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Foreword

NE of the most striking features of modern engineering
O development is the extent to which rapids, waterfalls,
and other natural resources .of water power formerly
allowed to run to waste are being harnessed and turned to
economic use. Water power is fast supplanting steam for the
generation of electric current, especially for long - distance
transmission. The immense works that have been carried out
and are still in process of development around Niagara Falls, on
the slopes of the Western Cordillera, and elsewhere, are among
the most remarkable engineering achievements that the world '
has ever seen. The importance of these essentially modern
developments, commercially and industrially, as well as from
the engineering point of view, is of itself sufficient to indicate
the necessity for an authoritative treatise on the principles and
mechanical details embodied in their construction and as devel-
oped under the most advanced modern conditions. It is the
purpose of the present volume to fill this acknowledged need.

Q. After explaining the fundamental principles of water flow
and pressure, this volume takes up their various applications to
the development and utilization of water power as based on the
latest experience in the calculation, design, construction, and
installation of water wheels and turbines, flumes, penstocks,
and other details of hydraulic and hydro-electric power plants.
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&€ Special stress is laid on the practical as distinguished from
the merely theoretical or descriptive form of treatment, so that
the work will be found especially adapted for purposes of self-
Instruction and home study. It is designed not only to meet
the requirements of a manual of practical instruction for the
; beginner, but also to serve as a reference work replete with
information and suggestions of the utmost practical value to
the most advanced and experienced engineer.

€ The method adopted in the preparation of this volume is
that which the American School of Correspondence has devel-
oped and employed so successfully for many years. It is not an
experiment, but has stood the severest of all .tests — tﬁat of
practical use—which has demonstrated it to be the best method
vet devised for the education of the busy workingman.

€ For purposes of ready reference, and timely information
when needed, it is believed that this volume will be found to
meet every requirement.
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HYDRAULICS.

1. Hydraulics is that branch of Mechanics whieh treats of
the laws governing the pressure and motion of water. //ydro-
staties is that particular branch of hydraulies which treats of water
at rest, and hydrodynamics is that branch which treats of water
in motion. :

2. Units of Measure. The unit of length most frequently
used in hydraulics is the foot. The unit of volume is the cubic
foot or the United States gallon. The unif of time usually employed
in hydraulic formulas is the second, but in many water-supply
problems the minute, the hour, and the day are also often used.
The unit of weight is the pound, and that of energy the foot-pound.

1 U. 8. gallon = 231 cubie mches = (.1337 cubic foot

1 cubic foot = 7.481 U. 8. gallons,

1.2 U. 8. gallons = 1 Imperial gallon. .

3. Weight of Water. The weight of distilled water at dif-
ferent teuiperatures is given in Table No. 1.

The weight of ordinary water is greater than that of distilled
water on account of the impurities contained. For ordinary pur-
poses the weight of a cubic foot of fresh water may be taken equal to
62.5 pounds. Sea water will weigh about 64 pounds per cubic foot.

TABLE NO. 1
Weight of Distilled Water.

Temperature, ‘Weight, Pounds Temperature, Weight, Pounds
Fahrenheit. per Cubic Foot. Fahrenheit. ‘per Cubic Foot.
32° 62.42 140° | 61.39
39.3 62.424 160 61.01
60 62.37 180 60.59
80 62.22 200 60.14
100 62.00 212 59.84

120 61.72

"

As will be seen from this table, water is heaviest at a tempera.-
ture of about 39.3° F., or as is commonly stated, about 40° F.

Copyright, 1908, by American School of Correspondence.
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HYDRAULICS

4. Atmospheric Pressure.

As has already been explained

in the papers on Elementary Mechanics, the atmosphere every-
where exerts a pressure upon all objects uniform in every direction,

and is itself compressed to the same degree

At sea level ‘the

average pressure of the atmosphere is sufficient to balance a column
of mercury in a closed tube (a barometer) about 30 inches high,
which is equivalent to a pressure of 14.7 pounds per square inch.
A corresponding water barometer would be 34 feet high, the weight

il

%///

A

A

Fig. 1.

of water being nuch less than that of
mercury. At points higher than sea
level the air pressure is less, and hence
the height to which a mercury or water
barometer will be raised will be less.
Since we depend upon air pressure to
raise water into ¢ suction ” pipes it is
important to know how much this pres-
sure is when designing such pipes.
The following table gives, for (hf
ferent elevations above sea level, the
pressure of the atmosphere, expressed,
first, in pounds per square inch, second,

in the height of the mercury barometer and, third, in the heigh®

of the water barometer:

TABLE NO. 2.

Atmospheric Pressure at Different Elevations.

Elevation
above Sea Level.
Feet.

1,000

6 000
10 000

Height of

b & s Height of

LTS Mercury Water

ounds

Suarethen, | Batometer. | Basometer
14.7 30.00 34.0
14.5 29.47 33.3
14.2 28.94 32.8
13.7 2792 31.6
12.7 25.98 29.4
11.8 24.18 27.4
11.0 22.50 25.5
10.3 20.93 23.7
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PRESSURE OF WATER-AT REST.

5. Transmission of Pressure. If AB, Fig. 1, be a tight
vessel containing water, and a close fitting piston C be heavily
loaded with a weight P the entire body of water will be subjected
to a pressure corresponding to the weight P. The water will not
be compressed into a smaller space as would a gas likeair; because
water is almost incompressible, but whatever pressure is exerted
by the weight P will be transmitted through the water equally in
all directions so that the pressure of the water against the walls of
the vessel will be the same per square inch as that of the weight
P> upon the water (neglecting the small effect of the weight of the

P : W
| {HE

Fig. 2.

water in the vessel). Thus if the area of the piston = 10 square
inches and the weight P = 1,000 pounds, the pressure per square
inch will be 100 pounds, and this will be the pressure in every
part of the liquid and upon the walls of the vessel, Furthermore,
the pressure of the water upon the walls of the vessel is perpen-
dicular to the surface at all points. The pressure at ¢ is upwards,
on the bottom of the vessel it is downwards and on the sides it
is horizontal.

As a further illustration of the foregoing principle, let B and
C, Fig. 2, be two vessels connected by a pipe, and let P be a loaded
piston exerting a heavy pressure in the small vessel B. In
accordance with the principle above stated, this pressure will be
transmitted equally to the larger vessel where the water will exert
* the same pressure per sqliare inch upon the vessel and upon any
piston W which may be inserted in.any opening of the vessel C.
By making the area of P small and of W large a small load P will -
balance a large load W.
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If @ is the area of the piston I’ and A that of the piston W,
then the pressure per square inch produced by the weight P will

be ; This will also be the pressure per square inch on W, and

l
nh
|||||||

(1]
({

--------

I
|

N
=N
N

N

we

'ty
RUMUIIMIIIINNN

NN
o
[..

A\

Fig. 3.
hence the weight W which will be sustained will be equal to the

area A multiplied by the pressure per square inch, '—a», or

P £
AWA=—{5A} .(L“' ([)

The principle above stated is utilized in the hydraulie press
shown in Fig. 3. In this apparatus a pump on the right with
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small plunger feeds a large plunger p underneath the movable
plate of the press on the left. The pump plunger corresponds to
the piston P in Fig. 2, and the press to the piston W. By making
the pump very small and the plunger under the press very large,
enormous pressures can be exerted even by means of a hand pumnp.
The pressure produced is given by formula (1) above. It is to be
noted that the pressure per square inch on the interior of the appa-
ratus, the pump, piping and press, is the same at all points.

FEramples. 1. 1f the area of the pump plunger be 2 sq.
in. and that of the press 1 sq. ft., what pressure ‘will be exerted by
the press when the load on the pump is 100 1b.?

Using equation 1 we have ¢ = 2 sq. in., A = 144 sq. in., and
P = 100 1b., whence W = 144 X —1—(2)2 =17,200 1b. Ans.

2. If a pressure of 10 tons be desired and the area of the
press plunger be 200 sq. in., and the available pressure on the
pump plunger be 150 lb., what area must be given to the pump
plunger ?

Here W = 10 x 2,000 = 20,000 Ib., A = 200 and P = 150.
Using equation 1 and letting # = desired area, we have 20,000 =
200 x 150. 200 x 150

x ~ 20,000

=.1.5.8q. in.~. . Ans.

6. Pressure Due to the Weight of Water. et Fig, 4 rep-
resent a vessel of water. Consider a vertical colummn of the water
of height 2 and a cross-section of one
square foot. Its volume will be % cubie
feet and it will weigh 62.5 X 2 pounds.
As it is supported entirely by the water
underneath, it therefore exerts a pressure
upon that water of 62.5 X 7% pounds.
Likewise the pressure at any other point
in.the vessel at a distance 2 below the
surface is 62.5 X A pounds per square
foot. Furthermore, since the water exerts
equal pressures in all directions it follows that the pressure against
the sides of the vessel at this depth, or against any object im.
mersed in the water, will also be 62.5 X % pounds per square foot.

Solving for # we have z =
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Since the weight of water is so nearly constant we may con-
veniently use the depth /% as a measure of the pressure. When so
‘used it is called the pressure head or simply the ¢“head” acting
on the given surface. For each foot of head the pressure will be
62.5 pounds per square foot, but in expressing pressure in pounds
it is customary to use the square inch. A pressure of 62.5 pounds

-~

62.5
114 °F 434 pounds per square

inch, it follows that one foot of /ewd gives a pressure of .434
pounds per square inch. ~Conversely, a pressure of one pound per

per square foot being equal to

1
square inch 1equlres a head OfTL or 2.304 feet.

Rule. 70 convert feet of head to pounds pressure
. multiply by 434 To convert pounds (2)
pressure to feet of head multiply by 2.304,

Faamples. 1. What will be the pressure per square inch
in the vessel of Fig. 5 at a point @ 10 feet below the water surface ?
Assume the vessel to be ronnd with a diameter of bottom = 6 feet
and of upper part = 2 feet. '

Here the head is 10 feet, and by the above rule the pressure
per square inch == 10 X .434 = 4.34 pounds. It acts equally in
all directions and is independent of the shape of the vessel.

2. What will be the total pressure on the bottom of the
vessel ?

Sel 42 62
4
The head is 14 feet and hence the pressure per sq. ft. = 14 X 62.5
= 875 pounds. The total pressiire on the bottom = 875 X 28.26

== 24,728 pounds.

3. What will be the total upward pressure on the portion AB?

The area of this portion is the difference between the two

cireles respectively 6 feet and 2 feet in diameter. This is equal‘to
(6°-2%) x 3.14
e

The area of the bottom in sq. ft. = — 28.26 sq. ft.

= 25.12 sq. ft. The head is 8 feet and the pres-

sure, therefore, 8 X 62.5 = 500 pounds per sq. ft. Total upward
pressure = 500 X 25.12% = 12,560 pounds.
4. What is the entire weight of water in the vessel ?



NEW CROTON DAM UNDER CONSTRUCTION

Largest masonry dam in the world, part of the waterworks system of New York City. Took
14years to build, requiring about 850,000 cu. yds. of masonry. Completed in 1906. Cost, $7,700,000,
Length, 2,400 feet; height, 301 feet; thickness, 216 feet at base, tapering to ten feet at top of spiilway
(atleft) and 21 feet-at top of main dam. Capacity, 30,000,000,000 gals., and with auxiliary dams,
100,000,000,000 gals. Water at dam, 160 feet deep, the impounded river forming a lake 20 miles long
and 2 miles in extreme width, burying under 30 feet of water the old dam 3 miles upstream.
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HYDRAULICS {l

6 X 6* X 3.14
4

= 25.12

The volume of the lower part of the vessel =

8 X 28 X 3.14
4

cu. feet. Total volume = 194.68 cu. ft., and weight of water =

194.68 X 62.5 = 12,167 pounds. A=
Note that the difference between the downward pressure on

the bottom and the upward pressure on ADB = 12,168 lbs., which

is equal to the total weight of the water, or the net pressure of the

vessel upon-its support, if we neglect the weight of the vessel itself.

169.56 cu. ft., and of the upper part =

B B
e o o =
- — R ‘L‘é'___' A,
L o4 8’ = | L )
C ? -
\ Llevation |
] ]
A E_ L b

' T
o B

e (] Plan
Fig. 5. Fig. 6.

ety

7. Pressure of Water upon Plane Areas in General. In
- the preceding articles it has been shown that the pressure per
square inch upon any submerged body is equal to .434 /4 where /
is the head in feet; furthermore, that this pressure is at right
angles to the surface of the body. Let Fig. 6 represent a vessel
of rectangular shape containing water of a depth %,. “The pressure
on the bottom is then %, X .434 pounds per square inch. If the
area of the bottom be A (= d), then the total pressure on the
bottom is A X %, X .434 pounds. In this case the pressure is the
same per square inch at all points of the surface considered.
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Consider now the pressure on one of the sides, as BC. In
this case the pressure per square inch is not uniform, varying
from I]OthlI]U' at BB to a maximum at C wlere it is equal to A, X
434 pounds per square inch, the same as on the bottom. At any
depth / the pressure is 4 X .434 pounds per square inch. This
variation in pressure is represented in Fig. 6 by the variation in
length of the arrows acting against BC. From an inspection of
the ﬁgure it is evident that the average length of these arrows is
equal to one-half the length of the one at the bottom, or in other
words, the average pressure per square inch against BC is equal
to one-half the maximum, or 4 72, X .434, which is the same as
the pressure at the center of BC. The fotal pressure on the entire
surface is then equal to this average pressure multiplied by the
total area, or equal to § 4, X 434 X A, d

If the area in questlon be a plate B'C' immersed in the water to
a depth 7, the result is the same, except in this case there is an equal
pressure on each side. As before, the pressure on either side of the
plate isequal to § /, % .434 X (area of submerged portion of plate).

If the plate be wholly submerged, as BC, Fig. 7, the pres-
sure per square inch at B will be /, X .434, and that at C will be
hy X 434, and the variation in pressure will be represented by a
trapezoid of arrows instead of a triangle. The average pressure
hy+ A

2
the center of BC. The total pressure will be this average pres-
sure multiplied by the area of the plate.

In all the above cases it will be seen that the average pressure
found is the same as the pressure at the center of the plate. In a
similar way it can be shown that for plates of any shape the aver-
age pressure is equal to the pressure at the center of gravity of the
area, hence the following:

will now be 2 which is again the same as the pressure at

Rule.  7he total pressure on a subinerged vertical
plane surface is equal to the pressure per (3)
unit area at its center of gravity multi-
plied by its area.

Suppose now the plate BC, Fig. 8, be an inclined plate im-
mersed in water. Irom the principles already explained the
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pressure per square inch will be the same at any given depth as if

the plate were vertical: Hence at B the pressure is 4, X .434 and

]‘1 + /’2
2

X .434, or the pressure at its center, and the total is equal to this

pressure multiplied by the area of the plate. Whence the more

that at Cis /4, X .434. The average pressure is again

general rule,——

Rule. 7l total pressure on any submerged plane
surface is equal to the pressure per wnit
area at its center of gravity multiplied — (4)
by its area. Such pressure always acts at
right angles to the surface.

8. Pressure in a Given Direction. In the above discussion
we have considered only the total pressure of the water, which
always acts perpendicular to the surface of the body. In Fig. 9
let P represent this total pressure on the surface BC', which has a

//7/

i
A,

Fig. 7. Fig. 8.

length 7 and a width d (its area equals /). Suppose it is desired
to find the horizontal and vertical components Py and Py of this
pressure. Since P is perpendicular to BC the inclination of P
from the horizontal is the same as that of BC froin the vertical.
Call this angle 8. From Mechanics we have at once, Py = P cos
¢ and Py, = P’ sin § From the foregoing articles we also have
P =7 X 434 X ld,in which / is the depth of the center of
gravity of BO. Ilence we have P = P cos § = 434/ X cos 8
- X ld,and Py = P sin § = 434/, X sin 6 X Id. Y¥rom the figure
we see that the area of the vertical projection of the plate BC =
m X d = { cos 8§ X d,and the horizontal projection A =
sin @ X . Whence we have Py, = 484 4 X md and P, = 434
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h X nd. Thatis, Py, = .434 b X (vertical projection of plate), and

P, = 4347 X (horizontal projection of plate). Whence the general
Rule.  The horizontal component of the pressure
on a plate is equal to the pressure per
square inch at its center of gravity multi-
plied by the area of its vertical projection, (5)
and the vertical component of the pressure
is equal to the pressure at its center of grav-
ity multiplied by its horizontal projection.

Fxamples. 1. What will be the horizontal and vertical
components of the pressures on a plate, BC, as in Fig. 9, which is
inclined at an angle of 10° to the vertical, the length 7 of the plate

Fig. 9. Fig. 10.

being 30 in. and the width 10 in., and the center being 2 feet
below the water surface.

Here the pressure per sq. in. at the center is that due to a head
of 2 ft., or’is equal to 2 X .434 = .868 lb. per sq. in. The verti-
cal projection of the plate is equal to 30 X cos 10° and 1its hori-
zontal projection = 30 X sin 10° Cos. 10° = .985 and sin 10°
= .174, hence by rule 5 the required horizontal ecomponent =
868 X 80 X 985 x 10 = 256 1b., and the vertical component
= .868 X 80 x .174 X 10 = 451b. Ans.

2. Required the horizontal and vertical components of the
pressures on the three faces of the wedge shown in Fig. 10, the
length of the wedge perpendicular to the paper being 12 in.

Face BC. The depth of the center of BC below the surface
is evidently 16 in. The pressure per sq. in. at this depth = ;g
X 484 = 579 1b. The vertical p;'ojection ORE =205 12
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= 240 sq. in., and its horizontal projection = 4 K 12 = 48 sq.
in., whence the desired components are : IHorizontal component
240 X .579 = 13.89 1b., vertical component = 48 X .579
27.8 1b.

Face BD. The pressures are the same as on BC, the horizon-
tal component acting towards the left and the vertical component
acting downwards. The total downward pressure = 2 X 27.8
= 55.6 1b. .

Face CD. The pressure per sq. in. at this depth = .484 X %
= .940 Ibs. Total upward pressure = 8 X 12 X 940 = 90.2 Ib.

9. Pressure on Curved Surfaces. If we are dealing . with a
curved surface as BC, Fig. 11, the pressure is still at all points
normal to the surface, but the vary-
ing direction of the pressures makes
it difficult to determine readily the
resultant pressure. The results of
the preceding article will, however,
enable us to solve the problem suf-
ficiently accurate for all purposes.
Suppose the pressure on each square
inch be resolved into vertical and Fig. 11.
horizontal components. Each of
these components will equal the normal pressure at the center of
the square inch multiplied by the horizontal or vertical projection
of the inch of area. Adding all together we find that the total
horizontal pressure will equal a certain average horizontal pressure
multiplied by the vertical projection of the entire area, and the
vertical pressure will equala certain average vertical pressure mul-
tiplied by the horizontal projection. It can be shown that the
average value of the horizontal pressure is equal to the _pressure
at the center of gravity of the vertical projection, but the average
value of the vertical pressure cannot be readily determined with
accuracy. It may always be estimated by taking as near as may
be a pressure corresponding to the average depth of the arca below
the water surface. 'Where the body is submerged a great distance,
or is under a great pressure in a closed vessel, the error will be
unimportant.

I
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10. Bursting Pressure in Pipes and Cylinders. Let BECD,
Fig. 12, be the cross-section of any pipe of diameter ¢ and
length / and containing water under a head /. The figure shows
the pipe connected to an open vessel with water standing at a
height / above the center. This free surface of water may repre-
sent a reservoir at a height % above the pipe, or the pipe may be
entirely closed and the pressure head 7 exerted upon the water by
means of a force pump or a pumping engine. The pressure per
square inch at the center of the pipe will be 2 X .434 pounds.
The pressure against the pipe BEDC will be perpendicular to
the surface at all points, and if the diameter is small compared
to the height /i, this pressure will be practically the same at all
points and equal to & X .434 pounds per square inch.

Suppose we wish to find the total hori-
zontal force acting against the half BDC.
By the foregoing article we may consider
the pressure on its vertical projection BC.
The center of gravity of this vertical pro-
jection will be at the center of the pipe and
#  the pressure per square inch at that point
will be 2 X .434. The area of the projec-
tion BC is equalto ¢ X 7. Ience the total
horizontal pressure against BDC will equal
h X 434 X dl.  The pressure against the
side BEC will be the same, but opposite in
direction.

- The action of the pressures on BDC and
Fig. 12. BEC tends toburst the pipe at points I3 and

C. This is resisted by the stress in the pipe,

the amount of which at each of these points is one-half the total hori-

]

Y

zontal pressure on BDC or BEC, or equal to } h X 4384 X di.

[f we consider a length of pipe of (}nly one inch then 7 =1 and
we have the important formula for the bursting stress in a pipe :
S—-llzXLBinZ 6
— X | (©)

in which S == stress per lineal inch of pipe
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/- = head of water in feet
and d = diameter of pipe in inches.
Doy AL W 0N o . < , Bl
By expressing the pressure-head in pounds per square inch instead
of feet head we have
S

I

ol
o @)

in which p - pressure per square inch at center of pipe.
If ¢ = thickness of pipe in inches and s = stress on the metal
per square inch then

I

pd ,
i (8)

For large pipes and low heads the stress at C will be a little
larger than at B.

11. Longitudinal Stress in Closed Pipes and Cylinders. Let
Fig. 13 represent a side view of a short pipe or cylinder, closéd at

Fig. 13.

the ends like a steamn boiler and containing water under a pressure
» per square inch. Consider the portion to the left of a section
BC. (See Fig. 144.) The cross-section of the cylinder at BC
will be a circle of diameter ¢ on which there will be a stress S
due to the horizontal water pressure on the end of the cylinder at
D. This total horizontal pressure may be found as in the pre-
ceding article. It is equal to the average pressure p multiplied by
the vertical projection of the area of the end. This projection,
Fig. 14/, is equal to the area of the circle of diameter &, or to
dmd®. Hence the total horizontal force is p X iml), and hence

Total stress = p X fwd".

This stress is distributed entirely around the circuinference of the
cylinder, or over a distance equal to wd. The stress per inch of
cireumference is then equal to
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P X qmwd* _ pd

o T @
This is seen to ' be just one-half of the stress in a circumferential
direction, as given by formula 7.

If ¢ equal thickness of cylinder, then the horizontal stress per
square inch of metal is

S =

- oud
S (10)

Faamples 1. What will be the stress per lineal inch in a
pipe 30 in. ih diameter under a water pressure of 40 feet ?

The pressure per lineal inch is equal to, by equation 6, 4 X 40
X 434 X 80 = 260.4 1b. Ans.

2. If the safe strength of the metal of a pipe in example 1
is 2,000 1b. per sq. in., what will be the necessary thickness of
the pipe wall?

The stress per lineal inch is 260.4 1b., and if the safe stress
is 2,000 Ib. per sq. in., the necessary thickness will be equal to
260.4 + 2,000 = .130 inch. Ans.

EXAMPLES FOR PRACTICE.

1. What is the bursting stress per square inch in a pipe 4
inch thick and 4 feet in diameter under a pressure head of 400
feet? 8,330 Ib. Ans.

2. What is the stress per square inch in a b01le1 plate 1 inch
thick, the boiler being 6 feet in diameter working under a pressure
of 150 1b. per sq. in.  (Use equation 8.) 5,400 1b. Ans.

3. What is the horizontal stress per sq. in. in the boiler of
example 2¢ 2,700 1b. Ans.

12. Center of Pressure on Rectangular Areas., In the pre-
ceding discussion of Arts. 7 and 8 the tofal pressure was the
quantity determined. In the case of the plate reaching to the sur-
face, Fig, 6, the variation in the pressure was represented by a tri-
angle of forces, and where the plate was w holly submerged, Fig. 7,
it was represented by a trapezoid. In either case the &8 center of
pressure,” or the point where the resultant of the pressure forces
would be applied, will be opposite the center of gravity of the
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pressure area. In the case of the triangle the center of gravity is
two-thirds the distance from the apex to the base, hence, -

The center of pressure against a rectangular

plate which reaches to the surface, or pro- (11)
Jects above it is two-thirds the distance from

the surface to the lower edye of the plate.

In the case of the wholly submerged plate, with trapezoidal
pressure diagram BC, Fig. 15, the pressure head at B is equal to
A, and that at C 2,, which heads will be equal to the heights BD
and CE of the trapezoid representing the pressures.

By the method explained in the paper on Strength of Mater-
ials, Art. 48, we find the center of gravity of the trapezoid of
length 7 to be at a distance from B equal to

hy
e (12)

3 4 + A

Another form of expression can be obtained by noting tha if
the point A be the intersection of the plane BC, produced, with
the surface of the water, the line DE, produced, will also pass
through A, since a plate AC would have a triangle of pressures

pifl]

v

J?}:T'ﬂ
AR
I

i

$
N

|
|

'l
I

!

]

i
(

Fig. 15.

represented by AEC. Then by proportion we would have
h, = AB TS e AB
5 A A

tion 12, and reducing, we have

Substituting this value for /, in equa-
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AB
520 e
2z : - (13)

O AR

13. . Center of Pressure on Plane Areas of Any Form. The
center of pressure of irregular plane areas can be found by the
following rule, the demonstration of which is here omitted. Let
BC, Fig. 15, represent a plane area of any form, then

The distance AF from the surface to the
center of pressureis equal to the moment of
inertin of the given area about an aris at A (14)
divided by the product of the area times the
distance from A to its center of gravity.

Lramples. 1. What force S will be required to lift a sluice
gate BC, Fig. 16, placed on the sloping face of a dam and hinged
at B? The gate is 8 feet wide, 4 feet long from B to C, and has
such a slope that the vertical projection BD = 3.5 ft., and the

horizontal projection CI) = 1.93 ft. The depth of B below the
surface is 10 ft.

We will first find the total pressure I” against the gate. By
Art. 7 this will be the pressure per sq. in. at the center multiplied

by thearea. Thedepth of the centeris 10 - i BD = 10 +

= 11.75 feet. The pressure per sq. ft. = 11.40 S5 == el

Ib.  The total pressure = 734 X 8 X 4 = 8,808 lb.
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The center of pressure wilt be found next. This is at a dis-
tance from B given by formula 12, in which /4, = 10 and %,

10
2 24 1385
= S "o hav P b ] S ; e et.
= 13.5. We have then # = 3 X 4% 10 7155 1 feet
Now taking moments about B we have 8 X 1.983 = P=x—=2:1
2.1 -
orS = 8,8()8 X 193 = 9,&)90 1b. Ans.

2. Find the water pressure on a gate AB, Fig. 17, one foot
long, when the heads on the two sides are different; also find the
reactions R, and R, of the gate against sills at A and B.

Fig. 17.

By Art. 7 the total pressure P of the water on the left side
of the gate is equal to the pressure at the half depth ZIN)L multiplied

by its submerged area. Taking here the square foot as the unit

and letting «» = weight of a cubic foot of water, the pressure at a

W

depth -2‘- is T’l— X w pounds per square foot, and as the exposed
: X h, e

area is 4, X 1 the total pressure P, — 5 X w Xy 27)—71 L X,

The center of pressure, or point of application of P, is 3 4, below
the surface (Art. 12).

] p 1

In like manner the pressure I, =

~

application is § /, below the water surface on that side.

7*, w, and its point of
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The forces P, and P, being known, the reaction R, may be
found by taking moments about B as explained in Mechanies.
There results the equation

y/ h.
{‘l X (Z-— I)I%—}— 1)2.:;2_: 0
whence .
) R e S R

Substituting the values of P, and P, above given, we have

3 3

+) ——
R, =

2 d
1 A4 A '
S w i ([5)

Fig. 18.

in which all dimensions are to be expressed in feet, and the result
will be for a gate one foot long. For other lengths the value of
R, will be proportional to the length.

3. Tind the pressure P on a dam AB, Fig. 18. Let 4 =
depth of water against the dam. Cousider a length of dam of one
foot. By Art. 7 the total pressure I’ is equal to the pressure at
the half depth multiplied by the area of AD or

P = —g X w X (length of AB) X 1.

The center of pressure, by Art. 12, is two-thirds of the distance
from A to B.



HYDRAULICS 19

The horizontal component of the pressure is, by Art. 8, equal
to the pressure per square foot at mid-depth multiplied by the
vertical projection of the face AB, or

/l 1 2 .
Ph = § X o X h D& 1= ?’N‘]t‘ (lé)
= - == Y
= Yo

w

ar
I
t
|
1

|
i
1
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N
I
]|1||
|
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|

i
it

|||
I
B

l
S

Fig. 19.

The vertical component is likewise

I — é X w X (length BD),

2
but we can write BD = /4 tan 6. Ilence
1 ¢
= ?'u'/c.2 tan 6. (17)

If the dam is submerged, as shown in Fig. 19, then the
method employed in example 1 of this Article must be used.

EXAMPLES FOR PRACTICE.

1. What is the horizontal pressure on a dam one foot long
on which the water has a depth of 80 feet ; and where is the cen-
ter of pressure? 200,000 Ib., and 26 ft. 8 in. from the bottom.

3 Ans.
2. What is the vertical component of the pressure in ex-

ample 1 if the face of the dam slopes 1 inch horizontally to 1
2

foot vertically ? (The horizontal projection = 1i2 SeSOr=16 3 ft.)
16,670 1b. Ans.

3. In Fig. 19 if 4, = 10 ft., 2, = 40 ft., AD = 30{t., and

BD = 10 ft., what will be the horizontal and vertical components



20 HYDRAULICS

of the pressure I’? The center of gravity of the area is 30 ft.
deep. Use rule 5.
Hor. comp. = 46,875 1b.; Vert. comp. = 15,625 1b.
Ans.

4. How far from A is the center of pressure in example 3 ?
The length of AB = 31.62 ft. Use equation (12). 18.97 ft. Ans.

14. Buoyant Effect of Water on Submerged Bodies. If a
body AB, Fig 20, be submerged, the water exerts an uplift upon
.it owing to the fact that the pressure upwards on the bottom of
the body is greater than the pressure downwards on the top. The
net upward force, or buoyant effect, is exactly equal to the weight

Fig. 20.

of a volnme of water equal to that of the body AB. It is plain
that this must be so, for if AB be replaced by water, the water would
tend neither to rise nor fall, that is, it would be just supported by
the surrounding pressures. Ilence the following well-known law:

The weight of @ body in water <s less than
its weight in air by an amount equal to the
weight of an equal volume of water.

15.  The Specific Gravity of a substance is the ratio of its
weight to that of an equal volume of water. The specific gravity
" is found by weighing a body in air and then in water. The dif-
ference is the weight of an equal volume of water. Then if W
equals weight in air; and W’ equals weight in water, then W —
W’ = weight of water displaced, and

W
Specific gravity = W (l 8)

as explained in Elementary Mechanies.
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EXAMPLES FOR PRACTICE.

1. Ifa body weighs 100 Ib. in air and 40 Ib. in water, what
is its specific gravity ¢ 1.67. Ans.

2. If a body of .6 cu. ft. in volume weighs 75 Ib., what
is its specific gravity, the weight of water being 62.5 lb. per
cu. ft.? 2.0. Ans. by

3. If a body of 3 cu. ft. in volume has a specific gravity of
.73, what force is necessary to submerge it? Here the buoyant
effect is greater than the weight of the body. 46.9 1b. Ans.

FLOW OF WATER THROUGH ORIFICES.

16. Velocity of Flow Through Orifices. If AB, Fig. 21, be
a vessel containing water of depth %, and C and D are any open
tubes connected therewith, the water will stand in these tubes at

1D

Fig. 21.

the same height / above the base level AB as in the large vessel,
and the pressure in the tubes at any given depth is the same as in
the large vessel at the same depth. If we now make an opening
at I so that the water will issue in a vertical direction it has been
experimentally demonstrated that the water will rise very nearly to
the same level as it will in the tubes. The discrepancy is due to
the air resistance and a slight friction at the opening. Neglecting
this diserepancy the velocity of the water at E can be ‘determined
on the prineiple that it must be suflicient to cause the water to rise
the distance 4,. In Mechanies it was shown that, neglecting air
resistance, the velocity a body must have to cause it to rise against
gravity a distance /, is the same as the velocity acquired by a body
falling through the same distance. This veloeity is given by formula
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V= I/leo =

in which » = velocity in feet per second
¢ = acceleration of gravity
= 32.2 feet per second

and & = height of fall, or the height a body will rise when
started with a velocity ».

Applying this to the jet issuing from E we find that the theo-
retical velocity of efflux is

=3 I/E),?/l—l'

If the orifice be in the side of the vessel, as at F, on the same
level as E, it is plain that the water will issne with the same force
as at K, since the pressure is the same. Ilence in general:

The theoretical welocity of eflux from an orifice in any
direction s

v =V2h (19)

where / is the pressure head in feet at the orifice.

poine In practice the velocity is a little less than that
given by the formula, the actnal velocity being from
97% to 99% of the theoretical. This ratio of .97 to
.99 is called the coeflicient of velocity.

. 17. Use of Orifices for Measuring Water. Tn
making use of an orifice for measuring water it is de-
sirable, for the sake of accuracy, that the orifice be con-
structed in such a way that the water in passing out
will touch the inner edge only. This may be done by
making the orifice of a very thin plate, or cutting it on
a bevel so that the water will not come in contact with
Fig. 22.  the side, as shown in Fig. 22.  To get accurate results

an orifice should be made of metal, such as brass, and
fastened to the inside of the tank as in Fig. 22, but in many cases
sutliciently accurate results can be ‘obtained by cutting a beveled
hole in the side of a tank.

To give reliable results the orifice should be located a dis-
tance from the nearest side or the bottom of the tank not less than
three times the width of the orifice. The tank or channel should
also have a cross-section much larger than that of the orifice so
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that the velocity of the water as it approaches the orifice will be
small, otherwise the discharge will be affected by this ¢ veloeity of
approach 7. If the cross-section of the tank is as much as twenty
times that of the orifice this effect is of no eonsequence.

18. Discharge Through Small Orifices. When water flows
through an orifice, such as shown in Fig. 22, the direction of the
flow-at the edges is such as to cause the water vein to contract as
it issues from the orifice. The area of the contracted vein at its
smallest section is only 60 to 70 per cent of the full area of the
orifice, the exact value depending upon the size of the orifice, and
the pressure. Now the discharge through any orifice, pipe, or
channel is equal to the area of the cross-section of the stream of
water multiplied by its velocity at that point. If we measure the
cross-section in square feet and the velocity in feet per second, then
the discharge will be expressed in cubic feet per second. In the
case of the orifice, then, to determine the discharge per second we
would need to multiply the area of the cross-section of the vein of
water by its velocity. In Art. 16 it was shown that the actual
velocity of the jet was about 97 to 99 per cent of the theoretical
velocity v, which refers to the velocity of the vein at the contracted
section where the velocity is a maximum. The discharge will then
be found by multiplying this actnal velocity by the actnal area at
the point of contraction. Thus if we take the coeflicient of velocity
as .98 and the coeflicient of contraction as .65, the discharge
would be i

- Q== R E HRIAS
where Q = discharge in cubic feet. per second
» = theoretical velocity in' feet per second by equation

19, and A = area of orifice in square feet.
If we substitute for » its value }/2¢k we_have
Q = .98 X .65 A /2gk
= 637 A /21,
The coefticient .637 in this case is called the coeflicient of dis-
charge, and as it varies with different conditions, it is desirable to
use the more general formnula

Q= ¢ A Vg (20)
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in which ¢ = coeflicient of discharge, which varies in value from
about .66 to .60. This coeflicient is the produet of the ¢« coeflicient
of velocity ” and the ¢ coeflicient of contraction.”

TABLE NO. 3.

Coefficients for Circular Vertical Orifices.

Diameter of Orifice in Feet.
Head, h, -
in Feet.
0.02 0.04 0.07 0.10 0.2 0.6 1.0
0.4 ([ 3 0 0.637 0.624 0.618
0.6 0.655 .630 .618 .613 0.601 0.593
0.8 .648 .626 .615 .610 .601 .594 0.590
1.0 744 .623 .612 .608 .600 .595 .591
1.5 .637 .618 .608 .605 .600 .596 .693
2.0 .632 .614 .607 .604 .599 697 .595
2.5 629 .612 .605 .603 .599 .598 .596
3 .627 611 .604 .603 .599 .598 597
4 .623 .609 .603 ..602 .599 .597 .596
6 .618 .607 .602 .600 .598 .597 .596
8 .614 .605 .601 .600 .598 .596 .596
10 .611 .603 .599 .598 .697 .596 .695
20 .601 .599 .897 .596 .596 .596 .594
50 .596 .595 .594 .594 .694 .594 .593
100 - .593 .592 .592 .592 .592 .592 .592
TABLE NO. 4. ~
Coefficients for Square Vertical Orifices.
Side of the Square in Feet.
Head, h,
Jin Feet.
0.02 0,04 0.07 0.1 . 0.2 0.6 1.0
0:4:7 1T 0.643 0.628 0.621
0.6 0.660 .636 .623 .617 0.605 0.598
0.8 .652 631 .620 .615 .605 .600 0.597
1.0 .648 .628 .618 .613 .605 .601 .5699
1.5 .641 .622 .614 .610 .605 .602 .601
2.0 .637 .619 ©.612 .608 .605 .604 .602
2.5 .634 617 .610 .607 .605 .604 .602
3 632 616 .609 .607 .605 .604 .603
-+ .628 .614 .608 .606 .605 .603 .602
6 .623 .612 .607 .605 .604 .603 .602
8 .619 .610 .606 .605 .604 .603 .602
10 .616 .608 .605 .604 .603 .602 .601
20 .606 .604 .602 .602 .602 .601 .600
50 .602 .601 .601 .600 .600 .599 .599
100 .699 .598 .598 .698 : .598 .598 .598
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TABLE NO. 5.
Coefficients for Rectangular Orifices 1 Foot Wide.

Depth of Orifice in Feet.
Head, 2,
in Feet.
.125 .25 .50 15 1.0 1.5 2.0
.4 .634 .633 .622
.6 .633 .633 .619 .614 -
.8 .633 - .633 .618 .612 .608
s .632 .632 .618 .612 .606 .626
1.5 .630 . .631 .618 .611 .605 .626 .628
2 .629 .630 .617 .611 .605 .624 .630
2.6 .628 - .628 .616 .611 .605 .616 .627
3. .627 .627 .615 .610 .605 .614 .619
4. .624 .624 .614 .609 .605 .612 .616
6. .615 .615 .609 .604 .602 .606 .610
8. .609 .607 .603 .602 .601 .602 .604
10. .606 .603 .601 .601 .601 .601 .602
20. .601 .601 SOOI (B 602

19. > Experimental Coefficients of Discharge. Many experi-
ments have been made on different kinds of orifices to determine
the value of ¢, equation 20, so that by means of this formula and a
table of coeflicients, orifices could readily be used for measuring
water. The accompanying tables give these coeflicients for cir-
cular, square, and rectangular orifices in vertical planes, the rect-
angular orifices all being one foot wide.

FEwample 1. What is the discharge from a circular orifice 3
in. in diameter under a pressni‘e head of 10 feet ?

By Table No. 3 the coefficient of discharge for an orifice of a
diameter of .25 ft. and under a head of 10 feet is .597. The area
of the orifice = %— X 3.14 X .25° = .049 sq.ft. Then by equation 20
the discharge will be .597 X .049 X 12 X 32.2 X 10 = .743
cu. ft. per sec. Ans.

2. What will be the velocity of flow in example 1, the co-
eflicient of velocity being taken equal to .97 ?

By equation 19 the velocity =.97 12 X 32.2 X 10 = 24.6
ft. per sec. Ans.

EXAMPLES FOR PRACTICE.

1. What will be the discharge from an orifice 4 in. square
under a head of 16 feet ? .14 cu. ft. per sec, Ans.
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2. What must be the diameter of a circular orifice acting
under a head of 25 feet to discharge 1 cu. ft. per see. ? (Assume
¢ = .6 for a trial solution.) 2.76 in. Ans. -

3. A pipe discharges 1.5 en. ft. per sec. into a tank from
which the water escapes through an orifice 6 in. square. How

{ [’ ///;” 73
ll’/ 1 7
'/“”%

o
'/u

i
1)

Fig. 23a. Fig. 23b.

deep will the tank be filled above the orifice when the outflow is
just equal to the inflow # 1.53 ft. Ans.

FLOW OF WATER OVER WEIRS. 3

20. General Explanation. The term weir is usually given
to a notch cut in the side of a tank or reservoir through which
- water may flow and be measured. The notch is usually rectangu-
lar and may have a width less
than that of the tank, as shown
in Fig. 23a, or equal to that of
the tank, as in Fig. 235, Such
weirs are often used for meas-
uring the flow of a small stream
by building a small dam and
leading all the water through a
notched plank or timber wall.
For accurate work weirs should
== e be sharp-crested (the ¢ ecrest”
//////////////////////////////////////% is the lower edge over which

Fig. 24 the water passes) so that the

water will touch the inner cor-

ner only as in the case of the standard orifice described in Art. 18.

The. back side of the weir should be smooth and vertical for a
considerable distance downwards from the crest,
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If the weir is made as in Fig. 23« the water in passing out
will cause a contraction of the stream laterally, but if made as in
Fig. 23) the water will pass out parallel to the sides of the tank

and there will be no lateral, or, as it is called, “end
contraction ”. In either case reliable results may be
obtained by the use of the proper coeflicients, but if the
form of Fig. 23« be used, the distance of the notch from
the side of the tank or channel should be at least three
times the depth of the water on the weir in order that
the contraction may be complete. ¢

The measurement of water flowing over a weir is
accomplished by merely measuring the depth of the
water flowing over it. Then knowing this and the
length of the weir the discharge can be calculated. In
measuring this depth of water, or ¢ height” of water
on ‘the weir, as it is commonly called, it is necessary to
take the level of the water some distance back from
the weir, as at A, Fig. 24, in order to avoid the effect
of the curvature of the water surface. The difference
between the level of the water and that of the weir is
then the desired height H. The necessary distance
back from the weir may be taken as 2 or 3 feet for
small weirs to 8 or 10 feet for large ones.

A common and accurate way of determining the
level of the water at A is by means of a submerged
hook, shown at G, Fig. 24, called a hook gauge, ar-
ranged to be easily moved vertically along a scale. Fig.
25 shows such a gauge in detail. The gauge is set by
moving it until the hook comes to the surface of the
water. The scaleis then read and the level of the water
determined. ; :

21. Formulas for Discharge. [f the weir were a
rectangular orifice at a considerable depth below the
surface its discharge would be given by the formula

Q=1¢XbXdadVh

—

Fig. 25.

(21)

as in equation 20 of Art. 18. In this expression b = breadth and
d = height of orifice, and % = average depth of orifice below the



28 ; HYDRAULICS

surface, or the average pressure head. 1In the case of the weir the
depth d is the height 11, and the average pressure head, 7, is some-
thing less than H, varying from nothing for the water at the sur-
face to the full value H for the water at the crest. For a case like
this where the square root of a quantity, %, is taken, that varies
from zero to a given value I, the average value of this square root
is two-thirds the square root of the maximum limit II. That

is, for / in equation 20 we may substitute -§— VI, giving for the

discharge )
2 o e )
Q= ¢b ><—3— H 'l/2g11

B N
= o X5 bV x 1} (22)

i which ¢ is the coeflicient of discharge and equal to about .60 to
.65 as for orifices.

If the channel is small the « velocity of approach’ will have
an appreciable effect upon the discharge, increasing it somewhat
above what it otherwise would be. This is taken account of by
calculating approximately the velocity of the water in the channel
of approach at the place where the level of the water is measured,
and determining the head /% corresponding to this velocity by the
formula

272

k:z—g—.

Then the discharge will be, for weirs with end contractions,
2 2 3
Q K b V2 (H + 1.44) (23)
and for weirs without end contractions
Q-oX~«1 2 (H—I—l—-]t)2 (24)

The coeflicient ¢ should, in all cases, be selected according to
the character of the weir, ’
In calculating « vdomty of approach ”, it is necessary first to
get an approximate value for the discharge Q by omitting the term
h. The resulting discharge, divided by the cross-section of the
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tank or channel will be, with sufticient accuracy, the desired veloc-
ity of approach.

22. Coefficients of Discharge. Tables Nos. 6 and 7 give val-
ues of the coeflicient ¢ for the above formulas for rectangular
sharp-crested weirs.

TABLE NO. 6.
" Coefficients for Contracted Weirs.

Length of Weir in Feet, b.
Effective
Head in
Feet, 7. 0.66 1 2 3 5 10 19
0.1 0.632 0.639 0.646 0.652 0.653 0.655 0.656
0.15 619 625 .634 .638 .640 .641 .642
0.2 611 618 .626 .630 631 .633 .634
0.25 .605 .612 .621 .624 .626 .628 .629
0.3 .601 .608 .616 .619 .621 .624 .625
0.4 .595 .601 .609 .613 .615 .618 .620
0.5 .590 .596 .605 .608 .611 .615 .617
0.6 587 .593 .601 .605 .608 .613 .615
Q=N o8 A0 .690 .698 .603 .606 .612 .614
0.8 S T o B W B .595 .600 .604 .611 .613
U e R R ot oo S .592 .598 .603 .609 .612
IO [ 0w sl S, .590 .595 .601 .608 .611
UGN i s, oo 1 (T .585 .591 .B97 .605 .610
) o [t A L A .580 087 .594 .602 .609
G ILIIR = et el Lo e L e s .582 .591 .600 .607
TABLE NO. 7.
Coefficients for Weirs without Contractions.
~ Length of Weir in Feet, b. .
Effective
Head in -
Feet, k. 19 10 7 5 4 3 2
0.1 0.657 0.658 0.658 0.659
0.15 .643 .644 .645 .645 0.647 0.649 0.652
0.2 .635 .637 .637 .638" .641 .642 .645
0.25 .630 .632 .633 .634 .636 .638 .641
0.3 .626 .628 .629 .631 .633 .636 .639
0.4 .621 .623 .625 .628 .630 .633 .636
0.5 .619 .621 .624 .627 .630 .633 .637
0.6 .618 .620 .623 .627 .630 .634 .638
0.7 .618 .620 .624 .628 .631 .635 .640
0.8 .618 .621 .625 .629 .633 .637 .643
0.9 .619 .622 .627 .631 .635 .639 .645
1.0 .619 .624 .628 .633 .637 .641 .648
1.2 .620 .626 .632 .636 .641 .646
1.4 .622 . .629 .63 .640 .644
1.6 .623 .631 .637 .642 .647
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23. The Francis Formula. The most widely used weir
formula for large weirs without end contractions is that derived
by Mr. James B. Francis from an extensive series of experiments
on weirs 10 feet long. 1is formula is

Q = 3.33 $H5, Al T

in which the unit of length must be the foot. This is equivalent
to the use of a constant value of the coeflicient ¢ of equation 22,
equal to .623. It gives results sufliciently close for most purposes.
With end contractions the length & is to be reduced by .1 H for

one end contracted and by .2 H for both ends contracted. The
formula is further modified to allow for velocity of approach,-but
where this element enters, use may be made of the other formula.
24. Submerged Weirs. Where the water on the down-
stream side of a weir is higher than the crest, as in Fig. 26, the
discharge is closely given by the formula :

Q = 3.33 5 (nID)}, (26)

where II is the height of the water on the upper side and nis a
coeflicient depending on the ratio of the head on the lower side,
H*, to the head II. The values of » are as follows:
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TABLE NO. 8.
Values of 5 for Submerged Weirs.

m v A ¥ i i X
H | H ' H H

00 | 1.000 || .20 0.98 || .45 .| 0.812 7 0.787
02 [ 1.006 .25 0.973 .50 0.892 7 0.750
.05 | 1.007 .30 0.959 .55 0.871 .8 0.703
10 | 1.005 .35 0.944 .60 0.846 .90 0.574
15 | 0.99 .40 0.929 .65 0.819 || 1.00 [ 0.000

25. Weirs of Irregular Section, "~In many cases it is desira-
ble to determine the flow of a stream by measurements taken of
the height of water flowing over some dam or weir; and, on the
other hand, in the design of waste-weirs some method of esti-
mating their capacity is essential. The law of flow over such weirs

TABLE NO. 9.

Values of the Coefficient C in the Formula

@) == CZ;H% for irregular weirs.

Form of Weir. Height on Weir in Feet. -

15| 20| 25| 30) 35| 40| 45| 5.0

3.51 8.37 3.33| 8.31 3.29 3.23/3.16, 3.14
..... 3.76 3.68 3.68 3.70 3.75 3.83
..... 3.68 3.71| 3.81 3.90 4.00 4.06

3.81 3.61/3.68 3.65 3.723.80 3.93

3.81 3.61| 3.

i)
S
o

3.63 3‘62l3'67|3.71 3.80

is very complicated, and the only accurate way of determining the
constants for any particular case is by means of experiments on a
section of the same form as the one in question, If this is impos.
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sible, the best substitute for it is to nuse constants which have been
determined for a weir agreeing as closely in form as may be to the
one under consideration.

In Table No. 9 are given several sets of coeflicients for five
forms of dams, as determined by experiment. This coeflicient is
to be used in place of the value 3.33 in equation 25.

It will be noted by comparing Nos. 1 and 3 that the discharge
falls off considerably by using a flat slope for the back of the dam.

FEramples. 1. What will be the discharge of a sharp-crested
weir 4 ft. Jong with I = 6 inches, there being contraction at
both ends ? 3

By Table No. 6 the coeflicient may be taken at .610. Then

2 e 1y*
by equation 22,Q = .61 X3 X 4 X 17644 X (—2—) = 4.6 cu.

ft. per sec. Ans.

2. If the channel of approach in example 1 be 6 feet wide
by 2} feet deep, what will be the effect of the ¢ velocity of
279 °

approach
Assuming the same dlschalge as above, the velocity of flow

in this channel W111 be = = .11 ft. per sec. The head A
: 6 X 2%
: ¥ : v A1
corresponding to this velocity = 5 i BT .0002 ft. Intro-

ducing this value for / in equation 23, it is seen that the additional
term 1.4 7 is too small to be of any practical consequence.

FLOW OF WATER THROUGH PIPES.

26. Discharge Through Pipes for Different Velocities. The
rate of discharge,through a pipe is equal to the average velocity of
_ the flowing water lnu]tjlplied by the cross-section of pipe. Veloei-
ties are usually expressed in feet per second and discharge in cubic
feet per second or gallons per minute. The diameter of a pipe is
always given in inches. These differences in units make it
desirable to have a table at hand giving for a velocity of one foot
per second the discharge of pipes of various diameters expressed
both in cubic feet per second and in gallqns per minute. Such a
table is given below ;
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TABLE NO. 10. _
Discharge of Pipes in Cubic Feet Per Second and in Gallons Per
Minute for a Velocity of One Foot Per Second.

(For other velocities multiply the discharge here given by the velocity expressed in feet
per second.)

Discharge.
Diameter of Pipe in
Inches.
L P R S R e e e T
ond.

1 L0055 2.4

¥ L0218 9.8

3. L0491 22.0

4 L0873 39.1

6 .1964 88.1

8 .3491 157
10 5454 245
12 L7854 . 352
14 1.069 480
16 1.396 627 3
20 2.182 978
24 3.142 1410
30 4.909 2200
36 7.069 3155
42 95621 4317
48 12.568 5639

EXAMPLES FOR PRACTICE.

1. What will be the discharge in gallons per minute of a

6-inch pipe for a velocity of 4.5 feet per sec.? 396 gallons per min.
Ans.

2.  What veloeity will be required to discharge 1,000,000 gal-
lons per day through an 8-inch pipe ? 4.4 ft. per sec. Ans.

3.  'What diameter of pipe will be required to discharge 1,000
gals. per min. at a velocity of 5 feet per sec.?

An 8-inch pipe will discharge 785 gals. per min. and a 10-
inch pipe will discharge 1,225 gals. per niin. A 10-inch pipe
would therefore be necessary if no intermediate size is available.

Ans,

27. General Principles Governing the Flow of Water
Through Pipes. Let ABCD, Fig. 27, be any pipe leading from
a reservoir and having a stop valve at D. Also suppose B/ and Ce
are tubes connected with the pipe at B and C and open at the top.
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From the laws of pressure explained in Art. 6 we know that if the
valve D be closed so that there will be no motion of the water the
water will rise in the tubes B35 and Ce to the same level as that in
the reservoir. The pressure at A will be represented by the head
h, and that at B and C by the heads %, and /, respectively, which
heads may be greater or less than the head at A according as the
pipe slopes downwards or npwards from A.

Now let the valve at I) be opened partly so as to permit the
water to escape slowly. It will be found that the pressures at
B and C will immediately decrease and that the water in the tubes
‘will fall to some lower levels 4’ and ¢. This decrease in pressure

- AR S | e 5 R
SELE el i
R E : EC" !
S e . G F ”
ey ; 4
Y H
B H
el e
(&

Fig. 27.

is due to two causes. First, a part of the pressure head has been
used to give the water some velocity in the pipe, and second, a
part has been consumed in the friction of the water in passing from
A to Band C. The portion used in giving the water its velocity
is the same as the head required to produce a given velocity of
efflux, », from an orifice, and is found from the formula » = V' 2¢h.
Solving for 4 we have
v?
h = ?!/ (27)

in which v is the actual velocity of flow in the pipe.

The pressure head lost in friction is usually much greater
than that used in velocity and is the most important as well as the

most difficult part of the problem of determining the flow in pipes.
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If H represents the total loss. of pressure head between the
reservoir and any point B, /4, the head necessary to produce the
given velocity at B (*velocity head”’) and /; the pressure lost by
friction between A and B we then have in general

H = o + ki (29)

or from equation 27

In the figure, 40" represents the head I for point B and ¢
that for point C.  Between B and C the loss in head is the dif-
Jerence between 00" and e¢’ and is all due to friction, since the velo-
city is the same at the two points, the pipe being of uniform size.

If now we open the valve D farther so as to give the water a
higher velocity the level of the water in the tubes 4B and ¢C will
fall still more, that is, there will be a greater loss of pressure head,
H, than before. This increase in loss of pressure is due mainly
to the increased friction loss /i, caused by the higher velocity, but
to a small extent also to the increased energy transformed into
velocity head.

In any case that part of the head II needed to produce the -

. s N .
velocity v, which is equal to o readily be calculated or can
e

be obtained from the following table:

TABLE NO. 11.
Velocity Heads

2

0]
o
=
Corresponding to Various Values of o,
® 13 2 b3 v 3 'u 13
pefre:gc. ft. ft. per sec. ft. ft. per sec. tt. ft. per sec. ft.
2.0 0.06 4.0 0.25 6.0 . 0.56 8.0 0.99
2.2 0.08 4.2 0.28 6.2 0.60 8.2 1.04
2.4 |© 0.09 4.4 0.30 6.4 0.64 8.4 1.10
2.6 0.10 4.6 0.33 6.6 0.68 8.6 1.15
2.8 0.12 4.8 0.36 6.8 0.72 8.8 1 20
3.0 _0.14 5.0 0.39 7.0 0.76 9.0 1.26
3.2 0.16 5.2 0.42 7.2 0.80 9.2 1.31
3.4 0.18 5.4 0.45 7.4 0.85 9.4 1.37
3.6 0.20 5.6 0.49 7.6 0.90 9.6 1.43
3.8 0.22 5.8 0.52 7.8 0.94 9.8 1.49
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The usual problem in practice consists in calculating the fric-
tion loss /4 between any two given points in a pipe for a given
velocity v ; or, conversely, to determine the velocity which will
ocenr with a given loss of head 2.

28. Formulas for Friction Loss in Pipes. A great number
of experiments have been made to determine the friction loss in
the flow of water through pipes. Thewresults show great variations
due to many causes, chief of which is the variation in the character
of the pipe as to material, degree of roughness of the interior,
diameter, etc. Consequently much less accuracy is possible in the
estimation of the flow of water throngh pipes than through orifices
or over weirs. Theory is of very little assistance here, and the
only practicable method of calculation is to express by some for-
mula the approximate law of variation in frietion, and then use
coetlicients as determined from experiments. ;

Results of experiments show that the friction loss in a pipe is
approximately proportional to the length of the pipe and to the
square of the veloeity of the water, and is inversely proportional to
the cross-section of the pipe divided by its circumference. If
we_let ;

/e = loss by friction between any two points;
[ = length of pipe between same two points;
v = velocity of water in pipe;
» = ratio of cross-section to circumference
of pipe, called the ¢hydraulic mean
radius”,
we then have, according to the above law,
v b

P

hy =

where £ is some coeflicient.
It is usual to write this formula so as to express directly the
value of ». By solving for v we have
/i P
= V!,/,_[_ X ]/ ]C
L

Putting C for / k we may write

s \f—% (30)
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which is known as the Chezy formula. The values of », A, and / are
to be expressed in feet, and the result will give v in feet per second.

The above for mula may be used for all kinds of plpe by using
a suitable value of C as determined by experiments on similar
pipe. For ordinary castiron pipe the value of C varies from about
100 for pipes 1 or 2 inches in diameter to 140 or 150 for pipes
4 or 5 feet in diameter. Various diagrams and formulas for C
have been devised for cast iron pipe, all of which are more or less
unsatisfactory. Mr. Iamilton Smith has constructed a diagram
which is probably as satisfactory as any now in use. Thisdiagram
is not entirely convenient in form, and instead of it we give below
an extended table giving the actual velocities of flow v for various
diameters of pipe and various losses of head for a length of 100
feet for pipes from % in. to 3 in. in diameter, and for a length of
1,000 feet for larger pipes. This table is very convenient to use
in calculations, as the desired velocity or loss of head can be seen

at a glance.
TABLE NO. 12.

Discharge, Friction Head, and Velocity of Flow Through Smooth
Pipes such as Cast Iron.

% -inch Pipe. 1-inch Pipe. 1%-inch Plpe.
Discharge,
Gals. per Mitte. |, Loss ot | Veloatty. || L0%0L | velooity, || E08S0L | velocity,
per 100 1 per per 100 Feet per per 100 Feet per
Teet. Second. Toet: Second. Feet. Second.
1 0.5 0.72 0.02 0.41
2 2.0 1.4 0.6 0.82
3 4.0 2.2 1.1 1.2 %
4 7.2 2.9 1.8 1.6
5 11.0 3.6 2.6 2.0
6 15.0 4.3 3.6 2.4
0 20.4 4 5.1 4.8 2.9
8 25.5 5.8 6.2 3.3
9 32.0 6.5 %7, 3.7 A
10 39.0 7.2 9.4 4.1 1.1 1.8
12 13.(1) 4.9 1.6 2.2
14 17. 5.7 2.2 2.5
16 21.8 6.5 2.8 2.9
18 27 7.3 3.6 3.3
20 33.0 8.2 4.3 3.6
30 9.5 5.4
40 16.0 P2
50 24.0 9.1
60 34.0 10.9
70 45.0 12.7
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TABLE NO. 12.—Continued.

2-inch Pipe. 2%-inch Pipe. 3-inch Pipe.
Dicharge, 1
Gals. per Mignute. Loss of Velocity, Loss of | v, city, L.oss of Velocity
}.Iegg: Foget Feet per Heaéil: Foget Feet per ||H¢2d, 1133“ Feet per
eat Second. aet, Second. bty Second.
10 4 1.0 0.1 0.65 0.05 0.45
20 1532 2.0 0.4 1.3 0.2 0.90
30 2.4 3.1 0.8 139 0.4 1.4
40 4.0 4.1 1.4 2.6 0.7 1.8
50 6.1 5.1 2.1 3.3 1.0 2.3
60 8.6 6.1 2.9 3.9 1.4 2.7
70 11.5 7.1 3.9 4.6 1.8 3.2
80 14.8 8.2 g.O 5.2 2.3 3.6
90 18.4 9.2 .3 5.9 2.8 4.1
100 22.2 10.2 7.7 6.5 3.4 4.5
120 10.8 7.8 4.8 5.4
140 14.3 9.1 6.3 6.3
160 18.3 10.4 8.0 72
180 22.7 Y8 9.9 8.1
200 27.5 13.1 12.0 9.0
250 18.0 11.3
300 25.0 13.6
TABLE NO. 12.—Continued.
4-inch Pipe. 6-inch Pipe. 8-inch Pipe.
Discharge, )
Gals. per Mii:nut,e. Lossof | yelocit Lossof Velocit Lossof | valocit
Head, Feet| 1. V> ||Head, Feet| Y. ||Head, Feet Ty
per 1,000 Feet per per 1,000 Feet per per 1,000 Feet per
Feet. Second. Feet, Second. Teet, Second.
50 2.3 1.3
75 5.2 1559
100 8.7 2.5 1.2 315t
125 13.1 3.2 1.8 1.4
150 1883 3.8 2.5 il
175 24.3 4.5 3.3 2.0
200 31.0 5, 4.2 .23 116! 1.3
250 46.5 6.4 6.3 2.8 1.6 1546
300 65.0 7.7 8.9 3.4 2.2 1.9
350 : 1189 4.0. 2.9 2.2
400 15.1 4.5 3.7 2.6
450 18.7 5.1 4.6 3.9
500 22.7 5.7 5.6 3.2
600 31.8 6.8 7.9 3ES
700 42.2 7.9 10.5 4.5
800 54.0 9.1 13.4 5.1
900 16.6 5.8
1000 20.2 6.4
1100 24.1 7.0
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TABLE NO 12.—Continued.

10-inch Pipe. 12-inch Pipe. 16-inch Pipe.
Discharge, ;
Gals. ;S)gr%.{ﬁfute. Lossof | yeioeit Loss of | ve1501t Loss of | o100ty
Head, Feet| 1,007 l|Head, Feet| ro9€ Wy ||Head, Feet| po 0¢ %
per 1,000 | gcd KA¥ 1| per 1,000 Secogd per 1,000 | ‘g0 BG
Feet. P Feet. 3 Feet. J
200 .35 .82 .14 ol
300 .73 1.2 .30 -.85
400 1.24 1.6 .?1 il
500 15485 2.0 e 1.4 .18 .80
600 2.6 2.4 1.10 1557 526 .96
700 3.5 2.9 1.45 2.0 .34 151
800 4.4 3.3 1.82 2.3 .43 1.3
900 5.5 3.7 2.3 2.6 .54 1.4
1000 6.7 4.1 28k 2.8 .66 1.6
1200 o4 | 45 || 8% | 81 | 0| 19
1 e O .9 3 S4TE .92 .9
1300 10.9 5.3 4.5 3.7 1.06 2.1
1400 12.6 5.7 5.1 4.0 1.22 2.2
1500 5.8 4.2 1.38 2.4
1600 6.5 4.5 1.55 2.6
1700 7.3 4.8 1.74 2.7
1800 8.1 5.1 1.93 2.9
1900 9.0 5.4 2.1 3.0
2000 9.9 (ORI 2.8 3.2
2200 11.7 6.2 2.8 3.5
2400 3.8 -3.8
2600 3.8 4.2
2800 4.4 4.5
3000 ' 5.0 4.8
3500 .- | 6.6 5.6

Laramples. 1. What is the head lost in friction due to the
flow of 800 gallons per minute in a 6-inch pipe ?

From Table No. 12 we see that the friction head in a 6-inch
pipe for a flow of 800 gals. per min. is 54.0 ft. for each 1,000 ft.
of pipe. Ans. :

2. What size of pipe will be required to convey 700 gallons
of water per minnte a distance of 8,000 feet with a total loss of
head of 40 feet ?

The loss of head per 1,000 ft. is 40 =+ 8 = 5 ft. From the
table we find that for a discharge of 700 gallons per min. the loss
of head in an 8.in. pipe is 10.5 ft. per 1,000, and in a 10-in. pipe
it is 3.5 ft. A 10.in. pipe would then be required if the assumed
loss ig not to be exceeded. Ans.

3. If a town is supplied with water from an elevated reser-
voir through a pipe line 15,000 feet long, how high must the



40 HYDRAULICS

TABLE NO. 12.—Continued.

20-inch Pipe. 24-inch Pipe. 30-inch Pipe.
.
Galsl.)ilfe(':!]‘]%%%te. Lossof | vooeit Lossof | o104t Loss of | vo100it
Head, Feet Feegtc;)e};' Head, Feet F%&cpg;‘ Head, Feet, Fge(t),cpgf
per e] é(t)?o Second. p%‘et.gw Second. || PG éé?‘(')o Second.

1000 .23 1.0 .08 1

1200 .32 1.2 Ak .85

1400 +42 1.4 .16 =99

1600 852 1.6 .20 1.4

1800 .64 1.8 .25 1.3

2000 S 2.0 g% %g :{(2) 1.8(1)
2200 .92 2.2 o s : ;
2400 1.08 2.5 .43 1k 3 14 1.09
%600 1.25 2 .50 %g %g %%g
2800 1.43 2.9 .58 g A :
3000 1.62 3.1 .gﬁ 2.1 200 1.36
3200 1.82 33 .74 2.3 .24 1.45
3400 2.04 SED .83 2.4 '233 1.55
3600 LN, ol .92 2.5 o 1.64
3800 2.51 SIHE) 1.02 2.7 .33 1.73
4000 2.76 4.1 1.12 DS .36 1.82
4500 3.43 4.6 1.3 3.2 .46 2.05
5000 4.16 o b 1.68 3.5 .06 2.27
5500 4.96 5.6 2.00 3.9 .67 2.50
6000 5.80 6.1 2.35 4.8 .78 2.73
6500 .90 2.96
7000 1.03 3.18
7500 1.1 3.41
8000 1.32 3.64
9000 1.64 4.09
10000 2.00 4.55

reservoir be above the town and what must be the size of the pipe
line so that the pressure of water in the distributing pipes be not
less than 60 pounds per sq. in., equivalent to 60 X 2.3 = 138 ft.
head. The amount of water required is 1,800 gals. per min.

" This problem has several solutions since various sizes of pipe
may be assumed and the reservoir placed at the elevation to furnish
the necessary pressure. An examination of Table No. 12 shows
that to deliver 1,800 gals. per min. a 12-in. pipe would consume
in friction 8.1 ft. of head per 1,000 ft., a 16-in. pipe would con-
sume only 1.93 ft. per 1,000 ft., and a 20-in. pipe only .64 ft. No
value is given for a 10-in. pipe, but it would evidently be 20 feet
or more per 1,000, which would give a total loss for 15,000 ft. of
300 feet, a loss which would ordinarily be impracticable.
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If we use a 12-in. pipe the total loss in friction will be 8.1 X
15 = 121.5 ft. The velocity of flow will be 5.1 ft. per sec. and
the necessary velocity head, A, will be, by Table No. 11, .4 ft.
The total head = 121.5 4 .4 = 121.9 ft., and the necessary eleva-
tion of the reservoir = 138 4 121.9 = 259.9 ft. above the town.

Ifa 16-inch pipe be assumed, the friction loss = 1.93 X 15 =
28.9 ft., the velocity head = .1 ft., and the total head = 29 ft.
Elevatlon of reservoir = 29.0 + 138 =165 ]

If a 20-inch pipe be used, the friction head = .64 X 15 =
9.6 ft., the velocity head is less than .1 ft. and may be neglected.
The requlred helght of reservoir = 147.6 ft.

Still larger sizes will give still lower elevations for the reser-
voir, but it is evident that the reservoir in any case must have an
elevation somewhat greater than 138 ft.

From the above results we see that a 12-in. pipe requires the
reservoir to be at an elevation of 259.9 ft., a 16-in. pipe requires
an elevation of 167 ft., and a 20-in. pipe an elevation of 147.6 ft.
The proper size to use would be that size which would give the
cheaper construction for the pipe and reservoir combined.

29. The Hydraulic Grade Line. Referring again to Iig.
R7, it will be seen that the drop in pressure between B and C will
be proportional to the length of the pipe from B to C, and if we
have a long pipe with several open tubes attached to it like 4B and
¢C, the level of the water in them would be lower and lower as we
proceed along the pipe, the drop being uniform so long as the pipe
is of the same size and kind, the amount of the drop per 1,000 feet
being given in Table No. 12. If now a line were drawn from E
through the points &, ¢, etc., so that the height of this line above
the pipe would represent the pressures in it, this line would be
called the ¢ hydraulic grade line” for the pipe under the given
conditions. It is convenient in various problems to construct such
a grade line. Its position will evidently vary with the velocity of
the flow and will be a horizontal line when the water is still, and
always a straight line for a pipe of uniform conditions.

30. Siphons. If in any case a pipe line rise above this hy-
draulic grade line, as shown in Fig. 28, the pressure in such portion
of the pipe will be less than atmospherie, the pressure measured by
the grade line as described above referring in all cases to the pres-
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sure in excess of the usual atmospheric pressure. That portion of
the pipe BO lying above the grade line is called a siphon. The
greatest height above the grade line which it is practicable to
operate a siphon is considerably less than the height of the water
‘barometer given in Art. 4. - Evidently since the velocity of flow,
and henee the hydraulic grade line, can be varied by varying the
opening at D, a pipe which may act as a siphon at one time may
not so act at another. Thus in the figure, if valve D be nearly
closed so that the flow is reduced and hence also the frictional loss,

Horiz ontal Line

Fig. 28.

the grade line will rise to some position such as AE and there will
be pressure in excess of atmospheric at all points.

31. Flow Through Special Forms of Pipes. Rivcted Iipe.
The friction loss in riveted pipes depends 1fpon the thickness of
the plates and the manner of making the joints. Experiments on
this class of pipes are not sufficiently numerous to enable any gen-
eral expression to be formulated, so that in the design of such pipes
the selection of coeflicients must be made by reference to the
experimental data. In general it is found that the coeflicient C,
of equation 30, changes little with change in diameter or velocity,
and in this respect exhibits considerable difference from its vari-
ation ir cast-iron pipe. . For ordinary velocities the value of C, for
new pipe appears to range between 100 and 115. A value of 100
is as great as it is well to use.

32. Wood Stave Pipe. Few experiments have been made on
this class of pipe although it has been used quite extensively in
the West. The pipe is usually quite smooth and not subject to
deterioration on the interior, so that its discharging eapacity is
high. For ordinary velocities the value of C,equation 30, may be
taken at 110.
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33. "Fire Hose. In making provisions for fire protection it
becomes necessary to estimate the effectiveness of a stream of water
when led through a given length of hose for a given pressure at
the hydrant, or to find what pressure is required to throw a stream
a given height or a given distance. The usual size of fire hose is
21 inches. At the end of the hose is attached a nozzle of a diam-
eter usually of 1 in., 11 in., or 1} in., which partly controls the
amount and pressure of the water discharged. If there were no
friction in thé hose the water could be thrown nearly to a height
corresponding to the pressure head at the hydrant, but the hose frie-
tion is very great, and two or three hundred feet of hose will cut
down the effective pressure often more than one-half. “Evidently
the more rapid the flow through the hose the greater the friction
loss, hence if the nozzle is small so that the discharge will be small,
the effective pressure near the nozzle will be greater than with a
large nozzle and large discharge. Hence a higher streamn can be
thrown through a small nozzle with a given hydrant pressure and
length of hose than through a large nozzle, although the stream is
not so effective in quenching a fire as the larger stream.

In Table No. 13 are given the necessary data for estimating
the loss of head and effectiveness of fire streams for various pres-
sures and for three sizes of nozzles

In the table, page 44, the pressure given is that at the nozzle
instead of at the hydrant. To get the latter, it is necessary to add
to the nozzle pressure the head lost in the hose. The result will
be the hydrant pressure, providing nozzle and hydrant are at same
level. If not, then a correction would need to be made for this
difference in elevation. The vertical height and horizontal dis-
tances are to be measured from the nozzle. The heads are given
in pounds per square inch, which is the customary unit in this
class of work. To reduce to feet of head multiply pounds pressure
by 2.3.

Ewamples. 1. What hydrant pressure will be required to
throw a stream of water 75 feet Vertlcally through a 1}-in. nozzle
and 300 feet of hose.

In the table for the 11-in. nozzle we see that for a height of 75
feet the loss of head per 100 feet of hose is 20 pounds, and the
pressure at the nozzle is (in first column of table) 50 pounds. The
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TABLE NO. 13.
Hose and Fire-Stream Data.

k) 1-inch Smooth Nozzle. 1%-inch Smooth Nozzle. 14-inch Smooth Nozzle.
> w o Lor | w - o} 7] -~ v ]
SE B 2 BB R Bl BB %L
N § Sl 83 Sgﬁ B2 |8, |88 5&3‘:3 2 |8, S3 |%g
S I5 |88 |28 [89%.a5)5 |AE |22 |80, l25]8 |AE [2f |50.|a%
4 B [ES B 2| 5N s |28 (BoZ s B[22 oy S
~qa9g|38 | |SSE(S=¢(Ra [Mm 9cH|S80)as SR |k [S3H|2S
2217530 By mez|AA~2 (30 T Te e R =580 [T tIS*g a4
P EEHREEE FHA PR GEEFERE I FEIGER FPEE- A
BoM8515 .0 805|587 |He)58 5, 9|E55|58% |80)55 5. 450588 (g
231581238 Bul|gan 58S 288 |Endigatis)os 088 |Eud|gan (28
PZAlERE 880 |cAR [k |2 & ErT I 5SH 8RR k28| ErD | 588 8RR R
A WQ = > = g 1B |1 = = 8] 13 [~ = = )
1b. 1o W A B Ll Dol I T [ T . | fr. | £t |t
204132 5| 85| 87| 771168 8| 86| 38| 8oJ209| 12| 37 40 | 83
301161 7 51 47 (1094206 12| 52| 501154256/ 19| 53| 54 (119
401186) 10| 64| 551334238 16| 65| 59|142]296| 25| 67 63 (148
504208 12} 73 61 11520266 20| 75| 66{162)331| 31 77 70 (169

601228, 15| 179
70§246/ 17| 85
801263| 20| 89
90279 22| 92
100§295| 25| 96

67 (1671291 24| 83| 72!178]363 - 387, 85 76186
7211791314 28| 88| 771913392 43| 91| 81 (200
76 |1891336/ 32| 92| 81|203]419, 49| 95| 85213
80 |197)356| 86| 96| 85|214J444] 55| 99| 90(225
83 [205)376] 40| 99| 89 |224}§468] 62| 101 | 93236

hydrant pressure will then be 50 + (20 X 3) = 110 pounds per
square inch. The discharge will be about 266 gallons per minute.

2. With a hydrant pressure of 100 pounds, what will be the
discharge through 250 feet of hose with a 13-in. nozzle, and how high

Fig. 29.

can such a stream be thrown with effectiveness ?

This problem must be solved by trial. In the
table for 11-in. nozzles, we see that for a discharge
of 269 gallons the nozzle pressure is 40 pounds,
and the loss of head per 100 feet of hose is 25
pounds; for a discharge of 331 gallons the nozzle
pressure is 50 pounds, and the loss of head per
100 feet is 31 pounds, ete. We have given the
head of 100 pounds, which must equal the sum of
the nozzle pressure and the loss in the hose. If
we try the first value for discharge, we have a
nozzle pressure of 40 pounds and a total loss in
the hose of 25 X 2.5 = 62.5 pounds, or a total

of 40 + 62.5 = 102.5 pounds. This being a little more than the
total available head, it is evident that we have assumed too high a
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discharge. The next lower value is 256 gallons, giving a nozzle
pressure of 30 pounds and a total hose loss of 19 X 2.5 or 47.5
pounds, giving a total of 80 4 47.56 = 77.5 pounds. Evidently
the correct value is somewhere between 296 and 256, and further
that it is but very little below the former value. For a total change
in discharge of 40 gallons we have a change in total head of 102.5
= 77.5 or 25 pounds. IHence for a change of 2.5 pounds the dis-
charge will vary about 1 of 40 gallons or 4 gallons. The discharge
may then be taken as 292 gallons per minute. The effective helght
will be between 67 feet and 53 feet, but only a little less than the
former value, say 65 feet. This is as close an estimate as the con-
ditions of the problem will warrant, since the hose friction is a
factor that varies greatly according to the character of the hose.

34. Minor Losses of Head in Pipes. In most of the following
2
formulas the quantity gi— occurs. For given values of » this
g 3

quantity can readily be taken from Table No. 11.
Loss of Head at Entrance. This is expressed by the formula

A=l )2_/ ' (3[)

where v = velocity in the pipe, and ¢ is the coeflicient of discharge.
For various forms at entrance, as shown in Fig. 29, we have the
following values:

1

c. — — L
¢
Pipe projecting into reservoir, Fig. («) 12 .93
End of pipe flush with reservoir, Fig. () .82 49

Conical or bell-shaped mouth, Fig. (¢) or (d) .93 to .98 .15 to .04
Loss of Ilead at Bends.  For 90” bends this is equal to

,UZ

h=n Z(/ , (32)
in which » has the following values according to the ratio of the

radius of the pipe » to the radius of curvature R:

1 2 3 4 5 6 7 8 9 1.0
N.ooois.... A3 14 16 21 29 44 66 .98 1.41 1.98
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Loss of Head in Valves. Weisbach’s experiments on small
: 2
g % % v
ate-valves gave values for 2 in the expression 4 = n ~— as follows:
) P

=y
Ratio of height of Qpeningtodiameter. % & 8 3 8 -i 3
VA T TR ) e R e e 07 .26 81 2.1 5.5 17 98

In applying the above formula v is the velocity in the pipe.
For a throttle-valve placed at various angles 6 with the axis
of the pipe, Weisbach found the following values of 7:

O3 B 1032 0E S 32 40 B0 6026 5= 8 R7 0P
24 B 157089 11 533 LA18 256 750

..

, Experiments on large gate-valves have been made by Kuich-
ling and by J. W. Smith. The following table gives values of

the coeflicient ¢ in the expression Q = AV 2¢h. In this expres-
sion A is the area of the opening, % is the head lost in the valve,
Q is the rate of discharge.

TABLE NO. 14.

Coefficients for Large Gate-Valves.

Ratio of height of opening 05 1 9 3 4

to diameter k . ) .6 SSNY .
Ratio of area of opening 05 .10 .°3 .36 48 .60 .71 .8l .89

to total area g
Coefficient ¢ for 24-in.valve 1.7 1.0 .72 .70 .77 .92 1.2 1.6
Coefficient ¢ for 30-in.valve 1.2 -.9 .83 .82 .84 .90 1.05 1.352.1

FEwample. 1f a pump draws water from a pipe projecting

into a reservoir what will be the loss of head at entrance, the veloc-
ity of water in the pipe being 6 feet per second

1
Using equation 31 of Art. 34 the value of (—02» — 1) is, for this

2

case, about .93. The loss of head is then .93 X —%l which by Table

No. 11 = .93 X .56 or .52 feet. Ans.

If the pipe is flush with the reservoir the loss of head will be
only .49 X .56, or .27 feet.

Finally, if the pipe is enlarged toa bell-mouth or conical form
the loss of head will be very small, say .10 X .56 or .056 feet.
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FLOW OF WATER IN OPEN CHANNELS.

35. General Formula. Where water flows in an open chan-
nel like a ditch, or a concrete, brick or tile sewer flowing less than
full, the inclination of such channel is what furnishes the necessary
fall or head to the water for overcoming friction. In this case
there is no Pressum at any point, and the loss of head f10m point
to point will ‘be the difference in level of the water surface between
the given points. This difference in level, or head, after the flow
has become steady is equal to the loss of head due to friction in
the same distance. o

The frictional loss in open channels is expressed by the same
general formula ag that used for pipes in Art. 28, Itis

v=e¢/rs Rt (33)
in which as before :

v = velocity in feet per second,

¢ = a coeflicient,

7 = hydraulic mean radius = the cross-section of the actual
stream of water divided by that part of the perim-
eter that is under water (*“wetted perimeter ).

/

s == slope of channel, or ratio of fall to length =

For open channels the value of ¢ varies much more than for pipes,
as the nature of the channel varies more. Thus the channel may
be a smooth tile sewer where ¢ may be 100 or more, which is about
the same as for iron pipe; or the channel may be a rough natural
water-course for which the value of ¢ will be only 30 or 40. Esti-
- mates of flow in very rough channels are obviously subject to great
uncertainties, but for sewers and open masonry drains or conduits,
estimates may be quite closely made, as the values of ¢ have been
quite well determined.

For convenience the value of ¢ has been expressed in a for-
mula, called Kutter’s formula, in which the condition of the chan-
nel is taken account of by a special coefficient 7, called the coeﬁl
cient of roughness. This formula for md]nm) cases is
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1.8
- 45
" T
% 4dn (34)
1+ —
1k 7
in which » = hydraulic mean radius in feet, and n» = coefficient

of ronghness, varying from a value of about .009 for smooth plank
to ()3() for natural channels full of stone, ete.
The following are the values of » usually assmned for the

various surfaces mentioned: "

Channels of well-planed timber .................... ... 009
it * neat cement or of very smooth pipe.......... 010
& ** unplaned timber or ordinary pipe........... St
" ¢ smooth ashlar masonry or brickwork ......... 013
o  ordinary brickwork............ ... ... ... 015
“ ¢ rubblemasonry............ . ........... . 017
“ in earth free from obstrnctlons eo ... 020 to 025

“ " with detritus or aquatic plants W kv =2 030
After selecting the value of 7, the value of ¢ ean readily be
obtained from Table No. 15.

TABLE NO. 15.

Values of ¢ in Kutter’s Formula, for Various Values of j.

Values of n.
rin Feet. — = — — B
|
L009 | .010 011 I 1012 013 015 .017 .020 025 .030
| |

51 108 91 82 7 65 53 45 35 26 20
2 120 | 113 100 89 80 66 56 45 34 26
3 112 124 111 99 90 75 63 H2 38 30
4 150 132 118 106 96 80 69 56 42 34
] 157 139 124 111 101 85 73 60 45 36
.6 162 143 128 116 105 |- 89 76 63 48 38
o 166 147 132 119 109 92 79 65 50 40
.8 170 151 135 122 112 95 82 68 52 42
9 173 154 138 125 114 97 84 70 54 43
1.0 175 156 140 127 116 99 86 71 55 45
1.2 180 160 145 131 120 103 89 4 58 47
1.4 184 164 148 135 124 106 92 il 60 49
1.6 187 167 151 137 126 108 94 79 62 51
1.8 189 169 153 140 129 110 97 81 53
2.0 191 172 155 142 130 112 98 83 65 54
2.5 196 176 160 146 135 116 02 86 69 57
3.0 199 179 163 149 138 119 105 89 71 59
3.5 202 182 166 152 140 122 107 91 73 61
4.0 201 184 168 154 143 124 110 93 ko) 63
4.5 206 186 170 156 144 126 111 95 et 64
50 208 188 172 58 146 197 113 97 a 66
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36. The Hydraulic Mean Radius . As before explained, this
is a name given to the quotient found by dividing the actnal cross-
section of a stream of water by the ¢ wetted perimeter,” or that
part of the perimeter of the cross-section of the channel that is
under water. In the case of a pipe flowing full, of diameter , the
cross-section is {7’ and the perimeter is md, hence the value of
ris dwd® <= awd = 4d. For a pipe flowing half full it is, simi-
laxly dmd® + ymd or 1d, the same as when flowing full. = When
less tlmn half full the cross-section of the stream falls off more
rapidly than the wetted perimeter, so that the value of » decreases.
Hence we see from equation 33 that the velocity also falls off.

For any given form of channel filled to a given point the value
of 7 can readily be found by plotting the cross-section to a lame
scale and measuring the area and the wetted perimeter.

[Srample. \Vhat will be the velocity and dischar ge of water
flowing in a concrete channel 4 ft. wide and 3 ft. deep and havmcr
a ql()pe of 1 ft. per 1,000 ft.?

Equation 33 must be nsed. We will first get the values of »
and 5. The value of » is equal to the cross-section of the stream of

et £ 3 X 4
e . N == " —=1.2 ft.
.-water divided by the wetted perimeter T 3 3
[he slope s = —1 = .001. The value of ¢ is to be obtained

1,000
from Table No. 15, n being taken at .013, say, the same as for
brickwork. Forn = .013 and » = 1.2 Table No. 15 gives ¢ = 120.
Sllbstitlltillg then in equation 33 we have v = 120 X 1/m
= 4.16 ft. per sec.. The discharge will be 4.16 X 4 X 3 = 49.92
cu. ft. per sec. Ans. :

37. Flow Through Ordinary Sewers. Sewers are usually
constructed of vitrified earthen pipe or of brick or concrete. Ior
the former material the value of 7 in equation 34 is usually taken at
013, and for brick and concrete about .015. If the concrete is
smoothly finished: % may be taken at .013,

The following Table No. 16 gives the \810(’itieb and discharges
for eircular sewers flowing full. Tor sew ers flowing half full the
velocity will be the same and the discharge one- half of the given
_ values.
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TABLE NO. 16.
Velocity and Discharge for Pipe Sewers (n, = .013);
Velocity in Feet per Second (17); Discharge in Cubic Feet
Per Second (()).

(For n = .011 add 20 per cent.)
(Forn = .015 subtract 16 per cent.)

Fall off 4-inch. 6-inch. 8-inch. 10-inch. 12-inch. 15-inch. 18-inch.
Sewer,
in Feet - —
per ; , ! ; y
1wofe. ] V Q v Q WV Q v Q N Qv Q \ Q
o ! g
10. 5.75 | .50 § 7.99 | 1.57 §10.04 | 3.50 §11,94 | 6.51 J13.73 |10.78 J16.24 [19.93 J18.59 132.86
5. 4.06 3501 5.64 ‘ 1.11 | 7.09 | 2.48 § 8.43 | 4.60 § 9.70 | 7.62 §11.48 {14.08 §13.13 [23.22
4. 3.63 3205.05 | .99)6.3¢ | 2.21§7.54 | 4.11 §8.65 | 6.80 f10.26 [12.59 J11.74 [20.73
3. 3.5 | 27 §4.25 | .83§5.49 | 1.926.53 | 8.56 ] 7.51 | 5.90 | 8.89 |10.91 §10.17 [17.97
2. 2.57 | .22 3.56 | 70 4.48 | 1.56 §5.33 [ 2.91 §6.13 | 4,82 §7.25 | 8.90 § 8.30 [14.67
1. 1.82 .16 § 2.52 4901 3.17 | 111 | 3.77 | 2.06 § 4.33 | 3.40§5.13 | 6.30 § 5.87 (10.38
.8 J1.61 | 14225 | 44§2.83 .99§3.37(1.84)3.87[3.04§4.59|5.6345.25/9.28
6 138 L1201.95 | 380245 | .8602.92|1.5903.35|2.64§3.97|4.80F4.55]8.04
.4 1.59 | .31 §2.00 6912.381.3002.7412.15§3.24 | 3.97§3.70 | 6.55
2 1.40 | 49 1.67| .91 §1.91|1.51F2.27|2.79%2.60 |4.60
oll ‘ 1.17 .64 31.35|1.0601.60|1.96]1.83 | 3.24.
.09 1.51 | 1.86 § 1.73 | 3 06
.08 1.63 | 2.88
.07 ] 1.52 | 2.69
TABLE NO. 16.—Continued.
Fall of 20-inch. 2-inch. 24-inch. 30-inch. 33-inch. 36-inch,
Sewer, in|
Feet per, = e - T o
1. } vy Q viQel v ‘ Ql Vv ‘ O | 287 l Ql Vv | Q
10. 20.08 | 43.8 § 21.51 | 56.8 § 22.91 | 72.0 | 26.84 [131.7 ] 28.69 |170.3 i30.46 215.3
5. 14,18 | 30.9 f 15.20 | 40.1 f 16.19 | 50.9 | 18.97 | 93.1 | 20.27 {120.4 §21.54 | 152.3
4. 12.69 | 27.7 13.59 | 35.9 14.47 | 45.5 16.96 | 83.3 18.13 [107.7 §19.26 | 136.5
3. 10.98 | 24.0§ 11.77 [ 31.1 ] 12.53 | 39.4 8 14.69 | 72.1 0 15.70 | 93.6 §16.68 | 118.0
2. 8.97 | 19.6 9.61 | 25.4 10.23 | 32.2 11.99 {-58.9 12.82 | 76.1 §13.62 96.3
1 6.34 | 13.8 6.79 1 17.9 7.24 | 23.3 8,48 | 41.6 9.06 | 53.8 1 9.63 | 68.1
.8 5.67 | 12.4 6.07 | 16.0 6.47 | 20.3 7.58 | 37.2 8.11 | 48.1 | 8.61 | 60.9
.6 4.91 | 10.7 5.26 | 13.9 5.60 | 19.6 6.57 | 32.2 7.62 | 41.7 | 7.46 | 52.7
.4 4.00 | 8.7 4.29 | 11.3 4.56 | 14.3 5.35 | 26.3 5.92 | 34.0 4 6.08 43.0
.2 2.811 6.1 3.01f 7.9 3.21 I'10.1 3.76 | 18.5 4.02|23.904.28 | 30.2
.1 1.98 1 4.3 2.12 | 5.6 2.26( 7.1 2.66 | 13.0 2.84116.983.02 | 21.3
.09 1.87| 4.1 2.01 5.3 2.14 6.7 2.51 | 12.3 2.60 | 16.0 §2.86 | 20.2
.08 1.76 | 3.8 1.89 | 5.0 2.02| 6.8 2.37 | 11.6 2.53|15.002.60 | 19.0
.07 1.64 | 3.6 1.76 | 4.6 1.88 | 5.9 2.20 | 10.8 2.36 | 14.0§2.51 | 17.7
.06 1.51 | 8.3 1.63 | 4.3 1.73 | 5.4 2.04 | 10.0 2.18112.92.32| 16.4
.05 1.48 ] 3.9 1.58 | 5.0 1.86 | 9.1 1.09 | 11.802.11 | 14.9
04 1.32{ 3.5 1.40 | 4.4 1.65 | 8.1 1.77 ) 10.541.88 | 13.3
.03 1.20 3.8 1.40| 6.9 1.52 9.0481.62 11.4
02 0.96 | 3.1 1.13 5.6 1.22 7.201.30 9.2
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TABLE NO. 17.
Velocity and Discharge for Brick and Concrete Sewers (1= .015);
Velocity in Feet per Second (77); Discharge in Cubic Feet
Per Second (()).

(For n = .013 add 19 per cent.)
(For n = .017 subtract 13 per cent.)

Fall of 33-inch. 36-inch. 42-inch. 4-foot.
Sewer. in
Feet per R < = — -
90 ft. ) v Q Vi Q v Q v ‘I Q
5 17.17 102.0 18.27 129.2 20.37 196.1 22.36 281.1
.4 15.36 91.2 16.34 115.5 18.21 175.3 20.00 251.3
.3 13.30 79.0 14.15 100.0 15.77 151.8 13.31 217.6
.2 10.85 64.5- 11.55 81.7 12.88 123.9 14.13 177.6
.1 7.68 45.6 8.16 57.7 8.90 87.6 9.99 125.6
.8 6.86 40.7 7.30 51.6 8.14 78.3 93 112.3
.6 5.94 35.2 6.32 44.6 7.04 67.8 7.73 97.2
4 4.81 28.8 5.15 36.4 5.75 51.0 6.31 79.3
.2 3.41 20.3 3.63 25.7 4.05 39.0 4.45 55.9
o) 2 .40 14.3 2.52¢ 18.1 2.85 21.5 3.13 39.4
.09 2.27 13.5 2.42 ~17.1 2.70 26.0 2.97 37.3
.08 2.14 12.7 2.28 16.1 2.55 245 2.80 35.2
.07 2.00 11.9 2.13 15.0 2.38 22.9 2.61 32.9
.06 1.85 11.0 1.97 13.9 2.20 21.1 2.42 30.4
.05 1.68 10.0 1.79 12.6 1.95 18.8 2.20 27.6
.04 1.49 8.9 1.59 11.3 1.78 17.1 1.96 21.6
.03 1.28 7.6 1.37 9.7 1.53 147 1.68 21.2
.02 1.23 11.9 1.36 17.1
15 1.16 14.6
TABLE NO. 17.—Continued.
Fall of 5-foot. 6-foot. 8-foot. 10-foot.
Sewer, in o
Ieet per - T - o [
100 £t. v CQ v Q v Q v Q
5. 26.05 512
4. 23.30 457 26 34 45
3. 20.17 396 22.81 645
2. 16.47 323 18.62 527 22.53 1133 26.03 2045
o 11.64 228 13.17 372 15.93 801 18.41 1446
.6 10.41 204 11.78 333 14.25 716 16.46 1293
.8 9.01 177 10.19 288 12.33 620 14.25 1119
4 7.36 144 8.32 235 10.07 506 11.63 914
2 5.19 102 5.87 166 7.10 357 8.21 645
N1 3.66 72 4.14 117 5.02 252 5.81 456
.09 3.47 68 3.92 111 4.76 239 5.51 433
.08 3.27 61 3.70 105 4.49 226 5.19 408
.07 3.05 60 3.46 98 4.20 211 4.86 382
.06 2.82 b5} 3.20 90 3.88 195 4.50 353
.05 2.57 50 2.92 832 3.54 178 4.10 322
04 2.29 45 2.60 74 3.16 159 3.66 288
.03 1.97 39 2.24 63 2.73 137 3.17 249
.02 1.60 31 1.82 51 3.22 112 2.58 203
015 1.37 27 1.56 41 1.93 97 2.23 175
012 1.39 39 1.7 86 1.99 156
.010 1.55 78 1.81 113
L0095 1.25 63 1.77 139
0090 1.72 135
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MEASUREMENT OF THE FLOW OF STREAMS.

38. General Methods. For measuring the flow of a small
stream the best method is by the use of a weir construeted of plank
and built into a temporary dam of earth. Such weirs can readily
be used for streams up to 3 or 4 feet in depth and 40 or 50 feet
wide, although streams normally of such size would have flood
flows many times greater and which could not be so measured.
Where a dam already exists in a stream, observations of the flow
over such a dam will give fairly good results when the coeflicient
of discharge is carefully selected as noted in Art. 25.

Where a weir cannot be used, then the flow must be measured
by actually determining the mean velgcity of the flow at a given

Fig. 30.

section and the area of such cross-section, then the discharge will
be equal to the product of these quantities.

39. Variations in Velocity. Owing to the disturbing effect
of the bottom and sides of a channel, the velocity of the water will
not be the same at all points in a given cross-section. In general
the velocity will be greater near the center of a stream than near
the edges, and will be greater where the water is deep than where
it is shallow. Thus if Fig. 30e represents the cross-section of a
stream, the velocity of flow along the surface will vary in some
such way as is represented in Fig. /, being greatest near the deep-
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est parts and very small near the banks. Likewise if we consider
the velocities along the vertical section 2 they will vary somewhat
as shown in Fig. ¢, and at section 6 they will be as shown in Fig. d.
In both Figs. ¢ and ¢ the maximum velocity is shown to be a little
below the surface. This is usually the case, although it depends
somewhat on the effect of the wind.

From these statements it will be seen that there are great vari-
ations in the velocity thronghout the eross-section, and therefore the
determination of the average velocity is not readily accomplished.

Instead of trying to get the average velocity through the
entire cross-section, it is usual to divide the section of the stream
into several vertical strips as shown in Fig. «. Then get the aver-
age velocity and discharge of each strip separately. In doing this
a place should be selected where the flow is as uniform and the
channel as regular as possible. In case floats are used to get
velocities, as described later, it is necessary to establish two sec-
tions 100 feet apart or more, between which points the velocities
are measured. In either case careful soundings must be taken and
an accurate plot made of the cross-section, and the area of each
division «,, a,, etc., deterinined. The divisions of the section may
be marked by knots or tags on a rope stretched across the channel.
The sections having been divided off, it remains to determine the
average velocity in each.

40. Use of the Current Meter. The most accurate method
of finding the velocity is by means of the current meter, one form
of which is illustrated in Iig. 31. i

The essential part of the current meter consists in the series
of cups mounted on a wheel with vertical axis shown at the left of
the vertical rod. This wheel being submerged, is rotated by the
current, and the number of revolutions is recorded by an electrical
device which may be held in a boat or on shore. The long vane
attached to the wheel is to keep the meter always parallel with the
current. A heavy weight is attached to the bottom of the rod to
keep the meter steady, the whole apparatus being suspended by
means of a rope from a boat or bridge. The number of revolutions
per minute of the wheel being known, the velocity of the water at
the wheel is calculated by multiplying by a coeflicient determined
by previous experiments with the meter.
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subsurface floats, and rod floats. The best form is the rod float.

The rod jfloat is a rod of wood, or a tube of tin, which is
weighted at one end so that it will float in an upright position and
as near to the bottom of the stream as practicable. The float is
then placed in the stream at the desired point, and far enough up
streamn from the upper of two measured cross-sections so that it
will acquire the same velocity as the water by the time it reaches
such section. The time of its passage from the upper to the lower
section is then observed and its velocity deduced therefrom. In
this way observations are made for each of the vertical strips in
which the stream section is divided. The average velocity of each
strip is taken equal to that of the rod itself.

The surfuce float may be made of any convenient form which
will be readily seen from the point of observation. Tts use will
give only the surface velocities of the several strips and not the
desired average velocities. To get the average velocity, we may
use the approximate formula,

Average velocity = .9 X surface velocity (35)

whence the discharge of the several strips can be calculated as
before. This method is not so accurate as the use of rod floats and
is not to be recommended except for very rough determinations.
It is much influenced by the wind, and observations should, if pos-
sible, be made on still days. .

Sometimes a very rongh determination is desired from one or
two measurements of velocity. If the surface velocity is measured
at a point where it is a maximum (near the center of the stream),
then the average velocity for the entire stream may be taken at
about §; of the measured velocity, although the exact value of this
coeflicient will vary between quite wide limits. The discharge then
equals the total eross-section multiplied by the average velocity.

The sub-surface float consists of a submerged body a little
heavier than water that is attached by means of a fine cord to a sur-
face float of much smaller size. The sub-surface float can be ad-
justed to float at any desired depth. By setting it at mean depth
the observed velocity will be approximately the average velocity of
the vertical strip. The use of such floats is not looked upon with
mnch confidence. TRod floats are much better.
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WATER-POWER DEVELOPMENT

PART I

1. Introduction. One of the fundamental teachings of science
is that all energy in the solar system is derived from the sun. Through
the agency of that luminary, water from the earth’s oceans, seas, and
lakes is transformed into vapor, and in this condition is diffused
throughout the atmosphere, transported by the winds—themselves
created by this same solar enmergy—over long distances and wide
areas, and finally precipitated over land and water, hills and valleys,
mainly in the form of rain and snow. Of the total precipitation on
the continents, part-is evaporated from land and water surfaces,
vegetation, etc.; part runs off more or less rapidly as surface flow into
the nearby drainage channels, and thence, more or less directly, to
the ocean; and part sinks into the ground. Of this last, a portion
is retained by capillary attraction within reach of vegetation, to be
taken up slowly by the rootlets and transpired through the leaves;
the balance percolates downward until it reaches the surface of the
underground water flow, which it joins in its relatively slow motion
to some nearby stream, lake, or other drainage course, or directly to
the ocean. It is then again evaporated into the atmosphere, with a
continuous repetition of the cycle described above.

Thus every elevated body of water, every running stream, is a -
source of power whose energy has been derived or borrowed from the
sun; and under proper conditions, a large proportion of this energy
may be transformed into useful work. '

2. Unit of Work. For industrial purposes, the unit of work
most generally adopted is the foot-pound (ft.-Ib.), which represents
the quantity of work done in lifting a mass of one pound through a
height of one foot against the opposing force of gravity—or in raising
a weight of one pound through a height of one foot. ~ Since the force of
gravity, and therefore the weight of a given mass, is not constant for

Copyright, 1908, by American School o/‘ Correspondence



2 WATER-POWER DEVELOPMENT

all points on the surface of the earth, it follows that the foot-pound,
or gravitation-measure of work, is not a constant unit. Its variation,
however, is so small as to be negligible for ordinary purposes; and,
being much simpler than the theoretically accurate units which must
occasionally be employed in scientific investigation, it has remained
in very general use. Thus the work done in raising 20 pounds of water
through a height of 1 foot, or 1 pound of water through a height of
20 feet, or 5 pounds of water through a height of 4 feet, is said to be
20 foot-pounds.

3. Power. In the preceding definition, the element of time was
not considered; thus, in the above example, 20 foot-pounds of work
were done, whether the indicated operation took one minute to per-
form or extended over a period of one hour, or longer. The term
power is defined as the amount of energy that can be exerted, or
work done, in a given time.

4. Unit of Power. For industrial purposes, the unit most
commonly employed is the fhorse-power (h.p.), which represents the
capacity to perform 33,000 foot-pounds of work in one minute, or 550
foot-pounds of work in one second; it thus indicates the rate of work.

Example 1. A pump raising 7,500,000 gallons of water* in 10 hours
to an elevated tank 50 feet high, is performing:

00,000 X 62. 0
7,500,000 7X5) I B = 3,125,000,000 ft.-ibs. of useful work; or,

3,125,000,000 i
510 -X-G’O—- = 5,208,333 ft.-Ibs. per minute,

which is equivalent to:

5,208,333

This amount of horse-power is the rate of work which, in the ex-
ample above, must be continued for 10 hours in order to raise the
total quantity of water. The entire problem may be conveniently
performed in one operation, thus: '

7,500,000 X 62.5 X 50

7.5 X 10 X 60 X 33,000 — 1578 h-p.

5. Energy. The amount of energy existing in any agent is
measured by the quantity of work it is able to do; energy and work

*#0One cubic foot of water weighs 62.5 Ibs. and contalns 7.5 gallons (approximately).
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are therefore measured by the same unit. “When energy is exerted,
work is done against resistance.”  As usually stated in Theoretical
Mechanics, energy may exist as potential energy—energy of position;
or kinetic energy—energy of motion; or partly in one form, and partly
in the other. Thus (see Fig. 1) a cannon-ball weighing W pounds,
located in an elevated position % feet above any plane of reference,
possesses IWh foot-pounds of potential energy with respect to that
plane, by virtue of its position. If it be allowed to fall to the plane,
it will, at its lowest point, theoretically have acquired a velocity of
v(=2gh) feet per second, and will therefore, at that level, possess

5 :
kinetic energy to the amount of I/ f;)_g (=Wh) foot-pounds by reason of

its motion. Further, if we analyze the conditions at some inter-
mediate plane b, feet below its original position, and h, feet above
the lower level, we

V:0

shall find that the RO {,\\
ball has acquired _“@—"T-—-‘\——}————T\—-?_-..,.

at this point a o o

|

|
velocity of v, (= i }}l v|=\/z—gh,
vV 2gh,)) feet per . g -
second, and there- A !
fore possesses ki- ] -
netic energy to the ! e \/Z—q'h :

2 |
amount of W oL -————=—=-= a4 — = e = oo o <
29

( »n IV]L, ) fOOt- Fig. 1. IllustratingKIitgé%;éoEn%itgx’;?en Potential and

pounds due to its _
motion; but, by reason of its position &, feet above the lower plane,

it still possesses IWh, foot-pounds of potential energy; consequently,
with respect to the lower plane, the ball possesses a total energy rep-

2 2
resented by W (g—;— +h)=W(h, +h)=Wh= W%foot-pounds.

Thus potential and kinetic energies are mutually convertible,
theoretically without loss; practically, more or less energy will be
transformed into heat during the conversion, and dissipated. But
the great principle of the Conservation of Energy teaches that the
total quantity of energy existing, or stored in the ball in any position,
is theoretically a constant quantity.
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6. Pressure=, Velocity=, and Gravity=Head. In hydraulic work,
because of the nature of the medium dealt with—water being con-
sidered in this connection a perfect fluid, and incompressible—and
because of the character of the problems presented, it is customary
and convenient to consider the energy of water as capable of existing
in three forms—Pressure, Velocity, and Gravity. Thus, in Fig. 2,
with the conditions as represented (see also “Hydraulics,” page 34),
if the valve at D be closed, the water will rise in tube CC (called a
plezometer tube) to the same level EF as that existing in the reservoir,
and the pressure in the pipe at C will be represented by the head &

N
o

s 2/

fo = = -|-14- T

G

' 0
€} fe D '

Tig. 2. Illustrating Relations of Pressure-, Velocity-, and Gravity-Head.

feet. Now, if the valve at D be partially opened, so that there is
some velocity of flow v, in the pipe at section C, the column of water
in the tube CC will sink to some lower level, as C'C", and the pressure
in the pipe at C' will be that due to the head &, feet. ~ Similarly, if the
valve be now completely opened, so that the velocity of flow v,, in the
same section, becomes greater than v,, the column of water in the tube
will sink still lower, as CC”, indicating a pressure in the pipe at ("
represented by the head %, feet. If the loss of head in friction,
etc., in the two cases of flow indicated above be respectively
represented by k; and h;, the important relations existing are
clearly shown in this diagram. It is evident that at the end of
the pipe, where the water discharges freely into the air, no pressure-
head exists, all the energy possessed by the issuing water being
kinetic.

7. Total Head. Now let G'G" represent any horizontal plane
of reference—for example, the level of the tail-race water in a hydrau-
lic power plant.  With reference to this plane, the total effective head
existing in the pipe at the section C, is:
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(a) For the case of no flow—
z + h = I feet;
(b)  For the case of partial flow—
y 2
z +h + %: H — I feet;
(¢) For the case of jull low—

1\2
24+ h, + 5; = H — h’ fect.

The distance z may be called the gravity-head (it corresponds to

2
the head in potential energy already referred to); ;)#and ;i are
; g

g
properly termed the velocity-heads (they correspond to the heads

in kinetic energy already explained); h, and &, are known as the
pressure-heads (see “Hydraulics,” Article 6); k; and h; represent the
heads lost in overcoming the various resistances to flow, principally
friction in the pipe for the usual cases; but in the general case they
include losses of head due to entrance, valves, curves, etc. (see
“Hydraulics,” Articles 28 and 34).

8. Energy per Pound of Water. The quantities stated above
as number of feet in (a), (b), and (c) may be understood in another
sense. Fach may represent the total number of foot-pounds of
energy existing in every pound of water in, or passing through, the
pipe at section C; thus, _ '

(@) z+h = H foot-pounds per pound of water

2

(b) z _|_ hl + ;’gﬁ_ — [I - hlj 113 @ i3 111 113 i
y 2

(€) z+h, +»27‘;— SE Ak e e e g

9. Total Energy. Now suppose W, and W, pounds of water
per second respectively to pass the section C'in the two cases of flow
considered ; then, with respect to the plane G, the total energy
of the water as it passes this section is, for the one case:

2
o W,e+ h;+~;—;]—) foot-pounds;
and for the other:
5 2
) W,+h, +,;;) foot-pounds;

and these ef(pfessions represent, for the two cases considered, the
total amount of energy possessed by the water, with respect to the
plane GG, and theoretically capable of being delivered to a machine
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or motor, by the descent of the water from the upper level EI* to the
lower level GG*.

Where the water issues freely into the air from the extremity of
the pipe, or through a nozzle at the end, no pressure exists; therefore,
" in the expression corresponding to (b) or (¢), above, for such section,
the term representing pressure-head disappears, leaving the two
terms indicating gravity-head and velocity-head.

Further, if the plane of reference passes through the center of
the end of the pipe-or nozzle opening, the term representing gravity-
head also disappears, leaving the velocity-head alone to indicate the
energy of the stream at this point.

It is usually more convenient to express’ the sum of gravity-head
and pressure-head in a single term: thus, 2 + h, = H,; and z + h,
= H, ; here I, and I, may be called the piezometer heights.

10. Efficiency. The efficiency of any apparatus for utilizing
the kinetic energy of moving water, or the potential energy of still
water, is the ratio of the amount of work given out by the apparatus to
the amount of work delivered to it; or, as it is sometimes stated, it is
the ratio of the useful worlk to the theoretic energy. 'This topic will be
treated more fully in a later article; for the present, if e represent the
efficiency of a motor, then,

_ Foot-pounds or horse-power given out by motor
~ Foot-pounds or horse-power delivered to motor

As will be seen later, the denominator does not represent the full
theoretic energy of the waterfall, since more or less of this energy must
be utilized in overcoming the resistances encountered in conducting
the water to the motor. :

Ezxample2. A motor is operated by a stream of water discharged through
a 2-foot pipe with a velocity of 10 feet per second. The motor gives out at its
shaft-4.4 horse-power. What is the efficiency of the motor?
3.1416 X 10 X 62.5 X 100
550 X 64.4

= 5.5 horse-power delivered to motor

e = 45~§ = 80 per cent efficiency.

Example 3. A small turbine wheel using 100 cubic feet of water per
minute under a head of 45 feet, is found to give 6 horse-power. What is the
efficiency of the wheel?

6 Horse-Power
o — 198,000
. 100 X 62.5 X 45

I

6 X 33,000 =.198,000 ft.-lbs. per min.

I

70.4 per cent efficiency.
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Theoretic Efficiency. If the efficiency of the motor actuated
by the water were 100 per cent, it would give out at its shaft, as useful
work, the same number of foot-pounds that were delivered to it. It
is also interesting to note that if the efficiency of the hydraulic parts of
the plant were 100 per cent—that is, if there were no hydraulic losses
of head—the total energy of the water (see Fig. 2) represented by the
total head I{ feet, or I foot-pounds per pound of water, would be
available; and, if operating a motor of 100 per cent efficiency, the
total energy of the water would be given out as useful work at the
shaft of the motor. In practice these ideal conditions can never be
fully realized, for there are certain hydraulic and mechanical losses of
cnergy, which, while they may be reduced to the lowest limits by
means of proper design, nevertheless, cannot be entirely eliminated.

Example 4. A pond containing 2,000,000 cubic feet of water is at an

average elevation of 50 feet above the lower level. How much potential energy
does this theoretically represent at the lower level?

2,000,000 X 62.5 X 50 = 6,250,000,000 ft.-lbs. °

If this water is fed to a small motor at the rate of 100 cubic feet per
minute, what horse-power does this represent, and how long may the motor be
operated?

100 X 62.5 X 50
33,000
2,000,000
100 X 60 X 24

Assuming that the motor has an efﬁcwncv of 75 per cent,how much power
may be taken off at its shaft?

9.5 X .75 = 7.1 h.p.

Example 5. The discharge of a stream is 1,000 cubic feet per second;
its mean velocity is 3 feet per second. What horse-power does this represent?

1,000 X 62.5 X (3)* _
g 1,588.1 h. p.

' Example 6. Water issues from a nozzle at the rate of 50 feet per second;
the area of the nozzle opening is 0.1 square foot IHow many foot-pounds of
kinetic encrgy does this represent? How many horse-power? If this jet
operates a motor of 80 per cent efficiency, what horse-power will the motor °

actually yield?

= 9.5 h.p.

= 13§ days, or 13 days 21 hours.

01" X 507X 62.5 X E’)540; 21,125 ft.-1bs. per second.
21,125
550 — 22 h.p.

22 X .80 = 17.6 h.p.
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11. Pipe End with Nozzle. Pressure at Base of Nozzle.
For many purposes—as in hydraulic mining, in the operation of
certain types of water motor (described later), and at the extremity
of fire-hose—water is delivered at considerable velocity through a
nozzle attached to the end of a pipe. It is therefore desirable to
develop a formula for velocity of flow, and quantity of discharge, for
such’ cases.

If the pressure-head &, (Fig. 3) at the entrance or base of a smooth
nozzle be observed, either by a piezometer tube or by a pressure

Fig. 8. Pipe with Nozzle Attachment,

gauge, then, since the nozzle velocity V' is a consequence of the
2

pressure-head %, and the velocity-head ;L of the water in the pipe .
' g

approaching the nozzle with a velocity of v feet per second, the real

: : v : ;
or effective head on the nozzle is &, + ;— ; the theoretic velocity
from the nozzle is: o

V—\/z h +—”2—;~
" g 1 2g /.

and the actual velocity is:
\/ 29 (h, + —),

in which ¢, denotes the coefficient of velocity, which, for smooth
nozzles, is the same as the coeflicient of discharge. In these equa-
tioﬁs, h, is expressed in feet; ¥ and v in feet per second. Let D and
d be the diameters, in feet, of the nozzle and pipe respectively.
Since the Discharge ¢ = Area X Velocity,
D? 7d?
L ot —V = A
therefore, :
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With a motor of 80 per cent efficiency, how muech useful work will be

obtained?
0.85 X 0.80 = 0.68 h.p.

12. Pipe Line with Nozzle. In Fig. 4, let A be the total head on
the end of the nozzle, D its smaller diameter in feet, and V' the velocity
of the issuing stream in feet per second. Let d and v be the corre-

—p ~S=— -

Tig. 4. Loss ‘of Head in Pipe and Nozzle.

sponding quantities for the pipe or hose, and [ its length in feet. Of
the total available head & on the end of the nozzle, only V2
.l

mains; so that b — 21 represents the head lost or dissipated in over-
g

coming various resistances to flow, from the reservoir to the tip of the.
nozzle. This lost head consists of several parts (see “Hydraulics,”
Article 34) » we may therefore write:

8gl v iz v? e (T
hn—d—%() $2g+02d2y+m2g+n'217+m2—q @)
in whlch,

% (— b Loss of head at entrance; 8gl v‘z'= Head lost in frie-
29 SRACENI N2y

tion in the pipe (see “Hydrauhcs ”’ Articles 28 and 36); m 2— = Head lost in
bends and curves; 29' Head lost by the passage of the water through

valves and gates; and, lastly, m %g = Head lostin passing through the nozzle.

The equation for the value of m' assumes a form similar to that
for entrance loss into a pipe:

- (G-}

in which ¢, is the coefficient of velocity, which, for smooth nozzles, is
the same as the coefficient of discharge; its value may be taken as
0.97 for such nozzles, with the small diameter between % inch and
1} inches, under ordinary range of pressures.
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Since, in steady flow, the velocities v and V' are inversely pro-
portional to the areas of the corresponding cross-sections,

V=0

Inserting this value of V' in Equation 5, and solving for v, there
results: 9

- 2 ...(6
N =

C,,‘,d+m+n+( )(I))

for the velocity of flow in the pipe, in feet per second.
The velocity and discharge from the nozzle are then:

Vom G, e (7
and, ;
q=ST DV -t (8)

In many cases the sum of the losses at entrance, through valves
and gates, and around bends and curves, is sufficiently small, in com-
parison with the loss in pipe friction, to be negligible; in such cases,
Equation 6 reduces to

BT NG9
/8”’ (,,.) )"

Example 8. A smooth nozzle with a small diameter of 1 inch is attached
to a 3-inch pipe 1,500 feet long; the tip of the nozzle is 64 feet below the surface
of the water in an elevated reservoir. Assume C = 100, and determine the
velocity of flow in the pipe, and through the nozzle. Find also the discharge,
and the efficiency of the pipe and nozzle. .

Since in this case the entrance loss is relatively small, because
the pipe is long in comparison with its diameter, and therefore
pipe friction is relatively large, Equation 9 may be used:

6.4 X 64
T \EX322 X150  (Ly &) = 4.14 feet per second,
1

(100)* X 0.25

for the velocity of flow in the pipe.
V=0 (1";_)2 = 4.14 X 9 = 37.26 feet per second,

for the velocity of the jet issuing from the nozzle.
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12
o 31416%(3)

R A st e X 4.14 = 0.20 cu. ft. per second.
The energy of the jet is:

V? .20 X 62.5 X (37.26)
w E 64 d = 269.5 ft.-lbs. per second.

The theoretic energy is:
Wh = .20 X 62.5 X 64 = 800 ft.-Ibs. per second.

The efficiency of pipe and nozzle, therefore, is:

269.5

800~ 33.7 per cent.

13. If, under the conditions just stated, we suppose the nozzle
removed, the last term in the denominator of Equation 9 will
disappear, and the equation will assume the form: .

v=T ey rh— v .. (10)

which is Equation 30 in “Hydraulics,” for the case of a pipe of uniform
diameter; or Equation 33, for flow in open channels.

14. Equation 7, taken in connection, with Equation 6 or its
simpler form, Equation 9, shows that the smaller the nozzle diameter
compared with that of the pipe, within ordinary practical limits, the
greater will be the nozzle velocity; but the greatest discharge will occur
(Equation 8) when the nozzle diameter is as large as possible; that
is, when it is equal to the pipe diameter—in other words, when there
is no nozzle attached.

15. Relation of Pipe and Nozzle Diameters. When the object
of attaching a nozzle to a pipe is to utilize the velocity-head of the

2
issuing jet =~V—) without regard to the quantity of water discharged,
2] 29 g q y g

a large pipe and a relatively small nozzle should be employed. When
the object is to obtain as large a discharge as possible, no nozzle
should be used, and the pipe-should be as large as practical considera-
tions will warrant. When the object is to utilize the energy of the
jet in producing power by means of a water-motor, in which case both
velocity-head and quantity of discharge are concerned, there is a
definite relation existing between the diameters of nozzle and pipe that
will render this a maximum,
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16. Maximum Power Derivable from Nozzle Jet. From Equa-
tions 9 and 7, we derive:

i b ety A ey ¢ )
\/5‘3; DY Y

Then, if w be the weight in pounds of a cubic foot of water, we have,
for the theoretical kinetic energy of the issuing jet in foot-pounds per
second (weight of discharge in pounds per second X velocity-head):
= S A= AR T 2
=w}inD V-2g_ 89 . ( )
Substituting in this equation the value of " above (Equation 11), and
ascertaining, by the procedure usually adopted in such cases (dif-
ferential calculus), the value of D to render K a maximum, we obtain:

e R S (1)

which is a formula for diameter of nozzle in terms of diameter and
length of pipe (all in feet) to produce the maximum kinetic energy of
the jet issuing from the nozzle.

With a nozzle of this diameter, the velocity of the issuing jet is
obtained by placing the value of D from Equation 13 in Equation 11,
with the result:

V- 2c,\/g-§=c, \/Zg (gh) = 0.816¢, \/2_97 (14)

Since the value of ¢, for ordinary cases is about 0.97, it may be said
that the nozzle velocity necessary to produce the maximum power is
about 80 per cent of the theoretic velocity due to the actual static

head on the nozzle tip.
17. Relation between Total Head and Friction Head for Maxi=

mum Power. The relation expressed by Equation 14 leads to some

interesting conclusions. Since ¥V = .80 }/ 2gx for maximum power,
2
~I—/— = .64 h; therefore, since the total head is , .36k must be used in

overcoming pipe and nozzle resistance, to give the most advantageous
velocity for power purposes.  Again, omitting nozzle resistance (as

2
represented by cl),g—g— = .667h; therefore .333h must be used in

overcoming pipe friction alone. That is to say, with the conditions
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arranged to furnish maximum power, } of the total static head on the
nozzle tip is being used to overcome pipe friction, and @he remaining
2h is transformed into the velocity-head of the issuing stream after
due deduction or allowance for nozzle resistance. The second value
of V (Equation 14) shows this directly. If no nozzle is attached,
therefore, the conditions for maximum power obtain when % the total
static ltead is used in overcoming pipe friction, the remaining % of the
head being available as velocity-head, or as pressure-head, or partly in
one form and partly in the other.

18.  Usually the discharge in cubic feet per second (g) is known;
then, by simple substitution (Equations 8 and 14), the values for

p (A2t )

maximum work are:

w2c2gh
and, from Equations 13 and 15:
6¢21 \%
= 2( - g’zh .......... (16)

in which D and d are the diameters in feet of nozzle tip and pipe to fur-
nish maximum power. Being stated in terms of ¢, /, and k, these equa-
tions are occasionally the most convenient to use in solving problems.

Example 9. By damming a stream, an impounding reservoir was created,
capable of supplying uniformly 5.92 cubic feet of water per second to a power-
house below. The nozzle tip is to be 590 fcet below the average water level in
the reservoir; the length of pipe is 6,000 feet from reservoir to nozzle; the
pipe being of riveted steel, and making due allowance for deterioration of sur-
face with age, C was assumed to have the low value 83. What size pipe and
nozzle should be used to give the maximum power? What will be the nozzle
velocity? What horse-power will be developed at the nozzle? What efficiency
does this represent for pipe and nozzle? What power may be derived from a
wheel of 75 per cent efficiency, driven by the jet? What is the efficiency of the
whole system?

From Equation 16:

2oy { 6 X (5.92)* X 6,000
(3.1416)* X (83)* X 590

}g = 1 foot, pipe diameter.

From Equation 15:

12 X (5. 92)2

o0n) 'y q :
= 1 B1416)° X (97)" X 32.2 % 590 2.67 inches, nozzle diameter,

or Equation 13 may be used to determine D.
From Equation 14:
V = 0.816 X 0.97 V64.4 X 590 = 152 feet per second, nozzle velocity.
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wWVv: 592 X 62.5 X (152)

Horse-power = 39 X 550 — 644 % 550 = 241 h.p.
o Ty _ Wh 592 X 62.5 X 590
Theoretic horse-power = 50 S AR 397 h.p.
2 241
Efficiency = 397 = 61 per cent (nearly).

Useful work from wheel = 241 X .75 = 181 h.p.
Efficiency of whole system = .75 X .61 = 46 per cent (or }§1).
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