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PREFACE TO THE THIRD EDITION

Since this book was first written, practice has changed to such
an extent that many statements, which were true at that time,
are not true today. These portions have been entirely rewritten
s0 as to present the very latest features in construction and
practice. Also practically every other chapter has been altered
and new matter and illustrations inserted, where it was thought
that greater clearness could be so attained.

The presentation of the theory has been quite carefully
considered and has been largely rewritten in order to be more
effective. An attempt has been made to so arrange this that
the fundamental principles could be grasped without going into
a lot of technical details. If desired, certain portions of the
latter, of theoretic interest only, can be omitted without breaking
the continuity of thought.

Chapters have been added on turbine governors and on the
methods of turbine design. The latter has been inserted in
order to meet a defand for something on that subject. The
methods that are given are those employed by the best designers
at the present time. The procedure avoidg.the old ““cut and
try’’ practice on the one hand, as well as a highly theoretical
treatment, that is of no practical value, on the other. It is
rather a happy compromise between the two. The author is
still of the opinion that th%eater number of engineers are
concerned with the constru¢fibn and operating characteristics
of turbines rather than with the details of their design. But
there are some phases of turbine performance and construction
that can be understood more completely, if approached from the
view point of hydraulic design.

Questions and numerical problems have been added at the
end of every chapter, in order to increase the usefulness of the
book for instruction purposes. The questions are.intended to
call attention to the most important features presented in the
chapter and also to bring out more clearly the thought there
expressed. The problems are arranged so as to afford applica-
tions of the principles stated and are hence quite limited in
character. If time available for the course permits, it is thought
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vi PREFACE

that problems of a more general character are desirable. But
it is believed that it is better for the instructor to prepare these
to suit his individual course, and to vary them from year to
year, rather than to incorporate such in the book.

The notation has been changed slightly in the present edition
in order to conform more closely to the standard notation
recommended by the Society for the Promotion of Engineering
Education.

The author is indebted to many teachers and students, who
have used the former editions, and also to engineers with whom
he has discussed these matters for numerous suggestions which
have been helpful to him in the preparation of the present volume.

R. L. D.

Pasapena, Cawrr.,
February, 1920.



PREFACE TO THE SECOND EDITION

In addition to correcting typographical errors and rewriting
two articles, the issuing of a second edition has afforded an
opportunity to add new material which it is believed will increase
the sphere of usefulness of the book. The discussion of several
matters in the text has been amplified and there have been added
numerous questions and problems. This together with the 15
tables of test data in Appendix C will afford much suitable
material for instruction purposes.

The author wishes to acknowledge his indebtedness to Prof.
E. H. Wood of Cornell University for his careful criticism of the
first edition and to Prof. W. F. Durand of Leland Stanford
University for much valuable assistance.

R.L. D.

ItHACA, N. Y.,
August, 1914,



PREFACE TO THE FIRST EDITION

The design of hydraulic turbines is a highly specialized
industry, requiring considerable empirical knowledge, which
can be aquired only through experience; but it is a subject in
which comparatively few men are interested, as a relatively
small number are called upon to design turbines. But with the
increasing use of water power many men will find it necessary
to become familiar with the construction of turbines, understand
their characteristics, and be able to make an intelligent selection
of a type and size of turbine for any given set of conditions.
To this latter class this book is largely directed. However, a
clear understanding of the theory, as here presented, ought to
be of interest to many designers, since it is desirable that Ameri-
can designs be based more upon a mathematical analysis, as in
Europe, and less upon the old cut and try methods.

The broad problem of the development of water power is
treated in a very general way so that the reader may understand
the conditions that bear upon the choice of a turbine. Thus the
very important items of stream gauging and rating, rainfall and
runoff, storage, etc., are treated very briefly, the detailed study
of these topics being left for other works.

The purpose of the text is to give the following: A general
idea of water-power development and conditions affecting the
turbine operation, a knowledge of the principal features of
construction of modern turbines, an outline of the theory and
the characteristics of the principal types, commercial constants,
means of selection of type and size of turbine, cost of turbines
and water power and comparison with cost of steam power.
A chapter on centrifugal pumps is also added. It is hoped that
the book may prove of value both to the student as a text and
to the practicing engineer as a reference. R.L. D.

CorneLL UNIversiTy, ITHACA, N. Y.,
August, 1913,
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NOTATION

A = total area of streams in square feet measured normal to absolute
velocity.
a = total area of streams in square feet measured normal to relative
velocity.

B = height of turbine runner in inches.

¢ = coefficient of discharge in general.

= Vl/ ‘\/m

¢. = coefficient of contraction.
¢, = coeflicient of velocity.
¢» = coeflicient of radial velocity.
c. = coefficient of tangential velocity.
D = diameter of turbine runner in inches.
e = efficiency.

e» = hydraulic efficiency.

es = mechanical efficiency.

&, = volumetric efficiency.

F = force in pounds.

f = friction factor.

g = acceleration of gravity in feet per second per second.
H = total effective head = z 4 V2/2¢ + p/w.
H' = any loss in head in feet.

h = head in feet.

h’ = head lost in friction in turbine or pump.
k" = head converted into mechanical work or vice versa.

K = any factor.
K, = capacity factor.
K; = power factor.
k = any coefficient of loss.

N = revolutions per minute.

N, = speed for maximum efficiency.
N. = specific speed = N./Bhp./h" "

m = abstract number.

n = abstract number.

O = axis of rotation.

P = power.

p = intensity of pressure in pounds per square foot.
Q = total quantity in cubic feet.

g = rate of discharge in cubic feet per second.
R = resultant force,

r = radius in feet.

T = torque in foot-pounds.

¢ = time in seconds.



xiv NOTATION

u = linear velocity of a point on wheel in feet per second.

V = absolute velocity (or relative to earth) of water in feet per second.
V, = radial component of velocity = V sin a.

V. = tangential component of absolute velocity = V cos a.

v = velocity of water relative to wheel in feet per second.

W = pounds of water per second = wq.

w = density of water in pounds per cubic foot.

x = T:/ﬁ.

Yy = At/ Qa.

a = angle between V and u (measured between positive directions).

8 = angle between v and % (measured between positive directions).

¢ = ratio u1//2gh.

¢ = value of ¢ for maximum efficiency.

w = angular velocity = u/r.
The subscript (1) refers to the point of entra.nce and the subscript (2)

refers to the point of outflow in every case.



HYDRAULIC TURBINES

CHAPTER I
INTRODUCTION

1. Historical.—Water power was utilized many centuries
ago in China, Egypt, and Assyria. The earliest type of water
wheel was a crude form of the current wheel, the vanes of which
dipped down into the stream and were acted upon by the impact
of the current (Fig. 1). A large wheel of this type was used
to pump the water supply of London about 1581. Such a wheel
could utilize but a small per cent. of the available energy of
the stream. The current wheel, while very inefficient and
limited in its scope, is well suited for certain purposes and is
not yet obsolete. It is still in use in parts of the United States,

F16. 2.—Breast wheel.

in China, and elsewhere for pumping small quantities of water
for irrigation.

The undershot water wheel was produced from the current
wheel by confining the channel so that the water could not escape
under or around the ends of the vanes. This form of wheel was
capable of an efficiency of 30 per cent. and was in wide use up to
about 1800.

The breast wheel (Fig. 2) utilized the weight of the water
rather than its velocity with an efficiency as high as 65 per cent.
It was used up to about 1850,

‘ 1



2 HYDRAULIC TURBINES

The overshot water wheel (Fig. 3) also utilized the weight
of the water. When properly constructed it is capable of
an efficiency of between 70 and 90 per cent. which is as good
as the modern turbine. The overshot water wheel was exten-
sively used up to 1850 when it began to be replaced by the
turbine, but it is still used as it is well fitted for some conditions.

F1a. 3.—1. X. L. steel overshot water wheel. (Made by Fitz Water Wheel Co.)

2. The Turbine.—The turbine will be more completely
described in a later chapter but in brief it operates as follows:
A set of stationary guide vanes direct the water flowing into
the rotating wheel and, as the water flows through the runner,
its velocity is changed both in direction and in magnitude.
Since a force must be exerted upon the water to change its
velocity in any way, it follows that an equal and opposite
force must be exerted by the water upon the vanes of the wheel.
A turbine may be defined as a water wheel in which a motion
of the water relative to its buckets is essential to its action.



INTRODUCTION 3

The term ‘water wheel” has several shades of meaning in
American usage. First it may be employed in its most general
gense to indicate any rotary prime mover operated by water.
It may thus be applied to the turbine, since the latter is & special
type of water wheel, according to the definition in the preceding
paragraph. Second it may be used to designate the types of
machines described in Art. 1 in order to distinguish them from
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F1a. 4.—Francis turbine in flume.

the modern turbine. Third it may be understood to indicate
impulse turbines of the Pelton type as contrasted with turbines
of the reaction type. In this book the term is used in the first
or second sense only, the context making it clear which is meant
in any case.

The original inward flow turbine of James B. Francis (1849) is
shown in Figs. 4 and 5. In Fig. 6 are shown two views of an
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4 HYDRAULIC TURBINES

inward flow runner of this general type which was constructed
about 1900. This style is now obsolete.

8. Advantage of Turbine over Water Wheel.—The water
wheel has been supplanted by the turbine because:

1. The latter occupies smaller space.

2. A higher speed may be obtained.

3. A wider range of speeds is possible.

i

i
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F1Gg. 5.~Francis turbine.

4. It can be used under a wide range of head, whereas the
head for an overshot wheel should be only a little more than
the diameter of the wheel.

5. A greater capacity may be obtained without excessive
size.

6. It can work submerged.

7. There is less trouble with ice.

8. It is usually cheaper.

4. Advantages of Water Wheel over Turbine.—For small
plants the turbine is often poorly designed, cheaply made,
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unwisely selected, and improperly set. It may thus be very
inefficient and unsatisfactory. In such cases the overshot
water wheel may be better. The latter has a very high efficiency
when the water supply is much less than its normal value.
It is adapted for heads which range from 10 to 40 ft. and for
quantities of water from 2 to 30 cu. ft. per second.?

An overshot wheel on the Isle of Man is 72 ft. in diameter
and develops 150 h.p. Another at Troy, N. Y., was 62 ft. in

Fic. 6.—Pure radial inward flow runner of the original Francis type.

diameter, 22 ft. wide, weighed 230 tons, and developed 550 h.p.
The latter is now in a state of ruin.

6. Essentials of a Water-power Plant.—A water-power plant
requires some or all of the following:

1. A Storage Reservoir.—This may hold enough water torunthe
plant for several months or more. In many cases it may be
totally lacking.

18ee ‘“Test of Steel Overshot Water Wheel,” by C. R. Weidner, Eng.

News, Jan. 2, 1913, Vol. LXIX, No. 1. A later test of this I.X.L. wheel
after ball bearings were substituted gave an efficiency of 92 per cent.
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2. A Dam.—This may create most of the head available or it
may merely create a small portion of it and be erected primarily
to provide a storage reservoir or mill pond or to furnish a suit-
able intake for the water conduit. In some cases the dam may
be no more than a diversion wall to deflect a portion of the
current into the intake.

3. Intake Equipment.—This usually consists of racks or screens
to keep trash from being carried down to the wheels and of head
gates so that the water may be shut off, if need be.

4. The Conduit.—The water may be conducted by means of an
open channel called a canal or flume, or through a tunnel, or by
means of a closed pipe under pressure, which is called a penstock
if it leads direct to the turbines.

5. The Forebay.—A small equalizing reservoir is often placed
at the end of the conduit from the main intake and the water is
then led from this to the turbines through the penstock. This is
called the forebay and is also referred to as the headwater. In
the case of a plant without any storage reservoir the body of
water at the intake is often termed the forebay.

6. The Turbine—The turbine with its case or pit and draft
tube, if any, comprise the setting.

7. The Tail Race.—The body of water into which the turbine
discharges is called the tail water. The channel conducting the
water away is the tail race.

6. QUESTIONS

1. What is a turbine? What is a water wheel?

2. Under what circumstances would a current wheel be used? Could
a turbine be used under the same conditions? What is the advantage of
the undershot wheel over the current wheel?

3. Under what circumstances would an overshot water wheel be used?
Could a turbine be used under the same conditions? Could an overshot
wheel replace any turbine? .

4. What elements would be found in every water-power plant? What
elements may be in some and lacking in others? What is the difference
between a storage reservoir and a forebay?



CHAPTER II
TYPES OF TURBINES AND SETTINGS

7. Classification of Turbines.—Turbines are classified ac-
cording to:

1. Action of Water

(a) Impulse (or pressureless).
(b) Reaction (or pressure).
2. Direction of Flow
(a) Radial outward
(b) Radial inward
(¢) Axial (or parallel)
(d) Mixed (radial inward and axial).
3. Position of Shaft
(a) Vertical.
(b) Horizontal.

8. Action of Water.—In the impulse turbine the wheel pas-
sages are never completely filled with water. Throughout the
flow the water is under atmospheric pressure. The energy of the
water leaving the stationary guides and entering the runner is all
kinetic. During flow through the wheel the absolute velocity
of the water is reduced as the water gives up its kinetic energy
,to the wheel. In Europe a type of impulse turbine commonly
.used is called the Girard turbine. In the United States prac-
tically the only impulse turbine is the tangential water wheel
or impulse wheel, more commonly known as the Pelton wheel.
(See Fig. 7.)

In the reaction turbine the wheel passages are completely filled
with water under a pressure which varies throughout the flow.
The energy of the water leaving the stationary guide vanes and
entering the runner is partly pressure energy and partly kinetic
energy.! During flow through the wheel both the pressure
and the absolute velocity of the water are reduced as the water
gives up its energy to the wheel.

18triotly speaking, the water possesses only kinetic energy but transmits

pressure energy.
7
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Impulse and reaction turbines were so called because in primi-
tive types the force on the former was due to the “impulse’
of water striking it while the force on the latter was the “reac-
tion” of the streams leaving it. But these terms are not very
appropriate for the forces in question, since in either case the
dynamic force is due to a change produced in the velocity of
the water and the distinction is largely artificial. And in
modern turbines the so-called “impulse’’ at entrance and
“reaction”’’ at outflow may be effective in either type.

A far better classification is as pressureless and pressure
turbines. Another classification is as partial and complete
admission turbines, as in the former type the water is admitted

Fia. 7—Tangential water wheel with deflecting nozsle.

at only a portion or the circumference while in the latter type it
is necessarily admitted around the entire circumference.

9. Direction of Flow.—Radial flow means that the path of a
particle of water as it flows through the runner lies in a plane
which is perpendicular to the axis of rotation. If the water enters
at the inner circumference of the runner and discharges at the
outer circumference we have an outward flow type known as
the Fourneyron turbine. (See Fig. 78.)

If the water enters at the outer cireumference of the runner
and discharges at the inner circumference we have an inwaxd
flow type as in the original Francis turbine shown in Figa. 4
and &.
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If a particle of water remains at a constant distance from the
axis of rotation as it flows through the runner we have what is
known as axial or parallel flow. The type of turbine falhng in
this class is commonly called the Jonval turbine and is used to
some extent in Europe.

If the water enters a wheel radially inward and then during
its flow through the runner turns and discharges axially we
have a mixed flow turbine. This is known as the American type
of turbine and is also called a Francis turbine, though it is not
identical with the one built by Francis.

Modern reaction turbines are practically all inward flow
turbines of the mixed flow type and to this type our discussion
will be confined.

10. Position of Shaft.—The distinction as to position of shaft is
obvious. The vertical shaft turbines are, however, further classi-
fied as right-hand or left-hand turbines according to the direction
of rotation. If, in looking down upon the wheel from above, the
rotation appears clockwise it is called a right-hand turbine. The
reverse of this is a left-hand turbine.

So far as efficiency of the runner alone is concerned there is
little difference between vertical and horizontal turbines. Other
things being equal, the hydraulic losses should be identical in
either case, but there might be some difference in the friction of
the bearings. As the latter is only a relatively small item, a
reasonable variation in its value would have but slight effect
on the efficiency.

But when we consider the runner and draft tube together, we
may find a difference, since the draft tubes are not necessarily
equally efficient in the two cases. The single-runner, vertical-

/shaft turbine, as shown in Fig. 9, is readily seen to lend itself to a
more efficient draft tube construction than the horizontal-shaft
uiiit, as shown in Fig. 11, with the necessary sharp qua.rfer turn
near the runner where the velocity of the water is still high.
If the velocity of discharge from the runner is low, the difference
in the two cases may be insignificant, but, where the velocity of
the water is relatively high, the draft tube for the vertical-shaft
wheel-may-be-decidadly better.”

‘a Rorizontal shaft is more desirable from the stand-
point of the station operator on account of greater accessibility
and less- bearing trouble, but the latter is of less significance
in recetit. years due to the greater perfection that has been ob-
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tained in the construction of suspension bearings for such service.
A vertical-shaft turbine occupies much less floor space, but often
requires more excavation and a higher building.

The vertical shaft turbine is used where it is necessary to set
the turbine down by the water while the generator or ¢ther
machipery that it drives must be above. Since such condjtions
are usually met with in low-head plants, it will be found that
ordinarily the vertical setting is used only for low heads./ (See

Fig. 8.)
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Fic. 8.—Pair of veftical shyft turbines in open flume.

The horizontal shaft tufbine if used where the turbine can be
set above the tail water level and jif the generator or other machin~
/ery that it drives can be set at the same elevation. This is almost
always the case with a high-head plant and is also quite frequently
the case with a low-head plant.[ (See Fig. 10.) .
These statements are ipurely general and there are many
exceptions.
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11, Arrangement of Runners.—A turbine may be mounted
up as an independent unit with its own bearings, usually two in
number, and connected to whatever it drives by means of a
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Fia. 9.—Vertical shaft turbine with spiral case.

coupling, belt, or other device. But some horizontal-shaft
hydro-electric machines are set up as three-bearing units, so that
neither the turbine nor the generatcr are independent of each
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other. Recent practice is to reduce this to two bearings, as it
is more compact and the problem of alignment is simplified.
The generator is mounted between the two bearings and the tur-
bine runner, which is relatively light, is overhung on the end of
the generator shaft. Sometimes there are two runners for one
generator and in this case one may be overhung on either end.
The former is called the single-overhung and the latter the
double-overhung construction.

i |

Droft fvbe Toril Wolter

F16. 10.—Horisontal shaft turbine in case.

The double-overhung type is found only with horizontal-shaft
units and naturally requires two separate cases and two draft
tubes. On the other hand with either a horizontal or vertical
shaft we may have two runners discharge into a common draft
chest and tube as in Fig. 8. If open flume construction is not
employed this likewise requires two separate cases. We may
also have only one case and two separate draft tubes for a single
runner with a double discharge, as in Fig, 51, page 58.
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Multiple runner units are used to some extent but present
practice favors single runners of larger size for vertical shaft
installations, as in Fig. 9. For horizontal shafts also four or
more rynners have been employed but the preference is for one
runz;e{?)f either the single or double discharge type or two runners
with separate draft tubes.

12, The Draft Tube.—Occasionally reaction turbines have
been set so as to discharge above the tail water; in such cases the

Fig. 11.—Horizontal shaft turbine showing draft eibow.

fall from the point of discharge to the water was lost. To avoid
this loss turbines haye been submerged below the tail water level
as in Fig. 4, page 3. By the use of a draft tube (or suction
tube), as in Fig. 8 and Fig. 10, it is possible to set the turbine
above the tail water without suffering any loss of head. This is
due to the fact that the pressure at the upper end of the draft
tube is less than the atmospheric pressure. This suction com-
pensates for the loss of pressure at the point of entrance to the
turbine guides.

As will be shown later, when the theory is presented, the use of
& draft tube that diverges or flares may result in a small increase
in efficiency. The chief advantage of the draft tube, however, is
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that it allows the turbine to be set above the tail water where it is
more accessible and yet does not cause any sacrifice in head. It
is this that permits a horizontal shaft turbine to be installed with-
out any loss of head.

Since the wheel passages of an impulse turbine must be open
to the air it is readily seen that the use of a draft tube in the
usual sense of the word is not possible. However, as will be
seen later, the impulse turbine is better suited for comparatively
high heads so that the loss from the wheel to the tail water is
.4 relatively unimportant item.

13. Flumes and Penstocks.—If the turbine be used under a
head of about 30 ft. or less a flume may conduct the water to an
open pit as in Fig. 4 and Fig. 8. 'If the head is much greater
than this it becomes uncconomical and a penstock is used as in
Fig.10. The turbine must then be enclosed in a water-tight case.
Various forms of cases will be described in Chapter V.

For penstocks where the pressure head is less than about 230
ft. (100 Ib. per square inch) wood-stave pipe is frequently used.
It is cheaper than metal pipe for similar service.

Cast-iron pipe is used for heads up to about 400 ft. It is not
good in large diameters nor for high pressures on account of
porosity, defects in casting, and low tensile strength. Its
advantages are durability and the possibility of readily obtaining
odd shapes if such are desired.

For high heads, steel pipe, either riveted or welded, is used.
It is cheaper than cast iron in large sizes but it corrodes more
rapidly.

14. QUESTIONS

1. In what ways may turbines be classified? How many of these are
found in current practice? Explain the features of each.

2. What are the differences between impulse and reaction turbines?
What types of each are now used? Explain the various directions of flow
that may be used.

3. What are the relative merits of horizontal and vertical shaft turbines?
When would each ordinarily be used ?

4. What arrangements of runners may we have for vertical shaft units?
For horizontal shaft units? What is meant by single- and double-over-
hung construction?

6. What two functions does the draft tube fulfill? How does it prevent
loss of head?



CHAPTER III
WATER POWER

15. Investigation.—Before a water-power plant is erected a
careful study should be made of the stream to determine the
horse-power that may be safely developed. It is important to
know not only the average flow but also both extremes. The
extreme low-water stage and its duration will determine the
amount of storage or auxiliary power that may be necessary.
The extreme high-water stage will fix the spillway capacities of
dams, determine necessary elevations of machines, and other
facts essential to the safety and continuous operation of the plant.

16. Rating Curve.—The first step in such an investigation is
the establishment of a rating curve. (See Fig. 12.) To determine

o /__.B
2
\\Jf I
Cross Sccfion of Stream. Discharge

Fic. 12.—Rating curve.

the discharge of the stream a weir, current meter, floats, or other
means may be employed according to circumstances.?

By measuring the flow of the stream for different stages a
rating curve is readily drawn. This will not be a smooth curve
if there are abrupt changes in the area of the section. A given
gage height may really represent a range of flows depending upon
whether the river is rising or falling, the flow being greater if the
stream is rising and less if it is falling. This is.because the
hydraulic gradient is different in the two cases.? If possible,

! Hoyt and Grover, “River Discharge.”

Water Supply Papers No. 94 and No. 95 of the U. 8. G. S,

* Mead, * Water-power Engineering,” p. 201.

: 15



16 HYDRAULIC TURBINES

the points for the rating curve should be taken when the river is
neither rising nor falling. The discharges from the rating curve
for gage readings taken under all conditions will be more or less
in error, but in the end such errors will usually balance each other
and be unimportant.

If the bed of the stream changes, as it frequently does in
sandy or alluvial soil, the rating curve will also change and must
be determined anew from time to time. Sometimes a special
permanent control station may be constructed to avoid this.

17. The Hydrograph.—When gage readings are taken regularly
and frequently for any length of time and the corresponding

Discharge
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Dec, Jan, Feb, Mar, Apr. May June July Aug. Sept. Oct. Nov.
F1e. 13.—Hydrograph.

discharges secured from the rating curve a history of the flow may
be plotted as in Fig. 13. Such a curve is called a hydrograph.
This curve is extremely useful in the study of a water-power
proposition. To be satisfactory it should cover a period of
several years since the flow will vary from year to year. Since
it is very important to know the extremes also, it should cover
both a very dry year and a very wet one as well as the more
normal periods.

18. Rainfall and Run-off.—Rainfall records are usually avail-
able for many years back and are a valuable aid in extending
the scope of the hydrograph taken, provided a relation between
rainfall and run-off can be estimated. If the ground be frozen,
or the slopes steep and stony, or the ground saturated and the
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rain violent nearly all the water that falls upon the drainage
basin may appear in the stream as run-off. On the other hand,
if the soil be dry and the land such that opportunity is given it,
all the rain may be absorbed and none of it appear in the stream.
Usually the conditions are such that the relation is between these
two extremes. In a general way it may be said to lie between the
two curves shown in Fig. 14.!

The relation between rainfall and run-off is very complicated
and only partially understood at present. For more information
consult Water Supply Papers of the U. S. G. 8. and other sources.
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F1a. 14.—Relation of rainfall to run-off.

19. Absence of Satisfactory Hydrograph.—If no hydrograph
of the stream is available and there is no time to secure one, a
study of the stream may be made by comparison with the hydro-
graphs of adjacent streams. It is well, however, to take a
hydrograph for a year, if possible, in order to be able to check
the comparison.

If no hydrographs of adjacent streams are available, it is neces-
sary to use the rainfall records and make a thorough study of
the physical conditions of the water shed. If the relation between
rainfall and run-off can be estimated, then fairly satisfactory
conclusions may be drawn, provided a hydrograph .for one year
can be used to work from. Where there is not time to take a
year’s record it is well to be very conservative and provide for
future extension of power if it is later found to be warranted.

20. Variation of Head.—Since the discharge of any stream is
usually a widely varying quantity, it follows that the' water

1F. E. Newell Prac. Eng. Club of Phila., Vol. X1I, 1898.
]
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level at any point must vary. If the turbine be of the reaction
type set in the usual way, the total head acting upon the wheel
will be the fall from the surface of the head water to the surface
of the tail water with the pipe line loss deducted. If, in times
of high water, the head water level rose the same amount as the
tail water level the net head under which the turbine operated
would remain constant. But, under the usual conditions, the
tail water level rises more than the head water level and the net
head under which the turbine operates becomes less. This is
illustrated in Fig. 15 where three rates of flow are shown.

At high water the horse-power of the stream may be large even
though the fall be reduced, owing to the increased quantity of

High Water

Low Water

High Water

Low Water

F16. 15.—Decrease of available head at high water.

water. But the horse-power of the turbine may be seriously
diminished. A turbine is only a special form of orifice and there-
fore the discharge through it is proportional to the square root of
the head. If then the discharge through it be reduced due to the
lower head, the horse-power input to the turbine is decreased. If
the best efficiency is to be obtained, the speed also should vary as
the square root of the head. But usually the turbine is compelled
to run at constant speed and this causes a further reduction of the
power of the turbine since the efficiency is lowered. (The speed
should be the best for low water because economy of water is then
important.) It is thus seen that the decrease of the head at high
water causes a loss of power and a drop in efficiency. This
change of head will be an insignificant item for a high-head plant
but may be very serious for a low-head plant.
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21. Power of Stream.—If the conditions are such that there
is no appreciable change in head, the hydrograph with a suitable
scale may represent the power of the stream also. But if the head
varies to any extent with the flow then the power curve must be
computed from the hydrograph by using the heads that would be

M,

Horse Power Available

ol

Dec, Jan, Feb, Mar. Apr. May Junoc July Aug. Sept. Oct. Novs

F1a. 16.—Power curve of a stream.

obtained at various stages of flow. Or the hydrograph itself may
still be used as a power curve if the power scale that is used is
made to vary as the head varies instead of being uniform.

If Fig. 16 represents the power curve of a stream then A-B
represents the greatest power that the stream can be counted
upon to furnish at all times.

:{?
12

22. Pondage and Load Curve.—By pondage is meant the
storing of a limited amount of water. If the plant be operated
24 hours on a steady load then pondage is of little value except for
equalizsing the flow of water when the stream is low. But if the

1
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Fia. 17.
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plant be operated for only a portion of the 24 hours or if the load
be variable as shown by the load curve in Fig. 17, then the water
that is not used when the load is light may be stored and used
when the load is heavy. If the pondage be ample, the average
load carried by the plant may then be equal to A-B in Fig. 16,
while the peak load may be much greater.

23. Storage.—By storage is meant the storing of a consider-
able quantity of water, so that it varies from pondage in degree
only. Pondage indicates merely sufficient capacity to supply
water for a few hours or perhaps a few days, but storage implies
a capacity which can supply water needed during a dry spell of
several weeks or months or more. The effect of storage is to
enable the minimum power of the stream to be raised from A-B
to C-D (Fig. 16). The greater the storage capacity the higher
C-D is placed until it equals the average power of the stream.
The water for the turbines may be drawn direct from the storage
reservoir (in which case the head varies) or the reservoir may be
used as a stream feeder only.

A plant operating under a low head requires a relatively large
amount of water for a given amount of power. A storage basin
for such a plant would require a very large capacity if it were to
furnish power for any length of time. But a low head is usually
found in a fairly flat country where it is possible to construct a
storage reservoir of limited capacity only, and often none at all,
on account of flooding the surrounding country. But for a high
head the conditions are different as only a relatively small amount
of water is required so that the capacity of the storage reservoir
need not be excessive. The higher the head, the more valuable a
cubic foot of water becomes. The topography of a country where
a high head can be developed is usually such that storage reser-
voirs of large capacity can be constructed at reasonable cost. A
low-head plant usually possesses pondage only—a high-head
plant usually possesses storage.

24, Storage and Turbine Selection.—If a plant possesses
neither storage nor pondage, or the stream flow may not be inter-
rupted because of other water rights, the economy of water when
the turbine is running under part load is of no importance. The
efficiency at full load is all that is of interest. But if the plant
does have pondage or storage in any degree the economy of water
under all loads is of importance. The more extensive the
pondage the more valuable a high efficiency on all loads becomes.
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Thus the question of storage has an important bearing in turbine
selection.

26. Power Transmitted through Pipe Line.—Suppose that
a nozzle, whose area can be varied, is placed at the end of a pipe
line B-C (Fig. 18). With the nozzle closed we have a pressure
head at C of CX which is equal to the static head. The hydraulie

A/ x

F1a. 18.—Varying rates of flow in pipe line.

gradient is then a horizontal line. If the nozzle be partially
opened, so that flow takes place, the losses in the pipe line as well
as the velocity head in the pipe cause the pressure to drop to
CY. A further opening of the nozzle would cause the pressure
to drop to a lower value. If the nozzle were removed the pres-
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Fi1c. 19.—Head and power at end of pipe line.

sure at C is then atmospheric only, which we ordinarily call zero
pressure. The hydraulic gradient is then A-C. -

Head is the amount of energy per pound of water. The head at
C'is the elevation head, taken as zero, plus the pressure head, plus
the velocity head. When the discharge is zero the head is a
maximum, being equal to CX. When the nozzle is removed the
discharge is & maximum but the head at C is a minimum, being
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only the velocity head. For any intermediate value of discharge
the head will be intermediate between these two extremes.
The power transmitted through the pipe line and delivered at C
is a function of both the quantity of water and the head. It is
. zero when the discharge is zero and very small when the discharge
is a maximum. The power becomes a maximum for a discharge
between these two extremes as is shown in Fig. 19. Let the
rate of discharge through the pipe be denoted by ¢, the net
head at C by h, the loss of head by H’, and the height CX by =.
If the loss of head in the pipe be assumed proportional to the
square of the velocity of flow we may write H' = K¢? where K
is a constant whose value depends upon the length, size, and
nature of the pipe. Then

Power = qh = q(z — H') = ¢z — K¢®
Differentiating d(Power)/dq = z — 3K¢* = 0
Or z = 3Kq* = 3H'.

Thus the power delivered by a given pipe line is & maximum when
the flow of water is such that one-third the head available is
used up in pipe friction, leaving the net head only two-thirds
of that available.
The efficiency of the pipe line is expressed by h/z. Thus in the
case where the pipe line is delivering its maximum power, its
eﬁicxency is only 6624 per cent. But if economy in the use of
water is an object the discharge through the pipe would be kept
at a lower value than this so as to prevent so much of the energy
of the water being wasted. For a given quantity of water, this
means that a larger pipe would be used, so that its efficiency
would be higher. In a similar manner, if a given amount of power
is required, the smallest pipe that can be used will be of such a
size that its efficiency is 6624 per cent. As the pipe is made
larger than this, its efﬁclency rises and the amount of water
required decreases.!
The most economical size of pipe may be found as shown in
Fig. 20. One curve represents the annual value of the power lost

11t should be noted that in this paragraph there are three separate
mentioned, First the size of the pipe is fixed and different rates of discharge
are assumed to flow through it. Second the quantity of water available is
fixed and the size of the pipe is the variable. Third the power delivered is
fixed and the size of the pipe is varied.
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in pipe friction, the other the annual fixed charge on the pipe.
This includes interest on the money expended, depreciation,
repairs, etc. The total cost of the pipe per year is the curve
whose ordinates are the sums of the other two. The size of pipe
for which this sum is & minimum is the most economical.

If the rate of discharge is not constant, careful study must
be made of the load curve in order to determine what value of
the rate of discharge will give the average power lost. For the
typical load curve this value may often be found to be about 80
per cent. of the maximum flow.

Cost per Year

Size of Pipe
Fia. 20.—Determination of economic size of pipe.

It must be noted that this solution may not always be the most
practical because of other considerations. For instance the
velocity of the water may be too high and thus give rise to
trouble due to water hammer. Again if the loss of head is too
large a percentage of the head available, the variation of the net
head between full discharge and no discharge may be con-
siderable. This might cause trouble in governing the turbine.

26. Pipe Line and Speed Regulation.—A fundamental propo-
sition in mechanics is that

input = output + losses + gain in energy.

If the speed of a turbine is to remain constant it follows that the
input must aways be equal to the power output plus the losses.
As the power output varies, therefore, the quantity of water sup-
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plied to the turbine must vary. It isthus apparent that a turbine
does not run under an absolutely constant head at all loads.
By referring to Fig. 19 it is seen that when the turbine is using
only a small quantity of water the head will be higher than when
it is carrying full load.

If the load on a turbine is rapidly reduced the quantity of water
supplied to it must be very quickly decreased in order to keep the
speed variation small. This means that the momentum of the
entire mass of water in the penstock and draft tube must be sud-
denly diminished. If the penstock be long a big rise in pressure
may be produced so that momentarily the pressure may be greater
than the static pressure. This increase in pressure may be suffi-
cient to even cause an increase in the power input for a very brief
interval of time. On the other hand, if the load on the turbine be
suddenly increased, the water in the penstock and draft tube must
be accelerated and this causes a temporary drop in pressure below
the normal value, and for the time being the power input to the
turbine may be diminished below its former value. The longer
the pipe line and the higher the maximum velocity of flow, the
worse these effects become. It is thus seen that the speed regu-
lation depends upon the penstock and draft tube as well as upon
the governor and the turbine.!

If the velocity of the water is checked too suddenly a dangerous
water hammer may be produced. In order to avoid an excessive
rise in pressure, relief valves are often provided. Automatic re-
lief valves are analogous to safety valves on boilers; they do not
open until a certain pressure has been attained. Mechanically
operated relief valves are opened by the governor at the same time
the turbine gates are closed and afford the water a by-pass so that
there is no sudden reduction of flow. To prevent waste of water
these by-passes may be slowly closed by some auxiliary device.
Another means of equalizing these pressure variations is to place
near the turbine a stand pipe or a surge chamber, with compressed
air in its upper portion, or open to the atmosphere if it can be
made high enough. These have the advantage over the re-
lief valves that they are not only able to prevent the pressure in-

1 A case may be cited where the length of a conduit was 7.76 miles, the
average cross-section 100 sq. ft., and the maximum velocity 10 ft. per second.
The amount of water in the conduit was, therefore, 128,125 tons and with
the velocity of 10 ft. per second there would be in round numbers 200,000
ft.-tons of kinetic energy.
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crease from being excessive but they are able to supply water in
case of an increasing demand and thus prevent too big a pressure
drop.!

27, QUESTIONS AND PROBLEMS

1. Before a water power plant is built what information should be ob-
tained regarding the stream? How may this be determined?

2. What is the rating curve of a stream? How is it obtained? What use
is made of it? Is it always the same?

8. What is the hydrograph? How is it obtained? What is its use?

4. What use may be made of rainfall records, if a hydrograph of the stream
has been obtained by direct measurement? What use may be made of
rainfall records, if no hydrograph is in existence?

6. Is the head on a water power plant constant? What causes this?
Do the head water levels and the tail water levels change at the same rate?
Why? What effect does this have on the power and efficiency of the tur-
bine? What types of plants are most seriously affected ?

6. How is the power of a stream to be determined? What effect does
pondage have upon this? What is the difference between pondage and
storage and how do they differ in their effects upon the extent of the power
development?

7. As the flow of water through a given pipe increases, how do the head
and power delivered change? How does the efficiency vary? For what
condition is the power a maximum? Is this desirable?

8. If a given rate of discharge is to be used for power, how may the
proper size of pipe be determined? Are there several factors that need to
be considered?

9. If a given amount of power is required and the water supply is ample,
how can the smallest size of pipe that would serve be found? What would
limit the largest size that might be used?

10, How does the head on a turbine change with the load the wheel
carries? What effect does the pipe line have upon speed regulation?

11. What devices are employed to care for the condition when the gover-
nor suddenly diminishes the water supply? What may be used to care for
a sudden demand?

12. The following table gives the results of a current meter traverse of a
stream: Velocity of water in ft. per second equals 2.2 times revolutions per
second of the meter plus 0.03.

From this data compute the area, rate of discharge, and mean velocity of
the stream. (The mean velocity in a vertical ordinate will be found at
about 0.6 the depth. The mean velocity is obtained with a slightly greater
degree of accuracy by taking the mean of readings at 0.2 and 0.8 the depth.

1 8ee ‘““Control of Surges in Water Conduits,” by W. F. Durand, Journal
A. 8. M. E., June, 1911; “The Differential Surge Tank,” by R. D. John-
son, Trans. A. S. C. E., Vol. 78, p. 760, 1915; and “Pressure in Penstocks
caused by the Gradual Closure of Turbine Gates,” by N. R. Gibson, Pruc.
A.8.C. E., Vol. 45, Apr., 1919,
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D,f.ft:;oe De‘;m ]f)egth - Time |povolu- Dgg?rr‘we Del:itth P th | Time Revolu-
initial strznm Ov:tigfmr secl;lnds tions initial strzam ov:ti::r- seol:nds tions
point point

2 0.0 .. 70 1.4 0.28 40 20
3 0.7 0.42 60 10 1.12 43 10
JO 1.0 0.60 48 10 75 1.2 0.24 57 30
15 1.0 0.60 48 15 0.96 50 15
20 0.9 0.54 48 20 80 1.3 0.26 51 20
25 1.5 0.30 48 20 1.04 44 10
1.20 42 15 85 1.4 0.28 52 20

30 1.7 0.34 41 30 1.12 43 10
1.36 48 30 90 12 0.%4 49 20

35 1.9 0.38 45 30 0.96 53 15
1.52 50 20 95 1.3 0.26 40 15

40 1.8 0.36 45 30 1.04 39 10
1.44 43 20 100 1.1 0.22 45 20

45 1.7 0.34 49 30 0.88 56 15
1.36 45 20 105 1.0 0.20 45 20

50 1.6 0.32 42 30 0.80 55 15
1.28 43 20 110 1.2 0.24 46 20

85 1.5 0.30 50 30 0.96 59 10
1.20 49 20 115 1.2 0.24 41 15

60 1.6 0.32 53 30 0.96 58 10
1.28 52 15 120 0.8 0.48 55 5

65 1.4 0 28 55 30 125 0.9 Q.54 47 5

............... 1.12 55 15 130 1.1 0.66 42 2

..................................... 135 1.1

..................................... 140 0.0 RPN I

The area between two ordinates may be taken as the product of the distance
between them by half the sum of the two depths. The mean velocity in
such an area may be taken as half the sum of the mean velocities of the
ordinates. The product of area and mean velocity gives the discharge
through the area. The sum of all such partial areas and discharges gives
the total area and total discharge of the stream. The total discharge divided
by the total area gives the mean velocity of the stream.)

Ans. 171.8 sq. ft., 146.8 cu. ft. per second.

18. The traverse of the stream given in problem (12) was made May 14,
1913 when the gage height was 1.21 ft. Other ratings had been made as
noted.

Date Width, | Aregy | vl | negfi, | Discharee
November 3, 1906........... 138 485 |....... 3.10 1345
May 10, 1908............... 138 | 345 |....... 2.32 | 758
September 4, 1908...... R 60 45 | ....... 0.567 24
July 24, 1909............... 138 | 157 |....... 1.12 | 150
November 19, 1909.......... 72 | 80 |....... 0.74 51
May 12,1910............... 138 226 | ....... 1.63 364
October 11, 1011............ 138 | 165 |..... .| 1.32 | 202
July 30, 1012............... 78 | 49 |....... 0.70 42
May 14,1013, .............. 138 | 172 |.......| 121 |.......
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It will be noted that the data is not always consistent, due to changes in
the bed of the stream. From the data given draw to scale the probable out-~
line of the cross-section of the stream. Plot values of area, mean velocity,
and discharge against gage height. (The area and velocity curves can be
extended with greater assurance than the discharge curve. By computing
values of discharge from these two, the discharge curve may be produced
beyond readings taken.)

14. The daily gage heights of the stream of the preceding problem for
1912 are given below. Plot the hydrograph. Note values of maximum,
minimum, and average flow, and the duration of the minimum flow.

Day Jan. | Feb. | Mar.| Apr. | May | June | July | Aug. | Sept.| Oct. | Nov.| Dec.
1 1.10{ 1.48| 6.50| 2.30| 2.70] 1.32| 0.89| 0.80 1.04] 1.22| 1.48| 1.31
2 1.20] 1.46| 5.70| 2.90| 2.30| 1.25| 0.85 0.74; 1 25| 1.24| 1.60| 1.34
3 1.10{ 1.48| 4.60| 3.80| 2.20{ 2.30, 0.82] 0 76| 1.34| 1.16] 1.48]| 2.30
4 1.30 1.38/ 2.00{ 2.90| 2.16;.....| 0.90| 0.79| 1.14| 1.12| 1.42| 1.90
5 1.05/ 1.35| 1.80| 2.60| 1.90; 1.55| 0.86| 0.74] 1 06] 1.14| 1.31} 1.70
6 1.10) 1.32] 1.55| 2.40| 1.85| 1.50, 0.84| 0.71 1 01/ 1.09| 1.28| 2.10
7 2.20| 1.30| 1.15] 2.35{ 1.95| 1.80| 0.80| 0.71} 0.92{ 1.01| 1.31} 2.10
8 2.55| 1.52| 1.04| 2.90| 2.15{ 1.55| 0.76| 0.71| 0.02| 0.95| 2.00| 1.60
9 2.30| 1.58] 1.90| 2.45| 2.40{ 1.38 0.74] 0.74) 0.95| 1.14| 1.70| 1.70

10 2.50| 1.58| 1.95| 2.25| 2.20] 1.29| 0.72{ 0.79| 0.91| 1.05/ 1.55| 1.65

11 1.85| 1.44| 1.70 2.15| 1.95{ 1 24| 0.74] 2.35/ 0.92| 1.09] 1.50] 1.55

12 2.00] 1.48) 1.70{ 2.10| 1.80] 1 21| O 74| 1.50{ 0.90| 1.10{ 1.41| 1.49

13 1.85/ 1.52| 3.60| 2.05{ 1.80| 1.21] 0 72| 1.05/ 0.90| 1.11| 1.42{ 1.35

14 1.85/ 1.60{ 3.10| 2.00| 1.70{ 1.15/ 0 88| 1.20{ 0.85/ 1.08} 1.50| 1.48

15 2.00| 1.50{ 3.20[ 2.05{ 2.00] 1.12{ O 88| 1.00| 0.85/ 1.01| 1.46] 1.35

16 1.80[ 1.52 4.50/ . ..[ 230/ 1.15/ 0 83| 0.95 0.88 0.95| 1.39| 1.40

17 1.75| 1.55/ 3.20{ 2.35| 2.00{ 1.09| O 80| 1.42| 0.86{ 0.89| 1.38| 1.38

18 1.85( 1.58{ 3.00/ 3 00| 1.80{ 1.11{ 1.00{ 1.15{ 0.94| 0.91| 1.94} 1.34

19 2.20| 1.56| 2.80| 3.06/ 1.70| 1.05| 0.98} 1.42| 1.15] 1.01| 1.28| 2.25

20 2.80 1.55/ 2.60{ 2 70| 1.65] 1.02| 0.84] 1.30{ 1 14| 0.96{ 1.38] 2.10

21 2.86| 1.58 2.25| 2.35| 1.60| 1.06] 0 85 1.12| 1.01| 0.96{ 1.28] 1.90

22 6.30f 2.42{ 2.30{ 2 10 1.60{ 1.02| 1 02| 1.20{ 1.04| 0.92( 1.26] 1.75

23 3.85| 2.29| 1.95| 2.25| 1.48| 0.94| 0 95 1.06| 1.01| 1.35 1.22| 1.70

24 2.55( 2.30| 2.05] 2 10| 1.43) 0.95] 0.76/ 1.14] 1.18| 2.80| 1.36/ 1.60

25 2.16| 2.22{ 2.22| 2 10| 1.45] 0.95] 0.84| 1.04| 2.05| 2.60| 1.70] 1.55

26 1.95/ 2.20, 1.95) 1 90| 1.70| 0.94| 0.84] 0.99 1.70| 2.25| 1.60] 1.60

27 1.95| 2.05| 2 00| 2 00| 1.55| 0.98] 0.81| 0.96/ 1.45/ 1.95| 1.50| 1.70

28 1.80! 2.60] 2.20! 1 90| 1.40] 0.88/ 0.80! 1.04] 1.32| 1.80] 1.42] 1.80

29 1 68 2 60 4.20) 1.80{ 1.42| 0.90{ 0.79| 1.00| 1.28| 1.70| 1.40| 1.65

30 1.60..... 3.60{ 3.20| 1.65/ 0.89| 0.75| 0.91) 1.26/ 1.60] 1.35| 1.70

31 1.62)..... 3.00..... 1.38)..... 0.72/ 0.99{..... 1.50{.... | 2.50

18. The following table gives the rainfall record in a certain vicinity for
several years, and also the estimated run-off. The relation of rainfall to
run-off is not only different for different drainage basins, but for a given
drainage basin it varies according to the time of year and the extent of the
rainfall. There is thus no constant relation between the two in the table.!

With these records construct a hydrograph for the estimated average

1 8ee Kuichling’s Rainfall-Run-off Diagrams in the report on the New
York State Barge Canal of 1900.
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monthly rate of discharge of a stream with a drainage basin of 20 square
miles,

1907 1908 1909 1910 1911 1912

o |y m |y He || He |He ] & ] &
S I EE L R R
g2 | 28| @8 | 28|38 /|38 329 32| 32|38 32|28
Jan....... 3.05/ 1.9 3.211 2.0 || 4.14] 2.2 1.15/ 10 2.8 1.8 491 3.5
Feb....... 1.95{ 1.8 4.61{ 3.5 5.17{ 4.0 1.84( 1.7 2.111 1.8 40430
March. 1.91] 2.6 4.04/ 4.0 3.74| 3.6 1.48] 2.3 2.98] 3.2 5.16| 4.7
April... 2.19| 2.2 3.78] 3.1 491 3.6 5.96/ 4.0 2.8 26| 5.71] 3.9
May...... 2.72/ 1.2 4.98/ 2.0 2.94| 1.3.]] 2.58] 1.2 1.33/ 0 9 3.15/ 1.3
June.. 2.731 0.8 1.53| 0.6 3.50{ 0.9 3.47, 0.9 7.98/ 2.3 1.32| 0.6
July...... 2.74| 0.4 3.44| 0.4 1.86{ 0.3 2.00{ 0.3 3.03| 0.4 3.14] 0.4
Aug... 2.55| 0.4 2.66[ 0.4 3.66{ 0.5 2.80| 0.4 5.70, 0.9 6.30, 1.0
Sept...... 6.88] 1.7 4.04| 0.8 2.73| 0.5 3.38/ 0.6 3.57| 0.7 4.49/ 0.9
Oct... 4.69) 1.7 1.40| 0.5 1.28/ 0.4 1.20] 0.4 5.33| 1.2 3.56] 0.8
Nov...... 4.70{ 1.6 2.51] 0 8 1.75] 0.6 3.15/ 1.0 3.06/ 1.0 2.321 0.8
Deec....... 4 .88/ 2.5 0.00] 0.5 2.93] 1.4 1.93] 1.1 3.20{ 1.6 4.02] 2.0

18. The present capacity of the Lake Spaulding reservoir of the Pacific
Gas and Electric Co. is 2,000,000,000 cu. ft. (it will eventually be twice
this), the present flow is 300 cu. ft. per second, and the net head on the
power house is approximately 1300 ft. If the plant runs at full load con-
tinuously and there is no stream flow into the lake, how long would this
water last? If this same storage capacity were available for a plant of the
same power under a head of 40 ft., what rate of discharge would be required
and how long would the water last? (It is worth noting that the surface
area of Lake Spaulding is 1.3 square miles and the total drop in the water
surface would be 56 feet if the sides were vertical. Actually the drop is
greater. No such drop in level would be found in connection with a plant
under a 40-ft. head. If we assume the drop in level to be 10 ft., for example,
the surface area of the storage reservoir would have to be 233 square miles.
Also the lowering of the head on the plant in the latter case would make
it necessary to use more water and hence shorten the time as computed.)

Ans. 77.2 days, 9750 cu. ft. per second, 2.4 days.

17. The difference in elevation between the surface of the water in a
storage reservoir and the intake to a turbine was 132.4 ft. During a test
the pressure at the latter point was 126.6 ft. and the discharge 44.5 cu. ft.
per second, giving a velocity head in a 30 in. intake of 1.3 ft. What was
the efficiency of the pipe line? What was the value of the power delivered?

Ans. 96.6 per cent., 647 h.p.

18. Assuming the loss of head to be proportional to the square of the rate
of discharge, what is the maximum power the pipe in problem (17) could
deliver? How many cubic feet of water per second are consumed per
horsepower in problems (17) and (18)? Ans. 1400 h.p., 0.069, 0.088,
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19. The pipe line in problem (17) was 5 ft. in diameter. From the test
data the loss of head may be computed as

H' = 5.63V2/d = 18,100/d®

where d is in feet and the rate of discharge is supposed to be 44.5 cu. ft. per
second in every case. Assume this expression to be true for similar pipes
of different sizes, the cost of 3, 4, 5, and 6 ft. riveted steel pipes to be $4.25,
$7.50, $12.50, and $18.00 per foot respectively, and the length of pipe to be
2000 ft. If the value of a horsepower per year is $20, the interest and de-
preciation rate 7 per cent., and the rate of discharge 44.5 cu. ft. per second,
what is the most economical size of pipe? Ans. b ft.



CHAPTER IV
THE TANGENTIAL WATER WHEEL

28. Development.—The tangential water wheel is the type of
impulse turbine used in this country. Its theory and charac-
teristics are precisely the same as those for the Girard impulse
turbine, used abroad, and the two differ only in appearance
and mechanical construction. It is used rather than the Girard
turbine, because of the advantages offered by its superior type

Fia. 21.—Doble ellipsoidal bucket.

of construction. The tangential wheel is also called an impulse
wheel or a Pelton wheel in honor of the man who contributed to
its early development. The use of the term ‘Pelton water
wheel’’ does not necessarily imply, therefore, that it is the
product of the particular company of that name.

The development of this wheel was begun in the early days in
California but the present wheel is a product of the last 20 years.
For the purpose of hydraulic mining in 1849 numerous water
powers of fairly high head were used, some of the jets being as

30
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much as 2000 h.p. When the gold was exhausted many of these
jets were then used for power purposes. The first wheels were
very crude affairs, often of wood, with flat plates upon which
the water impinged The ideai maximum efficiency of a wheel
with flat vanes is only 50 per cent.  The next improvement
was the se of ”hemlspherlcéTEEps with the jet striking them
right in the center. A man by the name of Pelton was running
one of these wheels one day when it came loose on its shaft and
slipped over so that the water struck it on one edge and was dis-

Fm. 22 --Alhs—Chalxners bucket. (Courtesy of Allis-Chalmers Mfy. Co.)

oharged from the other edge. The wheel was observed to pick
up in power and speed and this led to the development of the
split bucket.

29. Buckets.—The original type of Pelton bucket may be seen
in Fig. 76, page 88, the Doble ellipsoidal bucket is shown in
Fig. 21, the Allis-Chalmers type in Fig. 22, while the recent
Pelton bucket may be seen in Fig. 23. In every case the jet
strikes the dividing ridge and is split into two halves. The
‘better buckets are made of bronze or stegl, the cheaper ones for
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low heads of cast iron. They are all polished inside and the
‘““sphtter”” ground to a knife edge so as to reduce friction awd
eddy losses within the bucket. They may weigh as much as
430 1b. apiece and be from 24 to 30 in. in width.

The buckets are bolted onto a rim. The interlocking chain
type is shown in Figs. 23 and 24. With this design each bolt
serves two buckets in such a fashion that the latter are connected

Fia. 23 —Pelton bucket (Courtesy of Pelton Water Wheel Co.)

as a chain. The advantage gained is one of compactness, it
being possible to place the buckets somewhat closer together.
30. General Proportions.—It has been found that for the best
efficiency the area of the jet should not exceed 0.1 the projected
area of the bucket, or the diameter of the jet should not exceed
0.3 the width of the bucket.! If this ratio i§ exceeded the buckets
are crowded and the hydraulic friction loss becomes excessive.
It is evident also that there must be some relation between size
of jet and the size of the wheel. For a given size jet there is no

!W. R. Eckart, Jn, Proc. of Inst. of Mech. Eng. (London), Jan. 7, 1910.
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upper limit as to size of wheel so far as the hydraulics is concerned.
In special cases, where a low r.p.m. was desued, diameters as
large as 35 ft. have been used when the diameter of the jet was
only a few inches. But there is a lower limit for the ratio of
wheel diameter to jet diameter. Obviously, for instance, the
wheel could not be as small as the jet. The considerations which
influence this matter will be further considered in Chapter VII,
but for the prescnt it will be sufficient to state that a ratio as
low as 9 may be used without an excessive loss of efficiency.!
(The nominal diameter is that of a circle tangent to the center

[E 7

A %&
F1a. 24.—Pelton tangential water wheel runner showing interlocking chain-
type construction. (Made by Pclton Water Wheel Co.)

+

line of the jet.) The more common value, and one which
involves no sacrifice of efficiency, is 12. From that we get a
very convenient rule that the diameter of the wheel in feet equals
the diameter of the jet in inches. The size of jet necessary to
develop a given amount of power under any head may be com-
puted and then the diameter of wheel necessary is known at once.

The r.p.m. of the wheel can be computed by taking the periph-
eral speed as 0.47 of the jet velocity or 0.45 /2gh.

18, J. Zowski, “Water Turbines,” published by Engineering Society,

Univ. of Mich., 1910.
8
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The use of one jet only upon a single wheel is to be preferred
if it is possible. However, two jets are often used upon one
wheel though at some sacrifice of efficiency. For a given size
wheel the horsepower of one jet is limited by the maximum size
of the jet that may be employed. If a greater horsepower is
desired it is necessary to use two or more jets upon the one
wheel or to use a larger wheel with a single jet. The larger wheel
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Fi1a. 25.—Tangential water wheel unit with deflecting noszle.

means & lower r.p.m. and a higher cost both of the wheel and the
generator if a direct connected unit is used. In case this addi-
tional expense is not justified by the increased efficiency of the
single jet wheel the duplex nozzle would be used.

The tangential water wheel is almost always set with a hori-
zontal shaft and, if direct connected to a generator, is overhung
so that the unit has only two bearings (Fig. 25). It is quite
common for two wheels to drive a single generator mounted
between them in which case we have the double-overhung type.
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31. Speed Regulation.—Various means have been adopted to
regulate the power input to the tangential water wheel but the
following are the only ones that are of any importance. The

Fia. 26.—5286 h.p. Jet, from 7%4 in. needle nozzle. Head = 822 ft. Jet
velocity = 227.4 ft. per second.

use of any throttle valve in the pipe line is wasteful as it destroys
a portion of the available head and thus requires more water to
be used for a given amount of power than would otherwise be the
case. The ideal mode of governing, so far as-economy of water .
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Fra. 27— Deflecting needle nozzle. (After drawing by Prof. W. R. Eckart, Jr.)

is ooncerned, would not affect the head but would merely vary’
the water used in direct proportion to the power demanded.
The needle nozzle (Fig. 27) accomplishes this result very nearly
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As the needle is moved back and forth it varies the area of the
opening and thus varies the amount of water discharged. The
coefficient of velocity is a maximum when the nozzle is wide
open but it does not decrease very seriously for the smaller nozzle
openings. (See Fig. 89.) Thus the velocity of the jet is very
nearly the same for all values of discharge. The efficiency of a
well-constructed needle nozzle is very high, being from 95 to 98
per cent.! The needle nozzle is nearly ideal for economy of water
but may not always permit close speed regulation. If the pipe
line is not too long, the velocity of flow low, and the changes of
load small and gradual, the needle nozzle may be very satis-
factory. In case it is used the penstock is usually provided with
a standpipe or a surge tank.

If the pipe line is long, the velocity of flow high, and the changes
of load severe, dangerous water hammer might be set up if the
discharge were changed too quickly. It might therefore be
difficult to secure close speed regulation with the needle nozzle
as the governors would have to act slowly. The deflecting nozzle,
shown in Fig. 7, page 8, is much used for such cases. The
nozzle is made with a ball-and-socket joint so that the entire jet
can be deflected below the wheel if necessary. The governor
sets the nozzle in such a position that just enough water strikes
the buckets to supply the power demanded. The rest of the
water passes below the buckets and is wasted. Since there is no
change in the flow in the pipe line the governor may accomplish
any degree of speed regulation desired as there is little limit to
the rapidity with which the jet may be deflected. Such a nozzle
is usually provided with a needle also which is regulated by hand.
Fig. 27 is really of this type. In another type the body of the
nozzle is stationary and only the tip is moved. The needle
stem must be equipped with a guide in this moving part and
also be fitted with a universal joint so that the needle point may
always remain in the center of the jet. The station attendant
sets the needle from time to time according to the load that he
expects to carry. However, the device is wasteful of water
‘unless carefully watched. If other water rights prevent the flow
of a stream from being interfered with it may be satisfactory.

In some modern plants the operator can control the position
of the needle from the switchboard and by careful attention very

1W. R. Eckart, Jr., Inst. of Mech. Eng. (London), Jan. 7, 1910.
Bulletin No. 6, Abner Doble Co.
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little water is wasted. Since the experience is that loads in-
crease slowly, the operator need have little trouble in keeping
the unit up to speed.

The combined needle and deflecting nozzle may possess the
advantages of both of the above types, by having the needle
automatically operated. If the load on the wheel is reduced-

Fi1c. 28 —Deflecting needle nozzle for 8000 h.p. wheel.

the governor at once deflects the jet thus preventing any increase
of speed. Then a secondary relay device slowly closes the needle
pozzle and, as it does so, the nozzle is gradually brought back to
its original position where all the water is used upon the wheel.
Thus close speed regulation is accomplished with verv little
waste of water.

Fie. 29.—Needles and nozzle tips. (Courtesy of Pelton Water Wheel Co.)

" The needle nozzle with auxiliary relief shown in Fig. 30 and Fig.
31 accomphshes the same results as the above. When the needle
of the main nozzle is closed the auxiliary nozzle underneath it is
openegd at the same time. This discharges an equivalent amount
of water which does not strike the wheel. This auxiliary nozzle
is then slowly closed by means of a dash-pot mechanism. While



38 HYDRAULIC TURBINES

both of these types relieve the pressure in case of a decreasing
load they are unable to afford any assistance in the case of a
rapid demand for water. The deflecting nozzle alone is the only
type that is perfect there.

32. Conditions of Use.—The tangential water wheel is best
adapted for high heads and relatively small quantities of water.
By that is meant that the choice of the type of turbine is a func-
tion of the capacity as well as the head. For a given head the
larger the horsepower, the less reason there is for using this
. type of wheel.

F1a. 30.—Auxiliary relief needle nozzles
(Made by Pelton Water Wheel Co.)

In Switzerland a head as high as 5412 ft. has been used for
5 wheels of 3000 h.p. each. The jets are 1.5 in. in diameter and
the wheels, which run at 500 r.p.m., are 11.5 ft. in diameter.
There are several installations in this country under heads of
about 2100 ft. There are numerous cases of heads between
1000 and 2000 ft. but probably the majority of the installations
are for heads of about 1000 ft.

The largest power developed by a single jet upon a single
wheel is 15,000 h.p. The jet is 8 in. in diameter and the wheel
runs at 375 r.p.m. under a head of about 1700 ft.
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The largest jet employed upon any Pelton wheel is about
1034 in. in diameter. The net head is 506 ft. in this case.
There are a number of large jets of 9 in. or over used for heads
from 900 to 1500 ft.

33. Efficiency.—The efficiency of the tangential water wheel
is about the same as that of the average reaction turbine. From
75 to 85 per cent. may reasonably be expected though lower
values are often obtained, due to poor design.

Fi1a. 31.—Auxiliary relief needle nozzle for use with 10,000 kw. tangential water
wheel. (Made by Pelton Water Wheel Co.)

84. QUESTIONS AND PROBLEMS

1. Of what materials are impulse wheel buckets constructed? How are
they secured to the rim? What is the advantage of ‘‘chain type” con-
struction? What should be the relation between the size of the jet and the
size of the bucket? .

2. When would two or more jets be used upon a Pelton wheel? What
is the relation between the diameter of the wheel and the diameter of the
jet? How may the speed of rotation of a wheel of given diameter be com-
puted, if the head is known? What fixes the diameter of the jet that is
tobe employed, assuming that it is not limited by any wheel size?

8. What is meant by single-overhung and double-overhung construction?
What is the advantage of the latter? How is the shaft usually placed?

4 What is the needle nozsle, the deflecting noszle, and the deflecting
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needle nozzle? What is the needle nozzle with auxillary relief and how
does it operate?

6. What are the relative merits of the different methods of governing
the tangential water wheel?

6. What are the conditions of use of impulse wheels in regard to head,
power, size of jet, etc.? What efficiency should be expected?

7. It is desired to develop 3880 h.p. with a Pelton wheel under a head
of 900 ft. Assuming the efficiency of the wheel to be 82 per cent. and the
velocity coefficient of the nozzle to be 0.98, what will be the diameter of
the jet? What will then be a reasonable diameter for the wheel and its
probable speed of rotation? Ans. 6 1in., 6 ft., 345 rev. per min.

8. How small could the wheel be-made in the preceding problem? What
would then be its speed of rotation? If a higher speed than this is desired
for the same horsepower, what construction could be employed?

9. A Pelton wheel runs at a constant speed under a head of 625 ft. The
cross-section area of the jet is 0.200 sq. ft. and the nozzle friction loss is to
be neglected. Suppose a throttle valve in the pipe reduces the head at
the base of the nozzle from 625 ft. to 400 ft. Under these conditions the
efficiency of the wheel (the speed of the wheel no longer being proper for the
head) is known to be 50 per cent. FYind the rate of discharge, power of jet,
and power output of wheel.

Ans. 32.08 cu. ft. per second, 1458 h.p., 729 h.p.

10. A Pelton wheel runs at a constant speed under a head of 625 ft.
The cross-section area of the jet is 0.200 sq. ft. and the nozzle friction loss
is to be neglected. Suppose the needle of the nozzle is so adjusted as to
reduce the area of the jet from 0.200 to 0.0732 sq. ft. Under these condi-
tions the efficiency of the wheel is known to be 70 per cent. Find the rate
of discharge, power of jet, and power output of wheel.

Ans. 14.67 cu. ft. per second, 1041 h.p., 729 h.p.

11, Compare the water consumed per horsepower output for the wheel
in the preceding two problems. Compute the overall efficiency in each
case using the head of 625 ft. Ans. 32 per cent., 70 per cent.



CHAPTER V
THE REACTION TURBINE

36. Development.—The primitive type of reaction turbine
known as Barker’s Mill is shown in Fig. 32. The reaction of the
jets of water from the orifices causes the device to rotate. In
order to improve the conditions of flow the arms were then curved
and it became known in this form as the Scotch turbine. Then
three or more arms were used in order to increase the power, and
with still further demands for power more arms were added and
the orifices made somewhat larger until the final result was a
complete wheel. In 1826 a French
engineer, Fourneyron, placed station- “ “
ary guide vanes within the center to
direct the water as it flowed into the o
wheel and we then had the outward
flow turbine. In 1843 the first Four-
_neyron turbines were built in America.

The axial flow turbine commonly | | (D r
called the Jonval was also a FEuro-
pean design introduced into this
country in 1850.

An inward flow turbine was proposed by Poncelot in 1826 but
the first one was actually built by Howd, of New York, in 1838.
The latter obtained a patent and installed several wheels of crude
workmanship in the New England mills. In 1849 James B.
Francis designed a turbine under this patent but his wheel was
of superior construction. Furthermore he conducted accurate
tests, published the results, analyzed them, and formulated rules
for turbine runner design. He thus brought this type of wheel
to the attention of the engineering world and hence his name
became attached to it.

The original Francis turbine is shown in Fig. 5, page 4, and
in Fig. 6, page 5, may be seen photographs of a radial inward
flow runner of this type though of more recent date. As may be
seen in Fig. 4, page 3, the water has to turn and flow away

41
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Fig. 32.—Barker’s mill.



42 HYDRAULIC TURBINES

axially after its discharge and hence the original design was
gradually modified so that the water began to turn before its
discharge from the runner. The Swain turbine (1855) shows
this evolution and the McCormick runner (1876) carries it still
further. The latter is the prototype of the modern high speed
mixed flow runner. The nearest approach to the original Francis
runner in present practice is to be seen in Fig. 34, Type I, and in
Fig. 36. The pure radial flow turbine is no longer built, but
since all the modern inward mixed flow turbines may be said to
have grown out of it, they are today quite generally known as
Francis turbines.

N~— 4

'% Y

Howd 1838 Francis 1849

Swain 1855

McCormick 1876
Fia. 33.—Evolution of the modern turbine.

The high-speed mixed flow runner, illustrated by the original
McCormick type in Fig. 33, arose as the result of a demand for
higher speed and power under the low falls first used in this
country. Higher speed of rotation could be obtained by using
runners of smaller diameter, but higher power required runners
of larger diameter, so long as the same designs were adhered to.
So in order to increase the capacity of a wheel of the same or
smaller diameter, the design was altered by making the depth
of the runner greater (i.e., the dimension B, Fig. 34, was in-
creased). The area of the waterway through the runner was
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also increased slightly by using fewer vanes and it was then de-
sirable to extend these further in toward the center. As that
left a very small space in the center for the water to discharge
through, it was necessary for the runner to discharge the greater
part of the water axially. Type IV of Fig. 34 shows the high-
speed high-capacity runner of today.

F1a. 35.—Leffel turbine for open flume. (Made by James Leffel and Co.)

As civilization moved from the valleys, where the low falls were
found, up into the more mountainous regions, and as means of
transmitting power were introduced, it became desirable to
develop higher heads, and in 1890 a demand arose for high-
head wheels which American builders were not able to supply.
For a time European designs were used and the# it was seen that
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a type similar to the original Francis turbine was well suited to
those conditions. This is shown by Type I of Fig. 34.

ok . § " ¢ Vs o
; gw;laww PPNk b |

Fi1g. 36.—42"" Francis runner. 8000 h.p., 600 {t. head.
(Made by Platt Iron Works Co.)

o

v

F1a. 37.—Turbine runners of the éllis-Chalmers Mfg. Co.

At present the range of common American practice is covered
by the four types shown in Fig. 34, though in a few cases extreme
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designs have passed beyond these limits. American turbines
in the past were developed by ‘‘ cut and try’’ methods, European
turbines largely by mathematical analysis. At the present
time the best turbines in this country are designed from rational
theory supplemented by experimental investigation.

36. Advantages of Inward Flow Turbine.—The Fourneyron
turbine has a high efficiency on full load and is useful in some cases
where a low speed is desired, but it has been supplanted by the
Francis turbine for the following reasons:

1. The inward flow turbine is much more compact, the runner
can be cast in one piece, and the whole construction is better
mechanically.

(From a photograph by the author.)
Fig. 38.—Construction of a built-up runner.

2. Since the turbine is more compact and smaller, the con-
struction will be much cheaper. The smaller runner will permit
of a higher r.p.m. and that means a cheaper generator can be
used.

3. The gates for governing are more accessible and it is easier
to construct them so as to minimize the losses. Thus the effi-
ciency of the turbine on part load is better than is the case with
the outward flow type.

4. It is easier to secure the converging passages that are neoes-
sary through the runner.

5. A draft tube can be more conveniently and effectively used,
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87. General Proportions of Types of Runners.—It has already
been seen how the need for varying the capacity of runners
without changing their diameters has led to altering the height
B and the general profile as illustrated in Fig. 34. The increased
volume of water through the higher capacity runners also re-
quires a larger diameter of draft tube, as well as a higher velocity

(From a phocograph by the author.)
Fi1e. 39.—Double-discharge runner.

of flow at this section, and in extreme types the flow through the
runner is not merely inward and downward but for those particles
of water nearest the band or ring it is inward, downward, and
outward.

But the quantity of water which will flow through the runner
depends not only upon the area at inlet but also upon the velocity
of the water. If we confine our attention to the circumferential
area of the runner at entrance we are concerned with the velocity
normal to it and this is the radial component of velocity. Hen.ce
we increase the capacity of the runner by making the radial
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component of the velocity of the water larger. This causes the
angle a; to be increased as may be seen in Fig. 34. The angle a;
is determined by the guide vanes.

It is convenient to express the peripheral velocity of the runner
u; as equal to ¢+/2gh. The value of ¢ which gives the most
efficient speed for a given turbine is denoted by ¢, and values of
#. for different turbines range from about 0.55 to about 0.90
according to the design.! If the value of ¢ is higher than this
it is probable that the speed is higher than the best speed or
that the nominal diameter for which u, is computed is larger than
the real diameter. Values of ¢, may be varied in the design by
altering certain angles and areas of the runner.

Since it is desirable, in general, to increase or decrease the
rotative speed and the capacity simultancously, the custom is
to so proportion the runners that low values of ¢, are found with
turbines of Type I, Fig. 34, while high valuecs are found with
those of Type IV. Thus a low-capacity runner also has a low
peripheral speed for a given head, while a high-capacity runner
would have a higher peripheral speed. Thus for a given diameter
of runner under a given head both power and speed of rotation
increase from Type I to Type I1V. If, on the other hand, the
power is fixed, the diameter of runner of Type IV would be
much smaller than that of Type I. Hence the rotative speed of
the former would be higher due to the smaller diameter as well
as the increased linear velocity. For this reason this type is
called a high-speed runner, while Type I is a low-speed runner.
Both capacity and speed are involved in a single factor variously
known as the specific speed, characteristic speed, unit speed, and
type characteristic. It is N, = N.,\/B.kp./k**, the derivation of
which will be given later. (N, is the speed for highest efficiency.)
As the capacity and speed increase, this factor increases. Hence
a “high-speed” turbine is really a high specific speed turbine and
a ‘“low-speed’” turbine is a low specific speed turbine. The
value of N, is an index of the type of turbine. Values of N, for
reaction turbines range from 10 to 100, though the latter limit
is occasionally exceeded.

The vector diagrams of the velocities at entrance are drawn to
the same scale in Fig. 34 as if all four types were under the same
head. It may be seen that as we proceed from Type I to Type
IV, uy, a1, and B’1 increase, while V; decreases. Since the angle

t “Water Tyrbines,” by 8. J. Zowski is the source of much of Fig. 34.
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B1 is the angle which the relative velocity of the water makes at

entrance, the vane angle 8’y should be made equal to it.

38. Comparison of Types of Runners.—As a means of illustrat-
ing the differences between the various types of runners the

following tables are presented:

F1a. 40.—Methods of specifying run

ner diameter.

TaBLE 1.—CoMPARISON OF 12-iN. WHEELS UNDER 30-fr. HEAD

Discharge,
Type cu. _ft.. per H.p. R.p.m.
minute
Tangential water wheel ................. 7.9 0.37 380
Reaction turbines:
Type Lo .oviii i 99.0 43 460
Type IL...o.oovvii i 329.0 14.9 5564
Type ITL......coo i 741.0 33.4 600
Type IV ... 1209.0 55.5 |« 730

TasLe 2.—~CoMpARIsON OoF WHEELS To DEvBLop 15 H.p. UNDER

30-rr. HEAD
Type Diameter, in. R.p.m.

Tangential water wheel....................... 60 55
Reaction turbines:

Type L. e 21 274

Type IL. .o i ieae e 12 554

Type ITL. .. ..o 8 900

Type IV. .o e 6 1460

It will be seen that the tangential water wheel is a low-speed,
low-capacity type, while the reaction turbine of Type IV is a high-
speed, high-capacity runner. This may be contrary to the popu-
lar impression, but these terms as used here have only relative

4
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meanings. Under high heads where the r.p.m. would naturally
be high the relatively lower speed of the tangential water wheel
is of advantage, while under the low heads the relatively higher
speed of the reaction turbine is of advantage. This difference of
speed exists even when the runners are of the same diameter as
seen by the first table. But when the diameters are made such as
to give the same power as in the second table the difference be-

F16. 41.—13,500 h p. runner. Head = 53 ft., speed = 94 r.p.m. (Mads by
I.P. Morrs Co.)

comes much greater. It must be understood that these tables do
not prove one type of wheel to be any better than another but
merely show what may be obtained. If the tangential water
wheel or Type I of the reaction turbines appear in an unfavorable
light it is only because the head and horsepower are not suitable
for them.
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39. Runners.—Runners may be cast solid or built up, but the
majority are cast solid as the construction is more substantial.
Occasionally a very large runner may be cast in sections. Built
up wheels have the vanes shaped from steel plates and the
crown, hubs, and rings arc cast to them, as shown in Fig. 38.
The best runners are made of brongze, . Cast steel is used for very

Fra. 42.—10,000 h.p. runner at Keokuk, Ia. Head = 32 ft., speed = 57.7
r.p.m. (Made by Wellman-Seaver-Morgan Co.)

high heads in some cases, while cheaper runners are made of
cast iron. Very naturally the large runners are made of the
latter metal.

Runners may be divided into two broad classes of single and
double discharge runners. Figs. 36 and 42 are of the first type
and Fig. 39 of the second. The latter is essentially two single
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discharge runners placed back to back and requires two draft
tubes as the water is discharged from both sides. It is used
only for horizontal shaft units, while the single discharge runner
may be used for either horizontal or vertical shaft turbines.

Turbines are often rated according to the diameter of the
runner in inches. This diameter is easily fixed in many cases,
but for one of the type shown in Fig. 40 either one of four dimen-
sions may be used. Different makers follow different practices
in this regard but the usual method is to measure the diameter
at a point about halfway down the entrance height.

Position of Gate
when Closed

S~

No. 1 Runner
No, 2 Chute Case
No. 3 Gate

Fi1e. 43.—Register gate.

40. Speed Regulation.—The amount of water supplied to the
reaction turbine is regulated by means of gates of which there are
three types.

The cylinder gate is shown in Fig. 5, page 4. It is the simplest
and cheapest form of gate and also the poorest, although, when

“closed, it will not leak as badly as the others. When the gate
is partially closed there is a big shock loss in the water entering
the turbine runner due to the sudden contraction and the sudden
expansion of the stream that must take place. With this type of



THE REACTION TURBINE 53

gate the efficiency on part load is relatively low and the maximpum
efficiency is obtained when the gate is completely raised.

A better type of gate is the register gate shown in Fig. 43 With
this type the guide vanes are made in two parts, the inner portion
next to the runner is stationary, the outer portion is on a ring
which may be rotated far enough to shut the water off entirely,
if necessary, as shown by the dotted lines. While this is more

(Courtesy of Allis-Chalmers Co)
F1g. 44.—View of guide vanes and shifting ring.

efficient than the preceding type there is still a certain amount of
eddy loss that cannot be avoided. It is seldom used.

The wicket gate, also called the swmg _gate or the pivoted
guide vane, is shown in Fig. 45. Thisis the best type and also
thé most expensive. As the vanes are rotated about their pivots
the area of the passages through them is altered. The vanes
may be closed up so as to shut off the water if necessary. Of
course the angle, «,, is altered and a certain amount of eddy loss
may also result but it is less than occasioned by either of the
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F1a. 46.—Wicket gates and runner in turbine made by Platt Iron Works Co.
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other forms. The maximum efficiency is obtained before the
gates are opened to the greatest extent.

The connecting rod from the relay governor operates a shifting
ring. This in turn, by means of links, rotates the vanes. These

Fig. 47.—10,000 h.p. turbine at Keokuk, Ia. (Made by Wellman~Seaver-Morgan
0.)

links are shown in Figs. 45, 47, and 48. Often the shifting ring
and links are inside the case, but the better, thcugh more ex~
pensive, type has the working parts outside the case.

In order to prevent shock in the penstock when the governor
quickly closes the gates, many turbines are provided with
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mechanically operated relief valves, as in the left hand side of
Fig. 49. This valve is opened at the same time the gates are
closed, thus by-passing the water. The relief valve may be so
arranged with a dash-pot mechanism that it will slowly close.
41. Bearings.—For small vertical shaft turbines a step bearing
made of lignum vit® is used under water, as at the bottom of
the runner in Fig. 35. This wood gives good results for such
service and wears reasonably well. For larger turbines a thrust
bearing is usually provided to which oil is supplied under pressure.
Roller bearings are also used with the rollers running in an oil
bath, as in Fig. 50. Sometimes rollers are provided in the former
type but act only when the pressure fails, and again roller bear-

SR d G . LT s e e %

F1e. 48.—Shifting ring and links on a wicket gate spiral case turbine. (Made
by Platt Iron Works Co.)

ings may sometimes be supplied with oil under pressure between
two bearing surfaces in case the rollers fail. The Kingsbury
bearing is fitted with a number of metal shoes so mounted that
their bearing surfaces are not quite level. Thus as they advance
thraugh the oil bath a wedge-shaped film of oil is forced in be-
tween these shoes and the other surface. Such a bearing is
preferably located at the top of the shaft in which case it is
called a suspension bearing, though it may be placed between the
generator and the runner.

A horizontal turbine set in an open flume often has lignum
vit® bearings as the water is a sufficient lubricant. However
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(Courtesy of Pelion Waler Wheel Co.)

Fia. 49.—8piral case turbine with relief valve.

(Courtesw af Elaciric Machinary Co
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the water must be clear; gritty water would destroy the bearings.
If the turbine is in a case so that the bearings are accessible the
usual types of bearings are used. It must not be forgotten that
even though the shaft be horizontal a very considerable end thrust
must be allowed for due to the reaction of the streams discharged
from the runner. That is one reason for using runners in pairs.
Also a single runner is often used which has a double discharge.
(See Fig. 51.) Single discharge runners are often provided with
some form of automatic hydraulic balancing piston to equalize
the thrust.
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F1a. 51.—Double discharge runner in spiral case.

As the leakage of water through the gates, when closed, may
be sufficient to keep the turbine running slowly under no-load,
large units are often provided with brakes so they can be stopped.

42. Cases.—For low heads turbines may be used in open
flumes without cases. Fig. 4, page 3, Fig. 8, page 10, and
Fig. 35, page 41, are of this character. Fig. 52 shows such a
type consisting of four wheels on a horizontal shaft.

Cases may also be used for very low heads and are always
used for high heads. The cheapest cases are the cylinder cases
(Fig. 10, page 12), and the globe cases (Fig. 53). These cases
are undesirable because they permit of considerable eddy loss
as the water flows into them and around in them to the guides.
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The cone case shown in Fig. 54 is a very desirable type. It can
be seen that the water suffers no abrupt changes in velocity as it
flows from the penstock to the guides, but instead is uniformly
accelerated.

The spiral case, illustrated by Fig. 55, is considered the best
type. The area of the waterway decreases as the case encircles
the guides, because only a limited portion of the water flows clear

F1a6. 53.—Turbine in globe case. (Made by James Leffel and Co.)

around to enter the further part of the circumference. Thus the
average velocity throughout the case is kept the same. The
case is also designed to accelerate the water somewhat as it
leaves the penstock and flows to the guides.

Globe and spiral cases for low heads are made of ecastiron. For
higher heads they are made of cast steel as in Fig. 56. Cylinder
cases (Fig. 10, page 12), are usually made of riveted sheet steel.
Some very nice spiral cases are now made by several firms of
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riveted steel, as may be seen in Fig. 57. Recent practice with
large vertical shaft units is to form the case of reinforced concrete
as in Fig. 58. The weight of the turbine and generator is carried
by the “pit liner,” which is set into the concrete, and this in turn

~GUicles

/ -Runner

-

—\
~

Fi1a. 54.—Cone case turbine.

rests upon the ‘‘speed ring.” The latter consists of an upper and
a lower flange, as shown, which are joined togethér by vanes so
shaped as to conform to the free stream lines of the water flowing
from the case into the guide vanes. Thus they offer less re-
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sistance to the flow of the water than the round columns that
were once employed. The speed ring vanes are also shown in

F1a. 56.—Cast steel spiral casings at Niagara Falls. 14,000 h.p. at 180 ft. head.
(Made by Wellman-Seaver-Morgan Co.)

Figs. 59 and 60. In some instances the case is of sheet metal
surrounded by concrete as in Fig. 60.
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43. Draft Tube Construction.—It must be borne in mind that
the draft tube fulfills two distinct functions. First, it connects

I ——— |

(Courtesy of 8. Morgan Smith Co.)
Fiac. 57.—Spiral case of riveted steel plates.
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Fre. 58.—Typical large vertical shaft unit.

the turbine runner with the tail water and, since it is air tight,
it prevents any loss of head due to the elevation of the wheel,
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Second, it may be made to reduce the outflow loss and thus to
improve the efficiency of the plant.

For the first purpose alone the tube might be made of a uni-
form cross-section, but in practice it is always made diverging
so as to accomplish the sccond object as well. In fact, even if
the runner should be set below the tail-water level, a draft tube
would be of value for the second purpose. This was proven
many years ago when Francis tested an outward-flow turbine
with a ‘‘diffuser” surrounding the runner and found that the

(Courtesy of Allss-Chalmers Mfg Co)
Fia. 59.—Speed ring.

latter improved the efficiency by 3 per cent. As has been pointed
out in Art. 37, the higher the capacity of a runner of given
diameter the greater the velocity of the water must be at the
point of outflow from it into the draft tube. This velocity
represents kinetic energy which would otherwise be carried away
and many modern wheels of an extreme high-capacity type
would not have favorable efficiencies at all if it were not for the
use of a suitable draft tube.
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The reason for this gain in efficiency may be seen in either of
the following ways. First, the total power available is that due
to the fall from head-water level to tail-water level. The power
of the turbine is less than this by an amount equal to that lost
in the intake, penstock, and draft tube. Anything which re-
duces the loss outside the turbine adds just that much more to

1 !
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(Courtesy of Alss-Chalmers Mfg Co)

Fia. 60.—Turbine for Niagara Falls Power Co., 37,500 h.p., 214 ft. head, 150
r.p m.

the power which the water can give up within the turbine. The
velocity head with which the water leaves the lower end of the
draft tube represents kinetic energy which is lost, and the less
this discharge loss becomes, the better the efficiency of the tur-
bine. From another standpoint the pressure at the upper end
of the draft tube depends not only upon the elevation of this



66 HYDRAULIC TURBINES

point above the tail-water level but also upon the velocity of the
water at that section and the losses within the tube, mcluding
the discharge loss at its mouth. The less this loss, the lower
the pressure at the upper end. And the less the pressure at the
point of outflow from the turbine 1unner, the better will be its
performance.

Draft tubes are usually made of riveted stecl plates as in Fig.
10, page 12, or are moulded in conciete as 1n I'ig. 8, page 10.
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Fic 61 —Draft tube with guarter turn

The tube should preferably be straight but where the setting
does not permit of enough room for this without excessive cost
of excavation the tube is often turned so as to discharge hori-
zontally as in Fig. 61. If the tube is large in diameter it may be
necessary to make the horizontal portion of some other section
than circular as in Fig. 62, in order that the vertical dimension
may not be too great. A good form of section to use is oval.
The draft tube is commonly made as a frustum of a cone with a



THE REACTION TURBINE 67

vertex angle of 8°. If the section becomes some other shape,
the tube is so made that the area increases at a similar rate to
what it would if it were circular. The conical form has been
largely employed chiefly because of ease of manufacture, but
when draft tubes are moulded in concrete other forms may be
used. A form that is theorctically good is “trumpet shaped,”
somewhat as in Fig. 60, so that the velocity of the water may be
made to decrcase uniformly along the length of the tube. In
any event the draft tube should be so made as to secure a gradual
reduction of velocity from the runner to the mouth.

(Courtesy of Wellman-Seaver-Morgan Co.)
F1c. 62.—Mouth of draft tube at Cedar Rapids.

The most recent innovation in draft tube construction is shown
in Figs. 60 and 63. At the lower end of a comparatively short
draft tube is a conoidal portion through which the water passes
just before impinging on a circular plate which is concentrie
with the tube. The water turns and flows out along this plate
around its entire circumference through an annular opening
into a collecting chamber and from thence through a horizontal
diverging tube to the tail race. As the water flows through
the conoidal portion of the tube and impinges on the plate, its
velocity is greatly reduced. This portion is called by the in-
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ventor, W. M. White, a ‘“hydraucone.” As the water turns
and flows through the annular opening, its velocity is increased
and is then decreased again as it enters the collecting chamber.
The velocity is still further decreased as the water flows to the tail
race through the horizontal tube. A design by Lewis F. Moody
differs from the above in that the collecting chamber is a spiral,
somewhat like the spiral case, so proportioned that the water is
continuously decelerated throughout the flow.

Bearing in mind that one function of the draft tube is to
efficiently convert velocity head into pressure head, we see the

F1e. 63.—Draft tube with hydraucone.

limitations of the ordinary construction. In order to secure the
diffusion desired, the length of the tube may be such that the
expense of excavation is prohibitive and hence the tube is turned
from vertical to horizontal with a bend of short radius. But such
a bend inevitably induces eddy losses which interfere with the
efficient performance of the tube. Furthermore velocity head
cannot usually be converted into pressure head without a great
deal of loss unless the flow of the water be smooth. Since the
discharge from a turbine runner is usually quite turbulent, this
alone would limit the value of a draft tube, even if it were
straight. If the device just described is properly proportioned,
then, as the result of hydrodynamic laws for which we have not
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room here,! the flow may be turned from vertical to horizontal
in a very small space with less loss of energy than otherwise.
Another peculiarity of the hydraucone is that it can convert
the velocity head of turbulent water into pressure head efficiently.
Then when this water is accelerated, as it leaves through the
annular opening, it flows away with smooth stream lines and is
in proper shape for the ultimate conversion in the diverging
horizontal tube. One of the things which limits the high-speed
high-capacity type of runner is the inability of the draft tube to
recover the kinetic energy of the water leaving the runner,
especially in view of the fact that with this type the water leaves
with some considerable ‘“whirl.”” This new development may
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Fig. 64.—Velocity and energy transformations in turbine.

make it possible to extend the present limits of turbine runner
design.

44. Velocities.—The velocities at different points are indicated
by Fig. 64.2 The velocity of flow in the penstock is determined
by the consideration of the cost and other conditions in each
case. The mean velocity of flow allowable in the turbine cash
is as follows:

If the case is cylindrical the velocity should be as low as 0.08
to 0.12/2gh where k is the effective head. If a spiral case is
used the velocity may be from 0.15 to 0.24+/2gh. * For heads of
several hundred feet the value of 0.15 is used to reduce wear on
the case, 0.20 is used for moderate heads, and 0.24 is used for
low heads.

The velocity at entrance to the turbine runner, V, = 0.6 to

L The Journal of the Association of Engineering Societies, vol. 27, p. 39.

8 Mead’s ‘“ Water Power Engineering.”
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0.84/2gh. The velocity at the point of discharge, V, = from
0.10 to 0.40n/2¢gh. These values depend entirely upon the design
of the turbine and are not arbitrarily assigned.

The velocity at entrance to the upper end of the draft tube
should equal the velocity with which the water leaves the turbine,
otherwise a sudden change in velacity will take place. Velocity
of discharge from the lower end of the draft tube may be about
0.10 to 0.154/2gh. The valuc of the latter is determined by the
value of the velocity at the upper end and by the length and

e amount of flare to be given the tube.

45. Conditions of Use.—The rcaction turbine is best adapted
for a low head or a relatively large quantity of water. As was
stated in Art 32, the choice of a turbine is a function of capacity
as well as head. For a given head the larger the horse-power
the more reason there will be for using a reaction turbine.

The use of a reaction turbine under high heads is accompanied
by certain difficulties. It is neccessary to build a case which is
strong enough to stand the pressure; also the case, guides, and
runner may be worn out in a short time by the water moving at
high velocities. This depends very much upon the quality of the
water. Thus a case is on record where a wheel has been operating
for six years under a head of 260 ft. with clear water and the tur-
bine is still in excellent condition. Another turbine made by the
same company and according to the same design was operated
under a head of 160 ft. with dirty water. In four years it was
completely worn out and was replaced with an impulse wheel.
The tangential water wheel has the advantage that the relative
velocity of flow over its buckets is less for the same head and thus
the wear is less. Also repairs can be more readily made.

The runners of reaction turbines and the buckets of impulse
wheels will not last long if their design is imperfect. This is due
to the fact that wherever there is an eddy or wherever there is a
point of extremely low pressure, the air that is in solution in the
water will always tend to be liberated at that point. And as
water tends to absorb more oxygen in proportion to nitrogen
than is in the air, the result is that the libcrated mixture is rich
jn oxygen and hence readily attacks and pits the metal. Flg
~"6 page 5, shows a turbine runner that has had holes eaten in
it because of this reason. Thus a defective design not only
produces a runner of lower efficiency because of the eddy losses
within the water, but such eddies shorten the life of the wheel.
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Also great care should be used in designing so that the velocity
along any stream line does not cause the pressure to approach the
vapor pressure of the water too closely, otherwise the same action
will take place. With the reaction turbine it is possible to de-
sign a runner free from eddies for one gate opening only. The
operation of reaction turbines at part gate tor long periods of
time must inevitably shorten the life of the runner.

AR S N
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Fra. 65.—22,500 h.p. turbine for Pacific Coast Power Co.
(Made by Allis-Chalmers Mfg. Co.)

Reaction turbines are used under very low heads in some
instances. The lowest head on record is 16 in. but several feet
is the usual minimum. The highest head yet employed for a
reaction turbine is 800 ft. The latter is used for two 22,500
h.p. units built by the Pelton Water Wheel Co.

The most powerful turbine in the world will develop 52,500
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h.p. Two such units, built by the Allis-Chalmers Mfg. Co.,
will be installed at the Chippewa Development of the Hydro-
Electric Power Commission of Ontario. The head is 320 ft.

In Fig. 60 is shown a turbine of 37,500 h.p., which is similar
in type to the above. This wheel runs under a head of 214 ft.
and is for the Niagara Falls Power Co.

There are at present quite a number of turbines in operation
whose power ranges from 20,000 to 30,000 h.p.

The power of a turbine depends not only upon its size but also
upon the head under which it operates. The turbines above are
the most powerful, but they are not the largest in point of size.
The largest turbines so far are the 10,800 h.p. turbines of the
Cedars Rapids (Canada) Mfg. and Power Co., which run at
56.6 r.p.m. under a head of 30 ft. The rated diameter is 143 in.,
but the maximum diameter (see Fig. 40) is 17 ft. 8 in. The
runner weighs 160,000 lb., the revolving part of the generator
and the shaft, 390,000 lb., while the suspension bearing weighs
300,000 Ib. The total weight of the entire unit is 1,615,000 lb.

The largest runners in this country are those of the Mississippi
River Power Co. at Keokuk, Ia. They develop 10,000 h.p.
at 57.7 r.p.m. under a head of 32 ft. They are slightly smaller
than those at Cedars Rapids. (See Figs. 42 and 47.) Thel. P.
Morris Co. built eight of these wheels and the Wellman-Seaver-
Morgan Co. seven. These two concerns likewise built the
Cedars Rapids turbines.

46. Efficiency.—The efficiency obtained from the average

"reaction turbine may be from 80 to 85 per cent. Under favorable
conditions with large capacities higher efficiencies up to about 90
per cent. or more may be realized. For small powers or un-
favorable conditions 75 per cent. is all that should be expected.

47. QUESTIONS

1. What was the origin of the Fourneyron turbine? What is the Jonval
turbine? What was the origin of the Francis turbine?

2. What is the Swain turbine? What is the McCormick turbine? Why
were they developed? What is the modern Francis turbine? Why is this
name attached to all inward flow turbines at present?

8. Sketch the profiles of different types of modern turbine runners and
explain why they are so built.

4. Why has the inward flow turbine superseded the outward flow turbine?

5. How does the angle o, vary with different types of runner and why?
How does the factor ¢, vary and why?
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8. For a given head and diameter of runner explain how the power varies
with different types. For a given head and power explain how the rotative
speed varies. .

7. Draw typical vector diagrams for the velocities at entrance to the dif-
ferent types of turbine runners. Show how the vane angle varies.

8. How are turbine runners constructed? What materials are used?
What classes of runners are there?

9. What are the different kinds of gates used for governing reaction tur-
bines, and what are their relative merits?

10. What means are provided to save the penstock from water hammer,
when the gates of a reaction turbine are quickly closed? How are the gates
of a turbine operated? .

11, What kinds of bearings are used for horizontal shaft turbines? For
vertical shaft turbines? What means may be provided to take care of end
thrust in either type?

12. What types of cases are used for turbines? What are the cheapest
forms and what are the best? What are speed rings?

18. What is the purpose of a draft tube and how are they constructed ?

14. What different factors may cause a turbine runner to wear out?
Under what range of heads are reaction turbines now used?

16. What horsepower is developed by the most powerful turbine?
What is the largest in point of size? Why is not the largest one also the
most powerful? What efficiencies should be expected from reaction
turbines?



CHAPTER VI
TURBINE GOVERNORS

48. General Principles.—All governors depend primarily upon
the action of rotating weights. Thus the governorhead in Fig. 66
is rotated by some form of drive so that its speed is directly
proportional to that of the machine which i1t regulates. The
higher the speed of rotation, the farther the balls stand from
the axis, and the higher will the collar be raised on the vertical
spindle. The collar in turn transmits motion to some element
of the mechanism which effects the speed regulation.

Let W be the weight of each ball, 2KW that of the center
weight, A the height of the “cone’ in inches, x the ratio of the

F1a. 66.—Governor head.

velocity of the collar to the vertical velocity of the balls, and N
the revolutions per minute of the governor head. Also let the
force which opposes the motion of the collar, due to the friction
of the moving parts of the governor mechanism actuated by it,
be denoted by 2/W. Then the following equation may be found
to hold:

N2h = 35,200 [1 + z(K + /)]

Considering the right hand member of the above as constant for

the moment, it may be seen that for every value of h there must

be a definite value of N. For different loads on the machine it
74
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is necessary that the gates and gate mechanism occupy different
positions and, if this requires different positions of the collar of
the governor head, it may be seen that the speed must decrease
as the load increases.!

If the change of speed from no load to full load be denoted by
AN and N be interpreted as the average speed, the coefficient of
speed regulation is AN/N. This coefficient may be reduced to a
very small value by careful design of the governor. The essen-
tials of # good governor are:

1. Close regulation or a small value of AN/N.

2. Quickness of regulation.

3. Stability or lack of hunting.

4. Power to move parts or to resist disturbing forces.
To some extent certain of these requirements conflict with others

8o that the final design is something of a compromise. Close
regulation may be obtained by so proportioning the arms that
z is a variable in such a way as to permit & to change but little
for the different collar positions. Stability and power may be
secured by making the center weight, 2KW, sufficiently heavy.
This weight is often replaced by a spring, which exerts an
equivalent force. The importance of a large value of K is seen
when we consider its relation to the friction. The latter changes
sign according to the direction of motion, and may also change

1 A constant speed or asynchronous governor could be constructed by so
arranging it that k remained constant as the balls changed their position,
but such a governor would lack stability as it might be in equilibrium with
the collar in any position for a given speed. Then or a slight change in
speed the governor would move over to its extreme position which would
be limited by a stop. Such governors have been built, however, and are

¢ practicable if a strong dash pot is used to prevent their ‘‘hunting.”
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in value from time to time, so that the larger the value of K
the smaller will be the effect of friction, and the closer together
will the two curves of Fig. 67 be. We can also see the great
necessity for keeping f as small as possible, and this requirement
leads us to the use of the relay governor.

The operation of the nozzles of impulse wheels or of the gates
of reaction turbines requires a considerable force to be exerted.
The governor head could not do this directly without being of
prohibitive size and hence it does nothing more than set some
relay device into action, the latter furnishing the power to
operate the regulating mechanism.

49. Types of Governors.—There are two fundamental types of
water wheel governors:

(@) Mechanical governors.

(b) Hydraulic governors.

With the first type the governor head causes some form of
clutch to be engaged so that the gates are operated by the power
of the turbine itself. This is the least expensive but has the
disadvantage that the operation of the gates adds just that much
moYe to a demanded load.* The second type of governor costs
more but is always used in the best plants. The governor head
in this case merely operates a pilot valve which admits a liquid
under pressure to one side or the other of a piston in a cylinder.
This piston and cylinder is known as the servo-motor and
operates the gates.

The liquid used to operate the servo-motor is stored under air
pressure in a tank into which it is pumped. The power for
operating the gates also comes from the turbine in this instance
but it is spread over the entire period of operation instead of
being concentrated just when the load is changing. Oil is
commonly used as the working fluid and is very satisfactory
except for its cost. Some effort, which is meeting with success,
is being made to produce emulsions consisting principally of
water but which will be similar to oil in its action. If water
alone is used, it should be carefully filtered and circulated over
and over again. Occasionally water has been used under pen-
stock pressure and, of course direct from the penstock, but the
grit and sediment in it is very bad for the operating parts of
the governor.

50. The Compensated Governor.—It has already been pointed
out in Art. 26 that the inertia of the water in the penstock and
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draft tube makes close speed regulation difficult, since often the
immediate result of a change of gate position is directly opposite
to that desired. With the simple type of governor the latter
would continue to operate in the same direction under these
circumstances and would thus move far beyond the proper
point. Finally when the hydraulic conditions would readjust
themselves the governor would then be compelled to move back,
but would this time pass to the other side of the proper place.
Thus the governor would continually “hunt’” and maintain a
constant oscillation of flow in the pipe line.

LA Floating Lever a B =
C
Spindle Driven
Relay Valve from Turbine Shaft
B
~>
Discharge
To Change
Speed~_ : g:L
To Close Gates From Pressure
— — Tank
< T1
To Open Gates ih H
Dash Pot

To Regulate Bpeed

a variation from No Load
to Full Load

F1a. 68.—Compensated floating lever governor.

To prevent such action a waterwheel governor is usually
‘““compensated” so that it will slowly approach its proper place
and practically remain there. Such a governor is also said to be
“dead beat.” In Fig. 68 may be seen the essential features of
the floating-lever compensated governor. If, for example, the
wheel speed increases, the balls of the governor raise the collar,
C, to which is attached the floating lever. The latter for the
moment pivots about A and through the link at B raises the relay
valve, D. This action admits oil (or other fluid) to the left-
hand side of the servo-motor piston and exhausts it from the
right-hand side, thus compelling the piston to move to the right
and decrease the turbine gate opening. But at the same time
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the bell-crank EFG, which is attached to the gate connecting
rod at E, is rotated about F so the arm G islowered. This pulls
down the pivot 4, which causes B to be lowered, thus closing the
relay valve ports and stopping the motion. Thus the governor
is prevented from over-travelling. Of course, if the gates have
not been moved far enough, this action can be repeated.

The dash pot, H, will not cause the pivot A to be moved unless
the governor acts quickly. If the governor changes slowly,
there is little need for the compensating action and hence the
dash pot does not then transmit the motion. But there is a

(Courtesy of Allvs-Chalmers Mfg Co.)
Fic 69 —Hydraulic turbine governor

second rod from G which is connected with the other vertical rod
by springs at M. This will serve to stop the motion in such a
case though it does not move A as much, since it has a shorter
radius arm.

For a given speed of the governor head, and hence for a given
position of the collar C, moving A will tend to shift the relay
valve and hence change the position of the turbine gates. But
if the turbine gates are changed, without any corresponding
change in load, the turbine speed will vary. The length of the
rod from G to M is adjustable by turning a wheel L into which
the two ends of the rods are fitted with right and left handed
threads. Hence the speed of the turbine can be varied within
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certain limits by L, which is convenient for synchronizing, for
instance. Generally L is turned by a very small electric motor
which can be operated from the switchboard.

At full-load on the turbine the servo-motor piston is at the
opposite end of the stroke from no-load and hence the pivot A
has a corresponding vertical travel. The amount of this travel
can be altered by changing the radius of the connection at G.
Considering B as fixed (as it must be if the relay valve is closed in
both cases) it is evident that changing the amount of travel of
A will change the amount of travel of the collar C. Remember-
ing that different positions of collar C correspond to definite
values of N, it 1s clear that changing the amount of travel of the
collar C from no-load to full-load will vary the speed regulation.

Other adjustments that can be made to secure the proper
degree of sensitiveness for the hydraulic conditions are to vary
the springs at M and to change the speed of the dash pot.

One of the recent changes in governor construction for vertical
type turbines is to mount the rotating weight on the turbine shaft
itself. This eliminates any lost motion between the turbine and
governor head.

61. QUESTIONS

A

1. With the usual type of governor, why must the speed vary to a slight
extent from no-load to full-load? Which way does the speed change as
the load increases? Why?

2. What qualifications are essential in a pood governor and how may
they be obtained? What is the effect of frmetion on the operation of the
governor?

3. Why is the speed range for a decreasing load different from that for
an nereasing load?  What is the purpose of the center weight or the spring
loading in governors?

4. What is a relay governor? Why is it necessary for water wheels?
How is it operated?

6. What are the relative merits of different types of relay governors?
What are the relarive merits of the fluids used in hydraulic governors?

6. What is the compensated governor? Why is it necessary? Describe
the action of one?

7. Describe the adjustments that can be made on a floating lever governor,



CHAPTER VII
GENERAL THEORY

62. Equation of Continuity.—In a stream with steady flow
(conditions at any point remaining constant with respect to
time) the equation of continuity may be applied. This is that
the rate of discharge is the same for all cross-sections so that
g = AV = av = constant, and in particular

q = A1V1 = Q1V1 = QqV2 (1)

63. Relation between Absolute and Relative Velocities.—The
absolute velocity of a body is its velocity relative to the earth.
The relative velocity of a body is its velocity relative to some
other body which may itself be in motion relative to the earth.
The absolute velocity of the first body is the vector sum of its
velocity relative to the second body and the velocity of the second
body. The relation between the three velocities u, v, V is shown

A\«
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Fia. 70.—Relation between relative and absolute velocities.

by the vector triangles in Fig. 70. The tangential component of
Vis

Vi=Vecosa=u-+vcosg (2)

64. The General Equation of Energy.—Energy may be trans-

mitted across a section of a flowing stream in any or all of the

three forms known as potential energy, kinetic energy, or pressure

energy.! Since head is the amount of energy per unit weight
of water, the total head at any section

2
H=z+~12%+% @

1 L. M. Hoseking, “Hydraulics,” Chaoter IV,
80
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There can be no flow without some loss of energy so that the total
head must decrease in the direction of flow by the amount of head

lost or
H, — H, = Head lost (4)

Suffixes (1) and (2) may here denote any two points.

In flowing through the runner of a turbine the water gives up
energy to the vanes in the form of mechanical work and a portion
of the energy is lost in hydraulic friction and is dissipated in the
form of heat. Thus the head lost by the water equals A" + h'.
And if suffixes (1) and (2) are restricted to the points of
entrance to and discharge from the runner, equation (4) may
be written

(zl+~——+”‘)—(,+ TrP) ()

66. Effective Head on Wheel.——Obvxously the turbine should
not be charged up with head which is lost in the pipe line, so the

Hydraglic Gradient

Fi1g. 71.—Effective head for tangential water wheel.

value of A should be the total fall available minus the penstock
losses. Thus if Z is total fall available from head water to tail
water, H' the head lost in the penstock or other places outside
the water wheel, and h the net head actually supplied the turbine,
we have
h=Z—-H (6)
The head supplied to the impulse wheel in Fig. 71 is the head
measured at the base of the nozzle. Thus for the tangential
water wheel

, h=Ho=P0 V2

o @

The reaction turbine, shown in Fig. 72, is able to use the
total fall to the tail-water level by virtue of its employment of
the draft tube. Hence the total head supplied to the wheel at £
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is measured above the tail-water level as a datum plane. Thus
for the reaction turbine

h=Hc=zc+Z)g+}/2‘;- (8)

The turbine with its draft tube, which in a sense is as much
an appurtenance of the runner as the guide vanes, is here charged
with the total amount of the energy supplied to it. The kinetic
energy of the water at discharge from the mouth of the draft tube
E is a loss for which the runner and draft tube may be said to be
responsible in part, though some loss there is inevitable, but the
trouble is that the setting of the turbine, over which the turbine
builder has little control, limits the design of the draft tube and

1 1 X =
=F

Fic. 72.—Effective head for teaction turbine.

hence the manufacturer may not be able to reduce this discharge
loss to a desired value. Two similar runners installed under
different settings might yicld different efficiencies because of this.
Consequently turbine builders desire some method which will
make the measured efficiency of a runner independent of the
conditions of the sctting over which their designers have no
control. This second method is to charge up the turbine with all
losses within the draft tube but to credit it with the vclocity
head at the point of discharge. Thus

Vg?
29

It is believed that equation (8) is rational and scientificalky
correct, but that equation (9) may be.commercially more de-
sirable.! In general the actual numerical difference between
the values of & computed by these two methods will be small.

V.2
ll:Hc"‘HE:Zc‘I"f;'f‘ 2“;“—' (9)

! For discussion on this point see “Investigation of the Performance of &
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56. Power and Efficiency.—Since head is the amount of energy
per unit weight of water it follows that by multiplying by the
total weight of water per unit time we have energy per unit time
and this is power. Thus

Power = WH = pounds per second X feet (10)

In this expression H may be interpreted as in (3) or it may be
replaced by A’ or any other head according to what is wanted.

But also power equals force applied times the velocity of the
point of application. Thus

Power = Fu = pounds X feet per second (11)
where F represents the total force applied.
Torque, T, equals F X r and angular velocity w = :.—‘
Since then Fu = Tw it is evident that

Power = Tw = foot pounds per second (12)

Any of these three expressions for power may be used according
to circumstances. While (11) is the most obvious to,many, it
will be found that in hydraulics (10) is usually more convenient.

(The following simplifications for horsepower of a turbine are
convenient. Using the h of Art. 55, )

B.h.p. = 62.5 ghe/550 = ghe/8.8.

For estimations, the value of the efficiency may be assumed as
0.80 in which case our expression becomes h.p. = gh/11.)

The word ‘“efficiency’ is always understood to mean total
efficiency. It is the ratio of the dcveloped or brake power to
the power delivered in the water to the turbine based on the
head & of Art. 55.

Reaction Turbine,” by R. L. Daugherty, Trans. Am. Soc. of C. E., vol. 78,
p. 1270 (1915).

1t may be noted that it might be desirable under some circumstances to
eliminate the draft tube losses altogether and compute the efficiency of the
runner alone. This would necessitate the measurement of the head at D
in order to take the difference between it and the head at C. The practica)
difficulty here is that, due to the turbulent and often rotary motion of the
water at this point, it is impossible to measure the pressure with any degree
of accuraoy. Likewise the velocity head cannot be computed, since the actual
velocity under the conditions of flow will not be equal to the rate of discharge
divided by the cross-section area. This same consideration holds in regard
to the computation of the velocity head at E.
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Mechanical efficiency is the ratio of the power delivered by
the machine to that delivered to its shaft by the runner. The
difference between these two powers is that due to mechanical
losses.

Hydraulic efficiency is the ratio of the power actually de-
livered to the shaft to that supplied in the water to the runner.
The difference between these two is due to hydraulic losses.

Volumetric efficiency is the ratio of the water actually passing
through the runner to that supplied. The difference between
these two quantities is the leakage through the clearance spaces..

The total efficiency is the product of these three. Thus

e=6mX€hX€u-

67. Force Exerted.—Whenever the velocity of a stream of
water is changed either in direction or in magnitude, a force is
required. By the law of action and reaction an equal and
opposite force is exerted by the water upon the body producing
this change. This is called a dynamic force.

Let R be the resultant force exerted by any body upon the
water and R, and R, be its components parallel to z and y axes.
Also let us here consider «a as the angle made by V with the z
axis. The force exerted by the water upon the body will be
denoted by F. Its value may be found in either of the two ways
shown below. The first depends upon the principle that the
resultant of all the external forces acting on a body is equal to

the mass times the acceleration or K = m%%{ The second is

based upon the principle that the resultant of all the external
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forces acting on a body or system of particles is equal to the time
rate of change of momentum of the system or R = {ij?gtV)

(a) Force Equals Mass Times Acceleration.—Let dR be the
force exerted upon the elementary mass shown in Fig. 73. Let
the time rate of flow be dm/di, where m denotes mass. Then
in an interval of time dt there will flow past any section the mass
(dm/dt) dt, which will be the amount considered. Thus

dv dm \NdV  dm dV
dt <dt 'dt> dt ~ dt (dt dt)

Our discussion will be restricted to the case where the flow is
steady in which case dm/dt is constant and cqual to W/g. There-
fore, since (dV/dt)dt = dV,

w

dR =~ dV.
g9

dR = dm

The summation of all such forces along the vane shown will give
the total force. But, since integration is an algebraic and not a
vector summation and in general these various elementary forces
will not be parallel, it is necessary to take components along any

axes. Thus
R. =Y dV - Wr,]
9 g 1

Now at point (1) the value of V,is V; cos a; and at (2) it is V»
cos a. Inserting these limits and noting from Fig. 72 that
Vacos ag — Vicos a; = AV, we have

R, = I:]V(Vz cos ag — Vicos ;) = };-]AV,

(b) Force Equals Time Rate of Change of M omentum.—Consider
the filament of a stream in Fig. 74 which is between two cross
sections M and N at the beginning of a time interval d¢, and
between the cross-sections M’ and N’ at the end of the interval.
Denote by ds; and ds; the distances moved by particles at M
and N respectively. Let A; be the cross-section area at M,
V. the velocity of the particles, and «; the angle: between the
direction of V; and any convenient z axis. Let the same letters
with subscript (2) apply at N.

At the beginning of the interval the momentum of the portion
of the filament under consideration is the sum of the momentum
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of the part between M and M’ and that of the part between
M’ and N. At the end of the interval its momentum is the sum
of the momentum of the part between M’ and N and that of the
part between N and N’. Inthe case of steady flow and with the
vane at rest or moving with a uniform velocity in a straight
line, the momentum of the part between M’ and N is constant.
Hence the change of momentum is the difference between the
momentum of the part between N and N’ and that of the part
between M and M’. Noting that wAids; = wAadss, since the
flow is steady, the change in the  component of the momentum
during dt is then

wA 1d6‘1

g

(Vgcos az — Vicos ay).

Fig. 74.

If the rate of flow be denoted by W (Ib. per sec.), then
'wA1d81 = Wdt

and the time rate of change of the z component of the momentum
is

Eg] (Vacos as — V1 cos ay).

Thus the £ component of the resultant force is
R, = ];(Vz cos ag — V;icos a;) = —;"IAV,.

This method has the advantage that it may be extended to
the case where the flow i1s unsteady, if desired. In this event
the two masses at the ends would be unequal and the momentum
of the portion from M’ to N would be variable. In the case
of & series of vanes on a rotating wheel running at a uniform
angular velocity the momentum of the water on any one vane
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will be changing. But for the wheel as a whole, the momentum
of the water on all the vanes will be constant so long as the flow
is steady.

The method in (a) pictures the total force as the vector sum of
all the elementary forces along the path of the stream. The
method in (b) shows that the total force is independent of the
path and depends solely upon the initial and terminal conditions.

Since the force exerted by the water upon the object is equal
and opposite to R, we have

WY

F,=— (V; cosa; — Vycosay) = — n AV, (13)
In a similar manner the y component of F will be
w . . w

F,, = ‘6‘ (V1 Sin a; — Vz sin Otg) = — g* AV, (14)

Since F = V/F;? + F,? and AV = \/AV,2 AV 2,
the value of the resultant force is

F= -‘ngV (15)

The direction of R will be the same as that of AV and the direction
of F will be opposite to it. It is because F and AV are in opposite
directions that the minus sign appears
in the last members of equatlons (13)
and (14). Note that AV is the vector
difference between V; and V..

68. Force upon Moving Object.—
The force exerted by a stream upon
any object may be computed by the
equations of the preceding article,
whether the object is stationary or mov- Fra. 75.
ing. The principal difference is that in
the latter case the determination of AV may be more difficult.
Thus in Fig. 75 assume the initial velocity of the stream V,,
the velocity of the object ui, the angle between them «;, and
the shape of the object to be given. The relative velocity v,
can be determined by the vector triangle. Its direction is also
determined by this triangle and is not necessarily the same as
that of the vane or object struck by the water. But the direc-
tion of the relative velocity of the water leaving is determined
by the shape of the object, since v; is tangent to the surface
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at this point. The magnitude of v, may be some function of
v;. Then knowing u., which is not necessarily equal to u; how-
ever, the magnitude and direction of V, can be computed from
the vector triangle. The AV desired is the vector difference be-
tween V; and this V..

In case the stream is confined so that its cross-section is
known, the magnitude of »; may be computed directly from the
equation of continuity.

The remaining difficulty is the one of determining the amount
of water acting upon the body per unit time. The rate of dis-
charge in the stream flowing upon the object is A,V so that
W = wA,V,. But this may not be the amount of water striking
the object per second. For instance if the object is moving in

Fia. 76.—View showing action of jet on several buckets.

the same direction as the water and with the same velocity, it
is clear that none of the water will strike it. The amount of
water which will flow over any object is proportional to the
velocity of the water relative to the object itself. If we denote
by W’ the pounds of water striking the moving object per second,
and by a; the cross-section area normal to v;, then W’ = wa,0;.
If we consider a wheel with a number of vanes acted upon by
the water, the above is true for one vane only. The reason that
less water strikes one vane per second than issues from the nozzle
in the same time is that the vane is moving away from the nozzle
and thus there is an increasing volume of water between the two.
But for the wheel as a whole the entire amount of water may be
used, since one vane replaces gnother so that the volume of water
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from the nozzle to the wheel remains constant. If one vane
uses less water than is discharged from the nozzle in any given
time interval and yet the wheel as a whole uses the entire amount
of water, it means that the water must be acting upon more than
one bucket at the same instant. This is shown in Fig. 76.

69. Torque Exerted.—When a stream flows through a turbine
runner in such a way that its distance from the axis of rotation
remains unchanged, the dynamic force can be computed from the
principles of Art. 57. But when the radius to the stream varies,
it is not feasible to compute a single resultant force. And, if it
were, it would then be necessary to determine the location of its
line of action in order to compute the torque exerted by it.
Hence we find the total torque dirsctly by other means.

L3
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A fundamental proposition of mechanics is that the time rate of
change of the angular momentum (moment of momentum) of
any system of particles with respect to any axis is equal to the
torque of the resultant external force on the system with respect
to the same axis.?

In Fig. 77 let MN represent a vane of a wheel which may
rotate about an axis O perpendicular to the plane of the paper.
Water enters the wheel at M and, since the wheel is in motion,
by the time the water arrives at N on the vane that'point of the
vane will have reached position N’. Thus the absolute path
of the water is really MN’.

1 See the author’s ‘“ Hydraulics,”” Art. 112. This proposition'is analogous
toforce = time rate of change of momentum, but here we deal with moments
on both sides.
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Let us consider an elementary volume of water forming a hollow
cylinder, or a portion thereof, concentric with 0. Let the time
rate of mass flow be dm/dt. Then in an interval of time dt,
there will flow across any cylindrical section the mass (dm/dt)dt.
Let this be the mass of the elementary volume of water we are
to consider. Let the radius to this elementary cylinder be r.
Only the tangential component of the velocity will appear in a
moment equation, hence the angular momentum of this cylinder
of water will be mass X radius X tangential velocity or (dm/dt)
dt X r X V cos a, and the time rate of change of momentum,
which is equal to torque, will be
(dm

a1’ = ( dt

. ar) A o0s ). >-d(rVGOSa).

In the case of steady flow (dm/dt) is constant and equal to W/g

and
A
T = n d(rVeos a).

Integrating between limits we have the value of the torque
exerted by the wheel upon the water, or by changing signs, the
value of the torque T exerted by the water upon the wheel.
Thus

dm 7t> d(rVecosa) _

T = I;—/ (r1V1 cos ay — raV s cos ay) (16)

Representing the tangential component of the velocity of the
water, often called the “veclocity of whirl,”” by V,, since it is in
the direction of u, we have

T = % 1V — raV) (17)

It is immaterial in the application of this formula whether the
water flows radially inward, as in Fig. 76, radially outward, or
remains at a constant distance from the axis. In any event r;
is the radius at entrance and r; is that at exit.

A shorter method of proving the above is analogous to method
(b) of Art. 57. During an interval of time dt the wheel has
received angular momentum at M of dmr,V, cos a; and given
up angular momentum at N’ of dmr,V, cos ap, assuming the
flow to be steady. And, since dm = (W /g)dt for steady flow,
the time rate of change of angular momentum is (W /g)(r,1V1 cos
ay — Tng cos ae).
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It is also possible to consider F, of equation (13) to be made
up of two forces concentrated at the points of entrance and
exit. The former is (W/g)V; cos a; at radius r; and the latter is
(W/g)V2 cos ap at radius ro. Taking the moments of these two
tangential forces, we get equation (16) at once.

60. Power and Head Delivered to Runner.—If the flow is
steady and the speed of the wheel uniform, an expression for the
power developed by the water is readily obtained. From Art. 56

Power = Wh' = Tw.
Using the value of T given by (16) and noting that re = u,

Power = Wh' = _T;I_’ (u1Vicos ay — usVacos ag)  (18)

This is the power actually developed on the runner by the
water. It is analogous to the indicated power of a steam engine.
The power output of the turbine is less than this by an amount
equal to the friction of the bearings and other mechanical losses,
such as windage or the disk friction of a runner in water in the
clearance spaces.

Eliminating the W from the equation above we have the head
actually utilized by the runner. Thus

B = e = % UVt — UV ) (19)

As just seen, the hydraulic efficiency is equal to 2”//h. The net
head h supplied to the turbine is used up in the following ways:
2 2
=W B e m b (20)
Of these items h’’ is the head converted into mechanical work, the
second term represents the energy dissipated in the form of heat
due to internal friction and eddy losses within the runner, the
third term is the kinetic energy lost at discharge, and the fourth
term represents the loss in the nozzle of a Pelton wheel or the
case and guides of a reaction turbine. The factor m in the
above may be unity in the case of an impulse wheel pr a reaction
turbine without a diverging or proper draft tube. For a reac-
tion turbine with an efficient draft tube it will be less than unity.
61. Equation of Energy for Relative Motion.—Using the
value of k" given by (19) in (5) we have

(= + 7 % +”‘) (,+ +”‘)== = (Ve — usVua) + B
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All of the absolute velocitieg will be replaced in terms of relative
velocities as follows:

Vi =02 4+ u,? + 2uw; cos By

Vot = 02 4 us? 4 2uqw; cos B

Vu, = us + v1 cos By

Vu, = us + v; cos B2

The substitution of these values gives us
v~ w? zn) _ < ve? — Up® 22) Y
(= + o T (e A D) = e
This equation serves to establish a relation between points
(1) and (2). If the wheel is at rest u; and u, become zero, v; and
v, become absolute velocities and equation (21) becomes the equa-
tion of energy in its usual form as in (4).
62. Impulse Turb ne.—The following numerical solution is
given to illustrate the application of the foregoing principles.
This impulse turbine is of the outward flow type known as the

Absolute Path
of Water

Entrance

Fig. 78 —Outward flow turbine.

Girard turbine. Obviously the direction of flow makes no dif-
ference in the theory.

By construction, a; = 18°, 82 = 165°, r; = 2.0 ft., ro = 2.5 ft.
The hydraulic friction loss in flow through the runner will be
taken as proportional to the square of the relative velocity so that

2
KN ==k 92?—, where k is an empirical constant. Assume k = 0.4.

Suppose k = 350 ft., N = 260 r.p.m., ¢ = 100 cu. ft. per second.
Find relative velocity at entrance to runner, relative velocity
and magnitude and direction of absolute velocity at exit from
runner, head utilized by wheel, hydraulic efficiency, losses, and
the horsepower. (See Fig. 78.)
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Vi= v/2gh = 8.0254/350 = 150 ft. per second.
w1 = 2rr; N/60 = 54.4 ft. per second.
= (ry/ri)u: = 68.0ft. per second.

By trigonometry »; = 99.55 ft. per second.
Suppose the flow is in a horizontal plane so that z; = z.. Since
it is an impulse turbine the pressure throughout the runner will
be atmospheric. Thus p; = p..
Equation (21) then becomes

(1 + k)og® = 2% + ug® — us?
1.4 v2 = 9910 + 4624 — 2960 = 11,574
v, = 90.9 ft. per second.

By trigonometry V, = 30.6 ft. per second, a; = 130°

Vii= Vicosa; = 150 X 0.951 = 143
Vs = uz +v2 cos B2 = 68.0 — 90.9 X 0.966 = —19.7
(Also V,o = V3 co8 az =306 X (— 0.639) = —19.7)

" 3 (Vs — V)

(54.4 X 143 + 68 X 19.7) = 283 ft.

32 2
Hydraulic efficiency = h’’/h = 283/350 = 0.81.
Hydraulic friction loss = & ”;g = 042" = 513 1.
Discharge loss = %;2 = 6%% = 14.6 ft.
Power = %5}%, ~ 100 X 6525?) X283 _ 3220 h.p

63. Reaction Turbine.'—Another numerical case will be given
to illustrate the application of the foregoing principles to the
reaction turbine. The turbine used here is the Fourneyron or

outward flow type, though the theory applies to any type.
By construction, a; = 182, 83 = 165°, r; = 2.0 ft., rs = 2.5 ft,,

4 2
A, = 1.368q. ft., a2 = 1.425 sq. ft. Assumek = 0.2 (h' = k’%})

18ee Art. 8. If the area a; is made small enough the wheel passages will
be completely filled with water under pressure. We then have a reaction
turbine. Note that

H, = Kl— + p" so that V; is not equal to v/2gH;.
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Suppose h = 350 ft., N = 525 r.p.m., and ¢ = 164.5 cu. ft. per
second. Find head utilized by turbine, hydraulic efficiency,
losses, pressure at guide outlets (entrance to turbine runner),
and the horsepower.

Since the wheel passages are completely filled the areas of the
streams, A; and a, are known, thus

Vi=q/4, = 164.5/1.36 = 121 ft. per second.
v, = (A1/as) V1 = 115.5 ft. per second.

For the above r.p.m. u; = 110 ft. per second, u, = 137.5 ft. per
second.

Ve = Vicosa; = 115.
Vi = Ug + vgco8 82 = 137.5 — 115.5 X 0.966 = 26.0.

R = % (Va1 — usVaa) = —32152 (110 X 115 — 137.5 X 26) =
282 ft.

Hydraulic efficiency = 282/350 = 0.805.

Hydraulic friction loss = k% = 0.2 133%0 _ 41 5 4
ydraulic friction loss = 95 = 02 g4q = 4151

By trigonometry II//:z = 38.8 fi. per second.
. 22 15056

Discharge loss = 90 = 644 23.4 ft.

Since v, is determined by the area a, we do not have the use for
equation (21) that we did in the case of the impulse turbine.
By it, however, we can compute the difference in pressure between
entrance to and discharge from the runner. Thus from (21),
taking 2; = 2,

Pr_pr_ A+ Ko’ = w — ol w00
w w 2g

(If the turbine discharges into the air then %2 = 0 and % = 122

ft.) This pressure difference may also be computed from equa-
tion (5).

Wh"”  62.5 X 164.5 X 282
550 550

64. Effect of Different Speeds.—If a wheel is run at different
speeds under the same head, the quantities v;, vz, V3, as, A",
efficiency, and power all vary. In Fig. 79 may be seen the
velocity diagrams for entrance and discharge from a wheel at five

= 5270 h.p.

Power =
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different speeds from standstill to run-away and photographs!
of the wheel at these speeds. The relations for a reaction
turbine would be very similar to these for the impulse wheel.
The most important change is that in the quantities «; and
V.. When the wheel is at rest, as = 8, and V, = v,. As the
speed increases o, decreases, passes through 90°, and approaches
0°. The value of V, decreases to a minimum and then increases
again.

From equation (20) it may be seen that, other losses being
equal, the maximum efficiency would be obtained when the dis-
charge loss is & minimum. It can be seen that V, is very small
when either v; = u; or a; = 90°. A means of computing the
speed necessary for this will be given later. Neither of these
gives the actual mathematical minimum but they are very
close to it.

The torque exerted on the wheel by the water may be seen to
decrease as the wheel speed increases. In equation (17) W and
V.1 are practically constant, though they vary slightly in the
case of the reaction turbine. But V,, continuously increases
algebraically. It has its maximum negative value when the wheel
is at standstill, it is zero when the speed is such that a; = 90°,
and it attains its maximum positive value when the turbine is
at run-away speed. This is the maximum speed which the wheel
can reach under a given head and is attained when all external
load is removed. Under these circumstances the torque exerted
by the water is just sufficient to overcome the mechanical losses
of the turbine. The run-away speed of the wheel is thus strictly
limited by hydraulic conditions.

In the ideal case the maximum possible speed of the Pelton
wheel would be when the velocity of the buckets equalled the
velocity of the jet. But under these conditions AV of equation
(15) would equal zero. Consequently the wheel must run at a
speed somewhat less than this as some power is required to over-
come the mechanical losses at this speed. For the impulse wheel
the maximum value of ¢ usually attained is about*0.80 at run-

! These photos also show the needle in the center of the jet. The piece
at the side of the buckets toward the lower right hand side of the case is
the “stripper,” its function being to deflect water that might otherwise be
oarried around with the wheel up into the upper part of the case. The
buckets pass through this with a relatively small clearance. A close inspec-

tion of the views of the wheels and the water leaving it will give one a fair
idea of the variation in velocities.
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away. For the reaction turbine it is about 1.3. The relations
in the latter case are somewhat more complex but are similar
to those for the Pelton type.

66. Forced Vortex.—A forced vortex is produced when a
liquid is compelled to rotate by means of external forces applied
toit. Thus, if the vessel XY of Fig. 80, is rotated about the axis
0-0, the water filling the vessel will tend to rotate at the same
speed with it and we will have a forced vortex.

The pressure within this body of water will then vary as shown
by the curve CD. The law of variation may be found as follows

1
i
! EY
! D
1
1 o
%
c w
! !
‘pydp)dA
Pt '7)\_ - bl 1‘
] v
X dr YM N
(o]

F1:. 80.—Forced and free vortices.

Consider an elementary volume, whose length along the radius
is dr and whose area normal to this is d4, and which rotates at
an angular velocity w at radius r. Thedifference in the pressures
on the two faces, which is the resultant force acting, is equal to
dp X dA, and the acceleration of the mass is w?r, directed toward
the axis of rotation. Thus

dpdA = (wdA dr/g) wr '
dp = (ww?/g) rdr
P = (ww?/g) r2/2 + constant.

To find the value of the constant of integration, let p, be the pres-

sure when r equals zero. Thus the constant is equal to p,, and
7



98 HYDRAULIC TURBINLS

p_ et P
w 29+w
2
=%+% (22)

From this it may be seen that the curve is a parabola. If the
vessel is open, but with sides high enough so that the water cannot
overflow, the surface of the water will become a paraboloid, since
the pressure variation along the radius is the same whether the
water be confined or not.

This equation is really a special case of equation (21) with v,
and »; equal to zero, since there is no flow of water. If water
flows then equation (21) must be employed. Flow may occur
in either direction. It may be noted that the energy of the water
is not constant along the radius, as both the pressure and the
velocity of the water increase. This is possible because, dueto
the action of external forces, energy is being delivered to (or
taken from) the water.

An important application of equations (21) and (22) is in con-
nection with the centrifugal pump. The vessel XY of Fig. 80
may be said to be a crude illustration of the impeller of such a
pump. But the equations are also of value in determining the
conditions of flow through turbine runners, of either the impulse
or reaction type.

66. Free Vortex.—A free vortex is produced when a liquid
rotates by virtue of its own angular momentum, previously de-
rived from some source, and is free from the action of external
forces. Thus in Fig. 80, if the rotating vessel XY is surrounded
by a stationary vessel MN into which the water can pass from
XY, the water will still tend to rotate and, neglecting friction,
we will have a free vortex.

The pressure within the free vortex will vary as shown by the
curve DE. Thelawof variation may be found as follows: Since
no external forces are applied, the resultant torque exerted is
zero, and hence the angular momentum is constant (Art. 59).
Since angular momentum is proportional to 7V cos « or rV,,
it follows that

rV cos @ = rV, = constant (23)

the value of the constant being the value obtained from the
numerical value of these factors at the point of entrance.
Considering the radial component of the velacity V,, we have
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g = 2zrb X V, = constant, from the equation of continuity.

Hence
rbV sin @ = rbV, = constant (24)

the value of this constant being proportional to gq.
The total velocity V is the resultant of these two components
so that
Vi=V24 V2 (25)

Since no energy is delivered to (or taken from) the water, the
value of the effective head H must remain constant. Thus
V2
29
the value of this constant being determined by the total head of
the water initially. Taking the datum plane such that z = 0,
we have

H=z+ +§; = constant,

p_g_V_g YoV
wo H 2 H 2g 2g

The flow of the water may be in either direction. Actual fric-
tion losses will modify the resulting values of the pressure and
also of V,, but cannot alter V,. If bis constant, V, and V, vary
in the same proportion, neglecting friction, so that « is constant
and the path of the water is the equi-angular or logarithmic
spiral.

The free vortex is found in the casing surrounding the im-
peller of some types of centrifugal pumps. It is also found in
the water in a spiral case approaching a turbine runner, and
the above equations have many applications.

For example equations (23), (24), and (25) show that the
velocity of the water varies inversely as the radius of curvature
of its path. Hence if the vanes of turbine runners are so
shaped that the stream lines have sharp curvatures, the velocity
of the water will be excessive and, from equation (26), it may
be seen that the pressure will be reduced. This may result
in the pressure becoming so low that erosion will result,
as mentioned in Art. 45. For the same reason it is undesirable
to let the water discharged from a turbine runner flow direct
toward the axis, as in the pure radial inward flow turbine.
For if the water leaving the runner had any ‘“‘whirl” this would
increase as the axis was approached and, according to the
equation, would become infinity, while the pressure would be

(26)
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minus infinity, when the radius equalled zero. While these
limits could not be reached, the vaporization of the water that
would actually take place would induce corrosion and also
cause additional eddy losses. Hence the water is turned at
discharze as has been shown in Fig. 34, page 43, and the
central space is often taken up with a cone.

€7. Theory of the Draft Tube.—The flow of water through a
draft tube is no different in principle from the flow through any

T R

¥y v vp

Fig. 81.

other conduit and hence Bernoulli’s theorem, otherwise known as
the general equation of energy of Art. 54, may be applied to it.
Equation (4) however has been stated only for the case of
steady flow and for the present purpose we are concerned with
any condition of flow that mayexist. Hence we shall add another
term called the acceleration head, which is the head necessary to
accelerate the velocity of the water when the rate of discharge
is changed by the action of the governor. Let this head be
detoned by kg, while the loss of head in friction, H’, 18 divided
into its two separate factors, h, the friction loss in the tube, and
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V52/2g, the velocity head lost at discharge from the mouth of the
draft tube. Thus referring to Fig. 81, we have

2
H2=zz+1;;"+%

H4=O+O+&
w

where p, denotes absolute pressure and p, denotes atmospheric
pressure. Then

H;, — Hy = H' + hg,
Or

2 7 22
A (@7)

The solution of this equation will give the allowable height of the
turbine runner above the tail-water level. Or the equation can
equally well be used to determine the pressure for any given
elevation. In theabove,

7;;‘ is governed by the altitude and local variations but is
approximately equal to 34 ft. of water.
% cannot be less than the vapor pressure of the water at that

temperature as determined from the stcam tables and should be
from at least 2 to 4 ft. of water more.

V. is a function of the design and type of the runner. The
higher the capacity and speed of the type the higher will be the
value of V,. It is also a function of the head under which the
turbine runs, because all velocities vary as the square root of the
head. Also if a5 is not 90°, the value of V, will be greater than
g divided by draft tube area.

h; depends upon the construction of the draft tube. Ordinarily
it may be assumed as about 15 to 25 per cent. of V2?/2g.

Vs is controlled by the setting of the plant for that fixes the
allowable length of the draft tube. It is also a function of the
construction of the draft tube and the head under which the
turbine operates.

hqc. is determined by the action of the governor and it may
be either plus or minus in value. The negative value is the
ofie to use in the above equation.

It can be seen from the foregoing that two types of turbines
with different discharge velocities would have different limiting
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values of z; under the same head. And the same runner would
also require a lower setting under a higher head because of the
change in this same item.

If the turbine is set higher than the limiting value, as deter-
mined by this equation, the efficiency of conversion in the
draft tube will be lost due to the vaporization and subsequent
recondensation of the water. Also corrosion of the runner will
take place because of the liberation of oxygen. Again if the
height is very close to the allowable limit for steady flow, the
sudden closure of the turbine gates by the governor may cause the
pressure at discharge from the runner to drop to such a low value
that the water vaporizes. But an instant later the water will
surge back up the draft tube, striking the runner a decided blow.

68. QUESTIONS AND PROBLEMS

. 1. How is the effective head to be measured on the Pelton wheel and on
the reaction turbine? Why are two values possible in the latter case?
What are the definitions of the various efficiencies that may be dealt with?

2. What is the procedure for computing the force exerted by a stream
upon a moving object? What are the reasons for the difference between
W and W'?

3. What becomes of the total energy supplied in the water to the wheel?
As the speed of a wheel varies, under a constant head, the torque exerted
on it, and consequently its power, varies. Since the power supplied in the
water is constant, what becomes of the difference between the two?

4. What are the fundamental differences between the solution of the prob-
lem of the impulse wheel and of the reaction turbine?

5. As the speed of a wheel changes how do V, and a; vary? Of what
significance is this? What limits the maximum speed of a Pelton wheel
under a given head?

8. What is a forced vortex? How does the pressure vary in it? What
examples of it are found?

7. What is a free vortex? How does the velocity vary in it? How does
the pressure vary? What common examples of this are found?

8. What conclusions can one draw from the equations for the free vortex
that have an important practical application?

9. Derive the equation for the maximum allowable height of a turbine
runner and discuss the items that affect this value?

10. What is the effect of the action of the governor upon the conditions
within the draft tube? What will be the effect if a turbine runner is set
too high?

11, In the test of a reaction turbine the following readings were taken
(see Fig.72): Pressure at entrance, pc/w = 126.6 ft., zc = 12.6 ft., diameter
at C = 30 in., diameter at £ = 60 in., and rate of discharge = 44.5 cu. ft.
per second. Compute the head on the turbine by each of the two methods
given. Ane. 1405 ft.
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12. A jet of water 2 in. in diameter and with a velocity of 100 ft. per sec-
ond issues from a nozzle on the end of a 6-in. pipe and strikes a flat plate
normally. Find: (a) Power of jet, (b) thrust exerted on pipe, (c) force ex-
erted on plate. Ans. (a) 38.4 h.p., (b) 376 1b., (c) 423 Ib.

18. Suppose the jet in problem (12) strikes a vane which deflects it 60°
without loss of velocity. Find (a) component of force in direction of jet,
(b) component normal to jet, (¢) magnitude and direction of total force.
Solve also assuming the terminal velocity to be reduced to 80 ft. per second,
all other factors remaining the same.

Ans. (a) 2111b., (b) 365 1b., (c) 4221b. at 60° with V,.
(a) 254 1b., (b) 293 1b., (c) 388 1b. at 49° 08".

14. Solve problem (13) assuming the angle of deflection to be 180°.
What difference does the angle make in the magnitude of each force? What
difference is there in the effect of friction in each instance?

Ans. (a) 844 1b., (b) 0, (c) 844 1b. at 0° with V.
(b) 760 lb.

15. Suppose the vane in problem (14) moves in the same direction as the
jet with a velocity u, and that friction loss is such that v, = 0.8v;. When
u has values of 0, 30, 44.4, 70 and 100 ft. per second, find: (a) Values of the
Ib. of water per second striking the vane, (b) values of absolute velocity at
discharge, (¢) values of the force exerted.

Ans, (a) 136.3, 95.3, 75.7, 40.8, and O lb. per second.
(b) —80,—26, 0, +46, and +100 ft. per second.
(c) 760, 372, 234, 68.5, and O Ib.

16. Solve problem (15) if the jet is upon a wheel equipped with similar
vanes. Find the power delivered to the shaft at each speed. What be-
comes of the difference between this and the power of the jet?

Ans. 760, 532, 422, 228, and 0 lb.
0, 29.0, 34.0, 29.0, and 0 h.p.

17. For a turbine runner, ¥V, = 70 ft. per second, V; = 20 ft. per second,
ry = 2 ft., v = 3ft., a1 = 20°, a2 = 80°, and W = 300 lb. per second. (a)
Find torque exerted upon the wheel. (b) If u; = 50 ft. per second, find
the power. Ans. (a) 1128 ft. b, (b) 51.3 h.p.

18. For a turbine runner, V, = 70 ft. per second, Vs = 20 ft. per second,
pr/w =25 ., ps/w = —25 ft. Assume friction loss (kvs2/2g) in flow
through runner as 5.78 ft. and that there is no difference in elevation. (a)
Find head utilized by runner, (b) If W = 300 lb. per second, find the power.

Ans. (a) 94.2 ft., (b) 51.3 h.p.

19. For the impulse turbine in Art. 62 it will be found that v2 = us when
u; = 68.4 ft. per second. Find the r.p.m., efficiency, losses, and horse-
power. Compare with values given in Art. 62. .

Ans. 326 r.p.m., e = 0.845, 3365 h.p.

20. For the reaction turbine in Art. 63 it will be found that a; = 90° if
u; = 86.3 ft. per second. At that speed the rate of discharge will be found
(by method given later) to be 159 cu. ft. per second. Find the r.p.m.,
efficiency, losses, and horsepower. Compare with values given in Art. 63.

Ans. 412 r.p.m., e = 0.852, 5380 h.p.

21. Compare the best r.p.m. of the impulse turbine with the best r.p.m.

of the reaction turbine in Problems (19) and (20). Compare the values of vy
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in Problems (19) and (20). Why are these different? What effect has this
upon the best speed?

22. Water enters the spiral case of a turbine with a velocity of 10 ft. per
second. (@) Considering this velocity as tangential at a radius of 9 {t.,
which is the distance from the runner axis to the center of the case near the
point of intake, what is the tangential component of the velocity at entrance
to the speed ring vanes, the outer radius of whichis 7ft.? (b) If the height
of the vanes at this point is 5 ft., find the radial component of the velocity
if the turbine discharges 900 cu. ft. per second. (¢) What should be the
angle of the speed ring vanes at this point? (d) What should be the angle
of entrance to the turbine guide vanes, if the radius is 6 ft., and the height
is 3 ft.? Ans. (a) 12.85 ft. per second, (b) 4.09 ft. per second.

23. A turbine running under a head of 200 ft. is of such a design that
V12/2g = 7 per cent. of h and V;2/2g = 1 per cent. of . If the minimum
pressure allowable is 3 Ib. per sq. in., what is the maximum height the
runner may be sect above the tail-water level, assuming the draft tube loss
to be 25 per cent. and the maximum negative acceleration head to be 50
per cent. of V,2/29? What will be the result if this same turbine is used
under a head of 50 ft.? Ans. 11.6 ft., 23.2 ft.

24. A turbine running under a head of 50 ft. is of such a design that Vs2/2g
= 20 per cent. and V;2/2g = 2 per cent. of h. If the minimum pressure
allowable is 3 Ib. per sq. in., what is the allowable height the runner may be
set above tail-water level, assuming the draft tube loss to be 25 per cent.
of V3?/2g and the maximum negative acceleration head to be 50 per cent.
of V1?/2g? Compare with second part of preceding problem.

Ans. 15.6 ft.



CHAPTER VIII
THEORY OF THE TANGENTIAL WATER WHEEL

69. Introductory.—The tangential water wheel has been
classed as an impulse turbine with approximately axial flow.
The term tangential is applied because the center line of the jet
is tangent to the path of the centers of the buckets. In this
article the assumption will therefore be made that «; = O° and
that ry = r,. It will be shown later that these assumptions are
not entirely correct.

\ /
/ . -
$%
v
2 v,
Vi
u ¢ >
1
Fia. 82.

If the angle a; be assumed equal to zero then u, and V, are
in the same straight line and v; = V; — ui. The conditions at
exit from the buckets are shown in Fig. 82. In applying equation
15 we desire to find only the component of the force tangential to
the wheel since that is all that is effective in producing rotation.
Therefore we shall find only the component of AV along the direc-
tion of u;. Thus, if F here denotes tangential force,

F = %(Vl - Vg CcOos ag)

= %Z(Vl — Ug — Vg COS fBg)
105
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By equation (21) since z; = 23, p1 = P2, U1 = Uz, (1 + k)vs? = v33,

V1 Vi—w
v = T,/ = T e
TNVI+kE VIt
Substituting this value of »; we obtain

w cos B3
F= ~(1 - 222 (v, - 28
(- A ) - w (28
A more exact value for the force exerted may be found in Art. 72.
The above is only an approximation.

Multiplying the force given above by the velocity of its point
of application, we have the power developed. Thus

P = Fu = %(1 - \;Tf_:])(V —wm (29)

The power input to the wheel, including the nozzle, is Wh, where
h is determined as in Art. 55. The power in the jet is WV,2/2g
+and is less than the former by the amount lost in friction in the
nozzle.

Equation (28) is the equation of a straight line. It shows that
F is a maximum when u, is zero and that it decreases with the
speed until it becomes zero when u; = V. Equation (29) is the
equation of a parabola. It shows that the power is zero when
u1 = Oand again when u; = V;. The vertex of the curve, which
gives the maximum power and hence the maximum efficiency, is
found when u; = 0.5V Since in reality both of these curves
are altered somewhat, when all the factors are considered, some
of these statements require modification.

The actual speed for the highest efficiency has been found by
test to be such that ¢, = 0.45 approximately<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>