example of the best type of forked connecting-rod
Great care must be
end, and is used in conjunction with Fig. 311.
exercised in forging this type of rod end, so that the grain of the iron
If the grain crosses the forked part of the rod end,
follows the jaw.
flaws are often developed, and in view of this it is well to allow a
little greater factor of safety at these points.
Fig. 314 shows a connecting-rod suitable for 10" X 10'' X IG" doubleThe large end is a simple form of strap
cylinder portable engine.
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Fig. 310.

Fig. 811.

rfti

Fig. 312.

rfti

ENGINE DETAILS.
The taper cotter
type connecting-rod.
conjunction with an equaltaper gib, which holds tlie
end of the strap and preA'ents
it from opening.
The gib and cotter together
form a parallel couple, and
in adjustment maintain the
alignment of the connectingTwo gibs are somerod.
times used, one on each side
of the cotter, the taper on
the cotter in this case being
halved, and the gibs being
made with the same taper.
For very high speeds the
strap type is not so good as
the marine type, for it has
a tendency to bend under the
throw of the connecting-rod,
and, so opening out, to leave
When
the brasses a slack tit.
the strap type is used the strap
must be made extra strong, as
in the locomotive connectingrod. Fig. 315.
The small end
of the connecting-rod is solid,
and suitable

for

trunk guides.

is

267

used for adjustment in

FiG. 313.

The adjustment

Fig. 314.

is

by a fine-threadod
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Fig. 315.

Fig. 316.
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screw, aiul is satisfactory for small engines, but not suitable for very
great pressures, owing to the small area of the thread on the screw.

The thread must be
a fine vee thread,
to prevent slacking
out under the repeated loadings.
The brasses in all
these examples are

shown

close-fitting

at the joint, or, as
it is usually termed,
metal to metal.

In cheaper classes
machinery it is
usual to machine

of

the

brasses

solid,

and when they are
fitted, to part them
with a narrow tool,
and fill the space
with wood or leather
strips.

Fig. 315 shows a
locomotive connecting-rod end of the
Fig. 317.
It will
strap type.
be noticed that the end is proportionately much stronger than the
preceding example, and is the outcome of locomotive experience in
actual working.
The surfaces of the brass are recessed, and the
The inner surface of the bearrecesses are filled with babbit metal.
ing is radiused to suit the crank-pin, which is made of a gi-adually
reducing section to avoid sudden changes of section.
Figs. 316, 317, and 318 .show designs for the large end of a connecting-rod suitable for engines having overhung crank-pins, as in
the disc type.
The adjustment can be placed at the inner or outer end of the
All connectingbrass, so as to give adjustment in either direction.
rods should be designed so that the large and small end adjustments act in the same direction, and thus practically maintain the
When
centres of the crank-pin and gudgeon at a constant distance.
in. or -j=^ in., the length
the cylinder clearances are cut down to
-g-

When
remain approximately constant.
connecting-rod must
connecting-rods (Figs. 316, 317, and 318) are used, the crank -pin
is fitted with a loose cap, having a nipple going into the recess
The connecting-rod
in crank, and held in place by studs and nuts.
end is put together complete and passed sideways into the crank-pin,
and the cap then put on the end of the pin.
great advantage is obtained in having the connecting-rod made
of

A
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Fig. 318.

in one piece, without loose
attachments, such as caps, straps,
etc.,
for should the adjusting
pieces slack back or fly out, the
connecting-rod cannot get adrift

all

entirely.

Fig. 319 gives a design of a
large end for the connectingrod used on the inside crank

the Webb Compound locomotive, and
competes closely
with the marine type connect
ing-rod end for general adapof

tability

and
320

lightness.

is
the large end
the connecting-rod for Sisson's high-speed double-acting
engine, showing a spring selfadjustment, keeping the brasses
Fig. 319.
always up to their work, and
enabling the rod to yield in cases of accidental heating.
Main Bearings. The main bearings carry the crank-shaft, and

Fig.

of

—
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through them the stresses due to the steam-pressures on the piston
are transmitted to the engine framinir.

Fig. 320.

unportant that the main bearings should be set so as to
maintain the true alignment of the crank-shaft, and they must be
so fitted that when wear occurs the brasses may be readily removed
and adjusted to prevent distortion of the shaft.
For large main bearings, such as are used in marine work, the
bottom brass of the main bearing is preferably made concentric with
the shaft, so that it may be revolved round the shaft and removed
without taking out the crank-shaft.
To prevent heating of bearings, it is important that the bearing
surface should be sufficient to prevent undue load, f, per square inch
of bearing surface, reckoned normal to the load, namely, = diameter
of journal x length of bearing.
The pressure on main bearings Aaries from 600 lbs.
per square inch for slow engines, to -400 lbs.
for quick-revolution engines (Unwin).
The nature of the material of the bearing
has much to do with its satisfactory working.
The " brasses " should be made of a
metal which will easily stand a pressure per
square inch greater than that likely to be
brought upon the bearing at the same time
it should be a comparatively soft metal, so
as to reduce the possibility of injury to the
shaft by heating and seizing of the shaft
Fig. 321.
It

is

;

and bearing.
Accoi'ding to experiments

made by Mr.

J.

Dewrance, he concludes
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that " the oil should be introduced into a bearing at the point that
has to support the least load, and an escape should not be provided
for it at the part that has to bear the greatest load."

" The proper point to introduce the

oil

is

just above the joint of

ENGINE DETAILS.
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There the oil is distributed over
the bearing at the side (Fig. 321).
the shaft and carried to the point of greatest pressure. ... It is
desirable that each half-bearing should have its own supply of oil." ^
Fig. 322 is a good example of a main bearing as used on high-class
fixed engines.
to,

The main frame of the engine can be cast
The bearing
the main bearing as shown.

metal

in

suitable recesses, cai-e being taken
is in contact with the shaft.

solid with,
is

fitted

or jointed

with Babbit

that no part

of

the

cast-iron shell

and is fitted with two wedges at each
adjustment of the bearing after wear.
The cap is clipped over the upstanding jaws of the main pedestal,
and when bolted down it makes practically a solid eye, in which

The bearing

side,

is

in four parts,

which permits

of a ready

the main bearing is gripped.
The bearing is lubricated by sight-feed lubricators.- In large
bearings the cap is usually cored out so as to form a tallow-box.
and the lubricators are attached to a cover, which can be easily removed
if desired to inspect the bearing while the engine is in motion.
Engine Frames (Fig. 323). In designing the frame of an engine,
care is taken to distribute the material so as best to deal with the
stresses transmitted from the piston to the crank-pin.
Formerlv in horizontal engines the cylinder-guides and main
bearings were bolted separately on the bed, which was itself out of
the line of stress, and was subject to a bending action at each stroke
The modern engine frame is designed with more
of the engine.
regard to the work it has to do, taking the stresses as direct as
Figs. 323,
possible and more nearly in the centre line of the frame.
324 are details of the engine-bed for a horizontal mill engine.

—

't>i»»»/,>ijirMiiif

Fig. 324.

In vertical engines, especially for the navy, the dimensions and
weight of the engine framing have been greatly reduced compared
with the older class of engines (see the chapter on ""The Marine
Engine "). This has been possible by the introduction of a high quality
of steel

and

steel castings in the place of
'

Proceedings Inst. C.E.,

vol.

wrought iron and cast
cxxv.

p. .359

iron.

CHAPTER

XVIII.

FRICTION OF ENGINES.
If an indicator diagram be taken when there is no load on the engine,
attenuated diagram will be obtained, enclosing a work-area
representing the work required to drive the engine itself against

an

its

own friction.
From experiments made by

Dr. Thurston, it was shown that, under
usual conditions, and at all ordinary speeds and steam-pressures, the
friction of the engine remains practically constant, and that the
friction-card of the engine when unloaded represents also the friction
of the engine when fully loaded.
These conclusions have been frequently confirmed, and the
following diagram giving the results of trials of a compound Willans
engine illustrates the same fact, namely, that there is practically a
constant or a nearly constant difference at all loads between the I.H.P.
and the B.H.P. of an engine.
100

80

z
O
!*j

60

iZ
u.
lU

o
\

X
-

40

20
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up the value of the fraction to a vertical scale of percentage. By
joining the points thus found the curve is obtained.
From Fig. 325, we see that at a mean pressure of 9 lbs. per square
inch (referred to the L.P. piston) the efficiency was only 50 per cent.,
while at 50 lbs. mean pressure the efficiency was 93 per cent.
It will thus be evident that, so far as the mechanical efficiency
concerned, an engine should be worked up to its full load to obtain
The friction of an engine does, no doubt,
the maximum efficiency.
to some extent increase with the load, but the proportional increase
The above remarks
is so small as practically not to affect the result.

is

assume perfect

efficiency of lubrication.

Dr. Thui'ston gives the following vahies for the relative distribution
Main
of the friction in an engine with a balanced slide-valve
bearings, 47"0 per cent.; piston and rod, 32 '9 ; crank-pin 6-8; crosshead and wrist-pin, 5-4; valve and rod, 2*5; and eccentric-strap,
5"3 per cent.
The frictional resistance of engines in general varies from about
8 per cent, to 20 per cent, of the full power.
Mr. M. Longridge estimates that the total internal frictional resistance in driving the engine itself unloaded is equal to a pressure varying
from 2 lbs. to 3| lbs. per square inch of low-pressure-piston area.
:

CHAPTER

XIX.

BALANCING THE ENGINE.
Since the introduction of high rotational speeds, the question of the
balancing of engines to prevent vibration has been much considered.
If the moving parts of an engine could be perfectly balanced, then
the engine, if suspended, could be made to rotate in mid-air without
any motion due to inertia of the moving parts. But ordinary engines
are far from being perfectly balanced, and the inertia of the moving
parts of high-speed engines causes large and rapidly varying stresses
in the frame and foundation of the engine.
By the application, however, of properly placed and properly
proportioned balance-weights, combined with care in the general
design, much can be done to reduce vibration to a minimum.
Effect of Inertia of Reciprocating Parts.
Considering first the
effects on vibi-ation of the inertia of the reciprocating parts.
In Fig. 32G, suppose the piston to be at the end
of the stroke,
and the crank to be on the dead centre then if steam be admitted,

—

A

:

Fig. 326.

total force on the piston is equal to 4000 lbs., this force acts
There is then
pressing on the cylinder-cover and piston equally.
a stress of 4000 lbs. acting in the bed-plate, the pressure on the cover
pressing the engine to the left, and the pressure on the piston
pressing the engine to the right, acting through the crank on the
main bearing. The forces are equal and opposite, and cause a stress
in the engine, but do not tend to move it upon its foundation.

and the
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But when the
on the piston

moves, part of the steam-pressure acting
be absorbed (as we have previously seen) in

piston

will

accelerating the piston and the other reciprocating parts, and will
Suppose that the amount of such
not be felt on the crank-pin.
pressure absorbed is 500 lbs. ; then we have 4000 lbs. acting on the
cylinder-cover, pressing the engine in one direction, and 4000 —
500 = 3500 lbs. pressing against the crank-pin in the opposite
direction, making a net stress in the bed-plate of 3500 lbs., and a
further pressure of 500 lbs. tending to press the engine to the left.
The difference between the pressure on the cylinder-cover in one
direction, and the pressure on the crank-pin in the opposite direction,
gradually diminishes up to about half-stroke depending on the
where it becomes zero, and beyond
length of the connecting-rod
this point the force is in tha opposite sense, owing to retardation of
the reciprocating parts and the tendency now is to push the engine
to the right, owing to excess of pressure on the crank, the difference
gradually increasing to the end of the stroke.
On the return stroke the excess of pressure on the bed owing to
the acceleration of the piston is still towards the right, and remains
so, though to a gradually decreasing extent, to mid-stroke, when the
force again changes in sense, gradually increasing to a maximum to
end of stroke. These effects are clearly shown by the diagrams

—

—

;

which

follow.

compression or cushioning of the steam in the cylinder
the reciprocating parts is to remove the
retarding force (acting as driving force) from the crank-pin and
transfer it to the cylinder, where we now have, however, the same
net result on the engine frame, only the stress is applied to the
In this way the stress
cylinder-cover instead of to the crank-pin.
due to retardation is removed from the crank -pin at a time when the
force so acting is not acting as turning effect, and the work of
retardation is stored up instead in the compressed steam ready to act
on the piston during the return stroke.
further cause of tendency
Effect of Unbalanced Rotating Parts.
to rocking of the engine and vibration of the foundations is the
centrifugal force of the rotating
f—5-3
parts acting at the main bearings,
consisting
unof
the
balanced portions of the crankshaft itself, and including a
portion of the weight of the
connecting-rod.
Dealing first with the crankshaft itself, the extent of the

The

effect of

during the retardation of

—A

Fig 327.
r

=

radius

in

=

-

w-r,

where

centre of gravity of unbalanced parts about
velocity in radians per second.

feet of

axis of rotation,

To take an

centrifugal force

w

=

actual example. Fig. 327

is

a sketch of a small crank.

—
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Weight

of one arm, inlioles as solid

eluding

1

I

of two arms
of pin enclosed by
end of connecting-rod

Weight

_
=
=
=

(Fig.

centre

of

X

(4-

=
find

gravity

0-78)

+

(6

5)

X

X

8)1 2

X

0-28 lbs.

55 lbs.
110 lbs.

Weight

To

X

{(8-
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0-78

X

0-28 lbs.

17-6 lbs.

x

of

unbalanced

portion

of

crank

328)(110 X 3)

-f (17-6

X

6)

X

= 127-6 X «
= 34 inches

Referring this to the crank-pin, that is, finding the equivalent
weight (a-) acting at a radius of rotation equal to that of the crankpin
127-6

X

3-4

X

The

=
=

X X G
72-3 lbs.
at three

hundred

—

-

28o

—
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This difficulty

overcome by dividing the balancing mass and
side of the crank in accordance with the

is

distributing it on each
following principles
:

—

The extent to which balancing masses should be added depends upon
circumstances, to be more fully considered presently
but suppose it
is decided to balance the mass Wj, which is equivalent to the following masses, all supposed to be concentrated at the crank-pin and to
;

+

rotate at the crank radius, namely, unbalanced part of crank-webs
crank-pin -f a proportion (say 80 per cent.) of the mass of the connecting-rod -1- half mass of reciprocating parts.
Let balancing masses W., and W3 be placed on the wheel rims,
opposite the crank, so that

=

^S,T,

W,r,

+

W,r,

This secures a balance of the centrifugal forces
W.^-o

X

a

=

WoTs X

;

also

h

This prevents the formation of a couple tending to turn the engine
about an axis in a plane at right angles to the engine-shaft.
For the case of a two crank-engine, as a locomotive (Fig. 330), the

same
'

_

_

'

[

-j,

and

a

r

Fig. 330.

so that

Wr' =

Mj.ro -j-

tv-^r.^,

also so that w.^rM

=

principles

plied.

W"

ax'e

ap-

Thus,

let

W

(Fig.

331)

re-

present the mass at the
respective
crank-pins
requiring to be balanced.
Then, taking
each crank sej^arately,
the
two
balancing
masses lo., and w-- are
placed in the wheels
iv-^r.h.

from the last equation that the heaviest balancing
mass is placed in the wheel nearest to the crank to be balanced.
Similarly, balancing masses w^ and ^<7g will be placed one in each
wheel respectively, and opposite to the mass W", and these weights
are proportioned as already explained.
Thus in each wheel there
are two balancing masses, the heavier belonging to the near crank, and
It will be seen

the lighter to the far crank.
Instead of having two separate masses in one wheel, a single resultant
mass may be substituted. Thus, suppose that in an actual example
the large mass required is 252 lbs., and the small mass 92 lbs., then
the resultant mass is found graphically as shown in Fig. 332, both in

magnitude and

direction,

and

—

=
R=

R2

(252)2

268

+

(92)2

lbs.

As a design which reduces the necessity for counterbalancing
masses in the wheels of the locomotive, may be mentioned that for

—

—
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the

Glasgow and South-Eastern Railway by Mr.

281

Maiison,

which

Fig. 331.

consists of four high-pressure cylinders all

working on one

axle,

Two

placed inside under the smoke-box, driving on the
cranked axle, and two outside, driving on crankpins on the driving-wheels.
On each side tlie outside ci'ank is opposite the inside crank, so that the
recipi'ocating masses balance each other (except for
the effect of the shortness of the connecting-rod).
Diagrams of Unbalanced Forces for a Single-crank Engine.'— The
following diagrams illustrate the means of representing by a curve
the direction and magnitude of the forces acting on the engine-bed
of a single-crank engine.
1. The centrifugal force due to the
rotation of the unbalanced
portion of the crank-shaft
Draw a circle from centre A with radius AB (Fig. 333), the length
of AB representing to scale the centrifugal force due to the un:

balanced portion of the crank-shaft itself =

—

w-r,

where

W = weight

of unbalanced portion of crank-shaft referred to crank-pin, and
r
radius of crank-pin path in feet.
Taking the same values for
and r as are given for Fig. 327, then

=

W

Length

of

AB =

_
~
=
'

W
— w^r
i2;S

32 ^
1114

(27r

X

300)^

(60)-

X

A

See also "Graphic Methods of Engine Design," by A. H. Barker.
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This length is then measured from the scale
the figure, and the circle through B is drawn.

shown by the side of
The numbers marked
on this

circle represent
the several positions of
the crank-pin during
its rotation about centre
A. It is important that
these figures should be
marked on the drawing, in order to follow
the operation clearly.
2. The force required
to accelerate the connecting-rod may be estimated by a separate
construction but it is
convenient in practice
to consider part of the
connecting-rod as concentrated at the crankpin, causing a proportional increase of centrifugal force in the
crank, and part at the
cross-head, as addition
to the mass of the reciThe
procating parts.
distribuproportional
tion of the weight of
the connecting-rod is
determined by finding
the centre of gravity,

LBS

;

1000

2000

3000

4000

G, of the rod, as at Fig.
334, and dividing the

mass so that

Fig. 333.

centred at the crank-pin, and

BG

M-^p

B

equal to the centrifugal force of the added weight

W

where

= CP
.^p

.

at the cross-head.^

In accordance with this method, a distance BC, Fig. 333,
from

M.GP
BP

of the mass of the

is set off

W wV,
=—

connecting-rod, and r

=

the

crank-pin radius in feet.
Thus, for the engine under consideration the mass of the con-

necting-rod = 80

64

lbs.

;

lbs.,

also, since

and (Fig. 334)

N=
*

if

S^ =

OS, then 80

300 revolutions per minute

Effects of gravity are neglected.

x

0-8

=

—
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W
and the

= length of BC to scale
radius AC (Fig. 333) is drawn

circle of

total constant centrifugal force acting

representing the

through the crank and in the

direction of the crank on the main bearing.
3. The force retjuired to accelerate the reciprocating parts of the
engine is represented for crank position
(Fig. 333) by the vertical
line CD, and the vertical
„
tt
lines throughout the figure
G

AB

,

^

,

beyond

the circle through
represent this force for
the various crank-pin positions during a complete revolution, being a maximum

/

C

Fig. 334.

at crank positions
and 6,
and zero at or near crank positions 3
of the connecting-rod.

and

9

depending on the length

AB

To obtain the value of this force CD for any position
of the
crank, the construction due to Klein, and published in the Journal
of the Franklin Institute, vol.
132, September, 1891, is very
convenient. Thus, if OC (Fig.
335) = the position of the
crank, and CP = that of the

^^•''''

"'"-v^

\B

connecting-rod, then, if OC
represents to scale the radial
acceleration of the crank-pin
C w-r, the acceleration of
the reciprocating mass at P
obtained by the followis
ing
construction
Produce
Fig. 335.
PC to meet the perpendicular
through O in
draw a circle on PC as diameter ; with centre
;
C and
as radius, draw a cii'cle to cut the circle on PC in BB,
and produce if necessary the line BB to cut OP in E. Then OE
represents the acceleration of P to the same scale as OC represents
the radial acceleration of C.
To find the length of CD, Fig. 333,
by the scale of force for position
of the crank

=

:

N

CN

AB

Let mass of reciprocating parts, including 20 per cent, of connecting-rod

)

Force to accelerate reciprocating parts

In the same way
crank-pin

path,

this force

taking

in

may be
each

_
""

-i

0(5 ii,^

'

N"
— 2ir—
= W/
= 2218 lbs.
= CD (Fig.
(

r

X

OE
OC

333)

calculated for all points of the
case
the respective values foi

—

—

—
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OE -^- OC
drawn

for

obtained by Klein's method.
In Fig. 336 the diagram is
The reference letters
another position of the crank.

\B

IP

-Jt

-'

Fig. 336.

Fig. 337.

When the crank is on the dead centre,
are common to both figures.
the construction becomes as shown in Fig. 337.
If the respective values of OE at various positions of the piston
stroke are set off above and below
—iB a horizontal base, as at OE' (Fig.
of accelera338), then a curve
tion of reciprocating parts is obtained, which is the same as that
'c'
^
already described on p. 242.

AB

An
A^ery

algebraic exj^ression which

nearly exact for the force accelerating the piston

W wV
—
g
(7

—

/

\

1

COS 6 A
\

n

is

is

cos 20

J

which n is the ratio of the length of the connecting-rod to the
crank radius, and B is the angle turned through by the crank-shaft
measured from the inner dead centre.
Applying this formula to find the length CD (Fig. 333) when the
crank is at 30'
in

Acceleration at

=

30''

f

cos 30°

\

Then

=
=
CD =

+

- cos 60°
n

|^ + (|xi)j-^^
W
— wV X 0-977
0-977w2r
„

<J

the following useful geometrical construcProf. Dunkerley gives
tion exemplifying this formula
Let the outer circle (Fig. 339 be drawn to scale, with radius
'

:

=

r,

and

let this represent to a

W
force scale —

Engineering,

June

AB

w'r,

2, 1899.

where

W = weight

—
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of the reciprocating parts.

Draw two

285

small circles touching at

thcs

centre A, having their diameters along
the line of stroke, and so that their

AE =

radius

- times the crank radius,
n

Then angle

CD

and
cos ^

+

is

GEF =
made

- cos 2Q

)

J

11

2(angle

GAE)

= EF
AC + EF = AD

that is, the force of acceleration of the
reciprocating parts for any crank position

B=

W
—g

AD

a)2j-

X AB^
T-fi = AD to

the force scale.

Fig. 339.

Mr. J. W. Kershaw gives the following convenient geometrical
construction for obtaining six points in the curve (Fig. 340)
:

Fig. 340.

The

inertia

line

CD

is

first

drawn

in

the usual

W
infinitely long connecting-rod, making AD = BC = —
Points

=

E

and

- AD, where n

way

for

the

w-r.

F

in the curve are obtained by making

DE = CF

=

ratio of connecting-rod to crank radius

=

3

:

1 in

n
this case.

To
crank

find
:

two more

first

points, namely, for positions 45° and 135° of the
for crank at 45' with an

find the piston position

—that

R

KR

= ON ; then find true
with short connecting-rod that is, make
PH = OK. But force due to inertia at R for infinite connectingDraw a perpendicular from II,
rod is known, and is equal to RT.
and make HS ^ RT ; then S is a point in the curve. The same
connecting-rod
position
of piston
infinite

H

construction

Point S"

is
is

is,

make

followed to find S'.
obtained by drawing crank position

—

OP"

at 90°,

and

—

—

;
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H

corresponding piston position
for short connecting-rod
then draw H"8' perpendicular to AB, making H'S' = ED.
The point
is obtained as in Fig. 283.
Then the six points E, S, V, S", S', F are found, and a free curve is
drawn through them.
Then for any crank position P', P", P, etc., the force due to inertia is
obtained by measuring the height H8 for the corresponding piston
finding

"

V

H, and finding the value of

position

The proof
respectively

any angle

of this construction for the positions of points S, S'', S'
Using for the force F due to inertia for
as follows

is

:

F

now

is

F=

of the crank the formula

then for 45^, since cos

and

W
— w^r x HS
xi^.

W = cos

W
= — wV cos
•

long connecting-rod

^,

which

therefore

;

=

90'^

W
— wV / cos B -\-- cos
1

!

\
26'),

the last term disappears,

0,

the same as for the infinitely

is

HS =

RT.

Similarly,

H'S'

=

R'T'

at 135°.

When

Q

=

90°, as for

crank position OP", then

-^
F= W

=
because cos
position 90°

90°

=

;

-r (^cos

90°

+

- cos

180°")

W
— wr
.

and

cos

180°= —1.

F = ^(oV ( --) = FC = DE =
g

Having

\

Therefore for crank

H"S"

n/

obtained, by any of the above methods, the value of the

forces for the several points in the crank-pin path, and the direction
and magnitude of the resultant at each point, then by joining the

extremities of the resultants, as at
the full curve A'.

1',

2',

3',

etc.,

Fig. 333,

we obtain

This curve shows very clearly what are the magnitude and
direction of the resultant forces acting throughout the revolution ;
thus, supposing the engine to be vertical, and the crank to be turning
clockwise about centre A, then the vertical components acting
upwards upon the engine-bed are seen to be a maximum when the
piston is at the top of the stroke, gradually decreasing to zero at about
mid-stroke, and again gradually increasing in a downward direction
On the return of the piston from
towards the bottom of the stroke.
bottom to top of the stroke, the vertical forces still continue in the
same downward direction, gradually decreasing to zero at about
mid-stroke, after which they change direction and again become
a maximum in the upward direction at the top of the stroke.
The gradual way in which these changes take place is shown by
the smoothness of the contour of the curve.
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Effect of Addition of Balancing Masses.— Suppose masses added
the crank, as shown in Fig. 34 1 which will produce forces equal in
magnitude and opposite in direction to the unbalanced portion of the
to

,

-y^i'.
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and that clue to tlie balancing mass, whose centrifugal force =
acting in a direction opposite to the crank.
This resultant is obtained Ijy joining E to D. Then
is
resultant required for crank position AB.
In the same way
resultant may be found for successive positions of the crank.
If now lines be laid off" from centre A, equal and parallel to
respective resultants, in the same way that Al is drawn equal

ED

AE
the
the

the

and

Fig 342.
to ED, the successive points 1, 2, 3, etc., will be obtained
through which to di'aw the force curve C. Cai'e must be taken to
work round the crank positions in successive order, and to mark the
It will be noticed
corresponding crank number on the force curve.
that the numbers on the force curve C
when drawn in accordance
with the direction of the resultant have changed sides, and that
parallel

—

—

-
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they proceed round the figure in the opposite direction to those
on curve A' (Fig. 343).
From this it will be evident that if
any fui-ther balancing mass is added, the result will be that curve
C' will become flatter
vertically
more
and

extended
horizontally
(see curve D', Fig. 34-i).
The extent to which
such balancing should
be carried will depend

upon the judgment f)f
the designer.
Curve D' (Fig. 3-11)
has been drawn for a
balance weight whose
centrifugal

force

is

re-

presented by the radius
These
of the circle M.
diagrams show how the
problem of balancing
is affected by the speed
of rotation, for since all

the forces
to
crease in
tional

ai-e
oj'r,

propor-

they

in-

magnitude as

the square of the angular velocity, and only
directly as the radius,

and

therefore an increase of revolutions per
minute rapidly increase.^

the

magnitude

of

the

force curve.

The ordinary quick
engine for
revolution
electric lighting runs at
from two hundred to six
hundred revolutions per
to
minute
according
hence the great
importance of attention to balancing in such engines.
Curves showing Vertical Components of Unbalanced Forces on Foundations of Vertical Engines due to Inertia of Moving Parts. The
diagrams constructed in the form of an ellipse in Figs. 333, 342, 343,
and 344 may be drawn on an extended base (representing the unfolded
crank-pin path), the vertical resultants of the forces for each successive
position of the crank being used as ordinates, which when joinefl form
a series of wave-like curves.
By this form of representation the net upward or downward
u

size,

—

—
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pressure on the foundations resulting from combinations of engines on
one crank shaft may be
SINGLE CRANK
well seen.

Single-crank Vertical
Fig.
345
Engines.
shows a curve, AA,

—

drawn by

first

taking a horizontal

line,

which

is

XX, to represent the
unfolded crank -pin path,
and dividing it in a
scale of degrees.

for

l80--^--270"

any number

tions of the
vertical line

FiG. 345.

Then
of posi-

crank,
is

a

up
whose

set

representing the vertical component of the unbalanced force
height a above the base line, or of 6 below the base line, is equal to
the vertical component of the resultant force for the corresponding
crank position as found on the elliptical diagrams Fig. 333, etc.
Thus, comparing Figs. 333 and 345, the position
of the crank
(Fig. 333) corresponds to the 30° position (Fig. 345), and, considering
the case of a single crank at a time, the vertical height
(Fig. 345)
depends upon the amount of balancing, by the addition of balance
weights, which has been employed.
Thus, if there are no balancing
weights, then the vertical component of the resultant
(Fig. 333)
for the crank position
= AH, and
at crank position 30°

AB

DE

AD

AB

= AH
=

ED

(Fig. 333).^
If the crank itself is balanced, then
the vertical component of the resultant
(Fig. 333).^
Or if the balancing by addition of weights has been
carried so far as to balance the crank and the portion of the connecting-rod assumed as rotating with the crank-pin, then there is no
vertical resultant due to BO, that part being balanced, and the height
(Fig. 345)
the vertical OD (Fig. 333).i
The maximum range of vertical forces for a single-crank engine =
the maximum value of a -f &.
It will be noticed that the length a,
Fig. 345, is greater than that of 6, and these lengths are in the
proportion
(Fig.

ED

345)

BD = ED

(Fig. 345)

ED

=

(l

+

gr V

i)

:

W^iYi

nl

or \

-

1)
n'

between the maximum upwai'd and downward
on the foundation due to inertia of the moving parts
is sufficient in itself to cause appreciable and
even considerable
vibration, and accounts for many of the troubles in engines which
were otherwise supposed to be well balanced.
and B,
Two Cranks 180° apart. Fig. 346 shows a pair of curves,
for two engines working on the same crank-shaft with reciprocating
This

difference

vertical sti-esses

—

The

figures are

A

drawn

to different scales.
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parts of equal weight and with cranks opposite.
Curve B is, of course,
merely a repetition of curve A, and set 180° ahead of A, but the
vertical dimensions are the same for both curves.
So far as vertical forces due to inertia are concerned, the direction
of the cranks being always opposite, the forces acting on the foundation due to each set

TWO

moving parts are
also opposite, and they
of

CRANKS at 180

LBS

therefore
tend
to
neutralize each othei-.
If the obliquity of the
short
connecting-rod

were neglected, then
the vertical component for the two engines would exactly
neutralize one another,
and the resultant vertical force would be
nil.

But

180

Fir,.

in

high-

34G.

speed vertical engines the connecting-rod is usually exceptionally
short, and the result is that a large difference occurs between the
inertia effects in the upper and lower halves of the revolution.
The
difference ma^ amount to many tons in large high-speed, short-stroke
engines.

A

When these curves, and B, Fig. 346, are combined as shown, the
net resultant vertical force, shown by the dotted line R, is obtained
by taking the algebraic sum of the upward forces a and the downward
forces b for successive positions of the crank = (a — 6), and setting
off the result above or below the line XX, according as the result
is

positive or negative.

by the dotted line R that the maximum range of
upon the foundation is much reduced when two cranks
at 180° are used instead of a single crank, and when the weights of
the moving parts are equal in each engine.
It is thus clear that
a pair of simple engines will work more smoothly on cranks at 180°
than a pair of compound engines, unless the weight of the moving
parts of each engine of the compound is made equal by increasing,
Fig. 346 shoAvs

vertical force

weight of the high-pressure piston.
at 90°. Fig. 347 shows curves
and B representing
the vertical components of the forces for a pair of engines of equal
weight of moving parts and with cranks at right angles. The curve
B is the same as curve A, and is set 90° ahead of it. The dotted line
R gives the resultant vertical forces of the combined cranks on the
foundation, and is shown in this case to be considerable. If the weight
of the moving parts of engine B were greater than those of engine
A, then the maximum vertical forces due to inertia would be still
greater than befoi-e.
Hence, for the purpose of balancing quickrevolution engines, two cranks opposite, with pistons of equal weight,
say, the

Two Cranks

—

A

—

—
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are

much

to be preferred to

two cranks at 90° and pistons of unequal
Witli the

weight.

for-

mer arrangement, hownecessary to
the
diameter of the crankshaft to secure sufficient
strength (see Fig. 268).
AVith cranks at 90°, it is
specially important that
the range of vertical forces
on the foundation should
be reduced by the use of
balance weights.
Three Cranks at 120°.
Fig. 348 shows three
curves of vertical forces,
A, B, and C, for a set of
triple engines, of equal
weights of reciprocating parts, and with cranks 120° apart.
It will be found in this case that the resultant curve obtained by
taking the sum of the
THREE CRANKS at^
three forces at any crank
position, and shown dotted
(R) in Figs. 346, and 347,
now disappears, and the
tendency
to
vibration
due to the vertical effect
of the inertia of moving
parts is eliminated, notwithstanding the difference between the acceleration and retardation of
the moving parts in the
upper and lower halves
of the revolution.
The fact that the sum of the inertia effects is zero, whatever the
length of the connecting-rod, was first pointed out by M. Normand,
of Havre.
The proof is as follows
Let Fj
force due to inertia in one cylinder
Fo for the second
= the weight of the reciprocating parts ; and the
cylinder, etc.
other terms as before then
ever,

it

is

increase

—

:

=

;

W

;

;

Fi

-= W/
cos

F„

=-

(

|co3 (e

=

—
^(cos (e

a

\

\
j«V

-1-

120°) -h - cos 2(0 -f ]20°)la)V

+

240°) -f- cos 2(6

n

\

cj

F,

\

e -f - COS 20

n

)

+ 240°))a>-r
)

somewhat
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+ co6(fl + 120°) + cos (0 + 240°;} +• ^^''{cos 29
qn
+ cos (20 + 240)+ cos (29 + 480°))
= —^'(cos + cos CCS 120° - sin sin 120 + cos cos 240°
=

^^a>V(co8

^

^

(]

g
"^^

-

sin

+

cos 20 C03 480°

=

1

+

sin

240°)+

-

cos

WcoV/

J cos

(cos

-

—

sin

(cos 29

2J

^

+

cos 20 cds 2 10°

-

-

siu

J COS

+

"2

^"' ^

20-

+

^

)

-'^

-^^
i cos 20

sin 20 ein 240°

sin 480°)

sin

20- §cos 20

- -^

sin 20]

Wo/

=
The removal

of the vertical component of the inertia effects by the
combination of three cranks at 120°, with equal weights of reciprocating parts, is an important point in favour of such an arrangement of

cranks.

—

In tliis case
in Pairs of Two Cranks opposite.
in that of the triple engine, the resultant vertical force
disappears when the weights of the moving parts of each engine are

Four Cranks

R

also, as

equal.

—

Effect of Couples.
So far no account has been taken of the effect of
the "couple" tending to rock the engine endwise, or to alternately
lift and depress the opposite ends of the engine bed on the line of the
crank, each stroke, but obviously such a
couple exists with engines of two or more
cranks.
In the case of a two-crank engine with
cranks opposite, the moment of the couple
tending to turn the engine endwise, first
in one direction and then in the other, is
equal to the moment (Fxa) = (Fxc)
— (F X 6), tending to turn the engine
similar force on the
about point d.
alternate stroke tends to turn the engine

A

round

e.

"Where the value of F at the top position of the piston is greater than at the
bottom, as when a short connecting-i'od
is used, then
the disturbing force is
greater still, as has already been seen.
This tendency to end vibration may
Fig. 349.
be neutralized by the addition of another
pair of similar engines working on a common bed-plate tending
to produce an opposite couple, and arranged so that the two inside
cranks coincide in one direction, and the two outside cranks coincide
Here the opposing tendencies
in the opposite direction (Fig. 350).
to rocking are borne

by the bed-plate, and are therefore self-contained,
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and

so long as the ])ed-plate is sufficiently strong no vibration is
transmitted to the £ounda,tion.
The above four-engine arrangement is equivalent to the following
(Fig. 351), which is a triple engine with the middle crank carrying
reciprocating parts whose weight is twice
2W
that of the moving parts of the outside

GT
iW

m

w

r

Fig. 351.

Fig. 350.

Here, as in the previous figure, the couples are balanced,

engines.

though owing to the short connecting-rod the vertical forces are not
balanced.
Fig. 352

is

a design which accomplishes the same

result as in Fig. 351, but with two cylinders only.
In this design the lovr-pressure piston works in the

opposite direction to the high-jiressure piston.
The
high-pressure piston is connected to the central
crank, and the low-pressure piston to the two outside cranks, by means of two piston-rods which work
through bushes passing through the metal of the
low-pressure cylinder.
The weights of the moving
parts for both high and low pressure engines are
made equal.
In a triple engine with equal weights of reciprocating parts and cranks at 120°, the couple is not
balanced, though the engine may be balanced in
other respects.

To get over

this difficulty, it

was

first

suggested

by Mr. Robinson, of Messrs. Willans and Robinson,
to combine two sets of triple-crank engines on the
same single rigid bed-plate, and aiTange the cranks
p so that each of the two sets of engines tended to set
—
up opposite couples to its neighbour. Thus, if the
\\\
1_|J
cranks are numbered 1, 2, 3, 4, 5, 6, then if 3 and
„(..-,
4 are vertical, 2 and 5 will point to the right and be
30° below the horizontal, and 1 and 6 will point to the left and be
also 30° below the horizontal.
Then these two separate, unbalanced
couples neutralize each other, and as there is no tendencv to A'ibration

— —
'

I

I

I

j

I

—
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from vertical forces in each of tlie two triple engines, the engine is
from vibration.^
Vibration due to the coujile, in engines for light vessels, such as
torpedo-boats, may be to some extent modified by strong diagonal foreand-aft bracing-stays connecting
the after cylinders with the forward

free

part of the bed-plate (Fig. 353).
By this means the engines arc
made more rigid, and the vertical
couple of moment
x D, which
would give to the hull of a light

M

vessel

a vertical undulatory moand absorbed by

tion, is replaced

N

a horizontal moment,
x E, the
length E being the vertical distance between the longitudinal
deck stays, and the fastenings of
the bed-plates with the bottom of
the ship.

M. Nonnand

points out" that
system of
strong diagonal, longitudinal bracing of the engines, and horizontal
sl^ays at the top and bottom, the equalization of the weights of the
reciprocating parts (though decreasing the net vertical stress) would
increase the rocking motion due to the couple, and the more so the
between the fore and aft cylinders.
longer the distance
The Use of a Plane of Reference.^ If a loaded crank rotate about
the axis of a crank-shaft, tlie outward force
or pull acting radially through the centre of

without

a

complete

D

mass

=

Jj

=

— wr.
(J

—

fbfJL

the effect of this radial pull is conBut
sidered in relation to some plane ah at right
angles to the axis, but at some distance c from
the crank, and which we will call the plane of
reference, then the effect of the single force Fj
(Fig. 354) acting at the crank is equal to
force, Fo, acting in the plane equal and
(1)
together with
couple of moment, F^ x c, tending to turn
(2)
in a plane at right angles to the reference plane.
If several cranks rotate in the same shaft at any
if

A

A

Fig. 354.

parallel

to

F„

the shaft I'ound

angle with each

IMr. Robinson an 1 Cai)tain Saiikey, Pruc. Insf. Naval Archi1895.
* Enghi'^ering, October 27, 1893.
* For tlie meihod whicli follows,
dealing with the balancing of four-crank
engines, the author is indebted to Prof. Dalby's valuable paper on the "Bahmcing
cf Marine Engines :" Proc. Inst. Naval Architects, 1899.
'

See a paper by

tects,

:
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aud at various distances from the reference plane, then each
separate radial force, when referred to a common plane of reference,
is equivalent to a force acting in that plane, equal and parallel to the
original force, and to a couple the moment of which is equal to the
force at the crank multiplied by its distance from the reference plane.
Reciprocating Masses. If masses Mj and Mo on the respective
cranks of a two-crank engine with cranks opposite are equal, then
the cranks are balanced in all positions, so far as moments about the
crank shaft axis are concerned (neglecting the effect of the short
connecting-rod, and the couple).
Also, for all positions of the opposite cranks, the engine is similarly
in balance if, for the equal rotating masses, equal reciprocating masses
are substituted, each driven from its i-espective crank ; and thus the
result as to balance is the same whether the masses are reciprocated
or rotated.
Hence, if masses balance as a rotating system, they
balance also as a reciprocating system.
Similarly for any number of cranks, at any angles, if the rotating
masses balance, the reciprocating masses will also balance, provided
they are respectively arranged in the same proportion to each other
as the rotating masses.
The conditions of balance may now be stated thus
(1) If, in the plane of reference, lines taken in order be drawn
parallel to the respective crank radii and proportional to the forces
(or to the masses when the cranks are of equal radius) acting at the
respective crank-pins, the figure obtained is a closed polygon.
(2) If, in the piane of reference, lines taken in order be drawn
parallel to the respective crank radii and proportional to the moments
of the forces (or of the masses
_
_
when the cranks are of equal
radius) acting at the respective crank - pins about the

other,

—

origin

+

at

the

ference, the

plane of

re-

figure obtained

a closed polygon.
These
conditions
apply
equally whether the masses
are reciprocating or rotating,
the
reciprocating
masses
Jjeing
considered, for the
purpose of solving the proU— a
blem of balance, as if they
i-^
were rotating masses.
For a triple-crank engine
(Fig. 355), with cranks at
120°, if a plane of reference
l;e taken through one of the
Fig. 355.
end cranks (say No. 3) and
the crank positions be projected on the plane, then condition (1) may
be fulfilled, so far as the forces acting at the respective crank-pins
is

:
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when those
may be drawn whose sides
are concerned,
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forces are equal, because a closed

are equal

to each other

and

figure

parallel to

the crank radii.
But it is evident that when the forces at the crank-pins are unequal
and the cranks are at 120°, the condition of balance of forces is not
fulfilled, because it is not possible to close the force polygon.
It is also evidently impossible to fulfil condition (2) for a threecrank engine, as the moment of the force acting on crank 3 about the
origin at the reference plane is zero, and the two remaining moments
(Fj X V) and (F2 X a) do not form a closed figure ; unless the cranks
are as shown in Fig. 351, which fulfils all conditions of balance, except
It will be
for the disturbing effects of the short connecting-rod.
observed that the conditions here laid down for perfect balance ignore
the effect of the short connecting-rod, which effect, as has been already
explained, may in itself cause considerable vibration, though the
The influence of the short
engine is balanced in all other respects.
connecting-rod is more serious in quick-revolution engines, as its
disturbing effect varies with the square of the angular velocity of
the crank.
Applying the previous conditions of balance to the case of a fourcrank engine, suppose the respective distances between the cylinder
centre lines are chosen (Fig. 356), and the weights of reciprocating
parts for three of the engines are approximately fixed, it is required
to find (1) the relative crank positions, (2) the reciprocating mass
for the fourth crank necessary to balance the mass of the other three
cranks.
Take a plane of reference through one of the end cranks, namely,
crank 1, whose relative angular position and weight of moving parts
are not yet fixed.
Then the data may be conveniently set out in a tabulated form as
shown thus

No. of
crank.
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reference plane.
In this case, since one of the cranks is in the reference plane, only three cranks have moments about the plane, and
the polygon is therefore a triangle.

57W

Fig. 356.

crank 4, draw AB horizontal = 3000
convenient scale of units
For crank 3, draw BC = 4500 x 5
For crank 2, draw CA = 3000 x 3
First, for

=

21,000 to any

X

7

=
=

22,500

;

9O0O

These lines form a closed triangle of mass- moments, and the cranks
if made parallel to the lines AB, BC, and CA, namely,
cranks 4, 3, and 2 parallel to AB, BC, and CA respectively. These
directions of the cranks are then drawn as shown in Fig. 356.
It now remains to find the direction of the crank No. 1 relatively
to the remaining cranks, and to find the mass rotating at the crankpin, in order to complete the balance.
This will be obtained in the next process by finding the direction
and magnitude of the line required to close the mass polygon. Whatever position crank No. 1 may have will not affect its mass-moment

are in balance

;
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balance,
is

=

as

the crank

is

in

the

reference

plane,
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and

its

moment

0.

Secondly,

making the

draw the mass polygon
lines representing the

to

some other

scale

of

units,

mass at each crank parallel to the

respective cranks.

partly superposed upon the moment polygon, and
each crank, drawn parallel to the moment lines.
Thus A6 = 3000 = mass at crank 4 ; 6c = 4500 = mass at crank 3
Then the line dk required to close the
cd = 3000 = mass at crank 2.
mass polygon gives in magnitude the mass of the rotating or reciprocating parts, whichever may be under consideration, and the direction
dk, when transferred to the end view of the crank-shaft, gives the
angular direction of crank 1.
To check the accuracy of the work, it is well to take a new reference
plane through crank 4, and to draw a new mass-moment triangle,
composed of the moments of cranks 1, 2, and 3 about the origin at
crank 4. If the figure again closes, the work is correct.
This diagram (Fig. 356) is given as illustrating method of procedure,
and is, of course, subject to the modification as to ^'eights and centre
distances to suit practical requirements.

The

figure

the mass

may he

lines, for

—

—

CHAPTER XX,
STEAM-ENGINE PERFORMANCE.
Ix the early days of engine-testing, it was usual to expi'ess the performance of the engine in terms of the number of pounds of coal used
per indicated horse-power per hour.
If the object were to express the performance of the whole plant
engine and boiler included and if the heat value of 1 lb. of coal
were a constant quantity, then there would be no objection to this
unit of measurement, and it was, and is still, in fact a useful, if not
an exact method.
But as a scientific measure of the performance of the engine itself it
was valueless, because it included also the performance of the boiler,
which latter might be either good or bad ; and thus two engines of
equal merit, the one attached to a good and the other to a bad boiler,
might show widely different results.
The more usual system at present is to express the performance of
the engine in pounds of steam used per hour j^er indicated horse-power.
But this unit also is not satisfactory, because the number of heat-units
employed to generate a pound of steam is not uniform, but depends
upon the pressure of the steam, the temperature of the feed-water, and,
if superheated, the degree of superheat employed.
The error is comparatively unimportant when saturated steam
within the ordinary limits of pressure is being considered, but for
superheated steam the case is very different. Thus the total heat from
32° Fahr. per pound of saturated steam at 50 lbs. absolute pressure
is
1167 heat-units, and at 150 lbs. pressure it is 1190 heat-units,
while the total heat of steam at 150 lbs. pressure superheated 300°
Fahr. is 1334 ; and since it is the heat that does the work, and not
the steam, the weight of steam used as a measure of relative efficiency
is very misleading.
In each of the above cases 1 lb. of steam may
be used, but in the last case that of the superheated steam it
contains 14-3 per cent, more heat than the 1 lb. of saturated steam
at 50 lbs. pressure,
committee of the Institution of Civil Engineers has recently
considered this question, and issued a report containing the following

—

—

—

A

recommendations
" 1, That 'thermal
:

efficiency,' as applied to

any heat-engine, should
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mean

the ratio between the heat utilized as work on the piston by
that engine, and the heat supplied to it.
" 2. That the heat utilized be obtained by measuring the indicator
diagrams in the usual way.
"3. That in the case of a steam-engine, the heat supplied be calculated as the total heat of the steam entering the engine, less the waterheat of the same weight of water at the temperature of the engine
exhaust, both quantities being reckoned from 32° Fahr.
" 4. That the temjDerature and pressure limits, both for satui'ated
and superheated steam, be as follows
" Upper limit the temperature and pressure close to, but on the
boiler side of, the engine stop-valve, except for the purpose of calculating the standard of comparison in cases when the stop-valve is
purposely used for reducing the pressure.
In such cases the temperature of the steam at the reduced pressure shall be substituted.
In the case of saturated steam the temperature corresponding to the
pressui'e can be taken.
" Lower limit
the temperature in the exhaust-pipe close to, but
outside, the engine.
The temperature corresponding to the pressure
of the exhaust steam can be taken.
"5. That a standard steam-engine of comparison be adopted, and
that it be the ideal steam-engine working on the Rankine cycle between
the same temperature and pressure limits as the actual engine to be
:

:

:

compared.
" 6. That the ratio between the thermal efficiency of an actual engine
and the thermal efficiency of the corresponding standard steam-engine
of comparison be called the efficiency ratio.
" 7. That it is desirable to state the thermal economy of a steamengine in terms of the thermal units required per minute per I.H.P.,

and that, when possible, the thermal units required per minute per
B.H.P. be also stated.
"8. That, for scientific purposes, there be also stated the thermal
units required per minute per H.P. by the standard engine of comparison." ^

The steam-engine was taken to include everything between
boiler side of the engine stop-valve and the exhaust flange.

the

The

condenser was not included.
In accoi'dance with the above recommendations, it is probable that
in future steam-engine perfoi'mance will be expressed in terms of
thermal units required per minute per I.H.P.
To convert pounds of steam per I.H.P. into B.T.U. supplied per

I.H.P.—
-r>

rp

XT

_ weight

of

steam per minute x net heat-units per pound

lhTr
the ideal standai'd of comparison, the Committee of the Inst.
C.E. recommend a perfect engine working on the Rankine cycle,
which is understood to mean an engine receiving steam at its upper
limit of pressure and temperature equal to that measured close to but

As

'

Vroc. luit.

C.E

,

vol. cxxxiv.
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side of the engine stop-valve, and continuing this
and temperature up to cut-off. Beyond cut-ofF the steam is
assumed to expand adiabatically in the cylinder down to a pressure
equal to the back pressure against which the engine is working.
The steam is then exhausted from the cylinder at constant pressure
corresponding with the lower limit of temperature. The above cycle,

on the

boiler

pressure

which has hitherto been called the Clausius
to call the
of

Rankine

cycle, it is

now proposed

cycle.

The B.T.U. required per minute per I.H.P. for the standard engine
comparison is given by dividing 42 "42 by the efficiency of the

cycle.
1. The efficiency of the Rankine cycle for saturated steam
in the report above referred to as

-

(T„

is

given

T

+ ^;) - T. hyp.
L. + T„ - T.

T,)(l

log

^^^

See equation (1), p. 54, where T„ and T^ = absolute temperature of
saturated steam at stop-valve and exhaust respectively.
2. For superheated steam the efficiency becomes

—

(T,-T,)(l-f ^T) + 0'48iT,-T„)

-

T,(hyp. log

^

-f 0-48

hyp. log

"""

where

T^,

+

T„

-

T,

+ 0-48(l\ -

= absolute temperature

valve.
If expression (1) above be

42-42

1^^
~

L,

X - = B.T.U.

of comparison

=

a,

of

T,.)

superheated steam

and expression

per T.TI P. per minute

for saturated steam,

foi-

(2)

be

at

=

h,

stop-

then

the standard engine

and 42 42 x j

fur

superheated

steam.

To facilitate the use of the standard, and to avoid calculation, the
following diagram (Fig. 347), prepared in the first instance by Captain
Sankey, may be used, from which the number of B.T.U.'s per I.H.P.
per minute may be read directly for the case of the ideal engine
working between known limits of temperature T„ and T^..
Example. Suppose an engine working between the temperature
limits of 350° for initial steam and 140° for exhaust steam, then
where the vertical through the 350° point on the base line cuts the
curve through the 140° point on the right-hand scale, we find the
horizontal line which, when traced to the left-hand scale, gives 180
as the number of B.T.U.'s per I.H.P. per minute required by the ideal
engine working between these temperature limits.

—

Boulvin's

Method

of

Transferring

Indicator Diagrams

Temperature-Entropy Chart.— The following diagram,

first

to

the

devised
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500

250"

350"

300°

TEMP: OF

INITIAL

STEAM

Fig. 357.

400"
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illustrates a useful method of traasferring ia
the indicator-diagram to the B^ chart. By means of such transfer
it is readily seen where the losses in any engine or combination of
engines occur.
It shows for any engine what use it makes of the heat-units supplied

by Professor Boulvin,
full

Fig. 358.
it per pound of steam, and by plotting diagrams from sepai'ate
engines whose performance it is desired to compare one with the other,
it is easily seen where and in what respect one engine is superior to
another in efficiency as a heat-engine.
Four axes are drawn from centre 0, in Fig. 358, namely OP, OY,

to
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and OV, which represent respectively lines of pi-essure, temand volume to any convenient scales.
Set off on OY a scale of temperatures, and on OP a scale of
pressures
a temperatui'e-pressure curve is then drawn in YOP by
joining the intersections of the projections from corresponding pressure
and temperature values for steam, as obtained by reference to the
Steam Tables.
The temperature-entropy portion YOM of the diagram between the
axes of temperature and entropy may be drawn, as already described
on p. 43, or the respective lines of the diagram may be transferred
from the chart, Plate I.
For the line of volumes, set off along the OV, to any convenient
scale, a scale of cubic feet, and make its length at least equal to that
of the volume of 1 lb. of steam at the lowest pressure used.
With
the scales of volume and pressure now fixed, draw from the Steam
OlVr,

pei'ature, entropy,

;

Tables the saturated steam cuiwe.
To place the indicator diagram in the pressure-volume portion POV
of the figure, it is necessary to already know the relation of the indicator diagram to the clearance line and the saturation line (see p. 116),
in which case it can be transferred directly by plotting it to the new
scales of pressure and volume.
To transfer the indicator diagram to the tempei-ature-entropy
portion of the figure by means of the graphical method, it is necessary
to draw lines relating volume and entropy, as shown in the volumeentropy portion
of the diagram.
To draw these lines, take
any convenient point
on the saturation curve, say through 40 lbs.
on the pressure scale ; draw the vertical line
to the temperaturecutting the temperaturepressure curve, and the horizontal line
vertically to meet
in H,
entropy lines in E and K. Project
and project IvT vertically to meet the horizontal line AT in T. Join
in G, and from G draw
HT. From B draw a horizontal BG to cut
in F.
Then the point B on the indicator
the vertical GF to cut
diagram is transferred to the point F on the temperature-entropy
Any further number of points may be transferred in a similar
chart.

VOM
A

DK

AD

OM

EH

HT

EK

manner.

—

Weight of Steam used by the Engine. 1. When the engine
exhausts its steam into a surface-condenser, then if the condensed
steam be collected and weighed, and at the same time the power
of the engine be determined from indicator diagrams, the weight of
steam per I.H.P. per hour may be directly determined. The weight
of condensed steam should correspond with the weight of feed-water
supplied to the boiler during the same period.
2. When the engine exhausts into a jet condenser, it is more
difficult to determine the steam consumption at the condenser end,
and it will usually be obtained by measurement of the boiler-feed.
It may, however, be found with approximate accuracy by passing
the combined condensing-water and condensed steam over a weir
or tumbling-bay, or through a number of orifices (say twenty) bored
out to gauge, and fixed level in the end of the tank receiving the
X

—
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contents of the condenser. The tank should be provided with baffles
to steady the flow of the current.
If, then, the contents flowing from
one of these oriBces be collected separately and weighed, and the result
multiplied by the number of orifices, the total weight of water passing
away per unit of time will be obtained.
If S = weight of condensed steam, and
= weight of injection
water, then total water weighed =
S per minute.
(1)
If <i and
= initial and final temperature of the injection water
obtained by delicate thermometers, then W(<., — t^ = heat carried
away by injection water. Let t.2 also equal temperature of feed.
Heat supplied by steam = S(H — h.2), where
is total heat of the
steam, and h^
(temperature of feed — 32). Then

W

W+

.

.

.

i.^

H

=

S(H —

h,)

—

= (work done in heat-units per minute) -f W(/^ — Q

Or, if temperature
steam, then

t^

of feed is not the

same

S(H - Jis) = work done + 8(t^ - 1,) + W(/o - t,)
now two equations — (2 or 3) as above, and (1)

We have

nupierical value in pounds of

W

-f-

S by weight during the

By combining

these equations tlie value
steam per minute, can be obtained.

.

(2)

as that of the condensed

of

S,

or

(3)

equal to the
test.

the weight

of

Then S -7- I.H.P. = weight of steam per I.H.P. per minute
On the Increase of Initial Steam-pressure. The economy of engines

—

consumption per unit of power will always
be a most, if not the most, important factor in determining the relative
value of difi'erent types and combinations of engines and boilers.
If this condition is to be fulfilled regardless of any other condition,
then the direction in which such economy must be looked for is by
the adoption of the highest practicable steam-pressures by the use of
water-tuba boilers which are now working as high as from 250 to
300 lbs. par square inch and even more and by the further adoption
of superheating both in the first and again in the succeeding cylinders,
combined, of course, at the other end of the scale with the most
perfect condensing arrangements.
study of the temperature-entropy diagram will show at once that
in the directions above indicated must be sought the maximum
theoretical efiiciency of the steam-engine, and that with a constant
in regard to steam

and

coal

—

—

A

minimum

loss

at

exhaust,

a

maximum work

area

per pound

of

steam can only be obtained (1) by increased initial pressure, and
(2) by reduced loss by cylinder condensation, which is the object of
superheating
the amount of superheating employed being so much
as will secure dry saturated steam at cut-ofi", and not such an amount
as will result in the actual presence of superheated steam after cut-off"
in. the cylinder.
The amount of superheat in the initial steam to secure
this result has already been given in the chapter on Superheating.
The above requirements for maximum efficiency of the steam are to
some extent ideal, and there are many practical ditficulties which yet
remain to be overcome, but they represent the direction towards which
;

—
'

•
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the more progressive engineering will continue to aim ; and where
maximum power per unit of weight of machinery is the primary
consideration, regardless of cost in other directions, the maximum
possible pressures will be employed, and superheating, though at
present in abeyance, will probably follow, at least in some degree.
But where other conditions than the above obtain, that is, where cost
of maintenance, attendance, repairs, depreciation, loss through stoppages,
etc., all have to be considered, as is the case in most stationary work, in
estimating the real commercial economy, it is doubtful whether even
the most up-to-date stationary engineering will adopt the extremely
high pressures used by marine engineers for the sake of maximum tteavi
economy as such, and as distinguished from all-round economy, though
probably superheating will continue to increase in favour. In a recently
published pamphlet giving the result of two-cylinder-corapound engine
trials, Messrs. Hick, Hargreaves & Co., of Bolton, say

"At the present time there is a strong and increasing tenilency towards compound
engines working at a high boiler pressure (about 160 lbs.), in preference to triple
and quadruple expansion engines for millwork.
ExpericLce lias shown that
whilst two cylinder compound engines have great advantages in the way of simplicity and reliability, they can compete very closely even in steam-ingine economy
per I.H.P. with the best triple-expansion engines, and tliat they actually afford the
least expensive and most satisfactory method of driving a factory when all the items
of expense are taken into account.
Tiie use of superheating will tend strongly in
the same direction by reducing the loss by cylinder condensation, the leduction of
which is the one excuse for multiplying the stages of expansion in separate
^lill engines are fitted with valve gear capable of giving any desired
cylinders.
ratio of expansion in each cylinder.
This factor is frequently overlooked when
comparing mill engines with marine engines, in which the valve gear employed will
only allow of a limited amount of expansion in any one cylinder.
.

.

.

An

investigation was recently (1897) carried out by Mr. Dugald
" the use of pi'ogressive high-pressures in non-compound
locomotive engines," to ascertain the increase of efficiency derived from
raising the boiler pressure.
The following table shows some of the

Drummond on

results obtained

:

—

Original pressure.

lbs.

per sq.

in.

liaised to

Gain per ceut. steamconsumption.

—
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temperature (absolute). Also the initial temperatures do not
increase at the same rate as the pi^essures ; on the contrary, while the
initial pressures rise very rapidly, the temperature increase is comparatively small, especially so at the higher pressures.
Thus, for steam
at 170 lbs. absolute pressure, the temperature is 368° Fahr., while for
steam at 250 lbs. absolute pressure the temperature is 400'^ Fahr. If
in both cases the steam is exhausted at a temperature of 150° Fahr.,
which is equivalent to a pressure of about 4 lbs. absolute, then it will
be seen by measurement from Fig. 357 that in the case of the 170 lbs.
initial pressure the B.T.U.'s per I.H.P. per minute required for the
ideal engine
175, and for 250 lbs. pressure the B.T.U.'s
160, that
initial

=

is,

=

a gain of
\

^
io

X

100 = 8-6 per

cent., or in practice

a gain of

about 6 per cent, of heat expended per I.H.P., for an increase of 47 per
cent, in the steam-pressure, which gain seems hardly likely to tempt
engineers in the direction of an indefinite increase of pi-essure from the
point of view of economy of heat, especially when the higher pressures
are accompanied by difficulties such as
(1) Increased strength, weight, and initial cost of boilers, steam-

and fitting.^.
by radiation throughout
steani-pipes, and engines.
cost for repairs and maintenance.

pipes, engine cylinders,

(2) Increased

including boiler,
(3) Inci'eased

losses

the

whole

plant,

But, as already stated, there are other considerations, besides
thermal efficiency, which leads to the adoption of the highest steampressures, especially that of the increase of poioer per unit weight of
For it will be
engines, which follows the increase of steam-pressure.
remembered that in a given engine the power increases directly in
proportion to the increase of initial pressure, the point of cut-off in the
lirst cylinder being assumed constant.
Hence the reason for providing warships, for example, with the
highest available working pressure regardless of difficulties.
Reduction of Pressure by Reducing-Valves. It is now usual
in water-tube boilers to reduce the pressure from 300 lbs. in the
This permits of the initial pressure
boiler to 250 lbs. at the engine.
on the engine being kept more consistently constant than would
be the case if there were no reducing-valve between the boilers
it is also equivalent to increasing the volume oi
and the engine
the steam space of the boiler without increasing the size of th^
It is often stated that this wire-drawing of the steam
boiler.
by reducing the pressure from 300 to 250 lbs. per square inch, is
a convenient means of supplying superheated steam to the engines.
But unless the steam supplied by the boiler is perfectly dry, or
nearly so, which is a large assumption, there can be no superheating thus, the total heat of steam at 300 lbs. pressure = 1209-3,
and at 250 lbs. pressure = 1204-2— that is, 51 units of heat are
liberated when the steam is wiredrawn from 300 lbs. to 250 Ibs.^
Assuming the boiler steam to contain 2 per cent, of
pressure.
moisture, then on passing through the reducing-valve the liberated

—

:

:
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5'1

iieat-units -will evaporate -=^

L =

where
5'1
"uTiqT^

=

latent

006

lb.

lbs.

water (moisture) into steam,

of

heat per pound

of steam at 250 lbs, j^ref-sure.

of water evaporated.

TJierefore

the steam wetness

pound to (0*02 — 0*006) lb. per
reduced from 2 per cent, to 1*4 per cent.
But there has been no superheating of the steam.
If the steam from the boiler were perfectly dry, then on passing
through the reducing- valve from 300 to 250 lbs. pressure 5-1 units
of heat are liberated, and taking 0.48 as the specific heat of steam,

is

now redu-ed from

l)Ound, or

then 5-1

the wetness

-f-

0-02 lb. per
is

0-48 = 10-6 degrees of superheat.

—

Steam-consumption. The Willans Straight-line Law. It was first
pointed out by P. W. AVillans that if the total steam-consumption per
hour of a throttling or constant
expansion

engine be plotted
on a horse-power
the
mean-pressure base,

as ordinates

or

an oblique straight
shown in Fig. 359.
That this must be so theo-

result
line,

is

as

retically will be obvious

from

the following illustration.

In Fig. 360 cut-off at 0-5
expansions is taken,
and an initial pressui-e of 90
or two

AB5.

The mean pressure is =
76*2 lbs. (found by means

lbs.

of the

formula

j?,„

=

p

^-^P"

MEAN PRESSURE

Tig. 359.

"^^
j,

and the terminal pressure

is

At an initial pressure of 45 lbs. the mean pressure is 38-1 lbs.,
and the terminal pressure 22-5 lbs.
In Fig. 361, the terminal pressures are set up vertically as ordinates,
and the mean pressures are drawn horizontally as abscissae and the

45.

;

225

Fig. 360.

381
361.

762

M.P.

Fm.

intersections give the straight line of steam-consumption oa, because
the steam-consumption per stroke is proportional to the terminal
pressure in theoretical engines.

3IO

steam-i-:ngine

theory and practice.

If tlie term T.H.P. be substituted for "mean pressure," as may be
done when the speed of any given engine is constant at all powers,

MEAN PRESSURE
Fig. 362.
it may be stated that the total weight of steam used varies
directly as the I.H.P., or, in other words, the weight of steam per
I.H.P is constant at all powers when back pressure, friction, and all

then

other losses are neglected.
The oblique straight line obtained by plotting the steam-consumption as explained above would not be quite straight, but slightly
curved if adiabatic expansion had been used, instead of hyperbolic.
By choosing various cut-ofF points a series of oblique lines may be
drawn (Fig. 362), each separate straight line representing the steamconsumption for a separate fixed cut-off" v/ith variable initial pressure
at that cut-ofl\
The Curve of Steam-consumption for Variable Expansion.— If a scale
90

2

54
36
18

MEP
Fm.

3G3.
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pressure-points on the respective oblique lines, then the cuives obtained will give by an ordinate measured to them from the base
the steam-consumption for a variable cut-off with a constant initial
pressure ; thus Fig. 363, line Oa is drawn as a line of steam-consumption for a cut-off in the cylinder at 0-6, and at various initial
pressures ; line Oh is di-awn similarly for a cut-off at 0-4 ; and line

—

and a pressure scale is marked upon each
joining points a, 6, c at the common pressui-epoints of 90 lbs., a curve of steam-consumption ahc is obtained.
If the vertical ordinate be measured to the curve for any point of
6 of the stroke, the total steam-consumption
cut-off from 0-2 to
is obtained at a constant initial pressure of 90 lbs. per square inch.
The same result may be obtained by measurement from a theoretical

Oc

for a cut-off at 0-2,

line respectively.

By

indicator diagram, as follows
Draw indicator diagrams (Fig. 364) showing the variable expansioncurves for constant initial pressure with cut off at 0-2, 0'4, O'G of the
stroke, and find by measurement or calculation the mean pressure for
each case reckoned to zero back pressure.
Then plot on squared paper the terminal pressures as oidinates,
and the mean pressures as abscissae (Fig. 365). The terminal pressures
:

are proportional to the
steam exof

weight

hausted, and the vertical

may

scale

54

U

thus be

made to represent steamconsumption.

Thus

in

Fig. 364,
0"6 of

with cut-off at

the mean
81'7 lbs.,
and the terminal pressure 54 lbs. ; at points
the

stroke,

pressui'e

of

is

cut-off 0-4

and 0-2

the mean pressures are
69 and 47 respectively,
and the terminal pressures 36 and 18.
In Fig. 365 the mean pressures are plotted on a base-line, and the
terminal pressures on the vertical scale to repi'esent proportional
steam-consumption. By joining the intersections of the corresponding
mean and terminal pressures, the curve ahc is obtained as before
(Fig. 363).

It will be seen that this curve falls below the straight line oa,
joining the origin o with the point a of maximum power, and if an
ordinate be measured from the base-line at a given mean pressure,
the vertical height measured to the curve is less than that measured
to the straight line oa, and the difference between the two heights

the relative difference between the total steam-consumption under
the two systems ; the straight lines representing the varying steam-

is

;
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consumption at fixed points of cut-off, when the power is regulated
by throttling, either by hand or by a governor and the curve representing the steam-consumption at constant initial pressure when the
power is regulated by varying the point of cut-off" by hand or by a
;

governor.
In the same way, lines and curves haA^e been drawn (Fig. 366)
showing the relation between the steam-consumption when the two
methods of varying the power are compared.
Thus, taking three
different cases of constant cut-off" engines, namely, two, six, and fourteen expansions respectively, and comparing them with three a ariable
expansion engines having the same cut-off at maximum power. If
each starts with the same initial pressure and the same cut-off, as at
d, e, and /, and the mean pressure is reduced (in the straight-line
or throttling engine, by reducing the initial pressure ; and in the
variable expansion engine by keeping the initial pressure constant
and increasing the number of expansions), then if the absolute
terminal pressure of the theoretical indicator diagram, or the steamconsumption per stroke, be set up as verticals, it will be found that
their height is less with the variable expansion than with the
throttling engine.
It will be seen by the figure (Fig. 366) that the difference is much
greater for the simple two-expansion engines than for engines with
1000

20

30

40

MEAN PRESSURE
Fig. 366.

many

expansions, such as triple-expansion engines, in which the possible
between the two systems of regulating the power is small,
as seen by the nearness of the curve to the straight line of.
If the engine considered is a theoretical non-condensing engine,
(Fig. 359) is the line of steam-consumption
then the oblique line
is the back pressure of the atmosphere.
In practical cases
and
difference

OM

OA

—
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OA

the length
represents the eciuivalent loss of cfibctive mean
pressure due to back pressure, condensation, leakage, radiations, etc.
Taking now a practical case in which the friction of the engine
is included.
It will be noticed that in the theoretical cases taken so far, all
the throttling straight lines and all the variable expansion-curves
pass through the origin O of the diagram ; that is to say, in a
theoretical engine there is zero steam-consumption at zero mean
pressure.

But
the
line

in practice that

is

not

and if the oblique
drawn from an actual

case,

engine test be produced, it
will
be found not to pass
through the origin 0, but to
cut the v(;rtical line at some
point above it, which will represent to scale the steamconsumption of the engine at
zero mean pressure.
The ^¥illans oblique line for an actual
throttling
engine takes the

form of

W = a + ^P
W

HORSE POWER
Fig. 367.

where
is the total weight
of steam used per hour
P is the indicated horse-power a is the
weight of steam used at zero mean pressure, and depends upon the
extent of the back pressure and on the losses inherently due to
the engine itself while running 6 is a constant, depending also on
;

;

;

the type of engine.
It will thus be understood
that with a throttling engine
the full load is the most economical load, because the effect of
the constant a is proportionally
less at high powers, and that as
the power of a throttling engine
is reduced, the consumption of
steam per horse-power is increased.

consumption lines
be plotted for an engine working through its full range of
power, tirst with variable initial
and secondly with
pressure,
If the actual

and

cc

^
cc
Q-

^
^
co

^
^r
^—

constant
it will be seen
that over a certain range, mn {Fig.
variable cut-off
initial pressure,

-

HORSE POWER
Fig. 368.

367), the ^ariable ex^^ansioa is
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the

more economical

poiiit,

;

m, the throttling

if the cut-off is carried beyond a certain
method becomes the more economical of the

but

two.

mean

pressure corresponding with the lowest steamconsumption per I.H.P., draw a
tangent, Oc, to the curve of
steam - consumption from
the
point O
then a vertical, cd,
through the point of contact
gives by its intersection with the
horizontal base the mean pressure,
that is, {cd. -^ od),
od, required
or (steam-consumption4-I-H.P.),
is a minimum when the power is
represented by od.
To find the mean pressure
corresponding with the lowest
steam-consumption per B.H.P.,
which is usually more important
to know than that for the I.H.P.
Fig. 369.
(Fig. 369) be the curve
Let
of total steam-consumption for the engine, and let Om represent to the
scale of mean pressure the pressure required to drive the engine itself.
From point m draw a tangent me to the curve then ef is the most

To

find the

;

;

AB

;
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horse-power liad been considered, a lower mean pressure would have
been chosen.
Such a diagram shows why, in electrical work, the rated mean
effective pressure is always chosen high, namely, from 40 to 45 lbs.
per square inch referred to the low-pressure piston, tlie reason being
that when the most economical point is considered with reference to
the effective horse-power, instead of the indicated horse-power, it is
found possible to work economically at the higher mean pressures,
and the advantage of doing so is that the same power may be obtained with a smaller engine, and therefore also one which may be
run at higher rotational speeds.
In mill engines the rated mean effective pressure is usually about
28 lbs., but there is a tendency all round in the direction of raising
the value of the rated mean pressure.

„

CONDENSING
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Usually engines may
being the maximum economical -working load.
be worked about 25 per cent, above this load as a maximum.
The load-factor is the ratio of the average working load to the

maximum working

load.

SIMPLE NON-COND^

SIMPLE CONDENSING

COMPOUND COND^
TRIPLE

EXPANSION

RATIO OF ACTUAL TO RATED LOAD

Fm.

372.

The following results of a series of trials with a "VYestinghouse compound short-stroke engine were given by Mr. Arthur Rigg.^ The
cylinder diameters were 14 in. and 24 in., with a 14-in. stroke cranks
;

opposite

;

revolutions 290 per minute
WaTER-CONSI'JIPTION per

1

;

variable expansion governor.

BhAKE

IloIiSE-POWEK.

STEA M-ENGTA'E PER FORM A NCE.
Non-condcnstnrj.

1

317

—
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This is probably due to the reduced
speed of rotation increases.
by cylinder condensation at high speeds.
The following results are from experiments by P. W. Willans

loss

:

Revolutions per minute
Steam per I.H.P. per hour

401

301

198

116

17-3

17-6

189

20-0

'

—

The Cornish Cycle.- In the Cornish single-acting pumping-engine
(see Fig. 373), the steam passes into the cylinder through valve A, and
being
acts on the top of the piston to drive it downwards, valve

B

'

Proc. Inst. C.E., vol. cxiv.

See a paper by Mr. Henry Davoy on the Birmiugliam Waterworks, Proc.
Mechanical Engineers, 1897, p. 297.
^
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closed
the space below the piston being at the same time in communication with the condenser through the valve C.
At the end of the down-stroke the valve B opens to exhaust, and
the valves
and C are closed. The steam now passes from above
the piston to the space below the piston through the valve B, and not
;

A

directly to the condenser.
The piston then ascends in a condition of equilibrium.
The reason for the economy obtained by this arrangement is that
the clearance surface above the piston is never put in direct com-

munication with the condenser, the range of temperature above the
piston being from admission to release only, while below the piston
the range of temperature is from release to exhaust, the fall of
temperature from admission to exhaust thus occurring in two stages.
This cycle is now adopted by some single-acting high-speed engine
makers, notably in the Willans engine.

— Considering that the steam used by an engine
much as the initial cost of the engine itself
difference in weight of steam consumed — and therefore

Economy Guarantees.
each year often costs as
also that the

;

—

burned in power plants by different makers, may be as great
as 100 per cent., the importance of obtaining guarantees of steam
economy will be very obvious.
of coal

It must be remembered, however, that the results of the trials of
engines and boilers, when new from the hands of the makers, will not
usually be repeated in ordinary working practice, owing unfortunately
to the various sources of loss of efficiency which occur unless exceptional
attention is paid to detail.
It would be safe to allow a margin of at
least 25 per cent, between the makers' tests and the actual working
performance of the plant. This margin represents the sum of a large
number of small but more or less preventible losses which occur in
power plants, and the extent of the reduction of which is a measure
of the intelligence and skill of the operating staff,
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Horizontal and Vertical Engines. The choice of type depends in
some measure on the space at disposal in which the engine is to be
fixed, and also on the speed of rotation desired.
Where floor space is limited, and height will permit, the vertical
type is the only alternative ; but where space is not so limited, the
question of speed of rotation desired will more probably decide the
type, for slow speeds the horizontal being generally preferred.
The horizontal type is more convenient of access, while the vertical
is often most inconvenient in this respect.
The stresses are spread
over a larger floor area in the horizontal type, and the engine is therefore more likely to be free from vibration.
It is usually more difficult to keep vertical engines clean, because
of leakage of water and oil from stuffing-box glands and other parts
falling directly among the working parts.
Vertical engines are lighter for the same power, because they are
made of a shorter stroke, and run at a higher rotational speed than
horizontal engines.
In horizontal engines the cylinders are liable to wear down and to
become oval in consequence of the weight of the piston wearing a
bed for itself on the bottom of the cylinder. This objection is absent
in vertical engines, though of coui'se the weight is carried o:i the
crank-pin instead.
To reduce the wear in horizontal cylinders, the
piston is sometimes supported by a tail-rod, which is a j^rolongation of
the piston-rod carried out through the back cover.
With the long-stroke horizontal engine extreme care must be

taken in the construction of the foundation, to ensure the prevention
uneven "settling down."
For engines of large power in electric light and traction stations the
vertical type is now almost exclusively enjployed.
The Horizontal Mill Engine.— Figs. 374 and 382 give details for

of

a horizontal tri]3-gear engine, 15-in.
working pressure of 100 lbs.
The steam admission is affected
operated by a detachable trigger, the
by the governor.
The exhaust valves B are of the
cam on the side shaft C.
The cylinder is a cored casting of

diameter, 36-in. stroke, suitable

for a

by double-beat drop valves A,
point of release being determined
double-beat

tough casb

type,
iron,

worked by a

which must be
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from Ijlow-holes and other imperfections, and has suitable recesses
into which the steam and exhaust valve seats are forced.
The steam is admitted by the side and at the centre of the cylinder,

f L-ea

and passes up a belt to the steam-passage on the top of the cylinder,
which aarain communicates with the steam-valves A at either end.

3--

FiG. 374.

When the steam is exhausted from the cylinder it escapes into a
cored chamber, D, common to both exhaust valves, and from thence to
the exhaust pipe.
separate working barrel or liner, E, is forced into the cylinder
in. larger at one end than at the other,
casing. The parallel part is
to facilitate putting in and fixing of the barrel.

A

^

y
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and valves are cast off a specially strong hard mixture
and hematite irons.
The upper and lower beats of valve faces are tangents to two spheres,
which have their common centre in the point of suspension (see Fig.
The effect of this special arrangement of valve seats is to
376).
maintain true contact between valves and seats. When the valve

The valve

seats

of cold-blast

Fig. 375.

seats are both the same angle, the lower valve seat wears larger than
the valve and causes leakage.
It is usual to finally grind the valve seats together when they
have been heated, so as to make them steam-tight after they have
been expanded by the hot steam. All castings have more or less

internal

stress in

them

as

delivered

from the foundry, and when
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such castings are subjected to heat, they sometimes twist and go out
of shape.

In small castings it is possible to get rid of the initial stress, byplacing them in a furnace and heating them to a blood-red heat,
closing the dampers and leavmg the furnace and castings to slowly
cool together.

Where

castings camiot be so heated,

it

is

very necessary to care-

examine and "let down" the wearing parts which are to be a
working fit under steam pressure and temperature, and with more
complicated valves, this must be done several times before the
fully

necessary steam-tightness is attained.
The steam-jacket is supplied with high-pressure steam by a small
steam-valve placed alongside of the stop-valve, and the condensed
water is drained through a passage (drilled at right angles) which
connects the lowest point of the jacket to a suitable facing on the
side of the exhaust passage on the underside of the cylinder.
The cylinder is automatically drained by the separate exhaust
valves each exhaust stroke, and in order to prevent the danger of an
excess of water under pressure trapped between piston and cover
when the exhaust ^•alves have closed, relief valves are fitted to each
end of the cylinder.
sight-feed lubricator, F, is provided, and connected to the steamsupply passage.
The cylinder is coated with a fibrous non-conductor, such as
asbestos or slag wool, and cased in sheet steel secured by screws
fitting under the cylinder cover and stufling box as shown.
The cylinder cover is a strongly ribbed casting, having proper
recess for piston nut and giving y^ in. clearance.
polished cover
is fitted, which forms an efficient air-jacket and helps to keep the
lagging in place.
The lifting lever of the steam-valve is fitted with a hardened-steel
tip, which is engaged by the trigger-piece H, provided with similar
hardened-steel tip.
The maximum amount of contact is -— in., and
is determined by an extending tail,
T, which limits the extent of

A

A

engagement.
The motion to lift the steam-valve is derived from an eccentric
mounted on a side shaft, C, driven by bevil gears from the crankshaft.
The upper end of the eccentric-rod is connected by two
side links, MN, to the lifting lever-pin (see Fig. 374), and when
the trigger is engaged, the lifting-lever, trigger, and side Imks form a
locked triangle.
The upper portion of the trigger is curved towards
the buffer-box K, anid rides under a detaching pad, which is formed
on the detaching lever J, keyed on the cut-off spindle L.
The cut-off spindle is arranged to give the lever J a movement
approximately the same in direction as the tail of the trigger T, and
the inclined tail runs under the detaching pad and detaches the
trigger from the valve-lifting lever.
In all mechanical cut-off gears it is of the highest importance for
the governor to regulate the point of cut-ofi' with the smallest possible
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resistance to its movement from the gear itself, and it should ])e free
The al>ove arrangeto adjust its position during steam admission.
ment is a good example of a detaching-valve gear, suitable for governing
on a low percentage of variation.
The steam-valve spindle is extended beyond the lever attachment,
and is connected to a piston having
,

turned

Ramsbottom

rings) fitting in

an

grooves

(not
box.
clearance

air-buffer

The piston has about 3^ in.

the valve is seated.
When
the valve is lifted the piston draws
in air freely through the ball-valve

when

P

(shown enlarged. Fig. 375), and

when

the valve

released the ball
is forced out
through the holes (regvdated in area
by the fine screw) in the upper part
is

seats itself, and the air

of the air-valve.

A

provided to suppleof the steam and
ensure the prompt closing of the
valve when the lever is released.
By suitably regulating the airvalve, the valve can be made to seat
itself rapidly and without noise.
spring

is

ment the rush

An extension-piece, Q, is made on
the trigger to overbalance the other
portions of the trigger and ensure
engagement with the lever.
double bearing is placed on the
side of the cylinder to carry the
side shaft C driving the valve gear,
Two cams are used to open the
exhaust-valves B, and the springs
Fig. 376.
fitted to the extension of the exhaust - valve spindles
ensure the
valves returning to their seats when the cams release.
The separation of the steam and the exhaust valves possesses
many advantages ; it lends itself to the perfect adjustment of the
steam-cycle, the
exhaust valve opening and closing being no
longer inter-dependent as in the ordinary slide-valve, but the
compression and exhaust opening can be regulated independently
of each other.
Adjustments are provided in the steam and exhaust valve couplingrods and also in the valve spindles, which enable the lead and cut-ofF
to be varied, and the exhaust valve to be slightly adjusted.
lever and weight is placed on the cut-off spindle L to ensure

A

I
'

A
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the trip being held out of action in the event of any accident
happening to the governor or driving-gear, or when the safety device
to stop the engine

operated.
securely seated on two planed sole-plates let down
on either side of the pit in which the exhaust valves work.
figs. 378 and 379 show an inverted arrangement of the Hartnell
spring governor.
The bell-cranks carrying the governor-balls are
fitted with rollers, A, in the ends of the short arms, and push on the
T-headed governor spindle B. The centrifugal force of the governorballs has to overcome the spring resistance plus the dead weight of

The cylinder

is

is

Fig. 379.

the complete head, which includes the box surrounding the spring
and the double-ended bracket carrying the centres of the ball arms.
heavier governor is obtained by this arrangement than the
simple spring Hartnell governor, which is liable to hunt when
working on a fine variation.
The added dead weight of the inverted head tends to check the
inter-revolution variation of the governor due to the varying angular
velocity arising from irregular turning effort on the crank-pin.
The governor spindle Is of steel, and is hardened at the bottom
where it rests on an adjustable toe-piece, also hardened.

A
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driven by skew-gearing, the driving wheel of which

keyed on the side
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shaft.

cased in and flooded with
lubrication is ensured.
cast-iron die-piece is held by set screws
between the side levers, and the governor
motion is transmitted therefrom to the cut-oft
is

oil,

so

that

constant

A

gear.

The

communicating mechanism between
lev^ers C and D and the cut-off
spindle L is arranged so that the valve gear
is disconnected from the governor in the event
of an accident happening to the governor, or
the lifting

^^

of its being inoperative.

When
workmg

the governor

falls

below

its

normal

position, the notch in the catch-link

Fig. 380.

F

comes into contact with the small inclined lever G and moves the
detaching lever so that the trigger cannot engage the trip lever, and
the engine is stopped.

Another lever, H, is also provided, to the end of which a cord is
attached, which is connected electrically or otherwise to the various
floors of the mill.
In the event of urgent necessity arising to immediately stop the engine, the lever
is raised, and the small knockout lever J lifts the catch-link F, the weight falls, and the engine

H

stops.

Fig. 377 shows the piston-rod stuflfing-box.
It is arranged with
the front flange fitting into a bored portion of the bed, the flange
being bolted up to the end of the bed, thereby forming an eflicient
air-jacket for the front end of the cylinder.
The stufting-box is fitted
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with a long neck bush of brass, and the gland is also brass bushed.
The edge of the liange projects over the cylinder and holds the lagging
in place.
Figs.

323

and 324 show the girder bed for the same engine,
which is cored out and
planed to receive the
cross-head.

The

flange

faced for attachment
to the cylinder.
Suitable facings are also
provided to receive the
side shaft and governor
brackets.
large cast-iron oil
receiver is sunk into
the ground to catch
all oil from main, bearings and crank disc
when standing.
Bosses and facings
are provided to receive
the handrail and pillar.
Fig 380 shows a

is

A

cast-iron

which

disc

crank

forced
on
shaft, and into which
the crank-pin is also
forced and afterwards
riveted
over.
The
crank-pin is oiled from

a

visible

drop

lubri-

by a
column by means of a
centrifugal oiler.
The
cator,

Fig. 381.

is

carried

oil
is applied in the
centre line of the shaft, and flows outwards to the surface of the pin
through the pipe by centrifugal force.
The ball which receives the oil is divided at the centre, so that if
the crank stops on its top centre the oil will be retained in the cavity
behind the rib, and not run out on the floor.
Fig. 298 shows a piston, with studded junk plate designed for this
engine.
The studs have a collar, which is let into a recess, and a small pin
driven into the side to prevent it turning.
The piston block is coned on a swelled end on piston-rod with a

l-in-8 taper.

rings are of L section, and the spring is of the usual plain coil type.
Fig. 381 shows the arrangement of side shaft driving in conjunction
with main girder.

The
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The remaining details for the same engine may be completed from
the examples given in the previous chapter on Engine Details.
Fig. 382 represents a section of a cylinder
Prosll Vaive Gear.
fitted with the Proell valve gear, as made by Messrs. Marshall of
The gear consists of two equilibrium admission
Gainsborough.
These are alternately
valves, A, one to each end of the cylinder.

—

by means

which are each connected with
by means of the bellcrank levers C, which hang on pins, PP, on opposite ends of the
rocking-lever M.
This rocking-lever is keyed to the same spindle,
O, as the lever N, which is di-iven by the eccentric.

lifted

trip levers, B.

of the valve spindles,

The

trip levers are depressed
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D

of the bell-crank levers, projecting inwards towards the
The ends
centre, are brought into contact at each stroke with the trip pad E.

connected with the governor through the medium
G and the shaft H, and the height of the trip pad
determines the moment of cut -oft' of the steam, for as soon as the end

The

trip

pad

of the levers

D

F

is

and

any further movement
disengages the bell-crank lever from the trip
The closing speed of the
lever B, and the valve immediately closes.
valve can be very readily regulated by means of the spring K, which
The Proell governor
causes the valve to close rapidly and quietly.
to work with this gear has already been described on p. 217.
of the bell-crank lever reaches the trip pad,

of the rocking-lever

—

CHAPTER
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THE CORLISS ENGINE.
This engine was the invention of the American engineer Geo. H.
Corliss, and first appeared in 1850.
It has been much used since,
especially for the larger sizes of high-class mill engines in all countries,
and very generally for ordinary mills and factories in America.

The
tages

Corliss valve

gear possesses the following important advan-

:

1. Reduced clearance volume and cleai'ance surface, owing to the
shortness of the admission and exhaust passages obtained by placing
the valves close to the ends of the cylinders.
In such cylinders the
clearance will vary fi'om 3 to 5 per cent, of the piston displacement.
2. Separate valves are used for steam and exhaust, the steamvalves being at the top corners of horizontal cylinders and the exhaust
valves at the bottom corners, by which means, during the flow of the
steam from the cylinder, the exhaust surfaces are swept clear of water
and a natural system of drainage is thus provided. This advantage
applies more especially to horizontal cylinders.
3. It maintains a wide opening during admission of steam with
a sudden return of the valve at cut-off, thus preventing wire drawing
of the steam during admission.
4. It permits of independent adjustment of admission and cut-off,

release and compression.
5. It provides an easy

and effective method of governing engines of
large power, by regulation of the cut-off, through the action of a
governor on the comparatively light working parts of the valve
disengaging gear.
It is frequently claimed for the employment of separate steam and
exhaust valves that condensation is reduced because the entering
steam coming through a separate passage, and not through that
through which the steam is exhausted, does not come into contact
with surfaces which have just been cooled down by the comparatively
cold exhaust steam^ as is the case when the port is common to both
admission and exhaust but this claim is only valid if the area of
clearance surface is reduced by the arrangement of separate valves,
because in any case, all the surface up to the exhaust valve must be
heated up each stroke whether the steam is admitted through the
same or through a separate port. One important objection to the
Corliss valve gear is the limitation of the speed of rotation of engines
fitted with it owing to its action being dependent upon the engage;

ment and tripping of catches.
About 150 revolutions per minute

is probably nearly the limit of speed
(though speeds as high as 240 revolutions per minute are known in
America). To avoid this limitation, the valve gear is now made for high
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rotational spescls without the trip-gear, the connection between the
wrist-plate and the steam-admission valve l^eing direct, and the
regulation of the cut-off being obtained by vai'jing the travel of
the wrist-plate motion through a governor and link.
Fig. 383 is an illustration of the general arrangement of a Corliss

engine with a single eccentric for both admission and exhaust valves.

Fig. 384 shows in skeleton the arrangement of levers by which the
valves are driven.
Motion is obtained in the first place from an
eccentric on the crank-shaft which is connected by its rod to a
vertical rocker-arm, QRS.
Attached to the rocker-arm is the hook
rod or lever FS which drives the wrist-plate W, and causes it to
oscillate about its centre of motion O.

THE CORLISS ENGINE.
Attached to the wrist-plate are fuur valve

rods,
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two marked BB.

A

A

Fig. 384.

attached to the two upper or steam-admission
valves AA, and two marked CC, to the two
lower or exhaust valves EE. The valve rods
and levers are shown in three positions in
the middle, and at the two ends of their

—

stroke.

The exhaust - valve

rods are connected
the exhaust-valve spindles, but
the admission-valve rods work loosely on
the bosses of the valve-stem brackets. These
levers engage the admission valve by means
of a trip or catch, and the steam-port is
thereby opened during the first portion of
the piston path, after which the trip disengages the lever and the valve suddenly closes
the port by means of the weight or spring of
the dash-pot plunger.
The admission valve remains closed and
at rest during the remainder of the stroke,
also during the return or exhaust stroke,
until it is again engaged by the catch so as
to move the valve in time for the new stroke
of the piston.
Fig. 385 is a longitudinal and sectional
view of a Corliss steam valve.
Fig. 386 illustrates the trip-gear as used
on the eai'ly Corliss engines, and as still used
by many American engineers, and which is
known as the " crab-claw gear."
directly to

s
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The belL
valve-rod B (Fig. 386) is driven from the wrist-plate.
crank lever
is securely attached to the valve spindle C.
square-headed bolt D, with a hole thi'ough the square head, is atThe valve-rod B
tached to the lower lever of the bell-crank A.
through the
passes
fi-eely
hole in the pivoted nut D.
To the rod B a fork EE is
pinned at E, and the lower
limb of the fork is kept up
to its work by a spring G as
is
steel plate
shown.
fixed in the upper face of
the lower limb of EE, by
which it catches the sleeve
D of the lever A.

The

A

AA

H

A

H

When

the catch
and
are engaged, as
shown in Fig. 386, then the
movement of the valve-rod
B to the left pulls also the
sleeve

Fig. 386.

D

A

lever
A, and
bell-crank
turns the valve on its spindle C, so as to open the steam-admission
Cut-ofF at any required point is obtained by means of a disport.
which liberates the bell-crank lever, and
engagement of the catch
the valve is suddenly closed by the pull of the lever P.
Disengagement of the catch is effected by means of a projecting pin,
R, on a separate lever, S, which rides loose on the valve spindle C, and
which is connected to the governor by the rod K.
remains
At a given speed the position of the projecting pin
towards the
is pulled by the catch
constant, and as the lever
left, the curved upper limb of the lever EE comes into contact with
and is depressed, and the catch
is disengaged from D.
the pin
The valve spindles are rectangular where they pass through the
The valves may thus be easily twisted as required,
valves (Fig. 385).
and at the same time be free to move outwards relatively to the spindle
as wear takes place.
Fig. 387 shows an arrangement of Corliss valves for a vertical
engine.
S, S are the steam-admission valves, and E, E are the exhaust
valves.
The steam enters the cylinder through the port a, and
leaves the cylinder through the opening 6, when the exhaust valve
uncovers the exhaust port c.
The valves are here shown for midposition of the eccentric, that is, the exhaust valves are just about
to open or to close their respective ports, and the steam-admission
valves overlap the ports, the amount of overlap in this position being
In
the true " lap " of the valve as in the ordinary slide-valve.
addition to this lap, the valve, when liberated by the trip gear,
swings further and covers the port by an amount greater than the
This additional
lap, as shown by the dotted positions in the figure.
movement is called the "seal" of the valve, or the "dwelling angle."

H

H

A

R

H

R
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Usually marks are placed
set the Valves of a Corliss Engine.
of the valves and on the valve-box, showing the relative

ou the ends

positions of the working edge of
Thus
the valve and of the port.
Fig. 387, 2 is the working
edge of the steam-valve and 3
of the steam-port ; also 4 is the
working edge of the exhaust
valve and 5 the working edge of
the exhaust port.
centre line
is drawn on the
boss of the

in

A

wrist-plate,

and three

lines

drawn on the periphery

are

of the

support, correspondthe middle and two
end positions of the wrist-plate
centre line (see Fig. 390).
First the wrist-plate is set in
its middle position with its centre
line vertical.
The steam-valves
are then set so that they each
have the required amount of lap.
In the Fig. 387, the amount by
which the edge 2 of the valve
overlaps the edge 3 of the port
when the wrist-plate is in mid
position, is the lap of the valve.
The amount of lap given depends upon the size of the engine,
wrist-plate

ing with

and may vary from \

in. to \ in.
in small engines, to | in. or more
in larger engines.
The amount of lap can be varied
by shortening or lengthening the
valve rods by means of the adjustable nuts on the valve rods.
Similarly,
when the wristplate is in mid position, the exhaust valve edges 4 are adjusted
equally in both exhaust valves
to the exhaust-port
edges 5.
When the exhaust valves have
Fig. 387.
no lap, as is often the case, then
the edges 4 and .5 coincide for
•both the exhaust valves when the wrist-plate is in mid position.
The rocker arm to which the eccentric rod and wrist-plate lever
are attached stands vertical for horizontal engines (see QKS, Fig.
383), or horizontal for vertical engines, when the wrist-plate is in

—

mid

position.

—
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Fig. 388 gives a wrist-plate diagram.
OD and OB show the extreme positions of the levers, and OC mid position. This is a case in
which a double reversal of stress

takes place in the levers and pins
during each forward and backward stroke of the wrist-plate.
This is shown by the passing of
the levers
and OB outside
the dotted line joining the centre
O of the wrist-plate, and drawn
tangent to the valve-lever arc,
thus reversing the angle between
the radius of the wrist-plate and
the A'alve-rod. This is an objectionable arrangement, and should
be avoided where possible.
Setting of the Eccentric, for a

AB

single

eccentric

and one

wri.?t-

p]ate working both admission and
exhaust valves.
If the steam-

Fig. 388.

valves and the exhaust valves have no lead, that is, admission and
end of the stroke, and there is no compression,
then the eccentric is set at right angles to the crank and it has
zero angular advance.
In this case the latest point of cut-off possible
is at
half-stroke of the piston, because the eccentric controls the
valve during 90° rotation of the shaft as a maximum, past the point
of opening of the valve.
At or before the end of the valve stroke
the trip gear, which is worked by the governor, liberates the valve,
which suddenly closes and cuts off the steam-supply. The trip gear
can only act during the movement of the gear through some portion
In order to obtain lead of
of this angle.
the valve, an early release, and moderate
compression, the eccentric is given angular
This still fui'ther reduces the
advance.
number of degrees during which the eccentric has control of the valve, and the maximum point of cut-off is at some point
release take place at

earlier

than half-stroke.

Thus, if the eccentric, Fig. 389, is set
with an angular advance 6, then the eccentric is at E when the crank is at C.
When the crank has moved through an
angle COC, the eccentric has reached E',
the position of maximum opening of the valve, and the ti*ip gear
must have acted at or before this point. Hence crank position C,
that

is,

cut off at

^

of the stroke, represents the latest point of cut-off

possible with this arrangement.
If the valve lever were connected to the wrist-plate without

any
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the valve would gradually return and the port be
piston is at some point, 6, near the end of the stroke
as with an ordinary slide-valve without lap, but in that case the
special feature of the Corliss gear would disappear, as it was designed
to provide an efficient means of obtaining a range of early cut-ofF
points to secure economical expansion of the steam in the cylinder.
If a larger range of expansion is required than that provided as
above, it is possible to secure it by the use of two eccentrics and a
trip gear, then

closed

when the

N\\\\\\VVVVV\V\\<\J>S?^

Fig. 390.

one for tlie admission valves and the other for
double wrist-plate
the exhaust valves, as shoAvn in Figs. 390 et seq.
Considering further the case of the single eccentric, frdin Fig.
384, it will be seen that the wrist-plate pin, F, travels through an arc
dd' about its centre o, this angle being bisected by the vertical centre
line through o.
If vertical lines be projected from points dd' to the
horizontal centre line through o, and cutting it at ee' respectively,
:

z
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then
the

ee'

is

the diameter of the virtual or equivalent eccentric giving
dd! to the wrist-pin, and the throw of the actual

movement

eccentric

=

ee'

X

QR
QS

The movement at the edge of the valve, for a given angular
movement of the valve lever, is measured on the valve circumference.
An important point to notice is the means which the wrist-plate

for giving the valve small movements when closed, and
and therefore quick, movements when the port is open. This
reduces the power required to drive the valve gear to a minimum.

provides
large,

Thus, in the example. Fig. 384, during the movement of the wristpiate through the first and second half of its total arc, the steamadmission valve moved through 11° and 27° respectively, and the
exhaust valve 11° and 27° respectively. For ordinary engines of
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the type illustrated in Fig. 383, the angular advance of the eccentric
is

made about 15°.
The diameter of

= \ diameter
= diameter of

the valve

of the steam-admission port

of

cylinder.

cylinder,

The length

and the width

of the port, as for all oi'dinary engines of the .slide-valve tyjje,

area of piston in square feet

x

piston speed in feet per minute

6000 X length

The width

of the exhaust port

=

of port in feet

is

made about

1^ times that of the

admission port.
Figs.

390 to 393 show Corliss cylinders in elevation and section

Fig. 392.

15 in. X 28 in. X 36 in. cross-coupled compound engine, main
bearings 9 in. x 16 in., running at 105 revolutions per minute,
developing 340 I.H.P. as a i-egular load, and 425 I.H.P. with an
overload, 160 lbs. boiler pressure, 26 in. vacuum.
Figs. 392 and 393 are longitudinal and transverse sections of the
high-pressure cylinder ; the low-pressure cylinder is of similar design,
but of larger diameter, and is not .shown.
The Corliss valve gear, shown in Figs. 390 and 391, has a double
wrist-plate, one for operating the steam-valves and one for the
exhaust valves. This arrangement allows the steam to be admitted
with a suitable lead, and it provides a range of cut-otf which may be
for a
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varied from
to | of the stroke.
It also enables the compression to
be adjusted to the varied requirements of the speed and load of the
engine without interfering with the steam-admission arrangements.
We have already seen that with the ordinary single wrist-plate
gear, driven by one eccentric,
when we have a
small amount of lead and
moderate
compression,
the point of cut-off cannot
be later than about \ of
the
stroke.
But for
smartly
handling
considerable changes of load

with

minimum

change

speed, the ordinary
single eccentric gear is

of

not so good as the double
wrist-plate gear.

In the
of

latest

Corliss

examples

engines

for

central-power
stations,
double wrist-plates are
used on both high- and
low-pressure
cylinders,
and the cut-off in both
cylinders is regulated by
the governor.
By cutting off early in the lowpressure cylinder at light
loads, as well as in the
high, and by having a
large
receiver
volume,
Fig. 393.
the pressure in the receiver may be maintained practically constant and kept fairly high,
by which means this storehouse of steam is instantly available for
duty in the low-pressure cylinder to promptly take up any large
increment of load that may occur at any moment, without any serious
change of speed ; whereas, in an ordinary engine with a small
receiver and a cut-off on the high-pressure cylinder only, the steam
in reserve for the low-pressure cylinder is practically nothing at
light loads, and time would elapse before the low-pressure cylinder
could help to deal with a sudden increase of load, and this would
necessarily result in the mean time in considerable falling off of speed.
The trip arrangement consists
Details of Trip Motion (Fig. 394).
essentially of four pieces
(1) the valve-driving lever A, keyed direct
to the valve spindle C, and which carries a. hardened steel block, B,
on which the trip catch
engages (2) the double-armed drivinglever EE receiving motion from the wrist-plate through rod J, and
mounted loosely on the overhanging wrought-iron tube in valve

—

:

D

;
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bracket, and which has a stud in the upper boss carrying (3) the
The trip catch is arranged to fall in its
hanging trip catch DD.
place l»y gravity when the lever EE, on which it is mounted, moves
into its extreme forward (anti-clockwise) position, and on the return
(clockwise) stroke of the lever the catch then engages with the
hardened steel block B on the valve-dri\-iiig lever A, the eftect oi
which is to move the valve on its own axis, C, and open the steamadmission port.
The catch is liberated by coming into contact with a detaching
cam (4), marked F, which
is formed on a ring working
loose on the boss of the
driving-lever, and
having
an extended arm, which is
attached by a rod
to the
governor.
The upper arm

K

the

of

trip

catch

DD

is

shaped to a suitable angle,
slides up against the
detaching cam, F, by which
means the hardened edge
D of the catch is disengaged
from the block B, the valve

and

spindle is liberated, and
valve is immediately
turned by the pull of
dash-pot lever
to its

M

sition

of

rest, closing

the
re-

the
po-

and

overlapping the steam-port.

A
H,

is

supplementary spring,
placed behind the trip

catch to assist gravity and
to

make engagement cerThe governing cam
moved as required by the

tain.
is

governor through rod K,
and it varies the point of
cut-off by varying the posi-

GID
tion of the point of contact
F from zero to the maxiFig. 394.
capacity of the gear.
The period of impact of the detaching mechanism is very short, and
a moderately powerful governor is unaffected by it. The governor
is free to move during the admission of steam, and can be made
extremely sensitive, say within 1 per cent, variation.
The Dash-pot. The function of the dash-pot is to return the
steam-valve quickly and noiselessly when the governor releases the

mum

—

The dash-pot piston is sometimes pressed down by atmoorip catch.
spheric pressure, a vacuum being formed under the piston as it is

—
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The dash-pot
by the valve-gear during steam admission.
is controlled by a .spring in preference to depending on
vacuum. The speed or

395)

can be accelerated or retarded by
regulating
the
airescape plug A, which
gives a less or greater
compression of air as
the
escape
plug
is
opened or closed.
The lower cover of
the dash-pot holds in
two pieces of
place
leather which form a
closing

pad or

buffer,

and

finally

bring the valve
dash-pot piston to

The

and
rest.

ball-joint is pro-

vided so that the connection between the pin
in the steam-valve lever
and the dash-pot pi.ston
can adjust itself to the
line of least resistance,

Dash-pot Details.

that

is,

the line of least

friction.

Fig. 396 shows an enlai'ged view of the air-escape plug.
The details of the other parts of the gear explain themselves.

Diagram

of

Steam-

—

Movements.
valve
Fig. 397 shows a geo-

analysis
metrical
of
the movements of the
steam-admission valve
Arcs A, B, C,
gear.
represent reand
spectively
clearance
movement of valve
lever to effect engagement of trip with valve
lever, steam-lap, lead,
and admission.
The point of cut-off
Fig. 396.
Dash-pot Details.
is determined by the
governor, and the maximum is made as great as is consistent with
The relation of crank-pin
the certain disengagement of the trip,
to eccentric is seen by following the successive positions of the
periods A, B, C, and I) from the valve-lever. through the top and

D
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bottom

pins

of

the

wrist-plate,

the

to

circle

3+3
of

the

eccentric

path.
It will be seen that the eccentric has negative angular advance Q,
90° from its extreme
that is, the eccentric has not moved through
through an angle
but
centre,
dead
the
on
is
crank
position when the
e less than 90°.

A
B
C

ENGAGEMENT MOVEMENT

D

STEAM ADMISSION

STEAM LAP
LEAD

"%Fig. 397.

Diagram

of

Exhaust-valve Movements.— The theoretical indicator

diagram, Fig. 398, is first drawn to decide upon the points of release
and compression, and the respective position of these points is projected to the crank-pin
circle below the indicator
diagram.
Radial lines are drawn
showing the crank positions at release

and com-

when the
port opens and
If the angle becloses.
tween these crank posithe
bisected,
tions be
crank position is obtained
at which the exhaust valve

pression, that

is,

exhaust

,

^''"-^ °''^'»^'<

^

/

-j-

at the extreme end of
in other words,
its travel
this is the crank position

is

\

;

the eccentric is on
the dead centre, or vice
versa it is the eccentric
position when the crank

when

on the dead

centre,

eccentric are as

shown

is

and thus the
in Fig. 398.

,

^
Fig. 398.

j
u and

relative positions of crank

—
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is

a diagi-am showing the respective positions of crank,

eccentric, wrist-plate, valve-rods, and levers for the exhaust valve.
The circle of eccentric travel is first drawn on centre A, and the

divided into any number of equal parts numbered
These points are projected to the centre line, and
with the length of the eccentric rod as radius corresponding points

circumference
consecutively.

Fig. 399.

The disare transfixed on the travel arc FG on the wrist-plate.
tances thus obtained are then marked on the path of the pin HJ, anc^
as radius the move^nent
with the length of the exhaust valve-rod
of the exhaust pin on wrist-plate is marked off" on the path of the
pin of the exhaust valve-lever LM. It will be noticed that the

K

EXHAUST

ADMISSION

Fig. 400.

movement

Wrist -plate Details.

of the valve during the half-period from 4 to 7 position
valve lever arc LM) is much less than that during the halfperiod from 1 to 4.
The pin on the vibx-ating lever from which the wrist-plate is
The real travel
driven is taken to represent the travel of the valve.
of the eccentric is propoi*tionately less, depending on the length o£
the lever connections.
(see
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Fi". 400 is a drawing of the wrist-i)late details, showing the admission and exhaust wrist-plates on the same spindle.
Fig. 402
Fig. 401 shows details of valve spindle gland and bracket.
shows in detail the adjustable head of the valve-rods.

Fig. 401.

As an example

of

the

performance of engines of the compounil
ai'e given from a test of a pair of

Corliss class, the following results

Fig. 402.

compound hoinzontal

&

Corliss engines,

Co., of Bolton.

Diameter of

piston,

high pressure

made by Messrs. Hick, Hargreaves

346

STEAM-ENGINE THEORY AND PRACTICE.

:^?:rT^^^^r^T^^'7?7Tr

Fig. 403.

Fig.

401

THE CORLISS ENGINE.

347

12 ins.
Diameter niaiu steam-pipe
2G ft.
Flywheel diaineter, grooved to receive 30 ropes
Volume of receiver between high- pressure exhaust
117-12 cubic ft.
valves and low-pressure admission valves
112 lbs.
Boiler pressure
606 ft. per miuPiston speed
882-2
Total I.H.P
14-42 lbs.
Dry steam per I.H.P. per hour ...
1-74 ,.
Dry coal per I.H.P. per hour

Fig. 405.

Fig. 405 gives reduced copies of the indicator diagi-ams.
403 and 4U4 are the elevation and plan of a pair of 13-in. X 26-in.
coupled geared winding engines suitable for sinking and winding
in auriferous countries.
Figs.

—

CHAPTEE

XXIII.

QUICK-REVOLUTION ENGINES.
Considerable hesitation is often felt by engineers accustomed to slow
rotational speeds to the introduction of engines running at speeds so
high that the separate working details become almost indistinguishBut experience and by this time a very large experience
has shown that such hesitation is unnecessary, and that with a
design suitable for the purpose, such as is now supplied by several
firms making a speciality of high speeds, no trouble need be expected
on the score of rate of revolution.
The quick-revolution direct-coupled steam-engine is the result, in
the first instance, of the urgent demand for such engines for the
direct driving of dynamos.
In order to combine high speeds with large power, it is necessary
to make the piston area large as compared with the length of stroke,
and this suggests the probability of loss of efficiency by excessive
clearance.
The volume of the clearance in any cylinder varies nearly
with the area of the piston, and is independent of the length of
stroke, and when expressed as percentage of piston displacement, the
proportion of clearance will obviously increase as the length of stroke
able.

—

decreases.

In the long-stroke engine the clearance may be from 3 to 7 per
while in the short-stroke type it may range from 10 to 20 per

cent.,

Where the compression does not reach initial pressure,
the loss by clearance may thus be large, but this loss is reduced when
the engine is compounded, hence the special value of compounding
in the short-stroke type of engine.
Apart from the application of such engines for direct driving of
dynamos, some advantage of the high rotational speeds are (1) that
such engines may be smaller for a given power.
(2) They give a
more even turning moment than the slower engine of the same power.
(3) There is a gain in steam economy at the high rational speeds,
owing to the maintenance of a higher mean temperature of cylinderwalls, and a consequent reduction in the amount of condensation in
the cylinder, when compared with the long-stroke engine.
This famous engine
Tlie Willans Engine.
Single-acting Engines.
It has been the subject of
is the design of the late P. W. Willans.
most exhaustive trials and experiments, the results of which are
cent, or more.

—
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published in the Proceedings of the Institution of Civil Engineers,^
and form classical studies on steam-engine performances and economy.
The arrangement of the engine will be understood from Fig. 406.

Via. 40(3.— The

Whj.ans Engine.

In the fir.st place, it is a " single-acting " engine, that is, the steam
upon one side of the piston only.
A disadvantage of this
arrangement is that for a given power the cylinder capacity must be
acts

'

Proc.

I))et.

C.E., volg. xciii., xcvi.,

and

cxif.
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twice as great as in a double-acting engine, or else the engine must
nin twice as many revolutions per minute. The advantage of making
the engine single-acting is that it may be run at the highest speeds
comfortably, without any danger of knocking, and without the
necessity for frequent adjustment of brasses, because in the singleacting engine the working parts are in a condition of constant thrust,
that is, the piston-rod is pressed against the crosshead-pin, and the
connecting-rod against the crank-pin, not only during the working
stroke, but during the return stroke also.
There is no tendency to
knock, because there is no change of direction of force transmitted.
In order to secure that the condition of constant thrust is maintained,
and that the connecting-rod and piston-rod are not flung away from
their respective pins on the upper portion of the up-stroke, an amount
of compression must be provided (either by the steam or by other
means) which shall ahvays cause a downward pressure in excess of
the upward accelerating force.
In the Willans engine, the requisite
compression is obtained by means of an air-chamber above the guidepiston the lowest piston on the rod.
This piston on the up-stroke
compresses the air contained in the chamber above the piston, and
thus any amount of compression can be obtained according to the
clearance allowed.
The work expended in compressing the air is
given out again by expansion on the succeeding down-stroke.
The slide-valves are of the piston type, all on one rod, and woi-k
inside the hollow piston-rod, the valves moving over ports cut in the
form of elongated passages in the hollow piston-rod as shown. This
arrangement reduces clearance volume to a minimum, and serves as
an excellent means of draining the cylinders of water, the water
being swept out with the exhaust steam when the valve uncovers
the port.
Steam is admitted above the top piston through ports in the hollow
piston-rod, and is exhausted to under side of same, in each case
entering and leaving the cylinders through ports in the piston-rod.
Each line of pistons is connected to its corresponding crank by
two connecting-rods, with a space between them, in which works an
eccentric forged solid on the crank-pin.
The reason the eccentric is on the crank-pin, and not on the shaft,
as usual, is that the valve-face (i.e. the inside surface of the hollow
piston-rod) moves with the piston ; consequently the valve-motion
required is a motion relative to the piston, and this is obtained by
mounting the eccentric on the crank -pin.
The cranks dip bodily into the lubricant in the crank chamber
every revolution.
In doing so they splash the oil over the main
bearings and other portions requiring lubrication.
The engine is governed by a throttling governor.
References are made to the high economical performance of this
engine elsewhere (see pp. 314 and 31.5).
The Peache engine (Fig. 407) is another example of a good type
of single-acting engine.
The excess pressure is maintained on the
pistons, in the direction of the crank-shaft, during the up-stroke, so

—
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is maintained on all boarinf,'s both on up and
by means of the compression and subsequent expansion

that a constant thrust

down

of

strokes,

steam in the space between the high-pressure and low-pressure
Distribution of the steam is efFected by a valve gear deriving

pistons.
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its motion from a point on the connecting-rod.
This valve motion
provides for the placing of the valves in a convenient position at
There are no eccentrics on the crankthe back of the cylinders.
shaft, and therefore room is left for long and well-supported crankshaft bearings.
The crank-shaft and other working parts run in a
bath of oil and water. The engine consists of three tandem compound
engines combined and working on cranks at 120°.
The steam is
distributed to the two cylinders of each engine by a single piston valve.
The steam enters by a branch on the low-pressure cylinder-casting,
and at the centre-line of the steam-chest, and passes right and left by
passages formed in the casting to the other two steam-chests.
At the
top of the stroke the high-pressure piston uncovers two small bye-pass
ports which commuDicate with the space underneath that piston, and
thus for an instant at the top of each stroke the space called the controlling-cylinder is placed in communication with the high-pressure
cylinder, and by this means the initial pressure of steam in the controlling cylinder is maintained at a constant proportion to that in the
high-pressure cylinder.
In the condensing type engines, in which the ratio of expansion
and range of temperature is large, a steam-jacket is applied to the
controlling cylinder, so that the steam in the controlling cylinder becomes
a medium for the ti'ansfer of heat from the steam-jacket to the working
surfaces of the high-pressure and low-pressure cylinders.
To maintain a constant thrust on the valve-motion an air-buffer is
adopted.
feature of this engine is the position of the crank-shaft, which
is placed in front of the cylinder-axis.
This position is adopted to
obviate reversal of pressure of the cross-head on the guides, which
occurs in a single-acting engine with the usual position of crankshaft.
It will be seen that the connecting-rod is nearly vertical
during the down-stroke, when the heaviest pressures are being transmitted by it, and that during the up-stroke, when the angle the
coimecting-rod makes with the piston-rod is large, the pressures
transmitted are small, but the angle of the connecting-rod being
always towards the back cross-head guiding surface, the resultant
pressure is always on the back guide.

A

Kesults of Trials of 150 House-power Peache Compound Engine.
Condensing.

Steam-chest pressure
Revolutions

M.E.P.
I.H.P.

E.H.P
Efficiency per cent.
Steam per I.H.P. per hour

94

lbs.

Xon-condeusiug.
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chiefly due to the appKcation of forced lubrication, that is, supplying
the lubricant to the moving parts under pressure.
The pressure
required for this purpose is not the maximum pressure on the bearing,
but only a pressure sufficient to force the oil into the bearing on the
is

Fig.

408— The

Belliss ExGiire.

retui'n stroke, when the pressure is reduced on cne side of the pin;
while on the driving stroke the time is not sufficient to squeeze the
oil from between the surfaces, before the pressure is again reduced
and the siipply renewed.
The difficulty felt in running double-acting engines at high rotational
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speeds arises from the known necessity of close adjustment of brasses
to avoid audible knock and ensure quiet running ; and this necessary
closeness of adjustment renders the pin and its bearing liable to get

hot and the pin to

seize.

The

liability to seize arises

from the fact

Scale

Fig.

that,

.^n-

409.— Thk Bllliss Engine.

owing to the necessary closeness of

fit,

any small increase

of

temperature in the pin causes sufficient expansion to make it overtake
the small clearance permissible when cold, and trouble immediately
follows from seizure of the pin.'
'

Sec Dal-'s

o;i

"IIigli-?peeJ Engines," Vroc. Iiml. C.E., vol. cxxxvi.

Scale yn.

Fig. 410.

Scale /'12.

Fig.

-111.
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There cannot, however, l)e any increase of temperature in the pin
so long as the pin and its bearing are well supplied with oil Ijetween
the surfaces, hence the value of forced lubrication.
In the Belliss engine the forced lubrication is sujiplied to all the
bearings by means of a simple pump without valves or packing, discharging the oil at a pressure of about 15 lbs. per square inch through
a specially arx-anged system of oil-distributors shown in Fig. 408,
which is a sectional elevation of the Belliss engine. Fig. 409 is a
side elevation of the same engine.^
It will be seen that the steam is supplied to the engine after first
passing it through a large separator, where water-particles in the
steam due to priming in the boiler or condensation in the pipes are
separated, and the steam is passed forward in a drier condition to the

Fig. 412.

There is only one slide-valve for the two cylinders placed between
the high and low pressure cylinders.
It is of the piston type, and
is driven by a single eccentric as shown.
The governor is of the throttling type, working an equilibrium
throttle-valve (Fig. 409), and is adjustable by hand while the engine
is running.
The table shows the jierformance of this engine under two different
systems of governing.
Plate II. and Figs. 410, 411, 412 are sectional drawings of a highspeed double-acting compound engine specially designed for this book
by Mr. T. Scott-King.
The engines have 10 in. X 16 in. cylinder X 8 in. stroke; the
cranks are opposite.
'

Fn>m

the Proceedings of the hist of

Medi Engro.
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It will be noticed from the plan (Fig. 412) that the centres of the
cylinders are kept as close as possible by arranging the high-pressure
valve somewhat in front of, and the low-pressure valve behind, the
centre line of the two cylinders.
The slide-A'alves are driven by one eccentric only, the valve-rods
being connected to separate arms extending from the eccentric rod.
Both of the valves are of the piston type ; they are therefore in
equilibrium.
The weight of tlie moving parts of the two engines is made equal,
by increasing the thickness of the high-pressure piston.
Exceptionally long metallic-packed piston-rod stuffing-boxes are
provided.
The engine is fitted with a very complete system of forced lubrication to all the bearings, the lubricant being forced by means of a simple
pump driven from the eccentric strap. Advantage is taken of centrifugal foi'ce to distribute the oil to the crank-pins and eccentric.
throttle- valve governor is attached, as shown, and the working
parts of the engine are completely enclosed.
Figs. 413 and 414 are illustrations of the Sissons JiigJi-speed engine.
The special features of the engine are (1) the self-adjusting crankpin brasses in the large end of the connecting rod already shown in
Fig. 320.
(2) The arrangement of the cylinders so that the centi-e-lines of the
engines may be kept as close together as it is possible to get them.
The object of this is to reduce the rocking moment the high-pressure
piston and its long piston-rod are together made equal in weight to
the low-pressure piston and its rod.
The rocking moment of the
couple is as nearly as possible counteracted by balance weights
attached to the outer crank webs.
The cranks are opposite, and the

A

;

engine runs very steadily.
the high-pressure
(3) Tlie slide-valves are both of the piston type
valve has inside steam-admission, and the low-pressure valve has
outside steam-admission ; thus there is simply a plain neck coim.ecting
the high-pressure cylinder exhaust with the low-pressure cylinder,
and no stuffing-box is required there. The only valve-spindle stuffingbox is at the lower part of the low-pressure cylinder, where it is exposed
to the pressure and temperature of receiver steam.
The valve-spindle
is provided with an air-cushion cylinder, thus reducing the load on
the valve-gear to a minimum.
(4) This engine lends itself well to the use of superheated steam,
first because of the absence of a valve-spindle stuffing-box in the
initially superheated steam, and secondly because of the length
of the bush of the high-pressure piston-rod, which removes any
possibility of difficulty occurring with the high-pressure stuffingbox.
(5) This engine is fitted with a goverzior (not shown) which
acts on the cut-off, varying the number of expansions during the
fall from full-load to medium load, and afterwards completing the
governing" of the engine by throttling.
This system of governing
;

36o
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in accordance with the teaching to be deduced from Fig. 367, from
throttling governing is
it is seen that below a certain load

which

Fig. 413.

the more economical
has the advantage.

;

above that load, governing by variable expansion

—
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Direction of the Stresses in Single- and Double-acting Engines.is in eveiy revolution
reversal of the
(1)
twisting stress in the
crank-shaft, the piston
driving the crank during
the down - stroke, and
the crank lifting the
piston during the up-

In the single-acting engine there

A

stroke.

A

reversal of the
direction of the

(2)

mean

bending stresses on the
will
This
crank-pin.
be seen by considering
the diagram (Fig. 415).
Thus, suppose the circle
12 3 4 to represent the
travelling
crank - pin
round the circular crankpin path of a vertical
engine. Here, when the
piston is at the top of
its
stroke, there is a
vertical

l^ending

stress

on the crank-pin in

thft

direction 1 to 3 ; at
half-stroke downwards,
the bending is in the
at
direction 4 to 2 ;

the bottom position, the
bending at end of stroke
is in the direction 3 to
1.

The mean bending

is

in the direction 4 to 2.

On

the return stroke
the
lifts
moving parts, and the
the

crank

mean bending stress
now in the direction

is

2
to 4, which is opposite
to that in the downward
stroke.

In the double-acting
engine

the

twisting

Fig. 414.

on the crank-shaft
and the mean bending action on the crank-pin are not reversed,
and in these respects the advantage is with the double-acting
stress

enffine.

—

362

—

STEAM-ENGINE THEORY AND PRACTICE.

•

On

the other hand, in the double-acting engine there is
reversal of the stjess in the piston-rod and connecting-rod,
these rods being in compression on the down-stroke and in tension
on the up-stroke.
reversal of the bending stress on the
(2)
cross-head pin.
In the single-acting engine there is no
reversal of stress in the piston-rod and connecting-rod, these rods being always in compression for both strokes; and the bending
stress on the cross-head pin is always in one
In these latter respects the singledirection.
It will
acting engine has the advantage.
also be noticed
(1) That in the double-acting engine the
Pjq 425
wear on the cross-head pin is on both its
top and bottom surfaces, and on both the top and bottom cross-head
pin brasses hence the tendency to knock ; while in the single-acting
engine the wear is on the upper portion only of the cross-head pin,
and on the top cross-head brass only.
(2) That in the double-acting engine the wear is on both the top
and bottom of the crank-pin brasses, causing a tendency to knock
while in the single-acting engine the wear is on the top crank-pin
(1)

A

A

—

;

brass only.
(3) The pressure on the brasses in single-acting engines being
never entirely relieved, the lubricating arrangements require to be

carefully designed.

The crank shaft has probably been the cause of most trouble in
high-speed engine practice, the fault being usually want of sulhcient
diameter, and a consequent tendency of the shaft to bend, causing
uneven wearing in the bearings, heating, and more or less frequent
breakages.
Shafts are now made of larger diameter than formerly, the objection
to increased rubbing velocity at high speeds is removed by improved

methods

of lubrication.
shafts and other working parts are further stiffened
steel of high tenacity.

The

by using

—

CHAPTER XXIV.
THE MARINE ENGINE.
Figs. 416, 417, 418 illustrate types of triple-expansion marine engines
showing various arx'angements of cylinders. The letters of reference

T]
Fig. 416.

.

[n

[TT]

a

Fig. 417.

—

on the cylinders H. P., highJO CONDENSER
pressure cylinder
I. P.,
interand
mediate-pressui-e cylinder
L.P., low-pressure cylinder
indicate the progress of the
steam from admission to the
high - pressure
steam-chest
to
Fig. 418.
leaving the engine on its way
to the condenser.
This arrangement is
Fig. 418 shows two low-pressure cylinders.
adopted where a single low-pressure cylinder casting becomes too
large.
It is also convenient for the purpose of more effectually
balancing the engine.
Fig. 419 is given as illustrating a good example of a modern
marine engine of the four-crank triple-expansion type.
Each
of the two low-pressure cylinders has half the piston area of
the one large low-pressure cylinder which would otherwise be
;

;

required.

The engines are capable

of developing about

660

I.

HP.
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John Brown

ck

Co., of Sheffield,

bustion can be maintained of 40

by means

which a rate of comper square foot of fire-

of

lbs. of coal

grate.

Trials of these engines

resulted in a consumption of 1"07

Uj.

North country coal per I.H.P. per hour.
In the series of marine engine trials conducted by a committee

of

of

the Institution of Mechanical Engineers,' the following results were
obtained
:

—

PLiTE III— FlVE-OaiNK
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43 beating surface, 71,970 sq. ft.; grate
I.H.P. per ton of machinery, 12; heating surface
I. II. P. per square foot of grate, 13-0.
per I.H.P., 2-4 sq. ft.
The following are particulars and diti of trials of H.M.S. Amphi-

250

lbs.; Belleville boilers,

surface,

2310

sq. ft.

;

;

trite

:

—

;

CHAPTER XXV.
THE LOCOMOTIVE.
Fig. 420 illustrates the general arrangement and construction of an
express passenger locomotive engine.
It is necessary that the locomotive shall "be self-contained, that
is, it must consist of a boiler and an engine, and the whole machine
must be placed upon one carriage. The problem for locomotive
engineers is how to obtain the greatest possible power for the least
possible weight.
This is done by using small boilers of great
strength, maximum heating surface, and maximum grate area,
working at a high rate of evaporation, using steam of high pressures
in small cylinders and runnmg at high rotational speeds.
The
question of economy of steam is compromised for the sake of power
combined with greitest possible reduction of weight. The engine
and boiler are each bolted to the fi'ame of the carriage. The frame
is self-contained, and through it the whole of the stresses due to
the pressure on the pistons and the pull on the draw-bar due to the
load are transmitted.
It will be noticed that the axle of the trailincj wheels is placed
just behind the boiler, the axle of the dri^•ing-wheels just in front
of the fire-box, leaving clearance for the cranks and comiecting-rod
heads.
The bogie carriage works on a pivot beneath the cylinders. The
bogie wheels guide the engine and prepare the rails to receive the
weight of the large driving-wheels
the hind, or trailing wheels,
steady the engine, while the driving-wheels transmit the power
of the engine to the rail, and they are placed as nearly as possible
under the centre of gravity of the whole. The example has the
slide-valve chest between the cylinders, and is fitted with the
Stephenson link motion.
Plate lY. is a drawing ^ of a four-wheeled coupJed express passenger
engine for the Lancashire and Yorkshire Railway, and designed by
Mr. J. A. F. Aspinall. Figs. 421, 422 and 423 are various views of
the same engine.
The cylinders are 18 in. in diameter by 26 in.
stroke, the diameter of the bogie-wheels being o ft, 0^ in., and the
driving-wheels 7 ft. 3 in.
The dimensions of the various parts of
the engine are given on the drawings.
The weight loaded on the
bogie is 13 tons 16 cwt. ; on the driving-wheels 16 tons 10 cwts.
;

'

Fiom

the lilcchanical Enjiiiefr, June 25, 1898.
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Fig. 42:5.

/•

Plats IV.— Foub

ExpRKss PAasENflER Enoine, L. & T. Rt.
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trailing wheels 14 tons 10 cwt. ; miking a total weight,
exclusive of tender, of 44 tons 16 cwt.
The fire-box is of the ordinary type, the roof being carried by bridgebars, supported by sling-stays from the crown of the fire-box casing.
The sides are supported with copper-screwed stays having eleven
The area of the
threads to the inch and riveted over on the ends.
The barrel of the boiler is arranged in
fire-grate is 18| sq. ft.
three plates telescopically, and measures 4 ft. 3 in. in diameter by

and on the

11 ft. between the tube-plates, there being two hundred and twenty
tubes with an external diameter of If in.
The total heating surface of the tubes is 1108 sq. ft., and of the
There are two Ramsbottom duplex safetyfire-box 107'6 sq. ft.
valves fitted on the cover of the manhole mouthpiece, at the top of
The valve gear is of the Joy's type. The slidethe fire-box casing.
valve chests are above the cylinders, and thus permit of a maximum
diameter for the cylinders.
Fig. 424 is an outline drawing of an exceptionally powerful type
express passenger engine built for the Lancashire and Yorkshire
Railway by Mr. J. A. F. Aspinall.
The special feature is the boiler, which is much larger than usual.
The heating surface is 2052 sq. ft. the grate area is 96 "06 sq. ft.
;

driving-wheels 7

ft.

diameter by 26

in.

The cylinders are 19 in.
diameter, coupled.
stroke; length of steam-ports, 1 ft. Sin. ; width

lap of slide-valve, 1 in. ; maximum travel of
;
The valve-gear
lead of slide-valve (constant), -~ in.

of steam-ports, \~ in.
slide-valve, 5 in.
is

;

Joy's.

Fig, 425 is an outline drawing of a North-Eastern express passenger
The engine has inside cylinders 20 in.
engine by Mr. W. Worsdell.
diameter and 26 in. stroke.
Fig. 426 is an enlarged drawing of link-motion details for a

locomotive.
This gear, as fitted to locomotives, is illustrated
Joy's Valve Gear.
in the connecting-rod, preferably about the
Fi'om point
in Fig. 427.
middle motion is imparted to a vibrating link, B, constrained at its
Fi'om a
lower end to move in a vertical plane by the radius red C.
point
on this vibrating-link a lever, E, is attached to a centre or
The lever E is extended beyond centre F to K, from which
fulcrum, F.
The fulcrum
point the valve spindle is driven through the link G.
F partakes of the vertical movement due to the oscillation of the conTo guide the centre or pin F in its
necting-rod in a vertical plane.
vertical movement, it is carried by a block working in a slot, J, which
The slot itself
is curved to a radius equal to the length of the link G.
is formed in a disc or block, which is pivoted on a centre which
coincides with the centre F of the lever E at the moment when that
lever is in the position due to the piston being at either end of the
The disc or block containing the slot is capable of being
stroke.
partially rotated on its centre or pivot, so as to incline the slot over
to either side of the vertical by means of the lever M, thereby
causing the curved path traversed by the centre F of the lever E

—

D

A

thb: locomotive,

'
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to cross the vertical arc, and
required horizontal movement.

thereby give the valve spindle tho

-i^-

The forward

or backward motion of the engine

is

determined by
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giving the slot an inclined position on one or other side of the
vertical line as required.

When the slot is in an
exactly central position, this
mid-gear travel of
and the steam is
admitted at each end of the
stroke through a port-opaning
equal to the amount of tho
lead. With this gear the lead is
constant for forward and backposition

the

i3

valve,

ward

and

for all de-

grees of expansion.

For when

strokes,

th3 engine-crank is set at the
end of the stroke, cither way,
the centre F of the valve
lever E coincides with the
centre of the slot, and therefore the slot may ba rotated
on its pivot from forward t:)
backward gear without affecting the position of the A'alve.
Fig, 428 is an enlarged view
of the steam regulator-valve
of the equilibrium type, as
used for admitting steam to
the engine.
Fig. 429 is an enlarged detail drawing of a Ramsbottom
safety-valve as used on locomotives.
Train resistance consists of
(1) Resistance due to friction
this is much modified by
the effect of wind and curves ;

—

due

(2) resistance
vity.

A

gra-

to

formula for train

resist-

ance due to friction, based on
the results of experiments, is
given by Messrs. Pettigrew
and Ravenshear ^ as follows
:

where

R=
R=

V=

9 4- 0-007

—

V^

resistance in

lbs.

per ton, and
velocity in miles
per hour,
'

"

Manual

of Locorcotive Engineering," p. 77
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Besistance due to Grovifi/.— The. work done l)y a locomotive in climbing an incline is found thus
Let the line de (Fig. 430) make an
angle
with the horizontal line fe.
Draw a vertical line ah througli
the centre of gravity of the weight = W, and draw ac at right angles
and ch jiarallel to de. Then ac is the reaction of the plane, and eh is
But triangles def and hac are similar ;
the tractive force required.
:

„

,

Iherciore
or, tr.iclive

The

total resistance

resistances due to
gravity respectively

=

K'

(9

-I-

,

0-007
^

.

where sin 6

=

df
-,

de

force

j

thus

VO +

^

R' to be overcome

friction

—

tractive force

he

= -y =
load
ah
= resistance = load x
is

and

sum

of the

^

j

:

sin 6

equal to the

2240 sin

——

vertical rise
-j

-^.

^.

length 01 incline
and R' = lbs. per ton of load.
Tractive Force of Locomotives.
The power of the pair of engines
with cylinders of equal diameter
and stroke, such as are used in

«
«/

—

non

-

compound

locomotives,

is

estimated as for any ordinary case, but the tractive force which can be
transmitted will depend upon the diameter of the driving-wheel and
the force of adhesion of the wheel and rail.

Work

done in one cylinder during one revolution

=

where d

L=

=

2

f

-^d'Lp

diameter of cylinder in inches
length of stroke in feet

p = efiective mean pressure of steam per square inch.
Work done in two cylinders during one revolution = Trd^Ip
And this work per revolution is equal to the tractive force T X circumference ttD of driving-wheel

;

therefore r.dHj>

=

TttD
d-hp

T = IT

or,

where the values of L and D are both in the same terms. This
thus,
is the formula for the tractive force exerted by an engine
for cylinder of 18 in. diameter, i6 in. stroke, and 7 it. driving;

wheels
Tractive force

=

—

^^-g^

=100

28 lbs.

mean

effective pressure of steam on the pistons.
which can act through the wheel depends upon the
adhesion of the wheel to the rail, and this is proportional to the
weight
is
on the driving-wheel, other things being equal,

per

1 lb.

The

force

W

W

—

—
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the share of the weight of the engine carried by the driving-wheels, in a
single driving-wheel engine, but by coupling the driving-wheels to two
or more wheels on each side of the engine, the adhesion will be due to
the sum of ths weights on the coupled wheels.
Performance of Locomotives. The following particulars are from
made of a London and South- Western express
tests recently

—

engine

'

:

4 wheels coupled
Class of engine
8.5 in.
..
Diameter of driving-wheels
..
J9 „
cylinders
„
..
26 .,
Stroke
167-5 lbs.
..
Mean boilei-pn ssure
18-14 sq.ft.
..
Grate area
62-51 Ibi,
Coal buint per square foot of j^rate area per hour
2-31
I II. P. per hour
...
„
„
..
13,903 B.T.U.
Calorific value of 1 lb. of coal
9-232 lbs.
Water evaporated per pound of nual
11-35
..
fron an I at 21 .°
61°
F.
..
Fecil temperature
684-1
..
Miximum I.H.P
490-6
..
...
Moanl.H.P
85 in.
Maximum vacuum at base of chimiey
4-93 „
Mean
,,
„
„
585° F.
..
INIaximum temperature of 8m')lce-box gases
488-9° F.
..
„
„
„
68°
air-box gases ...
..
Mean
„
10 lbs. per sq in,
Back pressure at maximum I.H.P.

Man

„

„

The average steam-consumption given
non-oompound locomotives are

5-38

speed

„

—

in

Mr. Drummond's

trials of

24 lbs. per I.H.P. per hour at 150 lbs. pressure.
18-3 lbs. per I.H.P. per hour at 200 lbs, pressure.

Mr. S. Johnson^ gives particulars of a trial of a single drivingwheel locomotive on the Midland Railway, showing that the engine
burns 2-9 to 3"1 lbs. of coal, and uses 29 lbs. of water per I.H.P. per
hour when the horse-power is 400.
Some extremely interesting experiments with a locomotive have
been performed at the experimental laboratory of the Purdue
The locomotive
University by Professor W.F.M. Goss and his staff.
used was built at the Schenectady Locomotive Works, and it has
cylinders 17 in. diameter and 24 in. stroke.
The power of this engine while running under a full throttle and
with a boiler-pressure of 130 lbs. is sho'A^n by the following table
:

'

See also Messrs. Pettigrew
of Locomofive Enginoering."
Presidential address, Inst. Mech. Engrs., 1898.
Proceedings hid. C.E.. vol. cxxv.

"Manual
*

and Ravenshear's
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Indicated Horse-power at Different Speeds and Different Cut-offs.
Throttle fully open.
Boiler-pressure, 130 LBi.
;

Speed in
miles.
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Steam-consumption per Indicated Hobse-power per Hoik at Different
Speeds and Different Cut-offs.
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CHAPTER XXVI.
THE STEAM TURBINE.
The iiitrotluclion of the dyr.amo vas the beginning of a demand for
Originally the dynamo ran
high speed, of rotation of prime movers.
much faster than the engine which drove it, and a belt connection
between the engine and dynamo was always resorted to. The problem
at that time for dynamo designers was how to design a dynamo
which could run direct-coupled to the slow-revolution engine, and
the solution resulted in designs having extremely large diameters.
At the same time, by the efforts of Willans, Belliss, and many others,
the high-speed or quick-revolution engine w^as introduced, which ran
at such a speed that dynamos of moderate dimensions could be directcoupled to the engine driving them.
Meanwhile, many engineers and inventors were working on the
idea of a steam turbine which should be capable of doing work on a
practical scale by the kinetic energy of steam issuing from a jet at
A\ ith the success of these efforts the problem was
high velocity.
entirely reversed, and it now became the question how to design a
dynamo which should be efficient at the extremely high rate of
rotation of the turbine spindle, an even more difficult problem than
the first one for continuous-current work.
All these designs of low and high rates of rotation have their
advantages and their limitations, but there is probably a field for
all of them, each in its way being more suitable than the others under
certain conditions.

At

the lower powers the reciprocating engine will, no doubt, hold
own, but for the highest powers the steam turbine, for certain
classes of work, appears to be gradually superseding the reciprocating

its

engine.

Among

the most

successful

practical

designs of steam turbines
Parsons, the

now in use in this country may be mentioned the
Dc Laval, the ^Yestinghouse- Parsons, and the Curtis.

—

Action of a Jet upon the Vanes of a Turbine. Considering first
the simple case of a jet of water impinging on a series of flat vanes,
as in a water-wheel, the jet striking the vanes at right angles to their
surface.

Here the function

of the

vane

is

to

change the direction of flow
2 c

—

—
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of

the jet, the i^ressure on the vane being due to the change of
momentum of the fluid mass. In
Fig. 433 the fluid, after impact, flows
away in a direction at right angles
to the surface, and the pressure or
impulse of the jet upon the vane
is equal to the change of momentum
UL per second

—

—

W

=

y

-

(^

") lbs.

.

(i.)

.

where v is the velocity of the jet, u is
the velocity of the wheel, and
is the
weight of Nvater impinging per second.

W

Fig. 433.

—

The work done per second =

{v

—

u)u

ft.-lbs. (ii.)

'

9

and the

total kinetic

energy of the jet =

DifiFerentiating

_

-the

efficiency

velocity of the wheel

50
s^

40

>•

O
W
O

30

is

4«
-.J

=

4m
v'-^

to find the condition of
2

is,

_

2
V

dii

that

^
0,

maximum

UJ

10

ejEficiency,

we have

V

= -

or u

becomes a maximum when the peripheral
one-half the velocity of the jet.
Example. Let a jet with an
initial velocity of 200 ft, per
second impinge on the vanes of
a AY heel, and let the weight of
fluid discharged from the jet be
10 lbs. per second.

—

Then the
.

E 20

(ii.) -4- (iii.)

we have
cZE

E(j^uating to

(iii.)

= E =

therefore the eflBciency of the arrangement

^

J"^

kinetic enercy of the

10

Wt'2

X 200 X 200

= 3r^^ir>r32^2—
= 6211 foot-lbs.

Taking various values
V

V

for h,

V

^ namely, yy^, ^, ^, etc., calcuV lating efficiencies and plotting,
we obtain the curve as in Fig.

—

—

—

.
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—
2-5

vroi'k

done on the vanes =

AV

—

(v

u)a

U

= 1^(200 - 80)80
-

•'981

and

= ^-—^

efficiency

The maximum efficiency is 50 per
be obtained with this shape of vane.
The motion

foot-lbs.

9
2981 footlbs.

cent.,

of a fluid flowing in contact

=

0-48

which

is

the best that can

with a moving vane

may be

resolved into
1.
2.

A motion equal to that of the vane, and in the
A motion relative to the surface of the vane.

The motion of the
altered in direction
steam or expanding
may be altered botli
The motion

same

direction.

fluid relative to the

surface of the vane may be
but not in magnitude. In the case, however, of
gases, motion relative to the surface of the vane
in direction and magnitude.
relative to the

vane

is parallel to the surface,
/<(
and, neglecting friction, is con/\/ 9
stant for fluids.
y!^/^
i.
The pressure between fluid and
^.—-^'^'^
">
"'
surface is normal to the surface.
iriii.lii4^_i,^>^^
When a jet flows on to a
Fig. 434a.
surface, and is thereby deflected
thi-ough a given angle 0. the impulse F acting in the original direction
of the stream is given by the formula

F =

-^

(1

- cosO

(v.)

This expression represents the change of momentum of the mass.
Thus, when the jet is deflected through an angle of 90^,
then

F = =

(1

-

^(1 -

cos ^)

0)

'J

W<;
(vi.)

The stream has now no
the

then

angle

of

deflection

velocity in the original direction.
is
greater than 90
as in Fig.
,

When
434b,

—
STEAM-EXGIXE THEORY AXD PRACTICE.
F=

[1

-

{I

-(-cos^)}

(1

+

(ISO"-

cos

e)\

COS ^)

(vii.)

r/

Showing that a bending back

of the

stream through an angle greater
than 90" gives an impulse
greater than that obtained
when the angle is less than
90".

When the stream leaves
the surface of the blade in
a direction exactly opposite
to that which it had on

^^
I'lG.

43iu.

entering,

cos Q

F =

and

=

cos 180"

Wv
—(1 +

1)

=

=

then^

1

2Wi;
(viii.)

9

That
case

the

is,

impulse

is

double

that

in

(vi.).

In practice that condition cannot be entirely fulfilled, because of the necessity for

getting the fluid into and out of passages
and the angle of the surface of the
blades both for inlet and outlet edges is
therefore opened out not less than 20" (see
Fig. 434c).
In this case
freely,

F = —(cos

6

+ cos

(/))

.

(ix.)

Fig. 431c.

Taking now a vane cup-shaped,

as in the Pelton wheel,

we have

the water leaving the vane in
a direction exactly opposite to
that of the original jet ; the
> y ^l^-^^-^-y^ "^^^^ —> UL "^'e'ocity of the jet relatively to
the wheel is (v
u) when entering the wheel, and
(v
u)
when leaving it. The absolute
Fig. 4.J5.
velocity of the jet when leaving
the wheel = u
(v
u) = 2« — v.
Then the pressure or impulse on
the vanes of such a wheel is ee^ual to the change of momentum per
second.

V—

—

—

—

~

—

-

—

.

—
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W-^|,_(2,f-r)}= 2-^(v-H)lbs.
W
and the work done per second =

2

E =

j

the efficiency

_

Ml^:^

—

{v

i^

—

4:(v

i()u foot-ll)s.

—

u)n

^

.

.

(x.)

.

(xi.)

— -y

u)u
(xii.)

= ?

If .

then

{v

.

=..

1

that is, if the peripheral velocity of the v. heel is half the A'elocity of
the jet, then, with the semicircular cup-shaped A'ane, the eflSciency
is unity, or 100 per cent.
Comparing equations (i.), (ii.), and (iv.) with equations (x.) (xi.), and
(xii.), we see that the pressure on the vane, the work done, and the
eflBeiency of the semicircular vane are in each case double that with
the flat vane.
Pressure Head and Kinetic Head. It has been already shown
(p. 14) that when gas or steam at a pressure p^ acts upon a piston

—

against a back pressure

expansion

—

«

the work done during admission

p.,

—

1

'

I

\pi/

and

)

When steam at a pressure p^ meets with no resistance to its flow,
but is allowed to flow freely from pressure pi to pressure p.^, the
energy is absorbed in giving motion to the steam, the " pressure
head " is converted into " kinetic head," and the velocity of the flow
is

accelerated.

—

These two forms of energy are interchangeable in other words, the
head is equal to the gain of kinetic head. Thus

loss of pressure

kinetic head

V^
^<J

=

pressure head
n

«^i^^'Mi-(tn

In the reciprocating engine work is done by means of " pressure
head " in the steam turbine work is done by means of " kinetic head."
Given equal efficiency of machines, the work which may be done
theoretically by the two modes of application of the steam is equal.
In practice, there are sources of loss of efficiency in both reciprocating
engines and turbines, but there are reasons for concluding that, at
least for higher powers, the turbine is the more efficient machine.
Velocity of the Steam. To determine the dimensions of the
;

—

— ——
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turbine to deal with a given weight of steam, it is necessary to know
the velocity acquired by the steam due to the liberated energy for a
given fall of pressure also to know the change in specific volume due
to the same change of pressure.
The velocity (V) of the steam for a given fall of pressure p, to ^2
may be obtained from the following equation, which is deduced from
the equation above
;

:

—

Example 1. Find the velocity acquired by steam at an initial
pressure of 150 lbs. per square inch absolute, falling freely to a
pressure of 15 lbs. abs.

V=
/2 X 32-2 X 1-135
64-4

X

1-135

0-135

2916

ft.

,-^

oAiih

,,,

^ j^Q ^ ^^^ ^

g.^jj

/

i.^\ ii35-i

.

^ Q.^^j^

per second

Example 2.— Find the
pressure of 150 lbs. per
pressure of 1 lb. abs.

by steam at an

velocity acquired

square

inch

absolute, falling

initial

freely to

a

-V;^^i-(0'-;'}
/2

X

64-4

32-2

X

X

M35

1-135

s/
=:

^

,.„

jg(^

0-135
3989 ft. per second

,,,

^ ^^^ ^

/l\il'-!i;Li

,„,,|,

g.Qjj

^

Q.^gjg

V

A

is
more accurate method of determining the steam velocity
to equate the kinetic energy to the change of internal heat energy in
the steam. Thus, in falling from pressure p^ to p., without resistance,
the work done in generating velocity in the steam is equal to the
difference of heat energy in the steam before and after the expansion

(pee pp. 55, 56)

or

—=

J(7;i

—

7i,
-

+

.TiLi

—

x.Jj.,)

2g

Assuming the steam dry

to begin with,

and

its initial

velocity at

p^ equal to zero, then
its

where

x. is

velocity at

p.,

= Y = ^2gi{\ — h +

Lj

-

X-^lji)

the dryness fraction of the steam after expansion

(p.

44)—

—

—
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—

Example. Let dry saturated steam at an initial pressure of
then the heat
150 lbs. abs, expand adiabatically to 15 lbs. abs.
converted into the work of generating kinetic energy is obtained as
;

follows

:

—

First find

(From the

which

=

tables) x,

=

.r._,,

(

+ -^

log,.-'

\^o^.^^-\-

\

-

—

)^^ =

0-8 4
<

The value of x., may be obtained by direct measurement from the
temperature-entropy chart (Plate I.), as explained on pp. 44:, 45,

Then

for

steam atp,

=

150, Aj

+

Li

=

1191-2

= 15, 7i, + .rXo = 181 -8
= 1025-3
work = 1191-2 — 1025-3
p.

Then heat converted

into

=

And

velocity

velocity =

0-874

X

965-1

165-9 B.T.U.

Y

the energy

all

-f

0, is

generated in the steam at pressure p., assuming
used in accelerating the steam, also that the initial
obtained as follows

is

:

V

Since \^'2gJ

=

223-8,

= V-V X 165-9
= V64-4 X 778 X 165-9
= 2882 ft. per second
the expression for velocity may be written

V

= 223-8 ^^ B.T.U.

or if the steam velocity be divided into a
velocity V^ of the steam at each stage =

number

of stages

/;,

then the

v^

B.T.U.

'.

= 2^3

Fig. 436 shows a curve of heat units liberated for a given fall of
pressure from pj
10 atmospheres downwards.
The ordinate? are
heat units, and the abscissae pressures par sq[uare inch in atmospheres.

=

In Fig. 437, the upper curve (starting from 10 and passing through
and L) is a curve of velocities, Y, upon a pressui'e Imse, showing
how for a given fixed pressure p,, here taken at 10 atmospheres per
square inch absolute, the velocity of a freely flowing current of steam

K

increases as the pressure p., is reduced.
The way in which the kinetic energy of the steam is applied differs
with different designs of turbines thus, (1) the steam may be allowed
to fall at once through the whole range of pressure in the nozzle, after
which the steam at its maximum velocity is directed upon the vanes
:
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of a single turbine wheel, as in the case of the De Laval turbine ; or
(l*) the steam may act by a series of successive small reductions of
pressure upon a number of successive alternating fixed guide-blades

and turbine wheels upon a

single axis, each separate wheel dealing
with a limited portion of the pressure range, as in the case of the
Parson's turbine or (3) any combination of these methods-, as, for
example, the Rateau and the Curtis turbines.
;

WORK-PRESSURE CURVE.

HEAT UNITS UBERATED'= h, + X|Lj-h2-X2L2

-V''\'i\l

PRESSURE

IN

ATMOSPHERES

Fia. 43G.

In the De Laval turbine, in consequence of the whole of the
liberated heat energy of the steam being converted into velocity in
the nozzle, the steam enters the wheel at from 3000 ft. to 4000 ft. per
Since the theoretical
second, depending on the exhaust pressure.
speed of the wheel should be one-half that of the steam, we should
have a peripheral wheel speed of 1500 to 2000 ft. per second. But
this speed, which is equal to about one-third of a mile per second, is
far in excess of

what

is

practically safe, both because of the stress in

the material due to centrifugal force, which increases as the square of
the velocity, as well as from the difficulty of balancing the rotating
mass and in practice the peripheral speeds adopted are much lower,
though at the expense, of course, of thermal efficiency.
In Fig. 437 is shown diagrammatical) y the means adopted in a
multiple wheel tui-bine for obtaining a high thermal efficiency while
keeping down peripheral speeds.
The upper continuous curve, as stated above, gives the velocity
;
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obtained in a single nozzle for a fall of pressure through the whole
range, which, if used in a single wheel, requires for maximum thermal
efficiency a peripheral speed of wheel given by line AB.
The serrated horizontal line drawn about CD shows how the energy
of the steam may be utilized while keeping down peripheral speeds.
Considering each single set of fixed and moving blades as a separate
and independent turbine, the velocity of the steam depends on the
FT. PER;

SEC.

AB = MEAN SPEED OF BLADE OF SINGLE WHEEL TURBINE.
FOR MAXIMUM EFFICIENCY.
3i;00CD=MEAN VELOCITY OF STEAM
ACTUALLY EMPLOYED.
IN MULTIPLE WHEEL TURBINE.

7

U

pressure

5
in

4

3

atmospheres.

Fig. 437.

difference of pressure on the two sides of the rings of blades, and this
pressure difference can be made very small, depending as it does upon

the number of rings of blades employed.
In Fig. 437, the case is taken of steam
peripheral velocity of 750 ft. per second.

moving with a mean

QH

— PG) in passing from
The increase of velocity (as at (jH =
ring to ring of blades is due to fall of pressure (OP — OQ) on the two
sides of the blades.
— QJ) represents the difference
The fall of velocity (as at
between the absolute velocity of the steam on entering and on leaving
the blades of the rotatory wheel.
Each of the slanting lines, such as GH, drawn about the meanvelocity line CD is parallel to the corresponding portion of the upper
is parallel to
thus G
velocity curve for the same range of pressures
KL, each of these lines representing the rate of increase of velocity
due to a fall of pressure from OP to OQ. The vertical lines through

HJ = QH

;

H

—
394
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P, Q, R, and S are drawn
of equal distances, as

by dividing the velocity scale into a numlier
and TV, projecting to the curve and

NM

dropping perpendiculars.
It will be seen from the diagram that a given increment of velocity
(and therefore of energy) requires a fall through a larger range of
pressure at the high-pressure end of the scale than at the low-pressure
and TV are equal ranges of velocity, but PQ is
end ; thus
greater than KS.

NM

AREA-FRESSURE CURVE

pressure

in

atmospheres

Fig. 438.

— In

the case of an ordinary steam
steam turbine itself, the same weight
of steam is passing per second through the successive sectional areas
of the current, though the pressure, the velocity, the specific volume,
and the sectional area respectively will each vary from point to point
of its path through the turbine fi'om the stop-valve to the exhaust.

Area of the Steam Passages.

nozzle, as also in the case of the

The sectional area of the passages at the various points of
per pound of steam employed is given by the equation

=
—
A

A„V„

its coui'se

«;„

the sectional area of the steam
any given pressure p,„ where
passage in square feet per pound of steam employed ; V = the velocity
for

•

—
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and v — the specific volume or volume
per pound in cubic feet at the given pressure y, or
of the steam in feet per second

area

;

volume
i
= specific
.

velocity
is a curve showing how the sectional area of the current
steam starting at a pressure, pi = 150 lbs. abs., and expanding without resistance to pressure p., (the pressure in the con-

Fig. 438

varies for
denser).

ADIABATIC EXPANSION CURVE.

PV"^= CONSTANT.

so

7

5

6

pressure

in

4

2

atmospheres.

Fig. 430.

The

a scale of pressures, and the vertical scale is a
At each successive point on the pressure
are set up, by calculation from the formula

horizontal base

is

scale of areas in square feet.
line ordinates

A

where v is measured for the successive pressures from Fig. 4,39, and
from the upper curve of Fig. 437.
From Fig. 438, and using the same range of pressure, we may obtain

V

a longitudinal section or profile of a suitable nozzle to deal with the
weight of steam required thus (area per pound of steam) x (weight
of st eam) = area required ; and diameter at any section of nozzle
;

=

/ij

area

-j-

0'78.
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Fig. 440 shows the longitudinal section of nozzle constructed by
calculated as above, and by setting off the
abscissje to a scale of pressures, the scale chosen being pi-eferably some
function of the pressure, such as log p.
The nozzle must not be made
too short, otherwise eddying and confusion of currents is set up, which

making the ordinates =

D

reduces the efficiency.
It will be seen that the nozzle at first rapidly converges
reaches a narrowest section or throat (B).

2

PRESSURE

1

IN

0-5

till

it

logP

ATMOSPHERES.

liG. 440.

of a liquid, where the volume
constant), the sectional area of a suitable nozzle must provide, not
only for the increasing velocity due to fall of pressure, but for the
increasing specific volume due to the same cause.
It will, of course,
be noticed that these two vai-iables are opposite in tendency in their
influence upon the sectional area of the passage, the increased velocity

In the case of steam (unlike that

is

requiring reduced sectional area, and the increased
requiring increased sectional area.

specific

volumc

The nozzle is convergent at first, because as the pressure falls the
velocity increases faster than the specific volume, and thus the value of
= vf^ decreases. This continues till the pressure reaches a limiting
Beyond this point the nozzle is
value, where
is a minimuui.
divergent, because the rate of increase of v is greater than the rate
?;/¥ increases, the rate in;
hence the value of
of increase of
creasing slowly at first, but afterwards rapidly at the lower pressures.
Maximum Rate of Flow through an Orifice.— Considering the
case of the flow of steam through a simple orifice, then, for a given
constant value of 2^1 of the initial steam, as the back pressure f., is
reduced the velocity of flow through the orifice increases, and this continues to be the law so long as p., does not fall below a certain critical

A

A

V

pressure.

A=

—

:
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This pressure is reached when p., = p, x 0-58.
Thus, if the initial
pressure p, = 150 lbs. abs., and steam flows from a vessel at this
pressure through an orifice against an exhaust pressure j\,, the rate of
flow will increase as the back pressure j?, is reduced, till the pressure jj^
ab the orifice
150 X 0'58 = 87 lbs. At this pressure we have now
reached the maximum rate of flow.
Any further reduction of back
pressure j^o will have no eflect in increasing the rate of flow through
the orifice.
This law is embodied in Napier's formula, namely

=

—

70

where

W = maximum flow

of steam in pounds per second through an
area a sq. ins., provided that the back pressure p., is not higlier
than 0'58 f^
This determines the maximum iceight of steam which can flow through
orifice of

a given

orifice for a given value of p,.
kinetic energy of the steam at the orifice is that due to the
heat liberated by the fall of pressure from p^ to j)^ x 0-58 only. By
further expanding the steam beyond the orifice, in a suitably shaped
nozzle, to the pressure ju in the condenser, the remaining available
kinetic enei'gy of the steam may be utilized.

The

For a simple convergent nozzle the equation on p. 389 can be used
maximum rate of flow through an orifice, and to
deduce Napier's formula
to deterniin3 the

V-

Let
second

Let

A = area

_ji^
I

of

;

orifice

= AV.
= volume of

v.,

the weight of steam

But

_

2g~ n-

then the volume of steam passing per

one pound of steam at the final pressure
orifice per second is

W passing the
jp^v"

j^j

',

then

= P2V2"

.•...=».('iy(•3)

Substituting the value of

V

from equation

(1)
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To

find the ratio of j:>., to f^ so as to give a

maximum W, let^ =

r.

Ih

Then, for different values of
is

a maximum, because
find

when

+

»

—

(/•)Ti

W

a

is

maximum when

(

-

)7i

_

[^~

l^T

the rest are constants.

all

•2

To

r,

1

_

maximum

(r)"^'^ is a

differentiate

and equate

to zero.

Then

-'L±l(rY =0

Zfr)\-^

n

n

Dividing by

-(r)^'

(r)^,

and

r

^

=

^

{~

2

\

ji

-"

or

r

= ( '"-^ )
=
wi

./

For dry saturated steam n may be taken
.*.

—

=

r

V

l'^

-

i

!/

1"135,

1-135

-.

.^

*i--,)'n35

I

=

+

=

0-575

or

2-135/

-?^'

=

0-575

«,

From this result it is seen that the maximum flow of steam takes
Reducing the final pressure j^ of the steam
place wlien^o is 0-575j^i.
below this pressure does not inci-ease the flow.
If the value of jh which makes the discharge a maximum be substituted in equation (1), a formula is obta-ined giving the velocity of the
steam at the throat of the nozzle

—

n
If dry

very
Pi

=

steam

little

less

pressure in

Then

is

+

1

expanded adiabatically the index n is 1-135 and is
Put n = 1*135 and let
the steam is not dry.

when
lbs.

per

sq. in.

V = J-^
V
=

X

=

y

^2-2

.

-

X

2-135

•

1-135

^ ^^^

^^^^

70-2 Viv;

Since Pii'i is nearly constant for the pressures usually employed, the
velocity at the throat of the nozzle will be nearly constant for all
If
Its average value is about 1*175 ft. per second.
initial pressures.
the initial pressure is constant, the pressure and volume at the throat

—

—
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and hence the area at the
throat determines the amount of steam discharged.
The use of a divergent nozzle is necessary when the final pressure of
the steam is less than 0"575pi if the kinetic energy of the jet is to be
utilized.
If there is no di\ergent j^ortion beyond the throat, the steam
spreads out on entering the low-pressure medium, and the energy
developed by the expansion is wasted in producing vibrations of the
will be constant as well as the velocity,

medium and in eddies.
The divergent portion

of the nozzle directs the steam in a definite
and by allowing for its expansion the velocity is greater at
the end of the nozzle than at the throat.
The maximum discharge of steam from a nozzle may be determined

direction,

as follows

:

Substitute in equation (2) the value of

y^
n

=

1'135 and

for

maximum

discharge,

=

a constant

^ A70v/Pit>j ipi"^
\pj

Vi

taking

Y

—=

58

Pi

W = 43-2 A.V/^
Vi

This can be I'cduced to Napier's formula by assuming F^v^

=

4:4:1

and substituting

A = ^-rr

;

a
/Y{
W = 43-2144X V:
V 441

70

—

Nozzle Design. The important points in the d^jsign of nozzles are
the area at the throat or smallest part, and the area at the end of the
divergent.
pressure and weight of steam rjquired to pass the nozzle
may be taken as being known. If the final pressure is 0"5752Ji or less,
then jSTapier's formula may be used.

nozzle

The

if

initial

70

where "W

the weight of dry steam discharged in pounds per second
jj, is the initial pressure in pounds per square inch, and a is the area
of the throat in square inches.
For steam of a dryness x the following
formula is very nearly correct
is

;

:

W=<

Example.

,

^—

V

a;

or

o

=
Pi

— Find

the area required for a nozzle to discharge 800
lbs. of steam per hour having a dryness of 0-96
initial pressure
being 100 lbs. absolute, and final pressure 14-7 lbs.
;

—

—

;

—
;
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The

may

pressure being less than 0-575

final

x

100, Napier's formula

bo used

A = 70V0-%x800 =
,

100

X 60 X 60

„^.^

U'lDz sq.
^ m.

The area of the throat having been obtained, the area at only one
point in the diverging part is necessary as this j)art of the nozzle is

made

straight.

= area of the throat
= specitic Aolume of steam per pound
V = velocity of steam at the throat
X = dryness of steam at the throat.

Let a

;

n

Let

a,, Uj, Vi, Xi

at the throat

be the corresponding quantities at a point in the
of steam passing the throat is

The weight

diverging part.

av

ux

The weight

of

steam passing the point selected

=

.'.

t(x

-J—i

or

—
a

tiiXi

is

= —L_!
Vj^ux

The distance of the point from the throat may be varied by varying
the angle of the diverging cone.
The usual cone angles employed in the nozzles of De Laval turbines
vary from 10^ to 20^.

—

P]xAMPLE. Find the size of a suitable nozzle to expand 800 lbs.
steam per hour having a dryness of 0*96 from 100 lbs. absolute
Neglect losses.
to 15 lljs. absolute.
The area for 800 lbs. at the throat by Napier's formula = 0"152 sq. in.
Let III, Vi and .i\ be the volume, velocity and dz-yness respectively of
Then .^j may be found from the
the steam at the end of the nozzle.
entropy chart, Uy may be calculated from the tables, and v^ calculated
as explained on p. 391.
of

X,

From

the entropy chart

= 26-27 ft.
the heat drop = 135 B.Th.U.
= 224\/l35 = 2600.
throat = 100 X 0-575 = 57-5
=

0-863;

H,

I'l

The pressure at the
lbs. and from
the entropy chart the dryness x, after expanding from 100 lbs. to
57-5 lbs. = 0-927; heat drop = 42 B.Th.U.
u
^
*'"'
.

=
_

0-152

=

0-278

7-46

V = 224/41-9 = 1450 ft.
X 1450 X 26-27 x 0-863
2600 X 7-4G X 0-927
sq. in.

per second,
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diameter at throat

=

d

—

diameter at end of nozzle

=

d^

=

Assuming a cone angle

of

431

0-7854
0-278

=

A~J^ =

2'^
1

0-59

0-7854
tan 6^

Jit

where

I

=

of cone,
length
®

I

=

0-15
r^

2

a^
X O-lOo
r.

i

= ^"1

"^•

DB

Diagram of Velocities for a Single-wheel Turbine.— Let
(Fig. 441) represent the curved form of the blades projecting from the
rim of the turbine wheel,

and receiving and exhausting the steam at given
angles with the plane of
be
Let
the wheel.
the direction and absolute
velocity V„ of the entering steam, making an
angle a with the plane of
the wheel, and V^ the
peripheral velocity of the
wheel.

CA

From

A

draw

AD

the plane of
rotation of the wheel, and
equal to the velocity of
the wheel-blade V^., then
CD, making an angle (3
with the plane of the
wheel, represents the direction and velocity V^ to scale of the entering steam relatively to
the rotating wheel-blade.
Note.
may be considered as the path of a shot from a rifle, and
the path of a moving target, then the shot tired from C with
velocity and direction CA, at a target with velocity and direction DA,
will have a precisely similar effect to that of a shot fired from C with
velocity and direction CD when the target is still.
Thus the direction
and absolute velocity of the shot = CA, but the direction and velocity
relatively to the moving target — CD.
Let BF represent the velocity and direction of the steam leaving the
blade, and making in this instance an angle of exit
with the plane of
If the passage between
the wheel e [ual to the angle of entrance /3.
the blades is parallel, and there is no fall of pressure, then BF = Vj.

parallel

DA

to

— CA

= V^ parallel to the plane of tbe wheel then BG =
the absolute velocity of the steam leaving the wheel, and the
direction which it makes with the plane of the wheel = $.
2 D
From F draw FG
V,.

=

;

—
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In order that the steain shall flow smoothly on to the vanes of
the turbine and not strike them abruptly and thereby cause loss by
shock, the design must be so arranged that the tangent to the
entering surfaces f the vanes shall be parallel to the line of flow of the
steam.
Thus CD is tangent to the entering edge
of the vane DB.
Efficiency.
The kinetic energy given up by the steam is represented
(

D

—

by

~, and the

'^

-V

N,^

.

portional to

efficiency of the turbine as a

machine

is

pro-

2

^^r-^

.

To obtain a maximum efficiency, it is obvious that the steam should
leave the turbine at the lowest possible velocity
in other words, that

—

Vp shall be a minimum.
The efficiency may be determined by considering the change of
momentum parallel to the wheel. The absolute velocity parallel to the
plane of the wheel on entering
parallel to the wheel on leaving is

Turning

effort

=

work done per second

^

momentum

change of

=

-

=

— (V„

(

V„

is

cos a

V^, cos <^

V"a cos

a

=

per

the absolute velocity
— Vj.

;

V,, cos Q
lb. of

steam

— Vj + V^ cos &)
— V^ + V^ cos

cos a

&)

—

work done

—r—
= original

.

cfnciency

^

r^r--

*'

t-

kinetic energy

_ Vt (V„ cos g - Yt + V^ cos 6)
(Vg COS g

2 Vt

_

- Vt +
»

Assuming there
angle
reduces to
inlet

$

=

is

no friction in the vanes

outlet

angle

/3,

the

Vei cos 6 )

a

V.^

expression

=
for

V^ and taking
the

efficiency

4V,(V,cosg-V, )
(,i;

\7-^2

because V,, cos

=

a

V^, cos

—

Y^.

shows how the efficiency varies with the blade speed Vj,
assuming a = 20^ and velocity of steam Vg = 3200 ft. per sec.
Fig. 442

The

efficiency will

be a

maximum when
4 Vt

is

a

maximum.

(V,. cos

g

-

Vt)

THE STEAM TURBINE.
To

find the

maximum

efficiency consider

then differentiate and equate to
.-.

V„

90

- 2Vx
V^ cos a

cos a

Vt

or

V„ and

zei'o.

=

^

—

.

=

403
cos a to be constant,
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The steam now flows between the blades of the moving wheel,
following the concave surface of the blade, and passes out on its way
to the next row of guide-blades at an angle of exit 0.

V,
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Impulse Turbines.

may be subdivided into four classes :
(a) simple pressure, (/<) pressure compounded, (c) velocity compounded,
(f?) combination of pressure and velocity compounded.
The simple prfissare tijpii is illustrated by the De Laval turbine. In
this turbine the whob of the velocity due to the total pressure fall of
the .steam is taken 0:1 a single wheel.
The pressure compounded type is illustrated by the Rateau type
(see the drum portion of Fig. 452).
In this type the total pre.ssuro
fall of the steaiu is not taken on a single wheel, but proce3ds by small
stages of pressure; thus there is a small fall of pressure in the first
series of nozzles, and the velocity generaited thereby is absorbed by
the wheel immediately following.
further step in pressure fall is
taken in the next series of nozzles, which again acts on a succeeding
wheel, and so on until the total range of pressure fall is utilized.
The
comparatively sma'l fall of pressure at each stage secures a relatively
small velocity of the steam, and a correspondingly low peripheral
velocity of the turbine.
The vcJocitji compounded ti/pe consists of a single complete fall
(Fig. 44:4rj of pressure in the nozzle with its accompanying velocity
energy generated, acting successively upon two or more wheels, the
energy of the steam being absorbed step by step by these succeeding
rows of blades, without, however, any further fall of pressure. Guide
The impulse type

of turbine

A

blades are, of cour.se, placed between each succeeding row of moving
If,
blades to suitably direct the .steam from one wheel to the next.
say, four rows of moving blades are used, the velocity of the wheel
may be reduced to about one-fourth the velocity of the single row type.

The combination of^^resswre and velocihj compounded is illustrated by
The pre.-^sure fall is divided into several
the Curtis type of turbine.
stages, and each stage is velocity compounded, that is, takes up the
velocity by passing successively through two or more rows of blades
without

fall of

pressure.

The De Laval Steam Turbine.
This turbine was introduced in its present form by Dr. De Laval
about 1889, and it is used genei'ally for small powers varying from
5 H.P. to 400 H.P. It consists of a single turbine wheel mounted
on a flexible spindle, the bearings on each side of the Avheel being
some distance apart. The wheel is driven by steam projected on to
its blades at a velocity of from 3000 to 4000 ft. per second through
nozzles, the exhaust from the vanes flowing at a much reduced
velocity into the air or into a condenser, the kinetic energy of the
steam being converted into kinetic energy of the wheel.
The revolutions of the turbine Avheel vary from 30,000 revs, per
minute for a small 5-H.P. turbine, with a wheel diameter to centre
of bla-^es of 4 ins., and a peripheral speed of 515 ft. per second,
to 10,600 revs, per minute for a 300-H.P. turbine, with a wheel
diameter of 30 ins. and a peripheral speed of 1378 ft. per second.
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Owing to the extremely high speed of
mounted on its outer end, gearing

this turbine spindle, a pinion
into a very carefully made,
machine-cut, double helical wheel giving a reducing speed ratio of
10 to 1. The driving pulley which is fixed on the wheel axis thus
runs at one-tenth the speed of the turbine spindle (see Fig. 446).
It is found to be impossible to perfectly balance a wheel rotating
at so high a speed, but the difficulty of excessive vibration was
overcome by constructing a flexible turbine spindle svith a selfAligning bearing, by means of which the wheel is enabled to rotate
about its own centre of mass.
There are vibrations with such an arrangement which increase with
is

Fig. 44.5a.

—De

Laval Wheel and

Fig. 44."b.

Nozzles.

-Section of
Nozzle.

De Laval

At a certain speed called
the number of revolutions of the wheel.
the "critical speed" the vibrations reach a maximum beyond which
the shaft takes up a new centre of rotation and the vibrations disIn the
appear, a phenomenon known as the " .settling " of the wheel.
De Laval turbine the critical speed is one-sixth to one-eighth the
standard number of revolutions of the wheel.'
On account of the very high speed of the shaft its diameter is very
The shaft of a
small, and it is therefore easy to make it flexible.
feature of
1.50 H.P. De Laval turbine is only 1 in. in diameter.
this turbine is that the steam is expanded to the full in the nozzle
before entering the turbine.
The shape of the nozzle employed is divergent (see Figs, 445a and
445b) and consists of three parts, namely
The throat at the admis1
sion end of the nozzle, which is or may be looked upon as the extremity
of a convergent nozzle preceding it, and where the pressure of the
steam approaches its critical value {'1) a divergent part, in which the
steam expands to its terminal pressure (3) a parallel part, in which
the steam-particles are directed in parallel lines upon the vanes this
part is preferably made rectangular and of suitable dimensions to

A

:

(

)

;

;

:

'

See lecture by Mr. Andersson, issued by Messrs. Greenwood

&

Batley, Leeds.
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srovernor vaTve or
A, Stonm stop valve; B. steam chest cover: C, steam sieve; D,
G. shaft for belt iiulley;
throttle valve; E, steam chest; F, turbine wlieel
exhaust
pinion- J, searinp wheel; L, flexible shaft; M, belt pulley; N,
exhaust chamber;
outlet- O, cover for exhaust chamber; P, ball bearin-s K.
cock
T, gear case; U, sight feed lubricaturs; \, (Iram
S, ti-htening bearin-s
Z, ditto; A,
bearing
for steam chest; X, centrifugal governor; Y, safety
;

H

:

;

;

isolating plate.

Fig.

44G.— Section- of

De Laval Steam

Tikbine.

—
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efficiently direct

the steam on to the vanes.

The quaatily of steam

(((((((((((((((

Fig. 417.

De Laval Nozzle and Shuttixg-off Valve.

that will be delivered in the unit of time depends iipou the area cf
the .smallest transverse section of the nozzle.
Steam is admitted to the turbine
by a number of nozzles set at an
angle of 20^ with the plane of the

wheel (see Figs. 445 and 447), and
the steam-supply is regulated by
completely shutting off one or more
of the nozzles, leaving the others

wide open instead of throttling all
the nozzles. The larger the machine
the larger the number of steam
nozzles supplied.

The steam pressure in the turbine wheel-case is at all times
practically the pressure of the
exhaust.
The elficiency of the
turbine increases as the steam
pressure in the turbine - case decreases due to the reduced loss by
lluid friction between the rotating
wheel and the surrounding steam
at the lower pressure, which is an
additional reason for working the
turbine condensing.

The Curtis Turbine.

Fig.

448.— Section of the Curtis

TumuNE.
the

This turbine is of the " impulse "
type, receiving steam of high velocity from the nozzle, as in the
case of the De Laval turbine, but
utilizing it in such a way as to
reduce the peripheral velocity of

wheel by passing the steam through a number of wheels in

—

THE STEAM TURBINE.

409

succession, while obtaining a high thermal efficiency by delivering the
steam to exhaust at a low terminal velocity.
This design of turbine differs from other designs in having a vertical
spindle with turbine wheels rotating in horizontal planes (Fig. 448).
In this figure the upper portion is the electric generator, the middle
portion is the steam turbine, and the lower portion is the condenser.
The turbine wheels may be two, three, four, or more in number, each
wheel being separated from its neighbour by a fixed diaphragm with
accompanying nozzles in each diaj)hragni, and with rings of stationary
blades attached to the outer cylinder to alternate suitably with the

blades of the respective wheels.
The process then consists first of expansion of the steam through
nozzles, and then the subsequent abstraction of a portion of the
velocity of the steam by impulse upon the first turbine wheel.
This
constitutes the first " stage,"
To further utilize the energy of the
steam, this process is repeated through two, throe, or more "stages"
thus in Fig. 449, which shows the nozzles and blades
or expansions
for a two-stage turbine, it will be seen that the steam flowing from
passes through the nozzles in the diaphragm
the first-stage wheel
below it, expands as before, and gives up more of its energy to the
second-stage wheel BB below it, and so on until the available energy
of the steam is utilized.
;

AA

Each wheel

of the Curtis turbine is fitted with two,

and sometimes

STEAM CHEST

^A
Mo^NG BLADL5 ^])I)I)DI)f)I)])bWi)M)M)IM
J

STATIONARY

A

I

I

rCC^CWCCWCiClTO
m)^^wt>ww^wm'W0^m^

BLA DES

MoviNfi BLADES

I

Fig. 44n.

1

1

1

1

!

Cuktis Tui;eine Two-st-'^ge Wheels.

In Fig. 449 two rows of buckets are shown
three, rows of buckets.
on each wheel rim at AA and BB.
The number of stages or sets of moving and stationary blades
employed depends upon the degree of expansion, and upon the
peripheral velocity required.
The greater the range of pressure to
be worked through and tlie lower the peripheral speed the larger the

number of stages necessary.
The governing is effected by closing successive nozzles of the firststage wheel, and thus decreasing the number of nozzles in action.
Fig. 449

shows three nozzles closed and two open.

4IO
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The speed

of

rotation of

a

2000-K.W. Curtis turbine

is

1000

revolutions per minute.
The footstep bearing, which carries the whole of the weight of the
rotating parts, consists of two circular bearing blocks, one of which
Wat^r is
rotates with the shaft, and the other is lixed to the base.
used as a lubricant, and is forced through a hole in the stationary
bearing between the two surfaces from the centre outwards in a thin
From the foot-step bearing the water passes upwards and
film.
lubricates a guide-bearing immediately above it, from whence it
A force pump supplies water to this bearing
passes to the condenser.
at a pressure of about 400 lbs. per square inch.

Reaction Turbines.

A

very early form of practical turbine (about 1 730) was that
as Barker's Mill (see Fig, 449a). It is a machine which rotates

Fig. 449a.

known
by the

Fjg. 440b.

reaction of two streams of water projected from nozzles in the arms
tangentially to the circle of rotation of the arms.
Ficr. 449b is a modification of the same arrangement.

The Parsons Steam Turbine.
This form of turbine was introduced by the Hon. Chas. A. Parsons
the year 1884, and it consists of a long cylindrical steel drum
CDE (Fig. 450), the diameter of which increases by steps from the
The drum is mounted on
high-pressure end to the low-pressure end.
a shaft which runs in two main bearings, and the whole is surrounded
by a fixed cast-iron cylindrical case. The outer diameter of the drum
is less than the inner diameter of the case, and in the annular space
thus provided are the blades by means of which the steam drives the

in

turbine.

THE STEAM TURBINE.
The blades on the revolving drum are
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ari'anged in rings projecting

outwards, like bristles, from the surface of the drum, and in planes at
space is provided between each row of
right angles to the shaft.

A
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revolving blades for an alternating row of fixed blades projecting
inward radially from the inner side of the cylindrical case, and
forming i-ings of guide-blades, each ling of revolving blades being
provided with its ring of fixed guide-blades.
The steam enters the
at the small end of the turbine by the doubleannular chamber
beat valve K, and expands through the rings of alternating guideblades and rotating blades, finally exhausting by the chamber B to
the air or to a condenser.
The total fall of pre:jsure from the first to the last rinir of blades
is divided up between the number of pairs of rings, each pair, namely,
one ring of guide-blades and one ring of rotating blades, constituting
practically a separate turbine working through a small range of steam

A

pressure.

The steam passes first through a ring of fixed guide-blades, and is
then projected in a rotational direction against the succeeding ring of
moving blades. In flowing through the guide-blades the pressure falls,
and the steam acquires a velocity proportional to the fall of pressure.
By the impulse of the steam suitably guided to the rotating blades
work is done upon the blades, and the rotation of the turbine is
accelerated.

In passing through the moving blades the current of steam is
diverted (owing to the shape of the blade) in a direction more or
Jess directly opposite to the line of motion of the moving blade, and
this produces a reaction effect upon the wheel in addition to the force
due to the initial iuipulse of the steam. The steam, on leaving the
moving blades, eaters the next ring of fixed guide-blades, from which,
owing to the shape of these blades, it is diverted in a rotational direction
upon the next ring of moving blades, and so on. The increased area
of passages required as the pressure falls and the volume of the steam
When
increases is obtained by increasing the length of the blades.
the length of the blade has reached the desired limit the diameter of
the turbine is increased, as at D and E (Fig. 450).

The reaction effect above referred to is more or less common to all
The Parsons turbine, however, receives the name
types of turbines.
of a Reaction Turbine as a consequence of the fact that part of its
kinetic energy is generated in the steam during its 2>nssage tlirough the
ivheel, and the reaction effect of this accelerated velocity of the steam
acts as it leaves the wheel in a direction opposite to that in which the
wheel is moving.
Thus, referring to Fig, 450a, suppose the steam to be leaving the
lower edge of the guide-blades, as at C, with velocity and direction V„ ;
then if Y, be the velocity and direction of the wheel-blades, V,, is the
velocity and direction of the steam, relative to the wheel-blades, which
is entering the wheel passages at A.
During the flow of steam through the space between the wheelblades
to B, the steam expands owing to the difference of pressure
on the two sides of the wheel, and increases in velocity from V,^, its
velocity, relative to the blades, on entry at A, to some velocity V^ on

A

leaving.

The

diffei'ence

V^

—

V,,

represents the increased

velocity

—
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acquired by the steam in its passage through the wheel, and the
reaction effect due to this increased velocity accelerates the speed of
rotation of the wheel.
On leaving the wheel at B, the steam passes to the next row of
guide-blades but its velocity V,, which it had relatively to the wheel,
will now become V^ in magnitude and direction on entering the
stationary guide - blades, as seen by constructing the diagram of
;

velocities.

A similar acceleration of

velocity of the steam occurs while passing

through the guide-blades as

occui's while passing

through the wheel-

blades.

When the angles of the blades at the entering and leaving edges are
the same for both guide-blades and wheel-blades, which is usually the
GUIDE BLADES

v:--^^
^i.
Vc

At'-^'

;vf

WHEEL BLADES

Fig. 4oOa.

steam on entering and leaving the guideblades are equal to the corresponding relative velocities of the steam
entering or leaving the wheel-blades.
The diagi'ams of velocities may be combined, as shown at the lefthand end of Fig. 4o0a.
is the triangle of velocities of the steam
leaving the guide-blades and entering the wheel-blades, and
for
the steam leaving the wheel-blades and entering the guide-blades.
case, the velocities of the

EFG

FHG

Reaction a\d Impulse Turbines.

The following
types

is

a summary of the differences between the two

:

—

The Impulse Turbine. 1. In this type the whole of the intended
pressure of the steam takes place in the nozzle itself before the
steam reaches the wheel.
2. There is no difference of pressure in the two sides of the impulse
fall of

wheel.

—

The Beaetion Turbine. 1. Part of the transformation of pressure
energy to kinetic energy takes place within the wheel itself.

—
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2. There is a difteience of pressure and velocity of the steam between
the inlet and outlet ends of the blades, the pressure falling and the
velocity increasing as the steam passes through the spaces between
the blades. The reaction turbine is so named because of the reaction
effect ci'eated by the accelerated velocity generated within the wheel
itself, as distinguished from velocity generated externally to the wheel.
3. There is a loss due to leakage of the steam through the clearance
spaces between the wheel (rotor) and the case (stator), due to the
difference of pressure on the two sides of the wheel.
This difference
of pressure on the two sides of the wheel not existing in the case of
the impulse wheel, the loss in the impulse type through clearance is

negligible.

In the previous cases friction of the steam in the passages has been
In Fig. 450i3, if UF be the theoretical relative velocity of the
steam leaving the wheel-blades, and BH

neglected.

FH

being
the actual relative velocity,
the loss due to friction, then the steam
passes to the next row of blades with a
velocity and direction equal to
inbeing equal to FG, the
stead of BG,
velocity of the wheel-blades.
It will be obvious that the velocity
of the steam passing forward through
any transverse section of the turbine
(Fig. 450b) drawn parallel to the axis of the
must be such that
turbine is not less than the velocity necessary to pass, at that section,
the weight of steam per second required to generate the estimated
power of the turbine.
The cross-sectional area of the exit end of any given row of blades
is equal to the width of opening B (Fig. 450a) multiplied by the
number of such openings in the periphery of the wheel at that section,
and by the width of the annular steam space at the section.
= weight of steam per sec. to be passed through the
Thus if
= cubic feet of steam per
turbine to generate the required power,
lb., 8 = velocity of the steam in feet per sec, and
= net crossthen
sectional area of passage in square feet

BK

HK

BN

W

V

A

;

WV

= AS

S = —r-

and

A

In Fig. 450b
V
equation.

—

BN

must not be

less

than S as given in the above

Example. A 1000 H.P. turbine using 18 lbs. of steam per hour per
horse-power has a net annular steam space between the blades of
50 sq. ins. at a point where the steam passes the cross-section at a
pressure of 60 lbs. per sq. in.
Find the velocity of the steam in the
direction of the axis of the turbine in order to pass the weight of
steam required. (Specific volume of steam at 60 lbs. absolute pressure
= 7 cubic ft, per lb.)

5
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Then—
o =

—

ft.

per

sec.

1000 X 18 X 7 X 144 ,,
"• P61"
,'f^
^n
^
60 X oO
60 X ^A
= 100 '8 ft. per sec.

=

sec.

To maintain this velocity approximately constant throughout the
whole range of guide- and wheel-blades, there must be an approximately constant i-atio between the volume of the steam at any given
cross-section at which the pressure is known and the cross- sectional
area of the passage through which the steam at the given pressure is
passing.

blades vary in length according to the size of the turbine, from
or less at the high-pressure end to 6 ins. or more in length at
the low-pressure end, and are made from rolled sheet brass strips
having a more or less crescent- shaped cross-section. The longer blades
The blades are fixed in dovetailed grooves
are stiffened by shrouding.
in the drum, with distance pieces between them, the whole being

The

I

in.

caulked in position.

—

^Vhen in position the rings of blades on the case nearly
Clearance.
touch the surface of the revolving drum, and the projecting blades
from the drum nearly touch the internal surface of the case. These
015 at
clearance spaces are left as small as possible, varying from
the small end to 0'025 at the large end for small turbines, while for
large turbines (say 5000 K.W.) the clearance varies from 0"035 at the
small end to from 0"05 to 0'06 at the large end.
The proportion of steam loss due to radial clearance leakage increases at low peripheral speeds.
Fine radial clearances are essential to steam efficiency. They add,
however, to the danger of friction between the blade and the surface
of the drum or cylinder, and hence to the stripping of blades, especially
in cases where the turbine spindle is not sufficiently stiff to prevent
sagging, or is imperfectly balanced, causing a whipping action of the
spindle ; or where there is cylinder distortion due to unequal
expansion.
At the

left end of the spindle (Fig. -150) are grooved pistons or
dummies, F, G, H, equal in number to the number of steps in the
drum. The object of these pistons is to prevent end thrust, due to
difference of steam pressure on the two sides of the rotating blades,
by setting up equal and opposite axial pressures against the faces
The steam acts upon these end pistons through
of the dummies.
passages cast in the body of the cylinder as shown.
To make these pistons steam-tight, and at the same time to avoid
friction, rectangular grooves are turned on the pistons, and in the
grooves rectangular rings are fitted, but without touching the surface
of the cylinder, the joint being rendered steam-tight by the centrifugal
A similar
action of the steam in the neighbourhood of the pistons.
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is fitted at the stuffing boxes vhere the phaft projects from
the turbine cyHnder.
thrust bearing is provided at the end of the turbine shaft to
prevent contact between the rotating and stationary parts of the
turbine, and to provide means of adjusting the clearance between
these parts.
Admission of steam to the turbine occurs ir a series of gusts by
the periodic opening and closing of the double-beat valve
(Fig. 451).
This valve is controlled by means of a steam relay, which is kept
working continuously l)y mechanical connection with the turbine
shaft, giving it an up-and-down pulsating movement at the rate of
about three strokes per second.
Fig. 451 shows in detail the action of the governing gear and relay
valve as constructed by Messrs. ]jrown Boveri.^
On opening the main

packing

A

K

Fig 451.

stop valve E, steam enters the valve chamber, and is admitted to the
opens, which it does interturbine when the double-beat valve
The spindle of the valve projects
mittently by the following means.
upwards through a spring chamber or cylinder, and the spindle carries
a small piston which is enclosed in this cylinder, and which is held
In the bottom of the cylinder
in its lowest position by the spring.
there is a small hole, O, regulated by a small adjusting valve through
which the steam tlows continuously into the cylinder below the piston
B when the stop valve E is open. The steam under the piston lifts
and admits steam to the turbine. This
the double-beat valve

K

K

See a paper by Will
1903.

Rung and A. E.

Schoder, Eiujiiiccr (American), January

1,
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tlie upward movement of the valve, but the intermittent
upward and downward movement is obtained by providing another
and larger opening, D, whi-ch acts as an exhaust port. This port is
alternately opened and closed by means of a small piston valve, G,
which receives a regular periodic up-and-down movement from the
eccentric cam C.
When tte exhaust port is closed, the piston B rises
and the double-beat valve K lifts when the exhaust port opens the
steam escapes, and the piston falls by the action of the powerful sj>ring,

accounts for

;

and the valve

K closes.

The number of alternate openings and closings of the exhaust port,
and therefore the numbsr of gusts of steam supplied to the turbine,
is determined by the rotations of the governor, from the spindle of
which the movement of the small valve G is obtained.
The governor regulates the speed of the turbine as follows When
:

the speed increases above the normal, the action of the governor raises
the small valve G above its mid position, giving an earlier and fuller
opening to exhaust, and therefore a shorter period of time of opening
and a more restricted lift for the double-beat valve.
Conversely, when the speed falls below the normal, the relay valve
opens later, and the double baat has a wider opening.
At full load the
steam-gusts merge into an almost continuous flow.
The steam which escapes from the exhaust port of tlie relay valve
is passed by means of pipes to the main bearing glands of the turbine,
thereby acting as a steam packing and preventing leakage of air into
the turbine.
The constant movement of the parts tends to keep the
governor gear free and sensitive.
Bearings. The form of shaft-bearing employed consists of a gunmetal bush, which is prevented from turning by a loose-fitting dowei.
The bush is surrounded by three concentric tubes, fitting easily within
each other. The annular space between the tubes is filled with oil, which
damps all vibrations, and the bearing is practically self-centering.

—

The Disc-Drum Turbine„
With a view to increasing the speeds of rotation for electric
generators, and thereby reducing weight of plant and cost of construction per kilowatt, combinations of the previous types of turbines have
been adopted, consisting of a single impulse wheel of the Curtis type
for the high-pressure end combined with either a reaction turbine of
the Par-sons pattern, or a series of wheels of the Rateau type, for the
low-pressure end.
Some advantages of this combination are: (1) loss by leakage past
the short blades, owing to the ratio of blade length to clearance being
large at that end, is avoided ; (2) the pressure and temperature of the
steam entering the turbine from the nozzle on a single-impulse wheel
are less than in the case of the reaction turbine, and there is therefore
less tendency to distortion of the turbine casing ; this is particularly
2 E
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important where superheated steam

is employed ; and (3) the length
reduced.
In the Westinghouse high-pressure impulse turbine, Fig. 452/ the
steam is expanded in the nozzles C before entering the turbine and the
velocity pi-oduced is absorbed in a two-stage velocity wheel
of the

of the turbine shaft

is

M

Fig. 452.

Curtis type.
Three nozzles are fitted, one nozzle only is used up to
half load ; two nozzles from half to full load, or when working noncondensing and three nozzles for overload.
The steam next passes through a series of nozzle-pierced diaphragms
and wheels alternately (Rateau type).
The taper webbed steel
•

*

Kindly supplied by the

Britisli "Wejtingliouse Co.
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wheels shown dark in section

ai'e forced on the stepped shaft and fixed
by keys.
The diaphragms dividing the wheel chambers are in halves to allow

of easy inspection of the glands at the shaft.

The pressure on the two

sides of the wheels

is

the same, so that there

no tendency for steam to leak past t'he wheels.
There is, however, a difterence of pressure on the two sides of the
diaphragms and a tendency for leakage to take place between the shaft
and the surface of the hole in the diaphragm through which it passes.
Leakage is reduced to a minimum by providing this opening in the
diaphragm with special glands, which may touch the wheel and wear
is

down

slightly, thus giving a minimum clearance.
labyrinth gland and water gland prevent leakage of steam
past the shaft at the high-pressure end, and a water gland at the lowpressure end.
The pressure on the two sides of the wheel being the same, no
balance pistons are required, as there should be no end thrust.
hahyrintli Glands.
The leakage of steam through turbine glands
where ordinary steam-tight packing cannot be adopted is prevented,
or reduced to a minimum, by the adoption of
what is known as Labyrinth Packing. This type
of packing is represented by Fig. 453, which

A

—

illustrates different

forms of

its application.

The

rotating rings do not actually touch the surface,
but the clearance between the surface and the
rings is made as small as possible so as to reduce
the leakage to a minimum.
The steam seeking to
escape has first to pass through a long series of
these clearance spaces, at each one of which it is
throttled or wire-drawn, and this form of gland
hcs proved very effective for its purpose. The
lower figure is a further improvement in this
form of packing, which is the form adopted in
the Brush-Parsons turbine. Its special feature
is that the steam is wire-drawn at two points
in each of the grooves in place of one point only,
as with the usual form of packing.

Fig. 453.

Exhaust Steam Turbines.
Steam turbines are much more

efiicient in

the use of low-pressure

steam than recijDrocating engines. The steam can be expanded with
advantage to a lower pressure in a turbine, as the very large
volume of the steam at low pressures can be more easily dealt with
by turbine blades than in the cylinders of reciprocating engines, which
would recjuire to be inordinately large. The possible work to be
obtained by expanding 1 lb. of dry steam in a piston engine from
14"7 lbs. pressure to, say, 9 lbs. pressure and exhausting at 3 lbs.
diagram (Fig. 454).
pressure, is shown by the area abcde on the t —
(f>
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The possible work to be obtained per pound of steam in a steam turbine
by expanding from 14-7 lbs. prer.sure to h lb. pressure is shown by the

14-7

90-

05

Fig 454.

area ahfg.

The extra work to be obtained per pound of steam by
lb. pressure in the piston engine, is shown by the area

exhausting at \

147

Ibs/sg.in.

Ibs/sq
5 lbs/ sq

in.
.

in

^Mv^^^^^^^co;;;^^^^^^^^^^^^^
v^WW-^-^O 5 Ib.s /so in:^\\^\\^X^V
Fig. 455.

and this amount is not worth the extra cost required to obtain it.
The extra work to be obtained per pound of steam in a turbine by

edcjh,

Fig. 456

increasing the degree of vacuum in a condenser is shown in Fig. 455,
where the CTOss-lined area represents the extra work-area added as the
final pressure is reduced by successive half-pound increments.
Fig. 456

THE STEAM TURBINE.

421

shows similarly the extra work to be obtaiaed by similar reductions of
back pressure in the piston engine.
These areas may be measured to find the numerical value of the
work done in each case.
The high efficiency of turbines using low-pressure steam has led to
the introduction of a class of turbine specially designed to utilize the
exhaust steam f rojn non-condensing engines.
In many cases the lowpressure cylinder of condensing engines has been abandoned and an
exhaust-steam turbine substituted in its place.
In ships of moderate speed reciprocating engines using high-pressure
steam have been combined with low-pressure or exhaust turbines.
The general arrangement is to have three main lines of shafting each
driving an independent propeller the centre shaft being driven by the
turbine and the two side shafts by reciprocating engines. The economy
obtained is about 12 per cent, higher than would be the case if reciprocating engines only were used.
Heat Accumulator. -Where the supply of exhaust steam from reciprocating engines is intermittent, as in rolling mill engines, etc.,
the supply of steam to the turbine may be rendered more uniform by
passing the exhaust steam into a regenerator or heat accumulator on its
way to the turbine. The heat accumulator is practically a large tank
containing water into which the exhaust steam passes.
The temperature of the exhaust steam is about 212^ F., and it raises the water
approximately to this temperature.
When there is a deficiency of
exhaust steam, the heat contained in this large volume of hot water
in the accumulator supplies additional steam at some pressure below
that due to its own initial temperature, sufficient in quantity to maintain the speed of the turbine until a fresh supply of exhaust from the
engine is available. If too much exhaust steam is supplied at any one
time for the size of the accumulator, then the surplus is blown into the
atmosphere through a relief valve.
If the supply of exhaust steam is
insufficient to maintain the pressure and temperature in the accumulator, then a supplementary high-pressure steam supply from the
boiler is passed through a reducing valve to make up the deficiency.
The use of dummies can be avoided in turbines using high-pressure
steam by admitting steam at the centre of the turbine and allowing it to
flow both ways. Such a double fiow arrangement has been used, but the
leakage past the blade tips is nearly doubled, and this form of turbine
with high-pressure steam is abandoned. The double flow arrangement
is, however, used with much success for exhaust steam turbines.
Temperature-Entropy Diagram.— The temperature-entropy diagram.
Fig. 457, may be used for determining the work done by the steam, the
dryness, and thevolumeof the steam after expansion in the steam turbine.
The ideal expansion curve in a steam turbine would be adiabatic,
and would be represented on the t — (ft diagram by a vertical line AB.
The area
represents the heat converted into kinetic energy
per pound of steam in an ideal turbine. In an actual turbine the
velocity acquired by the steam is reduced owing to the friction between
the steam and the surfaces of the containing channels, and some of
;

—

ABCD
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The result is that the kinetic
is also wasted in eddies.
energy available for useful work is less than that shown by the area
ABCD by the amount of the kinetic energy reconverted into heat.
The effect of this liberated heat is that the actual expansion curve
The dryness of
follows more nearly a line AE to the right of AB.
the steam after adiabatic expansion would be represented by the ratio
the energy

;

the actual dryness

is ~-=^

which shows that the steam

is

drier in

The additional heat carried away by the steam to
exhaust is shown by the area BEFG. The amount of heat therefore
converted into work is given by the area DABC — FBEG.
new form of diagram introduced by Dr.
The Mollier Diagram.
Mollier is of great value and convenience in solving heat problems connected with the steam turbine (see Folding Chart at end of book).
— ^ are used as the co-ordiIn this diagram total heat and entropy
the latter case.

—A

H

°/

^

—

—
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dryness

is

The

0-84.

loss of

heat

AB.

is

423

represented by the length of the
off on the total heat scale; it

This length can be scaled
is 329 B.Th.U. (see
Folding Chart for
line

scales).

Example

2.

Steam at 200 lbs.
pressure and dryness
0-99

throttled to
pressure tind
the quality of the
steam as to dryness
and superheat.
The state point of
steam before
the
throttling is found
by tracing the 200
line
lbs.
pressure
until it meets the
0*99 quality line at
C (Fig. 459). Since
no work is done the
total heat will be
the same after throttling.
To find the
new state of the
steam trace the horizontal constant heat

50

is

lbs.

;

;^

H
w

^
^

h

Entropy,

Fia. 459.

through C until
meets the 50 lbs. constant pressure line at D. Then D will be
the new state of the steam the diagram shows the steam to have 32°
line
it

;

of superheat.

Example

3.

Measure the

— Find the velocity attained by the steam in Example

vertical line

AB

1.

assuming it to be drawn on
Then by measuring off this length on the
(Fig. 459)

the standard Mollier c-hart.
velocity scale at the left hand side of the chart the velocity of the
steam may be obtained. In this case it is 4065 feet per second.
The same result may be obtained from the formula
v

=
=

224\^RTir[J.
224 V 329 = 40G5.

Reaction Turbine.

—

General Principles of Blading Design. The calculations for the
blades of a Parsons turbine are not dithcult from a theoretical point
The limitations imposed by practical consiilerations, howof view.
Thus
ever, cause the actual calculations to be a little more complex.
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the exact condition of the steam is not accurately known at all points
of its passage through the turbine, and certain assumptions as to its
condition are therefore necessary.
When a turbine is required for any purpose, the horse-power, suitable speed of rotation, boiler pressure, superheat, and probable vacuum
may be considered as known, and the first question to be determined
is the total weight of steam to be dealt with in the turbine.
Condition of the steam.
The
Weight of steam to he dealt tvith
amount of heat per pound of steam turned into work by a perfect turbine working between the given range of pressure and expanding adiabalically between these pressures, is found most easily by the aid of the

—

148

—

1-71

156
Entropy.

Fig. 4G0.

Mollier diagram, by drawing a line starting from the known pressure
line, and at a position on that line depending on the quality of the
steam as to dryness or superheat, and producing it vertically to the
known final pressure line (see Fig. 460). The actual amount of this
heat which will be converted into work must be assumed from previous
experience of similar turbines, and may be taken to be represented by
to AB.
This efficiency ratio varies in practice from
the ratio of
55 per cent, to 75 per cent., which shows that in practice the expansion
of the steam does not follow the adiabatic law.
Assuming that the loss of efficiency has been due to leakage past the
tips of the blades, and friction and eddies of the steam during expansion, then the whole of the initial heat in the steam which has not been

AC

;

;
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converted into useful work must be present in the steam at exhaust in
= BC the unused heat present in the exhaust.
other words AB —
The condition of the steam after expansion may be found by following
the constant pressure line Bl) through B till it meets the total heat
shows the total heat and
drawn through C. The point
line
The total heat after expansion
dryness of the steam after expansion.
under practical conditions in the turbine is seen to be greater at the
final pressure than it would have been if the expansion had been adiaand D may be conbatic.
The state of the steam at points between
sidered to lie on the line AD, but may actually lie above or below AD.
The more accurately the state of the steam is determined between
as it passes through the turbine, the more accurately the proand
Knowing tl.o
portions of the blades and passages may be designed.
work done in heat units per pound of steam from the diagram, it is a
simple calculation to determine the pounds of steam required per hour
The turbine passages are usually designed to
for the given power.
•take a slightly larger quantity of steam than is required for full load.
The mean blade speeds of a Parsons turbine vary from 80 ft. per
second in the h.p. section of a marine turbine to 200 ft. per second
In turbines adapted for electrical work the veloin the l.p. section.
cities are higher, varying from 100 to 170 ft. per second in the h.p,
In marine turbines
section to 350 ft. or more in the l.p. section.
lower rotational speeds are necessary than in stationary practice, because the efficiency of the propeller falls off considerably as the speed
On this account, namely the limitation of rotaof rotation increases.
tional speed, the weight of marine turbines per unit of power is corThe weight of turbines varies inversely as the
respondingly higher.
square of the revolutions approximately ; hence high speeds are
advisable where possible.
General Equations involved in Turbine Design. The following
equations show the relations existing between the various factors
required for use in turbine design.
revolutions per minute of rotor
Let
mean diameter of blade circle in inches
velocity of blades in feet per second ;
Vj.
Vs = velocity of steam in feet per second.
;

=

AC

D

CD

A

A

D

—

N=

D=
=

Then

V,= -^^
12

D=

or

12

X 60
X 60 v.

229V,

ttN

This equation shows that when the number of revolutions has been
diameter of the turbine depends upon \ ^. The larger V^ is
made the larger the diameter of the turbine, and the shorter the blades
The weight of the turbine rapidly increases with
for a given power.
the diameter, so that to save weight V^ is required to be small.
small V-r requires, however, a larger number of stages and an inThe maximum V^ is limited by the stresses
creased length of turbine.
fixed, the

A

;

;

—
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the minimum V^ is limited by the
increased cost of a long turbine.
The blade speed fixes the steam velocity Vg.
high steam velocity
with a given peripheral speed V^ gives more work per stage with fewer
stages and a shorter turbine.

produced by centrifugal force

;

A

The

V
ratio

-^ varies, but

for turbines driving electrical generators

is

=

generally taken
06, and for marine turbines the ratio lies between
0-30 and 0-50 for the tirst row of guide blades.
Anmdus Factor. 1 he ax-ea for the passage of the steam if the turbine were free from the obstruction of the blades would be the annular
area between the rotor and the inside of the casing. Also, if the blades
permitted of the flow of the steam in a direction parallel to the axis of
the turbine, the axial velocity of the steam would be the same as the
steam velocity V. The height /; of the blades would then be

—

h

=

W X volume
ttD

X

of

steam

V

The

axial velocity is, however, only
sin 6, whei'e 6 is the inclination of the
vane at discharge. It is therefore necessary to multiply the height h found above
by a factor called the annulus factor.

V

Let

= pitch of blades (Fig. 461)
= outlet angle of blades
= thickness of blades
h = width of passage
D = mean diameter of row of blades in feet
h = height of blades in feet
n = number of blades per row
u = total volume of steam passing through the blades per second
V = velocity of steam.
|)

;

6

;

t

;

;

;

;

Then—
h

n

=p

=

t

—P
—

= ttD h Ji

Total area of steam passage

P
and

—

sin 6

ttJ)

ti

=Y

.

—P

b .h

Substituting for b and transposing

h

The leakage past the
this

may be taken

thicknesses.

up

=
7rDV(p

sin 6

-t)

been considered
the obstruction caused by the blade

tips of the blades has not

to balance

;

—

—
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^
h
,

h

Also
TrD/i

=

19^ 27' and omitting

=

~ "^
TrDVpI

=

/,

sin

6fl7

=

~

3u
(2)

rDV

Y = area through which the steam passes at
= annular area between the rotor and casing.

a velocity

V

;

and

Then equation

(2)

shows that the annular area between the rotor and casing is about
three times the area required for the steam when 9 is about 20^.
This
ratio or annulus factor varies for different thicknesses of blades and
diff'erent angles.

A common rule is to make the area of the annulus three times the
area required for the steam.
Number of Stages. The number of stages may be determined hx
finding the work done per stage from the velocity diagram, and assuming the work done is the same in each stage the number of si: ages N is

—

—

total

~ work

work

per stage

again useful in fixing upon a suitable number of
stages, and the following empirical formula covers average practice

Experience

is

:

NVt^

=

constant

The constant varies from 2,200,000 to 2,600,000 for electrical turbines, and from 1,400,000 to 1,600,000 for marine turbines.
The greater the blade velocity Vj the less the number of rows of
-

-

blades.

The

theoretical basis

of this formula

shown

may be

as follows
Let Fig. 462 represent the velocity dia:

gram

for one stage of a
reaction turbine.
is the absolute ve# locity of the steam entering the turbine
V^ is
the blade velocity. Then
V,, is the relative velocity
of the steam with regard
to the blade, and f3 is
the correct angle for
the blade so that the
steam may pass to the
Fig. 4G2,
blade without shock.
The relative velocity of the steam on leaving the blade is
and is
greater than the relative velocity of the steam V^ on entering, owing

V

;

V

—

—
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moving bliides. It is assumed that
the velocity of the steam leaving a row of blades is not destroyed hut
is available in the succeeding row of blades.
Considering the kinetic energy of the steam before entering the
blades and the kinetic energy on leaving the blades, the work done will
be the difference between them, that is, work done per pound of steam
to the velocity developed in the

is—

Let

V = cVx>

where

c is

a constant.

Then from pure geometry
V^ = V,^
and
V^ - V/ = Vt'

+ V/ +

2V,V,

cos

/?

+ 2VrV„ cos yS
= V/ + 2Vt(V cos e - Vt)
= V/ + 2Vi.(cVt cos Q - Vt)

Work

per stage including wheel blade and guide blade

_ ^ Y2_ Y^2 ^ 2V/(2ccosg~
"
~
2r/
2|7

1

_
~

)

V/(2c

cos ^

-

1)

g

By using the last expression for the work done per stage, a formula
may be deduced showing the relation between V^ and the number of
stages.

Let 6

=

20^
c

=V

^
T

^
work per stage
1

Let

U=

1

=

0-6

= ^tY2—X

1-666

1*666

—

1)

=

-rr

"^

V^,-

0-06624
x C\(\C>RnA

the heat units actually converted into work from the stop
valve to the condenser.

N = number of stages.
Then NV^- x 0-06624 = U x 778.
Assuming an average value for U of 200 B.Th.U.

^

~
N\V =
^

The constant

200_x^8
0-06624
2,348,000

(1)

V
varies with the ratio of

*^ with 6 and with U.

The formula gives the number of stages, assuming a constant velocity
Vj throughout the turbine. V^. is not constant except over a short
length, but by considering any given fall of total heat over the length
where V^ is approximately constant, the number of stages in this
length may be determined.
This method is useful as a first

approximation.

—

Example. Assuming \ of the work
the turbine and using formula (1)

NVt-

=

is

done in the

2,348,000

h.p. portion of

THE STEAM TURBINE.
Let Vt
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= MO

N=

then

1

3

X 2,348,000
X 140 X 140

=

39-9 (say 40 stages)

—

Example

The design
of Blading Design, Parsons Type Turbine.
stea'n turbine may be illustrated by the following
example.
Sujipose a marine turbine is required of 12,000 H.P.
Dry saturated steam is to be used having an initial pressure of 160
lbs. per square inch.
The condenser pressure is to be 1 lb. A
number of arbitrary assumptions are made which are based on past
Assume the revolutions to be
experience with similar turbines.
340 per minute and the peripheral velocity V^ at the high-pressure
of a

I'eaction

V

end to be 100

ft.

per second.

Assume -^
'

=

0-4, also

an

efficiency

s

ratio of 65 per cent.
Suppose 13-5 lbs. of steam are required per
hour per horse-power and that 0*5 lb. leak past the dummies per hour
per horse-power, then the amount of steam passing through the turbine
is 1 3 lbs. per hour per horse-power.
Heat converted into Work in the Turbine. ^The amount of heat
converted into work, if the expansion is adiabatic, may be obtained

—

Entropy.

Fig.

either

H—

from the

H—

c/)

-IGS.

diagram or the

t

(Fig. 463), the vertical line
lbs. to the final pressure of

^ diagram

pressure 160
converted into

—

<^

AB

work when the expansion

1

Using the
diagram.
drawn from the initial

lb.
is

represents the heat
From the

adiabatic.

—
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diagram AB = 322 B.Th.U. Assume an efficiency ratio of 65 per
Draw CD to meet the
cent, and make AC = 65 per cent, of AB.
Then D is the state of the
1 lb. pressure line through B at D.
steam at the end of the expansion, the numerical vulue of which is
seen by reference to the scale of the lines of constant quality and
A straight line joining A and D will represent approxitotal heat.
mately the state of the steam dui^ing expansion.
For equal
Division of the Work between H.P. and L.P. Drums.
work in the high-pressure and low-pressure turbine bisect AC in E
and draw EF horizontally to meet AD in F. Then the pressure and
dryness of the steam on leaving the high-pressure turbine are shown

—

at F.

A

usual arrangement is to have seven expansions in the h.p.
Allowing equal heat
turbine and five expansions in the l.p. turbine.
drop in each expansion, AE may be divided into seven divisions and
EC into five divisions. The pressure and dryness of the steam at
each stage may be determined by drawing horizontal lines to meet
the assumed expansion line AD.
Peripheral Dimensions of the H.P. Drum.— The velocity of the

steam entering the

first

expansion

is

Vg =

Vt
j-~.

=

100

-^^

=

250

ft.

per

p.

425)

second.
'J"he

mean diameter of the blades in the
Vt X 229 = 100 X 229

— —

=

The weight

of

5-77,

=

fTTTi
340

340

first

expansion (see

^^
67-35 inches.
^,^

,

.

steam passing through the turbine per second
12, 000

X

13

= -6o-^r6r- =

^^3Po^-"^cis-

pressure

=

2-834 cubic

Therefore total volume entering the first expansion
122-8 cubic feet per second.
Let h = height of blade in feet ; annulus factor = 3

=

43^

The volume

of

1

lb.

steam at 160

of

lbs.

feet.

=

h

=
= ^-^4°-At^
X 6r3o X 2o0

08354

ft.

or

100

X 2-834

:

in.

TT

67'35 — 1 = 6635 in.
expansion of the h.p. turbine is not
so easily obtained, as the mean diameter of the blades is unknown
until the blade height is determined.
The area of the annulus = ttD/*.
= weight of steam per second v = volume of steam in
Let
Vg = steam velocity annulus factor = 3.
cubic feet per pound
Then area recjuired for annulus

The diameter of the
The blade height

h.p.

drum

is

in the last

W

;

:

;

= ~^~
X
V
g

3

= V X
T
>

3

X

0-4
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7rD/(

D-7(

= Ww X
= Wr X

60 X 0-4 X 3

ttDN
72

X 72
X
X 340

43|
~"
TT^
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w

=

0'9298y

If D and
are in inches Wh = 0-9298 x 1728f = IGOin-.
The mean diameter of the blade heights may also be written
D = 6635 + ^1, where h is not yet known.
The volume v at the beginning of the last expansion is 18 cubic
//

feet.
.-.

D-'^=

ir.OG

X

18

=

28,910

D = 66-35 + h.
D and may be determined. An easy

From

these equations
method
doing this is to substitute two or three trial values of D. By
this method, D = 72-94 ins. and h = 559 ins.
The blade heights
for the intermediate groups may be obtained in a similar manner by
substituting for r the volume at the beginning of each group.
The
blade heights so obtained are given in column 8 of Table given below.
common methoi of determining the intermediate blade heights
is to multiply the preceding blade height by a factor.
The common
/(

of

A

factor

=

first

blade height

last

blade height

where n

=

number

factor in this case with seven expansions

=

of expansions.

a / y-^

=

1-332.

The
The

the common ratio, and the blade heights
obtained by this method are given in column 7 of the Table. The
difference in sizes obtained by these two methods is very small, as will
be seen by comparing columns 7 and 8. The blade heights obtained
by the common factor will be the sizes adopted.

factor

1-332

is

called

High-Pressure Turbine.

)
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250 feet per second ; the velocity at the end of this exjjansion will be
greater than this owing to the increased volume due to expansion.
The velocity will be proportional to the volume, as the blades are all
The volume of
of the same height and have the same inclination.
1 lb. of steam at the end of the hrst expansion is 3'81 cubic feet
The velocity of the
the volume at the beginning is 2"834 cubic feet.
;

O.Q

steam at the end of the expansion will therefore be

1

i^.c,.,A

X 250

=

336

The mean peripheral velocity of the blades in the
second expansion will be slightly greater owing to the increased blade
heights.
The mean diameter is 66-35 + 1'33 = 67*68 ins.
feet per second.

The steam
(Note

Vt

=

velocity

=

V

:

ratio

^^

=

67-08

X 340

^^^,\

229

-,,-,-

=

251

=
ft.

100*5

ft

per second

per second.

04.

By similar calculations the steam and blade velocities for the
remaining expansions are obtained as shown in Fig. 464.

'W

42
59
Absolute Pressure, LbySq.

30
In.

Fig. 464.

—

Number of Stages. The number of stages required in each expansion can be determined by dividing the heat drop per expansion
by the work done per stage.
velocity diagram may be drawn for
each stage and the work done may be calculated. Instead of drav/ing
a velocity diagram for each stage separately, the arithmetical or ths

A
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mean of the initial and final velocities of each expansion
be taken and will give a sufficiently accurate average result. The

geoitietrlcdl

may

arithmetical

mean

for the first expansion

^r-^

is

—=

293.

The

geometrical mean is s' 336 X 250 = 290. The difference between them
is small, but the geometrical mean is slightly more accurate and will
be used throughout.
Fig. 465 shows the average velocity diagram for the first expansion,
from which can be determined the relative velocity of steam, viz.
199 ft. per second.

^-mFiG. 4G5.

— ——

(290)-

(199)-

= 0*888 B.Th. U".
The work done per
per row =
.y.^^^
Wo
'
^ pound
^
2 X 32-2 X
/8
The work done per stage, consisting of one row of guide blades and
one row of moving blades, is 0-888 X 2 = 1-776 B.Tli.U. The total
heat transformed into work in the turbine with an efficiency ratio of
,;

0-65

=

322 X 0-65

If the

work

work done
done in each

=

209 B.Th.U.

in the high-

and low-pressure turbines

the h.p. turbine

in

=

^=

is

to be equal the

909

104*5

104-5
of the seven expansions is

Assuming an average blade efficiency
number of stages in the

turbine, then the

=

<

14-93
,Y7r—

—

r-^r^TT^—

=

=

B.Th.U.

14-93 B.Th.U.

of 75 per
first

The work

cent, in the h.p.

expansion

11-2 stages.

number of stages in the remaining expansions may be
AVhen the
by drawing their average velocity diagram.
number of stages is not a whole number, a slight adjustment must
Similarly the

obtained

be made in the various expansions.
stages adopted are shown below.
So. of expansion.

1'he calculated stages,

and the

——

;
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The tottil number of stages adopted
Using the approximate formula

N V/ =
=

and taking V^

is

thus 74 stages.

1,500,000 for the whole turbine

100;

N=

150;

the

for

turbine

h.p.

=

"^

=

75

stages.

Low-Pressure Turbine.— The mean velocity of the blades at the
beginning of the low-pressure turbine may be made \'~1 times the
velocity of the blades at the beginning of the h.p. turbine.

Vx
^T
>

y..

^

s

Diameter

=

140

350

ft.

=

ICOV'2

~

140
.yf

=

229
=
= VtX
^Jq—

ft.

per second

per second

140

X 229

^,

=

^^

_

94-28

.

nis.

The volume of the steam entering the low-pressure turbine
cubic feet per pound.
1,4u
J
height
ot4;n
blades
•

.
.

.

m
=

Diameter

^ .
hrst expansion
^

0-3176

of low-pressure

The mean diameter
as before by using the

ft.,

drum

=

of the blades

=

is

24*7

X 431 X 24-7 X 12
,„
ttftt—
X 94-28 X 350

3

•',

TT

or 4-46 ins.

94-28

—

4-46

=

89-82

ins.

and their height may be obtained

two equations
D'h

=

D=

IQOQv
89-82 -f

ft.

=

At the beginning of the last expansion «;
172 cubic feet. By substituting this value of v in the above equation, and taking one or two
trial values for D, the height of the blades is found to be 22-07 ins.

D = 111-89 ins.
This blade height is too large for a drum only 89-82 ins. in
diameter, as the usual limits of blade heights are from 3 per cent, to
15 per cent, of the drum diameter.
It may, however, be used for
obtaining the common ratio, and the length of a few intermediate
groups of blades may be thus determined.
and

Common

/22-07

ratio

= \/
V

-r-r^

4-46

=

1*491

The heights of the blades in the five expansions will thus be 4-46
6-65; 9-92 ; 14-7 and 22-07 ins.

;
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make the final velocity of the steam not more than 900 ft. per second.
In the present case the outlet velocity is 900 ft. per second.
Fig. 466 shows the steam and blade velocities throughout the lowpressure turbine.

3-i
5-4
A hsolute Pressure, Lb/Sq. in

Fig. 466.

The rows of blades in the last expansion are called wing blades, and
the rows of blades in the fourth expansion are called semi- wing blades.
Number of Stages. The number of stages in the low-pressure
turbine may be obtained as in the h.p. turbine, by drawing the
velocity diagrams and finding the geometrical mean of the velocity
The work done
of the steam entering and leaving on expansion.
per stage can then be calculated and the number of stages obtained

—

as before.

expansion the mean velocity
442 ft. per second.
The relative velocity is obtained from
the velocity diagram (Fig. 467), and is
314 ft. per second.

For the

is

Fig 467.

Work done
The work

to be

first

^558 X 350 =

per row

done per expansion

=
=

r442Y- - (314y
{.^ ^ \
%

.^ =

104-5

=

193 B.Th.U.

20 9 B.Th.U.

—
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Assuming that the blade

efficiency is

80 per

437
cent., the

number

of

20-9

stages

=

^ x-i-93 xl)-80

=

^'

"

^^^^^^s.

By

similar calculations the velocities are obtained and the
These are given
stages calculated for each expansion.
followiiii; table

of

:

LoW-PnESSURE Tdijbine.

number
in

the
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—

Velocity of the Steam. The velocity of the steam at the point
obtained from the formula

V=
From

224v^B.Th.U.

the Mollier diagram the

B.Th.U.

= f^ X AB =
224 V 171 =

V=

i}5.

X

2930

186
ft.

=

171 B.Th.U.

per second.

D

is

THE STEAM TURBINE.
10 per cent., CD = -f^
ft. per second ; then
the steam leaving the moving blades
the

loss

Make

at

DE =

x

500

;

AC =

2214

439
ft.

per

second.

EC is the absolute velocity of
EC = 1770 ft. per second by

measurement.
Similarly, assuming a loss of 10 per cent, of velocity in the stationary
blades, and remaining moving blades, the remaining velocity triangles

..!=:

STEAM-ENGINE THEORY AND PRACTICE.

440

Energy

loss or

heat increase in second row of moving blades
(1185)=
2

Loss by energy

left in

X

i/

(1066)2

X

steam as

Total
.-.

loss of

2

X

i^

5-3

B.Th.U.

final velocity

(785)2

-

=

/<!

12-3

X 778

energy to steam

heat converted into work

=
=
=

B.Th.U.

+

+

12-3.
22-9
ll'S -f 5'3
52-3 B.Th.U.
118-7 B.Th.U.
171 - 52-3

=

The heat available for conversion into work if adiabatic expansion
had taken place =186 B.Th.U.
Therefore efficiency of the stage (nozzles and vanes)

=
The angles

,

op

of the vanes

X 100 =

may be

obtained from the velocity diagram

by measurement, and are as shown

_>t

63-8 per cent.

in Fig. 469.
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The velocity dian^ram for the second stage maybe drawn
manner and the angles of the vanes obtained.

in a similar

On the Mollier chart (Fig. 468) produce BD to F, where F represents
the total heat and given dryness. FCr represents adiabatic expansion
in the second set of nozzles to 1"5 lbs.
Assuming the nozzle
= 0-92 X FG. Draw
efficiency as 92 per cent.
at constant
total heat to meet the constant pressure line through Gr.
Then
represents approximately the state of the steam during expansion in
is obtained in a similar manner to the point
the nozzles.
The point
E by assuming no loss in the converging part of the nozzle.
.-.
P.y measuring the Mollier chart FG = \M B.Th.U.
= 135

HM

FH

;

FKM

K

FH

;

B.Th.U

V=

=

224^135

2600

ft.

per second.

Draw
as

the velocity diagram as before (Fig. 470).
The velocities are
BC 500
follows :
2600
2135 ;
1922 ;

CE =

HK =

1490

;

500.

Efficiency.

AB =
EG =

=

;

1341

AC =

;

EF =

;

960

— The heat increase due to

FH =

;

864

;

CD =
FK =

energy in the

loss of

665

first

;

row

of blades

_ (2135)^-(1922y"
2j/ X 778

~
=

17-3 B.Th.U.

Similarly heat increase in guide blades

_

-

(1490)^

(1341) ^

=

X 778

2i7

^ ^ ^-Th-TJ.

Similarly heat increase in last row of moving blades

^

left in

(864y

X

2;/

Loss by energy

-

(960f

/

<

^

8

steam as

final velocity

^^^^8.8B.Th.U.
8
X
2j/

The heat

<

<

increase due to eddies

=
Heat converted

into

=
The heat

17-3

+

work

135

and

+

8-4

friction in the second stage

3-4

+

8-8

=

37-9

B.Th.U

in second stage

-

37-9

=

97-1

B.Th.U.

conversion into work in second stage
adiabatic expansion had taken place = 147 B.Th.U.
Therefore efficiency of the second stage (nozzle and vanes)
available

for

97-1

= -ppr
The heat available
been adiabatic

is

1251

X 100

=

63 per cent.

for conversion into

-

931

=

if

work

320 B.Th.U.

if

the expansion had
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The combined

efficiency

=
=

118-7

+

97-1

r)7"4

,^^

^

320
per cent.

—

Second Method. Fig.
Velocity Diagram.
of drawing the velocity diagram for the

method

AB

shows

471
first

another

stage.

AC

CD

the relative velocity ;
is the nozzle velocity
the velocity
leaving the first row of moving blades.
The total change of velocity parallel to the wheel in the first row of
= 4275 ft. per second.
blades is
;

GH

The total change of velocity parallel
row is .IK = 1670 ft. per second.
The total change of velocity efiected

to the wheel in the second
in this stage

is

5945

ft.

per

second.

The work done per pound of steam is the change of
multiplied by the velocity of the wheel, or

"^» X
The energy available

=

»«»

momentum

,18-7 B.Th.U.

186.

Therefore efficiency of wheel and nozzle

=

1 1
,

8*7

„^

X 100 =

63-8 per cent.

is the same result as previously obtained.
This method may be similarly u.sed for the second stage.
Condensation in the Turbine. During the passage of the steam
through the turbine the temperature of the steam falls from the highpressure to the low-pressure end of the turbine, and so long as the load
The walls of the
is constant this range of temperature is constant.
stator and rotor portions of the turbine take up more or less the
temperature of the steam in immediate contact with them, and condensation due to flow of heat from the steam to the surrounding walls
Hence that most serious cause of loss in
is reduced to a minimum.
the reciprocating engine, namely, condensation due to alternate heating and cooling of the cylinder walls during the admission and exhaust
strokes, is absent in the steam turbine.

which

—

THE STEAM TURBINE.

443

There is a tendency to flow of heat by conduction from the hotter
end of the turbine to the cooler end, tending to produce a small
condensation effect at the hot end, and a drying effect at the exhaust
end of the turbine.
The friction in the steam turbine is not that of rubbing
Friction.
metal surfaces, as in the reciprocating engine, the only rubbing surfaces
being the main bearings.
In the turbine the friction is rather that
between the rotating parts and the steam, the friction due to conflicting
steam currents in their passage through the turbine, and the friction

—

40000
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cent, for every 10^ Fahr. of superheat,

and the increased

efficiency is

attributed cbiefly to reduced loss by friction.
On the other hand, if the turbine is supplied with excessively wet
steam, as from a priming boiler, the effect upon the turbine is to slow
it down, owing to the excessive friction set up between the water and

the rotating parts.
It is true that the friction is transfomicd into heat, but little useful
effect is obtained from the heat so generated.
Vacuum. There is a theoretical advantage in all heat engines in
reducing the lower limit of temperature to the lowest po.ssible point,
but the advantage is more fully realized in the tuibine than in the
In the reciijrocating engine there is, first, the
reciprocating engine.
practical difficulty that the gain obtained by reducing the condenser
pressure and temperature is to some extent neutralized by the
increased cylinder condensation, due to the reduced temperature of the
exhaust secondly, owing to the greatly increased volume of the steam
at the lower pressure, it is not practicable to make the low-pressure
cylinder large enough to take full advantage of the expanding steam;
and, thirdly, there is generally a considerable difference between the
vacuum in the condenser and the mean vacuum at the back of the lowpressure piston, especially at full power.
In the case of the turbine, condensation effects of the kind above
mentioned are absent, and the steam may be expanded down to the
pressure in the condenser it is therefore possible to take full advantage of the lowest limits of temperature and pressure in the condenser.
Each additional inch of vacuum between 23 ins. and 28 ins. appears
to reduce the steam consumption of the turbine on an average from
3 to 4 per cent.
It is possible to avoid air leaks to the condenser more easily in the
turbine than in the reciprocating engine, because the only glands to
leak air are those where the main shaft passes out through the turbinecase, and these glands are steam-packed, which is a very effectual
means of excluding air.
In order to secure and maintain a high degree of vacuum, it is, of
course, necessary to have ample condenser cooling surface, a large
supply of circulating water, and efficient air-pumps, as well as short
In the most
passages and ample dimensions of the exhaust pipe.
recent condensers for turbines, from 10 to 12 lbs. of steam are condensed per hour per square foot of cooling surface, with a vacuum of
27^ to 28 ins. at full load.
The amount of circulating water required is about fifty times tbe
weight of steam, as against thirty times the weight of steam for ordinary
For this additional cooling water an addition of
condenser practice.
^ in. to 1 in. of vacuum is obtained, or a gain of from 3 to 4 per cent.
For the purpose of more thoroughly extracting the air, a "vacuum
augmenter" (Fig. 473) has recently been introduced by Messrs.
Parsons.
From the bottom of the condenser a pipe is led away to
an auxiliary condenser, containing about -}-^ the cooling surface of the
main condenser, and in a contracted portion of this pipe a small

—

;

;
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is placed, which acts as an ejector, and extracts nearly all
the residual air and vapour from the coinlenser and delivers it to the
air-pumps.
A water seal is provided, which prevents the air and
vapour returning to the condenser. The steau^ used by the auxiliary
per cent, of the full-load steam consumption.^
jet is said to be about
The air and vapour in the augmenter condenser being denser than
that in the main condenser, the air-pump need not be so large as would
In this connection it may be noted that the
otherwise be necessary.

steam jet

H

Main Exhaust

Fig. i73.

volume

of a given weight of air at
at 2 lbs. pressure absolute.

1 lb.

pressure absolute

is

double that

—

Recent Development in Surface Condenser Practice. As soon as
was fully realized how important was the influence of improved
vacuum in steam turbine practice, much more attention was given to
the study of the design of condensers, with a view to improving their
it

efficiency.

If the steam exhausting into a surface condenser consisted of pui'e
steam only, there would be no need of an air pump, but in practice
more or less air is always present in the exhaust steam, partly due to
air dissolved in the feed water, and partly to leakage of air into that
part of the plant which is below atmospheric pressure.
The weight of air passing into the condenser with the steam is
more or less constant under constant conditions, but in surface condensers the ratio of air to steam in the condenser during the process
of condensation varies greatly between the point of entry to the condenser and the point of leaving it to enter the air-pump barrel.
* See a pai)er by Hou. C. A. Parsons, G. Stoney, and C. P. Martin, Inst, of Elect.
Engineers, May 12, 1904.

—
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At the exhaust steam inlet the ratio of air to steam is very small,
but this ratio increases rapidly as the steam condenses, until finally the
proportion of air by weijzht is considerable.
The pressure in the condenser indicated by the
Partial Pressures.
vacuum gauge is made up of the sum of the "partial" pressures of
The "partial"
the air and ihe vapour present in the condenser.
pressure of the air, and the " partial " pressure of the vapour depend
upon quite independent laws, and are determined from the known
data, always remembering that " the pressure of tlie mixtute of a gas
and a vapour is equal to the sum of the pressures which each would
possess if it occupied the same space alone."
The pressure due to water vapour in an enclosed space at a given
temperature is obtained by reference to the Steam Tables.
The pressure is expressed in inches of mercury.
Note 1 inch of mercury = 0"491 lb. per square inch pressure.
The relation of pressure, volume and temperature of air is expressed
(see p. 8) by the formula

—

:

v/here

P=

cubic feet
53-2

;

PV = RT
V=

volume per
pressure per square foot
T = absolute tempei'ature Fahrenheit ; and R
:

of air in

lb.

=

a constant

=

^ RT
orP=^
Example

1,^

—We have in the lower portion of a condenser a mixture

of air and steam at a temperature of 105° F. and a pressure of
26 inches by the vacuum gauge, or 4 inches of mercury find the
" partial " pressures of the air and steam present in the condenser.
:

From the Steam Tables (Table IV.) the pressure of saturated steam
at 105° F. is 1*098 lbs. per square inch absolute, and this is the partial
But the total pressure of steam and air
pressure due to the steam.
1'964 lbs. pressure per
is 4 inches of mercury, that is 4 x 0-491
1-964
square inch absolute, therefore the partial pressure of the air
— 1'098 — 0-866 lb. per square inch. The partial pressure of the
steam is therefore 1098 lbs. per square inch, and the partial pressure
of the air is 0-866 lb. per square inch.
Example 2.- To find from the data given in Example 1 the volume
in cubic feet per lb. of air present in the condenser when the pressure
of the air is 0*866 lb. per square inch, and its temperature is 105" F,

=

=

—

PV = 53-2 T
- 53*2 X (461 + 105)
V~
~ 0-866 X 144
= 240 cubic feet per lb.

—

Improvements. Among the various improvements that have taken
place in the design of condensers are the following
(1) Arrangements for the easiest possible direct passage of the
exhaust steam to the condenser tube surface.
(2) The shaping of the condenser so as to present a gradually
reducing sectional area from the exhaust inlet to the air-pump suction.
;
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(3) The provision of tubeless spaces at points in the patli of flow,
where a change or reversal of direction of flow occurs.
(4) The provision of a cooling chamber in the ))ase of the condenser
to regulate the temperature of the gases passing to the air pump.

The

pump

increases as the density of the gases
depends upon the cooling
erticiency of the condenser.
It is also important that the water of
condensation supplied to the air pump should be reduced to a temperature below that of its boiling-point under the conditions of the
vacuum attained in the air-pump barrel, otherwise on the vacuum
efficiency of the air

admitted to

it

increases,

and

this density
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stroke of the air-pump piston the water would boil and the barrel be
filled with vapour, when the pump would cease to act any longer as an
air

pump.
must be further remembered that the eiBciency

It

of the plant as a

v/hole requires that the heat in the condensed steam should be conserved in every possible way in order to return it as boiler feed at the

highest possible temperature.
In order to deal with the opposing principles of a hot boiler feed
on the one hand, and a high air-pump efficiency on the other, separate
air pumps are sometimes fitted, one dealing with the air and vapour
at a low temperature, called the 'dry-air pump," and the other dealing with the water at a higher temperature called the " wet-air pump."

UMP

auCTroN

BECULATtNC VALVE

Fig. 475.

To the dry -air pump a cold injection is applied, thereby increasing the
density of the air and enabling the pump to withdraw a greater weight
of air per stroke, or permitting a reduction of air pump dimensions.
Fig. 474 illustrates a dual air pump made by Messrs. G. k J. Weir,
single connection
is the wet pump and B the dry pump.
Ltd.
branch pipe D is led to the suction
C is made to the condenser.
side of the dry pump, connection being made in such a manner that
the water from the condenser to the suction Avill all pass direct to the
wet pump by Cj. It will be seen that there is a separate suction to
each pump, and that the dry pump discharges through the pipe E
against the spring-loaded valve F into the wet pump at a point below
The dry pump is supplied with water
its head or discharge valves.
This water passes
for water sealing, cooling, a-nd vapour condensing.

A

A

A

H

to a special cooler
from the hot well of the dry pump by the pipe
through which a supply of cold water continuously circulates.
" condenser.
This
Fig. 475 represents a section of the " Contraflo
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is fitted with a two-way cock and pipe at its base, by means
which the water of condensation can be passed direct to the air
pump, or, where it is too hot to be etiectively dealt with by the air
punip, it can be by-passed through a cooler or water-pocket at tha
l)ottom of the condenser and afterwards admitted to the air pump.
In the case of a jet condenser plant the work of
Jet Condensers.

condenser
of

—

the air pump is greatly increased over that of the air pump of the surface condenser, which has to deal only with the condensed steam and
the air present chiefly due to leakage.
The air pump of the jet condenser has to handle, in addition to this,
the whole body of condensing water together with the air liberated
from that water.
In jet condensers the minimum condenser pressure is obtained under
The limiting
conditions which limit the supply of condensing water.
point being when further increase in weight of condensing water,
though reducing the pressure due to the steam, increases by a more
than corresponding amount the pressure due to excess air brought in
with the condensing wa-ter.
Vibration in the turbine is practically eliminated, as there are no
unbalanced parts. This removes the necessity for massive and costly
foundations.
The even turning moment on the spindle is a further important
quality of the turbine.
Lubrication. As there are no internal rubbing parts, no internal
lubrication is required, hence the steam exhaus-ted from the turbine to
the condenser is entirely free from oil, and the feed water supplied to
the boilers is pure distilled water.
Horse-power of Turbines. It is not possible to directly measure
the indicated horse-power of the turbine, but the brake horse-power
or the electrical horse-power of a turbo-electric set may be measured
directly.
Correcting the electrical horse -power for the efliciency of
the dynamo, we then have the brake horse-power of the turbine alone.
In reciprocating engines, the mean ratio of I.H.P. to B.H.P. is
taken as 1
086. If, then, for the purpose of comparison, the B.H.P.
of the turbine be divided by 0"86, we obtain what is called the
" hypothetical equivalent indicated horse-power " of the turbine.

—

—

:
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APPENDIX
I.

RIPPEK'S MEAN-PRESSUEE INDICATOR.
The object of the mean-pressure iudicator here described (Fig. 476), is to
obtain from pressure-gauges a continuous reading of the mean effective pressure
in an engine cylinder.
The instrument consists of a valve-box containing two valves, and by the
automatic action of the valves, the driving or impelling steam is made to
while the
act continuously on one gauge, called the forward-pressure gauge
back-pressure steam acts continuously upon another gauge, called the backpressure gauge.
The difference between the readings of the two gauges gives,
for ordinary cases, a close approximation to the effective pressure acting on the
piston as given by an ordinary indicator.
One of the valves, B, is a ball valve,
The action of the valves is as follows
and the other, E, is a double-seated valve. Suppose, in a vertical engine, the
driving-steam is on the upper side of the engine piston, pressing it downwards.
Theu the driving-steam enters also the upper part of the instrument at H, and
This action
presses down both the little valves upon their respective seats.
puts the driving-steam into communication Avith the forward-pressure gauge
and puts the back-pressure steam, which is below the valves, into communication
with the back-pressure gauge, owmg to the double-beat valve E being now open
at the bottom side of the valve.
On the return stroke of the piston, the driving-steam enters the instrument at
C, and the valves B and E of the instrument are automatically reversed, and
again the driving-pressure steam acts upon the forward-pressure gauge, and the
back-pressure steam upon the back-pressure gauge. In this way there is a
continuous reading of the forward and back pressures on the respective gauges.
(and D), at the instrument end of the gauge-syphon for
There is a cock,
rough adjustment, and a cock F (and G) close to the gauge for fine adjustment.
By the use of two cocks, the gauge-finger is maintained steady, and the gaugepipe is kept full of water.
The mean-pressure obtained from the gauges is the mean-pressure on a time
This differs somewhat from the mean-pressure on a distance-base, as given
base.
by the ordinary indicator, because the motion of the piston is harmonic, and not
uniform throughout the stroke.
In many cases the difference between the two kinds of mean-pressures is very
small.
In some cases, however, where there is a large expansion in one
also in the case where the back pressure at
cylinder, the difference is greater
compression is greater than the forward pressure the valves of the instrument
reverse too early.
But for all cases, in any given engine, there is a definite ratio
between the reading of the gauges and the mean-pressure by an ordinary
indicator which can be determined once for all by actual trial, or by measurement
from the diagrams ; and in practice the gauges are in the fiist instance
standardized against a good standard indicator of the ordinary type, at light
medium and heavy loads, and the gauges graduated accordingly.
;

:

—

A

;

;
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SATURATED -STEAM TABLES.
Fr(ym Prof. Peabodtfs Steai7i Tables {New Edition).
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TABLE OF MEAN-PRESSURE RATIOS.
The mean pressure f^ is obtained for any given nuniLer of expansions by
multiplying the initial absolute pressure by the factor given. Thus, ior adiabatic
expansion vv'ith a cut-off at \^ the initial pressure = 100 lbs. absolute

Vm—V\^
=

ratio of expansion.

factor for five expansions

49 -Gibs.

=

100 x 0"496
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VI.

TABLE OF ENTEOPY.
Temperature

QUESTIONS WITH SOLUTIONS
{Prepared for the Author

I.

What

1.

Mb.

hij

W. Kebshaw, M.Sc. B.Eng.)

J.

THERMODYNAMICS OP GASES.

the law connecting the pressure, volume, and absolute temperature
what is its
1 lb. of air at 2 atmospheres pressure and 20° C.

is

of 1 lb. of air ?

volume

:

?

It receives heat energj' equivalent to 1000 foot-lbs., its volume remaining
constant find its new pressure and temperature. The specific heat of air at
constant pressure is 0-238. (Bd. of Ed., Stage III., 1900.)
Answer. The law connecting the pressure, volume, and absolute temperature
R = 95-83 if T is in Centigrade degrees.
is PV = RT
Let V, = the new volmne
:

—
;

;

=

then 2 X 14-7 X 144 x V,
^

=

Heat added
.-.

1000

and the new temperature
find the

m=

t

„„,„

,

6-G48 cub.

x

=

the rise in temperature

^-T-r'
14-7

X 144

R)^
IQOQ

is

therefore 24-3' C,

- 9583

X 1398

-

4.30

c

,,
ft.

"

new pressure—
(273:7

6-648
a small

amount

+

24-3)

X 144

of heat

5H

^

to a

^g.gg j^^

Substituting, fZH
Integrating, heat added,

R=K-

A-

and

=

^^

'

heat added in any change

=

.

7

.*.

i

energy

+ work

done

+ pdv

H = ^ (P„V, K=
y,

i-

gas-

= increase of internal
SH = A-ST +pSv
orfZH = kdT + jxlv

Heat added

.-.

+ 20)

s
2

0-238

.

we add

(273-7

95-83x293-7

"

PV = RT
^ 95-83 X

If

where

= (K -

t

To

kt,

I
'

x

95-83

=

P,V,)

K

—Y-

-'_^{^^^".

rr

~

7c

+

work done

_7_
=
"'^

^i^'i)

+ ^'^^^

/.-

.

1
•

•

R

^^^^^

^

__1_

7

-

i

—

—

•

—

•

i
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energ}' is constant.

During isothermal expansion the internal
.'.

=

heat added

During adiabatic expansion no heat

work done

added or rejected

is

;

— increase of internal energy + work done
or work done = — increase of internal energy
If expansion of a gas take place according to the law PV = c, the
during expansion may be written in the following form, instead of
.*,

form

heat given
the above

:

The work done

— -^ V„= P— V — P
n
1
^

'

(see p. 13)

tiierefore heat given may by written —

^^

"

-

-^^

^

'^

+

n-1

-

(7rT)(^-l)

_

(y

-

^^)

^ (P,v,

-7-1^
=

-

P.v.)

n-

~ X work done

7-1

2. Ten cubic feet of air at 90 lbs. absolute pressure and at 65° F. are expanded
to four times the original volume, the law for the expansion being PV'-^^ = a con130'3 foot-lbs. per
Given that the specific heat of air at constant volume
stant.
183-4 foot-lbs. per pound, find (1) the temperapound, and at constant pressure
the
end
of
at
tlie
the
air
expansion
ture of
(3) the
(2) the work done in foot-lbs.

=

=

;

;

of heat which must have been given by or been rejected to an external
source during the cycle. (London B. Sc. Eng., 1904.)

amount

Answer.

—

.

••

^ ^ 65

4- 461
4-"-'

^

=
Work done

in foot-lbs.

=

_
-

526
4*

_ 626
~ V2

372° absolute or -89° F,

^'^'L

~ (v'
)
-1

J

_

90 X 144

X

1 0[ 1

-

(i)*]

1-25

151,800 foot-lbs.

Heat

rejected
"

=
7

=

—

-r

1

x work done =

—

r. iKa
0'40o

X 151,800

58,790 foot-lbs.

One pound

of air at 32° F. and at atmospheric pressure occupies 12-387
i'ind its pressure at 212° F. and compressed to 3 cub. ft.
Ans. 82-9 lbs. per square inch.
4. Draw diagrams illustrating the addition of heat to a gas^
(1) at constant volume
(2) at constant pressure
(3) with increase of both pressure and volume.
5. Find the work done during the isothermal expansion of 1 lb. of air from 100
lbs. per square inch to 20 lbs. per square inch, at a temperature of 100° F. Hj-p,
log 5 = 1-609.
Ans. 48,021 foot-lbs.
6. Find the work done during the adiabatic expansion of 1 lb. of air from 100
lbs. per square inch to 20 lbs. per square inch.
Ans. 27,487 foot-lbs.
7. Air is compressed in an air-compressor adiabaticall)'.
If the initial temperature is 60° F., find the final temperature. The final pressure is 6 atmospheres.

3.

cub.

ft.

;

;

Ans. 408° F.
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8. A quantity of air at G0° F. is compressed adiabatically to \ its volume, and is
then cooled down to 60° F. at constant pressure. The compressed air is next used
Show that the
for doing work by expanding adiabatically to the initial pressure.
ratio of the work done during expansion to that expended during compression =
7-'.
Prove tlie formula on which you rely. (Bd. of Ed., Hons., 18'JS.)
(J)
9. Find an expression for the work done by 5 cub. ft. of air, at a pressure of
50 lbs. per square inch, when expanding at a constant temperature of ilO° F. into
State the amount of heat which must be supplied
a voliune of 8 cub. ft.
during expansion, and give reasons for your statement.

Given, hA-p. log 2
hyp. log 10

=
=

0-69315
2-30259

Ans. 21-7 B.T.U.
(Bd. of Ed., Hons., 1892.)
10. Find an expression for the efficiency when air at 60° F. is compressed to a
pressure of 5 atmospheres, then cooled down under a constant pressure to 60° F.,
and afterwards used for doing work by expanding it back again to the pressure of
(Bd. of Ed., Hons., 1891.)
the atmo.sphere.
11. Calculate the work done in adiabatically compressing and delivering 3 cub.
ft. of dry air from atmospheric pressure to a pressure of 75 lbs. per square inch
above the atmosphere. The ratio of the specific heats is 1-408. You may neglect
clearance effects, and take the pressure of the atmosphere at 15 lbs. per square
inch.
(Inst. C.E., Feb., 1902.)
Ans. 15,210 foot-lbs.
12. Define the terms " adiabatic " expansion and " isothermal " expansion. In
an air-compressor, 10 cub. ft. of air at a gauge pressure of 5 lbs. per square inch
and a temperature of 60° F. is compressed adiabatically to a gauge-pressure of
105 lbs. per square inch. Find the volume and temperature at the end of the
compression. If the compression was isothermal, find the volume at the end of
compression the atmospheric pressure may be taken as 15 lbs. per square inch.
(Inst. C.E., 1905.)
if
Ans. Final temperature = 414-8° F.
final volume = 2-800 cub. ft.
compression isothermal, final volume = 1-66 cub. ft.
given
quantity
of
13. Explain why it is not possible to convert the whole of a
heat into work. What is about the best possible efficiency of a steam-engine ?
14. State Camot's principle. Point out the chief conclusions of a practical
kind which have been deduced from this statement. Give the reasoning on which
vou found a measure of the efficiency of a perfect heat-engine. (Bd. of Ed., Hons.,
1894.)
15. State the two laws of thermo-dynamics, and explain what limitation the
(Inst. C.E., Feb.,
second places upon the first in its application to heat-engines.
;

;

;

1898.)

16. Sketch the indicator diagram of an air-engine working with a Camot cycle,
for the heat expended, the work done, and the efficiency.
(Inst. C.E., Oct., 1898.)
17. State the first law of thermo-dynamics, and give some account of any
experiment with which you are acquainted by means of which its truth has been
established.
The consumption of coal in an engine is 2 lbs. per I.H.P. per hour,
and each pound of coal may be taken as supphnng 10,000 thermal units. Find
what fraction of the heat is usefully employed. (Inst. G.E., Feb., 1899.)
Ans. 12-7 per cent.
18. Distinguish between the adiabatic and the isothermal expansion of a perfect
gas as regards work done, heat supplied, and efficiency. Prove your expression
for the work done during each.
(Inst. C.E., Feb., 1898.)
19. Show by a sketch, in approximately correct relationship, the curves for the
(a) isothermal, (6) adiabatic, (c) PV'-" = constant, expansion of 1 lb. of air from
a given initial pressure-volume and temperature to twice its initial volume.
State broadlv the difference (not numericallv) in the variation in internal energjbetween each. (Inst. C.E., Oct., 1902.)
20. What is the law connecting pressure, volume, and temperature of 1 lb. of
At 2i atmoair, if at 1 atmosphere and 0° C. the volume is 12-39 cub. ft. ?
spheres and 130° C, what is its VDlume? It receives heat energy- equivalent to
300,000 foot-lbs. at constant volume : what are its new pressure and temperature ?

and find formulae

—

—

—

—
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The

specific

III..,

1203.)

heat of air at constant pi-essure

is

238.

Stage

(Bd. of Ed.,

Ans.
cub. ft. 152-6 lbs. per square inch T = 1403° C.
21. Fluid expands from a point on the diagram where p is represented by 1'5
inches, and v by 1 inch, to a place where v is 3'5 inches. According to each of the
laws of expansion, pv constant, jji,-!-"'*" constant, and i^v^-'^^ constant, find the value
(Bd. of Ed., Stage II., 1900.)
of 2' at the end of the expansion in each case.
Ans. 0-428 0-395 0-364.
22. Prove that if 1 lb. of air expands adiabatically the index n in the expression PV" = constant, is the ratio of the specific heat at constant pressure to
the specific heat at constant volume.
One pound of air at 354° F. (178-9° C.) expands adiabatically to three times its
The
original volume, and in the process falls in temperature to 60° F. (15-6° C).
Calculate the two specific
work done during the expansion is 38,410 ft.-lbs.
(London B.Sc. Eng., 1912.)
heats.
When heat is added to a gas the heat added may either increase the
Ansiver.
energy in the gas or do work, or both processes may take place at the same time.
From the first Law of Thermo-dynamics

PV = 95-83T V = 7'311

;

;

;

;

;

—

dQ = dE

+ dW

where dQ is the heat added dE is the increase of energy of the
the work done. If the quantities are expressed in heat units
;

dW =
where J is Joule's equivalent.
For a perfect gas the energy

fc

is

- k.dT

a specific heat.

dQ =

For constant volume

k .dl

+

k is the specific heat at constant volume, generally written
assumed to be independent of the temperature.

P

k,,,

and

the expansion of the gas

and dQ

—

here

adiabatic there

(1)

is

neither gain nor loss of

0.

^T^_

.

'•

The

is

is

rlV

:,dQ = k4T + --~-

When

dW is

?^

.•.

heat,

and

a function of the temperature.

is

.-.dE

where

gas,

dY

P.
Jk,

^

'

c-haracteristic equation for a perfect gas is

PV = RT
where

R=

{kj,

—

k,)J.

dP
P + V^^^ =

Differentiating

Substituting in equation

(3)

the value of -j^ obtained in equation

"^

^dV

P + V—

Integrating, log,

(3)

dT

^

„

dV

- k,)J^

{kj,

dP

P+

,

k„dY

~
k,.

= - ^>P - P
-

^ log, V = C

(2)
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h
=C
PV^ = C

or PV''"

,''

is

usually written y and

=

1-408 for air, the index 7 being the ratio of the

specific heats in adiabatic expansion.

In the numerical example, as the expansion

is

adiabatic there

no addition or

is

loss of heat.
.'.

work done

38410

ft.

-lbs.

= change of energy
= k,x 774{.354 - 60)

k..=

=

88410
774 X 2y4
0-168

Y-i

Mso

Taking logs

log 814

;

^^

=

(p.

(;j)

21)

460 + 354
460 + 60

_
~

^'

-

log 524

=

{7-I) log 3

and 7

=

1-408

=

^/-

kp

=
=

1-408
0-235

X

0-168

.-.

,v-

23. Obtain an expression for the work done when air expands isothermally.
Air at a pressure ^^i flows isothermally and without friction through an orifice
where the pressure is 2J.j ; what is the relation between pi and p.. for maximum
discharge ? (Sheff. Univ.)

= fp.dY = p^i'i log,,
and A = area of nozzle.

Ansioer. —^Yovk done

Let

V=

velocity

-^-

Weight discharged per second
also

^=

?ht discharged

This
log.

^^
Ih

expression

=

i or -^
-

=

is

a

=

maximum when

=

its

for

isothermal expansion

— = ——

.

v.

(p. 12).

- -^^-^

PiV, loge|-;

'--^

,.

/ 2gp^v^ log,^

differential

=

0,

that

is,

when

0-603.

Pi

24. Air enters a single stage compressor at GC P. and at 15 lbs. pressure.
Find the work required per cubic foot to compress it to 90 lbs. absolute
pressure, assuming that the compression curve is of the form PV'-" = constant.
After compression the air is cooled to 60^ F. and used in a motor. If the air
expands to 15 lbs. pressure, find the work done per cubic foot by the air.
(Neglect clearance.) (Sheffield University.)
Ans. 4753 ft. -lbs. 2656 ft. -lbs.
23. Five hundred cubic feet of air at 60 lbs. per square inch absolute enter an
air motor per minute and expand to 15 lbs. per square inch absolute.
Find the
horse-power of the motor, assuming the law of expansion is PV'-^ = constant. If
you use a formula, prove its correctness. What is the final temperature, if the
(Sheffield University.)
initial temperature is 228^ F. ?
Ans, Horse-power = 155-5 final temperature = 40° F.
;

;

—
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26.
is

Show

the ratio

that
-,

when

air

expands adiabatically the index 7 in the law

PV^ = C

assuming the specific heat to be constant.

27. Find au exiiression for the work done by an engine in compressing air
from a pressure P., and volume V„ to a pressure Pj and volume V, and delivericg
it at Pj, assuming the compression curve may be represented by the law PV" =
constant.

Find the horse-power required to deliver 600 cub. ft. of free air per minute
at 60 lbs. per square inch absolute, the initial pressure being 15 lbs. per square
inch absolute. Assume PV'-^ = constant. (Sheffield University.)
Ans. 64-1 H. P.
28. Find the heat changes per pound of air, and draw up a heat balance for a
machine using air as the working fluid under the following con-

refrigerating
ditions
:

Admission pressure to compressor, 15

lbs.

per square inch absolute

;

tempera-

ture, 35° F.

Pressure at the end of compression, 75 lbs. per square inch absolute law of
compression, PV'--" = C.
Temperature after passing through cooler = 65° F.
Pressure after expansion, in expansion cylinder, 15 lbs. per square inch absolute law of expansion, PV'*-^ = C.
;

;

V,T.

RV.T,

Fig. 476a.

—

Answer. Let P,, V„ and T^ be the original pressure, volume, and temperature.
P,, Vj and Tj the pressure, volume, and temperature after compression.
V3 and T3 the pressure, volume, and temperature after cooling.
Po, Vj, and T^, the pressure, volume, and temperature after expansion.

= RT,
= 53-2 (460 -f 35)
V;; = 12-19 cub. ft.
'75 X V, 1-25 = 15(12-19)i-2-5
V, = 3-363 cub. ft.
363 = 53-2 Tj
T, = 682-9

P..V„

15 X 144 X V„

To

find

V„

To

find

T„

75 X 144 X 3

Loss of heat in cooler

To

find

T„

525
^^^
T*

==

(682-9

-(460

+

65))

x 0-2375

= 37-50 B.Th.XJ.
_
/75\-r:
- ^'^^y^
\15)

= 380-6
cooling chamber = (496 — 380-6)
- 27-2 B.Th.U.
Tj

Heat received from

x 0*2375

—
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work done during compression
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done during expansion

of air.

_

1-25

X

X

144( 75

-

3-363

y

15

12-19)

1-25

_

(1-25-1)778

=

5

X 144 X 15
(^

778

X

-

3 363

12-19

-

[5V3

To

find V3,

75 x 144 x V3

To

find V^,

X 144 x V^
V^
X 144 V 15

V3

net work done

.

Heat

15

=

5

=

14-9 B.TJi.U.

- 1-25 / 75 X
^
1-408 - 1 \
1-408

:=

=
=

=

3-363

-

V,])

53-2 x 525
2-586 cub. ft.
53-2 x 3S0-G
9-374 cub. ft.

(16-815

„^„
778

rejected by air during compression

-

12-19

-

12-98

+

9-374)

7-1 work done
-

778(1-25

15

-

x

12-19

\

)^

1)

19-9 B.Th.U.

„ , received1 ^durmg expansion
Heat
•

=
=

x 144(75V3 - 15V,)
(1-25-1)778

•

=

1-408 - 1-25/75
{
^.^^^ _ ^

X

- 15 x
Tim^b^l)

2-586

9-374

\

,

)

^ ^^^

,

,

15-3 B.Th.U.

Heat Balance-sheet.
Heat

rejected during compression
Heat rejected during cooling

B.Th.U.
|

19-9
37-5

Heat abstracted from
chamber ...
Heat received during
expansion

Work done on

air

...

57-4

B.Th.U.
27-2

15-3
14-9

57-4

29. In a type of refrigerating machine using air, the air is drawn from the
refrigerating chamber at a temperature 30° F. (atmospheric j)ressuro 15 lbs. per
square inch), compressed to 75 lbs. per square inch absolute and discharged to a
cooler, where the temperature is reduced to 60" F.
From this cooler it is taken
and expanded to atmospheric pressure and then discharged into the chamber.
The expansion and compression follow the law^ri constant. Draw up a heat
balance for 1 lb. air, showing

=

(1)
('2)

(3)
(4)
(5)

Take K^)
Answer.

—

Heat
Heat
Heat
Heat
Heat

abstracted from the chamber.
rejected during compression.
rejected during cooling.
received during expansion.

representing work done.

= 0-2375,

7

=

1-4.

(S.U., Hons., 1913.)

—
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A two-stage compressor delivers air into a large receiver with the object
measuring the volume of air delivered. Find from the following data the

30.
of

volumetric efficiency

:

Stroke
Effective area of L.P. piston
Volume of receiver and connections
Temperature in receiver (final)
Temperature of air entering L.P. cylinder and initial temp.
in receiver
Pressure of air in receiver (initial)
Pressure of air in receiver (final)
Nurnber of strokes taken to raise the pressure in the receiver
Ans. Volumetric
(London B.Sc. Eng., 1913).

31 On

18 in.
103-2 sq. in.

984 cub. ft.
71° F, (21'7° C).
58° F. (14-45° C).
14-7 lbs. sq. in. abs.

92 lbs. sq.
5900
efficiency

in. abs,

=

0-795.

a pressure-volume diagram in which the scales are Pressure, 100 lbs,
2 in. horizontally plot a
per square inch = 1 in. vertical volume, 1 cub. ft.
point A representing i lb. of a gas at a pressure of 200 lbs. per square inch and
at 100° C. temperature, having given that the characteristic equation of the gas
is, pY = 0-7Ta), where T is the absolute teaiperature C, p is the pressure in
pounds per square inch, V is the volume in cubic feet, and u is the weight of the
gas in pounds.
The gas expands to twice the volume shown by the point A according to the
Calculate and write down the temperature of the gas
relation PV = a constant.
at the end of the expansion, and mark point B on the diagram which shows its
:

=

;

new

state.
Calcjilate the heat received or rejected by the gas during its expansion from
the state A to the state B. The specific heat of the gas at constant volume
Higher.)
(B. of Ed., 1914.
is 0-17.

Ans. Temperature after expansion, 100° C.

II,

1.

Find the pressure

2.

Draw

;

heat received

=

16-75 B, Th, U,

PROPERTIES OF STEAM,

of saturated

steam

at a temperature of 350° F,

Ans. 134'6 lbs. per square inch.
a diagram illustrating the changes of H, L, p, and E between 102° F.

and 400° F.
Find the external latent heat and
per square inch

;

temperature 212° F.

intrinsic energy in 1 lb. of steam at 14-7 lbs.
volume of 1 lb. is 26-6 cub. ft.
72-3 p
1074-7.
/t
Ans.
;

E=

;

+

=

Find the total heat, latent heat, internal heat, and external heat of 1 lb. of
steam at a temperature of 373° F.
Find the volume of 1 lb. of steam at a pressure of 150 lbs. per square inch
3.

absolute.

in the Steam Tables, page 453.
heat has been expended in evaporating 1 lb. of water at 60° F.
into steam at 350° F., the wetness of the steam being 5 per cent. ?
Ans. 1115B.T.U.
5. A boiler evaporates 8^ lbs. of water per pound of coal.
The pressure of the
328°
F.), feed temperature
steam produced is 100 lbs. per square inch (temperature
60° F. Find the equivalent evaporation from and at 212° F.
Ans. 10-13 lbs.
6. A boiler evaporates 7-3 lbs. of water into steam from feed water at 60° F.
Find the equivalent evaporation from and at 212° F. Temperature of steam,
357° F. The steam produced is 85 per cent. dry.
Ans. 7-78 lbs.
7. A boiler evaporates 9-7 lbs. of water per pound of coal from water at 60° F.
The temperature of the steam is 376° F. Find the equivalent evaporation from
Ans. 11-7 lbs.
and at 212° F.
8. A boiler produces 8-2 lbs. of wet steam per pound of coal from feed water at

Compare your answers with those given

4.

How much

—

:
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80" F. Find the equivalent evaporation from and r.l 212"^ F. if the steam \-a
Am. 8'9 lbs.
90 per cent. dry.
9. A boiler evaporates 7"5 lbs. of superheated steam, the temperature on leaving
the superheater being 650° F. The feed water enters the boiler at 85° F. The
pressure of the steam is 100 lbs. absolute, and the temperature of saturated steam
at this temperature is 328° F. Find the equivalent evaporation from and at 212° F.
/his. 9-95 lbs.
Total heat per pound =
+ 32 - 85 + 0-48(650 - 828).
10. When comparing different boilers, what do we take as the standard of
that is, there is
evaporation ?
Feed water, 25° C.
steam, 15 per cent, wet
0-15 lb. of water to 0-85 lb. of steam leaving a boiler at 180° C. If 9 lbs. of this
wet steam leaves a boiler for every pound of coal burnt in the furnace, what is the
evaporative power of the coal, reduced to standard units of evaporation ? (Bd. of
Ans. 9-447 lbs.
Ed.. Stage II., 1903.)
11. Steam coming from a boiler is led into a tank of water. Show how, by
using thermometers and noting the amount of water in the tank at various
(Bd. of Ed.,
times, we can find the dryness of the steam leaving the boiler.
Stage II., 1904.)
12. Steam is admitted to a tank containing 190 lbs. of water. The initial
temperature of the water is 55° F., and the final temperature is 78° F. The
steam condensed is 4 lbs. If the pressure of the steam is 150 lbs. absolute
(temperature 358° F.), find the dryness of the steam.
Aur. 0-941.
13. Steam is condensed in a tank containing 300 lbs. of water at 47° F. The
increase in the weight of the water is 8 lbs. and the final temperature is 75° F.
Find the dryness of the steam if the temperature of the entering steam is 341° F.
Ans. 0-895.
14. Upon what principle does the throttling calorimeter depend ? Wha^t is the
maximum percentage of moisture that it will measure
State the formula for
determining the percentage of moisture.
15. The steam in the main steam-pipe has a temperature of 320° F. It enters
a throttling calorimeter, and its temperature after expansion is 267-5° F. and
pressure 21 lbs. per square inch. The temperature of saturated steam at 21 lbs.
is 230-5° F.
Find the dryness of the steam.
Ans. 0-99.
16. Steam enters a throttling calorimeter at 344° F., and expands to 19 lbs. per
square inch. The temperature of saturated steam at 19 lbs. per square inch is
225° F. The actual temperature of the steam is 290° P. Find the dryness of
the steam.
Ans. 0'995.
17. Steam escapes from a vessel which is maintained at a temperature ^,, into
a. vessel whose temperature is ^j
prove that

H

;

;

'?

;

Xo

where

x,

and

x.^.

^'^^

~"

iTl

_U-t„
—
—

a;,(L„

-

L,)

t^e dryness fractions, and Lj, Lj the latent heats.

(Inst. C.E.,

1904.)

18. Describe any method with which you are familiar for measuring the wetness
(Inst. C.E., Oct., 1901.)
19. Draw the three characteristic curves for steam, and say under what
conditions steam follows each of these curves during expansion,

of steam.

20. Given the following numbers for steam, use squared paper to find

ci'i)

^ at

150° C. The latent heat of steam at 150° C. is 500-8 in pound-Centigrade vmits
find the volume of a pound of steam at 150° C.

Pressure in pounds per square foot

155
11,380

.

Prove your formula. (Bd. of Ed., Stage III., 1903.)
To find the Volume of 1 lb. of Saturated Steam. It is not easy to determine this
volume directly, so it is calculated from other properties of steam which can be

—

more accurately determined.

—

—
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In applying Carnot's cycle

shown

to be equal to

—

'-^

to the steam-engine, the
"^

'

in heat units, or

work obtained per pound was

—

li
If

—

in foot-lbs.

-7^
-'-1

TT tm

the temperatures are close together, this expression

may

be written

—=

Referring to the indicator diagram, the length
xt = vol. of 1 lb. of steam, and
= Vol. of 1 lb. of water. Its height = 8P.

MN is u — w, where
w

The area

of the
.-.

diagram

5P(w

In the limit u

—

.

=
=

w)

work done

= SP x

(

w — w^)

JLST

-^

JL
10

n-

W+

dT
X

clF

JL
rp

dT
X ^p
Fig. 477.

The volume

of 1 lb. of steam,

when

calculated

by the above formula, depends upon J, which causes the volume to vary
in different Tables according to whether 772 or 778 has been used in the calculation.

In the example given

we

find,

from plotting on scLuared paper

^ =

'"

.

21. Derive the formula (v

L=

-

JL

dT

+ ^ XdP
=
+ ^.44^^.4
150 + 273 268

=

0-016

=

6-172 cub.

iv)

=

TT
y^

^T
y.

0016

+ 6-156

ft.

,p.

Steam

one degree

at 90 lbs. absolute

{t

-

320),

1-28 lbs. per square inch find
888-4, the change
(Inst. C.E., Oct., 1903.)
the volume of 1 lb. of dry steam, taking iv = 0-016.
Ans. 4-86 cub. ft.
22. What is the volume of 1 lb. of steam at 165'' C, the latent heat being 490
of pressure for

in pound-Centigrade units

the following information

:

?

To

is

:

find ~- approximately, use squared paper

and

—
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water of the condenser is raised 10 degrees Centigrade, how many pounds of circulating water are being used per hour? (Bd. of Ed., Stage II., 1901.)
Ans. 4,244,400 B.T.U. 356,298 B.T.U. 210,000 lbs.
25. Feed water 25° C. steam 10 per cent, wet that is, there is 0-1 lb. of water
to 0-9 lb. of steam at 170° C. If 26 lbs. of this wet steam enter the cylinder per
indicated horse-power, how much of the heat passes to the exhaust ? If the stuff
leaves the cylinder as saturated steam and water at 105° C. what is its wetness ?
Neglect radiation or other loss of heat by the cylinder. (Bd. of Ed., Stage III.,
;

;

;

;

,

1903.)

Ans. 13,788 heat units per I.H.P. per hour above 25° C.

;

wetness, 15'5 per

cent.

26. Explain fully what occurs when heat is applied to water until it is converted
into dry saturated steam, the pressure being maintained constant during the process.
Illustrate your remarks by means of the temperature-entropy chart, taking
the following numerical data
:

—

Weight

1 lb.

Initial

100° P.
150 lbs. per square inch
absolute

of water
temperature of water
Pressure of steam

Temperature

saturated steam at this)

of

pressure
Total heat

j-

^^

rf5b

„
i^.

1191 B.T.U.

How

many heat units are required throughout the whole process, and how many
are required for the mere conversion of the water into steam after it has been
raised to the steam temperature ?
(Note.
A hand-sketch of the chart will be
sufficient.)
(Inst. C.E.,Feb., 1900.)
27. If water is supplied at 60° F. and evaporated at 120 lbs. pressure per square
inch {t = 341° F.), how many pounds of water will be evax^oratcd by 5000 thermal
units ? Give full details of your working, and calculate each portion of the heat
addition to the water separately. (Inst. C.E., Feb., 1901.)
latent heat = 875-3 B.T.U.
total
Ans. Sensible heat = 281 B.T.U.

—

;

;

heat = 1156-3 B.T.U. water evaporated = 4-325 lbs.
28. Calculate in British thermal units the external and internal heat per
pound of saturated steam which is supplied from a boiler working at a pressure
of 100 lbs. per square inch (absolute).
;

Number

of cubic feet per pound of steam
Total heat of evaporation from 32° P

Temperature

of

4-37

1182 B.T.U.
328° P.

steam

(Inst. C.E., Oct., 1901).

internal heat = 1101-1 B.T.U.
Ans. External heat = 80-9 B.T.U.
29. Distinguish between the " internal work " and the " external work " done
in changing the state of a fluid. If the heat expended in generating a pound of
steam be 1000 thermal units, and the external work done be 60,000 foot-lbs., find
Ans. 922-9 B.T.U.
how much internal work is done. (Inst. C.E., Oct., 1898.)
30. Calculate the number of British thermal units supplied per pound of steana,
starting frona water at 70° F., and generated in a boiler at a pressure of 150 lbs.
per square inch (temperature 358- P.), and afterwards superheated to a temperature
You may assume the common value for the specific heat of superheated
of 500° P.
Ans. 1219-6 B.T.U.
steam to be correct. (Inst. C.E., Oct., 1901.)
31. A steam electric generator on three long trials, each with a different point
of cut-off on steady load, is found to use the following amounts of steam per hour
for the following amounts of power
;

:

Pounds

of steam per hour
Indicated horse-power
Kilowatts produced
.

.

.

.

10,800

706
435

—

—
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Find the indicated horse-power and the weight of steam used per hour when
330 kilowatts are being produced.
Find in the four cases the amounts of steam used per Board of Trade unit (that
is, per kilowatt-hour). (Bd. of Ed., Stage II., 1901.)
Ans. 545 I.H.P. 7590 lbs.
32. Taking the hypothetical indicator diagram, if the average pressure during
the stroke is
;

^

1 4- logf r

Vx

where p,

-Vz

the initial pressure, and j)3 is the back pressure
the area of the piston is 150 sq. in.,
there are 300 strokes per minute, then the horse-power
is

;

the ratio of cut-off,
the crank is 1"2 feet,

if r,

is 3, if 2^3 is 17, if

if

if

is

P=
Find the constants a and
If

M

is

the volume of 1

lb. of initial

Find the constant c.
Given the following values

Pi

(Bd. of Ed., Stage

ai\

-

b

b.

of ^|

steam, then the weight in pounds per hour is

and

u^, find

P and W and

tabulate

60

80

100

120

7-03

5-37

4-356

3-671

II., 1905.)

Ans. a

=

2-28

;

b

=

55-5

;

them

c

=

:--

15,000.

—
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To

find

6,

substitute the valve of a* in

155

To

find

+

h

=
=

35-2

=

6

(2)

x„.^

(7903)*
35-2

0—

m

e

+

e

+ 35-2=^^^X^ =
^
0063
=

.-.
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193

-

35-2

=

193
IST'S'^ C.

34. The volume of 1 lb. of saturated steam at 160° C. has been calculated by
the well-known formula from latent heat, etc., and found to be 4-82 cub, ft.

What

value

must have been taken

Prove the formula

to be correct.

±'-^
for
,r -^ ?

Take Joule's equivalent as 1393.

(Bd. of Ed., Stage III., 1899.)

Ans. 330.

35. Define the terms " superheated " and " dry saturated " as applied to steam.
During the trials of an engine using superheated steam, the steam was supplied
at a pressure of 180 lbs. per square inch absolute, and the superheat was 300- F.
The engine consumed 12 lbs. of steam per I. H. P. hour, the feed temperature being
120° F. Express the consumption in " pounds of dry saturated steam" at the
same pressure, and also in " pounds of water evaporated from and at 212° F."
At a pressure of 130 lbs. per square inch absolute, the boiling-point is 347*2° F.,
the total beat of 1 lb. of dry saturated steam is 1,187'9 B.T.U., reckoned from
32° F., and the latent heat is 869-4 B.T.U. Take the mean specific heat of the
Ans. 13-57 lbs. and 15-44 lbs.
superheated steam as 0-48. (Inst. G.E., 1905.)

36. Steam of wetness fraction w, is expanded adiabatically from a pressure p^
The expansion curve is pv" = constant, where n = 1-135 — 0-lw,

to a pressure p.

and the specific volume of steam is given by PV^'' = constant. Find the wetness
of the steam after expansion from^, io p in terms oi ^h, 1^, and u\
Hence find
the wetness of 5 per cent, wet steam after adiabatic expansion from 150 to 20 lbs.
(London B.Sc, 1912.)
per square inch absolute.
Ans. Let

g,

q„
'

= the dryness of steam before expansion
= 1 — Wi
= dryness of steam after expansion
=1Pi(2iV,)" = P..(2.V.)"
W,'2

.-.

where V, and

V,_,

(1)

are the volumes of 1 lb. of dry steam before and after expansion

respectively.

Also P,V,'''

=

V,

V„y}''

;

= pM
(

and y'
1

From

= l-W2_/P,\«Vi
^
2, -!-«;.;=©"
\V,) V,

?2
(1)

-„, = (i-..)(|)\5)"
=
w„

/i

(1

-

n/Pi \»
p; )

1?

^^.)(

= x- (1-

W'i)(pM

—

—
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Substituting the numerical values given in the question

w,

-

=

1

=

1

=

0-818

(1

-

05)(^^)^"^^'«'^^^^""
0-9412-0 8849

37. Prove that

the volumes of a fluid before and after undergoing a change
p and temperature T are t', and v.. respectively

if

of state at pressure

^=-"^=
where \
Apply

Ja

T

fZT

^dP

the heat absorbed in the change and J is Joule's equivalent.
this equation to determine the volume of 1 lb. of steam at 150 lbs.
pressure, having given that—
is

i^lbs./O"

—

— —
:
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Expressing

where

P=

T

in

terms of the pressure per square foot

pressure in lbs. per square foot
.-.

then

Let

P

=

473

81

T = 40-41^? +

^1

X 144 then ^^

«P

...

u

== 40-41

464

X jP"^

^^

=
4

X

,

= ZI^^^
834
= 7-847 cub.

= 0-009001

81*

X

144*

X

+ 002

0-009001

ft.

39. In a combined separating and wire-drawing calorimeter the following
observations were taken
Total quantity of steam passed through the diaphragm, 52 lbs.
water
drained from the separator, 2-7 lbs. steam pressure before wire-drawing, 118 lbs.
per square inch absolute (temperature, 340°F.) (171-l^C. ), latent heat, 878-3 B.Th.U.
Temperature of steam on leaving, 232-6° F. (lll-i"" C). Steam
(488 C.H.U.).
Find the wetness fraction of the steam on
pressure on leaving, atmospheric.
You may take the specific heat of superheated steam as 0-48. (London
entry.
B.Sc. Eng., 1913.)
Ans. Wetness of steam = 8-3 per cent.
40. Taking the hypothetical diagram, no cushioning or clearance, expansion
part pv constant, the mean pressure in the forward stroke is
:

;

;

j)i(l

+

log., r)

r
If the back pressure in the cylinder is 17 lbs. per square inch, and if we look upon
friction as equivalent to a back pressure of 14 lbs. per square inch, what is the

work done in a stroke of I feet, the area of the piston being A sq. in. ? What
the volume of steam admitted for one stroke ? What is the work done per
cubic foot of steam if ^'i = 100 lbs. per square inch and r = 4 ? (B. of Ed., 1907.)

real
is

A
Answer.

—

Ar
Mean pressure

r)
—
^-—
= ^fP(l-flog.
^

'

—

,^
17

—

,,>
14 v

'"

>

\

=
where

88-95 lbs.

P = initial pressure
r = number of expansions = 3
work done per stroke = 38-95 x
steam used per stroke
1

.*.

,

.

work per cubic

.

^

foot

=

144

=

38-95

=

16830

—

x

area

X

stroke

stroke

x -

r

X area x stroke x 144 x
area x stroke
:

—

r

ft.-lbs.

41. Steam passes through a throttling calorimeter, where it is reduced in
pressure from 120 lbs. per square inch (temperature, 341° F.) to 15 lbs. per square
inch.
The temperature after expansion is 280- P. The temperature of steam at
15 lbs, per square inch is normally 213° F. Find the original dryness of the
steam.
The latent heat of 1 lb. of drj' steam is approximately 1114 — 0-7^
thermal units, where t is the temperature of the steam in degrees Fahrenheit.
The specific heat of superheated steam may be taken as 0-5. (Inst. C.E.,
October, 1913.)
Ans. Dryness of steam = 96-6 per cent.
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III.

TEMPERATURE— ENTROPY DIAGRAMS.

1. Find the heat given to 1 lb. of feed water at 40° C. to convert it into wet
steam (15 per cent, water) at 170° C. If 25 lbs. of this wet steam reaches the
cj'linder per horse-power hour, what percentage of the heat leaves with the exhaust
or is radiated from the cylinder ?

Temperature
Entropy of 1
Entropy of 1

lb. of

water

lb. of

steam

100° C.
0-314
1-748

40° C.
0-137
1-982

Draw a Q<^ diagram. State in heat units and foot-pounds the energy that is
represented to scale by one square inch of your figure. Find the work that would
be done per pound of this wet steam in a perfect steam-engine (Rankine cycle)
440

—

QUESTIONS WITH SOLUTIONS.
= 170 - 40 + 0-85(488-4) = 130 + 415 = 545 x 25 = 13,625 units
33000 X 60
transformed into work = —
= 1414 units per hour
12211
„ q„^
13625 - 1414
,
„^ „
or 89-6
percentage to exhaust = — ,„v;„v
= „^^^ = 0-896
heat required

heat entering cylinder

heat

475

,

,

545 units

—

,

13025

,

per cent.

1od25

of heat converted into work is shown by the area ABCD on the
diagram.
This area = 283 squares, and each square is equal to 5 X 0-1 = 0-5 heat units

The amount

t

—^

/. total

0-5

=

141-5 heat units

efficiency

=

Ya\T'\

area represents 288

X

^ '•^ ~

^^'^

P^'^ (^&rA,

Given the following information, draw &t — <^ diagram
quantity of water-steam whose weight is unknown has the volume 6-16 cub.
It expands adiabatically to 150° C, and then its volume is 26-27
ft. at 160° C.
cub. ft. neglect the volume of the water part.
2.

:

A

;

<PC.
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be liquefied during adiabactic expansion from 307° F. to 120° F. ? (Inst. C.E., Feb.,
Ans. Wetness after expansion = 25 per cent.
1903.)
4. The entropy of 1 lb. of water for the absolute Centigrade temperature t is—

f

=

log.
2T;3

Calculate this for two values of the temperature, say 70° C. and 170° C. It is,
at 0° C.
Plot the temperature-entropy diagram for water. State
exactly how much heat is represented by the area of 1 sq. in. of vour diagram.
(Bd. of Ed., Stage II., 1903.)
5. Find the entropy added to 1 lb. of water at 181° C. in forming 1 lb. of wet
steam at 181° C. if nine-tenths of it is steam and one-tenth water.
Sketch the appearance of a water-steam temperature-entropy diagram, and show
how it informs us about liquefaction during adiabatic expansion. (Bd. of Ed.,
Ans. 0-9495.
Stage II., 1901.)
6. Given the following information, draw a tcp diagram.
On it mark the point
which shows a pound of water-steam which is 90 per cent, steam and 10 per cent,
water at 160° C. Now draw the adiabatic to 115" C. At 115° C. how much of
the stuff is steam ?
of course,

b°C.
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QUESTIONS WITH SOLUTIONS.
Steam-e7igi7te using

CarnoVs Cycle.

Let a small amount of water be placed in a non-conducting cylinder. Let there
be two indefinite sources of heat, T, and T„, and a non-conductor of heat, N.
Let the water be at the temperature Ti of the hot body. Then, if the hot body
J

—

—

2

;

QUESTIONS WITH SOLUTIONS.

479

Taking the specific heat of water as unity, SQ = T, the heat required per pound
to raise water from T, to T._,
T, — T,, and the heat required to convert 1 lb. of
water at T, to steam at T, = L,.
Therefore taking the limit and integrating, we have

=

—

Work done

pound

per
^'^

=W=

Work

per

-

JT(T

T..)

-

L,(T,
- -

+

T

T

T..)

>f^---

pound

- Til - T - T
—
J-

lot'
i^oe

-"-2

?^'ffi-~-^
m

'^-Ii

rfl

It is obvious that if the whole of the water is
not converted into steam, but has a dryness

then

W

Tj

==

-

-

T2

T. log, ^"
T,

T

+ *iLi(Ti^T^
T,

"Work done pa- pound of Steam by an Engine
using superheated steam and working on the

Rankine

Cycle.

The work done
abcdea

portion

represented by the shaded
the temperature entropy

is

of

diagram.

Area abcdea

=

area

+

fbcg
(T,

mabn —

area

mafn

+

area

hcdk —area hgek

T„)

-

T,

4

T., lo^^. ~-

,

L,{T,

-T,)

+

(r(T3-T,)-<rT,log„J?

'i\

where a

is

the specific heat.

17. Obtain the adiabatic equation for steam. One pound of steam is expanded
from 160 lbs. absolute pressure to 150 lbs. What is the dryness and
volume of the steam after expansion ? The volume of 1 lb. of steam at 150 lbs.
pressure is 301 cub. ft. Li = 857-4 Lo = 861-2 Ti = 824-4 T„ = 81'J-3. Find
also the velocity acquired by the steam.
in a turbine

;

;

;

;

Adiabatic Equation.
to produce 1 lb. of wet steam from water at T„ = T, — T„
x^L.
this wet steam is expanded adiabatically to T„ and then condensed, the

+

The heat required

When

work done per pound
to the condenser

=

T,

—

T„

—

Tj

T
log^,

^^
I2

+

(T "—
.rjL,^—'-rti

T

)

-•

The heat rejected

'•1

must

therefore be the difference between these two quantities,

-

-

namely
T,

-

T2

+

The heat

.-.L.

[t.

rejected at

T2

T.^ is

/.

.(

-

T2 log,

^^

+ :^:.L,(T.^^2)J ^ £iL,^= ^

the latent heat at T™

.,L„

= £i^'— + T„
^ =
-

Ti

= x^„,

^'
° T,

log,

if x., is

^^ log.^'

the dryness

—

——

:
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.r,L,

may be

This equation

+

loi

used to find the dryness

steam after adiabatic expansion has taken
place from Ti to T„, and also to find the volume
of the steam after expansion.
Substituting the numbers given in the question, we have
of

^

819-3/857-4
861-2\ 824-4

-

=

819*3

86r2(^'040

824-4

+

+

^°g«

819^

0-005987)

Qiq.q

= 86r2(^'^^''^^) =

^'^^^^

Steam present after expansion = 0-9954 x 3-01 = 2 995 cub. ft.
In a steam-turbine, if the steam expand adiabatically without doing external
work, all the energy is converted into velocity. Taking the above case
Loss

of energy

This

:.

=
=

(.r,Li

—

xSto

+

?i

—

Z-

g^ = 778(857-4 - 0-9954
V

= V'64^x"5~6 X

=

t^

529-7

ft.

X

861-2

+ 5-4)
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per second

18. Find an expression for the Eankine or Clausius thermal efficiency for a
steam-engine receiving saturated steam at the stop-valve temperature T„ and
exhausting at T^. Sketch an entropy-temperature diagram, and show by means of
areas how this efficiency may be graphically represented upon it.
(Inst. C.E.,
Oct., 1901.)

19. Describe the Clausius- Rankine cycle commonly employed as a standard of
and obtain an equation for the useful work done per
pound of steam in an engine working with this cycle. (Inst. C.E., Oct., 1898.)
20. A steam electric generator ou three long trials, each with a different point
of cut-off on steady load, is found to use the following amounts of power
efficiency in steam-engines,

:

Pounds

of steam per hour
Indicated horse-power
Kilowatts produced
.

10,800

.

.

.

.

706
435

Find the indicated horse-power and the weight of steam used per hour when
330 kilowatts are being produced.
Find in the four cases the amounts of steam used per Board of Trade imit (that
is, per kilowatt-hoiir).
In what way does regulation by varying cut-oif differ as to economy of steam
under varying load factors, from regulation by varving the pressure, letting the
cut-oi? remain constant ?
(Bd. of Ed., Stage III., 1901.)
Ans. 545 I.H.P. 7590 lbs. of steam; 35-26 lbs.
22-93 lbs.; 24-93 lbs.;
;

22-97 lbs.

;

—

21. Answer only one of the following {a) or (h)
(a) Find the algebraic formula in common use for the effective pressure in

—
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a cylinder, taking the usual hj-pothetical indicator diagram; expansion law,
Take two cases: when n = 1 and w'hcn n has any other value.
"^>L-" constant."
Take initial pressure asfJi, back pressure as ^3.
(b) If it be taken that 1 lb. of water receives 1 unit of heat for every degree of
Now
rise of temperature, find the entropy of 1 lb. of water at any temperature.
write out in terms of the temperature, the entropy of 1 lb. of stuff which is
10 per cent, water, 90 per cent, steam. (Bd. of Ed., Stage III., 1903.)
22. Rankine cycle, perfect steam-engine, with dry steam at t\ expanded
How
adiabatically to ^3 find a formula for the work done per pound of steam.
(Bd. of Ed., Hons., 1899.)
do we find the answer graphically
23. A perfect steam-engine, Rankine cycle given the higher and lower temperatures and initial wetness or amount of superheating. Using a t(\> diagram, show
how you would find the work done per pound of stuff. If the stuff is released
before the end of the expansion, show the amount of lessening of work done.
:

'?

;

(Bd. of Ed., Stage III., 1899.)
24. A pound of water at 0° C. is heated as water to 150° C, and then converted
into wet steam at the same temperature, with {p = 69-21 lbs. per square inch,
6-168 cub. ft. per pound) 20 per cent, of water in it. .. Find its intrinsic energy
and its entropy. (Bd. of Ed., Stage II., 1899.)
A)is. intrinsic energy = 928-6 B.T.U. or 516- C.
entropy = 1-3837.
25. Using the fcllowing information, draw a 0<p diagram for water and steam
;

:

<»<=c.
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actual teinperature of the steam.
The numerical answers are wet steam, 577-2
C.H.U. dry steam, 626-5 C.H.U. superheated steam, 697-9 G.H.U.
27. Dry steam at a pressure of 160 lbs. per square inch absolute, expands
adiabatically to a pressure of 15 lbs. per square inch absolutre.
Find from the
temperature-entropy chart the dryness of the steam after expansion and the work
done par pound of steam, assuming the Rankine cycle is followed between these
limits of pressure.
If the expansion can be represented by the equation PV" =
(London B.Sc, 1911.)
constant, find the value of n for adiabatic expansion.
Answer. The dryness after expansion from the t — cf> chart = 0-868
Work per pound of steam = 135000 ft. -lbs.
To find the index n select two points on the expansion line, and note the
pressure and volumo at each point.
;

;

;

—

Pi

V„

;

;

log 20

n =

= 2 83 cub. ft.
= 17-4 lbs.
= 17-4 X 20"
17-4
2 204 - 1-2015

160 lbs. V,
20
P.,
.-. 160 X 2-83"

log 160

Taking log

and

^
=

- log
- log 2-83

1-3010

-

0-4518

1-134

when water is
28. Define entropy, and prove that the change in the entropy
from T., to Tj and then completely evaporated is expressed
<f)

raised in temperature

by—
<p

=

T.
log

,

"^

L.

T,
the latent heat at T,.
Calculate the change in the valuo of <p when water at 72° F. (40'' C.) is raised to
392° F. (200^^ C.) and evaporated; L =841-5 B.Th.U. (407-5 C.H.U.). (Sheff.
Ans. Increase of entropy = 1-459.
Univ.)
29. Steam 10 per cent, wet, at a pressure of 105 lbs. per square inch absolute,
Find the wetness
is expanded adiabatically to 20 lbs. per square inch absolute.
at the end of expansion, and find the weight of steam condensed per pound of
steam used. Find also the heat per pound contained in the steam after _expansion. Use the following data
T.,

where L,

is

:

Press, lbs. per
abs.

s.q.

in.

—
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or rejected during expansion, assuming that the equation to the expansion curve
is
= a constant and find the initial dryness fraction of the steam. (Bd. of
Ed., Higher, 1913.)
Ans. Dryness before expansion = 92'9 per cent. heat added = 133 B.Th.U.

PV

;

;

per pound.
82. Use the temperature-entropy diagram to find to what temperature steam
must be superheated so tliat after adiabatic expansion from 50 lbs. per square
inch absolute to 10 lbs. per square inch absolute the steam shall be dry and
saturated. Find the increase in the efficiency of a Rankine engine using steam
in this way (namely, by superheating to just the extent required to cause the
steam to be dry at the end of expansion) compared with a second Kankine engine
working between the same limits of pressure but with no superheating, so that
the steam is dry and saturated when expansion begins. (Bd. of Ed., Higher, 1913.)
Ans. Temperature before expansion, 467° F.
efficiency of Rankine
cycle (i) with saturated steam, 11-53 per cent., (ii) with superheated
steam, 12-35 per cent.
;

IV.
1.

A

THE SLIDE VALVE.

Prove the correctness of the Zeuner valve diagram.
valve has an outside lap of 1 in., inside lap of 0-3

gear, giving in

two positions the following values

in.
It is worked by a
of the half-travel and advance
:

—

212"

Half-travel

Advance

51°

Find the two probable indicator diagrams, neglecting shortness of connectingrod. Take any initial and back pressures you please. (Bd. of Ed., Stage II., 1900.)
Let OC (Fig. 481) be any position of the crank making an angle o with
Proof.
be the position of the eccentric at the same
the centre line of the engine. Let
instant, and be made equal to half the valve-travel. If
be drawn at right angles
to the centre line,
is the travel of the valve from its mid-position, neglecting
the angularity of the eccentric rod. Draw
perpendicular to OC then
is

—

OE

EF

OF

OD

;

EOD

the angle of advance. In the Zeuner diagram, draw AB equal to half the travel of
the valve and making an angle 6 equal to angle of advance with AM. Let
be
the position of the crank, making an angle o. with the centre line, and cutting tht^
small circle in G. It is required to prove AG = OF.

AH

+ angle EOF = 90°
+ e + angle GAB = 90°
angle EOF = angle GAB
Also angle EFO = angle AGB, both
a
a

4-

.-.

being right angles

OE = AB
triangles EFO and AGB
and

/.

/.
•

-

the
equal

are

AG = OF =
from

its

travel of the valve
Yig. 481.
mid-position when the
crank makes an angle a with the centre line

2. Having given the laps and the travel of a slide-valve and the angular advance
of the eccentric, show how to find the position of the piston for each event in the
steam distribution in both strokes, the ratio of length between the connecting-rod
and crank being known. (Inst. C.E., Feb., 1898.)
3. The length of a crank is 14 in., the slide-valve has half-travel of 2| In., its
At what distance from the end of the stroke
lap is 1^ in., and its lead 1 in.
will the piston be when the steam is cut off if the obliquity of the connectingrod is neglected ? Prove that the Zeuner diagram gives correct answers when the
Ans. 11-2 in.
motions are simple harmonic. (Inst. C.E., Feb., 1899.)
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4. Describe with sketches a piston slide-valve, showing its scat and the cylinder
ports.
(Bd. of Ed., Stage II., 1900.)
5. Show the position of a slide-valve at the becjinning of the stroke of an engine.
slide-valve has half-travel 2-10 in., advance 40°, lap 1 in., inside lap 03 in. draw
Prove your valve diagram to be correct. (Bd. of
a possible indicator diagram.
Ans. Cut-off, 0-6S lead, \^, in.
Ed., Stage II., 1901.)

A

:

;

Sketch a simple slide-valve, showing cylinder ports and no more

of the
cylinder; show the valve in its mid-position. Show in dotted lines the position
of the valve when the piston has just begun its stroke.
What do we mean by
outside lap of a valve, inside lap, advance, and half-travel ? The half-travel is
3'36 in., advance 42-. What simple diagram enables us to find the distance of
the valve from it« mid-stroke for any position of the main crank ? Prove it correct.
Having such a diagram, we obtain the openings of the port to steam or exhaust
bv subtracting the outside or inside lap: explain how this occurs. (Bd. of Ed.,

6.

Stage

III., 1903.)

of a valve, show how we find graphically, for
any position of the main crank, the distance of the valve from the middle of its
Prove your method to be correct. (Bd. of Ed., Stage II., 1904.)
stroke.
!Make a
8. A slide-valve has a half-travel of 3 in., and its advance is blP.
diagram showing the position of the valve for any position of the main crank of
Prove yourself correct. (Bd. of Ed., Stage II., 1905.)
the engine.
9. Prove the truth of the Zeuner method of showing the displacement of a slidevalve for any position of the crank. Half-travel 2 in., advance 30'^, lap in., inside
draw the probable indicator diagram, using any initial and back
lap 0"2 in.
pressures you please. Measure and write down the positions of the point of cut-off
and of the commencement of the exhaust and compression. (Bd. of Ed., 1899.)
7.

Given the travel and advance

'\

:

Ans. Cut-off, 0'805 exhaust, 0-95 compression, 0'91.
10. Make a sketch of a Stephenson link motion, and say what arc its advantages
and disadvantages.
Show by the Zeuner diagram how the points of admission, cut-off, exhaust, and
compression are affected by notching up the link.
11. In a Meyer valve gear the travel of the main valve is 4 in., and the
The travel of the expansion valve is 4 in., and the
angle of advance 22 J°.
angle of advance is 90°. Find the distances from the edge of the expansion valve
to the edge of the main valve to cut off the steam at 0-2 and 0'5 of the stroke.
Ans. At 0-2, distance = ^ in. at 0-5, \\ in.
12. Find the distance from the edge of the expansion valve to the edge of the
0"4
Travel of expansion valve 4 in.,
of the stroke.
main valve to cut off steam at
and advance 90" travel of main valve SJ in., advance 30°. Find lap of main valve
0-8
Ans.
stroke.
Distance, \\ in. lap, -jgin.
of the
to cut off at
13. Sketch the steam-chest and cylinder ports of an engine fitted with Meyer's
variable expansion valves and gear, placing the valves in their central position.
Explain clearly how the valves are worked, and how the cut-off is varied.
In an engine fitted with Meyer's adjustable expansion valves, the eccentric for
the main valve is set with an angle of advance of 25°, and the eccentric for the
Both eccentrics
'•ariable expansion valve or plates is set with an angle of 82°.
have a throw of 2J in. and the main valve has ^^ in. outside lead. What is the
position of the piston as measured from the commencement of its forward stroke
when the main valve opens for steam, the full stroke of the engine being 36
Determine also, by means of the Zeuner diagram, the distance the
in. ?
piston has travelled from the commencement of its stroke when the expansion
and how much
valve, as set to its highest grade of expansion, cuts off steam
would the expansion plates require to be moved in order to cut off steam at 0'6 of
(Bd.
of
Ed.,
Hons.,
1897.)
the stroke of the piston ?
Ans. (1) J, in. (2) 3.1 in. (.3) \\ in.
slide-valve ? Sketch a doublemultiple-ported
14. What are the advantages of a
ported valve, and explain the use of the relief or equilibrium ring.
15. Sketch and describe the piston valve, and state under what circumstances
it is used.
16. The outside lap of a valve is IJ ju.^ the lead is 1 in., and the greatest
Ans. P^ in.
opening for steam is 1^ in. What is the travel of the valve.
;

;

;

;

;

;

;

;
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17. Draw a Zeuner valve diagram for a valve having l-\n. lap, J-in. lead, ^^-'wi.
negative lap, and mark the points of admission, cut-off, release, and compression
for a 3-in. travel and a 2-in. travel of the valve respectively.
18. The outside lap of a slide-valve is \ in., the lead \ in., and the maximum
Find the
opening of the steam port for the admission of steam is I5: in.
Give such sketches as
eccentricity and the angle of advance of the eccentric.
will show the crank and crank-shaft with the eccentric fixed in correct relative
position for forward running indicate on the sketch the eccentricity and angle
of advance as found above.
19. A valve has a half-travel of 3 in., advance 35°, lap 1\ in., inside lap
Draw a possible indicator diagram. Prove your valve diagram to be
I in.
(Bd. of Ed., 1902.)
correct.
20. What is meant by the "angle of advance" of an eccentric? How would
you find the angle of advance, having given the lap and lead of a valve ?
21. Prove the truth of the Zeuner method of showing the displacement of a
slide-valve for any position of the crank.
draw the
Half-travel 2 in., advance 30°, lap 0-75 in., inside lap 0-2 in.
probable indicator diagram, using any initial and back pressures you please.
Measure and write down the positions of the point of cut-off, and of the commencement of exhaust and of compression. (Bd. of Ed., Stage II., 1899.)
Ans. Cut-off, 0-8 in. exhaust, 0-95 in. compression, 0'91 in.
22. A horizontal engine is fitted with the ordinary slide-valve and a single
State clearly
eccentric giving a fixed cut-off at, say, three-quarters of the stroke.
and show by sketches the alterations in the parts that would be necessary in
order that the cut-off should be altered so as to take place at two-fifths of the
(Bd. of Ed., Stage II., 1899.)
stroke.
23. Sketch a piston valve in its mid-position, showing both the valve and the
steam ports in section. Steam is to be admitted on the inside of the valve. The
valve is assumed to be driven by a simple eccentric gear. Find the anc^ular
advance, the eccentric radius, and the steam lap, so that cut-off may take place
at 60 per cent, of the stroke, that the maximum opening for steam is 2", and that
the lead is !". Neglect the obliquity of the connecting rod. (Bd. of Ed., 1912.)
Ansicer.
The angle of advance is 220^, or the eccentric is 220 -f- 90° ahead of
the crank eccentric radius, 5'28 in. steam lap, 3-28 in.
;

:

;

;

—
;

;

Wahchaert Valve Gear.
This is a radial valve gear and is similar in principle to the Jov, Hackworth.
and other radial gears. Radial valve gears like link motions allow of ready
reversal and change of cut-off point.
This gear is largely used in locomotives.
Fig. 482 illustrates the principle of the gear.
A lever VB has one end B connected to the crosshead by a link AB, the other end V being connected to the
valve.
A point F between B and F is connected to a link ED which oscillates
about a centre G. The oscillation of the link is produced by a small crank OC
and rod CD, The position of the block K in the link can be readily changed by
the rod H and the levers shown. When R is raised above the centr<s G of the
engine is reversed.
Radial valve gears may be considered to consis: of two cranks attached to a
lever by connecting rods, one point in the lever being connected to the valve rod.
One of the cranks always makes 90^ with the engine crank, and the other crank is
always either 0° or 180^ ahead of the engine crank. In the Walychaert gear
the 180" degree crank is obtained by placing the point Y beyond the point F, so
that the point V always moves in the opposite direction to the crosshead, if F is
considered as a fixed point. The 90° crank is obtained by placing an eccentric
or some equivalent device at an angle of 90^ with the engine crank.
The lever
VFP thus has the lower end B controlled by a 180° crank and another point
F controlled by a 90- crank. The point V, which moves thf: valve, is placed
beyond F.
The gear may be first examined by considering the block R to be in the centre
of the link then the oscillation of the link by the 90° crank will not move either
link, the

;
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the block

R

movement

of

Thus the motion of V will depend only on the
or the point F.
The point F is selected
the crosshead and the ratio of VF to FB.
so that the half-travel given to F is equal to the sum of the lap and the lead.
When the cranii is on a dead centre, the point B will be in its extreme position,
and assuming the block R is in the centre of the link, then the point V will have
moved the valve a distance equal to the lap and the lead from its mid-position,
and the port will be open an amount equal to the lead.
When the crank is on a dead centre, the 90° crank will be vertical and the link
As the radius of the link
will also be vertical and be in its mid-position.

ED

Fig. 482.
is equal to FR, the block R may be moved from one end of the link to the other
without changing the position of the point F or the point V. Hence for all

positions of the block in the link the valve is in the same position when the
crank is on a dead centre, or the lead is constant.
The movement given to the block
by the 90° crank depends upon the radius
OC and the ratio of
to GD.
Considering B to be stationary, the movement

R

GR

of the point

V

is

greater than the

movement

of

R

by the ratio

VB
FB'

An equivalent eccentric and its angle of advance may be obtained which will
give to the valve a similar motion to that given by the gear for any position of
the block in the link. Either a graphical construction or a formula may be used
to find the equivalent escentric and its angle of advance.
A first approximation may be obtained by neglecting the obliquity of the
connecting rod and eccentric rod, and considering the motion to be simple
harmonic motion.
Let the engine crank move through an angle

6, measured from the dead centre
position
then the displacement of the crosshead and of the point B from their
central posi-tions is r^ cos 6 where i\ is the length of the engine crank. The
displacement of
from its central position due to the 180° crank will there;

V

fore be

VF
BF

-=rr-,'>'i'

cos 6

=A

cos

d,'

where

D from

Again, the displacement of
the 90° crank is r„ sin 6 where

rj is

'

central position due to the movement of
the radius of the 90^ crank. The displacement
its

PR

of

R

Its

f
1
f
11 T,
central
position
will
be ==r

from

VF
^^^^^r,
BF

A=

its

central position will be p^J'-z sin

VB GR sm , = ^
B
,-rrJ'FB GD

Hence the

.

.

-

total displacement of the valve

=

y

=A

cos 6

.

sin

from

+B

The displacement

6-

sin

^
9,'

its
d.

,

where

B=
-o

of

V

VB
GR
-rp;
pt^t-*
FB GD
•

central position

from

— —
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The value

is

//

/. differentiating

-A

/,

a

and equating

angle

+B

The 180° crank

is

it

=

A, and the

The value A

0.

(see Fig. 483).

90'"

crank

= OE = Va- +

=B

W

will also be seen (Fig. 484) that cotan

•^

but the value

/^

=

cos

the equivalent eccentric

.'.

'

to zero

=
and tan 6 = —
A
of advance = 90-6°

sin e

from which

(^V

maximum when
1

of
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B
= A

of the 180^

of

R

crank

is

fixed in this gear,

B may be altered by moving the
As B is reduced in value, it

pi,3_

483.

block

in the link.
can be seen (Fig. 484) that the
angle of advance <^ of the equivalent eccentric becomes greater.
When B = 0,
is
that is, the block, is in the centre of the link, ^ = 90°. When the block
becomes negative and the
moved above the central position,
engine is reversed.
The advantages claimed for this gear are
1. Good and uniform distribution of steam at various cutoffs and on both sides of the piston.
2. Simple and easily repaired mechanism.
3. Very convenient when the valves are on the top or underneath the cylinder.
24. ]\Iake an outline sketch of either a link motion or a
State briefly the special advantages of the
radial valve gear.
Fig. 484.
type selected. (Inst. M.E., April, 1914.)
in
outline
the
Walschaert
Sketch
25.
valve gear as used in locomotives. In
the Walschaert gear a lever ABC is used. The lower end A of the lever receives

R

B

,

motion from the crosshead and
moves a horizontal distance of 12 in.
The upper end C works the slide valve.
The point B between A and G receives
its motion from the curved link.
The
its

curved link oscillates 16 degrees on
each side of its mean position, and
the block which slides in the link

is

central position.
Find
the eccentricity of a single eccentric
and its angle of advance which would
give the same motion to the valve as
is obtained by the gear.
3 in.

from

its

Ratio

AB BG
:

:

:

8

:

1.

(Sheff. Univ.)

Ans.

Eccentricity 1*25,
angle of advance, 38°.

in.

;

Valve Diagram Problems.

Frohlem

—

1.
Given the point of cutthe angle of lead, and the greatest
opening to steam, find the steam lap,
angle of advance, and the travel of the valve.
off,

Draw any

circle,

AGF

(Pig. 485),

and

-pm 485

find the position of the crank

HD

at

QUESTIONS WITH SOLUTIONS.

488

cutoff by selecting the point

E

ED

EF

^

so that -

.

is

the fraction of the stroke at which

perpendicular to AF to meet the circle ACB at D.
= angle of lead. Bisect the angle
making the angle
by
Draw
and join DG, which will be perpendicular to HK.
is to
in the proportion of the required lap to the port opening,
Then
and the determination of the lap is a matter of Fimple proportion. Draw KL
= the given greatest port opening.
and make
making any angle with
parallel to IMN.
Then CHK is the required angle of
and draw
Join
advance
is the half-travel of the valve, and
the steam lap.
26. Cut-off takes place at 3 of the stroke; greatest opening to steam is \\ in.;
angle of lead, d*^. Find the angle of advance, steam lap, and travel of the valve.
At^s. Travel, 62 in.
lap, 1'85 in.
angle of advance, 41°.
Problem 2.— Given the point of cut-off, the lead of the valve and the greatest
opening to steam, find the angle of advance, the travel of the valve, and the
cut-off takes place.

Draw

HG

HK

HM

MN

;

DHG

GHF

MK

HR

KR

HK

KN

RN

;

steam
1.

;

lap.

Draw any circle ACB and find the crank position HD at cut-off as in Prcblcm
Draw GK parallel to AF, and at a distance frcm it equal to the given lead.

With

centre

to steam.

H

HD and GK.

MN

with a radius = given greatest opening
of a circle
having a centre L t-o touch the arc
and the lines
The centre L is found by trial.

draw an arc

Fird a

MN

circle

Fig. 487.

Fig. 486.

LHA

- the half-travel of the valve,
= the
= lap, and the angle
Then
angle of advance.
and
the
is
in.
The
lead
80 of the stroke.
27. A slide valve cuts of! at
I
Find the angle of advance, the half -travel, and
greatest opening to steam 1^ in.
the steam lap.
Ans. Angle of advance, 27^° half-travel, 5-2 in. steam lap, 1-1 in.
Problem 3.— Given the point of cut-off, steam lap, and lead, find the travel
of the valve and the angle of advance.
at cut-off as
Draw any circle ACB (Fig. 487), and find the crank position
at L, and
= lap. Bisect
= lap + lead, and
Make
in Problem 1.
Then the angle
to meet at N.
Erect perpendiculars from L and
at M.
The
is the quarter-travel of the valve.
is the angle of advance.
and radius
steam circle of the Zeuner valve diagram may be drawn with centre

LR

HL

;

HG
CHN

HG

HN

;

HD
HK

HK
M

N

HN.
1

28. The lap of a valve is 1 in.; cut-off takes place at 5 of the stroke; lead,
Find the travel of the valve and the angle of advance.
Ans. Travel of valve, 3-45 in. angle of advance, 40^.

inch.

;
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—

Problem 4. To show the effect of the length of the connecting rod on the cutassuming equal lead at Loth ends of the stroke.
Assuming the valve diagram to he drawn in the usual manner then, neglecting

off,

the length of the connecting rod,

when

cut-off takes place,

and

EP
^^

HD

(Fig. 488) represents the

crank position

the

fraction of the stroke at which cutoff takes place on both sides of the
piston.
To find the actual positions of the
to
piston at cut-off, produce
when with a connecting rod say four
circles
cranks long, draw arcs of
with radii equal to four times
and
HD, Then the fraction of stroke at
which cut-off takes place on the in-

DH

K

;

DG

KM

stroke

is

FG
t^„
AF

and on the outstroke

AM
AF'
Similarly, the positions of the piston
release, compression, and ad-

when

mission commence, may be shown for
both the inward and outward stroke
of the piston.

29. The travel of a slide valve is 4 in. steam lap, I in. angle of advance,
Find the point of cut-off on both sides of the piston if the connecting rod
outstroke, 0-82.
Arts. Instroke, 076
is four cranks long.
35. A piston valve distributes steam to a cylinder by inside admission. CutThe maximum opening of the
off is to take place at 70 per cent, of the stroke.
steam port during admission is to be 2 in., and the lead is to be \ in.
Find the steam lap, the
llelease is to take place at 97 par cent, of the stroke.
exhaust lap, the radius of the eccentric sheave and the angular advance, neglecting the effect of the obliquity of the connecting rod.
Sketch, to a suitable scale, the valve in its central position over the ports,
using the following dimensions: Steam ports, 3 in. wide; distance between
the inner edges of the ports, 15 in.; width of central port, 8 in. Sketch
also an end view of the crank-shaft, showing the centre line of the main crank,
the centre line of the eccentric sheave radius, and mark on the sketch the angle
between them. (Bd. of Ed., 1914, Higher.)
Ans. Steam lap, 21 in.; exhaust lap, l^jS in. Th« eccentric for a valve having
inside admission is set diametrically opposite to its position with outside
is the angle of advance for outside admission, then the centre
admission. It
line of the eccentric is behind the crank an angle of 90°— 9.
Fig. 489 shows the relative positions of the crank and the
;

,

30°.

;

—

eccentric.

31. The main valve of a !Mcyer valve gear travels 4 in.,
the angle of advance being 30°; the expansion valve travels
4^ in., the angle of advance being 90°. Find the distance
from the edge of the expansion valve to the outside edge of
the steam port in the main valve, so as to cut off at 0-15
Prove your construction. (Sheffield Univ.)
of the stroke.
Fig. 489.
Ans. 1-61 in.
The Meyer valve and the construction of the Meyer valve diagram is
explained on p. 81.
Proof of Mcyci Valve Diagram.— Let OE (Fig. 490) be the half-travel of the
main valve, and the angle XOE the angle of advance of the main valve 3ccootric.
Let OE' be the half-travel of the expansion valve, and the angle XOE' the angle
Describe circles on OE and OE' as
of advance of the expansion valve eccentric.
diameters.
Let OP be any position of the crank, then OB is the travel of the
main valve from its central position, and OA is the travel of the expansion valve

—
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from

central position {see proof of Zeuner valve diagram, p. 483). Therefore
the relative travel of the valves.
Join EE' and draw 00 equal and parallel to EE'. Describe a circle on EE' as
diameter, then the chord OD is the relative travel of the valves for the crank
position OP, and is equal to AB.

AB

its

is

Fig. 490.
Join CD, BE, BE'. The angles at CDO, E'AO and EBO are right angles,
being angles in a semicircle. Hence OD = AB, as they are the projections of
equal and parallel lines 00 and EE' on OP.

V.

THE

IlSlDICATOR.

1. Steam qjiters a cylinder at the absolute pressure 120 lbs. per square inch, and
expands according to the law "^jy constant." Neglect clearance and cushioning,
and use the ordinary hypothetical diagram. Constant back pressure, 27 lbs. per

square inch.
Take the following values of the cut-off half stroke, quarter stroke, eighth of
stroke.
Find in each case the effective pressure. The area of the piston is
stroke, 2 ft.
1 sq. ft.
What is the work done per stroke ? How many
cubic feet of indicated steam are used per stroke ? What is the work done per
cubic foot of steam entering the cylinder ?
Tabulate your answers.
(Bd. of
Ed., Stage II., 1903.)
Ans. M.e.p. 74-586, 44-589, 19-191 work per stroke in foot-lbs. 21,480, 12,841,
5527 work per cubic foot, in foot-lbs. 21,480, 25,683, 22,108.
2. If the effective pressure in a steam-engine cylinder is taken to be (assuming
no clearance or cushioning)
:

;

;

;

1 -f loger

where

^), is the initial pressure, p^ the back pressure, and r the ratio of cut-off,
write out the work done in one stroke and the cubic feet of steam admitted for
one stroke, and so find w, the work done per cubic foot of steam. If j?, = 120,
p.^ = 17, calculate w for some values of r, and plot on squared paper or in any
other way you please find r to give a maximum tv. (Bd. of Ed., Stage II., 1904.)
;

=

7-06.
A71S. r
at 150 lbs. (absolute) per square inch. It is cut off
at one-fourth of the stroke, and expands according to the law " pv constant,"

3.

Steam enters a cylinder

1100
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1000

950
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Find the average pressure (absolute) in the forward stroke. If the back pressure
17 lbs. (absolute) per square inch, what is the average effective pressure ? If
the area of the cross-section of the cylinder is 12G sq. in., and the crank is
11 in. long, what work is done in one stroke ?
Neglecting clearance and
condensation, what volume of steam entei's the cylinder per stroke ?
If the admitted steam has a volume of 3 cub. ft. to the pound, what is the
weight of steam admitted per stroke
What work is done per pound of steam
is

'?

(Bd. of Ed., Stage
^HS. 89-48;

''

II., 1901.)

72-48;

16,740 foot-lbs.

;

0-401 cub.

ft.;

0-131 lb.;

124,925

foot-lbs.

—

Take a

hypothetical indicator diagram no clearance, constant back
pressure 17 lbs. per square inch. Let friction of engine be represented by 10 lbs.
per square inch on the piston.
Expansion law _pf constant cut-off at one-third
of the stroke
area of the piston, 100 sq. in.
crank 1 ft.
200 working
strokes per minute.
Steam of the following initial pressures being admitted, find
in each case the crank-shaft horse-power, and the weight of indicated steam per
hour.
Tabulate the results, and plot upon squared paper.
The follovring
information is given
4.

;

;

;

;

:

—

Absolute pressure of admitted steam,
pounds per square inch
J
Cubic feet of 1 lb. of admitted steam

...

150

'^

2-978

(Bd. of Ed., Stage III., 1901.)

Ans.

—

Pressure of steam admitted

.

.

150

.

Horse-power
Weight of steam indicated in pounds

94-41

1865

5. Steam is admitted to the cylinder of a double-acting engine at 80 lbs. per
square inch. The back pressure is 17 lbs. per square inch. The friction of the
engine may be taken to be represented by a back pressure of 8 lbs. per square
inch on the piston. Find the cut-off to give maximum actual work per cubic
foot of steam, taking "^Ji; constant" as the law of expansion.
Neglect clearance, cushioning, and condensation. If you use a formula for the average pressure,
prove itr correct. (Bd. of Ed., Stage III', 1900.)
Ans. ^^.
back pressure, 17 lbs. per
6. Initial pressure of steam, 180 lbs. per square inch
square inch cut-off at one-third of the stroke area of piston, 112 sq. in. and
What is the weight
length of crank, 1 ft. what work is done in one stroke
of steam used in one stroke if the volume of 1 lb. of the steam is 251 cub. ft.
If there are 200 strokes per minute, what is the indicated horse-power, and what
weight of steam is used per hour, neglecting clearance, condensation, and
leakage ? (Bd. of Ed., Stage II., 1900.)
An&. 24,397 foot-lbs. 0-206 lb. 2472 lbs. per hour.
cut-off at one-third of the stroke
expansion
7. Assuming no clearance
"
what is the mean forward pressure as a
jjt; constant "
according to the law
pressure
If
the
cross-section
of the cylinder is 144 sq.
fraction of the initial
If the back
in., length of stroke 2 ft., what volume of steam is used per stroke ?
pressure is 17 lbs. per square inch, and there are 200 strokes per minute, find in
the following two cases the indicated horse-power and the weight of steam used
per hour. Neglect clearance, condensation, and leakage.
;

;

;

;

'?

:

'?

;

;

;

;

;

'?

Initial pressure in pounds per square inch
Volume in cubic feet of initial-pressure steam per

100

pound

4-356

•

QUESTIONS WITH SOLUTIONS.

492

Use squared paper to show the weight of steam per hour used by the engine
any powor. (Bd. of Ed., Stage III., 1900.)

at

with initial pressure 180, find the mean forward pressure
Neglecting the shortness of the connecting-rod, find the
pressure when the crank makes angles of 0°, 15°, 30°, etc., with its dead point,
and find the average of these. A simple new indicator measures this last, which
what is its percentage
is a time average, instead of the true or space average
error? (Bd. of Ed., Stage III., 1900.)
9. Calculate the number of foot-pounds of work done per cubic foot of steam
at a pressure of 120 lbs. per square inch (absolute) when expanded four times and
exhausted against a bacli pressure of 3 lbs. per square inch (absolute) in a nonconducting cylinder having a clearance of 5 per cent, of the working volume.
(The cubic foot includes the clearance volume.) You may assume hyperbolic expansion, and that there is no compression, and, further, that release takes place
Ans. 36,053 foot-lbs.
(Inst. C.E., Oct., 1901.)
at the end of the stroke.
10. Use the common hypothetic indicator diagram; expansion curve '' '^v constant; " no clearance or cushioning.
A piston is 1 sq. ft. in area, stroke 2 ft., 200 strokes per minute: find the
indicated horse-power if the initial pressure of the steam is 120 lbs. per square inch.
Take two cases, one in which the cut-off is at half-stroke, the other in which the
cut-oif is at one-fifth of the sti'oke. This steam is initially 3-67 cub. ft. per pound
find in each case the weight of steam used per hour.
It has been found by observation that in the factory driven by the engine the
number of yards of stuff made per hour is 7-81 — 320, where I is the indicated
horse-power. Find the number of yards for each of your two cases. Tabulate
your answers. State also the number of yards per pound of steam in each of the
(Bd. of Ed., Stage III., 1903.)
cases.
Ans,
8. In question
during a strolie.

(7),

:

:

—

Cut-off.

—
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16. What data are required for calculating the I.H.P. of a steam engine ? If
the diameter of the cylinder and the stroke of the piston be given, and you had
charge of an engine, how would you proceed to find the other data required to
determine the I.H.P. ? Describe v.ith the aid of a sketch the construction and
(Bd. of Ed., Stage II., 1895.)
action of the indicator which you adopt.
17. Describe with sketches the construction of a steam-eugiuc indisator. (Bd.
of Ed., Stage II., 1905.)
18. A single-cylinder double-acting condensing engine has its cylinder efficiently
the
lagged, and receives steam at an absolute pressure of 90 lbs. per square inch
cut-ofi takes place at one-sixth stroke, and the back pressure is 3 lbs. absolute.
What must be the diameter of the cylinder and stroke of the engine in order that
it may indicate 2500 horse-power when running at 50 revolutions per minute?
The stroke of the engiua is twic=- the diameter of the cylinder. Hyp. log 6 = 1-791
Ans. Diameter, 54-5 in. stroke, 109 in.
19. Describe completely the process of estimation of the horse-power of an
engine by the use of an indicator, and by means of other necessary observations.
What naust be the mean intensity of pressure per square inch if, for each
cubic foot swept through by the piston per second, 15 H.P. are developed ?
(Inst. C.E., 1905.)
An&. 57'3 lbs. per square inch.
20. Steam enters a cylinder at 50 lbs. per square inch (absolute), is cut off in
one case at one-fifth, in another case at half the stroke. Find in each case by construction (j'ou may use a formula if you prove it correct) the average pressure
during the stroke, the back pressure being 17 lbs. per square inch find the
indicated work per cubic foot of steam in the two cases. What objections are
there to very earlv cut-off ?
md. of Ed., Stage II., 1899.)
J «s. G480 foot-lbs. and 7203 foot-lbs.
21. The mean pressure of the usual hypothetical diagram is
;

;

;

p,(L-f log.r )

_

the hack pressure, and r

where Pi is the initial pressure, "p^
expansion.
Obtain this expression, and
prove that the maximum work per cubic
foot of

steam

is

obtained

when

r

=

is

',

Ih
(Shefheld Univ.)
the cross-hatched area in
Fig. 491 represent the hypothetical diagram, the expansion curve following the
law PV = constant.

neglecting

all losses.

— Let

Answer.

Take a narrow

strip dp.

The area of this strip = v dp.
Total area between the limits j5, and p^
Pi [dp
Pi f j_
Pit
vdp=p,v,^^ r
V =
.

=

.

since

p

p
Pi

fdp

where r

lege
I

PsJ

Fig. 491.

3

=
Total area of diagram

mean

pressure or average height

=
=

p,i'|

-^J—

log, r

log, r

p, log,.

Also P3

mean

pressure

+ v,{p3 - Pi)
+ i;,(p, - pd

»•

+ iPi~ P2)

=

= 7),(1 + log,, ?) -P2

the ratio of

—
QUESTIONS WITH SOLUTIONS.

494
Let

= mean pressure per square foot.
V = volume of the cylinder in cubic
A = area of piston in square feet.
L = length of stroke iu feet.

P,„

Work
steam used per stroke with
.*.

work per cubic

r

feet.

per stroke

=

expansion

=

steam

=

foot of

x A x
A X L
P„j

P

'"

L.

X A X L
=
A X L

P„,

x

r

r

Substituting the value of the

Work

mean

pressure

=

per cubic foot

=
To

find

when

this expression is a

ri

vA^^^<^%r)

+

lh(^

maximum,

Then

^'
r

-

n,

^ogc r)

-

\

_

^^^

rp,

differentiate

and equate

to zero.

=

andr=-^

D

22. The steam cylinder of a pump is fitted with an ordinary
slide valve.
The eccentric radius is 2^ in., the angular advance is 10°, and the outside and
inside laps are respectively 1^ in. and i in.
The cylinder is supplied with steam at 45 lbs. per square inch gauge pressure,
and the back pressure is 3 lbs. gauge pressure. Assuming that the law both for
expansion and compression is
= a constant, draw the indicator diagram for
the cylinder, making the length of the diagram 3 in., and using a pressure
scale 30 lbs. per square inch per inch.
Cylinder clearance, 15 per cent, of
effective volume
atmospheric pressure, 15 lbs. per square inch.
["Neglect the obliquity of the connecting rods.]
(Bd. of Ed., 1914, Lower.)
23. Find the mean pressure for the following ideal indicator card
Admission at constant pressure, 90 lbs per square inch gauge cut-off at 0'35 of
the stroke release at end of stroke exhaust at 3 lbs. per square inch gauge
compression so that at end of stroke the initial pressure is reached. Atmospheric
pressure 15 lbs. per square inch. Expansion and compression curves, pv = constant clearance, 5 per cent. (Sheffield Univ., 1914.)
Ans. 54 lbs. per square inch.

PV

;

:

—

;

;

;

;

VI.

QUALITY OF STEAM IN THE CYLINDER.

We endeavour to prevent condensation in the cylinder of a steam-engine
by a separator, [b) by superheating, (c) by drainage from the cylinder, (d) by
steam-jacketing, {c) by high speed. Explain how each of these methods tends to
effect our object.
(Bd. of Ed., Stage II., 1901.)
2. Why is even a small quantity of water harmful in a steam-cylinder ?
How
do we try to prevent condensation in a cylinder ? If any of the methods serves
some other good purpose, state it. Prove that drainage must be good. (Ed. of
i.

ia)

Ed., Stage IL, 1905.)
3. Witliout giving the mathematical investigation, state what is the result of
our study of the cause of the initial condensation in a cylinder. Has it been confirmed by experiment ? What is known about steam missing through leakage
past valves ? (Bd. of Ed., Stage III., 1900.)
4. Explain why condensation generally occurs as steam enters an enginecylinder, and show that it is a cause of loss.
Discuss the various methods which
may be employed to reduce cylinder condensation. (Inst. C.E., Oct., 1898.)
5. State in a general manner how initial condensation in a steam-engine
cylinder is affected by (a) variable rates of expansion; [b) roughness and extent

;

—

—

—
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and the inside surface of the cylinder cover
steam-jacketing (d) superheating (<) speed of running {i.e. niunber of strokes
per minute) (/) compounding. (Inst. C.E., Oct., 1901.)
6. Sketch and describe an apparatus for drying steam before it enters the

of the surface of *^he pibton-hcad
(c)

;

;

;

cylinder.

How

7.

would you determine the percentage dryness

steam at

of

cut-off ?

Whit data would you require ?
8. Show by an example how,

given the clearance volume and volume swept by
the piston, and also the indicator card for a steam-engine, you can calculate at
any point of the stroke after cut-off, the actual volume and weight of the steam
in the cylinder. What information about the working of the engine does this give
(C. & G., Hons., 1896.)
Explain how the weight of steam present in an engine cylinder at any part
(C. & G.,
of the expansion process can be measured from the indicator card.
Hons., 1894.)
10. Describe the method of applying the saturation curve to the indicator
diagram.
11. Sketch an indicator diagram such as might be expected from a noncondensing engine with a slide-valve. If the weight of water present during
cushioning is known, and the feed-water per hour is also known, show how we
find how much condensation or evaporation occurs during the exnansiou.
(Bd.

you

?

9.

of Ed., Stage II., 19Q0.)

12. Having given an indicator diagram from a steam-engine, and full particulars
as to the scale of the diagram and the dimensions of the engine, show how you
would calculate the weight of steam present in the cylinder at any convenient
point in the expansion process. (Inst. C.E., Oct., 1901.)
13. Given indicator cards for a single-cylinder steam-engine and all necessary
data, explain carefully how you would estimate the dryness of the steana at any
point in the expansion, stating clearly any assumptions involved in the process.
(Inst. C.E., 1905.)

14. The cylinder volume of an engine at cut-off is exactly a cubic foot.
Calculate what weight of steaiu is theoretically shut in the cylinder at cut-off
(i) If the engine is sujiplied with dry saturated steam at 100 lbs. per square
inch absolute pressure (corresponding temperature, 164° C).
(ii) If the steam is superheated at constant pressure to 200° C, assuming that
the volume of superheated steam is proportional to its absolute temperature.
Why would the cylinder feed per stroke in the actual engine largely exceed
these weights; and would the excess be greater in the first or the second case?
(Bd. of Ed., 1914, L*)wer.)
..4ns. In the absence of steam tables, the volume of a pound of steam may
be calculated fiom the formula
^,,1

OGJti

^ 473

the pressure in pounds per square inch, and ti is the cubic
U^ing this formula, the answers are (i) dry steam,
feet per pound.
0-2296 lb. (ii) superheated steam, 0-2121 lb.
15. From the following particulars determine the dryness of the steam at
of the stroke, assuming the cut-off to be at half-stroke

where p

is

;

:

I

Volume

4'6

of cylinder, cub. ft

Clearance, per cent
Pressure of steam at

Volume

of 1

lb. of

absolute, cub.

5
I

stroke, lbs. per square inch absolute

steam at 60

lbs.

per square inch

ft

,

ft

What assumptions
1911.)

.

.

.

^^

I

/
i

.-,^.q

~

/

Revolutions per miinute
Condensed steam per hour, lbs

(London B.Sc,

„.„„

/

Pressure at a point 0-8 of the return stroke on the compression curve, lbs. per square inch absolute
Volume of 1 lb. of steam at 19 lbs. per square inch absolute,
cub.

60
1

do you

make

ICO
5920

in working out the dryness of the

steam

?
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Volume

Ans.

of

steam iu cylinder at

weight of steam present at cut-off

volume

of

•weight
of
o

steam during compression at 19

steam

lbs.

during
in cylinder
o compression
J
J.

stroke =
steam used per
"

cut-off

=

^srry

pressure

-

= 5x4-6 + 0-23
= 3-105 cub. ft.
=

0-1331

=
=

4-3 -f 0-23
f, X
1-15 cub. ft.

lb.

1-15

-—;= =

0546

lb.

5920
,—
—. - 0-4933
200 X bO

lb.

21-07

0-4331
•• ^^y'^^^^

^"'^""^

=

0^93-3

^^^
+ 0^0516 =

It is assumed that the steam is dry steam when the exhaust closes, and that
there is no leakage of steam past the valve.
13. Find the dryness of the steam after cut-off at three-quarters of the
stroke from the following particulars of an engine trial, assuming no leakage
:

Condensed steam per hour in pounds
Revolutions per minute
Volume of cylinder, cubic feet

.

4G0S
120

.

3-6

5
Clearance, per cent
41-8
Pressure of steam in pounds per square inch at 5 stroke
10-05
Volume in cubic feet of 1 lb. of steam at 41-8 lbs. pressure
Pressure of steam in pounds per square inch at 084 of the
h-t.q
return stroke and commencement of compression
f
Volume in cubic feet of 1 lb. of steam at 17-2 lbs. per
00.14
"'
square inch
f
Ans. Dryness of steam, 81 per cent.
(Inst. C.E., October, 1913.)
|

.

.

(

VII.

COMPOUND ENGINES.

•

1. Explain fully how the combined indicator diagram of a triple-cxptinsioii
engine is made from the three cards taken from the several cylinders. What
advantages and information are derivable from the plotting of the three separate
indicator cards to one scale and on one card?
(Bd. of Ed., Stage II., 1899.)
2. You arc given a set of cards taken from the three cylinders of a triplecompound engine. Explain what further data you would require, and how you
Would combine them into one diagram. How would you use the diagram you
obtain to compare the amount of work actually done by the engine per stroke
with the amount of work the actual steam admitted could do if expanded
adiabatically down to the release pressure, and exhausted at a pressure corresponding to the actual back pressure in the engine ? (C. & G., Hons., 1897.)
3. Explain the method of drawing a combined diagram for a compound engine.
Take a conapound engine with the following dimensions H.P. cylinder 30 in. in
diameter, L.P. cylinder 67 iu. in diameter, and 36 in. stroke in both cylinders.
Steam enters the H.P. cylinder at 70 lbs. absolute, cut-off in both cylinders being
at half-stroke, and the back pressure in the L.P. cylinder being 4 lbs.
There is
a large intermediate receiver in the engine.
Construct the probable respective diagrams and combine them, using hyperbolas
for the expansion curves.
(Bd. of Ed., Hons., 1892.)
4. Show how to combine the indicator diagrams for a three-cylinder gas-engine
with cranks at 120- apart, so as to obtain the turning moment. (Inst. C.E.,
:

Oct., 1903.)
5. Show by diagrams the effect of varying the cut-off in the H.P. cylinder, the
cut-off in the L.P. cy-linder being constant
also the effect of varying the cut-off
in the L.P. cylinder, the cut-off in the H.P. cylinder being constant.
;

What

the receiver of a compound engine ?
Explain what is the influence
of its volume on the diagram.
7. Find the diameters of the cylinders of a compound engine of 500 I.H.P., the
6.

is
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steam-pressure, 120 lbs.
stroke being 42 in. and the revolutions 80 per minute
per square inch absolute terminal pressure, 10 lbs. back pressure, 3 lbs.
Am. H.P. 18 in. L.P. 34-.3 in.
8. Find the diameters of the C3'linders of a triple-expansion engine of 1000 1. H.P.
the stroke of the piston being 54 in., and the revolutions 100 per minute. The
mean pressure to be 35 lbs. per square inch referred to the L.P. cylinder.
Ans. 86-5 in., 24 in., 14 in.
9. Explain the effect of clearance volume {a) on the ratio of expansion;
(c) when there
{h) on the steam consumption when there is no compression
;

;

:

;

;

compression.
10. What are the advantages of the compound engine over the single-cjlinder
engine of the same I. H.P. when both engines work W'ith steam of the same initial
pressure and with the same rates of expansion ? Compare the maximum pressures
on the crank-pins of two engines of equal stroke and each working upon a single
crank, when the initial pressure of steam per square inch is in both cases 80 lbs.
absolute, the total expansion 5 times, and the terminal back pressure 4 lbs. per
square inch absolute.
In the single-cylinder engine the piston is 20 in. in
diameter, and in the compound engine the L.P. cylinder is 20 in. in diameter and
the H.P. cylinder is 11^ inches in diameter. For the comparison consider that
there is no drop in j)ressure between the two cylinders, but that the terminal
pressure in the H.P. cvlinder is the same as the initial pressure in the L.P.
(Bd. of Ed., Hons., 1896.)
Ans. 1 : 1-39.
cylinder.
11. Explain carefully, with sketches, how you would combine diagrams taken
from the high- and low-pressure cylinders of a compound engine. (Inst. C.E., 1905.)
12. Find the diameters and suitable stroke of the two cylinders of a compound
engine, so that the power developed may be 120 indicated horse-power at a piston
speed of 600 ft. per minute. Katio of cylinders (by volume) l'.'?.\; admission
pressure, 115 lbs. per square inch absolute
condenser pressure, 3 lbs. per square
inch absolute diagram factor, 070 cut-off in high pressure cylinder, 0-5.
is

;

Answer.

—

;

;

Mean pressure

of ideal

diagram

——

=:

°^

^'

_

r

number

expansions

of

mean

.•.

=

r

=

pressure

x Si =

-

0"5

115(1
>

3

6 5

—

6-5)
+L- log,
-—
6'5

„

3

= 47"77 lbs. per square inch.
Actual mean pressure referred to low-pressure cylinder = 47-77 x 070 = 33-44
lbs. per square inch.
Let ^2 — diameter of low-pressure cylinder.
Then 190

- 3 344 X

Xd^xS^lilG
X4

6 00

33000

and
Let

di

=

diameter

(l_r

=

251-3

do

=

1585

in.

of high-pressure cylinder.

dr
.-.

Assuming a stroke

of 18

d,

=

:

d/

-^;®^

:

:

=

1

?i

:

8-792 in.

in.—

= —

= 200 ^per minute.
,
2 X I2
13. In a triple expansion marine engine to develop 200 I. H.P. at a piston
speed of 700 ft. per minute the volumes of the L.P., I. P., and H.P. cylinders are
to be in the ratio 1:2-5: 7-5. The steam chest pressure is 170 lbs. persquare inch
gauge, and the exhaust pressure 4 lbs. per square inch absolute. Taking a diagram
factor 0-65 and the cut-off in the H.P. cylinder at 0-6 of the stroke, calculate the
diameters of the cylinders and state a suitable stroke.
(Sheffield Univ.)
Ans. Diameters, 22| in. 39i in. 62i in. stroke, 42 in.
Revolutions per min.

,

;

;

;

2 K
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14. Determino the cylinder dimensions of a horizontal compound engine with
Pressure in steam
600 1. 11. P. under the following conditions
chest, 140 lbs. per sc^. in. gauge vacuum, 26 in. number of expansions, 12 diagram
factor, 0-82; piston speed, 650 ft. per minute; point of cut-off in high-pressure
cylinder at one4hird of stroke. Determine also the point of cut-ofE iu the lowpressure cylinder, so that the initial loads may be approximately equal. (B.Sc.
tfip gear, to develop

:

—

;

;

;

Lond., 1907.)
diameter of L.P. cylinder
An$. Diameter of H.P. cylinder = 16-6 in.
= 33-2 in. cut-oS in L.P. cylinder = 04.
;

;

SUPERHEATED STEAM.

VIII.

1. Write a brief account of the use of superheated steam. An engine of 500 1.H.P.,
under a working pressure of 150 lbs. per square inch absolute and a feed-temperature of 80^ F., uses 18 lbs. of steam per I.H.P. hour; when the steam is superheated to 700° F., it uses 11 lbs. per I.H.P. hour express the saving as a percentage
of the original consumption.
(Inst. C.E., Oct., 1903.)
Ans. Saving is 30-1 per cent.
2. Sketch an entropy-temperature diagram for water and steam, and siiow how
you would indicate upon it (ii) adiabatic expansion of steam having an initial
wetness of 10- per cent., and show how you would obtain the wetness fraction after
it had expanded down to a given temperature
(6) superheating of the steam, and
indicate the temperatm-e at which it would become saturated if it were adiabatically
expanded (Inst. C.E., Oct., 1901.)
;

:

;

3. Explain briefly, with a sketch, some form of steam superheater, and state
any precautions which should be taken in the production of highly superheated
steam. Why is less superheated steam required per hour per horse-power than
when saturated steam is used? (Inst. M.E., April, 1911.)
Show from a sketch on
4. Why is it economical to use superheated steam
the temperature -entropy diagram that the thermo-dynamic advantage of super'?

heating

is

not of

much

importance.

IX.

(Bd. of Ed., Stage III., 1911.)

CONDENSERS.

An

engine uses 20 lbs. of steam per hour per I.H.P. How much heat enters
the condenser per hour per horse-power if there is no radiation or leakage ? The
temperature of the steam at the stop-valve is 328° F.
Ans. 21,063 units of heat.
2. The temperatm-e of the exhaust steam entering a jet condenser is 130° F.
The temperature of the mixture after condensation of the steam is 85° F. the
initial temperature of the cold-water jet is 45° F. Find the pounds of condensing
water required per pound of steam condensed.
Ans. 26-7 lbs.
3. The temperature of the exhaust steam entering a sm-face condenser is 120° F.
The temperature after condensation is 100° F. The initial temperature of the
circulating water is 50° F., and the final temperature 85° F. Find the pounds
of circulating water required per pound of steam condensed.
Ans. 30 lbs.
4. Explain the terms " heat expended," " heat rejected," and state the relation
w^hich exists between these quantities and the work done by a heat-engine. In a
stationary condensing engine the condensation is effected by the injection of cold
water into the condenser. The net quantity injected is 10 cub. ft. per I.H.P. per
hour, and the rise of temperature on entering the condenser is 30° F. Find what
fraction of the whole heat expended (neglecting radiation and leakage) is usefully
employed. (Inst. C.E., Feb., 1899.)
Ans. 11-96 per cent.
5. Make a sectional sketch of any form of air-pump.
A steam turbine using 12 lbs. of steam per horse-power hour develops 5000
horse-power. The pressure of the steam as it enters the condenser is 1 lb. per
square inch absolute, and its dryness fraction is 0-7, and the temperature of the
1.

;
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condensed steam leaving the condenser is 33° C. The rise of temperature of the
condensing water is 16"^ C. How much water does the circulating pump deliver
Temperature of stoam at 1 Ih. prcKsurc is 38'7- C,
to the condenser per hour?
and this may be taken equal to the water heat. Latent heat of steam at 1 lb.
[Note 1 Ib.-calorie = I
(Bd. of Ed., 1914, Lower.)
pressure is 571 Ib.-calorics.
Ans. 1,529,000 lbs.
B.Th.U.]
condenser.
Find the weight
6. Explain, with a sketch, the principle of the jet
125"
the initial temperaP.
if
at
of water rci|uired to condense 1 lb. of dry steam
ture of the condensing water is 75° F., and the final temperature is 10-5'' F.
(Total heat of 1 lb. of dry steam at 125° F. from water at 3i.° F. = 1114 B.Th.U.)
Ans. 31-7 lbs. per pound of steam.
(Inst. M.E., April, 1914.)

X.

FEED-WATER HEATERS.

Sketch and dcscrlbs a feed-water heater.
is the percentage gain when the boiler feed- water is heated from 50° F.
to 2.30° F., the temperature of the steam in the boiler being 350° F. ?
Ans. 19'7 per cent.
1.

What

XL GOVERNORS.
1. A loaded Watt governor.
For simijlicity take the framework to be a
parallelogram ABGD, the axis being AC, the centres of the balls at B and D. If
AB = BC = 1-2 ft., if the balls are 7 lbs. each, and the load is 150 lbs. ± 2 lbs.
because of friction, find the range of speed from r = 0-5 to r = 0-6 ft. if r is
distance of a ball from the axis. Wherein consists the usefulness of the load ?
(Bd. of Ed., Stage III., 1903.)
Ans. Range of speed is 9-1 revs.

2.

What

is

the centrifugal force of a ball of

w

from an axis making

lbs. at r ft.

n revolutions per minute ?
The whole revolving mass

of a governor is equivalent in its effect to that of two
balls each weighing 8 lbs.
The construction and loading of the governor and
valve-gear are such that when each ball is at the distance r ft. from the axis of
revolution, a force F lbs. acting radially outwards from each ball is necessary to
maintain equilibrium. Two sets of experiments are made in one F overcomes
friction
in the other F is assisted by friction.
:

;

F
F

overcoming friction
helped by friction
.

Find the highest and lowest speeds of the governor between these limiting
values of r. That is, for each value of r find the speed at which the centrifugal
force of a ball has the value F. Tabulate your answers. (Bd. of Ed., Stage II., 1904.)
Ans. C.F. = 0-00034 icrn- highest speed, 138-2 revs. lowest speed, 130-2 revs.
;

F

overcoming

F

helped by friction

friction

n

;

|

:

.

'

19"20
132-8
18-44
130-2

25-00
135-5
24-02
132-9

'

I

31-20
138-2
30-04
135-6
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3.

Choose a loaded pendulum governor or a Hartnell governor, and explain with
how it governs. Show how we find the speed corresponding to any

sketches

position of the
1905).

What

balls.

(Bd.

of

Ed., Stage

II.,

the object of loading a governor ?
An equal armed governor is shown in Fig.
492, with the sleeve resting against bottom
stop.
Each ball weighs 4 lbs., and the sleeve
itself weighs 14 lbs. At what speed will the sleeve
just begin to leave the bottom stop ? (Bd. of Ed.,
1914, Lower.)
Ans. 136-8 revs, per minute.
4.

XII.

is

TURNING EFFORT IN THE CRANK
SHAFT.

Pig 492
speed of the flywheel are

1. What is a crank-effort diagram?
What
data are required to allow it to be drawn, and
hovi is it applied in finding the fluctuations of
speed in an engine when the dimensions and

known?

(Inst. C.E., Feb., 1898.)

2. If a piston with its rod weighs 250 lbs., and if at a certain instant when the
resultant total force due to steam pressures is 3 tons, the piston has an acceleration
of 320 ft. per second per second in the same direction, what is the actual force
acting on the crosshead ? (Bd. of Ed., Stage II., 1905.)
Ans. 4220 lbs.
3. If on a piston of 120 sq. in. area and weighing with piston-rod 290 lbs., there
is at a certain instant a pressure of 130 lbs. per square inch on one side more than

what there

is on the other, and if the piston's acceleration at that instant is 420 ft.
per second per second in the direction in which the steam is urging the piston,
what is the total force acting at the crosshead ? (Bd. of Ed., Stage II., 1900.)
Ans. 11,794 lbs.
4. Show how to find graphically the acceleration of the piston of a direct-acting
engine in any position, the crank-pin being assumed to move uniformly. Sketch
the form of the curve of acceleration (1) on a piston, and (2) on a crank angle base.
Describe generally the influence of the inertia of the piston, rods, and crosshead
on the stresses set up in the crank-pin. The weight of the reciprocating parts is
equivalent to 3 lbs. per square inch of the area of the piston. If the length of the
crank be 9 in., find how much the initial effective pressure is reduced by the
inertia of the reciprocating parts when the crank makes 70 revolutions per minute,
the obliquity of the connecting-rod being neglected. (Inst. C.E., Oct., 1900.)
Ans. 3'75 lbs. i^er square inch.
5. A piston and its rod and crosshead weigh 460 lbs.
The engine makes
250 revolutions per minute, the crank is 1 ft. long. Make a diagram of the
horizontal force at the crosshead at every point in the stroke: (1) assuming the
connecting-rod infinitely long; (2) taking the connecting-rod to be 5 ft. long.
State the force at some one place, so that your scale may be checked. Assume no
friction.
(Inst. C.E., Oct., 1898.)
6. Show how to find the acceleration of an engine-piston at each end of its
stroke when the length of the connecting-rod, the length of the stroke, and the
number of revolutions per minute are given. Find the force required for acceleration per pound mass of the piston, at each end of the stroke, in an engine with
an 8-in. crank and 30-in. connecting-rod, making 300 revolutions per minute.
(Inst. C.E., Oct., 1897.)
Ans. 25-84 lbs. and 14-96 lbs.
7. If on a piston of 120 sq. in. in area, and weighing with piston-rod 290 lbs.,
there is at a certain instant a pressure of 130 lbs. per square inch on one side naore
than what there is on the other, and if the piston acceleration at that instant is
420 ft. per second per second in the direction in which the steam is urging the
piston, what is the total force acting at the crosshead ? If this acceleration occurs
when the piston is one-quarter of its stroke from one end, assuming an infinitely
long connecting-rod, how many revolutions per minute is the engine making?
The crank is 1 ft. long. (Bd. of Ed., Stage III., 1900.)
Ans. 11,794 lbs, 276-8 revs.
;
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8. Crank 1 ft., connecting-rod 5 ft., 150 revolutions per minute find the accelerations of the piston at the ends and at some other point of the stroke, and draw
an acceleration diagram. The weight of piston and rod is 350 lbs., area of piston
150 sq. in. Draw possible indicator diagrams for the two sides of the piston, and
show how we use them and the acceleration diagram to find the real force at the
crosshead at every point of the stroke. (Bd. of Ed., Stage III., 1905.)
9. Piston 115 sq. in. in area.
At the beginning of either stroke there is a
difference of pressure of 90 lbs. per square inch on its two sides, producing total
The piston and its
force in the direction in which the piston is about to move.
rod weigh 410 lbs. The engine makes 130 revolutions per minute crank 1 ft.
Neglecting angularity of connecting-rod, that is, assuming that the piston has a
simple harmonic motion, what is the actual force at the crosshead at the beginning
of either stroke?
What correction must be made when the angularity of the connecting-rod is not
ylu.s. 7994 lbs.
neglected? (Bd. of Ed., Stage III., 1903.)
10. Piston 115 sq. in. in area, crank 1 ft., coniiecting-rod 5 ft., 130 revolutions
difference
of pressure of
per minute. At the beginning of either stroke there is a
90 lbs. per square inch on the sides of the piston, producing total force in the
The piston and its rod weigh
direction in which the piston is about to move.
410 lbs. What is the actual force at the crosshead at the beginning of either
An&. 8465 lbs. and 7523 lbs.
stroke ?
(Bd. of Ed., Hons., 1903.)
11. If on a piston of 120 sq. in. area, weighing with piston-rod 290 lbs., there is
at a certain instant a pressure of 130 lbs. per square inch on one side more than
what there is on the other, and if the piston acceleration is 420 ft. per second per
second in the direction in which the steam is urging the piston, what is the total
force acting at the crosshead ?
If the crank is 1 ft. long and the connecting-rod is 5 ft. long, and if the above
acceleration occurs at the inner dead-point position, find the speed of the engine.
(Bd. of Ed., Hons., 1900.)
Ans. 11,794 lbs. 215-2 revs, per minute.
:

;

_

:

12. Explain what is meant by the pressure due to the inertia of the reciprocating parts in a steam-engine, and show how it modifies the effective crank
If the revolutions are 400 and the mean
eft'ort at different points of the stroke.
piston speed 1200 it. per minute show that with a 4 to 1 rod, the maximum inertia
pressure is very approximately 50 times the weight of the reciprocating parts.
(U. & G., Hons., Sec. B, 1903.)
Ans. The maximum force required to accelerate the reciprocating parts is
required when the piston is at the head end of the cylinder.
The force required to accelerate the reciprocating parts at this point is

given

by the

formula

Wi;V
1

\

-\-

1\
-

which

J,

0C0034W,VN=(l +

may

also

be

written

^^)

Substituting the values given in the question, the maximum force
= 0-00034 X
X i X 400 X 400 X f

W

= 51W

13. In a steam-engine the weight of the reciprocating parts is 500 lbs. ; stroke,
revolutions, 180 per minute connecting-rod, 4 feet long.
Find the force to accelerate the piston, (1) at the beginning of the stroke, (2) at
the end of the stroke, and (3) when the crank is 90^ from the dead centre. (Inst.

2

ft.

;

;

M.E., April, 1914.)
Ans. Head end, G895
centre - 1379 lbs.

lbs.

XIII.

;

crank end, 4136

lbs.

;

at

90^

from dead

FLYWHEELS.

1. The crank-shaft of a gas-engine is giving out steadily 20 horse-power at an
average speed of 150 revolutions per minute. When there are 75 explosions per
revolutions), about how much energy is being stored

minute (each cycle being two

-

;
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and un<?tDred by the flvwbeal? If th3 kinetic energy of the flywheel at 150 revolutions is 250,0J0 foot-lbs., what are the highest and lowest speeds ? (Bd. of Ed.,
yin.s. 1.50 'J J and 149 01.
St-ige ir., 190i.)
2. The flywheel of a rolling-mill engine is observed to change its speed from 100
revolutions per minute to 70 revolution.? par minute in 5 seconds when a billet is
passed into the rolls. The moment of inertia of the flywheel is equivalent to 30
tons at a radius of 10 ft. Find the average torque exerted on the crank-shait
due to the energy drawn fro;n the flywheel in additian to the torque exerted by
the connecting-rods.
Sketch the form of the crank-effort diagram for a single-cylinder doubleacting engine, and explain how you woull procssd to draw this diagram from a
Ans. 131,040 Iba.-ft.
given indicator card. (Bd. of Ei., 191 i, Higher.)
3. Briefly explain how the fluctuation of the speed of a crank-shaft is kept
within narrow limits by means of a flywheel.
What must be the size of a flywheel in order that the maximum speed may
not exceed the mean speed of GO revolutions per minute by more than 0'2 revolution per minute when the area of the crank-effort curve cut off by the niQ.xn crankeffort line represent? 50 ft. -tons.
Give the mea,n radius of the flywheal and the
weight in tons of the rim, and work out the dim3n5ion3 on the assumption that
the mass of the wheel is all concentrated at tbe mean radius of the wheel, and
that the speed at the mean radius is limited to 100 ft. per second. (Bd. of Ed.,
1912, Higher.)
Ans. Radius of flywheel = 15-85 ft.
Weight of flywheel = 43-55 tons, assuming cast iron weighs 450 lbs,
per cubic foot.
Cross-section of rim, 343 cub. in.
say 12 in. by 29-08 in.
.

;

XIV.
1.

BALANCING THE ENGINE.

Describe the usual balancing of an inside cylinder locomotive, and what

really effects.

it

(Inst. C.E., Oct., 1838.)

/i. Two engines with the same centre line on opposite sides of a cr.ink-shaft
same moving masses; cranks exactly opposite, so that there is exact balance of
horizontal inertia forces: what mxy be done to the conneoting-rods to make

perfect inertia balance? Prove your statement. Is the engine perfectly balanced
now? (Bd. of Ed., Stage III., 1901.)
3. An outline sketch of the crank-shaft of a four-cylinder engine is shown
in figure below.
The middle pair of cranks are set at 105° with one
another, and the reciprocating parts weigh 1-125 tons for cylinder 2, and 1 ton for
cylinder 3. Find the weight of the reciprocating parts for cylinders No. 1 and

No. 4, and tbe angles between the cranks No. 1 and No. 4 and between the
cranks No. 1 and No. 8, so that the reciprocating parts of the engine may be in
balance amongst themselves.

(Bd. of Ed., 1914, Higher.)

\\k TONS

TON
3|

h-

-37^'>K -

-60- - - >U - -45- H
Fig. 433.

Answer.
No.

..f

crank.

iJisUQca of centre cif crank
Ironi nfereiice i.Uce.

Wiight

in

t

ns.

Mument

;.baiit

rcfeience

plane.

C-3

37-5
97-5
142-5

ii

1-125

10
0671

42-2
97-5
95-6

(See over.)

-
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of No. 1 crank \\ taken as the reference plane.
shows the angles between the cranks.
for the first, second, and

The reciprocating masses

third cylinders of a four-cylinder engine are 4, 6, 8 tons,
and the centre linos of these cyliuders are 13 feet, 9 feet,
and 4 feet respectively from that of the fourth cylinder.
Find the fourth reciprocating mass, and the angles hetween the various cranks in order that they may be
balanced. (Bd. of Ed., 1912.)
Ans. Fourth reciprocating mass = 5'2 tons. The
angle between the first and secoii'l crank, is
144^; between the first and third crank, 255°,
and between the first and fourth crank, 55°.
5. Give any one method for finding the acceleration
of the piston masses in a reciprocating engine, and
roughly plot the acceleration curve from the followiug
data:

—

Heciprocating masses weigh GIG
Stroke, 2

lbs.

ft.

Connecting-rod, 4 ft. long.
Speed, 200 revolutions per minute
Write down the acceleration at the beginning and at the end of the stroke.
Am. 548 and 329 ft. per second per sec.
(Bd. of Ed., 1912.)
6. In a three-cylinder engine the distance between the centre and left-hand
cylinder is 18 inches, and between the centre and right-hand cylinder is 24 inches,
and the stroke is 30 inches. The reciprocating
parts of each cylinder weigh 300 lbs., and the
cranks make 120° with each other. Find the
maximum value of the unbalanced force and
the uabalanced couple when the engine is
making 200 revolutions per minute. (Bd. of
Ed., 1913.)

Ans.

No unbalanced force. Unbalanced

couple, 15,000 ft.-lbs.
7. The sketch (Fig. 495) shows certain dimensions of the crank-axle of an inside cylinder
All the revolving masses and
locomotive.
two-thirds of the reciprocating masses are to
be balanced by masses placed in the wheels at
a radius of 30 in. Find the balance weights.
Calculate the maximum value of the vertical
force acting on the rails due to one balance
weight when the engine is running at 60 miles
per hour.
Diameter of driving wheel, 7 ft.
Stroke, 24 in.
Reciprocating mass per cylinder, GOO Ib.^.
Unbalanced revolving mass per crank at
crank radius, 650 lbs.
(Bd. of Ed., 1913,

Higher.)

An&iocr.—
No. of
crank or
.

leferenc?
jilane.

M«B Centre. OF RBal.Wt.

in

this Plane.

MassCentceofL.Ba;lWt.inthis Plane

Fig. 495.

—
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The right balance weight weighs 318'C lbs., and is placed at an angle of
15G° 19' measured anti-clockwise from the right crank. The left balance weight
weighs 318-6 lbs., and is placed at an angle of 203° 41' measured anti-clockwise
from the left crank. Vertical force due to one balance weight (not the resultant
force) is 15,600 lbs.

XV.

STEAM-ENGINE PERFORMANCE,

steam-engine work between the limits of 350° F. and 212° P., what
would bo its maximum possible efficiency (a) on the Carnot cycle, (fc) on the
Glaus ius cycle ? State any reasons for choosing one or the other as the standard
(Inst. C.E., Oct., 1897.)
of efficiency under given conditions.
1. If a

Ayis. (1) 0-170;

The

2.

was

and

20,

straight-line

hour,

(2)

0-159.

steam used by an engine was 660 lbs. per hour when the I.H.P.
2100 lbs. per hour when the I.H.P. was 100. Assuming Willan's
law to hold, find the consumption of steam per I.H.P. and per B.H.P.
the engine indicates 25 H.P. and 80 H.P. respectively. You may
the power required to overcome the friction of the engine is 17 I.H.P.
This may be solved graphically by setting off the lines to scale in

total

when

assume that
at all loads.

your answer-book, or it may be calculated. (Inst. C.E., Feb., 1902.)
3. A particular non-condensing steam-engine working with 170 lbs. per square inch
absolute pressure requires 19 lbs. of feed- water per I.H.P. per hour. A particular
condensing steam-engine working with the same pressure and 24 in. vacuum

Show that the ratio of 17 to
requires 17 lbs. of feed-water per I.H.P. per hour.
19 does not truly represent the relative thermal economy of these two engines, and
obtain the true comparison on the basis of heat-units supplied per I.H.P.
^'^'^-

Total heat of steam at 170 lbs. per square inch absolute pressure
Water heat at 212° F
Water heat at 24 in. vacuum

.

BT.U.
1194
181
110

(Inst. C.E., Oct., 1899.)
If a steam-engine were

supplied with steam at 180 lbs. pressure absolute
{t— 373° F.), and had a condenser temperature of 126° F., how many thermal
units would you have to supply to it per I.H.P. per hour if it could turn into
work 50 per cent, as much as an ideal Carnot engine working between the same
limits?

(Inst. C.E., Feb., 1898.)

Ans. 17,200 units of heat from feed-water at 126° F.
4.

how

What
this

meant by the "Willan's law" for a steam-engine? Show briefly
law enables you to predict the economy of a given steam-engine under
is

varying conditions. (Inst. C.E., Feb., 1903.)
5. What is the Willan's rule as to the horse-power and water used ? Show that
(Bd. of Ed., Hons., 1903.)
it is reasonable to expect such a rule to hold.
6. A non-condensing engine uses 4000 lbs. of dry saturated steam per hour at
160° C. feed-water at 20° C. the indicated horse-power is 210. What is the
How much work is done per pound of steam ? If a perfect steamefficiency ?
engine works on the Rankine cycle between 100° C. and 160° C, what work is
hypothetically possible per pound of steam ? Use the table of numbers given in
III. No. 13.
(Bd. of Ed., Stage III., 1901.)
Ans. Efficiency, 11-7 per cent. 103,950 foot-lbs. 101,600 foot-lbs.
Prove that the work done per
7. A steam-engine works on the Rankine cycle.
;

;

;

pound

of

steam

;

is

K^^0"^^'"'^""^'"^°^^§
where T, and T^ are the upper and lower temperatures

respectively.

(Inst.

C.E., 1904.)
8.

A

non-condensing engine uses 4600

lbs. of

dry saturated steam per hour at

;
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the indicated horse-power is 200 how much work is done per pound of
If a perfect steam-engine works on the Rankine cycle between 100° and
160° C, what work is hypothetically possible per pound of steam? (Bd. of Ed.,
Stage III., 1905.)
Ans. 86,100 foot-lbs. 99,560 foot-lbs.
9. In a certain engine trial it was found that temperature of boiler = 370' F.
feed-water used = 14 lbs. per I.H.P. per hour
temperature of feed = 115° P.
Assuming the boiler to supply dry steam, find the expenditure of heat in thermal
units per I.H.P. per minute, and compare it with the work done. (Inst. C.E
160° C.

steam

:

;

?

;

;

Oct., 1898.)

10. Describe the Rankine-Clausius cycle, and show it on a 0(^ chart. It is found
from tables that an engine working on a Rankine-Clausius cycle with maximum
efficiency between temperatures 350° F. and 120° F. takes 9900 B.T.U. per I.H.P.
hour. Compare its efficiency with that of an engine working on a Carnot cycle
with maximum efficiency between the same temperatures. What is the reason
for the difference in the efficiencies

(Inst. C.E., 1905.)

?

Ans. 8974 B.T.U. required by Carnot cycle.
Carnot efficiency, 28'3 per cent.
Rankine efficiency, 25 '8 per cent.
11. Find an expression for the work done per pound of steam in a steam-engine
when the steam expands to a pressure higher than the back pressure. Neglect
Assmne the steam is dry
clearance, compression, and initial condensation.
during expansion (see p. 55).
Ans. Let ABCDE represent the indicator diagram. Fig. 496.
Let Ti = absolute temperature of the steam at B.
T2 = absolute temperature of the steam at D.
^2 = absolute pressure of the steam at D.
Pj = absolute pressure of the steam at E.
V._, = volume of the cylinder in cubic feet.

The

Then

total

area

j\I

where

v

but

1;

work done is represented by the simi
\v dp in foot-lbs.
the volume of the steam per lb.

=
=
=

area

M=

also

L=

of the areas

M and N.

.

-^-

(see p. 429).

.^p

f"
1437

-

0'7T (see equation

(3),

p. 54).

area

ri4 87

M=J
=

- 07T jdT
T

^2]

T, r
,,^„,
1437 1og«^^

-

in foot-

I

lbs.

0-7(Ti

-

Tj) in

heat-Anits

heat(Ih-P.)"^. X 144 jin
units.
778
-}- N
Total work done = areas

Area

N=

496.

M

=

1437 logo g-0-7(Ti-T2)-f (P.

- Pz Wz X

144

778

maximum work obtainable from 1 lb.
steam when working between pressures of 100 and 2 lbs. per
(b) on the Carnot cycle.
(a) on the Rankine cycle
square inch absolute
Accoimt for the difference obtained. (London B.Sc, 1912.)
Ans. Maximum work, Rankine cycle = 257"5 B.Th.U. per pound.
12. Calculate from the steam tables the

of dry saturated

:

;

Maximum work, Carnot cycle = 225-5 B.Th.U. ,,
„
13. What is the theoretical efficiency of a heat-engine working on the Carnot
cycle ? Explain why a theoretically perfect steam-engine, using highly superheated steam, has an efficiency considerably less than that of the Carnot cycle
between the same temperatures. (I.C.E., Oct., 1910.)
14. In a steam-engine regulated by a throttling governor the steam-consumption at 100 H.P. was 2500 lbs. of steam per hour, and at 400 H.P. 6000 lbs.
Find the steam-consumption at 300 H.P. What law do
of steam per hour.

2k

3
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you assume in working out this example ? Write down the equation connecting
Dhe horse-power and the steam used. (I.C.E., Oct., 1910.)
= 1333 + 11-671, where I is the horseAn&. Assuming Willans law,
power of the engine. At 800 H.P.,
= 4884 lbs.
15. Sketch -pv and t — <p diagrams for the Rankine cycle. Explain where the
following cycle differs from the Eankine cycle. Steam enters a cylinder at a
pressure of 150 lbs. per square inch absolute and expands adiabatically to 10 lbs.
per square inch absolute. Find the work done pej pound of steam if the back
pressure is 4 lbs. per square inch absolute.
Neglect clearance, compression, and
condensation. How many pounds of steam are required per hour per horsepower ? (Sheffield Univ.)

W

W

Ans. Work per pound = 180,500 ft.-lbs.
Steam per hour per horse-power = 10'9 lbs.
16. In a trial of a triple-expansion engine the following observations were

made —
Steam
:

200

pressure (absolute)

per square inch

lbs.
{

Total heat per pound reckoned from water at 0° C. (32° P.)

Weight

steam entering cylinders per hour
Indicated horse power

\

BfiQ*8 C FT TT
n 205-6 B Th U

1200

of

^

lbs.

73-8

,,

The steam entered a surface condenser and was condensed at a temperature of
56° C. (133° F.), and it was found that 24,000 lbs. of condensing water per hour
were raised through a temperature of 24° C. (43'2° F.). Determine the gross
supply of heat per minute to the engine, the heat equivalent to the I.H.P.,
and the heat leaving the engine in the exhaust steam reckoned from 0° C
(32° F.).

Determine the amount not accounted for by radiation loss and errors of
experiment, and show your results in the form of a balance-sheet. (London^
B.Sc. Eng., 1913.)
Answer.^
Gross supply of heat to the engine per minute (above 32° F.)

=

^^
X 1205-6 = 24112 B.Th.U.
bO

=
=
heat to condensing water per minute =
=
condensed steam discharged per minute =
=

heat equivalent to the I.H.P. per minute

heat in

73-8

X

33000

778
3130 B.Th.U.

x

48"2

17280 B.Th.U.
12000
-„„ (133 — 82)
2020 B.Th.U.

Balance-sheet.
B Th.U.

B.Th.U.
per
minute.

Gross supply of heat to engine

.

24,112

per

minute.

Heat equivalent to I.H.P.
Heat to condensing water
Heat in condensed steam
Radiation loss and errors

.

.

.

experiment
24,112

.

3,180
17,280
2,020

of

1,682

24,112

apv and t<^ diagram for a steam-engine working on the Rankine
The admission pressure of steam to a reciprocating engine is 140 lbs. per

17. Sketch
cycle.

.
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square inch absolute, and the pressure at the end of expansion is 30 lbs. exhaust
pressure, 17 lbs.
Find the minimum weight of steam required per hour per
horse-power.
Where does the above cj-cle differ from the Rankine cycle'
(Sheffield Univ., 1914.)
Ans. 17-3 lbs.
;

THE STEAM-TURBINE.

XVI.

There are steam-turbines on the so-called reaction principle like Parsons',
and others on the so-called impulse principle like Laval's. Describe how they
differ (in the behaviour of the fluid passing through the moving vanes), and show
in each case how the rule arises as to speed of wheel compared with speed of fluid
before entering the wheel.
Why is a very perfect vacuum more important in a
turbine than in a reciprocating steam-engine ? (Bd. of Ed., Hons., 1905.)
2. Describe with sketches either (a) a Parsons steam-turbine, or (6) a de Laval
1.

steam-turbine.
To what extent and for what reasons is the efficiency of the
turbine you describe affected by the use of superheated steam and by a high
vacuum in the condenser ? (Inst. C.E., 1905.)
3. Sketch and describe any one form of steam turbine with which you are
familiar.
Steam issues from a fixed nozzle of an impulse turbine at a speed of 3000 feet
per second on to a ring of turbine blades. The nozzle is inclined 30 degrees to
the plane of rotation of the vanes. The circumferential velocity of the vanes is
1000 ft. per second. Find the angle of the vane at the receiving lip so that the
steam flows on to the vane from the nozzle without shock. Find the angle of
the discharging lip of the vane so that the pressure exerted on the vane is in the
direction of the vane's motion. And find the work done per pound of steam
flowing from the nozzle. Find also the maximum amount of work which could
be doneiby the jet" pound of flow. (Bd. of Ed., 1914, Higher.)
Ans. From the velocity diagram the absolute velocity of the steam

leaving the wheel

Work

maxunum work

=

1615

ft.

per second.

= i^^^ "
^fw^
= 99,260 ft.-lbs.
3000 X 3000
^
= —
steam
= 139,700 ft.-lbs.

per pound of steam

per

pound^

,

of

—

of the vanes to prevent end thrust (neglecting friction)
43° 14'.
4. Explain, with sketches, the construction of the rotor of a Parsons turbine
and the method oi fixing the blades in the rotor.
If steam leaves the guide and rotor blades of this turbine at 300 ft. per second
relatively to the blades in each case, draw the velocity diagram, find the inlet
angle and the heat given up per pound of steam in each row of blades. The mean
speed of the rotor blades is 150 ft. per second, and the exit angle of the blades
is 30°.
Neglect all losses. (I.C.E., Feb., 1911.)
Ans. Inlet angle, 54° ; heat given up = 109 B.Th.U.
5. Show, by sketches of the " total heat-entropy," or " Mollier," diagram, how
the following required data may be determined
(a) The dryness or superheat of steam which expands through a throttling
valve without loss of total heat.
(6) The work done by 1 lb. of steam expanding adiabatically from a given
pressure and with a given amount of- superheat or wetness to a lower pressure.
(c) The dryness of steam after expansion in a nozzle when the efficiency of the
nozzle is known.
(d) The original condition of steam which has passed through a throttling
calorimeter, when the pressure and superheat of the steam are known at the end
of the expansion.
(London B.Sc, 1912.)
6. Find an expression for the velocity acquired by steam when expanding in
a nozzle, neglecting losses.
In a Parsons steam turbine the heat drop per pound of steam in the moving

Inlet

and outlet angles

=

:

—

—

;
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is the same and equal to 6 B.Th.U. per minute in each
the mean velocity of the blades is 275 ft. per second. Determine the velocity
the work done in each set of blades the
of the steam entering the blades
degree of reaction, the efficiency and the horse-power developed per stage,
assimiing no losses. Take the exit angles of the blades, 20°. (Sheffield Univ.)
Ans. V = 224 VBTh.U. V r= 549 ft. per second.

and stationary blades

;

;

;

Work done
Work done
Beaction

in moving blades = 4668 ft. -lbs.
in stationary blades = 4668 ft.-lbs.

= 0-5.
= 0-75.

Efficiency

Horse-power per stage

Dry steam

=

12-8.

at an initial pressure of 120 lbs. per square inch absolute, is expanded adiabatically down to 30 lbs. pressure absolute in a nozzle which allows
0-4 lb. to pass through it per second.
Determine the dryness of the steam and
the sectional area of the nozzle at the lower pressure, using the data given in the
accompanying table
7.

:

Pressure.
ibs./cn''.

—

—

—
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throat of a convergent divergent nozzle of the De Laval type is about 0-97, the
steam being dry saturated at the entry to the nozzle. (Sheffield Univ.)

Ansxccr.—
where Vo = volume

wet steam

V=

volume

of

p^v_,r)35

(1)

after expansion.

Density

=

=^^

X.

=

^P."

r^

-

A.p.fS*

dry steam at

P.

and
where

=

P,Y/i35
of

V
also Y,

(2)

(3)

Pi

= (^\^''^

Substituting for V, and inverting

The relation between P, and P„

m
m

-m

at the throat of a

De Laval

^|?Wo-575(p.
.-.

dryness at the throat

=
=

nozzle

is

given by

398).

{Qihlbf^^'^
0-97

13. Dry steam enters the fixed blades of a Parsons turbine at 160 lbs. per
square inch and expands adiabatically to 150 lbs. the steam further falls to 140
Draw the velocity diagram, assuming the exit angles
lbs. in the moving blades.
You may use the
to be 25° and the peripheral speed to be 200 feet per second.
Mollier chart.
(Shefi. Univ.)
14. In a section of a turbine of the Parsons type an expansion consists of n
It is arranged to have equal heat drops in fixed and
rings of moving blades.
moving blades. Express the work dene per pound of steam on the moving blades in
terms of the peripheral velocity u, the steam velocity r, and the exit angle of the
blades 0. If « = 7, « = 150 ft. per second, v = 375 ft-, per second, 6 = 20^ and if
the weight of steam passing through the blading is 40 lbs. per second, find the
horse-power developed in the section. (Sheff. Univ., 1913.)
Ans. Horse-power = 1316.
15. Show how to determine, by aid of a T<p diagram, the dryness fraction of
steam when expanded adiabatically. Dry steam, at an initial pressure of 100
expanded adiabatically down to 20 lbs.
lbs. per square inch absolute, is
absolute in a nozzle which allows 1 lb. to pass through it per second.
Determine the dryness of the steam and the sectional area of the nozzle at the
lower pressure, using the data given in the accompanying table
;

:

Pressure in

QUESTIONS WITH SOLUTIONS.

Sio

Alls.

Dryness

after expansion

=

0'91.

= 18-198 cub. ft.
after expansion
of nozzle at lower pressure = 1'069 sq. in.
16. Steam enters the nozzle of a De Laval turbine and expands to the condenser pressure. The theoretical heat drop is 230 B.Th.U. per pound, but 10 per
Draw the velocity-diagram of the steam
cent, of the energy is lost in friction.
passing through the turbine if the relative velocity at exit is 85 per cent, of the
Find the efficiency of the nozzle and vanes, assuming the steam
inlet velocity.
enters the vanes without shock, and that the inlet and outlet angles of the vanes
The
are equal. The peripheral velocity of the wheel is 1200 ft. per second.
nozzles are inclined at an angle of 20° to the plane of the wheel. (Inst. C.E.,
October, 1913.)
Ans. Efficiency of nozzle and vanes, 0'70.
17. What is the principle involved in the calculation of the velocity with
which steam issues from a nozzle, assuming that the flow is adiabatic and
Volume
Area

frictionless

?

Dry saturated steam,

at 150 lbs. pressure per square inch absolute, is
supplied to a nozzle and flows through it into a condenser where the pressure is
Assuming that the flow is frictionless and
3 lbs. per square inch absolute.
adiabatic, find the velocity with which the steam issues from the nozzle the
wetness of the steam and the discharge in pounds per minute per square inch
of the minimum cross-section of the nozzle.
(Bd. of Ed., 1913, Higher.)
Ans. Velocity = 3620 ft. per second.
;

;

Dryness

=

O'Sl.

Discharge per minute

=

W=

^ '^

—=

128-6 lbs. per minute.

INDEX
A.

Absolute temperature, definition of, 8
Acceleration of reciprocating parts, 2oS
dia^'rams, 242
Klein, 283
Action of jet upon vane 8?5
Adiabatic expansion, 13
Advance, an pie of, 65
Air-pump, Edwards, 193
Area of turbine steam p.iseages, 391,
,

414
Automatic expansion

v.

throttling, 312

B.

Balance wcij^hts, 287
Balancing of ingines, 277
Dalby on, 295
Bearings main, 271
,

Condensaiiou, 108
in turbines, 442
Condensers, 179

Condensing-water

coolers, 188

Connecting-rod, obliijuily

of,

67,

228

Connecting-riids, 203
,

Sisson's, 271

Corliss engine, 331
,

performance

,

trip gear, 334, 311

of,

345

valves, to set. 335
Cornish cycle, 318
Crank-pin, tangential pressures, 229
Crank-shaft, turning effort in, 227
Cranks, combination of, effect on twisting moment, 233
Cross-heads. 259
Cuitis turbine, 408
Curves, adiabatic, 39
constant-volume, 45
hyperbolic, 39
of steam-consumption, 314
saturation, 39
Cylinder liners, 253
patterns, 253
Cylindeis, 252
internal surface of, 1G4
,

,

,

Dewrance

on, 271

Belliss engine, 353
Boulvin's teuiperature-eulrojiy dingram,

302
Boyle's law, 7

Brake liorsc-power, definition

of,

2

,

,

British thermal unit, 5

D,
C.

Davcy on steam-engine performance, 317

Calorimeters, 34
C'arnot's cycle, 19
Charles, law of, 8
Clausius cycle, 58
Clearance, 101
surface, polislied, IGo
Combining indicator diagrams, 144
Compound engine, 125
, distribution of work in,
128
indicator diagrams. 144
ratio of cylinders, i:!9
,

,

size of, 137
Compoun<ling, metliods
Compression, 101, 103
,

,

work

De

1-aval turbine, 405

Dewrance on bearings, 271

Diagram

i!one during, 18

12G

high presS'ires

in

loco-

motives, 307

Dry-steam

fraction, 115

Eccentric, 65

Economical load, the most, 313
Efficiency, 2, 275
,

of,

factors, 13ti

Drummond on

mechanical, 275

steam in turbines, 439
thermal, report of Committee Inst.
C.E., 300
of

,

5

INDEX.

5':

Inje(tor, the, 172
efficiency of, 176

Ejector condenser, the, 186
Electrical units, 2
Engine frames, 271
Entropy, 41
cliart, Plate I.
, table of, 458
Equivalent eccentric, 81
Evaporation, equivalent, 33
Evaporative condenser, the, 187
Expansion, adiabatic. 13
, isotlioimal, 12
regulator, 79
useful limit of, 105
valve gear, 7(3
, Meyer, 84

.

automatic, 177
Internal energy, 9
Isothermal expansion, 12
,

See Steam-jacket
Joule's law, 9
Joy's valve-gear, 374, 377

Jacket.

•

,

Feed heating from
water

Kershaw's acceleration curve, 285
Kinetic head, 389
Klein's diagram of acceleration, 283

receiver, 192

L.

filters, I'JG

heaters, 191

Five-crank engine, 3G5
Flywlieels, 245
,

weight

of,

2!G

Frames

of engines, 274
Friction, 275
—
distribution of, 276
in turbines, 443

—

,

Labyrinth glands, 419
Lap of valve, 60
Latent heat, 28
Lead of valve, CO
Liners of cylinders, 253
Link motion, 77, 376
Load factor, 316
, rated, 315
Locomotive, the, 368
compound, 382
Logarithms, hyperbolic, 422
Lubiication, Dewrance on, 271
in turbines, 449
Lubricator, sight-feed, 198
,

G.
Gases, specific heat of, 10
Goss on locomotive performance, 383
Governors, 200

H.

M.

Hartnell governor, 216
Heat accumulator, 421
, efficiency of, 23

Marine engines, 363
Jleau pressure, 107, 136
indicator, 451
ratios, 457
Mechanical efficiency, 275
Metallic gland-packing, 255
Meyer expansion valve, 84
Mill engines, 363
MoUier diagram, 422

energy areas, 1
exchange areas. 123
Hirn's analjsis, 120
Horse-power, definition of. 2

Impulse turbines, 405
Inchmuna's engines, "65

N.

Increase of initial steam-pressures, 306
Independent condenser, 184
indicated horse-power, 2, lOG
Indicator, the, 90

Napier's formula, 174, .397
proof of, 397
,

Nozzles for turbines, 396
Nozzle design, 399

diagrams, 98, 134
,

correction

for ine tia,

237,

243
,

reducing motions, 95

Inertia, definition of, 237
, etfects on crank effort,

239
277
Initial condensation, 111, 168
,

balancing

effects,

Parsons' steam turbine, 410
Patterns for cylinders, 235
Poache engine, 351
Performance of steam-engines, 300, 345,
366, 380

INDEX

Steam, density and vnlume of, 32
dryness tests for, 34
engine performance, 300
(low of, 56
formulcB for work done per nound,
54
jacket, 166
pressure, increase of, 30G
properties of, 25
specific heat of, 27
••
state point" of, 53
superheated, 146
tables, 420
total heat of, 28
weight of, accounted for by indicuior, 115
,
used by the engine, 3'J5
Superheated steam, 146
efiBciency of, 148
gain by, 151

Pickerin? governor, 218
Piston-valves, 250
velocities, 227
Pistons, 25(!
Power, definition

513

,

,

2

of,

,

Pressure head. 389
Pressures, increase of, on
Proell governor, 217
valve gear, B29

tlic,

300

,

,

,

Q.

,

Quality of steam, 111)
Questions. 409
Qui^k-rcvolutioa engines, 318

,

,

,

R.

,

,

Kankiue cycle, 58
Rated loa I, 315
ReciprtK!atiug parts, acceleralion of, 238
Reducing valvc.J, reduction of presiure

,

lubrication with, 151

,

performance

Reuleaux diagrams,

71,

317

,
,

in turbines, 443

,

by, 30f>

Re-evaporatioii, 112
Regulator valve, 378

of,

regulation of, 162
specific heat of, 147
total heat of, 147

,

Superheaters, 158

88

Reversibility. 22
Rigg, tests of Westinghousc engine, 316
Ripper's mean-pressure indicator, 417
Rotation, cft'ect of speed of, 317

T.

Tangential pressure on crank, 229
Temperature, absolute, 8
S.

,

definition of, 6

mean, of cylinder walls, 113
113
, range of,
Temperature-entropy diagrams, 41, 118,
,

Safety-valve for locomotive, 378
Saturated steam pressure and
rature,

tempe-

2fj

Saturation curve apj^lied to indicator
diagram, 116
Scoit-King design for high-speed engines,

148, 474:
,

Thermal

injector,

357
Separator, the, 111
Shaft governor, 218
Short-stroke cylinder surface, 164
Sight-feed lubricator, 198
Single-acting engines, :;48, 351
and double-acting engines, stresses
on pins, 361
Si;soii's connecting-rod. 271
engine, 360
Slide-valve, 60
, balanced, 63
doubl?-porteJ, 62

•

,

piston, 63
Specific heat, definition of, 5
of gases, 10
,

Springs, 221
Steam, condensation due to expansion
of, 114
, consumption curves of, 314

46
, ai)plications of,
efficiency of engines, 56
,

176

report of

Committee

of Inst.

O.E., 300

Thermal unit, Biitish, 5
Thermodynamics, first law

of,

6

of gases, 5
, second law of, 7
Thorn on marine engines, 365
Tractive force of locomotive, 379

Train resistance, 379
Turbine, Blading design, 423, 437
, the De I>aval, 405
Disc-Drum, 417
tlie Curtis, 408
Exhaust steam, 419
examples, 507
the Steam, 385
Parson's steam, 410
the Wcstinghouse, 418
Turning effort on crank&haft, 227
Twisting moment, 23U
,

,

,

,

,

,
,

INDEX.

514
U.

Unit of heat,
work,

(lefii)itiou of,

Vibration in turbines, 419
Volume, pressure, and temperature, relation between, 14

5

1

W.
Walscbaert valve gear, 485
Water, volume per j)Ound, 25
specilic beat of, 27
Wcstingbouse engine, results of
310
WestiDgbouse turbine, 418
Willans engine, 349
straight line law, 309
Winding engine, 347

Vacuum

aui^iuentcr, 444
iu turbines, 441

,

gnuge, 183
Valve diagram, ellipse, 7o
, Recch, 71
Reuleaux, 71
Zcuner, 07
Valve displacement, GG
gear, o29
gears, expansion, 70
Valve?, double-beat, 324
Vanes, action of jet upon, 385
Velocities, piston, 227
,

,

,

diagrams

of,

Work,
,

di-finition of,

unit

1

of. 1

during expansion. 11

393, 397, 401, 404,

Z.

427, 432, 436
,

steam, 389

Zcuner, valve diagram, 67, 483
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