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PREFACE

A NEw Treatise on Hydraulics is required for more than one
reason. It is required in order to include the very consider-
able advances which have been made, of late years, in
nearly all branches of the science, advances due to such
investigations as those made by Mons. Bazin on Weirs, by
Mr. Kennedy, of the Indian Public Works Department, on
the Power of Streams to carry Suspended Matter, and by
engineers in America on Pipes and Apertures. It is also
required in order to develop and expand the branch of
Hydraulics which relates to Flow in Open Channels. In
this branch there has always been an excessive number of
matters regarding which information has been obtainable
only in a scattered, highly condensed, or otherwise defective
form, or has been altogether non-existent,! so that, although
they can easily be reduced to general principles, and although
they have often a direct practical bearing on his work, the
engineer has had to find them out gradually for himself.
The above remarks refer chiefly to the laws and prin-
ciples of Hydraulics. Not less important is the matter of
Co-efficients. The very large errors (carrying with them waste
of time and money when works are designed) in the co-
efficients given by the older writers are now fully admitted
1 Owing to these causes, and to the consequent want of opportunity for
studying matters and referring them to underlying principles, fallacies are

not uncommon. Several are mentioned in the text, and one in particular in
chap. vii. art. 9.
b v



vi HYDRAULICS

by engineers, and the advantage of using modern figures is
recognised. Much light has been thrown on co-efficients by
the researches above mentioned and others equally recent.

It has further seemed desirable to have a book which,
besides being a text-book, should include practical Examples
and full Working Tables. 4

In the present volume an attempt is made to deal with
the above matters. The book has been compiled from notes
which have extended .over a long period, and embody the
results of twenty-five years’ practical experience and study
both of observed facts and of current literature. It contains
a very large proportion of new matter, especially in chapters
ii., iv,, vi, vil,, and ix. It is hoped that it may be found
to meet the requirements both of the student and of the
engineer.

In every branch considerable detail is gone into, but the
reader who does not require details will have no difficulty
in passing over them, some being in small print and some
forming special articles.

For kindly supplying remarks or information on points
which seemed doubtful, I beg to thank Messrs. Bazin, Stearns,
Rafter, and Kennedy, Professors Unwin, Williams, and Bovey,
and Dr. Brightmore.

I also thank Messrs. Rivington for the attention which
they have given to the printing and issue of the book.

E S B

April 1903,
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CHAPTER 1
INTRODUCTION

SECTION I.—PRELIMINARY REMARKS AND DEFINITIONS

1. Hydraulics.—Hydraulics is the science in which the flow
water, occurring under the conditions ordinarily met with in
agineering practice, is dealt with. Based on the exact sciences
“hydrostatics and dynamics, it is itself a practical, not an exact,
ience. Its principal laws are founded on theory, but owing
» imperfections in theoretical knowledge, the algebraic formule
mployed to embody these laws are somewhat imperfect and con-
iin elements which are empirical, that is, derived from observation
nd not from theory. The science of Hydraulics is concerned with
he discussion of laws, principles, and formulz, of such observed
henomena as are connected with them, and of their practical

pplication. The quantities dealt with are generally velocities
nd discharges, but sometimes they are pressures or energies. It
3 frequently necessary in Hydraulics to refer to particular works
r machines, but this is done to afford practical illustrations of
he application of the laws and principles. Descriptions of works
r machines form part of Hydraulic Engineering and not of
Tydraulics, and the same remark applies to statistical information
on subjects such as Rainfall. Some description of Hydraulic
Fieldwork is included in this work for reasons given below
(chap. ii. art. 25). The laws governing the power of a stream to
move solids by rolling or carrying them are intimately connected
with the laws of flow and are naturally included.

2. Fluids, Streams, and Ohannels.—A ‘fluid’ is a substance
which offers no resistance to distortion or change of form. Fluids
are divided into ¢ compressible fluids’ or ‘gases, such as air, and
‘incompressible fluids’ or ¢liquids,’ such as water. Perfect fluids
are not met with, all being more or less ¢ viscous,’ that is, offering
some resistance, though it may be very small, to change of
form, A ‘stream’ is a mass of fluid having a general movement of

A



2 HYDRAULICS

translation. It is generally bounded laterally by solid substances
which form its ‘channel.’” If the channel completely encloses the
stream, and is in contact with it all round, as in a pipe running
full, it is called a closed channel ’; but if the upper surface of the
stream is ‘free,” as in a river or in a pipe running partly full, it is
an ‘open channel.” An ‘eddy’ is a portion of fluid whose particles
have movements which are irregular and generally more or less
rotatory ; it may be either stationary or moving with respect to
other objects. The ‘axis’ of a stream or channel is a line centrally
situated and parallel to the direction of flow. In
an open channel its exact position need not be fixed,
but in a pipe it is supposed to pass through the
centre of gravity of each cross-section.

An ‘orifice’ or ‘short tube’ (Fig. 1) is a short
closed channel expanding abruptly, or at least very
rapidly, at both its upstream and downstream ends.
A short open channel similarly circumstanced

Fra. 1. (Fig. 2) is called a ¢ weir,’ provided the expansions
are wholly or partly in a vertical direction. When they are
wholly lateral it is called a ¢contracted channel.” All these short
channels will collectively be
termed ‘apertures,’ and ‘channel’
will be used for channels of con-
siderable length.

The stream issuing from an ori-
fice or pipe is called a ‘jet,’ that
falling from a weir a ‘sheet.’ Except in the case of a jet issuing
under water a stream bounded by other fluid of the same kind is
called a ‘current.’

8. Velocity and Discharge.—The direction of the flow of a
stream is in general parallel to the axis, but it is not always so at
each individual point. If at any point the flow is not parallel to
the axis, the velocity at that point may be resolved into two com-
ponents, one of which is parallel to the axis and the other at right
angles to it. The component parallel to the axis is termed the
‘forward velocity.” A ‘cross-section’ of a stream is a section at
right angles to the axis. The velocities at all points in the cross-
section of a stream are not equal. A curve whose abscissas
represent distances along a line in the plane of the cross-section,
and whose ordinates represent forward velocities, is called a
‘velocity curve.’ The ‘discharge’ of a stream at any cross-
section is the volume of water passing the cross-section in the




INTRODUCTION 3

unit of time. The ‘mean velocity’ at any cross-section is the
mean of the different forward velocities. It is the discharge of
the stream divided by the area of the cross-section. Thus

r=%oo=ar ...

This is the first elementary formula of Hydraulics. Except when
velocities at individual points are under consideration, the term
‘velocity ’ is generally used instead of ¢ mean velocity.’

As long as the conditions under which flow takes place at any
given cross-section of a stream remain constant, the velocity and
discharge are constant, that is, they are the same in succeeding
equal intervals of time. In this case the flow is said to be
‘steady.” As soon as the conditions change, the velocity and dis-
charge usually change, and the flow is then said to be unsteady.
Owing to the introduction or abstraction of water by subsidiary
- channels, leakage, or evaporation, the discharges at successive
cross-sections of a stream may be unequal, but the flow may still
be steady. Flow is unsteady only when the discharge varies
with the time, and not when it merely varies with the place. In
Hydraulics, flow is always assumed to be steady unless the con-
trary is expressly stated. For instance, in the statement that
a rise of surface level gives an increase in velocity, it must be
understood that this refers to the period after the surface has
risen, and not to that while it is rising. In any length of stream
in which the flow is steady, and in which no water is lost or
gained, the discharges at all cross-sections are equal, or

Q=A;VI=AQVQ=3"IC-, “ e (2)
where 4,, A4,, etc., are the areas of the cross-sections, and 7, 7,

etc.,, the mean velocities. In other words, the mean velocity at
any cross-section is inversely as the sectional area.

SEcTION II.—PHENOMENA OBSERVED IN FrowING WATER

4. Irregular Character of Motion.—In flowing water the free
surface oscillates, especially in large and rapid streams. The
oscillation is probably greater near the sides than at the centre.
The motion of the water is also irregular. Except under peculiar
conditions the fluid particles do not move in parallel lines, or
‘stream-lines,’ but their paths continually cross each other, and
the velocity and direction of motion at any point vary every
instant. The stream is, in fact, a mass of small eddies. The
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irregularities of motion increase with the roughness of the channel
and with the velocity of the stream. They are especially great
in open channels. Eddies produced at the bed are constantly
rising to the surface. Floats dropped in at one point in quick
succession move neither along the same paths nor with the same
velocities. In experiments made by Francis, whitewash discharged
into a stream four inches above the bed came to the surface in
a length which was equal to ten to thirty times the depth, and
was less, the rougher the channel. The eddies are strongest
where they originate, namely, at the border of the stream. To
compensate for the upward eddies there must, of course, be down-
ward currents, but they are diffused and hardly noticeable. The
resistance to flow caused by all these irregular movements is enor-
mously greater than that which would exist in stream-line motion.

Although the velocity and water-level at any point fluctuate
every moment as above described, the average values obtained
in successive periods of time of longer duration are more or less
constant. The velocities obtained at any point in successive
seconds will, perhaps, vary by 20 per cent.; those obtained in
successive minutes will vary much less; and those in successive
periods of five minutes each probably scarcely at all. The same
is true of the direction of the flow. For the water-level the
averages of several observations obtained in periods of a minute
each will probably agree very closely. A velocity curve obtained
from a few observations is generally irregular, but one obtained
from a large number is regular. If the flow is not steady, the
average velocities and water-levels obtained in successive long
periods of time may, of course, vary, but they will exhibit a
regular change. When velocity and water-level are spoken of,
. the average values and not the momentary values are meant, and
this remark applies to the foregoing definition of steady flow.
The discharge at any cross-section, if considered in its momentary
aspect, is probably never steady. The irregularity of the motion
of water renders the theoretical investigation of flow extremely
difficult, and no complete theory has yet been propounded.

5. Contraction and Expansion.—Except under an infinite force,
a body cannot, without either coming to rest or describing a
curve, change its direction of motion. Acting in obedience to
this law, water cannot turn sharp round a corner. Wherever any
.sharp salient angle 4 or B (Fig. 3) occurs in a channel, or at the
entrance of an aperture, the water travelling along the lines G4,
HB cannot turn suddenly and follow the lines 4C, BD. It follows
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the lines 4 E, BF, which are curves. At 4 and B the radii of the
curves may be very small, but the curves doubtless touch the lines
G4, HB. This phenomenon
is known as ‘contraction.’
The stream contracts from
ABto EF. If the channel or
aperture extends far enough,
the stream expands again
and fills it at MN, the spaces
AME, BNF containing
eddies. These have, however,
little or no forward move-
ment, and are not part of
the stream. There are also
eddies at K, L. In a case of abrupt enlargement (Fig. 4) the
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—a vertical section. And similarly with Fig. 4. Sometimes still .

or ‘dead’ water may replace part of an eddy. The term eddy
will be used to include it.

iy

Fie. 4.

SectioN III.—Userul FicUres

6. Weights and Measures.—The following table! gives the
weight of distilled water for various temperatures. The weights
of clear river and spring water are practically the same as the
above. For all ordinary practical purposes the weight of fresh
water may be taken to be 62-4 lbs. per cubic foot when clear,
and 625 Ibs. or 1000 ounces when containing sediment. Water
is compressed by about one twenty-thousandth part of its bulk
by a pressure of one atmosphere. Sea-water weighs about 64 lbs.
per cubic foot. Water usually contains a small quantity of air in
solution.

1 Smith’s Hydraulics, chap. i.
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Temperature | Pounds per | Temperature | Pounds per | Temperature | Pounds per
(Fahrenheit.) | Cubic Foot. | (Fahrenheit). | Cubic Foot. | (Fahrenbeit). | Cubic Foot.
32° 62-42 95° 6206 160° 61-01
35° 62-42 100° 62-00 165° 60°90
.39°3° 62-424 105° 61-93 170° 60-80
45° 62-42 110° 61-86 175° 60-69
50° 6241 115° 6179 180° 6059
55° 62-39 120° 6172 185° 6048
60° 62-37 125° 61-64 190° 60-36
65° 62-34 130° 6155 195° 60°25
70° 62-30 135° 6147 200° 60°14
75° 62-26 140° 6139 205° 60-02
80° 62-22 145° | 6130 210° 59°89
85° 6217 150° = 6120 212° 59-84
90° 62-12 155° . 61°11

An Imperial gallon of water contains g3 cubic feet, and weighs
almost exactly 10 Ibs. A United States gallon is five-sixths of an
Imperial gallon. A metre is 3-2809 feet, a cubic metre 35:317
cubic feet, a kilogram 2-2055 pounds avoirdupois, and a litre
61:027 cubic inches or 2201 gallons. A cubic metre of water
weighs 1000 kilograms. The metric system being that chiefly
employed on the continent of Europe, these figures may be useful
in the conversion of figures given in reports of foreign experiments
or investigations. A French inch is ‘02707 of a metre or ‘0888 of
an English foot. ' '

The units employed in this work are the foot, the second, and
the pound. Thus velocities and discharges are in feet or cubic
feet per second, weights in pounds per cubic foot.

7. Gravity and Air Pressure.—The force of gravity, denoted
by g, is generally assumed to be 322, that is, it is supposed to
increase the velocity of a falling body by 322 feet per second, and
~2g, a quantity very frequently occurring in hydraulics, is then
8:026. These figures are suitable for Great Britain and Canada,
but the force of gravity varies with the locality, increasing with
the latitude and decreasing with the height above sea-level. At
the Equator at the sea-level g is 32:09, and at the Pole at the
sea-level it is 32:26. The mean values of g and /2g for ordinary
elevations and for latitudes up to 70° are 3216 and 8-02 respec-
tively. These are suitable for the United States, India, and
Australia, and are adopted in this work. They, however, differ by
only ‘12 per cent. and "06 per cent. respectively from the values
given above, and ordinarily this difference is of no account what-
ever. An increase of elevation of 5000 feet decreases g by only
‘016 and «/2¢ by -002.
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The pressure of the atmosphere near the sea-level is about 147
Ibs. per square inch, and is equivalent to about 30 inches of
mercury or 34 feet of water. According to the ‘English system’
of computation by ‘atmospheres,’ one atmosphere is equivalent
to 29:905 inches of mercury in London at a temperature of 32°
Fahrenheit. The French system gives a pressure which is greater
in the ratio of 1 to *9997. For elevations above the sea-level the
atmospheric pressure decreases. Up to a height of 6000 feet the
reduction for every thousand feet is about ‘5 Ib. per square inch,
or 1 inch of mercury, or 113 feet of water. Above 6000 feet the
reduction is less rapid, amounting to 1-9 lbs. per square inch in
rising from 6000 to 11,000 feet.

SecTiION IV.—HISTORY AND REMARKS

8. Historical Summary.—A historical sketch of Hydraulics given
in the Encyclopedia Britannical comprises the names of Castelli,
Torricelli, Pascal, Mariotte, Newton, Pitot, Bernouilli, D’Alembert,
Dubuat, Bossut, Prony, Eytelwein, Mallet, Vici, Hachette, and
Bidone. To these may be added Michelotti, D’Aubuisson, Castel,
and Borda.

Coming to specific branches of Hydraulics and recent periods,
flow in pipes has been made the subject of experiment and investi-
gation by Weisbach, Coulomb, Venturi, Couplet, Darcy, Lampe,
Hagen, Poiseuille, Reynolds, Smith, and Stearns, and flow through
apertures by Poncelet, Lesbros, Weisbach, Rennie, Blackwell,
Boileau, Ellis, Bornemann, Thompson, Francis,2 Unwin, Fteley and
Stearns,® Herschel, Steckel, Fanning, and Smith.# All the chief
experiments on pipes and apertures have been discussed and sum-
marised by Fanning® and Smith,* both of whom have compiled
tables of co-efficients for pipes and apertures. Smith’s discussions
show great care, and his figures and conclusions will be largely
utilised in this work ; but since the publication of his and Fanning’s
works further important experiments have been made on weirs by
Bazin,® and on weirs and pipes by various American engineers.”

! Encyclopedia Britannica. 9th Edition. Article ¢ Hydromechanics.’

2 Lowell Hydraulic Experiments.

3 Transactions of the American Society of Civil Engineers, vol. xii.

4 Hydraulics. . :

5 T'reatise on Water Supply Engineering.

6 Annales des Ponts et Chaussées. 6th Series, Tomes 16 and 19, and 7th
Series, Tomes 2, 7, 12, and 15. A résumé is given in L’'Ecoulement en
Déversosr.

7 Transactions of the American Society of Civil Engineers, vols. xix.,
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Regarding flow in open channels, extensive observations and
investigations have been made by Darcy and Bazin! on small
channels, by Humphreys and Abbott2 on the Mississippi, and by
Cunningham ¢ on large canals. Many observations have also been
made by German engineers and some by Revy* on the great
South American rivers. In this branch of Hydraulics the Swiss
engineers Ganguillet and Kutter have analysed most of the chief
experiments,’ including some made by themselves, and arrived at
a series of co-efficients for mean velocity. Their writings have
been translated and commented on by Jackson,® who has framed
tables of co-efficients? based on their researches. Finally Bazin
has reviewed the whole subject® and arrived at some fresh co-
efficients. Investigations have been made by Francis? on rod-
floats, by Stearns!® on current-meters, and by Kennedy ! on the
silt-transporting power of streams.

9. Remarks.—The different branches of Hydraulics are shown
by the headings of chapters iii. to x. of this work. In the
following chapter the whole subject is considered in a general
manner. This enables us to dispose once for all of many points
which would otherwise have had to be mentioned in more than
one of the subsequent chapters. Moreover, the different branches
are not always divided by such hard and fast lines as might appear ;
there are many points common to two branches, and the preliminary
consideration of the various branches of the subject in connection
with one another instead of separately will be advantageous.

xxii., xxvi.,, xxviii.,, xxxii., xxxiv., xxxv., xxxvi.,, xxxviii.,, xl.,
xli., xlii., xliv., xlvi., xlvii.

1 Recherches Hydrauliques.

2 Report on the Physics and Hydraulics of the Mississipps River.

3 Roorkee Hydraulic Experiments,

4 Hydraulics of Great Rivers.

5 4 General Formula for the Uniform Flow of Water sn Rivers
and other Channels. Translated by Hering and Trautwine.

8 The New Formula for Mean Velocity in Rivers and Canals.
Translated by Jackson.

7 Canal and Culvert Tables.

8 Ltude d’une Nouvelle Formule pour Canaux Découverts. -

9 Lowell Hydraulic Experiments.

10 Transactions of the American Society of Civil Engineers, vol. xii.

11 Minutes of Proceedings, Institution of Civil Engineers, vol. cxix.



CHAPTER 11
GENERAL PRINCIPLES AND FORMULAZE
SecTioN I—FIRST PRINCIPLES

1. Bernouilli’s Theorem.—Let Fig. 5 represent a body of still
water, the openings at f and v being supposed to be closed. The

Fi1a. 5.

water in the tubes at C, D stands at the same level as 4B. The
‘head’ or ‘hydrostatic head’ over any point is its depth below the
plane 4B. This plane is sometimes called the ¢plane of charge.’
The pressure is as the head. If P is the pressure per square foot
at the depth H, and /# the weight of one cubic foot of water, then

P=WH or H=§, The head H is said to be that ‘due to’ the

pressure P. .
Every particle of water in the reservoir possesses the same degree
" of potential energy. Comparing a particle at the depth H with one
at the surface, the one possesses energy in virtue of its pressure,
the other in virtue of its elevation.
Let an orifice be opened at F so that water flows along the pipe
GEF, and let the reservoir be large, so that the water in it has no
velocity and the surface 4B is unaltered. The pressure in the

water flowing in the pipe is reduced, and the water-levels in the
9
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tubes fall to K, L. The heights KM, LN are as the pressures at M
and N, and they are called the ‘ hydraulic heads’ or ¢ pressure heads.’
The tubes are called ¢ pressure columns,’ and the line BKL the line
of ‘hydraulic gradient.” Let p be the pressure at M, and 7%, the

pressure head. Then k= 1% Let 7 be the velocity in the pipe at

M and let h,= g Then h, is the ¢ velocity head.” It is the height

through which a body falls under the influence of gravity in an
unresisting medium in acquiring the velocity 7, or the height to
which it could be made to rise by parting with its velocity. Let
it be supposed that there are no resistances to the motion of the
water, so that no energy is consumed in overcoming them. Then
by the law of the conservation of energy the total energy of any
moving particle of water remains as before. Whatever is lost as
pressure is gained as velocity. The head ck lost in pressure is the
velocity head 4, Thus
h=hp+hy . . . (3),

or the pressure head added to the velocity head is the hydrostatic
head. This equation, due to Bernouilli,! is the basis of all theo-
retical hydraulic formule. It obviously applies to any point in
the pipe.

It has been seen that the pressure at M is as the height KA.
Assume that the velocities at all points in the cross-section M@ are
equal. Let H, and -H, be-the pressure head and velocity head
at E, then H=Hy+H,; h=hp+h,.

But since the velocities are equal, H,=h,; therefore H,—h,=
H—h, or the change in pressure in passing from M to E is the same
as it was when there was no flow. The pressure head at E is KE, and
the pressure at any point in the cross-section is as its depth below K.

Let OP be a datum-line and let %, be the ‘head of elevation’ of
any point M above OP. Then h+h, is constant for all points in the
system, and therefore

) ho+ho+h,=K . . . (4)
where K is constant. This is Bernouilli’s theorem more fully
stated. The total energy possessed by a particle of water is the
sum of the energies due to its pressure, velocity, and elevation.

If instead of a pipe we consider an open channel XY, the results
obtained will be the same as before. If pressure columns were
used the water in them would not rise above the surface X¥. At
each point in the surface the pressure head is zero and the velocity

1 The simple method of proof just given is not Bernouilli’s, but is taken
from Merriman’s Hydraulics, chap. iji.
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head is equal to the hydrostatic head. If the velocities at all
points in a cross-section are assumed to be equal, the law of change
of pressure with depth is the same as before.

Since the area NR is greater than MQ, the velocity is less and
the pressure greater. Thus from K to L there is a rise in the
hydraulic gradient. Similarly, in the open stream there is a rise
where the sectional area is increasing.

The pressure in a body of flowing water can never be negative,
as the continuity of the liquid would be broken.

2. Loss of Head from Resistances.—Practically a certain amount
of head 4’ is always expended in overcoming resistances, due to
the friction of the water on its channel and to the internal move-
ments of the water, so that the total head diminishes in going along
the stream in the direction of the flow. In other words, the
pressure head and velocity head do not together equal the hydro-
static head. The difference is the ‘head lost.’” The actual water-
levels would in practice be S, 7, and CS, DT would be the total
losses of pressure head up to the points M and N. As head is
lost, the work which the water is capable of doing in virtue of its
elevation, pressure, and velocity is diminished. If &’ is the head
lost by resistance between two cross-sections, then

g V-V
I _h—-—2—g— .. (D),
or the head lost is equal to the fall in the surface or line of gradient
less the increase in the velocity head. The same is true of the
open channel. The surface would be XZ instead of XY.

3. Atmospheric and other Pressures.—Generally a body of
water is subjected to the atmospheric pressure P,. The head
due to this pressure is 7}/;;’ and this has to be added in order to
obtain the total head over any point. The case is the same as if
the water-surface at each point were raised from 4D to UW by a
height % But usually—as in the preceding demonstrations—
the relative heads over two or more points are considered, the
pressure of the atmosphere affects all parts equally and is left out
of consideration. If, however, different portions of the water are
subjected to pressures of different intensities caused, say, by partly
exhausted air, by steam, or by a weighted piston, the water-surface
of each portion of the system must be considered as being raised

by a height P, where P is the intensity of the special pressure

w
acting on it.
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SecTiON II.—FLOW THROUGH APERTURES.

4. Definitions.—An aperture is said to be ‘in a thin wall’ when
its upstream edge is sharp (Figs. 6 and 7), and the ¢ wall’ or structure
containing the aperture is thin, or is
bevelled or stepped, so that the stream
after passing the edge springs clear
and does not touch it again. An
aperture like that shown in Fig. 1 or
Fig. 2, page 2, may have its upstream
edge sharp, but it does not come
within the definition.! A rounded or
‘bell-mouthed’ orifice (Fig. 8) is one
in which the sides are curved, so that
the tangents at ¢ and d are parallel, and the stream after passing-
CD does not contract. A weir of analogous shape may be formed .
by rounding the angle between the top and the
upstream side or ‘face,’ and by prolonging the side-
walls upstream.

The upstream surface of the wall surrounding an
aperture will be called the ‘margin.’ The margin is
|__——~1* said to be ‘clear’ when it is free from projections,
leakages, or anything which would interfere with
the free flow of water along the wall towards the
aperture. The clear margin, if not otherwise limited,
is bounded by the sides of the reservoir or channel,
or by any other aperture existing in the same wall.
‘When an aperture has sharp edges an increase in the
4 clear margin, up to a certain limit, increases the
! degree of contraction. When this limit has been
’ reached the contraction is said to be ¢ complete.’

’ An aperture with sharp edges is ‘normal’ when
/ the margin is a plane and the axis of the aperture
Ji is perpendicular to the plane. Any other aperture

is normal when its sides and approaches are sym-

Fia. 8. metrical with regard to any plane (in the case of a

weir any vertical plane) through the axis. For a
weir it is a further condition that the ‘crest’ or highest portion
must be straight and horizontal from one side-wall to the other,
and, in the case of a weir in a thin wall, that the wall must be

Fia. 7.

R~
T/
]

1 For this reason the expression ‘sharp-edged,’ used by some recent writers. .
in preference to the old one of ¢ in a thin wall,’ is not suitable.
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vertical. Every aperture is assumed to be normal unless the
contrary is expressly stated.

5. Flow through Orifices.—Let H be the height of the free
surface (Fig. 9) above the centre of gravity of the small orifice
C, D, or E, and let 7 be the velocity of the issuing jet. Both
the jet and the free surface 4B are supposed to be subject to
the atmospheric pressure P,. The total head over the\oriﬁce

is H +—§-}', and the pressure in and upon the issuing jet is P,

Then from equation 3 (page 10), supposing no head to be lost in
overcoming resistances,
P, P, P
H +W——W‘+§y—,
or V=\V%H . .. (6)
All formule for flow from apertures are modifications of this,
The velocity »/2gH is called the theoretical velocity.” It is the
same as would be acquired by a body falling from rest in a vacuum
through a height H. If the jet issues vertically upwards it will,
in the absence of all resistance except gravity, rise to the level of
AB. The velocity depends only on H and not on the direction in
which the jet issues. If 4GR is a parabola with axis vertical and
parameter 2g, the theoretical velocities of jets issuing at F, M, N
are as the ordinates FG, MK, NR. Practically owing to resistances
caused by friction and internal movements of the water, the
velocity of efflux is less than the theoretical velocity, and is
given by the formula o
V=c,J29H . . . (T),
where ¢, is a ‘co-efficient of velocity ’ whose mean value for the
two kinds of orifices under consideration is about *97.

Instead of assuming the water in the reservoir to have no
appreciable motion, let it be supposed that it is moving with a
velocity v directly towards the orifice. This velocity is called
¢velocity of approach ’ and the discharge through the orifice is in-
creased. The energy possessed by the water can, theoretically,

raise it to a height ;—; or h. This is called the head due to the

velocity of approach, and it must be added to the hydrostatic head.
Practically, for reasons which will be given below,a head nk has
to be added, n being 1-0 or less. The formula thus becomes

V=c, J29(H+nk) . . . (8).
If the fluid moved without resistance, a velocity v in any direction,
and not only toward the orifice. could be utilised in increasing the
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head and the discharge, but practically the only useful component
of the velocity is that parallel to the axis of the orifice. :
- In the case of an orifice in a thin wall (Fig. 6), the jet attains
a minimum cross-section at 4B, whose distance from the edge of
the orifice is about half the diameter of the orifice, or half the least
diameter if the orifice is of elongated form. This minimum
section is called the ¢ vena contracta.’ The ratio of its sectional area
a’ to the area a of the orifice is called the ¢co-efficient of contrac-
tion,’ and is denoted by ¢,: thus a’=ca. The mean value of ¢, is
about ‘63. A vena contracta occurs with any kind of orifice
having sharp edges, and c, is probably about the same. For a
bell-mouth ¢,=1-0.

The discharge of an orifice is

Q=av=acc,~/2gH.
Let cc,=c. Then c is the ‘co-efficient of discharge’ and

Q=ac/29H . . . (9).
Or when there is velocity of approach

=ac~/2g(H+nh) . . . (10).

The value of ¢ for orifices in thin walls averages about 61, and
for bell-mouthed orifices ‘97. It does not usually vary much with
the head. Generally the values of c,, ¢, and ¢ are not very greatly
affected by the shape and size of an orifice nor by the amount of
head. Generally ¢ is better known than ¢, or ¢, and it is also of
far more importance.

‘When an orifice has a head of water on both sides it is said to
be ¢submerged’ or ‘drowned,” and H in the formula is the differ-
ence between the two
heads. Thus for any ori-
fice @ or O (Fig. 9), the
head is B#. It has no-
thing to do with the actual
. depth of the orifice below
AB. If an orifice is partly
submerged it must be
divided into two parts, and
only the lower part treated
as submerged. If the
water-level at ¥ is higher
than at X, as it may be
when XUY is a stream
whose size is not very great relatively to that of the orifice, the
head is BX and not B#.1 It is the pressure at X and not at ¥

! Smith’s Hydrawlics, chap. iii.
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that affects the discharge from the orifice. The rise from X to ¥
is owing to the stream being in ¢ variable flow’ (art. 10).

‘When an orifice is in a horizontal plane, or when it is submerged,
formule 7 to 10 apply, no matter what the size of the orifice may be.
‘When an orifice is in a vertical or inclined plane the theoretical
velocity of each horizontal layer of water is ~/2gH, where H is
the head over that layer. When the vertical height between the
upper and lower edges of the orifice is small compared to the
head, the mean velocity in the orifice is practically that at its
centre of gravity. If an orifice extends from M to N (Fig. 9), its
centre being L, it is clear that, the curve KR being nearly straight,
LP is practically the mean of all ordinates from M to N. But
with an orifice HZ, whose centre is F, the protuberance of the
curve UV causes the mean ordinate to fall short of that at F, and
a correction has to be applied depending on the shape of the orifice
and the ratio of its depth to the head over its centre.

6. Flow over Weirs.—Unless the contrary is stated, it will be
assumed that all weirs have vertical side-walls, such forming in
practice the vast majority. The remarks just made regarding the
protuberance of the curve apply a forfiori to a weir. Let M (Fig. 9)
be the level of ithe crest of a weir. Let 4M=H and AS=4_’£_I.
The mean of all the velocities from A to M is represented by S7.
Thus the theoretical velocity 7 is\/ 2g%- or gJ 29H. The prac-
tical formula is

Q=2aygH ... 11

where ! is the length of the crest, H the head on the crest, and ¢
is a co-efficient of discharge whose value for sharp-edged weirs
averages about ‘62, and for others varies greatly according to the
form of the weir. With increase of head the co-efficient increases
in some cases and decreases in others. It is not usual to give a
separate formula for finding v or to divide ¢ into ¢, and ¢, but
roughly these are about the same for sharp-edged weirs as
for sharp-edged orifices. If there is velocity of approach the
formula is

2 —
=3 ol 29 (H+nh)} . . . (12)
where n is 1-0 or more, and %, as for orifices, is %, v being the

velocity of approach.
1 For proof see chap. iii. art. 19.
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When the water on the downstream side of the weir or ¢ tail
water’ rises above its crest (Fig. 10), the weir is said to be ¢sub-
merged ’ or ¢ drowned’ instead
of being ‘free.” The discharge
of 4 B is found by the ordinary
weir formulwe, equations 11
and 12. The discharge of BC
is considered as being that of
a submerged orifice BC under
a head 4B, and is found by
equation 9 or 10.

The same procedure is a-
dopted when a sudden fall occurs in the surface of a stream
owing, not to a weir, but to a lateral contraction of the channel.
The length I in equation 11 or 12 and the area a in equation
9 or 10 are measured downstream of DE where the contraction
occurs. The question whether the stream expands again at F@G
or continues contracted for an indefinite distance may affect the
co-efficient to be used, but does not affect the formule. When
the fall 4B is small compared to BC in the case of a weir, or to
BK in the case of a contracted channel, equation 9 or 10 alone
* is often used. The tail-water level, which should theoretically be
measured at L (see remarks regarding submerged orifices in the
preceding article), is measured at M. The co-efficients for most
such cases are imperfectly known, and refinements as to details
are unnecessary. See also article 19.

7. Concerning both Orifices and Weirs.—With all kinds of
apertures small heads are troublesome, not only because of the
difficulty in measuring them exactly, but because complications
occur, and the co-efficients are not properly known.

At a weir the water-surface always begins to fall at a point 4
(Fig. 11) situated a short distance upstream of the weir. Hence,
whatever the crest and end contractions may be, there is always
surface contraction. The angular spaces between the wall and
the bed and sides of the channel are occupied by eddies. The fall
in the surface begins where the eddies begin. From this point
the section of the stream proper or forward-moving water
diminishes, its velocity and momentum increase, and the increased
surface-fall is necessary to give the increased momentum (art. 10).
A similar fall occurs upstream of an orifice, though it may only be
perceptible when the orifice is near the surface.

The section where the eddies begin will be termed the ‘approach
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section.” It is here that the head should be measured and
the velocity of approach observed or calculated, but when, as
often happens .

with a weir, and
generally withan
orifice, the sur-
face upstream of
A is nearly level,
the head may be
observed either
at 4 or up-
stream of it. It
must not be ob-
served down-
stream of 4. In
some of the older
observations on
weirs the head

* was measured from D to C instead of from 4 to E, but the
co-efficients thus obtained are more variable, and it is very
difficult in practice to observe the water-level at .D with accuracy.
The section for velocity of approach may be shifted either way
from A4 B provided its area is not appreciably altered.

The velocity of approach, v, is the discharge, ¢, of the aperture
divided by the area, 4, of the approach section. If water enters
a reservoir in such a manner as to cause a defined local current
towards the aperture, the sectional area of the current may be
estimated or observed, and this area, not that of the whole cross-
section of the reservoir, used for determining the velocity of
approach. If the axis of an aperture is oblique to the direction
of the approaching water, the component of the velocity of the
latter parallel to the axis of the aperture may be taken to be the
velocity of approach. Equations 8, 10, and 12 cannot be solved
directly because, until @ or 7 is known, v and & are unknown. It
is impossible to find # by direct observation, in the case of a pro-
posed structure or unless the water is actually flowing, and even
then it is not a convenient process. The usual procedure is to
estimate a value for v, calculate %, solve equation 10 or 12, divide
by A, and thus find a corrected value for . If this differs much
from the value first assumed, it can be substituted and @ calculated
afresh. Velocity of approach has very little effect when the area

of the approach section is about fifteen times that of the smallest
B .
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section of the stream issuing from the aperture, that is for a sharp-
edged aperture nine or ten times the area of the aperture, and for
a bell-mouthed orifice fifteen times the area of the orifice. In a weir
the height of the aperture is to be considered 4 E, not DC.

In order that the contraction may be complete the margin must
be clear for a distance from the aperture extending in all directions
to about three times the least dimension of the aperture. Any
further extension has no effect. If the ratio of the width of the
clear margin to the least dimension of the aperture is reduced to
267 and 20, the discharge is increased by only about ‘16 and ‘50
per cent. respectively, so that practically a ratio of 2-75 is sufficient
and will be so regarded. In a weir the length of crest is usually
the greater dimension, and the least dimension is then the head 4 £
and not DC. Another condition essential for complete crest con-
traction is that air shall have free access to the space under the
issuing stream. In an aperture in a thin wall with complete con-
traction air usually has free access unless the tail water rises very
nearly to the crest or lower edge, when its surging may shut out
the air. In a weir with no end contractions the width of the
channel, both upstream and downstream of the weir, is, very likely,
the same as the length of the crest, and air will be excluded unless
openings in the sides of the downstream channel are provided to
admit it. Any want of free admission of air causes the sheet of
water to be pressed down by the air above it, the contraction is
reduced and various complications may occur. It is also neces-
sary for complete contraction that the edges be perfectly sharp.
Any rounding increases the discharge.

In Figs. 12 and 13 4BCD is
4 D the boundary of the minimum
clear margin necessary to give
full contraction, supposing EFGH
to be an orifice, KBCL the boun-
P E_H__ 1 dary supposing it to be a weir,

and FMNG supposing it to be a

o ' ¢ weir with no end contractions. In

Fig. 13 EH=EF x 20. Theratios

: of the areas within these bound-

b aries to those of the apertures are

B ya c 4225, 24:38, and 3'75 in Fig. 12,

Fio. 12 and 829, 4-78, and 3-75 in Fig. 13.
It is thus clear that of the two
conditions, namely, sufficiency of the marginal area to give full
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contraction and sufficiency of the area of the approach section to
give a negligible velocity of approach, one does not necessarily
imply the other. The two matters must be kept distinct. An
elongated aperture, especially a weir, is most likely to have a high
velocity of approach and a square aperture, especially an orifice, to
have incomplete contraction. Even when the area of the approach

A D
E H
Kp---- .
N p

]
1
H
' )
B g g ¢
Fia. 18.

section is very large, it may allow of incomplete contraction in
a portion of an aperture if unsymmetrically situated.

The co-efficients for apertures in thin walls are known with more
exactness than for others, but they are best known for orifices
when the contraction is complete, and for weirs either when it is
complete on all three sides or complete at the crest and absent at
the sides. The co-efficient n for velocity of approach is not very
accurately known. Hence very high velocities of approach are
objectionable where @ has to be accurately computed from assumed
co-efficients, but when v is not very high, that is, when the area
A is more than three times that of the smallest section of the
issuing stream, @ depends very little on n.

The fall in the surface upstream of an aperture, the rise C'F due
to crest contraction in a sharp-edged weir, and the effect of velocity
of approach greatly complicate the theoretical discussion of weir
formule.

SecTION III.—FLow IN CHANNELS

8. Definitions.—The ‘border,’ or ‘wet border,” B, of a stream
is the perimeter of its cross-section, omitting, in the case of an
open stream, the surface width. The ¢hydraulic radius,’ R, also
called in the case of an open stream the ‘hydraulic mean depth,’
is the sectional area 4 divided by the border. Thus R=3§. The
flow of a stream is ‘uniform’ when the mean velocities at succes-
sive cross-sections are equal ; that is, when the areas of the cross-
sections are equal. Otherwise the flow is ‘variable.’ A pipe is
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uniform when all its cross-sections are of equal area. - The flow in
such a channel must be uniform when it is flowing'full. An open
channel is uniform when it has a constant bed-slope and a uniform
cross-section. The flow in such a channel is uniform when the
| water-surface is parallel to the bed, but otherwise it is variable.
The ‘inclination’ or ¢surface-slope’ of an open stream is the ‘fall’
t or difference between the water-levels at any two points divided
" by the horizontal distance between them. The ¢virtual slope’ or
‘virtual inclination’ of a pipe is the difference between the levels
of two points in the hydraulic gradient divided by the horizontal

distance between them.

9. Uniform Flow in Channels.—When a stream flows over
a solid surface the frictional resistance is independent of the
pressure, and approximately proportional to the area of the
surface, and to the square of the velocity. Thus, if f is the
resistance for an area of one square foot at a velocity of one foot
per second, the resistance for an area 4 and a velocity 7 is
nearly f4V*® The value of f increases with the roughness of

the surface.

In the case of a uniform stream, open or closed, 4CDB (Fig. 14),
the second term on the right in equation 5 (p. 11) vanishes, and

Fia. 14.
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the loss of head % in a length
L is equal to the fall in the
surface or in the hydraulic
gradient. Inan open stream
the pressures on the ends
AC, BD of the mass of water
are equal, and the accelerat-
ing force is that component of
its weight which acts parallel
to its axis or WALZh. On
the assumption that the re-
gistance is entirely due to
friction between the stream

and its channel, the resistance is approximately fLBV*. Since
the motion is uniform this is equal to the accelerating force, or

W 4k
—T "B‘ Iv

But 4_R and hA=S, the surface-slope of the stream. Let

B L
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w_ _7rL
7——-0’. Then h-—-CWR L (13)’
or V=C RS ... (14)

where C is a co-efficient. In the case of & uniform pipe the pres-
sures on the ends have to be taken into consideration, but the
resulting equation is the same, S being the hydraulic gradient EF.
For if P, and P, are the pressures at 4 and B, the resultant pres-
sure on the mass 4CDB, resolved parallel to its axis, is 4(P,—P,)
or WA f_;,_f”.; or WA(K—h). The component of the weight
parallel to the axis is as before #W.A4h. These two together are
WAK. ZEquation 14 is the usual formula for uniform flow in
streams. It is known as the ‘Chézy’ formula. Obviously the co-
efficient C is greater the smoother the channel. The formula for
the discharge is
Q=ACNES . .. (15).

The theoretical proof just given takes no account of the resist-
ances due to the internal motions of the fluid, nor of the facts that
the velocities at all the different points in the cross-section differ
from one another, that the mean velocity 7 of the whole is
greater than the mean velocity v of the portions in contact with
the border, and that the frictional resistance may not be exactly
as 7* nor even as v'. Practically, it is found that the co-efficient
C depends not only on the nature of the channel, but on R and S.
The co-efficient increases with R ; that is, generally with the size
of the stream. It depends also to some extent on S, and perhaps
on other factors which will be mentioned. It increases with S in
pipes of the sizes met with in practice, and in open streams of
small hydraulic radius. The value of C varies generally between
40 and 120 for earthen channels, and between 80 and 160 for clean
pipes. The chief difficulty with all kinds of channels consists in
forming a correct estimate of the value of C. The difficulty is the
greater because the roughness of a. particular channel may be
altered by deposits or other changes.

Let an open stream of rectangular cross-section bave a depth
of water D, width W, and velocity 7. Let W be great relatively
to D, then R is practically equal to D and the fall in a length
Lis 7L
c*'D
lengths, but widths 2/, 3/, etc., the longitudinal slopes being
flatter, so that D is the same in all. The velocities will be

Let other reaches of the same stream have equal
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Z K __V,L Z‘_L_ ete
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The total loss of head in two reaches of widths # and 3/ is
2

%(1 +3). The loss of head in two reaches, each of width

2

o, will be g II;(iH)- Thus, the loss of head in a reach of
length 2L and width 2/ is less than half the loss in an equal
length of the same mean width, but in which the width is #” for
half the length and 3/ for the other half. If the streams
compared have circular or semicircular sections the difference is
still greater. Thus, in conveying a given discharge to a given
distance, the advantage as regards fall is on the side of uniformity
in velocity.

10. Variable Flow in Channels.—When the flow is variable,
the loss of head from resistances is the same as in a uniform

etc.,, and the losses of head will be

C’IL{’ provided the change of section is gradual

and the lengtl L short, so that the velocity and hydraulic radius
change only a little, say by 10 per cent., 7 and R being their
mean values, Then, from equation 5 (p. 11), the fall in the
surface or hydraulic gradient in the length L is

VPL_Vi=V' e

stream, that is

h=—=

CR %
where 7, and 7, are the velocities at the beginning and end of
the length L. The equation may be written

V=C’~/R\/h—% (1T
Vl’—V!'
29
streams. It is the same as equation 14 (since S=%) with the

where h,= This is the equation for variable flow in

addition of the quantity h,, which is introduced because of the
" change in the vis viva of the water. The quantity 7,* is the square
of the means of all the different velocities in the cross-section. It
ought strictly to be the mean of the squares. In a case which was
worked out, it was found to be 33 per cent. in excess. But a
nearly equal error occurs with 7,. The quantity &, thus represents
the change of vis viva without appreciable error.

If the section of the stream is decreasing, 7, is less than V,, , is
negative, and 7 is less than it would be in a uniform stream with
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the same values of B and 8. Or, 7 being the same, the fall 2 in
the surface, or in the hydraulic gradient, is greater than in a
uniform stream. This is because work is being ‘stored’ in the
water as its velocity increases. If the section is increasing 7, is
greater than 7, k, is positive, and ¥V is greater than in a uniform
stream, or 7 being the same, & is less. Work is being ‘restored’
by the water. There may even be a rise in the surface or line of
hydraulic gradient instead of a fall.

Consider any stream 4E (Fig. 15) in which the sectional areas
A and E are equal and the velocities therefore equal, and let the
area D be not more
than 10 per cent.
greater than C.
Make C"and C” each
equal to C. Evident-
ly the quantities &,
for the lengths 4C’, C"E will be equal, but of opposite signs, and
the total fall in the surface in 4C'+C"E will be the same as if
the flow were uniform and the section of the stream were an
average between the sections at 4 and ¢". The same is true
of the length C'C and of CC”. It does not matter whether the
fluctuations in section are due to changes in the width or in the
depth, or both. The formula 7=C J/RS therefore applies to a
variable stream 4 E if the velocities at both ends of it are equal
and the fluctuations moderate, but evidently it does not apply any
the better to a short length of such a stream in which the velocities
at the ends are not equal. Evidently in such a stream S varies
from point to point. It is greater as A is less. S in the formula
must be deduced from the total fall.

Now let the fluctuations be so great that the reaches must be
subdivided before the equation can be applied to them. Make F
equal to G. The fall in C'F4@C is the same as in a uniform
stream of section H. The fall in FB4B@ is the same as in a
uniform stream of section K. The total fall in C'C is the same as
the sum of the falls in two uniform streams of sections H and K.
This total fall is (art. 9) greater than that in a uniform stream,
having a section equal to the mean of H and K. It will also be
seen in section v. that if there are any abrupt changes the falls at
the contractions are by no means counterbalanced by the rises at
the expansions. Thus a variable stream is less efficient than a
uniform stream of the same mean section, or in other words, it
must have a greater total fall in order to carry the same discharge.

Fio. 15,
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This and the result arrived at in article 9 are analogous to other
mechanical laws. Uniformity in speed is best, slight fluctuations
are unimportant, but great, and especially abrupt, fluctuations give
reduced efficiency.

It is clear that the formula 7=C J/RS applies to the case last
considered if a suitable value is given to C and S is the slope
deduced from the total fall. It even applies approximately to a
stream in which the two end velocities are not equal, provided the
length is considerable, so that A, is small relatively to h. It
applies to such a case still more nearly if the value assigned to C
is such as to take account of the change in the end velocity,
C being greater than for uniform flow if 7 increases and less if it
decreases. It may not always be easy to say how much C should
be altered in such a case, but it may still be highly convenient
to use the formula in generalising regarding such a stream, for
instance in comparing the discharges for two different water-levels
or stages of supply in an open stream. Thus the formula for
uniform flow applies either exactly or nearly to a vast number of
cases met with in practice in which more or less approximate
uniformity of flow exists.

11. Concerning both Uniform and Variable Flow.—Pipes are
nearly always of approximately uniform section, and the flow in
them nearly uniform, but the sections are seldom exactly equal.
Open channels are sometimes nearly uniform and, if there is no
disturbing cause, the flow is nearly uniform. But in both cases
much confusion and error have been caused by applying the
formula for uniform flow to variable streams of short lengths, or,
supposing the short length to be uniform, by carrying the slope
or hydraulic-gradient observations into variable reaches.

Owing to a change, for instance a change of slope, or of section,
or a weir, in a uniform open stream, the water may be ‘headed up’

(Fig. 16) or ‘drawn down’

_——_—/ (Fig. 17) for a great dis-
4 %  tance, 4B, upstream of the

0,:' point of change. In these
cases the surface-slope 4B
differs from the bed-slope,
and the flow 1is variable
although the channel is uniform. Heading-up is also known as
‘afflux’ or ‘back-water.’” In all such cases the water-surface 4B,
which would, if the upstream reach had continued without any
change, have followed the line BC, has to accommodate itself to

Fic. 16.
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the downstream level at 4, and assumes a curve such that the
surface-slope changes in the opposite manner to the sectional
area. Downstream of B

A the flow is uniform.
In uniform closed chan-
nels the section of the 2
stream cannot vary, and
if from any cause the
gradient-level at any point is altered, the change of slope runs
back to the commencement of the pipe.

In the absence of any disturbing cause, that is when the flow is
uniform throughout, it is obvious from equations 14 and 15 that
in an open stream an increase of discharge is accompanied by a rise
of water-level and vice versa. The same is the case in a variable
stream. In uniform flow in an open stream, the dimensions and
slope of the channel being known, the discharge can be found if
the water-level is given and vice verss. The surface-slope is the
same as the bed-slope. In variable flow the surface-slope may be
very different from the bed-slope, and it is necessary to know the
water-levels at two points in order to find the discharge, or to
know the discharge and the water-level at one point in order to
find the water-level at the other point.

A large stream, whether in an open or closed channel, has an
advantage over a small one both in sectional area and in velocity.
For as A4 increases R usually increases, and with it C. If the
slopes are equal @ is much greater for the larger stream. If
@ is the same for both, S is much less, that is the loss of head
is less, for the larger stream. This applies to variable as well
as to uniform streams. A fire-hose of diameter D is fitted at its
end with a tapering ‘nozzle’ whose least diameter d is perhaps
? , 80 that the velocity of the issuing jet is nine times the velocity
in the hose. If the hose were made of diameter d the loss of head
in it would be greatly increased, and more pressure would be
required to drive the water through it. The size is limited by
convenience in handling. If part of the hose stretches under
pressure, so that the flow is variable, there is a gain all the same.
Again, let Fig, 16 represent an irrigation distributary with dis-
charge ¢, the bed-slope downstream of 4 being the same as
upstream, so that BC is the water-level. To supply water to high
ground near 4 a dam may be made, raising the surface to B4,
and enabling a discharge ¢ to be drawn off at 4, whereas a small

|

Fia. 17.
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branch made for this purpose from B, with a slope such as B4,
might discharge hardly any water.

The theoretical proof (art. 1) regarding the variation of
pressure with depth depended on the assumption that the velo-
cities at all points in a cross-section were equal. Though they are
not equal, it is found in practice that the law holds good.

12. Relative Velocities in Cross-section.—The velocity at any
point in a straight uniform stream flowing in a channel is,
generally speaking, greater the further the point is removed from
the border. The border retards the motion of the water next to it,
and the retardation is thus communicated to the rest of the stream.
In a pipe of square or circular section the velocity is greatest at
the axis, and thence decreases gradually to the horder. In an
open channel the form of cross-section varies greatly in different
streams, and the distribution of the velocities varies with it. The
distribution of velocities in the cross-section of a variable stream,
provided the section of the channel changes gradually, is practi-
cally the same as if the flow were uniform. The distribution
depends on the form of the section, and is not likely to be appreci-
ably affected by the fact that the whole velocity is slowly changing.
In all cases the velocity changes more rapidly near the border
(probably very rapidly quite close to the border, but observations
cannot be made there) and less rapidly towards the centre of
the stream. Thus all velocity curves are convex downstream.
Nothing in this article relates to the velocities at or near to abrupt
changes of any kind.

13. Bends.—In flow round a bend the distribution of velocities
is modified, the line of greatest velocity being shifted, by reason
of the centrifugal force, towards the outer side of the bend, and
all the velocities on the outer side being increased while those
on the inner side are reduced. The loss of head from resistance
in a bend is greater than in the same length of straight channel.
The additional resistance is chiefly caused by work done in
redistributing the velocities consequent on the transfer of the
maximum line from its normal to its new position, and in the fresh
redistribution after the bend is passed. This fresh redistribution
cannot be effected instantaneously, so that the normal distribution
is not restored till some distance below the termination of the
bend. Besides these resistances it is probable that wherever the
distribution is abnormal, no matter whether any redistribution is
in actual progress or not, the resistance is greater, owing to the '
high velocities near the border on the outer side of the bend.
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For a given channel and given radius of bend the total resist-
ance or loss of head caused by the bend is not proportional to its
length because, however long it may be, the redistribution has to
be effected only twice. If the lower half of a bend is reversed in
position, thus forming two curves, the loss of head in the whole
bend is greater than before, because the redistribution of velocities
has now to be effected in the opposite direction, doubling the
work of this kind done before. No abnormal distribution of
velocities occurs upstream of a bend unless, as in the case of
an earthen channel, the section of the stream is also abnormal a
little upstream of the bend. The laws regarding bends, both
in pipes and open channels, are imperfectly known. Recent
experiments on large pipes show that, for a given angle sub-
tended by a bend, a small radius of bend is, down to a certain
limit, preferable to a large radius. This is contrary to what has
hitherto been believed. Flow round a bend may be either uniform
or variable. If the section of the stream is the same as in the
straight reaches, the slope of the surface or gradient must be
greater, and there will be heading-up in the upstream reach.

SEcTION IV.—CONCERNING BOTH APERTURES
AND CHANNELS

14. Comparisons of different cases.—The difference between the
case of an aperture and that of a channel depends on the nature
of the work done. It is a difference of degree and not of kind.
In flow through a small orifice in the side of a large reservoir
a mass of water which is at rest has a velocity impressed on
it. The motive-power is the pressure of the water due to the
head, and the work done consists almost entirely in imparting
momentum to the water, friction and resistance being unimportant,
In uniform flow in a channel a mass of water slides, under the
influence of gravity, with a constant velocity. The motive-power
is that component of the weight of the water which acts parallel
to the surface or line of gradient, and the work done consists in
overcoming friction and the resistance caused by internal move-
ments. No fresh momentum is imparted. These are the two
extreme cases. In flow through some kinds of apertures there
are considerable resistances, and in variable flow in channels much
of the work may consist in the imparting of momentum. The
two extreme cases thus merge one into the other.! Most cases of

! Fig. 10, p. 16, may be regarded as a case of variable flow.
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abrupt changes in channels, dealt with in articles 17 to 21, occupy
an intermediate position. .
Comparing channels or apertures which entirely surround the
flowing stream with those which leave the water-surface free,
it will be found that the latter are far more elastic than the
former. In the case of the pipe GEF (Fig. 5, p. 9) and the
orifice C (Fig. 9, p. 14), if it is desired to double the discharge, it
is necessary to quadruple the head or the hydraulic gradient. In
either case a very great rise in the water-level 4B is required.
- But for a weir, since @ is roughly as H ! in order to double @
it is only necessary to increase H by some 60 per cent. For an
open channel with vertical sides the discharge—recollecting that C
increases with B—is doubled by increasing the depth about 50
per cent, The above comparisons do not of course take ‘exact
account of variations in the co-efficients. For an open channel
with sloping sides the discharging power may vary very greatly
for a quite moderate change of water-level. When the changes
in the conditions governing the flow are slight, so that the
co-efficient is practically unaltered, the changes in the discharge
are as follows: a change of 1 per cent. in the head over an
orifice or in the slope of a channel changes the discharge *5 per
cent. ; a change of 1 per cent. in the head on a weir or in the
sectional area of a stream changes the discharge 15 per cent.
A ‘module’ is an arrangement by which it is sought to ensure
a constant discharge of water from a fluctuating source of supply.
Generally it is a machine which automatically alters the size or
position of an aperture as the water-level varies. Some modules
are imperfect, and in such cases, having regard to the preceding
paragraph, it is clearly best that the water to be delivered should
pass through an orifice or pipe, and the surplus over a weir or
through an open
D gl ¢ <— channel. In Foote’s
module (Fig. 18) a
H ¢ F gate E, regulated at
ot intervals by hand,
causes the water-level
in the canal at C to be
nearly constant, and
higher than at D.
By an orifice F
Fia. 18. water flows into the
tank F4, and on to the branch 4B, the surplus passing over a
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weir GH. The regulation is better the longer the weir, but it
would be improved by so arranging the gate E that the water
would flow over it instead of under it. ‘

Even if the water in a canal js steady, an outlet consisting of an
orifice of fixed size will not, if submerged, give a constant dis-
charge if the branch channel is liable to be altered. If it is
enlarged, its water-level falls, and thus the head at the outlet is
increased. The limit is not reached until there is a free fall.

15. Special Conditions affecting Flow.—The condition of water,
as for instance its temperature or the amount of suspended matter
which it contains, has in some cases an effect on the flow. A rise
in the temperature of water probably causes an increase in the
discharge, while an increase in the suspended matter causes, for
flow in channels, a decrease ; but it seems that appreciable changes
in the discharge are caused only by great changes in the con-
ditions, and scarcely even then unless the channels or apertures
are small and the velocities also low.

For velocities under six inches per second the frictional resist- |
ance of water flowing over a solid is not as 7. For velocities |
of one inch per second and less it is nearly as V. At very low
velocities the nature of flow in pipes is essentially different from
that at ordinary velocities. For any given pipe there is a certain
‘critical velocity.” For velocities lower than this the motion is
in parallel filaments, 7 varies nearly as S and as R* and increases
with the temperature of the water. With pipes whose diameter:
was ‘03 inch or less, 7, when below the critical velocity, was'
found to be trebled as the temperature rose from 0° to 45°|
Centigrade. With larger pipes some increase occurs. When the
velocity in a pipe rises to the critical amount, a very rapid or'
even sudden change occurs, the motion becoming first sinuous
and then eddying. Reynolds, who made investigations with very
small pipes, concluded that the critical velocity was higher the
smaller the pipe. Thrupp! states that with pipes having a
hydraulic radius of two inches and more the critical velocity
increases with the hydraulic radius, and that there is a similar
law for open streams, but no details of his observations have
been published. It is not known how flow through apertures is
affected, if at all. Experiments made by Shaw 2 with very small
bodies of water—he used films whose thickness did not exceed ;%
of an inch—tend to show that the water immediately adjoining the

1 Engineering, vol. 1xxii. p. 834, and Min. Proc. Inst. C.E., vol. cxlvii.
3 Engineering, vol. Ixiv. p. 90, vol. Ixv. p. 444, vol. Ixvii. p. 28.
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channel moves in parallel lines, and that in going further away
from the border sinuous or eddying motion takes place suddenly.

16. Remarks.—The solution of a numerical question in
Hydraulics by means of formule may be either direct or indirect.
When the conditions are given and the discharge, say, is to be
found, it is only necessary to look out the proper co-efficient and
apply the formula. But frequently the problem is inverted and
consists in finding a suitable set of conditions to give a particular
result. This is especially the case when channels or structures
have to be designed. In many cases a direct solution cannot be
obtained by inverting the formula, either because its form is
unsuitable—an instance of this has been given in article 7—or
because the co-efficients are not known until the conditions are
determined. It is often necessary to obtain an indirect solution
by assuming a certain set of conditions, calculating the discharge
or other quantity sought, and, if it is not what is desired, making
alterations in the assumed conditions and calculating afresh. In
order to facilitate calculations which would otherwise become very
tedious, numerous working tables are given. By their use work
is vastly reduced.

Both in apertures and channels the co-efficients in the formule
vary more or less as above stated. Various attempts have been
made to modify the formule (putting for instance H™, E-, S,
instead of H%, R}, S%)in such a way as to make the co-efficient
constant. Such formule either have a restricted range or else
the functions of H, R, and S involved are very inconvenient. It
is far better to adhere to the simple indices in common use and
to accept the variations in the co-efficients.

Although for discharge computation one should avoid complex
conditions such as incomplete contraction, small heads, high velo-
city of approach, or variability of flow, yet in practice an engineer
is frequently compelled to accept such conditions, and some atten-
tion will be given to methods of dealing with them.

In many of the more complicated cases (such as some considered
in the following section and in chap. viii.) it may be difficult to
arrive at any exact results by calculation, but it may still be most
useful to recognise the existence of the phenomena referred to,
and to take note of their general effects.
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SEcCTION V.—ABRUPT AND OTHER CHANGES IN A CHANNEL

17. Abrupt Changes.—Any change in a channel, whether of
sectional area or direction, and whether or not there is a bifur-
cation or junction, which is so sudden as to cause contraction
or eddies is called an abrupt change. At an abrupt change the
first term on the right in equation 5 (p. 11) is omitted. It
would be small because of the small length of stream considered ;
and owing to the stream being bounded partly by eddies and
changing rapidly in form, it would be difficult to assign values
to the quantities R and C. The second term only is used. Thus
the formule are analogous to, or identical with, those for aper-
tures. In fact abrupt changes include submerged weirs and (in
certain respects which will be specially noted) other apertures.

At abrupt changes there are special losses of head, owing to,
work being expended on eddies. The length and violence of the
eddies at an enlargement are much greater than at a correspond-
ing contraction (Figs. 3 and 4, p. 5), and the loss of head is
consequently much greater. At a contraction the pressure at
K, L is slightly greater, and in the case of an open stream the
water-level slightly higher than in the flowing stream. These
remarks apply also to orifices and weirs with which there is
velocity of approach. At an expansion the conditions are the
reverse. The loss of head at an abrupt change of any kind is
most important when the velocity is high ; it can seldom be calcu-
lated with exactness, and often can only be roughly estimated.

18. Abrupt Enlargement.—At an abrupt enlargement (Fig. 4)
the loss of head due to the enlargement can be found theoretically
by assuming that the intensity of pressure on 4'C, B'D is the same
as at A'B. Let V,, A4,, be the velocity and sectional area at 4B,
P, the pressure on its centre of gravity, and V;, 4,, P,, similar
quantities at EF. The force 4,(P,—P,) causes the velocity to be
reduced from 7, to 7,. In a short time, ¢, the fluid 4 BFE comes
to A'BF'E. Since the momentum of 4'B'FE is unchanged the
change of momentum in the whole mass is the difference between
that of 4 BB'A’ and that of EFF'E’, and that is

WQz(ﬂ_Ke ,
g 9
where W is the weight of a cubic foot of water and Q is the
discharge per second. This change of momentum is equal to the
impulse 4,(P,—P,) ¢, therefore
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4,(P,— =14V (¥, =V))

PQ_PI_V!(VI_V3>
W g ’

is the fall 4 in the surface or line of gradient, there-

or

But £ WP
fore from equation 5 (p. 11)

pa BB V=V
subtracting the preceding equation from this
p=P'=V ZgV Vat+2ry (V) gV,) ... (8),

or the loss of head is the head due to the relative velocity of the
two streams. In order to simplify the calculation it has been
assumed that the stream flows horizontally, that is, that the
centres of gravity of the sections 4B, EF are at one level, but
the loss of head due to the enlargement is the same in any case.
The pressure in the eddy has been found to be really less than in
the jet, so that the assumption made is incorrect ; and the formula
has been found in practice to give incorrect results for small
pressures and velocities, but for other cases it is fairly accurate.

Equation 18 is of the same form as the equation giving the loss
by shock, in a case of impact of inelastic solid bodies ; and the loss
of head due to an abrupt enlargement is often called ‘ loss by shock,’
though there is not really any shock, the stream always expanding
gradually.

If there were no loss of head in the length 4E there would be

V-,
a rise of —'——69-—' in the surface or hydraulic gradient. In a

— 2
pipe the loss of head (V;‘,QZ’J— is always much less than

ViV , and there is actually a rise whose amount is approxi-

29
V!(Vl—' Va)

mately . (18a).

This proof is usually given only for a pipe, but it clearly applies
to an open stream if there is no rise in the surface. If there is a
rise the pressure on the wave QR, supposing Fig. 4 to be a vertical
section, is not P but P, (the atmospheric pressure), and the loss

4 I v, 1),
29

of head is greater than ( Moreover, the section usually

changes not only in size but in form, and the redistribution of
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the velocities absorbs more work. The rise in the water-level
is thus generally slight, and it cannot usually be calculated
accurately.

When an enlargement is immediately succeeded by a con-
traction so as to cause a deep recess, the water in the recess has
little or no forward motion, and the flow is practically the same as
if the recess did not exist.

19. Abrupt Contraction.—At an abrupt contraction in a pipe
(Fig. 3) it is necessary, if exact results are required, to calculate
the sectional area at the vena contracta EF and find the velocity
V, at that section. Then, 7, being the velocity at ST, the fall in
the hydraulic gradient, due to increase in the velocity head from

ST to EF,is 2277

and to the eddles at K, L. The expansion of the stream from
EF to MN causes loss of head, which may be calculated as ex-
plained in the preceding article. The case of an open stream is
analogous, but the whole fall due to loss of head and increase of
velocity head is considered together (art. 6) and equation 10 (p. 14)
is used.

A particular case of abrupt contraction occurs when a stream
issues from a reservoir. There is a fall in the surface or hydraulic
gradient. Most likely the velocity of approach is negligible. If
so the fall, in the case of a pipe, can be calculated without finding
the area EF (chap. v. art. 1), and, if not, the above procedure can
be adopted. For an open stream equation 10 is to be used.

At a local contraction the channel contracts and expands
again, but not necessarily to the same size. For an open channel
equation 10 is used. For a pipe there are various empirical formulae

, but some head is lost owing to friction

2
for local narrowings, all involving the factor I:_g (chap. v. art. 6).

20. Abrupt Bends, Bifurcations, and Junctions.
—An abrupt bend (Fig. 19) is called an ‘elbow. ——
The contraction causes a local narrowing of the
stream. It has been found in small pipes that, with

an elbow of 90°, the head lost is very nearly % Fie. 19.

Judging from analogy and from observation it is probable that this
is nearly true for any pipe and also for an open stream. For elbows
of other angles the relative loss of head is known for small pipes
(chap v. art. 6), and it may be assumed that for other channels it
is roughly the same.

C
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At a bifurcation (Figs. 20 and 21) the stream entering the
branch may be regarded as flowing round a bend whose outer
boundary is shown by

> e the dotted lines. In the —> -----< N
BF I‘- main channel below the ~ N\
Fro. 20. branch there is' an en-
largement (art. 18). Let Fia. 21.

6 be the angle made by the centre lines of

the branch and of the main channel upstream of it. When
0 is 90° or thereabouts the whole head due to the velocity is
lost, and there is a fall in the surface or hydraulic gradient
of the branch of about the same amount as there would be
if it issued from a reservoir. But if 77 is high the absence of
contraction at 4 does not compensate for the excessive contraction
at B, and the fall is increased, or the discharge of the branch
diminished. When 6 exceeds 90° the component of 7 resolved
parallel to the axis of the branch may be regarded as velocity of
approach, the discharge being increased accordingly. It is not
known for what angle the velocity of approach compensates for
the greater contraction as compared with that in the case of a
reservoir. The angle differs with the velocity and probably with
the width of the branch, and is perhaps generally not much
greater than 90°. By

—_—, the arrangement shown —» —----
_F ] in Figs. 22 and 23, the
losses of head both in the K
Fia. 22. branch and in the main

stream are reduced, and
that in the branch is not relatively altered by a high velocity. If
the branch is ‘bell-

mouthed’ (Figs. 24 —> .

—
A and 25) the loss of *
head in it is some-
what reduced, and

it is further re-

Fio. 4. duced by filling in e 28
the portions shown in dotted lines, thus doing away with eddies.
- Figs. 20 to 25 represent junctions if the stream is supposed to
flow in the directions opposite to those of the arrows. The losses
of head are very much the same as in the corresponding cases of
bifurcations.

21. Concerning all Abrupt Changes.—The ¢limits’ of an abrupt
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change are those of the peculiar local flow caused by it. The
upstream limit is, in Fig. 4, at 4'FB, in Fig. 3, just as with a weir
and certain kinds of orifices (art. 7), at ST. In the other cases it
is where the eddying or curvature begins. In all cases eddies
exist in the stream itself for some distance downstream of an
abrupt change. The downstream limit is where these eddies have
become reduced. They may not cease altogether for a long
distance.

In the reach downstream of an abrupt change the flow, except
for eddying and probably disturbance of the relation to one
another of the various velocities in the cross-section, is normal,
and the water-surface or hydraulic gradient takes the level suited
to the discharge just as if no abrupt change existed. Within the
limits of the abrupt change there occurs the fall or rise discussed
in the three preceding articles. Thus the level of the surface or
hydraulic gradient at the downstream limit of the abrupt change
governs that at the upstream limit, and this again affects the slope
in the upstream reach in the manner indicated above (art. 11).
But the distribution of the velocities in the upstream reach is
normal. There is nothing to affect it until the abrupt change
actually begins. (Cf. also Bends, art. 13.) Thus, at all changes,
whether of sectional area or direction of flow, and whether strictly
abrupt or not, the effect on the hydraulic gradient or slope
is wholly upstream, but eddies and disturbance of the velocity
relations are wholly downstream.

It follows that discharge observations in which the mean
velocity of the whole stream is to be deduced from observations
taken, say, in the centre only, should not be made within a con-
siderable distance downstream of an abrupt change, but may be
made a short distance upstream of it.

Any alteration which makes a change less abrupt reduces the
loss of head. This has been seen in considering bends, elbows,
and bifurcations. Regarding changes of section an instance would
be the rounding of the edges of the weir in Fig. 10. But in all
cases, if the eddies are replaced by solid matter, the flow is very
much as before. Though rounding is caused, the size of the
aperture is reduced. The friction on the solid is added, but the
maintenance of the eddy ‘is subtracted. Wherever eddies are
referred to the term may be considered to apply also to a solid of
the form of the eddy.
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SEcTION VI.—MOVEMENT OF SOLIDS BY A STREAM

22. Definitions.—When flowing -water transports solid sub-
stances by carrying them in suspension, they are known as *silt,’
when by rolling them along the channel they are termed ¢drift.’
The weight of silt present in each cubic foot of water is called the
‘charge’ of silt. Silt consists chiefly of clay, mud, and fine sand ;
drift, of sand, gravel, shingle, and boulders. When a stream
obtains material by eroding its channel, it is said to ‘scour.
When it deposits material in its channel, it is said to ‘silt.” Both
terms are used irrespective of whether the material is silt or drift.
The difference between silt and drift is one of degree and not of
kind. Material of one kind may be rolled and carried alternately.

23. General Laws.—If a number of bodies have similar shapes,
and if D is the diameter of one of them and ¥ the velocity of the
water relatively to it, the .supporting or rolling force is theoreti-
cally as 7°D*, and the resisting force or weight as D® If these
are just balanced D varies as 77, or the diameters of similarly
shaped bodies which can just be supported or rolled are as 7* and
their weights as 7°. From practical observations, it seems that
the diameters do not vary quite so rapidly as they would by the
above law, the weights being more nearly as 7.

If a stream has power to scour any particular material from its
channel, it has power to transport it ; but the converse is not always
true. If the material is hard and compact the stream may have
far more difficulty in eroding it than in retaining it.

It has long been known that the scouring and transporting
power of a stream increases with its velocity. Recent observations
made by Kennedy have shown that its power to carry silt decreases
as the depth of water increases.! The power is probably derived
from the eddies which are produced at the bed. Every suspended
particle tends to sink, if its specific gravity is greater than unity.
It is prevented from sinking by the upward components of the
eddies. If 7 is the velocity of the stream and D its depth, the
force exerted by the eddies generated on one square foot of the
bed is greater as the velocity is greater, and is, say, as /». But,
given the average charge of silt, the weight of silt in a vertical
column of water whose base is one square foot is as D. Therefore
the power of a stream to support silt is as 7™ (say as V) and
inversely as .

The power of water to move drift is probably as 77, and the

! Min Proc, Inst, C.E., vol. cxix.
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depth does not affect it. It has sometimes been said that increased
depth gives increased scouring power, because of the increased
pressure, but this is not so. The increased pressure due to depth
acts on both the upstream and downstream sides of a body. It is
moved only by the pressure due to the velocity. It is impossible
to construct an equation which shall include both suspended and
rolling matter, because the proportions in which they exist are not
known.

It is sometimes supposed that the inclination of the bed of a
stream, when high, facilitates scour, the material rolling more
easily down a steep inclined plane. The inclination is nearly
always too small to have any appreciable direct effect on the rolling
force. In fact the bed is generally more or less undulating, and
the drift may be moving either uphill or downhill. The inclination
of the surface of the stream of course affects its velocity, and this
is the only real factor in the case.

A stream of given velocity and depth can only carry a certain
charge of silt. When it is carrying this it is said to be ‘fully
charged.” In this case, if there is any reduction in velocity, or if
any additional silt is by any means brought into the stream, a
deposit will occur (unless there is also a reduction of depth) until
the charge of silt is reduced again to the full charge for the stream.
The deposit may, however, occur slowly, and extend over a con-
siderable length of channel. If a stream is not fully charged, it
tends to become so by scouring its bed. A stream fully charged
with silt cannot scour silt from its channel, but its power to move
drift is, perhaps, unaffected by its being charged with silt.

It is not known how the full charge is affected by the nature of
the silt. The specific gravity of fine mud is not much greater than
that of water, while that of sand is about 1'5 times as great. If
- two streams of equal depths and velocities are fully charged, one
with particles of mud and the other with equally sized particles of
sand, the latter will sink more rapidly and will have to be more
frequently thrown up. They will probably be fewer in number, but
in what proportion is not known.

In the ‘Inundation Canals,’ so called because they flow only
when the rivers are in flood, fed from the rivers of Northern India,
the silt entering a canal usually consists of sand and mud. The
sandy portion, or most of it, is deposited in the head reach of the
canal, forming a wedge-shaped mass, with a depth of perhaps two
or three feet at the head of the canal, diminishing to zero at a
point a few miles from the head. Beyond this point the water,
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charged with mud and perhaps a little sand, usually flows for many
miles without any deposit occurring, although there are frequent
reductions in the velocity caused by the diminutions in the size of
the stream as the distributaries are taken off, and sometimes also
by reductions in the gradient. The absence of further deposits,
inexplicable till the discovery of Kennedy’s law, is due to the
fact that the depth of water diminishes as well as the velocity.
Many of the channels were constructed long ago by the natives,
and they seem to have learned from experience to give the
channels such widths that the depth of water decreases at the
proper rate.

It is a common practice to so reduce the velocity of a stream
that silting must take place. The object may be either to
‘warp up’ certain localities by silt deposit or to free the water
from silt, and thus reduce the deposit in places further down.
When the velocity of a stream is arrested altogether, as it practi-
cally is when a stream flows through a large reservoir, the whole
of the silt will deposit if it has time to do so, that is, if the reser-
voir is large enough. Low-lying and marshy plots of ground may
be silted up, and rendered healthy and culturable by turning a
silt-bearing stream through them. In order to prevent deposit in
the head of a canal the water may be made to pass through a
‘gilt-trap’ or large natural or artificial basin, where the velocity is
small,,or the supply may be drawn from the upper layers of the
river water (art. 24).

Silting and scouring are generally regular or irregular in their
action according as the flow is regular or irregular, that is, accord-
ing as the channel is free or not from abrupt changes and eddies.
In a uniform canal fed from a river the deposit in the head of the.
canal forms a wedge-shaped mass, as above stated, the depth of
the deposit decreasing with a fair approach to uniformity. Salient
angles are most liable to scour, and deep hollows or recesses
to silt. Eddies have a strong scouring power. Immediately
downstream of an abrupt change scour is often severe.

Most streams vary greatly at different times both in volume
and velocity and in the quantity of material brought into them.
Hence the action is not constant. A stream may silt at one
season and scour at another, maintaining a steady average. When
this happens, or when the stream never silts or scours, appreciably
it is said to be in * permanent régime.’

Waves, whether due to wind or other agency, may cause scour,
especially of the banks. Their effect on the bed becomes less as
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the depth of water increases, but does not cease altogether at a
depth of 21 feet, as has been supposed. Salt water possesses
a power of precipitating silt.

24. Distribution of 8ilt Charge.—Since the eddies are strongest
near the bed, the charge of silt must generally increase towards
the bed, but the rate of increase varies greatly. Fine mud having
a low specific gravity, the charge is probably nearly as great near
the surface as elsewhere. Sand is heavy, and is oftener rolled
than carried. When carried it is usually in much greater propor-
tion near the bed. Materials, such as boulders, do not generally
rise much above the bed. A perfectly clear stream may be moving
drift. The ratio of the silt-charge at the surface to that at the
bed thus varies from 0 to 1. For a given kind of silt the rate
of variation from surface to bed probably increases with the
depth and decreases with the velocity. The distribution in any
particular stream can only be ascertained by observation, or by
experience of similar streams. It is a matter of great practical
importance, as affecting the best bed-level for a branch taking off
from the stream. The results of observations show considerable
discrepancies, even when averaged, and individual observations
very great discrepancies. In some rivers 10 to 17 feet deep the
silt charge has been found to increase at the rate of about 10
per cent. for each foot in depth below the surface. In others,
with depths ranging up to 16 feet, the silt charge at about three-
fourths or four-fifths of the full depth has been found to bear to
that near the surface, a ratio varying from 1} to 2.

SecTioN VII.—HyDRAULIC OBSERVATIONS
AND CO-EFFICIENTS

25. Hydraulic Observations.—It is frequently necessary in
Hydraulic Engineering to observe water-levels, dimensions of
streams, and velocities, and from these to compute discharges.
The object of a set of observations may be either simply to
ascertain, say, the discharge in a particular instance, or to find
and record the co-efficients applicable to the case, so as to enable
other discharges under similar conditions to be calculated. Obser-
vations of the latter class, when extensive, are usually termed
‘Hydraulic Experiments.” A consideration of the instruments
and methods adopted in Hydraulic Observations may be strictly
a matter of Hydraulic Engineering, but it is necessary to include
it in a general manner in a Treatise on Hydraulics, both because
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the principles involved in such work are closely connected with
the laws of flow, and also in order that proper estimates may be
formed of the errors which are possible and of the reliability of
the results which have been arrived at by various observers.!

In making observations accurate measurements of lineal dimen-
sions, depth, and water-levels are necessary, as well as accurate
timing. The number and duration of the observations should
be sufficient to eliminate the effects of the irregular motion of
the water, and bring out the true average values of the quantities
sought for. Owing to imperfections in these matters, or in the
instruments used, errors of various kinds may occur. These are
known as ‘observation errors.” They may balance one another
more or less, but are liable to accumulate in one direction in a
remarkable manner. Care in observing, as well as sufficiency in
the number of observations, are therefore essential points. An
error in measuring length or time has, of course, a greater relative
effect when the amount measured is small. In a channel the fall
in the surface or hydraulic gradient is often a small quantity, and
thus in slope observations the error is often large. With an aper-
ture under a small head the error in observing it may be serious.
It has been shown by Smith 2 that, even in the careful experiments
made by Lesbros on orifices, the co-efficients were probably affected
by such causes as the expansion and contraction of the long iron
handles attached to the movable ¢gates,’ and to the bending, under
great pressure, of the plates forming the orifices. Besides quantities
which can be actually measured there are conditions which can
be observed but may be overlooked, such as a slight rounding
of a sharp edge, the clinging of some portion of the water to an
aperture when it is supposed to be springing clear, or the occurrence
of a deposit in a channel. Such matters not always very perceptible
may have considerable effects on the flow.

Again, there are conditions which cannot be ascertained, and
assumptions are made regarding them. It has, for instance, been
assumed that a local surface-slope too small to be observed is the
same as the observed slope in a great length, or that the diameter
of a pipe, measured at only a few places, is constant throughout.
Lastly, there are some things very difficult to describe, such as
the degree of sharpness of an edge, or of roughness of a channel
Thus there is often, in accounts of experiments, a defective or
erroneous description of the conditions which existed. This
may be termed ‘descriptive error.’” In some cases it has been

1 Details will be given in chap. viii. 2 Hydraudics, chap. iii.
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very great. Its effect is similar to that of observation error, and
the line between the two cannot easily be drawn.

When the quantity whose law of variation is sought depends
on several conditions which vary together, it is often difficult to
determine the effect of the variation of any one condition alone.
As far as possible observations should be made with only one con-
dition varying at a time. Generally, observations at one site are
kept distinct from those at other sites, but if the conditions of
different sites are nearly similar, it is legitimate to combine observa-
tions at different sites. In such a case, care should be taken that
the effect of any slight or accidental dissimilarity in the sites will
not affect any one set of values, but will be distributed throughout
all. It would, for instance, be undesirable to have all the low-
water observations at one site and the high-water observations
at another.

A series of observations containing a source of error may show
results quite consistent with one another, and may be of great use
in bringing out certain laws. The well-known weir experiments
of Francis and of Fteley and Stearns give results which are con-
sistent, and have long been accepted as practically correct ; but
when they are compared with the later results of Bazin certain
discrepancies appear, and it is clear that one or the other set of
experiments contains some error.

Detailed accounts of Hydraulic Experiments do not, of course,
find a place in a textbook. References to the chief works on such
experiments have already been given (p. 7), but special points will
be noticed whenever necessary.

26. Co-efficients.—From the causes above stated the co-efficients,
or other figures, arrived at by various observers frequently show
grave discrepancies. This is especially the case with the older
experiments. In the more recent ones the discrepancies have been
reduced.

The ¢probable errors’ of co-efficients have in some cases been
estimated by those who have investigated them. The meaning of
this may be explained by an example which will be made to
include all kinds of errors. Let a weir have a crest 1 foot wide,
sharp edges, and a head of 1 foot. Suppose the co-efficient arrived
at is *600, and that it is estimated that the observation error may
probably be 1 per cent. either way. Then 1 per cent. is the
probable error, and the value of the co-efficient is as likely to
be between ‘606 and 594 as to be outside of these limits. But
there may also have been descriptive errors connected with, say,
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the width of the crest or sharpness of the edges, and the real
probable error may be much greater than 1 per cent. Finally, if
the co-efficient is applied to a weir, over which water is actually
flowing, there may be again observation error in measuring the
head. Sometimes these different errors balance one another,
but sometimes, as before remarked, they all accumulate in one
direction.

The co-efficients for different cases contain probable errors of
very different amounts. For sharp-edged apertures under favour-
able circumstances, the probable error is only about ‘50 per cent.
For channels and especially for pipes, owing chiefly to the causes
above indicated (arts. 9 and 11), it may easily be 5 or 10 per cent.

Although in the above instance the final operation of observation
introduces an additional error, complete observation is much
better than calculation. If no co-efficient had been assumed at
all, but the discharge of the stream carefully observed, as well as
the head on the weir, then both the discharge and the co-efficient
for that particular case would have been obtained in the best
possible manner.

The results of individual experiments nearly always show irregu-
larities, that is when plotted they do not give regular curves.
The usual method is to draw a regular curve in such a manner as
to average the discrepancies and correct the original observations.
Most published co-efficients have been obtained in this manner.

When an experimenter obtains a series of co-efficients for any
particular case, he often connects them by an empirical formula
involving one or two constants. This has been done by Bazin
and Kutter for open channels, and by Fteley and Stearns, Francis
and Bazin for certain kinds of weirs. What the engineer really
needs and uses is a table of the co-efficients, but the formule may
be useful in finding a co-efficient when a table is not at hand, or in
finding its value for cases intermediate between those given in the
tables or outside the range of the observations. This last practice
must, however, be adopted with caution and within narrow limits.

Further experiments are required in all branches of hydraulics.
A feature in future experiments will no doubt be the increased
use of automatic and self-recording methods, electric communica-
tions, and photography.



CHAPTER III

ORIFICES

[For preliminary information see chapter ii. articles 4, 5, 7, 14, and 15]

SEcTION I.—ORIFICES IN GENERAL

1. General Information.—The principal kinds of orifices or
short tubes met with in practice, with their average co-efficients,

are as follows:— ¢
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