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PREFACE TO THE FIRST EDITION

The Engineering text book (C. E. College Papers, No. X)
hitherto used by the junior cl sses of the College of Engineering
having run out of print, it is in contemplation to issue new
text in the shape of & series of Manuals. The present hand-
book forms the first of the series. Owing to the gradual rise
in the standard required from students, several of the articles
in C. E. College Papers, No. X, such as those on Hydraulics
and Strength of Materials are too incomplete and out of date
to serve as a basis for the new Manuals, while others, as that
on Building Construction, or ly need amplification. The present
Manual accordingly contai's none but new matter, which has
been derived from the bes. and latest authorities,

To avoid the necessity of publishing a separate work for
the Engineer Classes, such additional matter as is required
by the senior students is incorporated in the text, but is printed
in smaller type. At a first perusal, the large type only should
be read. The text is freely illustrated with examples, many
of which have been selected from the Madras University Exam-
ination Papers. I am indebted to Sub-Conductor W. Caines,
2nd Assistant Master, College of Engineering, for the check
of the correctness of their working. The solutions of examples
arc all printed in small type, but those which follow large
text are intended for study by junior students.

Bazin’s formul® for the co-efficients of velocity in open
chanuels are presented in a form which can be borne in memory,
and which can be readily used for the solution of examples
without the aid of tables. For pipes, Darcy’s co-efficicnts are
employed, and the examples have been worked on the supposition
that the pipes are old and slightly incrusted. The discharges
will hence be found considerably less than those given by the
various tables in ordinary use. These are for the most part
calculated from a high fixed co-efficient which is really suited
only to a new pipe of considerable size. Darcy’s, Bazin’s and
Kutter’s co-efficients will be found graphically represented by
curves. A collection of examples for practice, selected chiefly
from the final examinition papers of the College of Engineering,
and from the B.C.E. degree examination papers of the Madvas
University, is given at the end of each chapter.
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The following works have been consulted in the preparation
of this Manual :—

Encyclopedia Britannica, Article Hydromechanics.
Cunningham’s Roorkee Hydraulic Experiments.
Weisbach’s Mechanics of Engineering.

Fanning’s Hydraulic and Water Supply Engineering.
Francis’s Lowell Hydraulic Experiments.

Jackson’s Canal and Culvert Tables.

Huamber’s Water Supply of Cities and Towns.
Jackson’s Hydraulic Manual.

Spon’s Dictionary of Engineering.

Higham’s Hydraulic Tables.

Madras Irrigation Department Professional Circulars.
Madras C. E. College Papers, No. X.

Downing’s Hydraulics.

Neville’s Hydraulics.

Box's Hydraulics.

D’Aubuisson’s Hydraulics.

Rankine’s Civil Engineering,

Molesworth’s Pocket Book.

Proceedings of the Institution of Civil Engineers, passim.
Professional Papers on Indian Engineering, passim.

Special acknowledgments are due to the author* of the
division Hydraulics of the article Hydromechanics in the ninth
edition of the Encyclopedia Britannica. The applications of
the theorem of Bernoulli, the use of the principle of energy,
and many other items have been adapted from this admirable
work to which the student is referred for {urther information on
the subject. Valuable particulars have also been derived {rom
MS. notes kindly furnished by General Mullins, late Chief
Engineer for Irrigation, Madras.

It is intended to issue in due course a Manual dealing with
the construction of works of Irrigation, and Town Water Supply
and Drainage. A chapter on Hydraulic Machinery may sub-
sequently be added to the present hand-book, and the two
Manuals will then form & text-book on Hydraulic Engineering.

MADRAS, H. D. L.
January, 1887.

* Professox Unwin,



PREFACE TO THE SECOND EDITION

In the last paragraph of the preface to the first edition it was
stated that the preparation of a Manual on the construction of
works of Irrigation and Town Water Supply and Drainage was
in contemplation. The subsequent publication of General Mullins’
Irrigation Manual has rendered an early fulfilment of this
intention unimperative. Arrangements were made however to
incorporate in the Hydraulic Manual a chapter on the principles
of Hydraulic Machines ; but owing to the latter part of the first
edition having sold out with unexpected rapidity, it has become
necessary to issue the second edition without waiting for new
matter.

The second edition has been carefully revised, some new
examples have been inserted, and the answers to the exercises on
the different chapters have been supplied. I am indebted to
Sergeant W. H. Goddard, Instructor in Surveying and Drawing
at the College of Engineering, for the check of some of the
answers.

MaADRAS, H.D. L.
January, 1894.

PREFACE TO THE THIRD EDITION

The Third Edition has been supplied with Appendices con-
taining tables for facilitating calculations regarding channéls.
Bazin’s co-efficients of velocity are given in these tables for
earthen channels, and Kutter’s co-efficients for all classes of
channels. The former have been specially calculated, and the
latter adapted from Trautwine’s Civil Engineers’ Pocket Book.

The answers to the examples have been revised.

I am indebted to Sergeant B. O. Reynolds, Instructor in
Engineering at the College of Engineering, for the calculations
required for the revision of the present edition.

MADRAS, H.D. L.
April, 1897.

PREFACE TO THE FOURTH EDITION

The Miscellaneous Examples on pp. 93 to 98 have been supple-
mented by questions recently set for the College and University
Examinations.

MADRAS, H.D. L.
September, 1900.
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CHAPTER 1

HYDROSTATICS
CONTENTS
HyYDROMECHANTICS. ATMOSPHERIC PRESSURE.
Hybprosrarics—WATER. SIPHON.
HYDROSTATIC LAWS. SPECIFIC GRAVITY.
PRESSURE AT A POINT. IFLoTATION.
PRESSURE ON A SURFACE. HYDRODYNAMIC LAWS.

EQUAL TRANSMISSION OF PRESSURE. | INXAMPLES.

1. Hydraulics is that branch of ITydromechanics which deals in
a practical manner with the flow of fluids through orifices, and in
pipes and channels. The other branches of Hydromechanics, V2.,
Hydrostatics and Hydrodynamics treat, the first of the equilibrium
of fluids at rest, the second with the mathematical theory of their
motion. Fluids avo cither liquid or gaseous, the chief difference
between theso varieties being that the former are practically incom-
pressible, while the latter are compressible to an indefinite extent.
In this manual we shall not deal, except incidentally, with gaseous
fluids, and the only liquid which will be considered is water. Bofore
commencing Hydraulics it will be desirable to gain some elementary
notions of the laws ol IIydrostatics.

2. HydrOstatics——Water,—Water is an almost incompressible
liquid, weighing very nearly 1,000 oz. or 623} Ib. per cubic foot. A
gallon of water weighs 10 1b. Water becomes solid in the state of
jce at 82°, and gaseous in the form of steam at 212°F. These
temperatures are termed the {reezing and boiling points respectively
of waber.*

*The boiling temperature is 212° at the level of the sca under ordinary atmos-
pheric pressure. If we ascend a mountain toa height of H feet, the air pressure
diminishes, and the number of degrees B to be deducted from 212° for the actual
boiling point is given by the relation H=520B + B?,
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Plate I. 3. Hydrostatic Laws.—The chiof laws of Hydrostatics are the
following :—

(i) The pressure of water on any plane surface is equal to the
weight of & colwmn of water whose base us the area of the
surface and whose height 1s the depth of the centre of
gravity of the surface below the surface level of the water.

(ii.) The direction of the pressure on a surface is perpendicular
to that surface.

(iil.) The resultant pressure of water on a body immersed, or
partly wmmersed an ot acts vertically upwards, and is
equal to the weight of the water displaced. If the body
Sloats, it jollows that the weight of the water displaced
1s equal to the weight of the body.

4, Pressure at a point.—Tho pressure at a point is the pressure
per unit of area. If the unit is 1 s. foof, and the depth of the point &
feet, the pressure g ab this point is the pressure on an area of 1 s. ft.
at a depth h; d.e., by law (i), pn = (1 s. ft. X h) c. {t. x 623 Ib., or,
if we denote the weight of a cubic foot of water by w,

p,=wh ... . D

The pressurcs at any two points at tho same lovel in a liquid

arc evidently equal

5. Pressure on a surface.—The above rosult combined with
law (ii) furnishes a mode of graphically representing the pressure on
a plane surface. “First tako a vertical surface, such as a sluice shutter
or lock wall, and consider an indofinitely small horizontal length of
the surface, in fact a line as AB (fig. 1). Seb off BB, equal and
perpendicular to AB. Then BB, — & = :ZZ'}’-', where p, is the pressure
at B. Join AB,. Take any point Q at a depth «, and draw QQ,
perpendicular to AB. By similar triangles QQ, =z =Pz Hence

w

the pressures at every point of AB arc represented in magnitude
and direction by the horizontal ordinates of the tiiangle ABB,. If

P be the whole pressure on AB, <e. % (p:), we have P _ area of
w

2
Al"fsl = lg; o P = 1‘1271’. The result-
ant of all the pressures must pass through the centre of gravity
of the triangle, and it thercfore cuts AB abt a point C such that
AV =% h.

If the surface occupies the position QB, the whole pressure is
w X (area of trapezoid QBB,Q,). and the centre of pressure is the
point in which the horizontal through the centre of gravity of the
trapezoid cuts QB.

triangular lamina ABDB, =
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If the surface, and consequently the line AB is sloping (fig. 2), Plate L.
set off BB, ( = k) perpendicular to AB.
AD. h

P=w x (area ABB,) = w. —5 and AC = % AB.

Returning to the vertical surface, let it have a definite length I
(fig. 3). The triangle ABB, develops into a triangular wedge of

length I, and
P =w x (volume of wedge) = wl X (area of triangle) = wl ;1'2

The resultant pressure I acts horizontally through the centre of
gravity of the wedge, and the centre of pressure C is at a depth
of 2 h.

The value of the whole or resultant pressure can readily be
obtained from law (i). Thus, in the last example, area of surface

h

.. The ad-
5 e &
vantage of the graphic method is that it indicates both the mode
of distribution of the pressure, and the position of the centre of

pressure.

= hl; depth of its centre of gravity = g; W P o= whl

The distribution of pressure' on triangular, quadrilateral and ecir-
cular surfaces immersed vertically is shewn in figs. 4, 5, 6, and 7.

Ex. 1.—A rectangular sluice shutter is 8§ ft. in height, and 4 ft. in width,
Find the whole pressurc when the water on one side of it stands (a) 6 ft., (b) 8 ft,
on the sill, there being no water pressure on the other side.

The surface being a vertical one, I =7Lol R Hence

a) P =

x 4 X 5= = 4,500 lb.

) P =125+ 4 x 5% = 8,0001b.
2 2

Ex. 2.—A pair of lock gates sustain 12 ft. of water on the inside and 8 ft. on the
outside. Each gate is 5ft. long. The lower hinge of cach gate is at the level of
the sill, the upper is 12 ft. above the sill. Find the horizontal pressure which
each upper hinge has to bear. See fig. 8

Consider 1 ft. in length of the gate, and let R 1b. be pressure on upper hinge.
The resultant water pressures P;, Py on the inside and outside of the gates re-
gpectively are balanced by thc reactions of the hinges which, neglecting the
weight of the gates, are horizonta,l ;
2 .

_ 125 (3) P
Pg —é‘ X —2~~ 1b.
Taking moments about the lower hinge,
Rx12=Pyx 2 =Py x ) = 20616 - 0) = 17,719, . R = 1476:6 Ib,
Since the length of each ga.te is 5 ft., the actual pressure on the upper
hinge = 1,476°6 x 5 = 7,383 1b.
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4 HYDRAULICS

From tho first law it appears that the pressure on the horizontal
base of a vessel depends only on the area of the base and the
depth of water. Thus if a cylinder and come having cqual bases
and equal altitudes be filled with waber, the pressures on the
bases are cqual. But the pressure on the base of the cylinder is
the weight of the contained waber; so thab the pressure on the
base of the conc is three times the woight of the water it actually
holds. The physical explanation of this fact is that the baso of
the cone bears, in addition to the actual weight of the contained
water, the vertically resolved portion of the reaction of the curved
gurface to the fluid pressure thereon.

6. Equal transmission of pressure.—If water be confined in
a closed vessel, and an external pressure bo applied to any portion
of the liquid, that pressure will be transmitted equally in all dircc-
tions through the liquid. This principle is utilized in hydraulic
presses and other machines. A large and a small cylinder con-
taining moveable pistons ave filled with water, and connected by
a pipe. If the small pisbon be pressed down with a force of p Ib.
per square inch, this degree of pressurc will be transmitted to each
squave inch of the large cylinder and piston, the latter of which
cairies the weight to be raised. liet A, a be the areas of the large
and small piston; P the force applied to the small piston; W the

weight on the large piston. W = pA; P = pa; - W= P, %.

Ex. 3.—In a hydraulic press, the diameters of the large and small cylinders
are 15 inches and 1 inch respectively., Find what weight will bo balanced by a
force of 10 1b. on the small piston.

W = D. 2 = 10 x (}5)3 = 2250 lb.

(1)

¥. Atmospheric Pressure.-—This is due to the weight of an
air column extending to the surface of the atmosphere. It is a fluid
pressure, and ab any point acts equally in all directions. Take a
tube about 33 inches long of the form shown in fig. 9, closed at
A and open at B. Fill it with mercury, a fluid whose weight is
about 13} times that of an cqual volume of water, and placo the
tube vertically. The mercury will descend a short distance, leaving
a vacuum at A. The presswres at B and B, points at the same
level, must be equal, or motion would take place. The pressure
at B is tho atmospheric pressure 11 Ib. per sq. ft.; that at B, is
the pressure due to the column of mercury AB; which is about
30 inches high.

Hevco I = (1 s. ft. x 30

o fia.) X (134 w) = 2,110 lb. or nearly

15 Ib. per sq. in.
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This apparatus is called a Barometcr, and measures the atmos- Plate 13
pheric pressure. If we ascend a mountain, the height of the
column of air above us diminishes, and the mercury falls, thus
furnishing a means of estimating the height ascended. A rough
formula is

H = 60,000 (log B — 108 7) erieiniiiiiieensieiinnenien s (2)
where H is the height in feet, R, » the readings in inches at the
lower and upper stations respoctively. If accuracy 18 required, a
correction on account of temperature must be applied.

Ex. 4.--Simultancous barometric rcadings at Salem and the Shevaroys were
29-1 and 25°2 inches. Find roughly the difierence of level,

H = 60,000 (log 29'1 — log 25'2) = (0,000 (1-4639 — 1'4014) = 8,750 {t.

Sinece mercury is 13} times as heavy as watcr, the height of the

water column which can be supported by atmospheric pressure is

131 X '}g ft. or 34 ft. nearly.

The atmospheric pressure generally acts on all portions of free
waber surface, and can therefore in most practical cases be left out
of caleulation. Thus, suppose a vessel of water to have a small
orifice & feet below the surface. The atmospheric pressure IT is
transmitted to all points of the liquid. The pressure in the vessel
at tho orifice is therefore 1T + wh, and the pressure outside the
orifice is I1; so that the resultant pressure producing flow is wh, s.e.,
the pressure due to thc height h—or head as it is often called—of
water.

8. Siphon.—Let a bent tube ABC (fig. 10) he filled with water,
and have its ends closed. Let onc leg AB bhe placed in a vessel of
water, and let the ends A, C be then opcned. Water will flow out
through C until the level of the water surface in the vessel falls to
C or A, whichever is higher.

The liquid in the tube being continuous, the pressures at any two
points in it at the same lcvel are equal. Thus the pressures at D
and D, must each be II. But this ig the pressurc at C; so that
the column of water CD, is unsupported, and must fall out. The
rest of the water in tho tube must follow it; for, if there were a
break of continuity, a vacuum would be formed, which is obviously
impossible unless the point B rise 34 ft. above the water surface at D.
The pressure in the portion DBD, of the tube is less than II, so
that if a hole were made in this portion the air would rush in,
the water would fall in both legs, and the siphon could not act.

9. Specific gravity.—The specific gravity of a substance is the
ratio of the weight of any volume of the substance to the weight of
an equal volume of water. Thus the specific gravity of mercury
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Plate IL. is 13-6, that of water being 1. Knowing the specific gravity of a
substance, the weight of any given volume of it can at once be
determined.

. Ex. 5.—Find the weight of a 4-inch cube of cast-iron, its specific gravity being
*25.
Velumo = ( i)“c. ft. Weight = 1 x 73 x 624 Ib. = 1678 Ib,
3 27
10. Flotation.—It is obvious from law (iii) that a body will
float or sink in water according as its specific gravity is less o1
greater than unity.

Ex. 6.—A canal boat, 33 ft. long, is constructed of 136 inch sheet-iron, Allowing

for contractions at bow and stern, she may be considered, for purposes of calcu
lation, as 30 ft. in length, and of rectangular cross section, 6 ft. wide and 3 ft. deeg
throughout. Adding 50 per cent of weight for frames, rivets, ctc., find the load i
tons which the boat will carry so that she may float with 9 inches of her side above
water. Specific gravity of wrought-iron 7-75. Sce fig. 11.

Let W be load in tons.
Area of sides and ends = 72 x 3 = 216 s. ft.
»  bottom =30 x 6= 180 ,,
99 ¢

. 3
2~ vol. =806 x -~ c. ft. = e b
vol. of iron = 396 x T 12'“ ft 1 f

. 99 150
= M gz x 621 x 22U 2 4,4961b.
Weight of boat 16 X 621 x 100 ,496 1b
Weight of water displaced = 30 x 6 x 2} x 624 = 25,312 Ib.
' & W= 20,816 1b. = 9+3 tons nearly.

Since a substance immersed in water loses, in effect, the weight
of the fluid displaced, the relative value of building matcrials for
submerged works, which rely on their weight for stability, is ascer-
tained by subtracting 62} lb. from their weight per c. it. Thus,

approximately,

Weight Weight
in air. in water.

1b. 1b.

Brickwork 112 50

Rubble Masonry 125 63

Concrete 125 63

Granite or Limestone 170 108

11. Hydrodynamic Laws.—When a stream of water is in
motion, the following laws hold good:—

i. If the motion 1s rectilinear and wniform, and of the effect
of eddies produced by the roughness of the boundaries
of the stream be meylected, the pz'esséwe at any pownt
s the same as if the fluid were at rest.
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il. If the fluid particles take the same accelerations which Plate IX
they would have if independent, the pressure is ung-
form.

Thu/é, in a jet falling freely in the air, the pressure throughout
any cross section is uniform, and equal to the atmospheric pressure.

EXAMPLES ON CHAPTER I

1. The upper edge of a sluice gate is 10} fect below the surface,
and the dimensions of the gate are 3 ft. vertical and 18 inches

horizontal. Calculate the pressure upon it. (Univ. 1871.) dns.
3,375 1b.

2. What is the total pressure of the water on a pair of lock
gates, each gate being 10 ft. in width, and the water on the upper
side standing to the height of 6 ft. above the bottom of the gate,
the water on the lower side being below the bottom of the gate.
(Univ. 1865.) Ans. 22,500 lb.

3.« State what property in waber is utilized in the hydraulic
press, and give the proportions of a press capable of lifting a ton
weight for every 10 1lb. of pressure applied to it. (Univ. 1860.)
Ans. Pistons of diameters in the ratio of 15 to 1. . -/

4. A cubical vessel whose capacity is 19:683 c. ft. is filled with
water ; a vertical tube, also filled with water, whose internal did-
meter is z inches, and length 8 ft. is inserted in the top. Iind the
respective pressures against the bottom and one of the sides of
the vessel. (Univ. 1872.) Ans. (1) 4,875 1b. (2) 4,260 lb.

5., A barge, supposed to be of rectangular cross section, is 60 ft.
long, 10 ft. broad, and 4 ft. deep, outside measure. The thickness
of the sides and bottom averages 0'1 ft. and the weight of the
material of which they are composed averages 100 Ib. per c. ft. TFind
how many ton load would sink the barge 3 ft. (Univ. 1869.) 4mns.
45 ton. 4 )

6. A vertical shutter revolving about a horizontal axis sustains
a pressure of 10 ft. of water. At what depth should the axis be
placed in order that the pressures on the portions of the shutter
above and below the axis may be equal? Ans. 707 ft.

7. A reservoir wall 16 ft. in height has in section the form of
a right angled triangle, the base being 12 ft. The depth of water
is 14 ft. Compare the pressures per running foot of wall according
as the sloping face or the vertical face is turned towards the water.
4ns. 125 1.
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12. Volume of Flow.—A stream of water flowing in a pipe or
channel may be conceived to be made up of a great number of fluid
threads, flowing more or less parallel to one another. These threads
do not all flow with .equal velocities, partly owing to the direct
frictional resistance of the boundaries, but mainly because the
1oughness of the boundaries sets up eddies whereby the fluid fila-
ments cross one another, and thus have their velocities modified.
It will be seen at once that the actual motion of a stream is very
complex; and there is no theory which takes account of the actual
motion of every thread. Although however the velocity at a given
point varies from moment to moment in magnitude and direction, it
appears from observation that the average velocity for a period of,
say, a few minutes is constant. Suppose the average velocity of
each thread in the cross section to be determined, and that v feeb
per second is the mean of all these velocities, the discharge Q o. ft.
per sec. flowing through the area A s. ft. is (fig. 19)

Q = Av. .o e (3)

Ex. 7. The cross section of a stream measures 1'2 5. ft, and the mean velocity
Is determined to be 70 ft. per min. Find the discharge in cub. ft, per sec,
70 70
A=l" = . )0 = }° - = ]° . 16, .
Here 20 &0’ Q 12x60 1+4 c. ft, per sec
The motion conceived above, in which the cross section of the stream is divided
into very small areas each of which is the section of a fluid thread, is called stream
line motion. If each fluid thread or stream line be supposed to have an unchanging
velocity, it ocoupies a fixed position in space, and the motion of the stream is
termed steady motion,
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13. Principle of coutinnity,—If any spaco in a stream be Plate Ir
taken having fixed boundaries, the space will generally remain con-
stantly filled, and the in-flow mll be eqml to the out-flow. Thisis
termed the principle of combinuity. 1i A, A, are the arcas of two
cross sections of a stream, v, v, the mean veloextxes at those sections,
the in-flow to the wdter space between A and A, is Av c. ft. per sec.,
and the out-flow is A, v, c. {t. per sec. By the principle of continuity
these are equal.

.V A,

e T A oee o @)
or the velocities are inversely as the areas. If the bed of a stream
has o varying slope, the velocity will be greatest where the slope
is steepest. Ilence in these parts the cross section will be least.

Ex. 8.—A channel with a uniform slope of bed has a velocity of 1-5 ft. per sec,
at a section measuring 150 s. ft. Find the velocity at a section measuring 125 s, fte

Hercv x 125 = 1'5 x 150; . v = 1-8 ft. per scc.

14. Discharge from small orifices.—Velocity of discharge.—
Suppose a short pipe projecting from the side of a vessel full of water,
to be turned up at the end, and closed bub for a small orifice at &
depth & below tho surface. The water will issue vertically from this
in a thin streamn or jet, which will be found to rise very mnearly to
the level of the surface of waber in the vessel. The difference is so
small that it will be abt once suspected to ariso from friction and
other resistances. Neglecting for the present this differsace, the
velocity of each particle ai the orificc is suflicient to carry the
particle through the height h, i.c., the particle has the velocity which
would be acquired by falling freely from the surface of the water
to the orifice. By dynamies, this velocity is v - v/ 2yh, whieh is

r‘%,kul & i
termed the theorctic velocity due to the hcad h. Since h=

29
the expression g; is called the head due to the velocity ». Also,

since p = wh, 12; may be termed the pressure head at the orifice.

If A be the sectional area of the jot at the orif:ice, the discharge

i8Q = Av = A v2gh. This is termed the theoretic discharge of
an orifice of avea A.

15. Co-efficient of velocity.—The actual velocity v,, as a,lrea;dy
explained, differs by a small quantity from the theoretic velocity v.
Let vg = ¢,v, where ¢, is called the co-¢fficient of velocity.

=c,,»/§§ﬁ ves eee ‘e .o (5)
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The co-efficient of velocity, which is determined by experiment,
is nearly constant for different heads. Its mean value is 0-97. If
the head is very great however, the co-efficient may be as high as 0-99.

The co-efficient of velocity may be determined by measurement of the para-
bolic path of a jet. ILet the direction of the jet at the orifice be horizontal, z, ¥
the measured co-ordinates of any point of the path of the jet (fig. 13).

= : =g£2=g ig' S .ggxz
] vdtl :U ) 2(94) * ”'ﬂa —2—17
But =€/ Agh; . =-g—m‘l' oo =—-~E—.
Vs =/ 9gh; ., c2,29h %’ ¢, AV
The difference between the theoretic and actual velocity may
also be estimated in terms of the head. Let % be the total head,
%, the heighi to which the jet rises (fig. 14). Then h, is the head
utilized in prcducing velocity, h, is the head utilized in overcoming
the resistances of viscosity and friction. The latter, s.6, h—h, i3
termed the loss of head.

Theoretic velocity v = v/3gk. Actual velocity va = ¢0 = ¢,v/ 3gh.
But Vg = \/2_‘(;;141 o 61)2 h = h’l
hy=h—h, = h (1—0c2). If¢, =97, %, ="06h
i.e., about 6 per cent of the total head is expended in overcoming
resistance, leaving 94 per cent to produce velocity.

16. Co-efficient of contraction.—If the orifice be in a thin
plate, or if the edges of the orifice be bevelled off sharp, the cross
section of the jet is, at a short distance from the orifice, less than
the area of the orifice. The cause is that the fluid threads, which
arrive from all directions, have for the most part their directicns
changed at the orifice. The inertia of the threads prevents the change
from taking place suddenly, and the paths of the threads are ac-
cordingly curved, as shewnin fig. 15. The greatest contraction occurs
at a distance from tho orifice of about half its diameter. If A be
the area of the orifico, and ¢, A that of the jet, ¢, is called the co-efficient
of contraction. For a well-placed, sharp-edged orifice in a plane
surface, it is nearly constant for different heads and different forms
of orifice. Its value is 0'64 as obtained by direct measurement.

If the thickness of the plate be greater than the diameter of
the orifice, the capillary attraction of the sides of the orifice causes
the condition shewn in fig. 16, and the co-efficient rises in value.

17. Co-efficient of discharge. —The expression Q = Av assumes
that the fluid threads have a mean velocity v in a direstion at
right angles to the cross section. This, in a jet, is the case only at
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the section of greatest contraction. If A be the area of the orifice, Plate IL
c.A is the area of the jet, and c¢,v/2gh is its velocity. Hence
Q = (c.A)(c, V29h) or

Q = cAv2gh ... e (8)

where ¢ is the co-efficient of discharge = ¢, ¢,.

For an orifice in a thin plate ¢ = -64; ¢, = 97; .~ ¢ = 62

Hence Q = 5A v/ approximately.

The co-efficient of discharge may be dctermined directly by al-
iowing the flow to issue into a gauge basin. The discharge per
second, cAv'2gh, is observed, and compared with the theoretic
discharge A+v/2gh, thus giving c.

The co-efficient of discharge is sometimes expressed in terms of
the head. The discharge Q = cAv/2gh may be conceived to bo
made up of an area A and a velocity ¢v/2gh. Let h, be tho

head due to this velocity. Then h, — ﬁfg-‘l@ = ¢? h.
For a thin plate ¢ = ‘62; . Iy = ("62)2 h = +385 h.

Thus, 384 per cent of the total head is employed in producing
velocity, and 614 per cent is lost by contraction aud resistance.

Ex. 9.—Find the head of water which will ensure a discharge of 8 c, fl. pgr
sec. through an orifice 6 inches square in a thin plate. (Univ. 1886).
Q = ¢A ~igh, where Q = 8,¢ = '62,A = .
SW8=1063x}x8/Mh; o Vii=645; . h = 416 feet,

18. Bellmouths.—If the orifice be of the form of the con-
tracted vein (fig. 17), the whole of the contraction occurs within
the orifice; and if the area of the orifice be measured at its smaller
end, ¢c = 1. Hence for this form of orifice the co-efficient of dis-
charge ¢ = 1 X ¢, = 97. The entrances to pipes from reservoirs
are often bell-mouthed to avoid the contraction, and consequent loss
of head which would otherwise occur.

19. Suppressed Contraction.—Since contraction is eaused by the conver-
gence of fluid threads, any circumstance which tends to diminish that convers
gonce, such as the application of an internal rim to the border of the orifice, or
the near approach of the orifice to the bottom or sides of the vessel, will tend to

inorease the co-efficient of discharge. The expression ¢ = 62 (1 + 014 ;E)

will meet this casge, 1—:-: being the fraction of the perimeter of the orifice over

which the contraction is suppressed. The co-efficient is also modified by the
application to the orifice of shoots or channels of discharge.
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20. Mouthpieces or Adjutages.—If a cylindrical tube, of
lengih not less than 1% times the diameter of the orifice, be applied

externally to the orifice, the jet, after contraction, again fills the
tube; and the co-efficient of discharge attains the value 0-82.

If the cylindric mouthpioce be applied internally instead of ex-
tornally, tho co-efficient becomes 0-52.

If the sides of the monthpicce converge conically towards the
outside, the co-eflicient atlaing a high value. With a length of
mouthpiece of 24 times the smallest diameter, and with an angle
of convorgeuco of 6° the co-efficient of discharge is 0-92.

If the mouthpieco have the form of the contracted vein, and if
its sides then diverge conically, the tube runs full. It ean be
shown * that the maximum discharge through such a mouthpieco
is theorctically the discharge through its smullest section into a
vicuom, ge. Q = AvV2y (b + 34). In practice however the dis
chargo is less than this, owing to tho disengagement of particles
of air held in suspension in the water, and the consequent check
o the continuity of flow. With an adjutage of the above form,
whose Iength is nine times the smallest diameter, and haviog un
angle of divergence of 5°, the acwual discharge 1s nearly 1'5 times
the theoretic discharge through the smallest arca of the tube, and
therelore l(,g or 24 times the discharge through an equal arca in a
thin plate.

91. Short Pipes.—-As the cylindric adjutage is gradually in-

crensod in length so as to become a short pipe, the dirictional
rosistance incresses, and the co-cflicient diminishes as follows:—

| . l‘ T T
Longlh in diamcters.| 2| 5| 10} 256 50 100l15()i200 250 | 500

|
|
Co-efficient 82 |9 |77 | |64 | 85 -49\-44 41| 38
|

2x. 10.--Find the discharge por second through a pipe whose length is 4 ft.
and diametor 12 inches, the head ot depth from the surface of water to centre of

pipe being 12 {t.  (Univ. 1880).

This is the case of n cylindric adjutage or short pipe whose length is four dia-
metors. The co-cflicient may thercfore be taken as 0'50. Q = cAv 2gh, where
2 .

e 12; A= T_r; = -T85e ft. o Q=8 x ‘785 x § x 2 /3 = 174 o, {t. per

Bec.

*Art. 37
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22, Values of co-efficient of discharge.—The values of the
so-efficient are here collected :—

Internal cylindric mouthpiece .o 0°62
Orifice in a thin plate oo 062
Lixternal cylindrie mouthpiece .. 082

Conical convergent (5°) mouthpiece ... 0°92
Mouthpiece of form of contracted vein ... 0-97
Conical divergent (5°) mouthpiece ... 150

EXAMPLES ON CHAPTER II

1. Explain whal is known in Hydraulics as the principle of
continuity. In a stream in steady motion, the mean velocity at a
certain section is 2 ft. per second, and the area of the section is
500 sq. ft. kind the volume of tlow. Af a second station, one
mile distant from the first, the cross section diminishes to 300 sq.
ft. Find the velocity. (Coll. 1883). 4ms. (1) 1,000 c. ft. per scc.,
(2) 333 It. per sce.

2. State generally the laws of efllux from simple orifices, explain-
ing the meaning of the terms co-¢fjicient of wvelocily, co-cfficient of con-
traction and co-efficient of discharge, and their relation to each other.

A sluice opening is 3 fb. wide and 1ft. high, the depth from the
surface of the water to the lower edge of the orifico is 7 ft., and the
discharge takes place freely into air. Find the discharge in ¢. ft. per
second, considering the sluice as an orifice in a thin plate. (Coll,
1883). Ans. 38 c. ft.

3. Water is kept at a constant depth of 3 ft. in a large wrought-
iron cistern {rom which a discharge of 1446 gals. per minute takes
place through a hole 1 inch in diameter in one of the sides. Ilow
bigh is the hole above the bottom of the cistern? (Coll. 1886).
Ans. 1 15,

4. Pind the diameter of an orifige in a thin plate sufficient to
discharge 80,000 c¢. {t. per day with a head of 50 ft. (Coll. 1885).
Ans. 2:2 in,

5. The discharge from an orifice 1 inch square with a head of
9 ft. of water is 7 c. {t. per minute. Find the co-efficient. (Coll. 1885).

Ans. 7.

6. An orifice 1 ft. square, whose centre is 36 tt. helow water
surface, is found to discharge 30 c¢. ft. per second. What is its
co-officient of contraction ? What will the discharge be when the
head is reduced to 25 ft. and 16 ft.? (Univ. 1883). 4ns. (1) -64.
(2) 25 c. ft. 8. (3) 20 c. ft. s.
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7. What head would be necessary to give a discharge of 3% c.
ft. per minute through an orifice 1 inch in diameter in a thin plate ?
How much would the discharge be increased if an adjutage of the
form giving the maximum discharge were attached, the head re-
maining as at first ?  (Univ. 1884). Ans. (1) 4 ft. (2) 4'5 c. ft. per min.

8. Deduce the formula for the discharge of sluices Q = 5 A v/ &,
and state how the formula must be varied if the contraction be
suppressed along part of the perimeter of the orifice. (Univ. 1876).

9. What form of adjutage gives the maximum discharge? State
the proportions of its various parts, and the ratio in which the
discharge thus obtained exceeds the theorctic discharge. (Univ. 1875).

10. What would be the discharge per minute under a constant
head of 6 ft. from
(i) a square orifice of 1-039 sq. inches area in a thin plate?
(ii) a cylindric adjutage 1 inch in diameter, and 3 inches long ?
Univ. 1876). 4ns. (1) 58 c. ft. (2) 53 c. {t.
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23. Large orifices.—Hitherto we have dealt only with small ®1ate 311.
orifices, %.c., those in which the head is nearly the same for all
the issuing threads. Suppose the orifice to be in a vertical plane,
and to have but small height. Then if & be the head measured to
the centre of the orifice, the velocities of all the threads are nearly
equal to ¢,v/2g/h, so that, (art. 17), Q = cAy2¢h. In largo
orifices, on the other hand, the velocity cannot be taken the same
for all the threads of the jet, owing to the heads differing widely
for threads at the top and bottom of the orifice respectively. 1t
will be secn later however that the mean veloeity of all the threads
differs but slightly from the velocity of the thread at the centre of
the orifice; so that the expression for the discharge from a small
orifice may be uscd without serious exror.

24. Bernoulli's theorem.—Let a strcam be in steady motion, and let BC,
(fig. 18) be an elementary stream line; 2, z; the heights of B and C above the datum
line 00 ; a, p, v the area of the cross sectivn, the pressure, and the velocity at B;
ay. Py, v; the corresponding quantities at C. In any short time ¢ let the mass of
fluid BC reach B, C;. Then BB; = tt; CC; = v;¢; and the quantity of equal
in-flow and out-flow is Q¢ = avt = aqv;¢. Since the thread is surrounded by other
threads moving with nearly the same velocity, the viscous resistance may be neg-
lected. The work done by the external forces must be equal (the fluid being
incompressible), to the kinetic energy developed. The normal pressures on the
whole surface of the thread, excepting the ends, are normal to the direction of
motion, and do no work. The only external foxces to be considered are thereforo
gravity and the pressures at the ends

The encrgy due to gravity is that developed by the transfer of the volume Qt
from the height 2 to the height 2, i.e., wQl (z — z)).
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Plate 1T,  The pressure energy is the work done by the pressure at B moving through the
spare BB, less that of the picssure at G excited through CCy, i.€., pavt — p,a10yt,
or Qt (p - py).

The change of kinctic cnergy is w;gf (v2 — v3),

IMence w.Qt (z - 2) + Qt (p — py) — ""? ()3 — v3).

N R SO T
pammaPIBoWST L L
2 .
- ;y«}%-q- 3,_"f_'g‘+ 11": + 2;; or, since B and O are any two points in

the stream line,
v P
_+ P 4= . e . . . - (8
% z = constant (8)

2
Now ;b is the head due to the velocity, 1% is the head due the pressure, and
23 the height above datum; so that z is the work which would be done by 1 1h.

of water falling to the datum live, and 7 and ?‘ are the quaniities of work
w 2q

which would ba done hy 1 Ib. of water under the pressure p and with the velo-
cily v. Tho swn of the three 1s theiefore the Lotal energy per 1b. of water esti-
mated with reference to the datam line. Ilence the tetal energy per 1. of
wabor iy uniforinly distributed wlong the stream line.

If b be the depth of any point measured Irom a datum line 0,0, eq. (8) be-

4
comos v + P _ i = constant.
29 w

95, Hydraulic gradient.—T.et Lwo vertical tiuhes be placed 8o as to meet the
stroam line at B and C (lig. 19). The waber will rise in them to heights due to the

prossures at B and C, .., to heights pu and P, The diflerenco of level of the free
U in

. ) .
surfnoes in tho tabes is, from the diagram, h = = + f'u - ( z + Ii ) Substi-

tuting in (7), we get i = i - "g, i.c., the fall of surface level between two sec-
27

tions is the diffarence of (he brights due to the velocilies at those sections. The

line DI is termed tho hipdiauwlie gradient; bul Ul expression i also used in

cuses where friction is tak.n into accouns.

26. Velocity of thrcads issuing in a jet.—We are now in a position to
prove that the velocity of thieads isswing e a et i, neglecting the viscosity of the
flwid, equal to that acquired by & particle falhng Ereely from the surface of the tiuid
to the orifico ;—a result which hias hitherto (art. 11), depended on experiment.

The jot is composed of rlemontary threads which starb into mation at soma
point in the interior of the vessel.. Onesnch thread is shewn in fig. 20. Let k;
be the bead abt the pownt B, where the velocity is insensibly small; h the head
and v the velocity wt the onfice,

At B, the head is 7y, the pt.essum 13 11 + iy, and the velocity is zero,
At G, T 8

’ ’ n Vs

T . T
Hence, by Dornoulli's thenrom, vy Evl ~ =04 2

2y

s g
w

. v,
e

@by sove Jigh = 340 nearle
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If the orifice is small in dimensions compared with %, the threads will al! have Plate I7T.
nearly the same velocity ; and if A be measured to the centre of the orifice, the

sxpression v = +'2gh gives very nearly the mean velocity of the jet.

27. Rectangular notch.—Consider a rectangular noteh of
length I, and of depth BC = &, in the vertical side of a vessel
filled with water (fig. 21). A fluid thread at depth x has a theo-
retic velocity v/3yz. Lay off PQ horizontally equal to v/2gz to
represent the velocity at P. The outer extremities of all such
lines as PQ can be shewn * to lie on the parabola BQD, where
CD = v/2jh. Hence the figure BDC is a graphic representation
of the velocities of all the threads issuing in a vertical line BC.
= (PQ) _ area BDC _

The mean velocity of all the threads = 5O =

th vogh 2

. 9
X 3 v2gh, i.e., the mean velocity is 5 of the bottom

velocity. The theoretic discharge is Av = hl X gs/ﬁﬁh. The

actual discharge is

2 S
Q = 3 Clh. “zgh ‘e s see see (9)

In this expression, the co-efficient ¢ is not constant, but varies
for different values of ! and h. A mean value of ¢ for a thin plate
is -62. As this is the co-efficient for orifices with complete cona
traction, it may be thought that a higher value of ¢ should be
expected for a notch. As a matber of fact, howcver, the waber
surface falls towards the notch as shewn in fig. 24, and the hcad
is for convenience measured from the bottom of the notch to the
surface of still water. DPractical examples of rectangular notehes
are gauge boards, tank surplus weirs, and river anicuts.

The discharge can be found at once, by the aid of the Integral Calculus, as
follows :—

Consider a horizontal strip of the jet, of thickness dz, and situated at a depth 2.

Velocity of strip is ~'2gz, and the area of its cross section is l.d.

Hence discharge of strip is el 2gz. dx.
. 5o (Mgt 2 5 1k
Whole discharge Q = ¢l ¥2g So z dz=,;3 cl ¥2g. B

28. The cause of the variation of ¢ may be explained thus:—TLet I, h be tho
length and depth of the jet, L, H those of the notch (H being measured to the surface

*Tet PQ = y = ~2gz. Then y? = 2gx, which is the equation to a parabola
whose axis is BC and vertex at B.

3
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1ate IXI. of still water some little way back from the notch, since the water surface falls
towards the notch). Taking the co-efficient of velocity as unity, we have i —

by
For the jet, Q = g 1.1 ¥ 3gh.

3
For the noteh, Q = .230 LHVYH .= L

LY

But this co-efficient differs from the ordinary co-cfficient of contraction which is
ares of jeb L.h

area of orifice  L.H

¢ varies with the dimensions of the notch.

The latter co-efficient is approximately constant, so that

The jet discharged through the notch has a smaller section than L.H owing
to (a) the fall of water surface, (b) the bottom contraction, (¢) the end contrac-
tions. The diminution of the jet due to (a) and (b) is proportional to L, while
that due to (c¢) varies with H. Mr. Francis found from expcriments at Lowell
with rectangular notches in a thin plate, the length of the notch being not less
than three times the head, that the length of the jet was (L--02H) for two end
contractions, Taking ¢H as tho depth of the jet on the weir, he obtained.

=§c(L—0'2H)H'f2—gTI o, . . .. (10)

The co-efficient ¢ in eq. (10) is more nearly constant for different heads and
lengths than it is in the ordinary formula, eq. (9). Its mean valueis -62.

29. Rectangular orifice.—let I be the length of the orifice, &,,
h, the heads to the bottom and top respectively, (fig. 22). The
velocities at these points are v/2gk,, rcpresented by CD, and v/2yh
by EF.
area BFDC _

BECT

Hence the mean theoretic velocity is

# V2gh ~ 3, Vgh; The theoretic discharge is

hy — h,
§ \/‘Z-g ( '1?5‘ - hé)
Av =1 (h’l - h,) '"’*"711’ *;72_~. s Actual discharge
Q= gcwfg'(hl% ~ h;*‘) an

If h, be put equal to zero, we get the discharge from a rectangular
notch.

Ag in the case of the notch, and for a similar reason, the co-
efficient ¢ is not constant, but varies for different heads and areas

of orifice. The values for sharp-edged orifices range from 600 to 633,
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the highest values being obkained with small heads.* The mean PlateX:
value of the co-efficient is '62. Practical examples of rectangular
orifices are sluice openings in anicuts, tank bunds, locks, ete.

With the aid of the Calculus the discharge can be obtained directly asin the
case of the notch :--

Q=g S: obdy = gcz Vg (h,? - hﬁ).
2

Unless the head over the upper sill is less than the depth of the
orifice, it will be sufficiently correct in practice to use the expression
for the discharge from a small orifice, v72., Q = cA v/2gh, the head &
being measured to the centre of the orifico. The greatest error that
can occur is when %, = 0, s.., when the orifice becomes a notch. The
head to the bottom of the notch is 2k. Hence:—

Correct discharge Q, = gol\/fg (Qh)’; = cl.2h v/ 3g3h = cA V25T
Approximate diseharge Q, = cA v 2gh.
So that, assuming the co-efficients equal in the two expressions,

the ratio &t V'8 = 94; and the maximum error introduced by
2

adopting the approximate formula is 6 per cent.

Ex. 11. The discharge from sluices is generally caleulated on the assump-
tion that the velocity at the mean depth is the mean velocity. What dif-
ference in cubic feet per minute would $his make in the calculated discharge
from a sluice 4 ft. long and 2 ft. deep, with a head of 12 ft. on the sill, the

co-efficient being taken as g? (Univ, 1884.) *

True discharge Q; = gcl Vg (hl% - hg'*;) =-§ % gx 4x8 (12%—‘10%)

= 132619,
Velocity at mean depth is ¥ 2g x 1i1.

Approximate discharge Q; = cA+2g x 11 = g x 8 x 8411 = 182:665.
Difference is 0046 c. ft. per sec., or 2% c. ft. per minute.

* The tol!_o;ving table wilI iui'zlsh:m_ndea c;f the mode in which the co-efiicient
varies.

Head to Ratio of height to width

centre of . 7o

orifice. (width being 1 foot).

Feet. | 4 | 2 | 1 | o2

05 .. U B 615 | 631
1:0 .. .. 601 617 | 632
20 .. 618 | 604 { -617 -630
30 | 627 | -617 | 605 | -615 | -627
50 | -621 | -612 | -604 | -611 | -620
100 | -604 | 602 | -Go1 | -601 | 603
300 -605 603 | -601 608 | 604
500 609 | -G0G ! 602 605 | 607
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30. Circular orifice.—The circle may be divided into a number
of vertical strips which are approxzimately rectangles. The mean
velocity through each rectangle is very nearly the velocity at a point
situated at half the depth of the rectangle, 4.6, on a horizontal
diameter of the circle. Hence, if 2 he the depth of the centre of

the circle, the mean velocity = v/2gh approximately, and therefore

Q =cA vk (12)

The greatest error that can occur by using this formula, viz.,
when the circumference of the circle touches the surface, is 4 per
cont.

In a similar manner may be treated the case of any oritice whose
form is symmaetrical above and below a horizontal axis.

Ex. 12. Deduce the formula Q = 3:9 d% 'k, where

Q = digcharge in cubic feet per second
d = diameter of orifice in feet
% = head in feet
for the flow of water through a circular orifiee in a thin plate. (Univ. 1880.)

_— d? - 22 > 1 —
Q = cA Vigh =02 x Tzi" x 8/ =02 x 7 2d2 M = 8942 W,

31. Triangular notch.—In this form of noteh, if I be the top
width and h the depth to the vertex, (fig. 23), the ratio ]i remains
(]

pongtant for different heads, and the co-efficient ¢ is consequently
gubject to but little variation. This form of notch is therefore a
good one for the measurement of the discharge of small streams.

The approximate formula Q = ¢A v/ 9gH, where H is the head to
the centre of gravity of the water section, gives a result about 8
per cent oo high.

Ex. 13. If diccharge takes place through a triangular notch in a waste board
placed on a dam, the two sides of the notch being equally inclined, and meeting at
a right angle, find the co-officient when Q = 3 ~15, where & is the height in
inches of still water above bottom of notch, and Q is the discharge in cubic feet per
minute. (Univ. 1881.)

The discharge in c. ft. per scc. is cA ~2gH, where II is head in feet to eentre
of gravity of water section. l = 2h.

1.h h
j, .= — ¢ — b= — ff.
Now H ft 13 5%
1/2 , h hs
As = Q(ﬁ x 1) = st
5, VIB

. . X 7
-, Q per minute = 60 ¢ - X 8\/3'(; 2V,

By question, Q = é N gc = 1. ¢ =040
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32. The true discharge of-a triangular notch can be found as follows :—Consider plate ITI.
ahorizontal layer of fluid filaments at a depth @ below the suilace, (fig. 33). Lot the

. h—x
length of the layer be y and its depth dz. Z/ = Lﬁ,f.

Vel:)cit;y of layer = v/ggg. Areaof its crosssection = y. dz.

& Discharge of layer = cy dz ¥2gz = c%ffg(h/i— :crf?) da.
& Whole discharge of notch = ¢# 2g 2 Sh ( 'z - a:'f?c') de =
0
12,8 2.8
oy 5, (504 = 5 )
. - 4 Nor 3
se, Q 1—5c1 29 hi..

; RN o R G
The approximate formula gives Q = ¢ 3 N/ Qgg 73 clv2g, b
. Approximate discharge _ 1 4 289

gt 1._Soindandebid B bodv + - = —— =108

" 'frue diseharge 243 15 267

33, Velocity of approach.—If the water passing through a
notch or orifice has & velocity of approach, as in the case of streams
or rivers flowing over weirs or anicuts, this velocity (which tends
to increase the discharge) ean bo taken account of by supposing
the head which would be required to produce it to be added to the
actual head. Take the case of a rectangular notch, and let v, be
the velocity of approach. The head h, required to produce this

velocity is ”2L; Hence the rectangular notch of depth 2 hecomes

practically a rectangular orifice, (fig. 24), the heads to bottom and top
of which are (h+7,) and hs. Hence

Q=jelvgg {®+ns -nil .. ..

The construction of a weir across a river causes an increase of
water section immediately above the weir; consequently the velocity
of approach is less than the natural velocity of the stream.

Let A be the natural section, v the velocity.
A, the section just above weir, v, the velocity.
A
A

Ex. 14. What will be the discharge per minute through a rectangular notch,
in a thin plate 6 ft. wide, head 8 inches, velocity of approach 2 miles per hour ?
(Univ. 1877))

- 2x520
¢ 6060

Then, by eq. (4) v, As = vA. & V=0

= 298 {t, per sec. ; kg =

293)? _ .
e 0-13 ft.

Q=2 vy {(h+h.)§ =13}, whore ¢ = 62 = 5,12 6, ha6, =13,

. 2 5 80 g' - (* g . 40
= - ~ X X i 8 } = T = 22,
.e Q X 6 8 ( ) (13) 20 x 066 4

40 x 60

». Discharge per minute = 5 800 c. ft,




Plate IXX

e

22 HYDRAULICS

34. Submerged orifice.—Let h, h;, (fig. 25), be the heads on
either side of the orifice, tending to produce discharge in opposite
directions. The effective head is (h, — h,), the difference of level
between the water surfaces above and below the opening. Calling
this head & and the aren of the sluice A,

Q = cA v2gh ... o e (15).
The proof of this is as follows :—
Let BC (fig. 26) be an elementary fluid thread, the velocity at B being in-
sensibly small. Then, with the notation shewn on the diagram we have:-
At B, the head is &), the pressure IT + wh,, the velooity zero.

At C, ” hy, ” I+ whg, ” .
. 2g H + wh, —hy=0 + II 4 Whl}-h
hg — hg = h. f

o v =
K7
35. Partially submerged orifice.—Let & be the difference of
waker levels above and below the orifice, (fig. 27), k;, h,, the heads
io bottom and top of the orifice respectively. The discharge may
ve divided into two portions, wiz., Q, taking place through a simple
rectangular orifice of depth (A — h,), and Q, taking place through a
submerged orifice of depth (h, — h).

9 o 3 3
Q=30 vog (0" — A7)

‘ Q. = cl (B, — k) v 2gh.
Assuming the co-efficient ¢ to have the same value in each case,
L Q=2cl vy 32 3 — hF) + (hy— ) ;ﬁz cevereene (16).
Lt

36. Submerged notch.—Let %, be the head to the bottom
of notch, (fig. 28); h the difference of level between the water

surfaces.

Q=§v‘h\/2gh )
Q; = ¢l (hy — h) JZ;‘F
&Q=cl vk (b —h+3 h) = ol gk (h — 2) ...... 1,

saking the co-efficient the same for the two portions of the orifice.

87. Adjutages.—The theorem of Bernoulli enables us to explain the cause
of the high discharge given by divergent adjutages. Suppose a gradual enlarge-
ment takes place in a horizontal pipe through which water is flowing steadily;

the velocity gradually diminishes. Bub ‘55 + 5 + # is constant, by eq. (8),

and s is constant ; hence the pressure increases as the velocity diminishes. It
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a gradual contraction occurs in the pipe, the velocity inereases, and the pressure Plate 1V
diminishes. We say gradual enlargement or contraction, so that there may
be no sudden change in veloclty a.nd consequent IOas of energy by shock

Tnke 'Y mouthplece of the form of the r‘ontra,cted vein, the sides of whlch diverge
conoidally, and terminate cylindrically, so that the threads of the jet may emerge
parallel, (fig. 29).

Lot A, v, p be the area, velocity and pressure at the smallest section C; Ay, vy, p)
the corresponding quantities at the exterior D.  Consider a filament B C D.

At B, the velocity is zero, the pressure is I1 + wh,, the head is h,.

At C, . v, » , » k.
At D1 ” vy, » P, »” h.
Honce0+£[__t_”i.h'_ho= + 2 h='31_+1’ &
w Uy w 29
I v p 4P
v he= 3 B £ .. . . .
w * 29 + w 2y w (s8)

1f the jet discharges into air, py= II; <~ = ;1;02, allowing for friction,

v =c, /Oh. . Q=97 A; J 2gh.

Hence the discharge does not depend on the section at C, which may be as small
a8 we please, provided the velocity at C does not become so great as to cause the
pressure to fall below zero. Should this occur, the water pressure becomes a
tension, continuity of flow would be impossible, and the mouthpiece could not run

3
full at D. Putting p = 0, we have from eq. (18), ]w1+ h = %g + 0.

But % is equivalent to a head of water of 84 ft. v = V20 (% + 34 );p,n:i

Q=AVNIR+388) . .. .. .. (19.

Thus the maximum discharge is the thcoretic discharge into a vacuum through
an orifice of section A under a head .

In practice the maximum discharge can never be as great as this, owing to
the disengagement of particles of air suspended in the water, which would check
continuity of flow before the pressure at C fell to zero.

In cylindrical and convergent adjutages, there 1s a sudden contraction at the
inner orifice, and a subsequent expansion to fill the tube. A loss of energy con-
sequently takes place, which reduces the co-efficicnt of velocity, although the
tube may run full at its external orifice, and the co-efficient of contraction be
equal to unity.

Ex. 15. The external area of a divergent conoidal adjutage is 4 s. in. Find
the theorctical area of the smallest cross section which will allow the adjutage
to run full (1) when the head of water is 2 ft. (2) when itis 15 ft. See tig. 29.

(1) At D, the velocity is ¥ 29 x 2. The area is 4 s. in.
At C, » &2y (274 39) o A,
S AV X336 = 4V 2 x 25 A= 005 in.
(2 AV x49 =442 x 15; " A = 291 5. in.

It



Plate IV,

24 HYDRAULICS

38. Internal cylindric tube.—In this case the co-efficient can be theoreti.
cally determined. Let tho tube project internally to such a distance as will just
allow the jet to spring clear of the cxternal orifice. Then the velocity at the points
B, C, (fig. 30), will be practically zero, and the pressures at those points will be the
hydrostatic pressures due to the depths at B and C. Let the areas of the orifice
and jeb bo A, Ajrespeotively, and let the mass of fluid occupying the space be-
twaen OO and D, occupy after a small interval ¢ the space between 0,0, and B,

The hydrostatic pressures on the sides of the vessel balance one another every-
whero except opposite the orifice. The atmospheric pressure acts on a section of
the jet whose area is that of the orifice, as well as over the free water surface.
Hence the unbalanced horizontal pressure is whA. Its impulse in the time ¢,
i.e., whAt, must be equal to the change in horizontal momentum in the moving
mass. Since the motion is steady, there is no such change between 0,0; and
D, and there is no horizontal momentum between QO and 0,0;,. Hence the
whole changa is in the momentum between D and E,

w.Awt wA,v3¢

Volume of space = Awt. Mass of liquid = . Momentum r.a__.é___,

. whar = WARE L AL _gh gk 1

A v 2k 2
But {\{' a ¢,. Therefore, neglecting friction, ¢, = 08,

The best experiments-give ¢. = 053,

EXAMPLES ON CHAPTER III,

1. Tind the discharge in cubic feet per minute from an orifice
2' 6” long and 7” deep, ils upper edge being 3" below the water
surface. (Coll. 1885.) Ans. 318 c. ft.

2. If a rectangular notch of width ¢ be cut in the side of a cistern
in which wator is kept ab a constant height 2 above the sill, show
2

that the theoretical discharge (noglecting contraction) is 3 h v/ 9gh,

the mean velocity §¢g§7, and the mean head k. (Univ. 1883))

3. If it were found that 381 c. ft. of waber passed in 15 seconds
through a rectangular notch 10 ft. wide with a lLead of 10 inches,
what would be tho value of the co-efficient ? (Univ. 1880.) Ans. -63.

4. TFind the value of the co-efficient ¢ in the formula 7 = ¢ ,\/ GQJ)?

in which Qis the actual discharge through a rectangular notch in
a thin plate in c. fi. per sce., L the length of the noteh in feet,
and h the height in inches of still water above the notch cregh  (Univ,

1875.) Ans. 04
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6. Assuming the mean velocity of water disecharging from a
rectangular slit in the vertical side of a reservoir is two-thirds of the
bottom velocity, obtain the expression for the discharge over a
drowned notch when the water approaches with a surface velocity va:
(Univ. 1884.)

6. BExplain the terms, head of approach, velocity of approach;
and state how the expression for discharge through a rectangular
notch is modified by the velocity of approach. (Coll. 1884.)

7. (a) A rectangular orifice 4 ft. wide and 3 ft. high, in a thin
plate has the water surfaces on either side at 3 ft. 9 in. and 4 ft. 3 in.
respectively above the lower edge of the opening. Estimate the
discharge. Ans. 42-4 c. {t. s.

(b) If the water has a velocity of approach of § {6. per second,
by how much will the discharge be increased? Ams. 14-2 c. ft. s.

(c) Estimate the discharge when the water levels are at 2 ft.
9 in. and 2ft. 6 in. respectively, there boing no velocity of approach.
Ans, 266 c. ft. 5.

8. A notch is of the form of a right-angled triangle. Estimate
the discharge when the width of the notch at the water surface
measures 15 inches, Ans. 087 c, ft. s.

9. Prove the theorem of Bernoulli. Thence shew that the
effective head producing discharge through a waterway in a railway
embankment which is run across a tank is the differenco of level
between the water surfaces on the two sides of the embankment,
(Univ. 1891.)

10. A sheet-iron cistern, with vertical sides £ in. thick, has on one
side a right-angled triangular orifice, apex upwards, whose horizontal
base is 1 f5. wide, and 4 ft. 4 in. below water surface; and on two
other sides circular openings 6 in. in diameter, whose centres are
9 ft. below water level ; to the outside of one of these a pipe of 1 ft.
length and 6 in. internal diameter is fixed, and to the inside of the
other is fastened a similar pipe. What will be the discharge from
each orifice, and the quantity of water necessary to keep the water
level in the cistern constant? (Univ. 1693.) 4ns. (1) 263 c. ft. s.,
(2) 387 c. ft. 8., (3) 245 c. ft. 5., (4) 8:85 c. {t. 8.
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39. The preceding articles enable us to deal with all the practi-
cal cases usually occurring. The only difficulty lies in the choice
of a suitable co-cfficient. In the case of the discharge through a
thin plato, the co-cfliciont is certainly known with some precision ;
bub, except in the gauging of small streams, discharges take place in
practice through masonry works whose varying details of construc-
tion render it impossible to assign co-efficients which will always
.suib each type of work.

40. Tank surplus weirs.—A tank surplus weir, waste weir,
escape, or kalingula consists of a masonry wall, occupying a portion
of the length of the bund, but at a considerably lower level. The
elevation of the wall is horizontal at top, and is bounded at the
ends by vertical wing walls which support the earthwork of the
bund The top or crest of the weir is from 1} to 3 ft. broad, and
generally slopes slightly upwards from the tank. The level of the
crest of the weir is termed full tank level (F.T.L.). The weir is made
of such a length as to discharge the greatest inflow to the tank,
with a certain assigned depth on the crest of the weir. This depth
or head on the weir is generally from 2 to 4 ft, and the surface
level at this head is called maximwm water level (M.W.L.). The top
of the bund is not less than 3 ft. above M.W.L. The inflow to the
tank is determined by its catchment basin or drainage area, and by
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the maximum rainfall which observation shews can come on that Piate xv.
area in a given time, say 24 hrs. A cerfain proportion of this
rainfall, depending on the nature of the soil and slope of the
ground, will flow into the tank; and, assuming the tank to be
full when the rainfall commences, this is the maximum discharge
which the weir should pass with the given head. Owing to the
partial nature of heaviest rainfall, the discharge to be provided for
is not directly proportional to the area of the catchment basin.

Ryves’ empiric formula Q = cM%, where M is the area of the basin
in square miles, and ¢ is a local co-eflicient ranging from 350 to 650,

is generally used in Southern India. Dickens’ formula Q = clM% is
also occasionally employed.

The discharge of a tank weir is that through a rectangular notch,
viz., Q = gclh\/m As the water surface for some little distance

above the weir falls towards the weir, the head should be measured
to the surfaco of still water. For this purpose a verbical scale is
placed against the wing wall, some feet in front of the crest. The
value of the co-efficient ¢ has not heen well determined. It varies
with the head, with the length and thickness of the weir erest, and
with the depth of water in front of tho weir. For a thin edge ¢
varies from about ‘66 to -59 with changes of length and head. The
experiments of Castel and Blackwell on added channels * and broad-
crested weirs give mean co-efficients *53 and ‘51 respectively. These
experiments were however conducted on a small scale; and it
appears probable that the co-efficients aro higher for the large
weirs of tanks and rivers. Professor Unwint proposed ‘577, or

;%z, on theoretical grounds, and this value wlll be adopted in the

examples which follow. It agrees well with the results of the
Lowell hydraulic experiments, see note to art. 41. The formula
thus becomes

Q :-g— )(—‘7123 DA Slh% = 31 ]_hg- ven ore o (20)'

Ex. 16. What length of kalingula should a tank have for each square mile of &
small catchment basin in order to carry off a rainfall of 1'inch an hour, of which 60
per cent reaches the tank ; it being assumed that the tank is full, that the supply
from each square mile is uniform, and that the height of still water above the crest
of the kalingula is 4 feet? (Univ, 1880.)

* Castel’s ‘‘added chanuels’ were short channels or shoots, having the same
section as the notch, which were placed outside the notch.
i Encyclopedia Britannica, 9th edition, Article Hydromechanies,
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Rainfall per sq. mile per honr = 6280 x 5280 x 4 c. ft.
- Di . . (60 (5280)
. Discharge per sec. per. 5q. mile of catchment basin (m)Tg_x (coy
= 387-2¢, {t.
Q =810k where Q = 3879 h = 4; 5 1 = 15T 11
Thus, if the drainage area were 10 &. miles, the length of the weir would be 157 ft.
41. Weirs with broad sloping crests. - Suppose the weir, (fig. 31), rounded
at the crest to suppress contraction. Let 2 be the total hcad on the crest, measured
from centre of crest to level of still water. Let BC be any filament extending from

still water to centre of crest ; ;, hy the heads at B and C; z the depth of water on
centre of weir ; s the depth of water over C.

At B, the head is k,; the pressure wh, ; the velocity zero,

A.i cl ” h! H ” wa H 11 v.
Lo ws L why __ h
o 2—9 0 hg 0 + w 1

[} [

v b =h,—e=h—x; . v= ~2g(h —2). Honco,if } be the length
of tho weir, Q = Iz ~2¢ (b - z).

Ifz=0,Q=0;and if z=1,Q =0; so that Q is a maximum for some
value of x betwoen 0 and h.

- dq -\
Q=l~'293z(h—£)§% f af:l,/ﬂgs_—i:%-_., Jh_w% =0.
W= +2h-2)=0; Sz=1h

2 . A 15 A 35
HenceQ:-alh/\/zg-Ssoaeulh 20R.  ciinieiiniasin i eran (21).

Ixperiment shows * that the actual discharge is approximately equal to Lhis

P ——
maximum. The ordinary weir formula is Q = gclh ~'2gT.. Hence the value of ¢

for broad-cresled weirs will be about 3 x ‘385 = 517 = —:—ET

42. Drowned tank weirs.—If the crest is low, and the surplus
channel confined, the tail waler may sometimes risc above the level
of the weir crest. This is tho case of & submerged notch, the dis-
charge [rom which is given by eq. (17) provided the co-efficient be
the sams for the orifico and notch portions of the opening. It
nppears however from observations on large wecirs + thut the co-
oflicient for the orifice portion is considerably higher than that for
the notch portion. In the absence of procise data, the co-efficients
may be taken as '8 and ‘577 respectively.

* The Lowell experiments give ¢ = -563 for weirs with crests 3 ft. broad, and
contractions suppressed, heads G Lo 1S inches.
t Pro. Inst. C. E., Vol. lxxxv, 1835-86, Rhind on co-efficients of discharge.
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Ex. 17. A weir has a head of 4 ft. of water on its crest, and the tail water rises plate IV
81t. above the crest. Find the discharge per second for each length of 157 feet.

Let d be depth of tail water on crest ;
h difference of water levels above and below weir.

2 — — .
Q=3 W 2gh. Qy = cgld ¥ 2gh. ¢ =°5TT; c3="'8

2
o Q= 157 x 8{5 x ‘577 4 B x 3}= 350 c. It. per sec.

Comparing this with the previous cxample, it will be seen that the free overfall
discharges 37 c. ft. per sec. more than the drowned weir for cach length of 15-7
feet.

43. Gauging weirs.—When it is desired to accurately measure
the discharge of a stream, (as for water supply projects, &e.), a dam
made of piles B and planks C, (figs. 32), is formed across the stream,
and puddled on the inside to prevent leakage. A notch, generally
rectancular, of suitable size to carry the discharge, is made in the
woir, and is protected by a metal plate D, one-tenth inch thick, so
as to secure accuracy of form and permanent sharpness of edge.
The air must have free access behind the sheet of falling water.
Fig. 32 (a) is a hall elevation of, and fig. 32 (b) a cross section
through the weir. Fig. 32 (c) is an enlarged section to show plank
and plate. It will be seen thabt this is a case of discharge through
a roctangular notch with a velocity of approach. 1f however carc
be taken that tho section of the jet docs not exceed one-fifth of
the water section above the weir, the velocity of approach may Lo
noglected. The head is measured by a scale placed on a pile E,
tho zero of the scale being accurately level with the crest of the
notch. The pile should be driven some distance back from the weir,
say 5 feet for small weirs to 25 feet for large oncs, so as to ensure
the head being measured to the surface of still water.

A more accurate mode of measurement is by the hook gauge. A
sharp-pointed metal hook at the foot of a vertical bar, is capable
of being moved up and down by a slow motion screw, the whole
apparatus being attached to a pile. The bar carries an index which
is at the same height above the point of the hook that the zero
of the scale is above the level of the notch crest. When a reading
is to be taken, the hook is depressed below the surface of the
water, and then slowly raised. The instant of its reaching the
surface is distinctly marked by the rcflexion from a film of water
formed on the point of the hook. Tho scale is then read. In
ordinary light, differences of level of a hundredth of an inch can
be detected.

If the head is variable, the scale should be read at intervals of
12 hours, and the discharge of any interval be calculated by the
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mean of the heads at the beginning and end of that interval. The
discharge can be estimated by eq. (9),

2 —
Q= 3 clh v/ 2gh, where ¢ = 62 for ordinary heads.

Ex. 18. A rectangular polch is 1'5 ft. wide, and the head to still water is
064 ft. Find the discharge per sccond.

Q -_g x '62 x 15 x ‘64 x 8 x ‘8 = 254 o. ft. per gec.

2 —
For greater accuracy, Francis formula, eq. (10), Q = 3¢(L—02H)H ~ R
may be used. This would give for the above example

2
Q=35 x"62(1'5 — 02 x "64) 64 x 8 x '8 = 2:32 c, ft. per seo,

44. Anicuts.—An anicut is a masonry dam built across a
river 80 as to raise the water surface to a sufficient height in the
dry season to admit of the water being carried by gravitation to
places which it otherwise could not reach. The dam serves also
to regulate the often capricious shiftings of the river in its course,
and thus to conduct the water to the point of offtake. The anicut
terminates at each end in wing walls to support the flood banks of
the river. The supply of water required is taken off by a channel,
on one or both banks, just above the anicut, the opening from the
river being provided with a masonry head sluice to regulate the
admission of the water. If the full supply level in the channel is
to be maintained when little water comes down the river, the
anicut crest should be at this level, or indeed slightly above it,
since & small additional head is nceded %o force the supply through
the head sluices, even when the slsutters are fully open. All
surplus water passes over the anicut. In ordinary scasons the
surplus may discharge with a frec overfall; but in floods the tail
wator rises above the crest of the anicut, and the water on the
upper side becomes heaped up until there is a sufficient head to
drivo the river discharge through the contracted section. In both
cases, the velocity of approach must be taken into account.

45. Anicut with clear overfall—This is the case of free
diseharge from & rectangular notch, with velocity of approach,
eq. (14). Taking ¢ = -877, the co-efficient applicable to broad-
orested weirs, we have

Q = 31L g(h +h)? - h? 2 cevreeereieenneen.(32)

where he, (fig. 33), is the head due to the velocity of approach.*
The chief use of this formula is to check estimates of the discharge

* See note to art, 92.
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of the river for measured values of k. The velocity of approach is Plate zv.
less than the measured mean velocity of the river, owing to the
increase of water section just above the anicut; but it can be de-
termined from eq. (4), v.As = vA.

Should % be required for a given height of anicu$, and a known
discharge, the increased water section above the anicut is unknown
and we must proceed by approximation. TFirst assume an approxi-
mate value for the velocity of approach, and solve for A. From
the increased water section thus obtained, deduce a nearer value of
the velocity of approach, and re-solve for k. In practice however,
the silting up of the river bed above the anicut tends to prevent
this increase of water section, and for most practical purposes the
velocity of approach may be taken as equal to the mean velocity
just below the anicut.

Ex. 19. A river 200 {t. wide and flowing 5 ft. decp with a mean velocity of 4 ft.
por second, passes over an anicut whose height is 8 ft. above Led, with a clear over-
fall. HEstimate the depth on the crest.

Q = (200 x 5)s.ft. x 4 = 4,000 c. ft. per sec.
The increased section above the anicut is unknown. Assume it tobe 8 x 200,

or 1,600 s. ft. approximately.

. . . 5 x 200
The velocity of approach is upproximately 3 : 900 X 4 = 2505, per seo.

) o . .
«= gz ='1; & (h)? ="03. Inserting thesc valuesin eq. (22),

2

4000 = 31 x 200 x g(h + 1) --03.2

solog (B o+ 01) = zlog 6'525 = log 3:49; .~ h = 389,
This result is sufficiently correct for practical purposes. If we assumethat there
has been no silting, the value of & may be corrected as follows :—
The velocity of approach is 8%3-39 x 4 = 18,
i B = +05, and (B)* = 0L
& log (B + 05) = glog 6 505 = log 8:48; .~ h = 348,

If there were no velocity of approach, the requisite head would be found to be
348 ft.

46. Drowned anicut.—This is the case of a submorged rec-
tangular notch with velocity of approach. Leb d, (fig. 34), be the
depth of the tail water on the crest, & the actual head, ., the head
due to the velocity of approach, Q), Q, the discharges through A
and d respectively.

Then Q,

Q

Il

gc‘z\/ég { (h + ho)? — h;‘?}

¢, 1V (h ¥ ).
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The values of the co-efficients are not well known; but there is
no doubt that owing to the slope of the water surface in the notch
portion, and to tho comparative absence of contraction in the sluice
portion, ¢, is considerably higher than ¢,. For the reasons men-
tioned in art. 42 the co-efficients accepted for drowned tank weirs,
viz,, ¢; = ‘677, ¢; = '8 will be here adopted, and we have then

Q=131 @+ he)? — ha’fg +64d (h + h.)%}..(zs)

1t the anicut woro absent, i.e., A indefinitely small compared with d, the co-
efficient would obviously be 1. If there were a clear overfall, i.c., d indefinitely
small compared with h, the co-efficient would be about '577. Hence we are
justified in concluding that the average co-efficient for the whole discharge Q; + Q;
may vary between these limits, increasing as the ratio k: d diminishes. This con-
clusion indicates the imperfections of tho formula ; nevertheless, it is believed that
eq. (33) will givo good rosults in ordinary cases. '

The chist use of equation (23) is to determine h for a known
maximum flood discharge. The maximum flood discharge is obtained
by observation of the rainfall on the culchment basin, checked by
moasuroments of the velocity and cross scction of the river. The
value of h deduced from tho formula is added to tho given maximum
dopth at which tho river flows, and this enables us to fix the height
of the wing walls, head sluices, and flood banks, so that there may
bo mo risk ol thoir being overtopped by the flood. In this case,
the increased water section above the amicut is unknown, and h,
must be obtained by approximation.

Othor questions can of course he solved by equation (23), such
as (@) the amount of flood discharge for observed values of d and
k; () the height to which an anicut must be built in order to
raiso the wator by a given quantity when the river is flowng at
o given depth. In this latter case we solvo for d. Tho difforence
between d and the depth of the river gives the height of the anicut.

Ex.20. The maximum flood discharge of a river is estimated at 5,000,000 c.
yds. por hour, the mean velocity being 500 ft. perminute. An anicubis to be built
aoross the river, 450 ft. long, with its crest 44 ft. abuve bed. \What must be the
height of the wing walls and head sluice, so that a raximum flood may not rise
within three fcet of their tops ?

Q=1 [S"lg(h PR hﬁi +64d (b + hn)i]

5000000 x 27 500
= o e 8 . ft. e = —,
Here Q 60 x T 7500 ¢ per sec.: v 60

A= ? = 45008, {t. Mean depth = f =101t
d =10 ~ 45 = 55 ft. Taking the velocity of approach equal to the mean
velosity, b, = &9 2105, 2 gl < 112,
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Let YA+ T108 = z; 87500 = 450 [31 (28 ~ 1'12) + 64 x 55 2],
&+ 1182 =28 Tryz=2; 8+ 926 = 306,
w T=19; 686 + 2147 = 288,
Sz=19; Nh+108= (19 =2361; . k=253
«+ Top of wing walls must be 3 + 2:53 + 55 or 11 ft. above anicut crest,

Ex. 21.—An anicut 1,500 ft. long is to be built across a river. The full supply
depth in the channel, above the floor of the head sluice, is 70 ft., and the area
of the sluice openings is such that a head of 6 inches is requisite to furnish the
given supply. The normal water section of the river is 7,500 s. ft., and the
estimated normal discharge 30,000 c. ft. per secc. What should be the height of
the crest of the anicut above level of sluice floor, the latter being placed at the
bed of the river?

. A 7500
Mean depth of river = 7= 1500 = 5 ft.

The water surface has to be raised through (7-0 — 50) + 05, or 2°5 ft,
Q=1 [ 81 { ( + h)} — hﬁ} +64d(h + h,)i].
Here Q = 30000; ! = 1500; % = 2'5 ft. Taking the velocity of approach equal
to the mean velocity, i.e., equal to % = 4, we have 1, = %r = 25,
80000 = 1500 [ 81 { @75)8 — (-25)!?} +0dd (2'75)’-“].
520 =81 (456 —18) + 64 d x 166. .. d=G.
Hence height of crest above sluice floor is 5:0 — 0-6 = 4-4 ft.

1f d had come out negative, it would indicate that the anicut crest must be
above tail water. Equation (22) for a clear overfall should in this casc be solved
for h. Then 76 — h will give height of anicut above sluice floor,

Ex. 22.—A jungle stream has a depth of 3 ft. and mean velocity of 12 f¢. per
second. What must be the height of an anicut to raiso the water 6 ft., supposing
that the bed silts up, above the anicut, so as to give a depth of G ft, ?

It is cvident from the figures given that the crest level will be ubove the tail
water, i.e., that the anicut has a clear overfall.

Q=§cl»f2—g{ (h+h,,)3-ha5‘}.

HereQ=Av=31x12; v, = ?‘; x 12 = G ft. per sec. .. I, = *50

2
3/3
21169 = (b + +56)F — 425 o (h + 56) = (1211)} = 5ear.
& Jv=4-TLft. Height of anicut = 60 + 30 — 47 = 43 4,

3
3

8l 13= lx8{(h+'56) —-(50)*"}.

47. Sluices.—Sluices are constructed in many forms. The
head slusces regulating the admission of water to channels, and
the under sluices of anicuts, which serve to scour away the silt
in front of the channel entrance, generally consist of rectangular
openings, each from 3 to 6 feet in breadth, closed by vertical

shutters sliding in grooves. The sluice openings or vents ag they
A
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Plate IV, are termed, are separated from one another by piers which are
generally provided with cutwaters. The sluice floor is usually on
the level of the bed of the river or channel; and the bottom and
lateral contractions being thus suppressed to a great extent, the
co-efficient may ordinarily be taken as ‘8. The openings of river
bridges, and the waterways in railway and other embankments con-
structed across tanks or in tracts liable to floods, may also be
regarded as sluices, with the same or even a higher co-efficient.*
In all these cases the discharge takes place into water, and the
head is the difference of level between the water surfaces above
and below the sluice.

Tank cscape sluices arc rectangular openings in tank weirs, to
aggist in the removal of flood water, and they are closed by vertical
sliding shutters. Being unprovided with piers and cutwaters, the
co-efficient may bo taken as '62. The discharge from these sluices
usually takes place freely into air.

Lock sluices will be referred to later, art. 58. They generally
oonsist of culverts in the side walls of the lock chamber having a
cross section considerably greater than that of their vents, so as
to reduce velocity. The vents are closed by sliding shutters. The
lower sluices sometimes consist of openings in the gates, closed
in o similar manner. In either case the co-efficient may be taken
ag ‘62

Tank Irrigation sluices are culverts made through the bund,
measuring about 2 — 6”7 x 2" — 07, and are rectangular in section
with an arched top. The culvert communicates with the tank

(1) by a vent at the inner end which is closed by a shutter,

(2) by vertical openings in the masonry of the sluice closed
by coned plugs fitting circular holes cut in horizontal
stones which are built at different levels.

The area of the vent at the inner end is small compared with
the section of the culvert in order that the velocity in the latter
may not be too high. Each plug is attached to a staff or spear,
and can be lifted through fixed intervals, so as to partially or com-
pletely open its vent. The plug holes vary from 4 to 12 inches
in diameter, and should be coned 1 in 4. When the tank is full,
one or more of the uppermost plugs are lifted ; as the water sinks,
those lower down may be withdrawn; and at last the shufter can,

* In sluice and bridge openings provided with curved cutwaters and wing
walls, a co-efficient of 'O may be used, vide Professional Papers on Indian Engi-
neering, 2nd series, vol, IX, Appold’s experiments.
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it necessary, be raised. The co-efficient for the shutter opening Plate V.
may be taken as 0:62; that for the plug holes 0'7.

Ex. 23.—The following are levels in connexion with the head of a channel,
the full supply of which is 600 c. ft. per sec.

Floor of sluice .. .. .. .. . .. 4326
Full supply level of channel (F. 8. L) .. .. 5126
Anicut crest .. .o .o . o .e . b1:66

Determine the number of vents each 6 ft. high and 4 ft. wide which will
be required for the head sluice,

Let n be this number.

Q=cAV2h HereQ=600; c=8; Amnx6x4; h=08,

5 600 = °8 x 24n x 8408, Whencen = 7.

Ex. 24.—When there is 10 f%. of water flowing over the anicut in the
preceding example, find to what height the shutters should be raised off the
sluice sille

Let 2 be this height, A = 7 x @ x 4; h = 108,
& 600 = 8 x 28x x 8V I0F; & x = 104 ft.

Ex. 25.—A tank irrigation sluice is provided with ticrs of plug holeg, three
holos in each tier. When the hcad om a tier is rcduced to 4 ft., the water
surface is sufficiently low to permit of the plugs of the next tier being withdrawn.
What should be the diameter of the holes to irrigate 400 acres of rice at the
rate of 1 c. ft. per sec. for every 30 acres.*

Q=cAvigh Here Q = %00 = 1885 ¢ = 07; h = 4.

&H 138 =07A x 8 x 2; whenoe A = 12, If d be diameter of holes in
foot, A = 3 Z’fj = 19; s di= bl; - d =79 Hence Yinch holes will be

required,

Ex. 26.—A surplus sluice in a tank weir consists of 8 vents each 4 ft. wide.
When there is 9 ft. of water on the sluice &ill, find the discharge per second if
the shutters are lifted 5 ft., the discharge taking place into air.

Q=§cl N3G (¥ — hb). Herel=8x 4; hy=9; hy = 4,

&S Q = § x g %x 32 x 8 (27 — 8) = 2,027 c. ft. per secc.

48. Discharge of bridge openings.—If tho shubters of a
sluice are drawn up clear of the water surface, there will remain
such a difference between the surface levels above and below the
sluice as will suffice to give the actual velocity of discharge,
whatever this may be. This is the case of waterways in railway
or other embankments constructed across tanks, or in tracts liable
to standing floods. The case of ordinary river bridge openings is

* Note, — For large areas of 5,000 acres and upwards the usual allowance
is 1 c. ft. per second for every 60 acres.
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similar, except that it is complicated by a velocity of approach.
This will now be considered.

Let v, be the velocity of approach (fig. 35), v, the velocity at
the cross section A, of greatest contraction, z the actual heading
up or afluz. The total head producing the velocity v, i3 (z + hqg);

o =vy (@ + ha).
Q =cA V2 (X + h) v e e . (20)

To obtain 7, the head due to the velocity of approach, it must
be remembered that this velocity is less than the normal velocity
of the river, owing to the increase of water section above the
bridge. If v, I, d be the normal velocity, breadth, and depth of
the river, we have v,, I, (d + z) the corresponding quantities above

. d
the bridge, so that v, = F
served, Q can be determined. It will be noted that A, is practi-
cally the actual area of the water seciion, there being no surface
or bottom contraction, and, if cutwaters are present, but little
lateral contraction. The co-cfficient has therefore a high value,
and may be taken equal to *9.%

v. Hence if z, », and A, be ob-

If 2 is tho unknown quantity, we must proceed by approxi-
mation since h, involves x. This case will be dealt with under
o afflux,” art. 49.

If there is no velocity of approach, we have
Q = CAlJﬁg—i atsessssncsncianants -...,....................(25)

Ex. 27.—The country on each side of a railway embankment, which crosses
the drainage, is flooded. A waterway of 25 ft. discharges with depths of 6 and
4 ft. on the upper and lower sides respectively. Istimate the discharge.

Q=9 x (25 x 4) x 842 = 1018 c. ft. per sec.

Some authorities consider a bridge opening cquivalent to a submerged weir, and
they deal separately with the discharges through the sluice and notch portions of

the area. Thus the formula Q = ¢l v/ 297 d + gcc) isin use in the Madras Ir-

rigation Department for waterways in embankments crossing tanks. As, however,
observation shews that the lowest water level is ordinarilyt reached under the
bridge, it is clear that the whole discharge must take place through the smallest
section A;. Tho velocity through that section cannot be greater than that due to
the actual head z, or, if there be a velocity of approach, to the head = + 7,.
Hence the mode of calculation adopted in the text seems preferable to that now
described, though very similar numerical results might be obtained by the suitable
selection of co-efficients.

® Under favourable circumstances ‘95 may be used.
t Except when the afflux is very great.
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49, Aflux.—When a stream meets with an obstruction which Plate 1
contracts the normal cross section, the water becomes heaped up
on the upper side of the obstruction, until the head or aflux is
sufficient to drive the whole discharge through the contracted
section. The obstruction may consist of a wall of limited height,
extending across the river, as in the case of an anicub; or a series
of lofty detached walls, with openings at intervals of the full depth
of the stream, as in the case of bridge piers. The afflux can be
determined by solving eq. (22) or (23) for h, or (24) or (25) for =,
In the case of bridge openings however, we may proceed directly
as follows:—

Let I, d be the mean width and depth below the bridge; !, the
lineal waterway of the bridge ; z the afflux (fig. 35).

Below the bridge the velocity is v, and the water section Id.

Above » " Vo » l (d+z).

Under the arches ’ U » cl,d.
—where ¢ is the co-efficient of contraction, which is usually taken
as 95,

The maximum velocity under the arches is due to the head
z + hg b8,

BV ey rewr e W Gl
n=vq(@+h) -~z S
l d .
But v, = le, and v, = i+
. v g D2 a
FE= g $ G T @ e R (26)

a cubic equation for # which may be solved by trial or approxima-
tion. To approximate, assume the velocity of approach equal to
the velocity below bridge, .., neglect # on the right. We have
then, substituting the value of ¢,

v (11l®
X = 2g 3 L: 1 E TS TTTTTTTTTTTRTIRTRUNPISRRORINE ¢/} ) )
a result which is sufficiently accurate for most practical purposes.
If a closer approximation is required, insert the value of x so found
in (26) and recalculate. If I, is the unknown quantity, we get, by
transposing (26).

_ vl(d + %)
S T e RO

1

If there is no velocity of approach, z = gg = é’g (li—"l
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Ex. 28.—A bridge of seven arches of 20 ft. span is constructed across a river
which has in flood a mean width of 200 ft., mean depth of 6 ft. and mean
velocity of 5 ft. per second. Find the afflux.

w2 101 12 25 200\%
() e () g
For a second approximation, we have from (26)
200\ ? 3
z::—z 31-1 x (ﬁ'% —(6%8) §=o-54ft.

50. Backwater.—If the water were stationary against an ob-
struction, the surface BC (fig. 86), would be horizontal, and the
length of the backwater, or distance from the obstruction to which
the effect of the afflux & can be perceived, would be z cosec ¢,
where 7 is the surface fall. But if this were the case in a flowing
stream, there would be no surface fall between C and B to develop
velocity and overcome frictional resistance (see chap. vii). The
velocity, and with it the resistance are, it is true, both reduced by
the increase of soction above the obstruction; still, some head is
required, and the result is that the actual water surface DFB
becomes curved, the curve touching the normal water surface at D,
and the horizontal at B. Thus at any section EFG, the fall EG
would be required to overcome the normal resistance, and produce
the ordinary velocity in the length DG of the unobstructed stream.
As it is, however, only the head EF is required. If the curve DFB
were a circular are, the length of the backwater would be 2z cosec ¢
but observation shews that 1:5 @ cosec ¢ furnishes a result sufficiently
accurate for practical purposcs, provided the river bed has a fairly
uniform breadth and slope.

Iix. 29.—A stream of uniform breadth has a normal depth of 24 ft., and a fall of
92 ft. per mile. Find the length of backwater caused by a weir which raises the
surface by 3§ ft.

Longth required = 1'5 & cosec ¥ = 3 x T x 5250

3% 3 ft. = 2'6 miles.

51. Separating weirs.—In cases of town supply, it may be desirable to
divert the often discoloured flood water from the supply channel. When a
moderate quantity of water only is discharging, it drops over the lip C (fig. 87)
into a culvert D communicating with the supply channel. In floods, however, the
increased velocity due to the greater depth causes the water to leap across
the opening. Assuming that the velocity of all the filaments is their mean

velocity, or 3 ~ 2g1, which is sufficiently accurate for practical purposes, we have

’;; This gives y for any assigned values of

2 gts, 9
z“g[ﬂgh.t;ﬂ='§n --‘!/“1-6
z and k.

52. Modules.—In irrvigation districts in India, the ryot is
charged for water according to the area cultivated. In Europe
however the water is sold by volume, and the Module is the
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apparatus employed to measure the quantity issued. The chief Pinte V.
difficulty is to secure a constant supply with a variable head.

Ttalian Module.—The water is admitted by a sluice, from the
main channel into a masonry basin, and flows thence through a
rectangular notch into the distributing channel. The sluice is
regulated by hand, and an approximately constant head on the
notch in the chamber can thus be secured. These modules, not
being self acting, are imperfect.

Spanish Module.—The area of the orifice is made to vary as
the head changes by suspending a conoidal plug, attached to a
float, in a circular opening. The circular orifice is made in the
horizontal floor of a masonry chamber B (fig. 38), constructed in
the canal bank. A brags plug C is connected with a hollow brass float
D, and works vertically in guides. The water falls into a masonry
well E below the chamber, and is thence conducted through the
bank to the distributing channel. If r be the assigned radius of
the opening, and z the radius of the plug at any point, the area of
the water space is o (r® — 2%), so that Q = cw (12 — %) v/Oghk,
whence successive values of z can be found for different values of &,
and the plug can be designed. The chief objection to this form of
module is the great fall required. This has been avoided in the
Jamaica water works by placing the plug horizontally, and connecting
it with the float by link work. *

EXAMPLES ON CHAPTER IV
1. A tank has a drainage area of 20 square miles. Estimate the

maximum flood from the expression Q = 450 M%, and find the length
of escape weir to discharge this maximum supply with a depth of
23 feot on the crest. (Coll. 1884.) Ans. (1) 4,256 e. ft. s., (2) 347 ft,

2. A tank has a drainage area of 45 square miles, and a weir
250 ft. in length with a clear overfall. Required the height of bund
above escape crest in order fo give a margin of 6 ft. above maximum

flood level. Q = 500 M¥. (Coll. 1885) Ans. 10 5.

3. A weir with a free overfall 100 ft. long discharges with a depth
of 3 ft. To what extent will this depth be increased if the weir
be shortened to 50 ft.? What length should it be if drowned by
the tail water rising one foot ahove the cresh, so that the total
depth flowing over may remain unaltered ? (Univ. 1882.) 4ns. (1) 1-75
ft., (2) 91 ft.

* Pro. Inst. C. E., Vol. Ixv, 1880-81,
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4. The upper and lower water surfaces are 6 ft. and 2 ft.
respectively above the crest of a submerged weir 100 ft. long; and
the mean velocity of approach is 4 ft. per second. Calculate the
discharge ; and the depth required to pass the same quantity of
water over an anicut of the same length with a free overfall without
velocity of approach. (Univ, 1883) Ans. (1) 5312 e, ft, s, (2)
66 ft.

5. Find the height of water passing over a kalingula crest
400 feet long with a velocity of approach of 9 ft. per second,
the discharge being 14,000 c. ft. per sec. (Coll. 1885.) Ans. 42 ft.

6. Describe fully the way in which the discharge of an irrigation
channel about 9 ft. wide and 2 ft. deep should be measured when
it is desirable to obtain a very accurate result. (Univ. 1875.)

7. A river 100 ft. wide -and 10 ft. deep has a mean velocity
of 4 ft. per second. Find the height of an anicut to raise the
water 3 ft. Ans. 8 ft.

8. A river 300 ft. wide with vertical banks, and 10 ft. deep,
has a mean velocity of 8 ft. per second. At what height above
an anicut with a clear overfall would the whole be discharged?
Ans. 8 ft,

9. The area of a certain locality draining into the Cheyar
is 1,000 s. miles. An anicut 800 ft. long is constructed on this
river ; and the crest is 3 ft. below the flood surface level of the water
a8 it was before the dam was built. The mean velocity of the
current is 8 ft. per second. How much will the level of the surface of

the water in the river be raised above crest of anicut? Q = 560 Mg'
(Coll. 1884.) Ans. 68 ft.

10. The maximum flood discharge of a river is 60,000 c. ft. per
sec., which passes over a weir built under a bridge of 15 arches of
32 ft. span. The crest is 9 it. above bed. Velocity of approach
8 ft. per sec. The gauge on the apron below the weir reads 15 ft.
To what height will the flood rise on the crest? ¢, = ‘50,¢; = 75.
(Univ. 1892,) dns. 11 ft.

11. A tank has two sluices irrigating 1,800 and 1,250 acres re-
spectively. Find the width of each opening to give the required
discharge with a depth of 4 ft. on the sills, the height of each
being 1 foot, and the quantity of water needed being 1 c. ft. per
second for 50 acres., (Coll. 1880.) dns. (1) 3-8 ft., (2) 27 ft.

12. A tank has three sluices irrigating 500, 800, and 1,200 acres,
their sllls being respectively 18, 20 and 25 ft, below F.T.L. The
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width of each opening being 1 ft., required the heights of the open-
ings in order that they may discharge the necessary supply of 1 c. ft.
per second for 60 acres when the water is 12 {t. below I.T. L.
(Coll. 1882.) Ans. (1) 8'5 in., (2) 11'8 in., (3) 13'6 in.

13. Wishing to ascertain the rate of discharge from a tank
sluice, I found the orifice a circular one 4 inches in diameter, and
20 ft. below the surface of the water. At what rate was the water
escaping ? (Univ. 1870 ) 4ns. 2 c. ft. s.

14. Find the dimensions of a submerged rectangular sluice to
discharge with a head of 9 inches a supply of water for irrigating
2,000 acres of land at the rate of 2 c. yards per hour per acre.
(Univ. 1874.) Ans. 2 fb. by 35 ft.

15. How many square feet of waterway must a head sluice
have to supply 50,000 c. yds. per hour with a head of 9 inches?
(Univ. 1878.) Ans. 68 s. ft.

16. A road is to be carried across a tank, and provision made
to allow of the maximum discharge being passed through the road
bank. The following are the data :—

Estimated discharge from drainage basin 2100 c. ft. per see.

Top of bund 50-50
%’I%VLL ‘g:gg!above M.S.L.

Ground level of floor of opening 40-00)

The water level above bridge opening is not to be more than 6
inches above M. W. L. in tank. Find length of waterway required?
(Coll. 1884.) Ans. 59 ft.

17. A kalingula 200 yards long has 3 ft. of water passing over
it with a velocity of approach of 8 ft. per second. There are 100
vents in it, each 3 ft. wide and 4 ft. high, with their tops coineci-
dent with the kalingula crest. Find the discharge when the sluices
are all open, the discharge taking place into air. Ans. 27,642 c. ft. s.

18. Deduce a formula which gives the additional height to which
the level of the water in a river will be raised when the piers of a
new bridge curtail the sectional area between the banks. (Univ.
1881.)

19. Pind the rise in surface level of a river 200 ft. broad, and
having velocity of & miles per hour, which would be caused by the
erection of a bridge of 4 spans, having piers 6 ft. in breadth?
(Coll. 1885.) Ans. 3-3 in.

6
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20. A river 200 ft. broad with practically vertical banks has to
be bridged. What waterway is necessary in order that the afflux
may not exceed 6 inches? In flood the river is 10 ft. deep, and the
mean velocity is ascertained to be 4 fb. per sec. with this depth.
(Univ. 1889.) Ans. 124 ft.

21. A bridge is built across a river, and causes a heading up
of 9 inches. The mean velocity below the bridge is § ft. per second,
and the depth is 8 ft. Find the velocity with which the stream
goes through the arches, and the proportion between width of river
and waterway of bridge. (Coll. 1884.) Ans. (1) 8:3ft. s., (2) 1:66 to 1.

922. How may a constant discharge of water be obtained from
an irrigation sluice if the head is subject to oeceasional variation ?
(Univ. 1871.)

23. During the flood which destroyed the Kali Nadi aqueduct
in 1885, the depths of water in the river on the upstream and
downstream sides of the aqueduct were 37 ft. and 24 ft. respectively,
thus giving an afflux of 13 ft. The lineal waterway was 275 ft.,
and the velocity of approach 3 ft. per sec. Estimate the flood
discharge of the river. Co-efficient ‘9. (Univ. 1890.) Ans. 172,260
c. ft. s.

24. The following are levels connected with a tank weir 62} ft.
long i—

¢ Top of bund 29-57
M. W. L. 28:32
F.T. L. 2432

Bed of surplus channel 20-00

It is proposed to lengthen the weir so as to increase the margin
between M. W. L. and top of bund to 3 ft. What length of weir
must be added ? (Univ. 1890.) dns. 853 ft.

25. A tank has a catchment basin of 10 sq. miles, What length
of weir will it require to carry off with a head of 2 ft. a rainfall
of 4 inches in 24 hours, 50 per cent of which reaches the tank?
(Univ. 1889.) dns. 61 ft.
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53. Woe have hitherto supposed the hecad under which discharge Piate v.

takes place to be constant. If, however, a vessel of water does not
receive a supply to compensate for its discharge through an orifice,
the surface level falls, and the head diminishes gradually to zerd.
The vessel may be prismatic or otherwise, and the orifice may
discharge to waste, or into another vessel. We shall confine
ourselves mainly to prismatic vessels, and, for the present, to
orifices which discharge to wasbe.

54. TFree discharge from prismatic vessels.—It has been
explained (arts. 14, 26), that the theoretical velocity of efflux under
any head or height is that which would be acquired by a particle
falling freely through that height, or which must be given to a
particle thrown upwards so as to just enable it to reach that
height. Hence, as the water surface descends %o the orifice, or
ascends from the orifice the velocity of efflux varies with the
head in precisely the same manner as does the velocity of the

particle.

Let the velocity vary from O to v in the time ¢ seconds. After
1, 2, 8,......t seconds the velocity will be ¢, 2¢, 3g,...... gt feet. Let
BC (fig. 39), represent ¢ seconds, CD represent g¢ (= v) feet. The
velocity at any instant is evidently given by the corresponding
ordinate of the triangle BCD. Ience the mean of all the velocities
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Plate V. throughout the time ¢ is 92? = z = iggh, or half the maximum velo-

oity. Hence the discharge, when the head varies from % to 0 or
from O to & is half the discharge which would take place in the
same time under a constant head &.

Since the mean velocity is % N2h = ,\/ 2gf-£, it appears that the

mean head is Z

§55. Time of emptying or filling.—Let 8 be the area of the
water surface in the vessel, H its maximum depth above the orifice,
t the time required for change of head from H to 0 or from 0 to H.

1,
The mean discharge of the orifice per second is cA 9 v2gH.

1,
~ The whole discharge from the orifice is cA. Qs/2gH X L.

But the whole discharge from the vessel is SH.

28H
St = A‘/de ... (29),
or the time is double that which would be required to discharge
the samme volume under a constant head I.
If the head diminishes from H to & or increases from A to H

we have:—

2SH
ime fr L
Time from I to 0, or 0 to H is oAV 9gH
Time from 7 to 0, or 0 to & is AQZlgh
But the last mentioned interval is unexpended ;
the actual time is - 28H 28h or
a cAv/2gH cA\/Zgh'
28 —
t = CAV 2 (VH— vh) «. (30)

Ex. 30.—A cylindric vessel having o diameter of 5747 inches has an orifice
0'2 inches in diameter, and the fluid surface is observed to sink from 16 inches
to 12 inches in depth in 53 seconds. Iind the co-efficient of discharge, taking
g = 32:1948.

9 x (5747
- Wi} =
=N \ng(‘/3 “"> 53x(02)2x8024<4\/

33028

= 5% -0f x 2oi2(1'19% — 1) = 060,

§6. 'The subject of Arts, 54 and 55 can be dealt with as follows by the aid of the
Caloulus,
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Lot dz be the surface fallin the vessel in the time df. The ohs;_nge of piate V.,
volume in the vessel is Sdxz; and the discharge from the orifice is cA ~ gz, dt.

These are equal; ., a Sﬂ
dz  cA gz

at= 5 (Hgtg B m_ um
cAngS,f az c“%(v/n /)
57. Discharge during a given time.—Let ¢ be the given time
during which the head changes from H to h, and les either H or
h be known. The volume discharged is S(H—h).
Fromeq. (30), vH — v k= Av 228g X t. whence either H or &
can be determined if the other is known.

Ezx, 31.—A square prismatic basin whose side is 3 ft. has an orifice *09 ft. in
diameter, 6 ft. below the surface. Find the discharge in 44 minutes, taking ¢ = §.

g
VE = W= Y20 %t Moot = 270" H = 6 ft.; A = 0:0636 5, 6. ; Sm9 . £5,
JS

. 0/6"'/7-“‘"( 00636 x 8 x 270 _
2x9

o Vho= 2449 — 47T = 19785 5 T = $:89.
Discharge required is 8 (H — ) = 9 (6 — 3'89) = 19 c. ft.

= 477,

58. Canal locks.—A lock (see skeleton diagram, figs. 40),is a
rectangular chamber of masonry constructed at the junction of two
canal reaches B, C, which are at different levels, its object being the
transfer of boats from one level to the other. The difference of level
of the water surfaces in the two reaches is termed the lzft of the lock.
The lock chamber is closed at each end by a pair of stout gates D, E,
and neither pair can be opened unless the water surface on eaclk side
of the pair is at the same level. When full, the lock can be emptied
by means of sluices F placed in the lower gates below the water
surfacein the lower reach, or by culverts in the side walls. When
empty, it can be filled by culverts which take off from the upper
reach at G, and open into the sides of the lock at ¥ either above
or below the water level in the lower reach. The vents are closed by
sliding shutters. The emptying or filling of the lock does not sensibly
affect the levels in the canal reaches.

Suppose a boat is to be transferred from the lower to the upper
reach. If the lock chamber is full, it must first be emptied by
opening the sluices F in the lower gates. These sluices are then
closed, the gates E are opened, the boat passes into the chamber
and the gates are shut. The upper sluices are then opened, and the
chamber is gradually filled. When it is full, the upper gates D are
opened, and the boat passes into the upper reach.
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Plate V. 59. In designing locks, it is necessary to estimate the time which
will be occupied in filling and emptying.

Let S be the area of the water surface in the lock; H the lift;

h the depth from surface of upper reach to centre of discharging
orifice of upper sluice. A, A, the areas of the upper and lower
sluice openings.

(1) To empty the lock.—The sluice being submerged, the head
varies from H to 0. Time required is, from eq. (29),
=B L e

cA, v 2gH
(2) To fill the lock.—From the level of the lower reach to centre of
sluice opening the head is constant, viz. h.
The time to centre of sluice is therefore, eq. (6)
t, = SH-h)
cA, v'ogh
From the centre of sluice opening’ to level of upper reach, the
head varies from h to 0. The time for this portion is

therefore, eq. (29), ¢, = 28h_ - . Hence the total time is
cA, v 2gh
t= tl + tg = ~s—(£1‘—-|-:;h—): “es Xy (32)
cA, v 2gh

60. Three standard sizes of lock chamber are used by the Madras
‘Irrigation Department, viz. 160' x 20, 105’ x 15 and 70’ x 10'.
The sluices, whether constructed as culverts or gate valves, are closed
by sliding shutters in the ordinary way; and the discharge may be
considered as that through a thin plate, ¢ = *62*. The cross section
of the side culvertsis greater than that of their vents, so that the
velooity may be reduced to safe limits.

Ex. 82. A lock 80 ft. by 15 ft., with a lift of 9 ft., is filled by two sluices, each
4 ft. wide and 2 ft. deep, whose centres are 6 ft. below upper reach water level;
and empticd by two sluices, each 2 ff. square, whose centres are 4 ft. below lower
reach water surface. How long will it take to passa boat which arrives at the

upper gate when the lock is empty, supposing 5 minutes are required to open
and close the gates, and to haul the boat through? (Univ. 1882.)
Here S = 80 x 15 = 1200s.{t.; H=9;7 = 6; Ay = 16s.ft.; Ay = 8. ft.
S(H +7) _ 1200 x 15
cA, Yogh & x 16 x 846
aSH 2 x 1200 x 9

Ti f emptying = .- "~ — = T "5 T Y = 180 secs.
ime o Piylng cA, ‘/297131 §x8x8x3 80

Time of filling = = 92secs.

Total time is 1m. 32s. 4 5m. Os. + 3m. 0s, = 9m. 32s.

* Experiments made by D’Aubuisson tended to shew that the discharge from
two contiguous equal sluices is less than double the discharge from one. The
co-efiicient is accordingly sometimes assumed as low as '35,
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Ex. 33. A lock 150 ft. long and 16 ft. wide is filled by means of two sluices, pPlate V.
each 3 ft. wide and 2 {t. deep, in the upper gate. The levels of the water in
the upper and lower reaches, and the centres of the sluices are 12 ft., 5 ft. and
7 ft. respectively above the floor of the lock, How many cub. ft. of water will
enter the lock in the third minute after the sluices are opened ? (Univ. 1884.)

Hoere8 =150 x 16; H=T7; h = 5'; A = 12s. fi,

Let &), %, be heads at beginning and end of 3rd minute. Time to fill up to
centre of sluices under constant head of 5 ft. 1sS ( __ h) _ (150 x 16)(7 - 5)
~ogh § x 12 x 8#5
= 358 secs.

.. Interval from time at centre of sluice to commencement of 3rd min. is
120 — 358 = 842 secs.

) 28 . ,_\_2x 150 x 16
Hence 842 secs. EZ%T;( = iy )w_g_ TxE (4 "/hl)

whence Vi = 1'184; ., ky = 1-392,

Again, 60 secs. =

8 [
= /2g(4h] - %), whence %, = -188.

Discharge required = S (h; — %) = 150 x 16 x 1:204 = 2890 c. ft.

61. Discharge through a rectangular notch,—If the discharge takes place
from a prismatic vessel through a rectangular notch, let ¢ be interval during which
the head diminishes from H to &, « be the bead at any instant, dz the surface fall
during time df,

.
Change of volume in vessel is 8. dz. Discharge from notch is 3 cl Yag 8 de.

These are equal, .. g _ _ 5
dx 2 Voo .3
gcl ﬂgx
3 S8 [(H _3 1
Sl = —— 2 -9 .t .
2cz~/:zg\ e lde 21»/29( )g vH J}?%’"
= s 1 ) - .o L]

o ~/zg< T VH @)

Ex. 84.—A tank, the waterspread of which is one-fourth of a square mile, is
provided with a kalingula 60 ft. long, which discharges with a maximum depth
of 3 ft. on its crest. Supposing no water to enter the tank, find the time in
which the surface will be lowered by 1 foot. (Univ. 1878.)

HoreS = 2280 % 5280, _ 6y 3.5 = 2:¢c= 1.
4 73
t= 38 (1 _w1w>=3x528q3<“1320/ 1 —i)secs
clﬁ/Qg 7 WH Vix60x8 \ V2 V3 )

= §4'4 minutes.

62. Discharge from non-prismatic vessels.—If the discharg-
ing vessel is not prismatic, the ratio of the time of emptying under
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Plate VI. variable head to the time under constant head is no longer 2.
Thus, the ratio for wedge-shaped vessels is 13, that for pyramidal
vessels 1%, the base of the wedge or pyramid being the water
surface.

To illustrate the mode of calculation adopted, the case of a paraboloid of
-*  revolution may be taken (fig. 41). Take the vertex as the origin,

Let I, r be co-ordinates at surface level.
Uy, ” orifice ,,
x' y ” ally ”

Let the surface descend through dx in time df. Volume discharged in time
dt is gry% dz. But, since the head isx — I;, the volume of discharge through

e 2
the orifice of area A is ¢cA ¥3g (z — i7) df. Now y3= TTI
) &L, T Sl_w in
4z oAl Vag VYo 0 Al Nyglyve =1

Let ¥Vz — L=z, df = 22, & g——i—— az = 22_+—l_‘. 23, dz.
da z - I

t 3

-2(§f+lla)=§(x—zx)’%+2zl(x—zl)*.

9 3
Hence ¢ = L 22 (l - >2 + 2l1(l - lx)7 g .
cAl Vg ¢3

If the orifice is at the vertex, {; = 0;

2 V] . -
= ? ’n”)‘ ,:_.f_ X3 .o .o LX) e e . LX) (34)-
3 cAV2g

. ..

Now, the volume of the paraboloid being 4712, the time of disoharge under
dmoa Comparing this with (34), we see that

a constant head ! would be
cANgl

the ratio of the times isé’q = = = 1}, or the same as that for wedge-shaped

L
2
vessols.

63. Discharge from irregular basins.—The slopes of the
basin should be contoured, when the reservoir is empty, for each
foob or two feet of depth, and the area of the waterspread at each
contour estimated. The discharge from any layer lying between
congecutive contours may then be considered as approximately that
from a prismatic vessel whose area is the mean of the two
waterspreads bounding the layer.

Lot s 8y -...n s, (fig. 43), be the areas of the water spreads at
successive contours of a tank;

Ry, kyy ...... by the heads over the discharging orifice ;
ty, tgpeeneoot, the times. of discharge from successive layers.
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1
t = 23_(_‘,'3_0_,t,_§[) 7 —_ JE Plate VI.
1 6A¢%(Jm vhy);
=SS e
oAV g (~hy = v'hy); and so on,
. 1 R o
SES kbt et = e 38, (VRS VR S (V= V)

+ 8, (Vi = Vh) + 8, (Vi = VI

+ 8V = Vi) L e (36),

2

Ex. 85.—Find in what time a reservoir of the form given below would lose
6 ft. of depth by discharging through a culvert in the dam, the area of the
vent being 1 s, ft., and the co-efficient -5 ;—

Ay = 600,000 s. ft. Ry = 200 ft.
Ay = 495,000 ,, By = 185 ,,
Ay = 410,000 ,, By = 170 ,,
A = 325,000 ,, By = 155 ,,
A, = 265,000 ,, By = 140 ,,

Hore S, (¥hy — ~hj) = 600000 (4-472 — 4:301) = 102600
8; (Vhy — ¥ hy) = 495000 (4472 — 4-123) = 172756
83 (Yhy = Vi) = 410000 (4:301 — 3-936) = 149650
Sg(~iy — ~hy) = 825000 (4:123 — 3-742) = 193325
8, (Vhy — Vi) = 265000 (3936 — 3:742) = 51410

600240

600240 _ 150060 secs. = 417 hours.

5% 1 x 8

84. Notch discharge from irregular basins.—The time of discharge can
be estimated by dividing the basin into thin horizontal layers, and successively
applying equation (33). With the notation of art. 63, the student can readily

obtain the following result:—
3 1 1 1 1 1 1
t — S 5 ( = —:) + 8 ( ' — -\ + 8, ('—-~—~A - -_~:.)
a5 \Ah Aw) T T \ve, T wi) " U\, T T
1 1 1 1
+ 8 (- ) 48 (—)E . e (36)
Nvu, Y h) ‘\Wh,  h (36)

65. Discharge from one prismatic vessel into another.—In
this case, as the surface falls in one vessel, it rises in the other,
and the effective head, or difference of level between the two
surfaces, diminishes more rapidly than in the case of free discharge
from one vessel.

t=

Let S, S, be the water surfaces in the vessels B, C respectively
(fig. 43). Let the heads at any instant be H, k. It is required to
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Plate VI find the time from that instant until the water has a common
surface in the two vessels. Let z be the depth from the original
level in B to the common surface. The outflow from B equals
the inflow to C, s.e.

T = H—h—z); . = - —h).
Hence the whole discharge during the time ¢ under a head
diminishing gradually from (H—h) to 0is 8, z = SSl S;_ (H—h).
1

But this discharge is half that which would have ta.ken place
in the same time had the head remained constant at (H—k), viz.,

é x ¢A v9g (H = k) x t, where A is the area of the orifice.

- . 28S.VH-h . (37)

.o = ees oo oo ose

¢A v2g (S, +8)

It will be seen from this expression that the time is the same
whichever be the discharging vessel. Eq. (37) is useful in dealing
with double locks. If the vessels are connected by a pipe, take ¢
from Art. 21.

Ex. 86.—A rectangular wrought iron tank (fig. 44), 7 ft. deep, is divided
into two parts by a thin vertical partition. The larger part, which is full of
water, has a horizontal area of 213 s. it.; the other part, which is empty, an
area of 27 s. ft. If a rectangular orifice 12 inches wide, and 6 inches deep,
with its bottom 2 ft. above the bottom of the tank, be opened in the partition,
how many seconds will elapse before the water stands at the same level in
both parts? (Univ. 1881.)

The discharge, until the water surface in the smaller vessel rises to centre
of the orifice is the free discharge from a prismatic vessel. That from orifice
centre to a common surface is the discharge from one prismatic vessel into
another.

Let ¢, tg be the times of these discharges respectively.

If H be the head above orifice in the larger vessel at end of time ¢, the
outflow from large vessel during ¢, is 313(4f — H). The inflow to small vessel
is 27 x 2}; whence H = 4465 [t.

During time ¢; the head diminishes from 4-750 to 4465 ;

_ —— 2
= B 3 44750 - VT § = gy g (21794 ~21181)=1130secs,
cA Y2q ix gx
% 465
28 81 M H,_p 2...} _2;13 f .27 {4 46_5 = 40-51 secs.
cAal‘zg 8,+8,) 8x §x8x240

Total time ¢t = &) + & = 51'_%1:5_(:5;

66. If the head diminishes from (H — %) to (¥ — 2), we have (fig. 45),

JHZ
Time from (H — k) to 0 is 28 SZ H -,’i
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28,8, ,/'1'!':“, Plate VI.
cA V29 (S1+8,)

288, e y—
S - H-h~— - 1).
Tirme from (H—h) to (y 2) 18 0V 39 (8,4 89) h y-9)

Time from (y —2) to O is

But 8 (H—y) = 8, (s - &); .-.z=h+gl(n_y).
2

o Time from (H—-h)to (y — 2) =t =

28,8, o —_—
cAY 2g (Sz+Sg){fH—h— I\/y_h— g (1Y }

28, /'8, )
Ste—— 2 NS, (H-h)—-~ N y— _s, ..(88).
cA ‘/29 (SH‘S)){ 2( k) (8; + 83) y—S;H - 8,h) } (88)

67. These results may be obtained directly as follows :—

In the time d¢, the fall of surface level in the larger vessel is dy;
. Change of volume is Sy.dy.
Discharge through orifice in time di is cA Vg (y—2). db

at _ Sy 5,
o el Butz=h + - (H - p).
tdy cAV 2 (y — 2) Sw( "
. at SIS < 1 = -4
R S e y - q) © suppose,
dy~ cAV2g (S, + S ,\/ {u- SiH + 8, "}
81+ 8;

H e e
-‘-t-?g y-a"? dy==2p{~fH—q—M'y-q}.

JY

28,V8,

S b=
AV (S; + 8)

(V&= -/ TSIy - SH-SA)- .

If the time is required to the instant when the two surfaces are on the

same level, we havey = 2 =7 + §,l H — y).

BiH + Syh, 0y 281 8y ¥ /H—h

SYs -

8§ + 8, cA 73g (8, +85)

EXAMPLES ON CHAPTER V

1. Find the area of a submerged sluice to empty a lock chamber
120 ft. long, 20 ft. broad, and with 10 ft. lift, in 5 minutes. (Coll.

1880.) Ans. 10 s. ft.

2. Required the time of filling a lock 85 ft. long, 15 ft. wide, and
10 ft. lift, by two submerged sluices, each 2 ft. square. (Coll. 1832.)
Ans. 3 m. 21 s.

3. A lock 189" x 20', lift 12’ is filled by two culverts on each side
with simple openings 3’ x 3, and also by two valves 2’ x 2’ in each
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of the upper gates. The floors of the culverts are 6’ below upper water
surface, and the sills of the gate openings are 6" higher than those
floors. If the gate valves are opened one minute before the culverts,
how long will it take to fill the lock? (Univ.1892.) Ans.2m. 35s.

4. A canal lock is filled by two sluices, each two feet square, the
sills of which are 1 ft. above the floor of the lock, and 12 ft. below the
surface of the water in the upper reach. If the water rises from a
depth of 6 ft. to the level of full lock in 4 minutes, what is the area
of the lock? (Coll. 1886.) Ans. 1810 s. ft.

5. A canal lock is 81 ft. long, 72 ft. wide, and the lift is 7 ft.
The water enters the lock chamber through a culvert 2 ft. in diameter,
the top of the orifice of which is just on a level with the water
in the lower reach of the canal. Find the time of filling the lock,
taking the co-efficient of discharge as unity. (Coll. 1883.) Ans.
2 m. 12 s.

6. In what time can a lock 200 ft. long and 20 ft. wide be filled
by two sluices, each 3 ft. square, in the gate, the water in the lock,
the water in the upper reach, and the bottoms of the sluices being
respectively 4 ft., 12 ft., and 6 inches above the floor of the chamber ?
(Univ. 1875.) 4ns. 4 m. 12 s,

7. (a) A canal lock 200 ft: long and 30 ft. wide is being emptied
by two sluices, each 3 ft. wide and 2 ft. high, the lower sides of
which are 2 ft. from the bottom of lock. In what time will the
depth of water be reduced from 9 ft. to 8 ft.? The depth of water
in the lower reach is 4 ft. Ans, 48 s.

() If H be the head at the beginning of the time, and & the
head at the end, shew that the depth would be equally reduced in the
same time if the discharge took place under a constant head K =
(i@.ﬂr_{_h)“ (Univ. 1876.)

2

8. A lock 150 ft. long and 16 ft. wide is emptied by two sluices
in the lower gate each 2 ft. deep, with their centres 3 ft. above the
floor of the lock. The levels of the water in the upper and lower
reaches are 12 ft. and & ft. respectively above the floor of the lock.
What must be the width of the sluices so that the depth of the water
in the chamber may be reduced from 12 ff. to 6 ft. in 2% minutes?
(Univ. 1884.) Ans. 2:6 ft.

9. A cylindrical vessel 5:74 inches in diameter has an orifice
*2 inches in diameter at a depth of 16 inches below the water surface.
It is found that the water sinks 4 inches in 51 seconds. What
is the co-efficient of discharge? Ans. -606.
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10. The water in a reservoir 600 sq. ft. in horizontal section sinks
4 ft. in 1 hour. The head at starting was 25 ft. Find the side
of the square discharging orifice whose co-efficient is °'62. Ans.
2 in.

11. A cylindrical cistern, whose horizontal section is 6 ft. in
diameter, communicates with a second cistern 3 ft. in diameter by
a submerged pipe 1 inch in diameter. When the pipe is opened
the water in the smaller cistern is 4 ft. above that in the larger
one. In what time will the surfaces become level? ¢='75. Aus.
11 m. 31 s.

12. One cistern discharges water into another through a sub-
merged pipe having a section of 4 8. inches. The discharging
cistern is 6 ft. square, and the receiving cistern 2 ft. square. If the
initial difference of level be 9 ft., how long will it take for the
water surfaces to reach the same level? ¢ ="7. 4ns. 2 m. 19 s.

13. Two docks with vertical walls have superficial areas of 10
acres and 6 acres, and communicate with each other by gates con-
taining two sluices, each 4 ft. square, with their sills at bed level.
When the water in the larger dock has a depth of 29 ft., and in
the smaller a depth of 4 ft., the shubters are opened. After what
interval will the water attain the same level in both docks, and
what will then be the depth? (Univ. 1891.) A4mns. (1) 2 hrs. 50 m.,
(2) 19:635 ft.

14. A lock 150 ft. by 20 ft., with a lift of 10 ft. is filled by two
sluices, each 4 ft. deep by 24 ft. wide, whose centres are 6 ft. below
the water level of the upper reach; and is emptied by two submerged
sluices of the same size. Find the time required to fill and empty
the lock. (Univ. 1889.) 4ns. (1) 3 m. 16 s, (2) 3 m. 10 s.
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" 68. Fluid friction.—When a stream of water enters a pipe or
channel which has a fixed inclination or slope, it is observed that
whatever that slope may be, the velocity very soon becomes uniform,
shewing that the force due to gravity is exactly balaneed by the
resistance to motion offered by the boundaries of the stream, and that
the amount of resistance depends on the velocity. The natbure of the
resistance, which it is convenient to call frictional, will be understood
from the fact that the roughness of the boundaries sets up eddies in
the stream, whereby the fluid filaments cross one another, and their
velocities in the channel line are checked. The velocity of filaments
near the boundaries is less than the velocity of those near the centre of
the water section. The mean velocity of all the filaments is however
uniform, and the fluid may be supposed to flow in plane layers lying
parallel to the oross section of the stream.

The laws of friction betweén a liquid and a solid surface are the
following :—

1. The frictional resistance varies with the nature of the solid
surface, but is independent of the pressure.

II. For large surfaces, st is proportional to the areas of the
surfaces.



PIPES 58

III. The frictional resistance varies, for ordinary velocitred;peariy ®isve v
as the square of the velocity. At very low wveloctties, neb
exceeding 1 inch per second, it varies nearly as the velocity.

Let a be the area of the surface of contact, & the resistance in lb. at a
velocity of 1 ft. per sec.,, R the resistance at a velocity of v ft. per sec. Then,

at ordinary velocities, by the above laws, R = k.a.v? If 4= 2_%)’1 we have

v2
R = pual, N

where y is called the co-efficient of friction.—Its values (which do not differ
widely from those of k), are determined by experiment. Thus, for well painted
iron, y = 0049 ; for  varnished surface, M = "0026.

69. Velocity in pipes.—Let a be the inclination of the pipe to
the horizon ; h the vertical fall in feet in length I; A the area of the
water section, B its wetted border ; and let the pressure be uniform
throughout the length of the pipe. The frictional resistance varies
as the surface, and as the square of the velocity, i.e. R =kBlv2, where &
is some constant. The work done by the quantity of water Al falling
through the height 2 is wAlk. The resistance is overcome through
the length I. The work done on the resistance is R.I=kBI%w3. These

2 ¥}
must be equal, .. k;; =%.§, %ug)k;lb:%;;, or if we write u for 2_216,
we have /a%:%.%, where u is the co-efficient of friction, which is to

be determined by experiment. The ratio % is termed the hydraulic

mean depth (H.M.D.) or hydraulic mean radius (H.M.R.), because,
if the wetted border were rolled out flat, and the stream spread

over i, % is the depth which the water would have throughout.

The hydraulic mean radius is usua.liy symbolized as r. The ratio

-—}5- is the sine of the slope, and is denoted by s. Hence

vﬂ

» —2—g—rs vee oee oee s oo (40)

l?
739
the head required to overcome resistance, in the pipe. A further
head k, is required to produce the velocity v, and to overcome con-
traction ab the entrance to the pipe. Let CD (fig. 46), be a pipe from
a reservoir, discharging into air. The total head over the pipe exit
is EG. Let EF represent %,; then FG is the head % required to
overcome resistance. Join FD. Since the resistance head & is, by
eq. (40), proportional to !, the ordinate KLM of the triangle FDG

70. Virtual slope.—Transposing (40) we have h =

as
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ropresents the head required at any point L of the pipe to overcome
resistance in the portion LD. Hence, if a vertical pipe were intro-
duced at L, the water would rise in it to the level K ; and the pressure
in the pipe at that point would be w.KL. The line FD is called the
virtual slope or hydraulic gradient of the pipe. Tf the pipe were laid
along FD, it would give the same velocity and discharge, but the water
would flow without pressure throughout. Similarly the pipe may
occupy any line whatever, straight or curved, between D and the
reservoir, provided that line lies wholly below the virtual slope FD.
If however the pipe line NOD rises above the virtual slope, the pipe
will bein the condition of a siphon (Art. 8), and should run full
provided that OP does not exceed 34 ft. In practice however, air
becomes disengaged from the water, and tends to collect at O ; for the
pressure along the virtual slope being the atmospheric pressure, the
pressure at O must be less than this. The pipe, therefore, will not
run full. The mode of dealing with this case will be explained later
(Art. 76).

Since KM is the head required to overcome resistance in the
length LD, KQ must be the head required to overcome resistance
in LC. Now RQ is the head required to produce velocity. Hence,
if at any point L of a pipe the total loss of head RKin the length
CL be set off from ER, a point K on the virtual slopeis determined;
and any further interval between K and the pipe represents the
pressure head at L. If the end D were closed by a valve, the water
would rise in the vertical pipe to R, and the whole head above L would
be utilized in producing pressure at L.

If the pipe has to deliver under pressure, as is generally the case
in town supply, set off the head DS corresponding to that pressure,
and the virtual slope will be FS. For an effective fire service in
towns, DS should be from 50 to 75 ft.

In long pipes, the head EF bears so small a proportion to the
total head that it may be neglected; and we have then only to

solve the equations ,u.;’g = r3; Q = Av, to obtain the velocity and

discharge. The case of short pipes will be treated later (Art. 74).
It must be borne in mind that the slope s in the above expression
is the virtual slope, which is not necessarily the inclination of the

pipe.

71. Velocity and virtual slope.—The result (40) may be obtained as
follows, tuking the pressure into account. Consider a length of pipe C,Cy = 1
(fig. 47), and suppose that in the time ¢, the volume C,Cy occupies the position
DDy, Let A be the area of the cross section of the pipe, Q the discharge per

second.
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Let py, 9, be the pressures at Cy, Cg; 2, 2, the heights of these points above 21ate vI.

datum. The water enters and leaves the portion of pipe considered with the
same velocity v, so that there is no change of kinetic energy. Hence the energy
due to gravity plus the energy due to pressure = the energy expended in over-
coming resistance. The transfer of the volume C;C; to the position D;D; is
equivalent to the transfer of C,D, to OgDy, d.e., 8 weight wA (C;D;) = w.Q¢
falls through a height 2, — z,.

2~ Energy due to gravity=w.Qt (2,—2;).

Energy due to pressure=p,A (C,D1)—p4A (CgDg)= (0,—23) Qb

Resistance of surface B.l is, by eq. (39), = wal;j.
g
2
Energy of resistance = IuwBli (C1Dy) = ,uwBl ﬂ’ut,

Hence w. Qt (51 %) + (71—2) Qf = Bl & Q
V]
&=z + %-—%= "‘fl;g

But (P‘ + 21) (& + 22) is the surface fall k.

.,V AR
2-0 = —l = 78.
79. Co-efficient of friction.—The co-efficient of frietion p is
not constant for a particular nature of surface, but varies with the

velocity. Hence many writers, as D’Aubuisson, Eytelwein, and
Prony, have proposed the form u = a +§. The experiments of Darcy
at Paris shew that, as regards pipes which have been some tima

in use, the nature of the original surface does not much affect
the value of u, which depends mainly on the velocity. Now the

velocity varies as v/7s, and Darcy found that, for practical purposes,
the co-efficient may be expressed in terms of the H.M.R., or of the

diameter of the pipe, thus;}—u = a ( 1+ %), where d is the diameter

of the pipe in feet, 8 = 084 = nea.rly, a = 005 for new iron
pipes, or 01 for pipes which ha.ve been some time in use.
. 1
Hence, for new pipes, p = 005 (1 + m) « (41)
. 1
forold pipes, p =01 (1 + 1”271) . (49)

These values are applicable only to ordinary velocities exceeding
4 inches per second, vide Art. 68.

73. Velocity and discharge.—From eq. (40), we have
= N/?’g s/r_s = ¢ \/;:9.
W
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ristevir, If d be the dia.meter of the pipe in feet, the H.M.R. is
wd®
T Ty
(W _ md?
= Qst. and Q—T.v
The values of ¢ for different sizes of pipe can readily be obtained
from eq. (41) or eq. (42). Thus:—

Values of c.

Diameter of Pipe.
New pipes. Old pipes.
linch d=44 65 46
1-inch d= 17 o 80 56
3-inch d-= 1 98 70
6inch d— } 105 74
12-inch d—=1 109 7
24-inch  d = 2 111 78
36-inch d= 3 112 i 79

The co-officients are exhibited gra.phlca.lly in Plate VII.

For rough or trial calculations regarding water mains ¢ may be
taken as 78.

We have then for old pipes (since provision must be made, when
designing, for the pipe to furnish the required discharge after it has
been some time in use),

v = 39vds . (43)
Q:F{‘_i,v e e (48)

From (43) and (44), we have Q = 23" 394 /s ; and

d= .2545,\5/%? w. (495

From these equations, if any two of the quantities d, s, v, Q be
given, the other two can be determined.

To solve for a new pipe, eq. (43) becomes » = 55 vd.s, whence

d = -2220 '\,/Q

friction p is to increase the diameter of the pipe requisite for a given
discharge by only about 13 per cent,

; 80 that the effect of doubling the co-efficient of
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The following are the maximum velocities permissible in main Plate vIL.
and distribution pipes.

- Diameter in inches ... 4 8| 12| 15| 24| 36 |

. |
 Velocityin ft. persec. ...| 25| 30| 35| 40| 55 e'sl

Ex, 37.—(a) What will be the discharge from a pipe 4 ffu in diameter, and
one mile long, having a fall of 1 in 5280, and a head of 11 ft. over the centre
of its inlet orifice?

(b) To what extent must this head be increased in order to double
the discharge?

(c) How many pipes 1 ft. in diameter would give the same dis-
charge as the 4 ft. one? (Univ. 1883.)

- —1 39
=30 VT =3  Jix L =32,
( ds N T I
ma2 22 16 _ 39 4908
V=g =7 X T X VDT o
Eg x 49 = 69 c, [t. per sec.

= 49 c. [t. per sec.

When the pipe is new, the discharge will be

(b) The discharge is proportional to the velocity, and the head
varies as the square of the velocity. Hence to double the discharge, the head
must be quadrupled.

(¢) Q varies as df. Let Q; be the discharge of a 1 ft. pipe. Then

Q = ( )5 Q= @ 1 @, so that 32 12inch pipes would be required.

Kx. 38.—Find the diameter of a pipe 12,100 ft. long with 9 ft. head over
its lower end, required to deliver 10 gals. per head in 6 hours to a population
of 400,000. (Univ. 1886.)

1
,000 x 10 x
Q= 00 e N
6 % 60 x 60 = e
d = 3545 /\/ 900 19100 = 417 ft. or 50 inches.

A new pipe giving the reqmred discharge would haie a diameter of
2220 .
515 x 50 = 44 inches.

If greater accuracy be desired, or if the pipes be small, we must use the
expreseions

v-\/g;g_r;- ,\/% JEE o+ e e e (48)
w01 (1 x 1 ) or 4= 005 (1+33) - @p
rd? '

Qav.l.,v o " . . e .. (48)
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Plate vI, Ifd ands,d andv,dand Q, orv ands be given, the other two quantities
can be at once obtained. If however s and Q are given, which is the usual
practical problem in pipe design, d must be determined by approximation.

5 17
The approximate equation d = 2545 ,\/ %ﬂ will, on being solved for d, furnish

4l Qp
& sufficiently near value of 4. Then Q = é;di 9 .d.s, whence d5 s
T

by
Ex. 89.—Take Ex, 37 (o). —p = -01(1 + 4l8 = ‘0102,
22 x16 /783 i
Q i _.0_20_4x4x4—4-0-4746 c. ft. per sec.

Bx. 40.~Take Ex. 38.—By the approximate formula, we get d = 4:17;
" e 1) _.
o= 0L (1 + 50) 0102.

Qs /800\2 7\ 12100,
5 = X1 o (2 B — ey = 4 N
d pcy 5if ) x 0102 x (22 x 5 whence d = 4'14 f

Ex. 41.—A 4-inch branch main (fig. 48), laid along a street, supplies water
to each house by means of a §-inch lead service pipe. The highest point of one
of these service pipes, 72 ft. long, is 34 ft. above the man. If the pressure in
the main is 157 lbs. per square inch, what delivery in gallons per minute may
be expected from the top o+ the service pipe ? How many houses would the main
supply ?

Head in branch main is £ = 1% X 144 _ 354

w 624
i f service pipe is > = 1
Virtual slope of service pipe is 2= 5

3. 1 = ‘.1—=x'2. = /@=£-
d=3im - Lo op 01<1x12d) RN R

T a2 1 53/\/& 1
Q=T°:\/Z"“28"(’1§ﬂ*’2 TR

Whence discharge per minute = 203 c. ft. = 1} gals. nearly. Number of
houses supplied, i.e., number of service pipes $-inch in diameter which will
give approximately the same discharge as a main 4-inches in diameter, is

@+ ) =65
74. Short pipes.—In short pipes, the head required to produce
velocity and to overcome the contraction at entry must be taken into
account 'With the usual cylindric entry (Art. 20) ¢ = ‘82 and ¢, = 1
s ¢y = 82. Hence if v be the actual velocity in the pipe, and A’ the
head required to produce this velocity and to overcome the resistance
—_— 2
of entry, v = 82v2gk’, « h' = 1'5 ;’_g
The head required to overcome resistance is, from eq. (40), & =

4 = re (15 + #8Y2 and
“'3'27]' HenceH-—h+h-(15+ ) )29.&11
o=,/ 29:Hd . (49)

i5d + 4ul
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The actual velocity may be calculated from this expression; or Plate V1.
we may proceed thus :—The velocity, and therefore the discharge is
proportional tovH. To find the velocity v in a given pipe, assume
the velocity to be u, estimate the heads required to produce % and
to overcome resistance, and sum these heads. Then

v _ ,\/ 3 acbual head
u estimated head § )
Ex, 43.—Pind the discharge of a 12-inch pipe, 15 ft. long, with a head of 4 ft.
Assuming the velocity to be 10 ft. per sec.,

9 2 h 1500
(10? = (39) ds = 1521f5' o h 1581 = 099

2
h-(l'ﬁ)gfv i 1‘302 =234

& Total head = 3-33 ft.

But the actual head i8 4ft.; & actual velocity = 10 ,\/3—3—3 = 1095 ft.

per sec.

Q= 7’:12 v = 273 x 7 % 1095 = 8:G c. fb per sec.
Observe that in this example the head required to produce the
velocity is 3_3—9 or 24 times the head required to overcome the

resistance. ) .
If all resistances were neglected, the theoretic discharge from the
pipe under a head of 4 ft. would be (Art. 14), z‘_g V'ogh = 125 c. it

per sec. Considering the pipe, whose length is 15 diameters, as a
simple orifice, the co-efficient of discharge is ¢ = _8—65 = 07 nearly.

Compare this with Art. 21.

It will be seen from eq. (49) that if the pipe is a long one, the
first term of the denominator is very small compared with the second,
and may be neglected. Since the velocity in water pipes generally
ranges from about 2 to 5 ft. per second, the greatest head which

can ordinarily be utilized to produce velocity is 1'.5(2_)2 = 06 ft.
g

nearly. This head is, in a long pipe, small compared with the total
head.

If the entry is bell-mouthed, the co-efficient of discharge for the

orifice may be as high as '97, so that &' = 1'083’2-;.
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75. Siphon sluice.—This consists of a bent iron tube CDEF
(fig. 49), by which water can be discharged over a tank bund or canal
bank. This type of sluice is in use at the Nagpur Waterworks, and
it was proposed for the Periar project* to carry off the supply water
during the construction of the magonry dam. A siphon tube upwards
of 6 ft. in diameter was designed for this purpose. It will readily
be seen from fig. 49, that the effective head is the difference of water
levels in the discharging and receiving basins. Suppose a depth of
34 fh. of water to be substituted at C and F for the air pressures at
those points, the siphon becomes a submerged orifice, and the effective
head is the difference between the imaginary water surfaces, which
is equal to the difference h between the actual water surfaces. It
is obvious from this that the velocity and discharge are unaffected
by variations in the height CD of the bend above the upper water
surface, provided always this height is less than 34 ft. The siphon
can be put in action either by exhausting the air or by filling with
water. When in action, the air disengaged from the flowing water
tends to collect in the bend, and an air vessel must therefore be
provided in order that the full discharge may be maintained.

The use of siphon surplus weirs has been proposed for tanks and channels.
Directly the water rises above the lower margin of the bend, the siphon dis-
charges as a simple weir -with a head due to the depth of water on that margin.
When the water reaches the upper margin of the bend, the siphon acts as such,
the head and therefore the discharging power being limited only by the len_gth
of the outer branch.

The term si¢phon sluice is sometimes applied to a culvert, having
the bend downwards, and carrying water under the bed of a chaunel.
This is not a true siphon.

Ex. 43.—Estimate the discharge of a siphon 8} ft. in diameter and 240 ft.
in length, the difference of water levels being 12 ft.

Assumeithe velocity to be 10 ft. per seo. Then (10)° = (39)*ds=1521% 8§ x

240
. 100 x 240 x 2 )
~ Resistance head & = L - 4-51 f§,
Velocity head &' = 1'5 x —;5 =5 1_6049 = 234 ft,

& Total head = 685 ft.

But actual total head is 12 6. . Actual velocity = 10 /\/ = 1823 ft. per seo.

686
Q = AV = I (3}) x 1328 = 127 c. ft. per sec.

* Selections from the Records of the Government of India, P.W.D., No. CCXV,
1886, .
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76. Inclination of pipes.—In practice, pipes must follow the piate v1.
section of the ground in which they are laid, and must therefore be
in segments laid at various slopes. Suppose a given discharge is
required at the end of the pipe. If the diameter of the pipe is
uniform throughout, the virtual slope is practically a straight line,
whatever be the slopes of the pipe segments, for the resistance
heads are proportional to the lengths, i.e,, very nearly proportxonal‘

to the horizontal projections of those lengths. If however the seg-
ments have not all the same diameter, each has its own virtual

slope; for the discharge varies as d%, i.e., as d?v/ds, .. s varies ag
o VAllos a8

%if the discharge is constant. Hence with a pipe whose segments

are of given length and diameter, it is possible to determine the
virtual slope of each segment, so as to give a constant discharge,
the pipe running full throughout. If each segment begins and ter-
minates on its own virtual slope, the intermediate portion may either
coincide with the slope or be below it. On the other hand, if the
actual pipe line is fixed, the line may be divided into segments, and
the diameter of each segment determined so that the hydraulic
gradient of each may commence and terminate on the pipe line.
The latter case is the ordinary practical problem.

Let CDEF (fig. 50), be a pipe line following the ground section.
The virtual slope for the whole pipe, supposing it to be of uniform
diameter, would be GF; but the point D rises above this slope, so
that air would collect here, and the pipe would not run full. Hence
the diameter of the portion CD must be caleulated for the slope GD
Tor the remainder of the pipe, DF may be taken as the virtual slope,
since the whole of the portion DEF is below this line, and the
diameter be calculated for this slope. Or, the portion DEF may be
divided into two or more segments as DE, EF, and the requisite
diameters calculated for the slopes DE, EF respectively. When
a diameter has been fixed for any slope, that for any other slope
can readily be found, for

Q o< d% v/ ds, and Q o< d;? Vi3,

5
3 —_-(%_1) N 1)

Ex, 44,—A pipe 2 ft. in diameter has a fall of 1 in 1000 for half & mile, after
which it falls at the rate of 1 in 250 for a quarter of a mile, If the level of
the water in the supply cistern stands at 513 ft. above the centre of the pipe
at the upper end, what will be the discharge per minute ? (Univ. 1881.)

Let CDE (fig. 51), be the pipe line, The heads over the points G, D, E are
518, 777 and 18:05 ft. The point D rises above the mean gradient FE. Hence
the gradient FD regulates the discharge of the whole pipe. "
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T Qe T 59 VG = 22 4 g9, /TTT %3

= 3600’ = =94 o, f§, per sec.

1 7 N T80
o Discharge per minute = 564 c. ft.

The segment DE does not run full, and might advantageously be made of

smaller diameter, so that its virtual slope may be the same as its actual slope,

vis., 528

1320
d_ (1T, .o -
g (m) ; & d = 188 fh,, or say 33 inches.

Ex. 45.—A pipe is laid from a service reservoir along the ground, with a fall
of 42:8 ft. in the first mile, and 23'5 ft. in the second mile. The head over the
centre of the inlet end of the pipeis 10ft. What diameter should be given to
the pipes in each mile, in order that the disoharge may be 286 ¢, ft. per minute?
What would be the pressure per square inch .at the end of the pipe when dis-
oharging freely, and when stopped by a plug? (Univ. 1883.)

In this case, the whole of the pipe lies below the gradient FE (fig. 52), and
might therefore be of uniform diameter throughout. The question however
reguires that the diameters shall be different in the first and second miles.

R . . 52'8 235
E, i.e. - =29,
The virtual slopes will be FD and DE, i.e £380 and 555
5 Q] 1
For CD, we have d = 2545 ,\/... ; where Q = 3933, s = .
s 100
@ = 3545 (39-33)% = 111 ft. Say & 14-inch pipe.
dl 5 52:8 . e -1 . .
For DE, we have (1_1_1) =535 d; = 180, Say a 16-inch pipe.

If the pipe is discharging freely, its end E is on the virtual slope, and.the
pressure i8 therefore (neglecting the atmospheric pressure, vide Art. 7), zero.
If the end E is stopped by a plug, the whole of the head 76'8 ft. produces pres-

R . wh _ 625 x 76:3
sure, and the pressure per square inch is wm- - 331 lbs.
e‘"“\\
77. ;Minor Losses of head.—Small losses of head are caused by sharp
elbows or curved bends in the pipe, and by sudden enlargements or contrac-
tions.

Elbows.—~The loss of head at elbows is due to a contraction in the stream
(fig. 53). If ¢ be the angle formed by the bent portion of the pipe with the
prolongation of the original portion, an empiric expression for the loss of head

o
h = (} sin.2p) %

Bends.—The loss of head at bends (fig. 54), is due to a similar canse, Weisbach’s

.. . : | , d v3 d

empiric expression for the loss of head is b = 3 013 — 1'85 (i!—? ); g EYy where %
is the ratio of the radius of the pipe to that of the bend.

Enlargements.—When a sudden enlargement occurs in a pipe, eddies are
produced which dissipate energy, and cause loss of head. If v,v; be the velaci-
ties in the emall and large portions of the pipe (fig. 55), every particle of
weight w, moving with velocity v, impinges on a body of water of weight wy,
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moving with velocity v;. The fluid being incompressible, and therefore inelastic, Plate VIII,
the velocity after impact is u = Yo+ V1%
W+ Wy
P 9
Energy before i T ol
gy impact = w % + Wy %

w after = (w 4+ w) g’;

_ww (v -8
W+ w99

. —w? v;3 u? _
& Loss of energy w2.g + w,% (W + wy) 2 "

Now wis indefinitely small compared with wj, .* Loss of energy = w, (""_—2_"_‘1?

~» Loss of energy per c. ft. of water = w (?_%gp‘)?, and loss of head
h = (_v—;;i')_’ Hence the loss of head is the head due to the relative
velocity.

Let d, d; be the diameters of the smaller and larger portions of the pipe.

v at\2 v [d\2 2
~—=(2); . Los h o= oL pd | .
5 (d) ; oss of head /s % g(d) 12

If for instance d; = 2d, we have h = 9%‘5_:.

Contractions.—A contraction of the stream occurs within the constricted seotion
of the pipe as shown in fig. 56. If A be the area of the smaller portion of the pipe,
the smallest stream section is ¢ A, and the velocity at this section is cAA v = ‘cu’

N .

Hence the head lost by shock is 1 (ﬂ) —v! or( L 1)”2. The value of the
29 9 \¢. S . 29

co-cfficient of contraction appears in this case to be about 6, so that the loss of

head & = 44 2,
29

Ex. 46.—A line of pipes 4,000 ft. long is to be laid from a service reservoir.
The fallin the first half of the length is 20 ft., that in the second half 15 {t.,
and the minimum head of water in the reservoir over the orifice is 5 ft. There
are 3 horizontal elbows of 80°, 4 of 40°, and 4 of 50°. The discharge required is
300 c. ft. per minute. Find the head required to generate the velocity of entry,
and to overcome the resistance of the elbows.

We must first find an approximate value for the velocity.

8= 5%-0 - 'ul)b‘ Q = 5. ft. persec. = -2545,\“/%1‘ = 192,

9= 39 /\/122—“1_ = 215 ft. per sec. : or say 2 ft.
F X 500 P y

Loss of head for velocity of entry = 1:5 ;Z,
» ” elbows = ;;; 3 3 8in? 30° + 4 sin? 40° + 4 sin? 50° i

& Total loss = 61}’;—27 (3 + 15 +1:64 + 2:44) = 25 ft., or 3 inches,

9
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78. Branched main supplying two or more service reser-
voirs.—Let the pipe CD (fig. 57), from the main reservoir C, supply
the service reservoirs E,F by the branch pipes DE, DF. Let Q,, Qg
be the discharges required at E and F; then Q = Q, + Q, is the
discharge of the pipe CD. The height of water in a pressure column
at D must be below C in order to secure flow in CD, and above E
to secure flow in DE. Within these limits, assume any convenient
head DK. Then the virtual slopes of the three pipes are CK, KE, KF,
and the discharges Q; + Q, Q,, Q; are known, whence the diamacters
can be calculated.

Ex. 47.—The depths of the pointe D, B, and F (fig. 67), below waler sur-
face of main reservoir are 18 ft., 10 ft., and 25 ft. The lengths of the segments

are 300 yds., 160 yds., and 250 yds. A discharge of 60 gals. per min, is required
at B, and 120 gals, at F'. Design the pipes.

Q; =16c. ft. persec.; Q; = *32; ., Q = 48
v 5 5 20
Assume DK = 13 ft. Thens = 500’ ¥ = 5o 2= Ty’
d = 2545 J QF = -2545 5/41°5 = 536 i.e. & Gh-inch pipe.
S
d, = ‘2545 ¥/2:45 = -804 i.e. a 4-inch pipe.
dg = 2545 v/8:84 = +323 i.¢. & 4-inch pipe.

79. Pipes not running full—If a pipe does nob rum full, a
condition which is possible only when the pipe lies on its own virtual

d
siope, the H.M.R. is not ,* but must be expressed in general terms

as A
Bl

arc. The discharge varies as A N/i;, 1., as ,\/gs Now, it will

where A is the area of the water section, and B the wetted

readily be seen that as the water level descends from E towards
CD (fig. 58), the arc diminishes at & more rapid rate than the area
does ; in fact, up to a certain limit, it diminishes faster than A3 does.
It can be shewn that the maximum discharge is givon when the
angle COD is about 54°.

Ex. 48.—The discharge from a full pipe 20" in diameter is 597 c. ft. per
minute ; find the discharge when the depth of water is 19 inches. (Univ. 1880.)

Let r be the radius of the pipe; A, B the area and border when the pipe
runs full ; A;, B; similar quantities when the pipe runs partly full.

A= m?=314 x 100 = 8148.in. B = 2rr = 20 x 3'14 = 628 in.

If £ COE =0, arc CED =7.20; ., B; = 2r (x —0)

The sector COD = 073, and the triangle COD =72 sin 6 cos 0.

& Begment CED = 72 (0 —sin 0 cos 0); ", A) =72 (r ~ 0 + sin 0 cos@).

In present case, OF = 9", 0D = 10"; ., co8 0 = ‘9 = o8 25° 50".
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& 0 (in radians) = ‘ilg.g X 31416 = 451; im =0 = 2690,
By = 2 (r = 0) = 20 x 2:690 = 535,

Ay =77(r -0 +5in0cos ) = 100 (2'690 + ShE..E_;:_%.O.' ) = 308°0.

Now ™1 - ,\/F B .0 =5 (399>§ (‘f’_“'.s i,
"'597 _B;l . + Q; = 597 aid B3 8) 627 c.ft. per min.

To find the maximum value of 6, we have %3 a maximum ; or if, » — 0 = @y,

y= ‘2T L i8 a maximum.
Gy 0y % 89 — sindy o) (L = costy + sin®) — (9 — sindy cost)s _g
o, 02 T '
~ (0y — sin 0; cos 0;)? §60,5in?0; —6) + sin Oy cos 6;} = 0. If20; = ¢,

3¢L;2"_€§_‘#-Z+§1%:?= 0; 24 - 34cos ¢ + sin ¢ = 0.

Whence, by trial, ¢ = 806°; .. 20 = 54°.

80. Dupuit's Equation.—In making approximate caleulations regarding a
long main constructed in segments of different lengths, diameters, and slopes,
it is sometimes convenient to determine the length of the cquivalent uniform
main of given diameter which would have the same total resistance head for a

given discharge.

Let Uy, l3,-- be the lengths of the segments, d, d;,.. their diameters, sy, 35,..
their slopes, vy, vg,.. their velocities, 1, d, s, v, the length, diameter, slope, and
velocity of the equivalent uniform main.

e

Resistance head in uniform main & = st = ,u‘lé. 5

segments h = 8;l) + s,ly + ...

(1] ”
R
-'-El- vl = (—g‘lvxﬁ + iiv,"f + ....Buty = g:;u; vy = iﬁ) -
év?= éllfl:‘!ﬂ + é) Z:‘ vl ..
sr=n(gY ru(g)r - e e e

81. Jets.—When water issues from a small orifice under pres-
sure, it forms a jet, as in the case of an ornamental fountain, or a
fire-engine. In order that a jet, supplied by a pipe, may ascend to
the greatest height, the pipe adjutage should be of a form which
gives a high co-efficient of velocity. A conically convergent adjutage
is the form of nozzle usually applied to the conducting pipe, and
there should obviously be no sudden diminution of diameter at the

junction of the pipe and nozzle.

Plate VIII
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Let v be the velocity of effux, v, the velocity in the conducting
pipe, d the diameter of the nozzle, d, the diameter of the pipe, I

its length. Then v, = <§>2v
1

The head required to produce the actual velocity of discharge is
2
gg The head required to overcome resistance in the pipe is
ﬂx 0,
d 2
to the resistances of the orifices of entry and discharge,

). Neglecting any small losses of head due to bends, or

4l d . .
lhead H = - J1 .
Total hea % ; + u d ) § Height of jet is

rv?
= % ——
ey
+ul ( .

It is obvious from this expression that, to obtain a great height
of jet, d, should be large as compared with d. The equation (52)
requires correction for the resistance of the air; and the actual height

of the jet may be taken, according to Weisbach, as & (1—-0034%).
Ex. 49.—A 2-inch pipe for a fountain is 350 ft. long. If the available head

is 30 ft., find the height to which a half-inch jet from a well formeéd coned
nozzle will ascend.

e (52)

«

Here H = 30 ft., I, = 350 ft., dy = ‘b, d = . - 015
er 0 ft., 1, = 350 ft., d, fbd 24(7,/.4 01(1+12d) 015

e 30 (4)*

- = 5 [ 3 — 2= X .
@) T 05 % 4 % 3806 20ft. Actual height = 20— 003 (20)2=18-8 it

EXAMPLES ON CHAPTER VI.

1. What is the hourly discharge in gallons of a pipe 4 ft. in
diameter running full with a fall of 1 {t. per mile? (Coll. 1884.)
4ns. 304,500.

2. A town of 200,000 inhabitants is to be supplied with water
from a reservoir 1 mile distant, and it is stipulated that one-half of
the daily supply of 30 gals. per head should be delivered in 8 hours.
What must be the size of the pipe to furnish this supply, supposing
that the head of water above the outlet of the pipe is 13} ft.?
(Coll. 1883.) 4ns. 30 in.

3. A pipe discharges 2,250 gals. per min. with a fall of 4 ft.
per mile. Find its diameter. (Coll. 1885.) Ans. 27 in.

4. A horizontal pipe 1,000 ft. in length and 6 inches in diame-
ter internally, leads from a reservoir which is kept constantly full,
the surface of the water being 10 ft. above the axis of the pipe,
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At what rate will the waber be discharged through the pipe?
(Univ. 1865.) Ans. 0-54 o. ft. per s.

5. Caleulate the diameter of one large main to convey the same
quantity of water as three mains each 25 ft. in diameter, with a
length of 24 miles and head of 140 ft. (Coll. 1885.) Ans. 47 in.

6. What must be the diameter of a pipe to discharge 30 c. ft.
per second with a fall of 1 in 100? With a pipe 2 ft. in diameter,
what fall must be given in order that the discharge may be the
same? (Univ. 1874.) Ans. (1) 30 in. (2) 1 in 33.

7. There are two proposals for a water scheme; one for a
double line of pipes of equal diameter, and one for a single line of
pipe.  Supposing the larger pipe to have one-fifth greaber thickness
of metal than either of the two smaller pipes, compare approxi-
mately the weights of the pipes required in the two cases. Ans. 1:26
o 1.

8. The discharge from two pipes each having a fall of 2 ft. per
mile is 288 c. {t. per sec. Find their diameters, the diameter of
one being double that of the other. (Univ. 1876.) Aus. 53-0 in.,
265 in.

9. What will be the discharge in ec. ft. per minute at the end
of a service main 1 ft. in diameter, and 2 miles long, having a fall
of 102 ft. in the first mile, 23:5 ft. in the second mile, and a head
of 3 ft. over the centre of its orifice of entry? By what amouné
must this head be increased in order to double the discharge?
(Univ. 1882)) 4ns. (1) 92 c. 6. (2) 39°6 ft.

10. A new 40 in. pipe is to be laid from the Redhills to Madras,
a distance of 32,000 {t., and is to give a discharge of 10,000,000 gals.
per 24 hrs. Level of water at Redhills 51-50; level of pipe at
Madras 3:50. Find (1) the loss of head due to resistance in the new
pipe, (2) the pressure per sq. inch ab the Madras end of the pipe.
(Univ. 1891.) 4ns. (1) 139 ft. (2) 15 Ib.

11. A pipe main 4,800 it. long is to be laid with a fall of 1 in
192, and is required to deliver 3,250 gals. per min, at a pressure
of 10 lb. per sq. inch. The head over the inlet orifice is 10 ft.
What should be the diameter of the pipe? (Univ. 1890.) A4nus. 24 in.

19. A siphon discharging over & channel bank is 60 ft. in
length and 12 in. in diameter. What will be its discharge when
the effective head is 6 f5,? (Univ. 1890.) 4ns. 77 c. fl. s,
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FLOW OF WATER IN CHANNELS
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* 82, Flow of water in open ‘channels.—The flow of water in
an open channel is similar to that in a pipe laid at its own virtual
slope, i.e., with free upper surface. The velocity varies from point
to point of the water section, being least in the vicinity of the
boundaries. The mean velocity of all the filaments in a length of
channel of uniform section is however uniform ; and the flow may
therefore be supposed to take place in plane layers parallel to suc-
cessive cross sections. The remarks and investigations of Articles
68, 69 and 71 are thus applicable, and we have
v= /\/2”'-g Vs =¢Vrs ... (53),

where r is the hydraulic mean depth, s the slope of the water
surface, and ¢ a co-efficient which depends on

(1) the roughness of the boundaries,

(2) the form of the water section,

(3) (to a small extent) the bed slope.

The second condition is introduced to modify the error due to
the neglect of the variation of the velocity from point to point of
the section. In artificial channels, to which we shall at present
confine ourselves, the section and bed slope are generally uniform,
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In rivers however this does not hold good, and the depth varies Plates VIIX
with every change in either the width or the bed slope. and IX,
If the bed is not parallel to the water surface, as is the case in the vicinity
of obstructions, the efiective fall of every filament is still that of the water
surface. Let CD (fig. 59), be a filament whose extremities are at depths 2, zg
below the surface, and let . be the surface fall in the length CD. The actual
fall of CD is (23 + k) — 2. The pressures at C and D are wz), w2, respectively,
so that the difference of pressure bead is z) — ;. The effective fall is the sum
of these heads, vis. (z, + 1t — 2)) + (21 — 29) = h.

83, Co-efficients.—The experiments and investigations of M.

Bazin shew that the co-efficient u (neglecting any slight variation
due to the longitudinal slope), may be expressed in the form u=
a (1 + f), where 7 is the H.M.D. of the water section, and a and 8
are quantities depending on the nature of the boundaries. Dividing
all channels into four classes, according to their roughness, the
values of a and 3 are as follow.®

a B

I. Very smooth channels :—ccment, planed planks ... 003 ‘1
II. Smooth channels :—ashlar, brickwork ... ... 004 -2
III. Rough channels :—rubble masonry, stone pitching ‘0056 -8
IV. Very rough channels :—earth .. . .. 006 40

BEx. 50.—A cement plastered channel has a IIM.D. of 6 inches. Find the
value of c.

w008 (14 ) = 00365 ¢ N = =158

The co-efficients of all four classes are shewn graphically in
Pl IX.

The fourth class of channels is that with which we have
generally to deal. The values of ¢ for this class are here tabulated.

Co-efficients for Earthen Channels.

BHMD. ! o H.M.D ¢ HMD. ¢
05 25 30 68 65 81
05 34 35 71 70 83
075 41 20 73 75 84
10 46 &5 75 80 85
15 b4 50 77 85 85
2:0 60 55 79 90 86

25 64 60 | 80 100 88

* Nore.—Bazin’s values for g are carried to five decimal places, and those for
B to two ; but as it is desired here to give figures which can be borne in mind,
these values have been rounded off. The table above is calculated for the true
values of @ and g, which will be found given in Plate IX. For a more complete
table, see Appendix I
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_ Bazin's_co-efficients are_not applicable. to large rivery. For such
channels Kutter's formula for the value of ¢ in the expression
v = ¢ Vrs should be used. The formula is—

416 + L3 4 000
S

= 00281\ N

1+@w+ =

s >\/r

whers s is the longitudinal slope, and N is & co-efficient of rough-
ness, some of whose values are—

Fine plaster ... ... '010 . Rivers and canals in

Ashlar and brickwork -013 ' good order ... ‘025
Rubble masonry ... ‘017 |  Do. in fair order ... -030
Firm gravel... .. ‘030 | Do. in bad order ... *035

This formula is suited to streams of all sizes, from a tiny
rivulet to the largesb river, but cannot conveniently be used with-
out the aid of tables. Values of the co-efficients are given in
Appendix II and a selection from them is shewn graphically in
Plate X.*

. For artificial channels, such as are dealt with in this chapter,
Bazin's co-efficients are suitable, and arc employed in the examples.

84. Two classes of problems present themselves, the direct and
the inverse. In the former, the dimensions of the channel are
given, so that » is known, and the proper co-efficient can be
determined. In the latter 7, and therefore ¢, is unknown, and
we must proceed by approximation. Before solving examples how-
ever, allusion must be made to the ordinary forms of channels.

85. Channel section.—Earthen channels are trapezoidal in
section. There is a flat bottom, which may vary in width from
1 foot for small distributaries to 180 feet for the largest main
canals, and there are sloping sides, the inclination of which depends
chiefly on the angle of repose of the earth. The inclination is
frequently made 1 to 1, or 1} to 1, in the first instance; bub
with the lapse of time there is a tendency for the side slopes to
wear steeper, and to approach perhaps § to 1. Generally, if the
gide slope is » to 1, the bottom width b, and the depth d, we
have the area of water section A = (b + nd)d, and the wetted
border B = b + 2dv7%? + 1. The depth may vary from a few inches
to 10 or 12 feeb.t

* Plotted from Jackson’s Canal and Culvert Tables. W.H. Allen, 1884.

1 A canal at Holyoke on the Conneotiout river has a depth of 32 ft., and
width 140 f&,
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Masonry chanrels, such as aqueducts, are generally rectangular,
or nearly so, in section. Channels cut in rock, or executed in
eoncrete, may be semi-circular, this being the most economical form.

86. Discharge of channels.—If the velocity and discbarge of
an existing channel are required, its section and inclination are
measured, so that b, d, n, and s are known. The proper value of ¢
can then be determined, and the velocity v, and discharge Q ascer-
tained.

Ex. 51.—An earthen channel has a bottom width of 6 ft., side slopes 1 to 1,
depth 8 ft., and inclination 1 foot per mile. Find the velocity and discharge.

Horo A = (6 + 3)3 m 97s. ft.; Bm 6 + 2 x 343 = 145 it.;
O L
Lt =g = 18,

# = *006 (1 + %) =019;¢= N/2\5’ = §7. (Itstrue value as taken frora
"

the table, Art. 83, would be 60).

1
= l' — = * . - = * . . .
v 57/\/ 86 x 5380 107. Q= Av = 289 c. fi. per sec

Ex. 52.—What would be the discharge of the above channel if the sides and
bottom were pitched with rough stone ?

Here 4 = 005 (1 + 3) = 00725 v ¢ = N/ 2;9 = 94,
Q== ke 289 = 47°6 o. ft. per sec.
Ex. 53.—What would be the discharge of a semicircular channel plastere

with cement, whose cross section measures 27 s. ft., and whose inclination i
1 ft. per mile ?

Let d be the diameter ; 'Lgf“. =97; &d=83 HMD.= f_ - 208,

,.=-003(1 +§'o"§)" 1008 ; a-A/ﬁ=146.

u—146N/19§=289 Q = Av = T8 0. ft. persec.

87. Design of trapezoidal channels in .earth,—We hav
three equations :—
V=2¢ ‘/T_s (1} e e ore e (54)
Q = A’v vee YY) e e oss (55)

V‘o = ,\/2‘3 e o ... (66),

(b+nd)d
brad v 1
of the seven quantities b, d, n, s, ¢, v, Q, any three can be deter-
mined if the rest are given. The value of ¢ expressed in terms of

10

" where A = (b+ nd)d ; r = =006 (1 +$); 80 that
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band d is so complex bowever, that it cannot be conveniently sub-
stituted in the other equations except in a numerical form. We
may therefore divide the cases which can occur into two classes,
one in which the data permit of ¢ being determined directly from
eq. (36), the other in which they do not. The first class can be
solved without dlﬁicu]ty The second can be best treated as
follows :—a value of ¢ is assumed, the channel dimensions are calcu-
lated, the H.M.D. found, and the corresponding value of ¢ deter-
mined. If it agrees with the assumed value, the solution is
complete ; but, if not, it serves as a guide to a second assumed
value, from which the channel dimensions must be recalculated.
The design of channels is facilitated by the use of Tables, as
Higham’s or Jackson’s, * or those given in the Appendices.

Having thus isolated eq. (56), there remain only two equations
to deal with. The quansity » moreover is always given, since it
depends on the nature of the soil. We have therefore five quanti-
ties, b, d, 5, v, Q, any two of which can be found, if the other three
aro given. There are thus ten cases which can occur, the first of
which has been already dealt with in Art. 86. In five of these
cases the breadth and depth are either given, or are immediately
deducible from the data; and the value of ¢ is consequently directly
calculable. In the remaining five, ¢ must be obtained by successive
approximation.

1

Given. Required.

b d s Q v

Clags I.—o¢ directly b d Q s v

calculable. b d v s Q

d Q v s b

b Q v s d

Q v s b d

Q s d b v

Clags IT.—¢ to be Q s b d v

assumed. v s d Q b

v s b Q d

Ex. 54.—A main canal is to have a discharge of 2,500 c. ft. per sec., with a
velocity of 2'5 ft. per sec., and a depth of 5 ft. The side slopes are 1 to 1. Find
the bottom width and the fall.

* Hydraulic Tables for open Channels, by T. Higham. Spon, London, 1877,
Oanal and  Culvert Tables,by L. d’A. Jackson. W. H. Allen, London, 1884,
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A= vQ = 1000 s, ft. Mean width = % = 200 ft,

Bottom width b = 200 — 5 = 195 ft. B =195 + 10 ¥2 = 20914

, oA 1000

B 20511 478 ; whence u = ‘011, and c= 76,

5
6% 210 = 0183

~ 8 = 0225 per 1000 ft., or 1 ft, 2 in, per mile.
Ex. 55.—An irrigation channel is to discharge 500 c. ft. per sec. with a velo-
city of 8 ft. and fall of 1in 2500. The side slopes are 1tol. Find the depth
and bottom width.

A=9

V= T6VET8g; & Vs m 7

=—=167s.£6.,o=c~/rs, &6 W7 = 150,

| Dryr=3, e=70, sovr=1L| - . |
; » r=4, & ¢ =176, o eVr = 152, : I
y T=89, fc=T6 S cVT =150, E
z Wehave (b + d) d = 16T....veeeiiesnecnsnnass(ide
: 167
‘ b+2dve
From (ii), b = 428 — 2-8d. Substitutingin (i), 42'8¢ — 1:8d? = 167 ; whence
d = 49, or say 5 ft.
From (i), (b + 4'9) 4'9 = 167; ., b = 29,
Hence the required dimensions are b = 29 ft., d = 5 ft.
Ex. 56.—The discharge of a channel whose depth in 8% ft., fall 18 inches
per mile, and side slopes 1to1,is 180 ¢, ft, per sec. Find the bottom width
and the velocity.

The channel having a depth of 3} ft., assume r & 8 ft., i.., ¢ = 70. Q = 189,

T N 1§

1 -
= . —cNrs = 2
8 350 Y= cNrs = 2:05,

. 18
Mean width = 3‘&";'2 05 = 25. S be=21§ s B=2314 A=2875

7.

. 875 —
Hence corrected value of ris 31—1 =28; HCcmBI; U= eVrs =195 3 Mean

180
width = @“; i'§5 = 26-4. Whence b = 23 ft.

Bx. 56a.—A channel is 7 ft. wide at bottom; the length of each sloping side
is 68 ft. ; the width at water surface is 18 ft.; the depth 4 ft.; and the incli-
nation of surface 4 inches per mile: what is the discharge per minute? (Univ.
1886.)

.-/ 3 ’
Here A = 508, ft. B =206 ft., ., # =24, ¢ =066 AT ( ‘
= 813, Z el

/66

1 N /\/ _66
[ —— = 6
D IR IN 10 & .

s Q=50 x 812 = 406 c. ft, per sec. Discharge per minute = 406 x 60
= 2436 c. f5. :

88. Practical data.—Irrigation channels generally bave Q, v,
n, and s, assigned, leaving d and b to be determined. Sometimes
however d is assigned, leaving b and s, or b and v to be determined.
The discharge Q is fixed by consideration of the areato be irrigated,
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an allowance of 1 c. ft. per sec. for 60 acres being usual. The
velooity v should be as high as is admissible, so as to reduce the
cross section to be excavated. It must not however be so high
as to cause orosion of bed and banks, nor so low as to allow of
the growth of weeds and free deposit of silt. 1t lies generally
between 1} and 3 ft. per sec. The side slope # depends on the
anature of the soil, and is generally made 1 to 1, or 1} to 1 in the
firgt instance. The longitudinal slope s cannot be greater than the
natural fall of the country, but it can be made as much less as
is desirable by suitably aligning the channel, or by introducing ab
intervals sudden drops or falls, with arrangements for annihilating
the additional velocity generated. The bed slope does not generally
exceed 20 ft. per mile for small channels, 5 ft. per mile for large
channels, or 1} ft. per mile for very large channels. If the velocity
is assigued, an increase of slope implies a reduction of r, thatis a
diminution of depth.

If the velocity is excessive, holes are scoured in the bed. Small rapids are
formed above the holes, which cause the scouring to cut back, and so to gradually
work its way upwards towards the head of the channel, thus producing the
effect known as retrogression of levels.*

Navigation channels generally have all dimensions, and the
velocity, assigned, leaving s and Q to be determined. The dimensions
are fixed by the requirements of the traffic, while the velocity must
be kept as low as possible, from 15 to 1'75 ft. per second, for
convenience of haulage.

89. Channels of minimum border.—A channel which has a
maximum area for a given border, or a minimum border for a given
area is termed a channel of maximum discharge, or a channel of mini-
mum border. The determination of the form of such channels has
a practical bearing on the amount of excavation required. The

discharge varies as A v'r, i.e., as,\,/ %f, so that, for a given discharge,

%:is constant, i.e., A co ¥/B. Hence, other things being the same,

the excavation will be least when the border is least.

(a) Closed channels.—If the channel is closed, i.e., bas boundaries
on all sides of the water section, the circle furnishes the best form,
since this is the figure which has the least border for a given area.
In this case the H.M.D. =‘11_&_11;_936_r=§, where d is the greatest
depth. This form is generally adopted for pipes.

A pipe running partly full (Art. 79), is not a closed channel in the sense
hore used. .

* Qee Professional Papers on Indian Engineering, 2nd series, Vol. IT, 1878,
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(b) Open chanmels—Ii the channel is open, and has its greatest piate x1.
breadth at the water surface, the semicircle is the best form. In

. diamet .
this case the H.M.D. =~~l§£29—9r~=g, where d is the greatest
depth. This form is adapted to channels cut in rock, or executed

in concrete.

(¢) Trapezoidal channels.—If the section of an open channel
is polygonal, the best form is that which approaches nearest to
the semicircle, viz., a circumscribing regular semi-polygon with
an indefinitely large number of sides. As the number of sides is in
practical cases limited to three, the best section for a trapezoidal
channel is & semi-hexagon.

. d
The HM.D. = d3v3+2v3d =5 This form may be adopted

in masonry, but the slopes, nearly 1 to 1§, are too steep for earth-
work unless revetted.

(d) Trapezoidal chanmels with given stde slopes.—In practice, as
already pointed out in Arts. 87 and 88, the side slopes of earthen
channels must always be a given quantity. If z be the bottom
width, and y the depth of a channel with given side slopes 7, it
can readily be shewn that the best form is obtained when

z =2y (vVnr +1-n)." :
We have A = (x + ny) Y . . .. o (i)
Beo+2¥n2+1 .. . . . . (1)

In & channel of maximum discharge, we may consider B constant and A a
maximum ; or A constant and B a minimum ; or, if the discharge is supposed
fixed, A and B as both minima. In any case, the differential co-efficients o-
A and B must be gero. Differentiating with respect to ¥,

From (i), z + yg—; + 2y = 0.

o dT Norare it
(n),@+2 ns + 1l=0,
Whenoe z — 2y ¥ni+ 1+ 2y =0; S2=2y(Yn?+1—n,

A (@+my)y _y@VnP+1l-m)_y
The HM.D. = =7 + o+ 1 2 2Vni 41 —n)

Let EFGH (fig. 60), be the channel required. Y¥rom C the
middle point of EF, drop perpendiculars p, y, p on the threc sides.
Then A=} (EH.p+HG.y+GF.p); B=EH +HG +GF.

But Aﬁz g, :.p must be=y; and therefore a circle described with
centre C and radius y will touch the three sides of the trapezoid.
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®iste XI. Draw FK perpendicular to HG; then the triangle CLF is similar
. . CF_FG _ . _ .
to FGK; . CL=FK " But CL = FK = y; .. CF = FG, i.e, the
side slope is equal to half the top width, and therefore the border
is equal to the sum of the top and bottom widths. Hence the
following constructions, see fig. 60.

(i) Depth and side slope given.—Set off CD vertical, equal
to the given depth, and through C and D draw
horizontals EF, HG. With C as centre, and radius
CD, describe a semicircle. Draw FG, EH at the
given inclination to touch the semicircle, The channel
EFGH is that required.

(ii) Top width and side slope given.—Draw EF horizontal
equal to the given top width, and biseet it in C. Lay
off FG, EH at the given inclination. With centre F,
and radius FC, deseribe an arc cutting FG in G. Draw
GH horizontal, and the channel is completed.

(iii) Bottom width and side slope given.—Draw the hottom
width HG, and bisect it in D. Draw GF, HE at
the given inclination. From G set off GL equal to
GD, and draw LC, DC perpendicular to GF, HG

. respectively to meet in C. Through C draw EF
horizontal to meet the side slopes in I and F.

Tt should be noted that since EF = 2d+v/n% + 1, HG = EF —2xnd,
8 =BT+ HON _ (5P _nd)a=d2(2v w7 % 1~ ). Therofors

a= Jz A L. e

+1~n

go that if any two of the quantities d, A, n are given, the third
can be found.

The section of maximum discharge thus obtained can in practice
be employed only for small channels With large channels the
depth becomes so great that the increased price-rate for excavation
neutralizes the saving effected by the reduced area.

(¢) Rectangular channels.—A rectangular channel is a trapezoid
with a given slope of 90°. The figure for maximum discharge will,
therefore, be a half square. The HM.D. = Z% = g This form

is employed for aqueducts of timber or masonry.

90. Design of channels of minimum border.—In designing
small earthen channels, we generally have the discharge, velocity,
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and side slopes fixed ; while the cross section and longitudinal slope
have to be ascertained. :

From eq. (57) we have d = ,\/ i A,I“ Also A — Q
ne4+1l—-n v

Thus d is determined, and the top and bottom widths can thence

be found. Knowing the H.M.D,, i.e., %, we can find ¢; and can

then obtain s from the equation v = v/rs.

Ex. 57.—An carthen channel of best form is to discharge 60 o. ft. per sesond,
with a velocity of 2 ft. per sec.and side slopes 1% to 1. Design the channel.

8= g0stt @= A 0 _ g5 - g-38
2 2¥ni 1 1—-n V13 - 15

Mean width = g - g% = 79ft. Bottom widih = 79 — nd = 29 ft.

Top width = 79 + nd = 136 ft.
r= ‘é = 1'9; whence x = ‘0186, and ¢ = §9,

Yo 8= '.’_2_ = 4 = _..1_.
T T e (B9Px 19 1654

If however the channel is large, the depth comes out impracticably high,

Ex. 58.—Find the dimensions of a minimum channel of best section to carry

50,000 c. yds. per hour with a surface fall of 6 inches per mile. Side slopes 1 to 13
(Univ. 1878.)

Here n = ;; A=d@Va¥+1 —n)=173d%;Q = 375 c. ft. persec.

= d 1 _ vz = Av; .~ 875 = 173d3, & Vg,
v ,\/gxm 7o) d. Q=Av;.. 37 " 119 d.

Tryc=80. d=108; .. »=54; whence u = '0104, and ¢ = 78, which &
sufficiently near the assumed value.

A =173 x (108)2 = 2025, ft.; .. Mean breadth = 1%% = 19 5. nearly.
Bottom width = 19 — #d = 19 — 72 = 11-8 ft. Top width = 19 + 72 = 262 ft,

Ex. 59.—A canal is 3 ft. deep, 40 ft. wide at the bottom, with slopes of 1§ to 1,
and a fall of 1 in 5875. Design a suitable branch channel to carry one-sixth part of
the water, and find the fall necessary to give the water the same velocity as in the
canal. (Univ. 1884.)

R
Hered-s,b=40,n=§,s BaTE
A=(b+nd)d=1335sft. B=b +2d/nT + 1 =508,

A— *! H = * 4 = N S/J@=
r=d =263 006(1+;) 0151 ; ¢ 0 - o5,

Q=cA Wis=1835 o= % = 13715,

For the branch channel, @ = 259 = 305; v = 1:97; A = T2 223085,
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This being & small channel, let us ascertain the depth, supposing it a channel

of minimum border. d = /\/ _A_ = 335, whioh is greater than the
Wnisrl-n e

depth in the main channel, and therefore inconvenient.

Making bed of branch, at the junction, at same level as bed of main channel,
and allowing a head of 8 inches for the branch head sluice, we have 275 as a suit-
ablo depth for the branch. Mean width = :;?7% = 8118,

Taking n = g as before :—Bottom width = 81 — 4'1 = 4:0 th.

Top width =81 + 41 =122 ft,
Bmb+2dVnr+1m189; .\ rm=16; whence 4 = 0310, and o = 56.
1

S & =

Channels other than earthen can readily be designed of specified form from
the data given in Art. 89.

Ex. 60.—An aqueduct of best form of rectangular section, with sides and
bottom of planed timber, is to carry 12 o. f. per second with & velocity of 4 ft.
per second. Design it.

A —15: nde=192

243 + 1 —~n

Heron-O;A=%-=35.ft.;d’=

Width = 2d = 244, HM.D. = = 61; 4 003 (1 + .i) = 0035 ; .\ c = 188,
2 61
s o 16 1
¢ 17689 x ‘61 €74
and have a fall of 1 in 674.

91. Channels for a variable discharge—When a channel
has to carry a variable volume, it is desirable that the velocity
should be nearly constant, i.e. (neglecting the variation of c), tho
H.M.D. should be constant, or the border should increase at the
same vate as the area. This condition cannot be conveniently secured
in earthen channels, as the slopes above the minimum water level
would become very flat, and slightly convex on their upper surface.*
The principle is however adopted to some extent in ovoidal sewers,
which are intended for the constant discharge of sewage as well as
for the occasional discharge of a comparatively large volume of rain
water.

Hence the channel should measure 1'°22 x 2':44,

Two ovoidal sections are shewn in figs. 61 and 62, which
indicate their construction. In the Metropolitan ovoid (fig. 61),
the radius of the invert is one-half that of the crown; in Hawksley's
ovoid (fig. 62), nearly three-fifths of that of the crown. These culverts
are generally executed in brickwork, and have transverse diameters
up to 6 ft. Drains of this form, though covered in at the top, are
technically open channels, since they are not intended to discharge
under pressure.
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Ex. 61.—A metropolitan ovoid culvert, in brickwork, cement plastered, mea- plate XI.
sures 8'-2" x 4'-9"”. Compare the velocities and discharges when it runs with depths
of one-third and two-thirds the vertical diameter.

Drawing the ovoid to scale, we find by measurement,—
For one-third full, A; = 2:85; B; = 4:38; . 7 = 65,
sy btwo-thirds ,, Ag;= 7'58; Bg= T58; »~ 7y = 100
iy = 003 (1 + 315) =0085; .. 0= 135,
fpg= *008 (1 + ilo) =0083; . c3= 140,
v _ vV x -

Honoe 1 = 2371 = 100570~ 10
Qi A 285 100 811
Q; A, 758 140  10&1

8o that the velocity only increases by one-fourth, while the disoharge ie trebled.

92. Variation of velocity in a cross section.—As might be
expected from the nature of the resistances, the velocity is leask
in the neighbourbood of the bed and banks, and greatest in the
axis of the stream near the surface. If v, be the greatest suriace
velocity, v; the bottom velocity, and v the mean velocity, experiment
shews that, approximately,

v = 8, = 1'3vp e .« (68)

The relation between v and o, is useful, owing to the facility
with which v, can be measured by surface floats. The relation
between v and vy enables us, in designing a channel, to assign a velo-
city which will not be injuricas to bed and banks of known consistency
of goil. The following mean velocities in feet per second should
generally be not exceeded :—

Clay 075 Boulders 40
Sand 1- 5 Stratified rock 60
Pebbles 3 0 Hard rock 100

On the hypothesis of simple frictional and viscous resistance, it can be shewn
that the velocities at pointsin a vertical line CD (fig. 68), are represented by
the absciss® of a parabola whose axis lies in the surface. The true motion is
however complicated by the existence of eddies, which are most numerous near
the surface ; and experiment shews that the curve is a parabola whose vertex ®
0-3d below the surface.* Bazin found the following relation between the greatest
surface velooity v, and the mean velocity v.

v =y — 35775, Now v = c¥'rs. Therefore

- af—zs"s .. .. . . . (59)

* Nore.—This distribution of the veloeity applies only to unobstructed sections,
In dealing with the discharge over a submerged weir, some authorities take the
velocity of approach for the notoh portion as equal to the surface velocity of the
stream, and the veloocity of approach for the orifice portion as equal to the mean
velocity of the stream. For the reason above given, this practice has not been
followed in the text of Chap, IV.

1



892 HYDRAULICS

Ex. 62.—The maximum surface velocity in an earthen channel whose H.M.D.
is 4 ft. is observed to be 5 ft. per sec. Find the mean velocity,

p= '006(1x 9)=-o1zo; = /\/Q_flu«zs,
4 o

78
—X 5= 3 . .
v=73+25x 372 1. per sec

Many writers have asserfed that the water surface of the cross section of a
stream is slightly convex upwards, i.e., higher at the axis than at the banks.
Experiments made at Roorkee however, give no support to the statement.

93. Minor losses of head.—Nearly the whole of the fall of a
channel is effective to overcome resistance. Small heads are however
required to produce the velocity of entry, and to pass obstructions.
such as bends. These losses must be compensated for by giving so
much extra fall to the channel.

Velocity of entry.—The entrance to a channel may be open to the source of
supply, or it may be closed by a head sluice. In the former case, there is for a
short distance a rapid suiface slope sufficient to generate the velocity which the
H.M.D. and fall impose on the channel lower down ; in the latter the head is
the difference of level on the upper and lower sides of the sluice.

Let A be tho area of channecl section, » the channel velocity, % the actual
Tead required to produce this velocity. For an open inlet Q = ¢ AV 2gh = v.A;

2
whence b = . 15 Y, if ¢ be taken 8. For a closed inlet, let A; be the area
¢2. 29 29
of the sluice openings, »; the velocity through them. o= ’_;.v. 7= ;l%
1 3.9

- ( A_.)’ v 15 (i)’ v?
YINVART! INVAR")

In both cases the fall can be distributed, if desired, by widening the channr]
near the entrance, and thus reducing the velocity to be at first produced.

PDends. -Bends in artificial channels are generally curves of large radius. 1In
the absence of conclusive experiments as to the loss of head due to them, the
following modification of ITumphrey and Abbot’s Mississippi formula is adopted.

2
Tor a bend having an arc subtending ¢° the loss of head i = &) x '36%.

Ex. 63.—In the first reach of a branch channel there are 9 bends of 30°, and
3 of 45°. The vent area of the head sluice is half the area of the channel section.
The velocity in the channel is to be 2 ft. per sec. Find the additional head to
be provided in designing the channel.

9 03

At entry, =15 (2)3.%
s, 30 .02

At bend of 80°, 7 = 5623
At bend of 45°, i — 49 « -30%”
20 29

. Total loss = l;,. (6 + 9 x -12 + 3 x *18) = 0'5 ft. nearly.
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94, Falls,—When the natural ground slope is much greater ¥late XL
than the inclination of the channel, length is saved by the intro-
duction of sudden drops or falls in the channel bed. These generally
consist of a low weir, with steps on the down-stream side to bresk
up the force of the falling water, or with a single vertical fall on
to a water cushion. The object in both constructions is to annihilate
the additional velocity due to the fall, and to deliver the water
info the lower reach with the normal chaanel veloeity. If thore
is no weir, it is found that the depth in the channel begins to
diminish a great distance back from the weir, and the volocity
consequently increases, and erodes the bed. To ascerlain the height
to which fhe weir should be built, we have from equations (14) and

(53):201 v { (h+ha)%“ hf } =Q =cAvrs. Solve for h. Then,

if d is the normal depth of the channel, the weir must be built
to a height (d—h).

The type of fall in which the water drops vertically on to a
water cushion (fig. 65), i3 one often seen in nature; and ihe
depth of the pool at the foot of natural falls is a guide to us in
fixing the depth of the water cushion. The formula adopted for
canal falls isx = 1'5/H #d, where x is the depth of the cushion,
d that of the channel, and H the difference of water level in the
two reaches. Plate XII* illustrates an experimental fall of !hig
deseription, constructed on the Bari Doab Canal. The form of the
water surface on the crest, that of the jet of falling water, and
that of the wave below should be noted.

In Ogee falle, which consist of a double curve, fig, 66, the object isto deliver
the water at the foot of the fall without vertical vclocity. Excessive horizontal
velocity may be checked by widening the channel below the fall, or by placing
brusbwood spurs or other obstacles in the tail water, The double chord CD has a
slope of about 6 to 1, the chord CE of the upper arc being one-third of CD.

Os the Ganges canal as first construeted, the ogee falls had their crests at
bed level of upper reach. The scour produced for some miles zhove the falls
was so great that it was soon found neeessary to raise the crests.r

95. Standing Waves,—It can be shewn from the differential equation of
stcady varied motion I that if the depth at which a stream is flowing be less

2
than :_g’ and if the depth be increased by any obstruction, then at he point

2
where d = % the water surface tends to become normal to the bed, and a standing

*Taken from Professional Papers on Indian Engineering, 1st seri.és, Val.
IIT, 1866. A plank weir can be fitted in the recesses shown in the side walls.
t Crofton’s Report on the Ganges Canal.

1 Vide Eneyelopadia Britannica, 9th ed., Article Hydromechanics.
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wave is produced. This condition may oceur either above or at the foot of a
weir, and it may also be noticed on the down-stream side of bridges discharging
in flood.

2
Thus, in fig. 67, at the section O, d is <%_. As the water section increases

gowatds the obstruction, v diminishes, and eventually d = 13?, between C and D,
when a standing wave is formed. Again at E the depth is sog small, and velocity
g0 great that d may be <1; As the bed generally consists here of a rough
stone apron, the velocity rapidly d}minishes, and a standing wave will be found

between E and F, as soon asd = }

The height of the wave may be found as follows :—

Let the mass CD (fig. 68), occupy the position C; D after time ¢. Consider,
for simplicity, » rectangular section of width I, and depths dy, d;. The horizontal

change of momentum is 15; (Alv1? — A0 \t = v (dlvll — dyvq? ) 2

The impulse is the difierence of the pressures on CC, DD acting for the time?,
i.e., w (d;ﬁ 4 2) l.t. Henced? —d?= %(dlvlﬁ - divﬂ). But v, =
!

w2d
5290 %, - o dy Pk S
L dd - dy gvl (2, — dy); 2+ d) 7 ds whence

a4y, .
‘T;)l )

- 2013 dla dl
dy p dy + T 3 - . . . . (60)

Ex. 64.—A bridge discharging in flood has depths of 10 ft. and 6 ft. of water
on its up-stream and down-stream sides respectively, and a velocity of approach
of 84 tt. per second. Determine whether a standing wave will be formed, and
if 50, what its height will be.

Here vy = 8'5; vg = 169 X 85 =142; Vi = V3T % 6 = 139,
Hence v, is slightly greater than Ngh, Tt will however diminish below

the bridge, and when it reaches the value 139, a standing wave will be formed,
"I'he height of the wave will be

ds N/ ?—)(3"——(28.5)? x (]0)7 = 84 ff.

2.
The primary condition d<%1mphes that “Tf <rs. In broad shallow channels
r approximates to d; so that s>’; is the primary condition in such channels for

the formation of a standing wave. For earthen channels p = *006 (1 + %), its least

value being consequently *006. Ience, for a standing wave to be possible s must
be >+008, or the inclination must be not less than about 16 ft. per mile.*

* For experimental researches on standing waves, see La Propagation des Ondes,
Bazin,
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EXAMPLES ON CHAPTER VII.
Note.—The co-efficients used (Bazin’s) are those tabulated.

1. Find the fall in fect per mile of a channel with a bottom
width of 40 ft. and side slopes of 2 to 1, to discharge 300 c. ft.
per sec. with a depth of 4 ft. What will be the discharge of the
channel with a dopth of & ft.? (Coll. 1882.) Ans. (1) 10 in. per mile,
(2) 457 e. fh. s.

2. What are the velocity and discharge of a channel which
hag a depth of 3} ft.,, bottom width 35 ft., side slopes 1 to 1, and
bed fall 18 in. per mile? Ans. (1) 2 ft. per sec., (2) 270 c. ft. s.

3. What is the hydraulic mean depth of a channel? A channel
cut through hard rocky ground is to carry 100 c. ft. of water per
sec. with a mean velocity of 3 ft. per sec. Supposing its section a
half square, find the fall in feet per mile. (Coll. 1883.) Ams. 25 ft.

4. Required approximately the bottom width of a channel with
side slopes 1 to 1, and a fall of 2 ft. per mile, to discharge 400 c. ft.
per sec. with a depth of 3 ft. (Coll. 1882.) Ans. 60 fit.

5. What must be the bottom width of a channel 4 ft. deep,
with slopes of 1} to 1, and o fall of 3 ft. per mile, in order that it
may discharge 195 c. ft. per sec.? (Univ. 1877.) Ans. 13 ft.

6. What will be the discharge in c. ft. per minute of a channel
having a fall 'of 6 inches per mile, bottom width of 30 ft., and
slopes 1 to 1, when flowing 6 ft. deep? What will be the mean,
surface, and bottom velocities? (Univ. 1882.) 4ns. (1) 20,450
c. ft., (2) 167, 1-97, 121 ft. s.

7. What are the principal circumstances to be considered in
fixing the cross section and inclination to be given to a new
irrigation channel to carry a given quantity of water; and why is
the form for maximum discharge not so desirable or economical as
others for chanuels formed in ordinary soils? (Univ. 1882.)

8. What should be the width of a rectangular brick aqueduct
220 yds. long, to convey 56,700 c. yds. of water per hour, the depth
of water being 5 ft., and the fall through the aqueduct 3 inches ?
Ans. 20 ft.

9. A channel is 80 ft. wide at bottom with side slopes 1 to 1,
fall 1 ft. per mile, mean velocity 3 ft. per sec. Find the depth and
discharge of the channel. Ans. (1) 815 ft., (2) 2,155 c. f5. s.

A branch channel takes off one-third of this discharge, and the
bottom width of the main channel is in consequence reduced to
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GO ft. What fall must be given to the main channel in order that

the velocity of 3 ft. per sec. may be maintained? (Univ. 1874.)
Ans. 16 t. per mile.

10. A channel is to be designed to carry a discharge of 350
c. ft. per sec. with a velocity of 21 ft. per sec. and side slopes of
1o 1. The levels of the country are such that a fall of 1 in 3,600
is considered suitable. Sketech the section of the channel. (Univ.
1890.) Ans. b = 16 ft. d = 6% ft.

11. A channel is constructed from a river to irrigate 2,000
acres. The river records shew that during September, that month
of the irrigation season when the river is lowest, there is an ample
supply of water from freshes during 16 days. In the intervals
between the freshes not more than 12 ¢. ft. per sec. is available for
use. What should be the capacity, ie., the discharging power of
the channel, allowing 1 c. ft. s. per 50 acres?

If it be decided to assign a velocity of 8 ft. per sec. and to
give a depth of 2 ft. for full supply, and side slopes 1 to 1,
determine the bottom width and the requisite fall. (Univ. 1890.
Ans. (1) 643 c. ft. 8, (2) b = 8¢ ft, (3) s = 1 in 470.

12, Fiad the dimensions of a channel to ecarry 4,000 c. ft. per
sec. with a fall of 2 ft. per mile, side slopes 1 to 1, ratio of depth
to mean width 1: 15. (Univ. 1879.) A4ns. d = 84 ft. b = 118 {t.

13. A rectangular channel of rubble masonry, having a fall of
15 ft. per mile, is required to discharge 700 c. ft. per second with
a width of 15 times its depth. What must the latter be? (Univ.
1883.) Ans. 3% ft.

14. In symmetrical trapezoidal channels of maximum discharge,
what relation does the hydraulic mean depth bear to the depth of
water? What are the geometric propsrties of such channels?
(Univ. 1883.)

15. Determine the minimum section of a channel to carry 1,000
c. ft. per sec. with a fall of 2 ft. a mile. Side slopes 1% to 1,
(Univ. 1874.) Ans. d = 11-3 it. b = 68 ft.

16. Draw a oross section of a trapezoidal channel of best form,
being given depth 4 f. inclination of sides 2 to 1. Ans. b = 1'9 ft.

Compare the velocity of its stream with that of a channel of
the same depth and inclination, having a bottom width of 3-3 ft.
and slopes of 1 to 1. (Univ. 1877.) Ans. The velocitics are equal.

17. A maximum diseharging channel of best section has a
depth of 8 fb, and fall 2 ft. per mile. Calculate the discharge,
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and draw a section of the channel with side slopes of 1 to 1,
(Univ. 1879.) 4ns. Q =333 c. ft. 8. b =66 ft.

18. The mean width of a channel of minimum border is 14 ft.,
and the depth 8 {t. Find the side slopes. 4us. § to 1.

19. Draw the following section of ground to scales of 1,000 ft.
to 1 inch horizontal, and 5 ft. to 1 inch vertical; and shew on it
the bed of a channel with depth 2 ft., and bed fall 1 ft. per mile,
so laid out that the water surface may be everywhere below the
natural ground level except at the points A and B, where it should
reach the ground level. (Coll. 1884.)

Depth below da-

tum in feet. Remarks.

Distance in feet.

0 I Point A.
1000
2000
3000
4000

5000

T He GO RO
PO SO

Point B.

20. A channel 30 ft. wide at bed with side slopes 3 vertical
to 4 horizontal, and with a fall of 1in 10,000, draws a fluctuating
supply from a river. Find the velocity and discharge with depths
of 2,4 and 6 ft. (Univ. 1869.) 4ns. (1) 078 ft. s, 50 c. ft. 8.,
(2) 126 ft. s, 178 c. ft. 8., (3) 160 ft. s, 365 c. ft. 5.

21. Find the discharge in cubic feet per minute from an ovoid
gsower of brickwork, running full, whose inclination is 1 in 1,000,
transverse diameter 5 ft., vertical diameter 71 {t., radius of the invert
one-eighth of the transverse diameter, and the radius of the sides
one and one-third times the transverse diameter. (Univ. 1888.)
Ans, 6,600 c. ft.
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96. Rivers.—The principles which govern the flow of water in
natural channels are the same as those which have been already laid
down for artificial channels. The conditions in the former case
are however more complex owing to constant variation in the ehannel
section and consequently in the velocity, as well as to variation in the
discharge at different seasons of the year. In hilly tracts, streams
have considerable fall, high velocity, and great. energy of motion;
their courses are therefore direct, and well marked by the depressions
through which they flow. In plains, these conditions are reversed ; a
slight obstacle suffices to change the direction of the river, the course
accordingly becomes winding, and the longitudinal slope and the
velocity are still further diminished. The solid matter detached from
the bed and banks in the upper part of the river's course, and sus-
pended in the water, is gradually deposited as the velocity diminishes,
the level of the bed near the mouth becomes raised, periodic floods
carry the silt over the surrounding country, and the coast line moves
seaward. At length, during some especially heavy flood the river
makes fresh channels for itself to the sea. The same process is
then repeated here, and in the course of ages a delta of rich alluvial
goil is formed, traversed by branches of the river, whose beds are
generally at a higher level than the adjacent country. Thus the
Kistna has in the upper part of its course a bed slope of 4% ft. per mile,
lower down 2 ft. per mile, and in the delta about 1 ft. per mile,
the fall of the country away from the river being 1} ft. per mile
in this last part of its course.

The surface slope of any portion of a river depends on the bed
slope, on any variation of breadth which may occur in that portion,
and on the state of the discharge, i.e., whether the river is in flood
or otherwise. For a given discharge and bed slope the depth of
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a river alters with the breadth ; so that whenever the banks approach
each other, the water heads up to produce the velocity neccessary
to carry the discharge through the contracted section. Hence the
surface slope, on which the velocity depends, is not generally parallel
to the bed slope. The Godaveri in the delta has a bed slope of 0:5 it.
per mile, the surface slope being 0'7 per mile in dry weather and
1-25 in floods.

To utilize the water of a river for cultivation, it must be conveyed
from the river to the cultivable area by artificial channels. In
ordinary country, where the river flowsin a valley, this can only
be accomplished by taking off the water at a point far above the area
in question, and laying out the canal with a slope less than that of
the river, so that it may command the country where the water is
required. This is the usual problem in Upper India. In the great
deltaic districts of Southern India, vtz., the Godaveri, Kistna, and
Kaveri, the problem is simpler, since the canal has only to be taken
off at the head of the delta, and, with its branches, to be conducted
along the subsidiary watcrsheds in order to command the whole of the
surrounding country.

In India the main channels of irrigation are made to subserve
the purposes of navigation. In England canals are constructed
solely for navigation.

97. Discharge of rivers.—In drawing up a project for the
supply of water from a river, it is necessary to estimate the
minimum, ordinary, and maximum discharges in order to fix the
dimensions of the weir, head sluices, flood banks and other works.
In designing a bridge, the maximum discharge only is required.
There are three principal modes of estimating the discharge, which
should be used as checks on one another.

(i) Measurement of the mean cross section and longitudinal
slope, and application of Kutter's or Bazin's formula
for the velocity.

(ii) Direct measurement of the velocity.

(iii) Measurement of the drainage area, observations of the
rainfall, and estimation of the amount which reaches
the river.

Methods (i) and (ii) are suited for any discharge, method (iii) is best
adapted to flood discharges only. If a weir already exists higher up
the river, a further check is obtained by caleulation of its discharge,

98. Discharge by velocity calculation.—A straight reach of
the river, with a regular transverse section, is selected, from } to
2 mile long. Four equidistant cross sections are taken, and connected
by longitudinal levels. The differences belween the water levels

12
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at the sections give the surface fall for the then discharge of the
river. For maximum flood discharges, reliance must be placed on
9o0d marks on the banks and on the information furnished by village
iestimony ; and the cross section and surface fall must be measured
0 the points so arrived at. The H.M.D. of each cross section is
hen calculated, and Kutter's or Bazin’s formula used to obtain
he proper co-efficient. The velocities deduced from the oross sections
wre then compared; and, if the product Av is approximately the
same for each section, the calculation may be deemed satisfactory.

The value of N to be used in Kutter's formula (Art. 83), must
be chosen with reference to that which has been found applicable
to rivers similarly situated. It may vary from *020 to '035. The
tollowing are a few local values:—

Ohio at Point Pleasant........ccceuv....’021
Seine at Paris......ceccceviiiinereseess’025
Misgissippi... oo eveeernrensnensnessnsanensn 027
Rhine at Basle........cooeeiveinneennse...030

99. Cross sections.—Cross sections are taken as follows:—A
wire, marked off with pendants at equal distances, is stretched across
the stream at right angles to its axis, and the depth at each pendant
is measured with a wooden staff, provided with a disc at the end
to prevent penetration of the bed. If the river is too broad or
too rapid for the convenient adoption of this plan, staves may be
set up at C,D,E, (fig. 69), the angle DCE being a right angle. A
boat is allowed to drop down towards the cross section. At the instant
of its reaching CD a sounding is made with an ordinary “lead line,
previously suspended within a short distance of the bottom, the
position F of the boat being determined simultaneously by an angular
measurement made from the boat with a pocket sextant, or from
E with a theodolite. When a sufficient number of soundings has
been taken, the cross seotion can be plotted, and the area and
border estimated.

100. Measurement of velocity.—In the second method ot
obtaining the discharge, the preliminary work of taking cross sections
and levelling for the longitudinal slope is the same as before, except
that the sections may be closer together. If the stream is a smail
one, it will be sufficient to mark out two lines across it 50 ft. apart,
and to take several observations of the time occupied by a float,
placed in the axis of the stream, in traversing the distance between
the lines. The mean of the observations gives the maximum surface
velocity v, and the mean velocity v can then be obtained by Bazin's

relation (Art. 92), v = v, where o is the co-efficient proper

¢
¢+ 25
to the HM.D. of the channel, The cross sections should be 8}
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least three in number one at each end of the “run,” and one Plate Xl
midway between.

If the stream is a large one, wvelocity rods should be used. Two
wires furnished with pendants at convenient intervals are stretched
across the extremities of a 50 ft. run.* A hollow rod, sufficiently
long to extend from the surface nearly to the bottom, is started
above any pendant at the upper scction, and the time interval to
the corresponding pendant at the lower section is noted with a stop
watch. Unless the rod passes near the proper pendant at the lower
section, the observation should be discarded. It has been shewn
by experiment  that such a rod measures very approximately the
mean velocity of the vertical fluid plane in which it moves. The
rods are made in different lengths so as to suit variations of depth,
the proper length of rod to use at any pendant being determined
by the soundings previously made at the cross sections. The rods
(fig. 70), are cylindrical, 1 inch in diameter, and may be made of
sheet tin loaded at the base with iron and adjusted with shot, so
as to tloat with about 2 inches out of water. The top is closed,
and should be marked with a tuft of cotton wool. When the
ohservations are complete, the discharge can be readily found as
follows.

Suppose the river breadth to be divided into convenient segments
CD, DE, EF, &c. (fig. 71), of lengths ,, i, &c. . Pendants 1, 2, 3, 4,
&c., mark the middle points of the segments and the courses of
the velocity rods. The mean depth d along the course of each rod
is ascertained by sounding, and the velocity v of the rod is deter-
mined by observation. The discharge of any segment is (id)v,
and the whole discharge is

Q =3 (ldv) - " . (61)

The mean velocity is Q <+ A where A = 2 (ld)

Ex. 65.--Find the discharge of & river from the data given in the first three
lines of the following table : —

—_— ft. ft. ft. ft. tt. ft. ft. .

Lengths of
segments | ;=165 | 1;=20°0 | =250 | 1,=320 | =300 | m268| =183
Mes
depthsl dy= 48 [dy= 97 | dy=124 | d,=1567 | ;=120 |dg= 97|d,= 48
]
Mesn vl
ﬁﬁ?e§°°|vn=2 25 |0,=880 | 0,=462 | v,= 50 | v,=465 | v,=375|v;=200

c. ft. c. ft. c. ft. c. ft. c. ft. c. ft. c. ft
Disek Q1=178'2|Qy=787-2|Q;= 1432"2.Q‘= 2512:0,Qy=1674'0/Qs=974-9|Qy= 1757

s+ Whole discharge Q = 7684 ¢. ft. per sec.

* If a superior time-keeper is not available, the run should be 100 ft.
t+ Roorkee Hydraulic Experiments, Cunningham, Roorkee, 1881,
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Greater acouracy may be secured by placing the pendants at equal intervals
throughout the breadth of the stream, and using either the parabolic formula
(Simpson’s), or the sextic (Weddle’s), in place of the trapezoidal formula employed
above. Bimpson's rule requires that the number of intervals should be a multi-
ple of 2, Weddle's that it should be ‘s multiple of 6;and the latter gives the
best results. Let the length of each interval (fig. 73), be k. Then, the velocity
at the banks being taken sero,

. s . k
Simpson’s rule gives Q = 5 ( 0 + 4dyw; +|2dgv, + 4dgvy + 30,0, + 4505 + 0)

2%
= F{amrdn s 2amedordn ) L)
Weddle's rule gives Q = g—g- ( 0 + Bdyvy + dgvy + Bdgv, + A0 + 5dgv; + 0)

= % {"2'12" vy + vy + 5(01dy + vydy + vidy) } +(63)

If the cross seotion is of approximately uniform depth between the feet ef
sloping banks, it may be advantageously divided into a central portion of six inter-
vals, and side portions each of two intervals. The discharge of the central portion
can be caloulated by Weddle’s rule, and that of the side portions by Simpson’s.

101. Other velocity meters.—Many instruments have been devised to
measure the velocity at a point; but they are not of muoch service in the ordinary
operation of river gauging. Among the best known are:—

(1) Screw curvent meter.—This consists of a small sorew, like the propeller
of asteam ship, whieh is operated on by the ourrent and records the number of
its revolutions on a counter. The screw is kept with its head against the current
by a large vane place in rear. The instrument is lowered on a rod to the
position required, and can be put in or out of gear at will. The objection to it
is that the relation between number of revolutions and current velocity has to be
determined previously by drawing the instrument through still water at known
velocities, and that this relation is liable to change by the moving parts be-
coming clogged.

(2) Pitét tubse.~—This is a graduated glass tube bent to a right angle near one
end, the shorter arm being coned so as to present a small orifice to the current.
The difference of water level inside and outside the tube measures the velocity.

2
At a dopth  in the stream the total head is (h+ 32’-0) There being no velocity

in the tube, the head is (A + h;) where R, is the difference of water levels.
*

Hence hy = g_'. This instrument was used by Darcy in his velocity experis
g

ments. The objection to it is that, as the velocity at a point varies from instant
to instant, and as the tube must be oclosed and removed from the water to be
read, there is no certainty that a mean reading bas been obtained. 1t cannot be
used moreover for very low velocities.

(8) Perrodil’s Hydrodynamomaster.—This is a torsion balance. A vane placed
at right angles to the ourrent twists a vertical wire, the angle of twist being read
on an aro above water, The index oscillates with the variation of the velocity,
and the mean angle can readily be observed, The relation between the angle
and the current veloocity can be obtained by calculation.

* Pitot used a bell-mouthed tube as shewn in fig, 73. He found by experiment

that ; was equal to 16 ;’:
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102. Maximum Flood Discharge.—To obtain the mazimum
flood discharge, the cross sections are carried up to the highest flood
marks, and their areas, and hydraulic mean depths estimated. Then

Q, _ cAvr,
where Q is the discharge calculated from the measured velocity.
Q, is the required maximum flood discharge. It should be borne in
mind however that the bed level during maximum floods is often
lowered by scour.

103. Flood Discharge from Catchment Basins.—The catch-
ment basin of a river or tank is the whole area whose rainfall

tends o flow into the river or tank. The area can readily be found
from a contoured map, since its boundary is marked by a watershed,
the drainage on the inner side of which flows to the basin in
question, while that on the outer side discharges into other basins.
The size of the basing with which we have to deal varies {rom
115,000 square miles for the Godaveri, to a fraction of a square
mile for a small tank. Part of the rainfall fails to reach the point
of final discharge, owing to absorption by the soil and evaporation.
The amount lost depends chiefly on the nature of the soil, the
fall of the country, and the shape of the basin. The maximum
rainfall in, say, 24 hours, for a given basin, must be obtained from
the vegister kept at the nearest station where a rain-gauge is seb
up. The rate of discharge trom the basin cannot, however, be based
directly on this fall because

(1) heaviest rainfall is very partial, 4.6, the record at a station
for a particular storm applies only to a very limited area, perhaps
about 5 8q. miles, around the station. Equally heavy rainfall may
occur at other points in the basin, but not at the same time.

(2) as the basin area increases, the greater is the probability that
the flow from ground near the point of discharge will have ceased
before the flow from remoter portions has had time to come in.

To meet the proportionate reduction thus required for large
areas, various empirical formule have been proposed, those chiefly
employed in Southern India being

Ryves’ formula Q = cM% (65)

Dickens' , Q= &;Mivimmrrmserivsrririens (66)

where M is the catchment area in square miles, ¢, ¢, local co-
efficients depending on the rainfall, soil and slope of the district.

Values of the co-efficients suited to particular districts can be deduced from
measured maximum flood discharges from known catchment basins. Thus if
the maximum flood discharge of & stream draining 809, miles is measured as
9,500 c. ft, per sec., it follows that ¢ = 510, ¢; = 355,
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To obtain the flood discharge of one of a group of tanks in the
same drainage basin, the practice of the Madras Irrigation Depart-
ment is as follows : —if M be the area feeding the tank in question,

M, the area foeding the tanks above it, then Q = cl\f‘g - ngg.

General values of ¢ in Ryves’ formula are—

In flat districts near the coast ................ PP oo € =450
In districts extending from 20 to 50 or 100 miles from the

east coast ............ Cetesasessoassrsosaanosane eerses .o ¢ =550
For limited areas near bills  ......c..cvveieiiiieeniienronas .. ¢=1700

In any particular case however, where the maximum flood
discharge is required, it is best to have recourse to the rainfall
registers. Let d inches be the heaviest fall recorded in 24 hours.
The volume received by the standard area of 5 sq. miles is
d
12
the whole of this passes to the point of discharge. Then the
discharge in c. ft. per sec. from the standard area is

2
Q = li x Qf%?%o.;igo ~ 135d nemly. ButQ, = c(5)F = \(5)

X (5280)’ x 5. In order to be on the safe side, agsume that

s C = 1—3—?@ = 46d .o 0 oo oo (67)
5%

fa=154 _g0d .. a. ae e (89)
5%

The heaviest rainfall recorded for shorter periods than 24 hrs.
would of course give a higher rate of discharge; and in the case
of small catchment basins, it might be desirable to take 12 hrs.
or even 6 hrs. as the basis of caleulation.

Ex. 66.—The catchment basin of a river above a given point in its course is
150 8. miles. The maximum recorded rainfall at a meteorological station in
the vicinity is 11 inches in 24 hrs, Tstimate the probable maximum flood dis-
charge of the river at the given point.

c = 46 x 11 = 506. Q = 506 (150)F = 14,985

If Dickens’ formula were used, the discharge obtained would be 18,840.

It will be observed that these empirieal formula are very im-
perfect ; and thab trust must not be placed uunreservedly on the
results deduced from them. The rainfall records are not readily
applied to minimum discharges because the water in rivers during

the dry season is largely derived from bed springs.
Attempts have been made to take account of the form of the basin. Burge*

proposed Q = c;nil- where I: is the extreme length of the catchment area in

* Professional Papers on Indian Engineering, 2nd series, Vol, III, 1374,
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miles, and ¢ is a co.efficient which may be taken at 1,800 for Madras. Oraig®
divides the basin into a series of triangles each of which has one angle at the
point of discharge and one side on the perimeter of the basin. Calling 2B miles the
length of the side, and L miles the distance from its middle point to the point
of discharge, he obtains for the areains. ft. of the unobstructed flood section

of the river at the point of discharge, A-184§(4B log Il‘;) This expression
appears to give good results, although it has been incorrectly deduced from the
premises.

Ex. 67.—The catchment basin above a bridge near Chiokli, Berar,{ can be
divided into three triangles, the dimensions of which, in miles, are

L B ]
1-84 -61
2:60 8-68 whence area of basin is 8:5 s. miles nearly,
© 166 034
84)8 . -66)?
Area of flood section = 184 { 61 log%?:_) + 68 log §_(20(;0)9 + 84 log 8(%326). }

- 184 { (61 x 1+657) + (68 x 1:900) + (-84 x 1:812) } = 587 5. ft.

The actual cross section as measured by the highest flood at the bridge was
557 s. ft.

104. River bends.—Bends existing in rivers flowing in alluvial
plains tend to become constantly sharper, the bank on the outer side
of the curve being cut away, while silt is deposited on the inner
side. This action tends to increase the length of the river's course,
and thus to diminish its fall per mile, and consequently its velocity.
Ultimately the bends of a river may approach each other so closely
that a cut through takes place.

The erosion of the outer bank is due to the centrifugal force developed as the
water passes round the curve. At any radial cross section the surface water flows
from the inner towards the outer side of the bend, while the fluid near the bed
takes its place by movement in the opposite direction, and thus deposits silt on
the inner bank.

105. Regime of rivers.—A river is said to be in a state of
régime or stability when its form changes but little from year to
vear. Owing to variations of discharge and the consequent erosions
and siltings which occur at different seasons of the year, a condition
of permanent stability is difficult of attainment ; and this is especially
the case in Indian rivers which generally have sandy heds, and which
are subject to heavy floods. A wide field is thus opened up for river
improvement, which consists in the protection of the banks, the
prevention of inundations, and the removal of obstructions. This
subject is dealt with in the Manual on Irrigation Works.

* Pro. Inst. C. E., Vol. LXXX, 1884.85. Craig on the Discharge of Catch-
ment Areas.

t Taken from Professional Papers on Indian Engineering, 8xd series, Vol. IV,
1886,
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BEXAMPLES ON CHAPTER VIII

1. Give a brief description of the peculiar conditions which
make deltaic rivers, such as the Godaveri, particularly suitable for
irrigation purposes. What considerations in such cases would fix
the .position and height of the anicut?

2. What do you understand by the term catchment basin of a
river ? How is it determined ? State briefly two independent methods
of ascertaining the flood discharge of a river at any given point.
(Coll. 1883).

3. Give a description of the process of the formation of a delta,
and draw an imaginary section parallel to the sea coast of a delta
formed by two main branches of a river with several intermediate
minor branches.

Shew {rom this that natural channelsin a delta are generally
more advantageous for irrigation purposes than artificial channels.
(Univ. 1874).

4. How would you ascertain the water-way required for a bridge
() when the stream isdry; (b) when the river is in flood, and over
100 yds. wide? (Coll. 1884).

5, If the hydraulic mean depth of a river is 6:62 ft. and the fall
per mile 6:36 ft,, what will be the mean velocity of the stream in
miles per hour? (Univ. 1876). Ans. 5-2 miles per hour.

6. How can the velocity of a river during flood be ascertained
by observations made at the time; and how can it be caleulated
approximately from data obtainable after the flood has subsided?
(Univ. 1875).

7. A river is 270 ft. wide by 10 ft. deep, with banks which
for all practical purposes are vertical, and with a fall of 2 ft. per
mile. How high should an anicut be to raise the water 3 ft.?
(Univ. 1870). 4ns. 7-1 fh

8. In a channel 20 ft. wide at bottom, side slopes 1} to 1,
four observations were made when the water was flowing 3 ft.
deep, by a surface float in midstream passing between two points
100 ft. apart. The times observed were 46, 49, 50 and 48 seconds.
What was the discharge in c. ft. per sec.? Ans. 110 c. ft. s.

9. If deputed to the work of ascertaining how much water
escaped to the sea by the Cooum river in the months of October
and November, how would you set to work so as to obtain the
best result? Explain fully all the practical operations you would
go through, and then the calculations you would make ? (Univ. 1870).
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10. Determine approximately the flood discharge of a river, of Plate Xrrz
the section given in fig. 74, when the mid-surface velocity is deter-
mined by observation to be 24 ft. per sec. Amns. 1,600 c. ft. s.

11. Enumerate the modes you are acquainted with for determin-
ing the discharge of rivers.

The catchment of the Cooum above Madras is 265 sq. miles.
Some distance up the river, at Koratur anicut, above which the catch-
ment area is 200 sq. miles, the flood discharge, calculated from the
head on the anicut in maximum flood, is 10,600 c. ft. per sec. Esti-
mate the maximum flood discharge at Madras. (Univ. 1890.) 4uns.
12,790 c. ft. s,
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1. A channel irrigates 59,580 acres and the duty of water is
60 acres per c. ft. per sec. The fall is ;47 depth of water 5 ft.,
side slopes 1 to 1. 'What should be the bed width? Co-efficient ¢
in Rufter's formula = 78.

In the channel there is a drop in bed level of 6 ft. Ascertain
the beight to which the fall should be built above bed level in the
upper reach in order that water may be delivered into the lower
roach with the normal channel velocity. Length of fall equals bed
width, ¢ = §.  (Univ. 1900.)

2. A channel leads to a tank the capacity of which is 3,000
millions of ¢. ft.; fall of channel 1} ft. per mile. Depth generally
permissible in channel 7 ft. The tank is to be filled in 12 days.
Give a cross section of the channel. (Univ. 1899.)

3. A tank system consists of four tanks, A, B,C,D. Tank
A with catchment area 5 s. miles, discharges over two weirs, one
75 ft. long into tank B, and the other 30 ft. long into tank C.
Tank B has a catchment area of 4 s. miles, and tank C of 6 s. miles,
and they both surplus into tank D, the catchment area of which
is 8 s. miles. What will be the maximum flood discharge from
each tank according to Ryves’ formula, using the co-efficients 450 and
90. (Coll. 1898.)

4. Calculate the flood discharge in the following case :—A bridge
of 15 arches of 40 ft. span, 5 fb. rise, piers 5§ ft. thick, is built in
connexion with a dam with crest 9 {t. above bed. Depth of water
in flood on orest 12 ft., afflux 4 ft., velocity of approach 8 ft., spring-
ing line of arches 7 ft. above crest of dam. Give reasons for the
adoption of the co-eflicients you use. (Univ. 1897.)

5. It is required to excavate a channel to irrigate 15,000 acres,
and the duty of water is fixed at 2 c¢. yds. per acre per hour. The
channel takes off above an anicut the crest of which is at + 25-00.
Assuming that the water level in front of the head sluice at which full
discharge required will be obtained is + 24-00, sill of head sluice
+ 18:00, water level in rear of head sluice + 23:00, calculate (¢ = )
th: length of vent 4 ft. high, which is required, and determine the
section of the channel assuming a fall and side slopes 1 to
1 (¢ =60). (Coll. 1893

1
10000
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6. The catchment basin of the Periyar lake is 350 s. miles.
A maximum fall of 12 inches ih 12 hours has been observed at
one station in the basin. Ascertain the flood discharge, assuming
that the whole of the rainfall on a standard area of 10 s. miles
reaches the surplus. (Univ. 1897.)

7. A channel is to be excavated to irrigate 15,000 acres at the
rate of 2 c. yds. per acre per hour with a velocity of about 2 ft.
per sec. Assuming that the fall available is 4445 in the first reach
and ;445 in the second reach, determine tho bed width. Side slopes
1to 1. N in Kutter's formula = '025. (Coll. 1897.)

8. A sluice irrigates 5,000 acres. Determine the duty of water
from the following data :—Sill + 1000, top of vent + 13:00, water
level in front + 1500, water level in rear + 13:00, width of vent
23 ft, ¢ = 8. (Coll. 1895.)

9. The water-supply of a town is derived from a reservoir in
which water stands 30 ft. above the centre of the inlet end of tho
pipe. The water main is 2 miles long and 18 inches diametor,
and is laid at a slope of 50 ft. per mile. If the allowance for each
inhabitant is 60 gals. per day, of which two-thirds must be delivercd
in 8 hours, what population ean be supplicd ?  Water to be delivered
50 ft. above the end of the main, ¢ = 78. (Coll. 1895.)

10. A tank has a catchment area of 27 s. miles, and the
maximum flood discharge is to be disposed of over the crest and
through the vents of an escape. The vents are 2 [f. deep, and
their lower sills are 2 fb, below crest level. Calculate, using the

formula Q = 450 M‘%, the flood discharge of the catchment arca
and the length of escape required on the assuniptions that (1) onc-
fourth of the maximum flood discharge is to be passed through
the vents when water has risen to F.T.L., (2) maximum water level
is 2 ft. above F.T.L.. Use £ as co-efficient in hoth notch and orifice

formulze, and assume that waler level in rear is always below sill
of vents. (Coll. 1893.)

11. At a cerfain place on a main irrigation and navigation
canal there is a lock, and a masonry drop. The canal irrigates
84,700 acres, and has a bottom width of 100 f., side slopes of 1 to
1, and bed fall of 1 in 10,000. Determine (1) the depth of water
required in the canal, (2) the orest level of the drop, with reference
to bed level of canal, in order that depth of water may be maintained,
(3) the area of vents required for the lock sluices, in order that
no boat arriving when lock is empty may be detained for more
thau 15 winutes, of which § are required to open and close gates
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and haul the boat through the lock, 4 minutes for filling and 6
minutes for emptying the lock. The data are—

(a) Duty of water, 70 acres per 1 . ft. &

(4) Velocity in main canal = 80 v/rs.

(c) Length of drop, 75 ft.

(d) Co-efficient for drop and sluices, §.

(¢) Dimensions of lock, 150 ft. by 20 it.

(f) Lift of lock, 9 ft.

(9) Centres of lock sluices, 4 ft. below water level in upper

and lower reaches. (Coll. 1893.)

12. A large high level cistern can be emptied by a pipe 200
ft. long and 1 inch diameter, proceeding vertically downward from
the bottom of the cistern. The water on leaving the pipe falls
6 ft. further into a river. If there is 5 ft. of water in the tank,
find the discharge from it in c. fi. per minute when the pipe is
open; and find also the velocity of the water jet as it reaches the
river, (Univ. 1891.)

13. An aqueduct of rectangular section, built in brickwork, is
20 ft. wide and has a fall of 03 ft. per 1,000. Estimate the mean
velocity when the water runs 4 fi. deep. In Bazin's formula
a = 004, 8 = ‘2 for brickwork. (Univ. 1891.)

14. A channelis to be designed to carry a full supply of 528
o. ft. per sec. with a depth of 4 ft. A full supply velocity of 3 It.
per sec. is considered suitable, and the soil permits of the side
slopes being at 1 to 1. Sketch a dimensioned section of the channel,
and ocalculate what the fall per mile should be. The co-efficient
of velocity can be selected from the following table :—

H.M.D. 25 30 35 40 45
o. 67 70 73 76 78
(Univ. 1891))

15. Sixtieen thousand acres are to be irrigated for rice cultivation
from a river in which freshes ocour at intervals of 30 days, the
freshes lasting on an average 10 days. What storage should be
provided ; and what should be the discharge of the supply chapnel,
allowing 2 ¢. yds. per hour per acre as normal supply ? (Univ.
1892.)

16. A lock chamber is 150 ft. long, and has a mean width,

allowing for face batter, of 211 ft. The levels connected with it
FYTE

Floor of lock .. 688
F.S.L. lower gates ... 12-88
Upper sill (bed of upper reach) ... 972

F.5.L. upper gates . 1072
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The lock is filled by two tunnels, one in each side wall. Each
unnel is 3 ft. square in section at the off take, the sill of the opening
seing at bed level of upper reach. The tunnel then turns at right
ingles, so as to run parallel to the axis of the lock. There is a
sudden drop to the lock floor, the roof of the tunnel remaining at
its original level. The deep part of the tunnel communicates with
the lock chamber by three arched openings, 3 ft. wide and 3% ft.
high with their sills at floor level. The sluice shutter is placed
above the drop, and is worked by a rack and pinion so as to give
a full opening of 3 ft. by 3 ft. in a few seconds. Neglecting loss
of time due to gradual opening of shutters, find the time required
to fill the lock when the canal carries its full supply. Both shutters
are opened simultaneously. (Univ. 1891.)

17. A sluice of three vents, 16 ft. long by 9 ft. deep, situated
ab the end of a drain, the water in which bas a velocity of 1% ft.
per sec., discharges 1,200 ¢, ft. per sec. into a river. Allowing 4 per
cent for friction, what aill be the head at the sluice? (Univ. 1892.)

18. A reservoir with a contour of 55 acres at R. L. 2000 and
32 acres at R. L. 1700 has a sluice with a vent 1 ft. square at
R. L. 10-00, discharging free. Assuming the area decreases uniformly
with the depth, calculate the time it will take to fall each foot
down to R. L. 17-00. Co-efficient for sluice, -62. (Coll. 1892.)

19. A town of 50,000 inhabitants is to be supplied at the rate
of 15 gals. per head per day from a service reservoir with its floor
at + 100, depth of water 12 ft. The town consists of two parts,
and the supply is to be divided in the proportion of 1 to 4, the
division taking place at a distance of } mile from the reservoir. The
smaller part of the town is distant 2} miles and the larger 1% miles
from the reservoir. What would be suitable diameters for the main
and sub-mains? What would be the pressure per sq. in. at the
town, the level of the pipes in both parts being + 12? The pipes
should be made capable of discharging one-half the supply in 8
hours. (Univ. 1892

20. The Pilandorai channel at its tenth mile crosses a stream
draining an area of 5 s. miles. Ibis proposed to pass the drainage
by an inlet and outlet, and by an inverted siphon with the same
outfall channel. The sipbon is to be capable of discharging 2 in.
and the outlet 10 in. of a maximum rainfall of 12 in. in 24 hours.
There is 3 ft. depth of water during flood on crests of inlet and
outlet, The rear floor of outlet is at level of channel bed, and the
gauge on it reads 3 ft. The crests are 3 ft. above bed of channel,
and the velocity of approach is 4 fi. per sec. What should be
the size of the siphon, and the length of the outlet? (Univ.1892.)
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21. A head sluice and cbannel are to be designed to supply
4,000 acres of rice cultivation at 2 yards per hour per acre. The
depth of water on front floor of sluice varies from 3 ft. 9 in. to
10 ft.; the depth of water on rear floor (on the same level ag front
floor), from which the channel starts with a fall of 1% ft. per mile,
is to remain constant as nearly as possible at 3 ft. Show how
this may be accomplished. What size would you propose to make
the vents of the head sluice? (Univ. 1892.)

22. The rainfall over the catchment basin, 20 s. miles in extent,
of a tank was half an inch an hour; after a time the depth flowing
over the escape, 100 ft. long, was observed to remain steady ab
5 ft. with the tail water one foot above the weir crest. Calculate
the discharge, and the percentage of rainfall running into the tank.
(Univ. 1893.)

23. A railway embankment, having a girder bridge 40 ft. span
with splayed wings in it, divides a tank in two. While the tank
is filling, the water is found to be 6 {t. deep on the upper side
of the bridge, and 5 ft. on the lower side. What quantity of
water is pagsing through the bridge ? State the approximate bottom
velocity, and whether a masonry floor is necessary. (Univ. 1893.)

24. Find the time nccessary to fill a service reservoir with
vortical sides, 100 ft, square inside, supplied from a storage reservoir
by a pipe 12,644 ft. long, one foot in diameber .—

Centre of pipe inlet 10 6. below water level.
Do. at exit in service reservoir 196  do. do.
Bottom of service rcservoir 199  do. do.
Full water level in service reservoir 169  do. do.

(Univ. 1893 )

95. Find the fall in feet per mile of a channel to discharge 400
c. ft. per scc. with a bottom width of 40 ft., a depth of 3 ft., and
side slopes of 2 to 1.

The above channel is supplied by a head sluice having four
vents, each 4 ft. wide and 21 ft. high, with its sill on the same
level as the bed of the channel. Find the height of the anicut
orest above the bed of the channel in order that no water may
pass over the anicut until the channel discharge reaches 300 ec. ft.
per sec. (Coll. 1880.)

926. What is the maximum aggregate width which can be given
to the piers of a bridge crossing a river 200 ft. wide with vertical
banks, and a fall of 3% ft. per mile, so that the velocity of a lood
10 ft. deep shall not be greater than 6 miles an hour when passing
through the bridge? To what height would the water be headed
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back on the upper side of the piers, if the latter were built of this
maximum width? (Univ. 1880.)

27. From a large distributing reservoir, which is fed by a
rubble masonry channel 6 ft. wide and 2 ft. deep, having vertical
sides and a slope of 9 ft. per mile, it is proposed to supply a town,
distant half a mile, with water, to be drawn off from the side of the
reservoir by a circular pipe with its centre 30 ft. below the surface
of the water in the reservoir. The head of the pipe is 50 ft. above
the town. What diameter should the pipe have in order that
it may discharge the same quantity of water as the channel brings
this being the quantity required by the inhabitants? (Univ. 1870.)

28. A river is 300 ft. wide at water surface; area of cross sec-
tion 1,474 s. ft.; length of wetted border 335 ft.; fall 16 inches
per mile. Assuming the banks to be vertical above the original
surface of the water, to what height must an anicut be built to
raise the level of the water 3 f§.? (Univ. 1877.)

29. A new channel is 20 ft. wide at bottom with slopes of
2 to 1; the surface velocity with 4 ft. of water was found to be
117 ft. per minute. What i the least span of bridge which will
pass a flood 5 ft. deep, the surface velocity being limited to 200 it.
a minute ? What amount of heading up will this bridge cause?
(Univ, 1882.)
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APPENDIX I

BAZIN'S CO-EFFICIENTS
APPLICABLE TO EARTHEN CHANNELS
Table of values of c in the expression Vv = ¢ v IS where

c= v+ /00592<1 +410>

‘1 16 175 57 34 70 51 77

22 18

r c | r c r c
I
1 57 35 71 52 78

95 | 25 | 19 . 59 | 36 | 71 | 52 | 78
a7 | 20 ! 60 | 37 | 72 | 53 | 78
31 | 21 | 61 {37 | 72 | 54 | 78

3

4

gl 34 2:2 61 38 72 55 79
6 37 2:25 | 62 39 73 56 79
7

0 | 23 ' 62 | 40 73 | 57 79

I G 24 63 441 74 58 80

8 42 | 25 64 | 42 74 | 59 80
9 L ae |26 | 65 | 49 f 74 | 60 80
1o | a6 | 2T 66 | 43 , 74 | 65 81
11 8 | 275 | 66 | 44 1 7 | 70 83
12 49 2-8 66 45 | 75 75 84
125 | 50 | 29 67 | 46 7% | 80 85
13 51 | 30 68 | 47 76 | 85 85
14 52 | 31 68 | 475 | 76 | 90 86
15 5¢ | 32 69 | 48 | 76 |100 88
16 55 | 325 | 69 | 49 77
17 56 | 33 69 | 50 | 77
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APPENDIX II
KUTTER'S CO-EFFICIENTS
APPLICABLE TO PIPES, CHANNELS AND RIVERS

* Table of values of ¢ in the expression v = ¢v/rs where

416 4 1811 00281
N s
= 00281y N
1+ (41-
( 6+~ )Vr

where ¥ is the H. M. D., s the longitudina,l slope, N a co-efficient of
roughness.

N.
Channels of well-planed timber ... ‘009
Do.  of neat cement; glazed pxpes very smooth
iron pipes ... . . .. 0l
Do.  of plaster; smooth iron plpes .. 01
Do.  of unplaned timher ; ordinary iron plpes ... 012
Do.  of ashlar or buckwork . ... 013
Do.  of rubble masonry ... 017
Canals in very firm gravel . 020
Canals and rivers in moderately good order free from
stones and weeds ... . ‘025
Do. having stones and weeds occaswn-
ally .. 030
Do. bad order, overgrown with vege-
tation and strewn with stones ... ‘035
Co-efficients N of roughuess. '
HMD. | —— ‘ 1 8-m.p!
r ‘009'010%011-oxzyo1s-01a¥o17;ozo“ozs-oao~osa-oqo‘ ¥
|

c.{c |eje|e |e|ec fe e (e |e “ ¢ |
1| 65 57 500 44/ 40 33 28 23 17 14 12 10 1
9 | 87 75| 67 59 53| 45 38 31 24 19 16 14 2
4 | 111} 97| 87 78 70| 59 51 42 32 26 22 19 4
6 | 127| 112/ 100, 90, 81| 690 60 49 58 31 26 92 6
.8 | 138 122 109 99| 90| 77| 66| 55 43| 85 30/ 25 8
1 | 148 131/ 118 106] 97| 83| 72| 60, 47| 38 32| 28 1

1-5 | 166| 148| 133 121] 111] 95| 83| 69| 55 45 38 33  1'5
a | 179| 160 144] 131] 121] 104] 91| 77| 61| 50, 43| 37 2
3 | 197) 177| 160 147} 135/ 117| 103| 88 70, 59 50 44 3
4 4
6 6
8

209 188! 172| 158; 146 127! 118] 96! 78 65| 56/ 49
926| 206| 188 174) 161! 142/ 126| 108) 88| 74| 64 57
238| 216 199 184| 171 151 135/ 117) 96/ 83 71 63 8
10 246| 225/ 207| 192 179! 159 142 124| 103 87 76| 68 10
12 253, 231] 214 198 186‘; 165/ 149 129 107| 92! 81! 173 12
16 263! 242 223 208/ 195, 174/ 157 138| 115/ 100, 88 79 16
20 g71| 249| 231 215| 202 181/ 164] 144| 121] 106| 94 84 20
30 983) 261) 243 228 215 193) 176/ 157) 138 117 104/ 95 30
50 i297 274| 257 241 228 207, 190| 170} 147) 130 117} 107 50

8lope § = ‘000025 per unit of length
= 1 in 40000 = *132 foot per mile.

* Taken from Trautwine’s Civil Engineers’ Pooket Book.
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H.M.D. Co-cfficients N of roughness. H.M.D,

~oooyotoL01ty012y013y01aL017r020}025kosolosafoio r
¢ |c|ec|ele|efefe e ¢ e e

1 78 67| 591 52 47/ 39 33 26/ 20 16/ 13 1 1
(16| 91 79 69] 62/ 56/ 46/ 39 31 23 19, 16| 13 15
‘2 | 100, 87) 77! 68 62| 51 44| 35 26 21 18 15 2
114 99 88l 79/ 71 59 50 41) 81| 25 91 18 k]
4 | 1241 109 97| 88 79 66 57| 46/ 35 28 24| 20 4
6 | 139 122 109 98 90, 76| 65 53| 41 83 28 24 6
‘8 | 150 133 119 107| 98/ 83 71| 89| 46| 37| 81 27 b
1 158 110; 126 114 104| 89| 77| 64| 49/ 40, 34 29 1
1.5 | 173 154, 139 126/ 116 99| 87/ 72 57| 47 40| 34 1
2 184/ 164! 148 135 124/ 107| 94 79| 62| 51| 44 38 2
3 198| 178 161 14di 136: 118 104! 88| 71 59! 50/ 44 8
4 207) 187| 170, 156 145 126] 111] 95| 77| 64| 56| 49 4
6 2201 199 182 168} 156, 137/ 122' 105/ 85 72| 63| 56 6
8 228! 206 189 175 163i 144} 129' 111} 91| 78| 68 61 8
10 234) 212 195| 181} 169, 149 134) 116 96/ 83| 72 G4/ 10
12 238; 217| 200 185 173 153 13S| 120, 99 86| 75 68 12
16 16
20 20
30 30
50 50

264 foot per mile.
@

&

1 in 20000

Slope. S = ‘00005 per unit of length o

245 223 206 191/ 180| 160, 144] 126 106/ 91 81 73i
250/ 228
258! 236
%Si 245

211 196 18+ 165 149/ 131 110| 96| 85 77
118 103{ 92| 84
127] 112| 101] 93!

219 204 192, 172 157j 139,
228 213} 201 181] 165

|
|

1 | 90| 78 68 60 54 44/ 37 30 92 17| 14 12 1
49 |112| 98 86l 76| 69 57 48 30| 29 23 19 16| -2
'3 | 125/ 109| 97, 87| 78 65 56| 45 84| a7 22| 19 -8
-4 | 136, 119 106 95 86 72| G2 50 38 31| 25 23 4
6 | 149 13&

8 | 158 1t

1 | 166/ 147/ 132 120 109| 93 81 €71 52| 42| 35 31
1'5 | 178| 159 114 130 120 103 89 75 59 48| 41| 35
2 | 187] 168, 151 138 127 109 96| 81| 64 53| 45 39
3 | 198 178 162 149 137 119 104 89| 71| 59| 51| 45
4 | 200| 188 169’155 143 125 111 94| 76| 64 55 49
6

215! 195| 178

1

1

2

3

4
164/ 152) 134 419| 102 84| 71| 61 54 6
3 221' 201/ 184/ 170 158/ 139 124/ 107, 88 75/ 66| 59 8
10 296/ 205/ 188 174| 162/ 143 128/ 111| 92| 78| 69| 62/ 10
15

20

30

50

15 283 212 195' 181} 169 150! 135 118 98 85/ 75/ 68
20 2371 216, 200 185 173 154| 139 122| 102| 89| 79| 71
30 243, 222 206/ 191/ 179| 160| 145/ 128 108, 95/ 84| 77
60 249i 2‘27‘ 211i 197) 185 1661 151 134| 114 100, 91 88|

=1in 10000 = -528 foot per mile.

Slope S = ‘0001 per unit ot leng.h

1 | 99| 85 74{ 650 59| 48
2 | 191 105 93| 83 74| 61
-3 | 133 116/ 103 92| 83| 69
4 | 143 125 113 1000 91| 76 65 53/ 40 32/ 27| 23 4
-6 | 155 138 122/ 111) 100] 85 73! 60| 46| 37 31| 26, 6
-8 | 164/ 145/ 131/ 118 107| 91 79| 65 50| 41| 34 29 8
1 170, 151} 136! 123; 113| 96, 83| 69| 54| 44| 37| 32 1
15 | 181] 162 146 133 122 105 91 77| co| 49| 43 86| 1
3 | 188 170 154/ 140, 129 111' 97| 82| 64| 54| 45 40, 3
2 200! 179/ 163 149, 137 119, 105 89| 72| 59| 51| 45 3
4
6 6
8 8

205 185 163 155 148 125/ 111, 94| 76| 63| 55 48
213 193 176 162 150 132/ 117, 100 82| 69| 60 53

218 198 181 167, 155 137 122 105 87| 73| 64| 57

10 | 222 201 185 170| 158 140/ 125! 108] 89| 76| 67| 60| 10
15 | 228 907 190 176, 164 145 131/ 113 95| 83 73 65 15
20 | 231 210 194 180, 168' 149' 134/ 117| 98 85 76| 68 20
80 | 235/ 215 198 184 172 154 139| 132 103 89| 80 78 30
50 | 240 220 203 189, 177, 158 143/ 136 108 94 85 78 50

8lope § = -0002 per unit of length
= 1 in §000 = 1-056 foot per mile.
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r unit of length

-0004 pe 1
1 ir 2500 = 2'112 feet per mile.

Slope § =

H.M.D.

Oo-efficients N of roughness.

*009 '0101 °

011

'0I2l'013 ‘

-017Y020r025

-030 -035/-

|

R D

o &

O H OO B bt
cx

10
50

c. | ¢

104| 89
116} 101
126] 110
138] 120
148] 129
157 140
166| 148
172| 154
183| 164
190{ 170
199} 179
204 184
2111 191
219 199
227| 207
285! 215

[
78
90
97

107

115

126

133

138

148

154

162

168

175

183

190

198

c.
69
80
87!
9

104

113

121

125

135

141

149

154

161

168

17

184

C.
62
71
78
87
94

103

110

115

124

130

138

142

149

157

164

173

C.
43
50
54
62
68|
75
81
85|
93
98

105

110

116

123

131

139

C.
34
40
44
50
55
62
67
70
78
83
89
94
99
107
115
123

¢
25
29
32
37
42
47
51
55
61
65
71
76
81
88
96
104

16
19
a1
24
27
31
35
37
42
45
51
55
60
66
78
82

59

Slope 8§ = ‘001 per unit of length
=11in 1000 = 528 feet per mile.

*15

8
4

G e

Y YO

10
50

110 94
121 105
129 113
141 124
150 131
161) 142
169 150
175 155
184 165
191 171
199) 179
204] 184
211 190

218 197
225! 205
232 212

|

83

92

99
109
117
127
134
139
149
155
163
168
174
181
188
196

78

82

89

98
105
115
122
127
136
142
149
154
160
167
175
182

170

65
74
81
89
96
104
111
116
124
130

138
142
149,
155
163

94

108
112
119
124
130
136
144
151

45
51
57
63
69
76
82
86
93]
98
105
110
116
122
129
137

36
41
45
51
56
63
68
71
78
83
89
93
99
105)
113
120

27
81
34
39
43
48
52
56
62
66
71
75
81
87
M
101

21
24
a7
30
34
39
42
45
50
54|
59|
63|
68
74
81
89

21

33

o

T G o ro i

DO et
gooc’ﬁwmﬁ‘l—l

v

St DD WD

OX b =t
COO T CO N s =

Slope § = 01 per unit of length
= 1 in 100 = 528 feet per mile

o

St @D d D

[
SSO W

110, 95
122 105
130 114
143) 125
151} 133
169| 143
170] 151
175 156
185! 165
191/ 171
199, 179
204; 184
910 190
917] 196
995/ 204

23& 210

83

98
100
m
119
129
135
141
149
155
162
167
173
180,
187
194

74

83

90
100,
107
116
123
128
136
142
149
154
160!
166
173
181

66
75
81
90
98
106
112
117
125
130
138
142
148
154
161
168

46|
52
57
64
70,
77
83
87
9

105
109
115
121
128
136

27

62

21
24
27
31
35
39
43
45
51
b5
59
63
68

80
87
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APPENDIX III

VALUES OF vg FOR USE IN THE FORMULA vy=c¢v 18

Table 1. For fall per mile.

e v el s P v P v e v
D P e P o ;o

0 3 0069|2 3 -0206]4 3 0284|6 8|-0341]|8 30395
0 6[0097|2 6 -0218)4 6/0292|6 6|0351|8 60401
0 9 0119{2 9 0228{4 9 0300|6 9 03588 9 | 0407
1001383 0 02385 0-0308|7 0 [0364]9 00413
1 301543 3 -0248|5 8| 0315|7 3[-0871|9 3 |0419
1 6/0169|3 6 -0257|5 6(-0323|7 6 |-0377|9 6 | -0424
1 9!1-0182 3 9 0267|5 9-0330|7 9|-0383|9 9 0430
2 0 0195|4 0 }-0275 6 0@-0337 00389 |10 0 -0435

Table II. For fall per 5,000 feet.

i va [T e PE ve [ e Bl Ve
0 3 -0071)2 3 -0212)4 3[0292|6 3|-0354[8 3 0406
0 6|0100|2 6|0224|4 6 0300|6 6 03618 6 0412
0 901222 9|0235|4 9 |-0308|6 9 -0367|8 9 |0418
1 001413 00245|6 0|0816[7 0[0874[9 0 -0424
13 0158|3 3 -0255|5 3-0324|7 3 :0381|9 3 0430
1 60173|3 6(-0265|5 6|0332|7 6|-0887|9 6 0436
1 9087|838 9|0a74|6 9[0339|7 9 |-0394}9 9 ~0442l
2 0(0200|4 0/0283|6 00346 |8 0 040010 0 |-0447




ADJUTAGES ... o
Afflux ... .o
Anicuts
Anicut, drowned ..
»  wing walls, height of
»  with clear overfall
Approach, velocity of

Atmospheric pressure ore
BACKWATER ...
Barometer .

Basins, discharge from

Bazin’s co-efficients for open channels

Bellmouths

Bends in channels
» in pipes ... s
, inrivers ...
Bernoulli’s theorem
Border, channels of minimum
Branched mains
Bridge openings

Broad-crested weirs

Building materials, weight of submerged

Bunds, height of

Burge’s formula for catchment ba.sms

.oe

CANAL locks .
Catchment basins, dxscharge from ...
Channel co-efficients

,  irrigation

»  section

" " variation of velocity in
Channels, design of trapezoidal

» ,discharge of

» ,flow of water in open
” for variable discharge
» , minor losses of head in

» of minimum border
Circular orifice, discharge of
Co-efficient of contraction

N

Pace

.. 12, 29, 23, 24

37

.. 30
31, 32, 33
e 32
30, 31

3i 39, 33, 36, 37

4

w38
. B
27, 93, 94
71

- 1
w82
64

. 95
15, 16

76 77,78, 79, 80

. 27,93, 94, 95

. 78,74,75, 76

.. 66
35, 36
28

6

26

94

45

72
89
72
81

.. 173
70, 71
80, 81

82

76, 717, 78, 79, 80

20
10
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Co-efficient of friction in pipes .- e 87
» of discharge . 10, 12, 13

,, of discharge, variation of 17,18, 19

” of velocity - ... 9,10
Co-efficients, Bazin’s . 1
’ , Kutter’s . e 72

C for anicuts . 30, 32
for bridge openings ... .. 34,35

" for broad-crested weirs . 28

" for channels .ee 71,72

" for lock sluices . 46

" for pipes, Darey’s 57, 58

” for short pipes w12

" for sluices 34, 35

” for tank weirs .. 28

’ of discharge from caﬁohmenﬁ basms .. 94
Continuity, principle of ... we 9
Contraction, co-efficient of .. 10
” , suppressed .1
Contra.ctlons in pipes .. 65
Craig’s formula for discharge of c&tchment bagins ... e 95
Cross sections of rivers, measurement of .. 90
Culverts, ovoidal ... .. 80
Current meters ... . .o e 92
Cushion, water . 83
DARCY'S co-efficients for pipes ... 57, 58
Daita for design of channels, practical 75, 76
Deltas, formation of . ... 88
Design of channel of minimum border 78, 79

,» of pipes ...
,» of trapezoidal channels

57 58, 59 60, 61, 63, 64
73, 74, 75, 76, 77, 78

Dickens’ formula for catchment basins 27, 93, 94
Discharge, co-efficient of ... 10, 11
. during a given time . 45
" from catchment basins 93, 94
" from irregular basins 48, 49
" from non-prismatic vesscls 47, 48
" from prismatic vessels . 43, 44, 45
" from one prismatic vessel into fmother 49, 50, 51
" of adjutages ... 12,22, 23, 24
" of anicuts ... 30, 31, 32,33
" of bridge openings 35, 36
" of channels w73
" of circular orifice w20
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Discharge of gauging weirs
of large orifices

» of partly submerged orilice
» of pipes

" of rectangular noteh

- " yy under vauable hea.d
" . orifiee .
" of rivers

of sluices

» of small orifices
” of submerged notch ...

" of submerged orifice

, of triangular noteh

’ under variable head
Drowned anicuts

» tank weirs

Dupuit’s equation
EARTHEN channels, desxgn of ..

Efflux ... ..
ElLows in pipes ...
Enlargements in pipes ...
Escape gluices of tanks ...
[iscapes, tank ...
FALLS, canal ...
Flotation e
Flood discharge from ea,tchment basins
" " of rivers, maximum
Flow of water, nature of ...
' in open channels
" in pipes

Fluid friction, laws of
Formula, Burge's

» ,COraig’s

» ,Dickens’ .

» , Ryves .
Friction in plpes. co- eﬂﬁelent of ..

. laws of fluid
GAUGE, hook ...
Gauging weirs ...

Gradient, hydraulie

IIIAD at orifices, loss of ...
, due to velocity ... .
15

X

PAcE

vee e 29
ver w10
e 22
57, 58, 59, 60, 61
17

47

.. 18

89 90, 91, 93, 94
. 33
.o 9

.o . 22
. e 8D,
e 20
.. 43

31, 32, 33
26, 27, 28

67
. 13, 74,75, 76
.. Sec Discharge.
.. 64
64, 65
e 34
26, 27, 28
83
w6
93, ¢
.
8
N (0
88, 56, 57, 58, 59, 60
54, 55
94
e 95
27, 93, 94
e b
51, 88, 59
54, 55
29
v b
16, 55, 56
9, 10, 11
9



¢ INDEX

Head, hydraulic .
= in channels, minor losses of
» in pipes, minor losses of
" ,, o overcome resistance
»  On WwWeirs, n9aguremens of ...
» sluice
» , variable
Height of anicuts
,»  of anicut wing walls
., of jobs

oo

of tank bunds
Teights by baroncter
Hook gaugo .
Hydraulic gradient

. head ...

" mean depth

" 5 radius

, press .

Hydraulics

Hydrodynamic laws
Hydrodynamometer, Perrodil’s
Hydrowechanics

Hydrostatic laws

Hydrostatics

INCLINATION of pipes ...
Irregular basing, discharge from

" » » notch discharge from
irrigation by channels

JIT, pressure in
s velocity of
Jets, height of

KRALINGULA ...
Iubter’s co-eflicionts

LAWS, hydrodynamic

» » hydrostatic

,  of fluid {riction ...
Liovels, retrogression of ...
Lift of locks
T.ock chamber, sizes of ...
Liocks, canal . .
1.osses of head in dmnnelq minor..

eve

Page

5
... 82
64, 65

55, 56
26, 27, 29
30, 33

. 43

31, 32, 33

. 32

67, 68

26
5
e 29

16, 53, 56

5

55

b DD =t

63, 64
48, 49

. 72



INDEX

il

Pacgr

Losses of head in pipes, minor 64, 65
» at orifices 10, 11
MAINS, branched . 66
Maximum flood diseharge of rivers... 93, 04
Measurement of river cross secions en . .90
» of velocity in rivers ... o 90, 91, 92
Meters, velocity .. . . . e 92
Minimum border, cha,nnels of . 76,77,78, 79
Minor losses of head in channels ... . . .. 82
" »  in pipes . 64, 65
Modules .. vos cee vee . 38, 39
Motion, steady ... e . 8
» , Stream line ee . e b,
Mouthpieces 13, 22, 23, 24
NON-PRISMATIC vessels, discharge from, under variable head. 17, 48
Noteh discharge from prismatic vessels under variable head ... 47
» » »  irregular basins under variable head ... 10

» » rectangular, discharge from e 17

» , triangular e 20, 21

» » submerged . 49
OGEE falls e 83
Open channels, How of wa.ter in .. . . 70, 71
Orifices, circular ... . 20
» o large ... vee cee vee 15

» » partly submerged... .es vee ... 992

»  rectangular s oo . 18, 19

s s Small . .- . 9

» , submerged e s e 22
Ovoidal gections ... 80, 81
PERRODIL’S hydrodynamometer ... e 92
Pipe hends 61
,» contractions .. ee ee 65
,  elbows . vee e . . ... 64
,» oenlargements . 64, 65
Pipes, discharge of . 57, 88, 59, 60, 61
» , Inclination of . 63, 64

» » minor losses of head in . 64, 65
,» Dot running full 66, 67
,» » pressure in . 56

» , resistance in 0]

., ,shork 12 60 61

»»  velocity in

. 55 56, u7 58, 69, 60, 61
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Pit6t tube
Plugs for tank irrigation sluices
Practical data for design of channels
Press, hydraulic ...

Pressure at a point
» , atmospherie
» »equal transmission of
" head ...
” in a jet ...
» in pipes...
" on a surface

Principle of continuity ...

RAINFALL

Rectangulur noteh
with variable head

" ”

” orifice
Ikégime of rivers ...
Rosistance in pipes
Resistances to flow
Retrogression of levels ...

River bends
,, cross sections, measuremenb oE
,» discharge by velosity calculation

Rivers ...
n discharge of .

» ,maximum flood discharge of
» srégimeof ... eee
Rods, velocity ...
Ryves’ formula ... e
SCREW current meter ... ose
Seotion of channels e
Sections, mcasurement of river cross
Separating weirs os
Short pipes e o
Siphon ... o .
,» sluice eee e
» surplus wair .
Slops, virtual ... eee .oe
Sluices, head ... .o ese
” , lock .ee eoe see
w »siphon ... . oo

w  bank escape e o

65,

PacE

. 92

34, 35

75, 76

4

.. 2

4,5

. 4

.. 9

. 7

. 56

2, 3,4

9

93, 94, 95

. 17

. 47

18, 19

. 95

55

.. 8090

e 16

. 95

. 90

89, 90

. 88, 89
89, 90, 91, 93, 94
93, 94

e 95
. 91
27, 93, 94
e 92
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e 90
12, 60, 61
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Pace
Sluices, tank irrigation ... e o o 34
, ,under .. .. 33
Sraall orifices we 9
Specific gravity ... . 5,6
Standing waves ... /83, 84
Steady motion e B
Stream line motion VR 1’3
Submerged and partly submerged omﬁces . 22
" building materials, weight of we 6
" notch e 22
Suppreseed contraction ... ave .. 11
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