ENGINEERING FIELD MANUAL

CHAPTER 3.

HYDRAULICS

Compiled by:
Oregon

Contents

mral - L - - . L4 L] L - L] L - - L - L] . L

Conversion of Units . . . . . . . « . « « &

Hydrostatics . . . . 4 o = « &« 4 « o & .
Pressure-Density~Height Relationships
Piegometer . . . . . o v 4 o ¢ 4
Forces on Submerged Plane Surfaces .
Pressure Diagrams , . .
Buoyancy and Flotation . .
Buoyancy . . . . . .
Flotation . . . . . . .

s = s &

s 2+ = a

" s e =
.

Hydrokinetics . . . . . . .
Flow Continuity . . . .
Consgervation of Energy .

Potential Energy . .

. .

Pressure Energy .

Kinetic Energy . .
Bernoulli Principle
Hydraulic and Energy Gradien

ts
Pipe Flow . . . . . .
Laminar and Turbulent Flaw .
Friction Loss . . . . . .
Manning's Equation . . .

Hazen-Williams Equation . .
Other Losses . . . , . . . « + « .
Hydraulics of Pipelines . . . . . . .

Hydraulics of Culverts . . . . .

Culverts Flowing With Inlet Control

Culverts Flowing With Qutlet Control
Erosive Culvert Exit Velocities . . .

4 & = & a = =

Open Channel Flow . . . . ., . .. .. ..
Types of Channel Flow . . ., . . . . . .

. = & 8

William J. Urquhart, Civil Engineer, 5CS,

L L R R Y

s & 2+ =

Portland,

s & & s v s

s = 0+ =

Page

w ()
1 1
(=1 [

]
el i LY SV P

Wi Wwiwiwww
]
-

PP
1

e
v

3-16
3-16
3-16
3-16
3-18
3-18

3-19
3-19
3-19
3-20
3-21
3-23
3-23
3-30
3-30
3-33
3-37



F-:
[+})
o

Steady Flow and Unsteady Flow . . . . . . . « « « . .
Uniform Flow and Nonuniform Flow . . . ., . . . . . . .
Channel Cross-Section Elements . . . . . ., . . . . .
Manning's Equation . . . . . . . « + + & . 4 4 . .
Coefficient of Roughness, n . . . . . . . « . . .
Physical Roughness . . . . . + « + . « . . .
Vegetation . . . . . & 4 v 4 v 4 4 4 v 4 4 e e e e
Cro8s Section . 4 v v 4 v 4 s o s o 4 o o v o o o o ¥
Channel Aligmment . . ., . . v & o v v v 4 v o o o o »
Silting or Scouring . . . 4 « 4 v 4 v e 4 e w0 .
Obstructions . , .
Specific Energy in Channels L
Critical Flow Conditions . ., . . e e e e e e e e
General Equation for Critical Flow e e e e e e e e
Critical Discharge . . . . . . . ¢« . + « « . « .
Critical Depth . . . . . . . « v v ¢ « « & v « &
Critical Velocity . . +« v v ¢ v ¢ « ¢« o o & o
Critical Slope . . . . . . &« v v 4 v 4o v v 4 o o
Subcritical Flow . . . . . . . . . . . . . ..
Supercritical Flow . . . . . +« + + o v o ¢ + &
Instability of Critical Flow . . . . . . . . . . . .
Open Channel Problems . . . . . . . . . . . . . ..

111
= \D \& 0o 0o

1
APrEPASAEPPPEPPPEPPRAPPEAPEEPEREDDPEREDMDWLOLW

vuimuuunnpbpPWNDONNNRD

4

WWWWLWWWWmWwWweweweow oo
1
B~
o

Weir FLlow . . & & v i v st e s v v 4 s 4 4 e e e e e e e 3-49
Bagic EQUation . . . v v 4 4 ¢ 4 4 4 s b e 4 e v e e e 3-50
ContractionS . . . ¢ o ¢ ¢ o o o ¢ « o &« o o s o o & 4 3-51
Velocity of Approach . . . . . . + . v . &« ¢« & . v « . . 3-51
Weir Coefficients . . . + 4 & & 4 4 o & v 4 o« o o ¢ o s @ 3-51
Submerged Flow . . . . & & «v & ¢ v ¢ o v ¢ o o o o o & . 3-51

Water Measuring . . . .« « o o ¢ 4« ¢ o o « o s o s s o = »

Open Channels . . . . = v v & v v « o o « o « +
Orifices . . &+ ¢« v v 4 & & v 4 4 4 o o 4 e e e e e
Weil8 . 4 v v 4 v v 4 o o o o & o o o s a4 o o o o »

Rectangular Contracted Weir . . . . . . . . . . .
Rectangular Suppressed Weir . . . . . . ., . . . . .
Cipolletti Welr . . & ¢ v & o & o & ¢ 4 v & 4 & » &
90° V-Notch Weir . . . « & & & v 4 o « o 4 o o &
Parshall Flume . ., . . 4 « + & o o ¢ o s + o o« o o
Trapezoidal Flume . . . . . . . . . . .
Current Meter . . . . .+ ¢ & « « ¢ ¢ v o & o 4 o &
Water~Stage Recorder . . . « « + v & « &« & & o o o o
Measurements by Floats . . . . . . « + + « &+ & o « &
Slope-Area Method . . . . . . . . . . « . . . . . .
Velocity-Head Rod . . . . . . . . . . « . . .,

Pipe FLlow . . . v & v « v v 4« o 4 e o e o « s o o o &
Orifice Flow . . . . s e e e e e e e e e e e e e
California Pipe Method e e e e e e e e e e e e e e
Coordinate Method . . . . . . . . + . + « « . .

WWWwWwWWWWwWWwbwiwwiwwwwwbiw
\ LI T T T |

SOOIl i

oo b pPbPWHEFEFODOLDOOEENNN




Figure
Figure
Figure

Figure
Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure
Figure
Figure
Figure

Figure

(LN FLIN SR LR UL U S %)
t 1 1

1
R O 00N O

UL PP UNEEOWOWONO

10
(S RN WSy L ]

LWWWwwLWwkwbwLbLbwLww
1 1
NN NRNNDN S -

(9%}

1
at]
o~

3-2
3-29
3-30

3-31

Table 3-1
Table 3-2
Table 3-3

Figures

Relationship between pressure and head . . .

Piezometer tube in a pipeline
Plotting differential - length piezometer

.

data in the determination of equipotential
pressure lines . . 4 ¢« ¢ 4 ¢ 4 ¢ e 4 e 0 e
Pressure on submerged surfaces . . « . .
Relationship between energy forms in

and open channel flow .

Pipe flow energy relationships . .

Culverts with inlet control

Culverts with outlet control
Culvert water depth relationships

Various types of open~-channel flow
Channel energy relationships

The specific energy diagram
Sharp-crested weir . . . .
Broad-crested weir . . . .
Submerged weir . . . . o o
Flow through an orifice .
Submerged orifice . . . .
Types of weirs . . « « +

Profile of a sharp-crested weir

Rectangular contracted weir

Suppressed weir in a flume drop

Cipolletti welr. « « o o o o 4+ &

90° V-notch weir . . . « .
Parshall flume . . . . « &
Trapezoidal flume . . . .

Stage-discharge curve for unlined

irrigation canals . . .

Plpe Orlfice « & ® 4 = w a = 2 0w

Orifice coefficients . . .

pipe

Measuring flow by the California pipe method
Required measurements to obtain flow

from vertical pipes . .

Required measurements to obtain flow

from horizontal pipes .

Tables

Values of Manning's, n . .
Values of Hazen-Williams C
Entrance loss coefficients



Exhibit
Exhibit

Exhibit
Exhibit

Exhibit
Exhibit
Exhibit
Exhibit
Exhibit
Exhibit
Exhibit
Exhibit

Exhibit
Exhibit

Exhibit
Exhibit
Exhibit
Exhibit

Exhibit
Exhibit

Exhibits

Water volume, weight and flow equivalents .
Pressure diagrams and methods of computing
hydrostatic loads . + o « ¢ v o« ¢ ¢ & o &
Required thickness of flashboards . . . . .
Head loss coefficients for circular and
square conduits flowing full ., ., . . . .
Discharge of circular pipes flowing full,
Manning's M v 4 o 4 4 ¢ ¢ o 2 o o 2 s o .
Solution of Hazen-Williams formula for
round PiPES .o « « 4 ¢ 4 f . 4 a4 e . e s

Friction head loss in semirigid plastic

irrigation pipelines . . . . . « 4+ . . .
Head loss coefficients for pipe entrances

andbends........-......-
Headwater depth for concrete pipe culverts

with inlet control . & ¢ ¢ ¢« v o o o o «
Headwater depth for CM pipe culverts with

inletcontrol..............
Head for concrete pipe culverts flowing

full with outlet controel . . . . . . . .
Head for CM pipe culverts flowing full

with outlet control . . ¢ . ¢« & ¢ & « & =«
Elements of channel sections . . . ., . . .
Solution of Manning's formula for

uniform flow . . . ¢« &+ ¢ ¢« ¢ ¢ o o o o .
Discharge for contracted rectangular weirs
Discharge for Cipolletti weirs . . . . . .
Discharge for 90° V-notch weirs . , . ., . .
Discharge from circular pipe orifices

with free discharge . « o« « « « o = « o o«
Flow of water from vertical pipes . . . . .
Flow of water from horizontal pipes . . . .

3-93

3-94
3=-95

3-96

3-100
3-103
3-106

3-107
3-108
3-109




ENGINEERING FIELD MANUAL

' CHAPTER 3. HYDRAULICS

1. GENERAL

This chapter presents the hydraulic principles that apply to the
design and operation of soil and water conservation measures. It will
help the technician to develop a better understanding of hydrauliecs and
to use the equations and exhibits contained herein.

The chapter contains sections on conversion of units, principles of
water at rest (hydrostatics), and principles of water in motion
(hydrokinetics). It discusses the application of these principles to the
flow of water in pipes, in open channels, and through weirs, Lastly, the
more common methods of measuring the flow of water in open channels and
pipes are covered,

2. CONVERSION OF UNITS

Valid equations must be expressed in corresponding units. That is,
in a true equation there must be equality between both units and numbers.
The chance of making conversion errors can be greatly reduced by forming
the habit of thinking in terms of equality of units as well as their rel-
ative numerical values.

The foot-pound-second system is used in this chapter unless otherwise
specified. Sometimes, however, it is necessary to convert to other units,
which involves the use of numerical conversion constants. Some frequently
used constants are given in Exhibit 3-1.

EXAMPLE 3-1
It is desired to build a stock water tank with a capacity in cubic
feet that will contain one day's flow from a spring that flows at the rate
of three gallons per minute,
3 gallons per minute day = Y cubic feet
Since cubic feet can not be directly equated to gallons, some unit

factor having numerical value must be introduced if the expression is to
be made a valid equation.




The expression 3 gallons per minute per day is a fractional expres- ah
sion that can be written:

3 gal. . 3 gal. _ 3 gal, . _Ix = 3 gal.day

min, min, min. min.
day day
Analysis shows that:

_ﬁaél_igi s X 24.hf- x 71Z§g§§§; = 577.5 cu.ft.

-

Note that all units on the left cancel except cubic feet, thus leaving
the same units on each side of the equation. The result is the following
general equation for conversions between gallons per minute per day and
cubic feet. If 3 gal/min/day equals 577.5 cu.ft., one gal/min/day equals
192,51 cu.ft, Then:

192,51 cu,.ft.
R S
1 epm day Y cu,.ft.

X gpm day x
EXAMPLE 3-2
1 acre foot per hour = Y gallons per minute

Step by step analysis results in a valid conversion equation consis-
tent in both units and dimensions:

1 ﬂd.f’t. % 4‘3'560 Elgl Q 48 gal- 5431 g

b, 1l ac. % 60 min, 1 Jlo g mm.
or
5431 gal,
X h; - x m;;ré' =Y g?-]-c
. Ea . min.
EXAMPLE 3-~3

1 cubic foot per second day = Y acre feet

Analysis results in:

L ou. e, 1 ac. 24 pr, . 60 pifi. , 60 seG. _
m.ﬁf ¥ g%-x—-%x—m-— 1.9835 ac.ft.

X ¢f8 day x l;g%%iEE%;EE; = Y ac.ft.
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If this approach to conversion problems is used, the results will
be:

1, Freedom from conversion errors.,

2. Savings in time in both original and '"'check"
computations,

3. Accuracy of conversion factor selection from standard
tables and other sources.

3. HYDROSTATICS

The subject of hydrostatics (fluid statics) deals with problems in
which the fluid is motionless or at rest.

PRESSURE-DENSITY-HEIGHT RELATIONSHIPS
The fundamental equation of fluid statics relates pressure, density,

and depth. Unit pressures in a fluid vary directly with the depth and the
unit weight of the fluid and are expressed by the equation:

p = wh or h = 8- (Eq. 3-1)
where p = intensity of pressure per unit of area

w = unit weight of the fluid

h = depth of submergence, or head.

Equation 3-1 shows that pressure at any point in a liquid of given
density depends solely upon the height of the liquid above the point,
This allows the vertical height, or "head," of the liquid to be used as an
indication of pressure, Thus, pressure may be quoted in such units as
"inches of mercury'" and "feet of water." The relationship cf pressure and
head is illustrated numerically in the 'manometer'" and 'piezometer columns

of Figure 3-1.

Piezometer
columns

Manomater
T Viter
20.35" —
me%ury
| R —_ A
10 b per sq in
Mercury

¥igure 3-1 Relationship between pressure and head
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If the tank is filled with water until the pressure gage reads )
10 p.s.i., the height of the water surface in the piezometers and the
mercury in the manometer can be calculated from Equation 3-1.

Example 3-4
10 1b.
Wat : h = _R = 'sq.in. x 144 sq.in. = 23.1 feet
ater W 62.4 1b., 1 sq.ft. e
cu.ft.

Mercury (unit weight of 849 pounds per cubic foot):

10 _1b, ,
h = _89.in. x 144 sq.in. x 12 in., = 20.35 inches
849 1b. 1 sq.ft. 1 ft.
cu.ft,

Piezometer .

Figure 3-2 shows a piezometer tube connected to a pipe in which the
liquid is under pressure. The height hy is a measure of pressure at the
wall of the pipe if the opening is at right angles to the wall and free
of any roughness or projection into the moving liquid. The pressure at
the wall of the pipe is: p; = why and that at the centerline p = wh.

VAR AR ALY,
gt

P I I e -

Figure 3-2 Piezometer tube in a pipeline

Piezometers are used to measure water pressure in drainage investiga-
tions and earth dam foundation studies. Such a piezometer is an unperfo-~
rated small-diameter pipe, so designed and installed that after it has
been driven into the soil the underground water camnot flow freely along
the outside of the pipe and can enter it only at the bottom end. The
piezometer is so driven that its lower end is in the stratum or at the
level where the pressure is to be read. The height that water rises above
the bottom of the pipe is the pressure head.




.

A 4

A piezometer should not be confused with an observation well which is
used to determine the level of the water table. The well permits water to
enter the hole at any level, thus connecting the various water bearing
strata in the soil profile, The properly installed piezometer permits
water to enter only at the bottom end and from only that level in the soil
profile,

A typical example of the manner in which piezometers of different
lengths may be used in sets to determine whether a canal is leaking is
illustrated in Figure 3-3., 1In this example, sets of four piezometers 5,
10, 15 and 20 feet in length have been installed on a line at right angles
to the axis of the canal at distances of 15, 60, and 100 feet from the cen~
terline of the canal (Diagram A). The first objective is to obtain hydro-
static pressures at a large number of points under the water table adjacent
to the canal.

In Diagram B, which represents the same cross section shown in A, the
small circles indicate the position of the bottom end of each piezometer.
On the right-hand side of the sketch, the number beside each circle is the
water level elevation in each piezometer. On the left side the numbers are
the elevations of the bottom ends of the piezometers. Note that the water
level elevations are greater than the elevations of the bottoms of the cor-
responding piezometers., The water surface elevation in the piezometer is
written at the point in the profile where the bottom of the piezometer is
located, not where the water surface is located.

The third step is to draw contours of equal hydrostatic pressures, as
in Diagram C. These pressure lines are drawn in the vertical plane in much
the same manner as ground surface contours are drawn in the horizontal plane.
Water moves through the soil from high to low pressures and in a direction
at right angles to the pressure contours. This example indicates seepage
from the canal.

If an artesian pressure condition existed in the soil profile, the
deep piezometers would show higher water surface elevations than the shorter
piezometers, and the ground water contours would indicate upward water pres-
sure,

FORCES ON SUBMERGED PLANE SURFACES

The calculation of the size, direction, and location of the forces on
submerged surfaces is essential in the design of dams, bulkheads, water
control gates, etc.
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Assumed Elevation

(Feet) A
il it 100 M canat fN_Ground  ,\ Surface
[T = Te
50
B85
8

Six batteries of differential-length piezometers bracketing an irrigation
canal and terminating at depths of 5,10,15 0nd 20 feet.

B
100

0 o 98.2| 0 95.9] 0 95.08

0 ) 80 o 0 9750 0 95.80 0 95.00

0 o 8 o 96.72 0 95.75 © 94,85

) ) 80 o 0 96.20 0 9550 0 94.70

The left side is plotted to show the piezometer termination levels, The
pressures in the piezometers are measured at these points.

The right side gives the water elevations in the piezometar tubes. These
elevationg are plotted at the piezometer termination points.

094 .85

094,70

The left side shows lines of equal pressure partly drawn. Lines of equal
pressure are drawn similar to ground - surface contours.

Thea right side shows the finished lines of equal pressure and the arrows
indicate the direction of ground- water movement.

00 80 60 40 20 0O 20 40 60 80 100

A

Distance From Capal ( Feet)

Figure 3-3 Plotting differential-length piezometer data i'.n Al
the determination of equipotential pressure lines
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For a submerged horizontal plane, the calculation of unit and total
pressures is simple because the pressure is uniform over the area, For
vertical and inclined planes the pressure varies with depth, as shown by
Equation 3-1, producing the typical pressure diagrams and the resultant
forces of Figure 3-4.

c.g. of pressure ‘ /
h (I prgism ° h /
L // p=wh c.g. of

P :wh| pressure
1 h prism

FzwhA 2
c.p.of A

i‘\
-y o
o

c.g. of pressure
prism . pz= whz

Figure 3-4 Pressure on submerged surfaces

The shaded area, when multiplied by a unit of length equals volume,
which is known as the 'pressure volume," The resultant force, F, is equal
to the pressure volume and passes through its center of gravity (c.g.).
The resultant force also passes through a point on the plane defined as
the "center of pressure" (c.p.).

Pressure Diagrams

The analysis of structures under pressure usually will be simplified
by use of pressure diagrams. Since unit pressure varies directly with
head, diagrams showing the variation of unit pressure in any plane take
the form of triangles, trapezoids, or rectangles,

In solving problems of force due to water pressure, the magnitude,
direction, and position of the force must be considered. The total force
represented by the pressure diagram can, for some problems, be represented
by a single force arrow through the pressure center acting in the same
direction as the unit pressures.

Exhibit 3-2 gives the most commonly used pressure diagrams and methods
of computing the hydrostatic load and center of pressure.
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Example 3-5 ;
A flashboard type of dam is built with six 3 x 12-inch flashboards. .

What is (a) the load per foot on the bottom board, (b) the total load on

the bottom board if it is six feet long, and (¢c) the load per foot on the

top board?

Solution: First draw the pressure diagram, remembering that a
finished 12-inch board is l1.5-inches or 0.96-foot wide.

{
SN o
== 4=1
6 -3'x12"
flashboords g— ©
[ RARE AT Ty "?
4 ~
k.
.
. [
T
Then from Equation 3-1:
Pp = wh = unit weight of water x depth of water
P1 = 62.4 (7.5) = 468.0 lbs., per sq. ft.
pp = 62.4 (7.5 - 0,96) = 408.1 lbs. per sq. ft,
Py = 62.4 (1.74 + 0.96) = 168.5 lbs. per sq. ft,
P, = 62.4 1.74) = 108.6 lbs, per sq. ft.

And from Figure 3-4:

The hydrostatic load, F = whA = pA = unit pressure x area
then
(@) = &gg;g_g_&ggLL 0.96 = 420.,5 lbs,. per ft,
(b) = 420.5 (6) = 2523 1bs.
) = 168,35 +108.6 . .95 = 133.0 1bs. per ft.

2

The solution would be the same for stoplogs in a water control
structure. ,
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Example 3-6
What is the total water load, F, on the headgate shown if it is
36-inches wide by 24-inches high, and hy is 9 feet?
Solution:
Gate. lift
Water Surfoce % )
h
A5 | R h
Pressure diagram
gf Igud on ~+~-Headgate
eadgate—__ A otwh, }
L p=wh |bs/sq .H.._J
wh, + wh
F = _._-.]L....z_z area
h = 9+4+2 = 11 feet

62.4 (9—5—1—1) (2)(3) = 3744 1bs.

rx
|

Example 3-7
This sketch shows the cross

section of a collapsible flash-
board with water at the maximum
allowable elevation. Determine
the position of the center of
pressure and the pivot under the
conditions shown. Experience has
shown that the pivot on the gate
must be 6/7 of the distance from by why
the bottom of the flashboard to Pressure
the center of pressure for the Diagram
board to collapse.

Caliapse
in tnis
direction

A
op 12 Al
Top of Dam

Solution:

As defined, the center of pressure is the point where a perpendicular
through the center of gravity of the pressure prism strikes the area under
pressure, Use Exhibit 3-2 for the solution of this problem.
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First draw the pressure diagram:

hy = 3 ft. and p; = 62.4(3) = 187.2 lbs/sq.ft. = a
hy = 3+6 = 9andp, = 62.4(9) = 561.6 1lbs/sq.ft. =
d = 6 ft.

then from Exhibit 3-2

— . 2ad+bd
y 3(a +b)

2(187.2)(6) + 561.6(6)
3(187.2 + 561.6)

= ggigfg = 2,50 ft. = center of pressure
and
L = £ @s5) = 2,14 ft.
Example 3-8

It is required to determine the maximum thickness of flashboards

needed in a flashboard dam,

of 7 feet, have a 6-foot span, and be of Coast Region Douglas Fir.

This can be solved by the use of Exhibit 3-3,

From chart A, thickness = 3.40 inches
From chart B, correctiomn = 1,15

Flashboard thickness = 3.4(lL.15) = 3,91 inches

Use

nominal 4 x 12-inch flashboards

BUOYANCY AND FLOTATION

The familiar principles of buoyancy and flotation are usually stated,

respectively:

1.

2,

A body submerged in a fluid 1s buoyed up by a force equal to
the weight of fluid displaced by the body.

A floating body displaces its own weight of the fluid in which
it floats,

b

The flashboards will impound water to a depth
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II’ Buoyancy

A submerged body is acted on by a vertical, buoyant force equal to
the weight of the displaced water,

Fg = buoyant force
V = volume of the body
w = unit weight of water

If the unit weight of the body is greater than that of water, there
is an unbalanced downward force equal to the difference between the weight
of the body and the weight of the water displaced. Therefore, the body
will sink,

Flotation

If the body has a unit weight less than that of water, the body will
float with part of its volume below and part above the water surface in a
position so that:

W o= Vw (Eq. 3-3)

weight of the body

volume of the body below the
water surface; i.e.,, the volume
of the displaced water

unit weight of water

<
n

w

A check should be made of the stability of hydraulic structures as
they will be affected by submergence and whether the weight of the struc-
ture will be adequate to resist flotation.

Porous materials, when submerged, have different net weights depend-
ing upon whether the voids are filled with air or water. Note the wide
variation in the possible net weight of one cubic foot of treated struc-
tural timber weighing 55 pounds under average atmospheric moisture condi-
tions and having 30 percent voids:

1 cu. ft. of structural Before After

timber, 30 percent voids Saturation Saturation

W = weight in air, 1b. 55 55 + (0.30x62.4)=73.72
Fg = buoyant force when 62.4 62.4

submerged, 1b,
weight when sub-

merged in water
(net weight), 1b. 55 - 62,4= -7.4 73.72 - 62.4 = 11.32

W-Fy
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The degree to which the factors discussed above are capable of -
-affecting the net or stabilizing weight of a structure is illustrated by
the following example:

Example 3-9

Assume a timber crib diversion dam subject to complete submergence
under normal flood flows. Materials, weights and volumes are:

Percent of Unit Weights
Material Volume of the Dam lbs,/cu. ft.
Timber 12 55 in air
Timber 73 saturated
Loose stone, 88 - 150 solid stone
30 percent
voids

Determine the net weight of one cubic yard of the dam when
1) not submerged, 2) submerged but timber not saturated, and
3) submerged with timber saturated.

1. Compute cubic feet of timber, solid stone, and voids per
cubic yard of dam:

a, Timber 0.12 x 27 = 3.24 cu, ft.
b, Solid stone 0.7 x 0,88 x 27 = 16.63 cu. ft.
c. Voids 0.3 x 0.88 x 27 = 7.13 cu, ft.

2. Compute the net weights of one cubic yard of dam:

Net Weights of Materials in Pounds per Cubic Yard of Dam
Material Submerged
Not submerged Timber not saturated Timber saturated
Timber _ 3.24 x 55 = 178 3.24(55 - 62.4) = -24 3.24(73 - 62.4 = 34
Stone 16.63 x 150 = 2494 | 16.63(150 - 62.4) = 1457 1457

Effective or stabiliz-
ing weight of dam per 2672 | 1433 1491
cubic yard ’
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Example 3-10

A box inlet drop spillway for a 4 x 4-foot highway culvert is to
be constructed, The box inlet has been designed as shown. Determine if
it is safe from flotation with a safety factor of 1.5 and if not, deter-
mine the size of spread footing required. Design assumptions are as
follows:

1. The soil is saturated to the lip of the box and has
a buoyant weight of 50 pounds per cubic foot.

2. There is no frictional resistance between the walls
of the box and the surrounding soil.

3. Unit weight of concrete - 150 pounds per cubic foot.

4, Unit weight of water - 62.4 pounds pexr cubic foot.

First determine the weight (W) of the box.

End wall = 4' x 4' x 0.67" x 150 = 1,608 1bs.
2 sidewalls = 4' x 8.67"' x 0.67' x 150 x 2 = 6,907
Floor slab = 5,33 x 8,67 x 0.75 x 150 = 5,199

=
1

13,714 1bs.
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Next determine the buoyant force (Fp) acting on the box by
Equation 3-2:

Fp = Vw = (5.33 X 4.75 x 8.67) 62.4 = 13,697 lbs.

From Equation 3-3, flotation will occur if W is less than or equal
to Fg (Fg has been substituted from Equation 3-2 for Vw):

13,714 1bs. is greater than 13,697 1lbs., therefore, the box will not
float, but the required safety factor of 1.5 has not been accomplished.

Required weight of box: W = 1.5 Fy = 1.5(13,697) = 20,546 lbs.
Additional weight to be added to box = 20,546 - 13,714 = 6,832 lbs.

This additional weight will be provided with a spread footing around
three sides of the box, and the weight of the earth load on the footing.

Weight per square foot of spread footing 1T A7 =vr=7rr
- - _ Bouyant soil
Wy + W 4(50) + 0.75(150 - 62.4) o W ; = 50 Ib/cu.ft.
= 200 +65.7 = 265.7 lbs. N b
L1
Required area of footing A ]
L)
6832 _ Weone
= 2¢5.7 25.7 sq. ft.

If a one foot wide spread footing is provided, the footing area
would be 2(8.67) + 7.33 = 24.7 sq. ft. and provide 24.7(265.7) = 6550 1bs.
of additional weight. The safety factor against uplift would be:

13,714 + 6550
13,697

SF 1.48

Similarly, a spread footing 1'-3" wide would produce a safety factor
of 1.57. By interpolation, a footing 1'-1" wide would meet the factor of
safety requirement.

4. HYDROKINETICS
Hydrokinetics is the solution of fluid problems in which a change of

motion occurs as the result of the application of a force to the fluid
body (water in motion).
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FLOW CONTINUITY

When the discharge through a given cross section of a channel or
pipe is constant, the flow is steady. If steady flow occurs at all sec~-
tions in a reach, the flow is continuous. This is known as continuity
of flow and is expressed by the equation:

Q = a1v1 = 32V2 = 8.3V3 - anvn (Eq. 3-4)

where Q = discharge in cubic feet per second
a = cross-sectional area in square feet
v = mean velocity of flow in feet per second

l, 2, 3, n = subscripts denoting different cross
sections

Most of the hydraulic problems handled by field technicians deal
with cases of continuous flow.

Example 3-11
10 cfs of water flows through the tapered pipe shown below., Calcu-

late the average velocities at sections 1 and 2 with diameters of 16 and
8 inches respectively,

16" diam:

from Equation 3=4

Q= a16V16 " agvy
Vig = 5% ﬁ-f where d, in feet, equals %‘6‘
4
10 10

= ‘"__('6) RV 33392 - /-16 fps
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Simjlarly:
V = = 10 = 28.64 f
5 . TN pe
4\12

or, based on the ratio of cross-sectional areas
a1z \2 2
Vg = V1s(—1i - 7.16(1_6_> = 28.64 fps
38 8

CONSERVATION OF ENERGY

Three forms of energy are normally considered in the analysis of
problems in water flow: Potential or elevation energy, pressure energy,
and kinetic energy. - '

Potential Energy

Potential energy is the ability to do work because of the elevation
of a mass of water with respect to some datum. A mass of weight, w, at
an elevation z feet, has potential energy amounting to wz foot pounds with
respect to the datum. The elevation head, z, expresses not only a linear
quantity in feet, but also energy in foot pounds per pound.

Pregsure Energy

Pressure energy is acquired by contact with other masses and is
transmitted to or through the liquid mass under consideration. A mass
of water, as such, does not have pressure energy. Pressure energy may
be supplied by a pressure pump or through some other applied force. The
pressure head (h = p) also expresses energy in foot pounds per pound.

w ‘

Kinetic Energy

Kinetic energy exists bhecguse of a velocity of motion and amounts
to:

sz
2g

where W = yeight of the water
- v = veloeity in feet per second
g = acceleration due to gravity

When W equals one pound, the kinetic energy has a value of v2.
2g
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This expression is called the velocity head. In other words, if the
velocity of a stream of water is known, it is possible to compute the
head which is converted from pressure energy or potential energy to create
kinetic energy. This principle is extremely important in hydraulics.

Under certain conditions, the three forms of energy are interchange-
able. The relationship between the three forms of energy in pipe and
channel flow is shown by Figure 3-5.

Figure 3~5 Relationship between energy forms in pipe and
open channel flow

The total head, H,, 18 a vertical distance and represents the value
of the total energy in the system at Section 1. This is made up of the
velocity head which is equivalent to the kinetic energy, the pressure head
which is equivalent to the energy due to pressure, and the elevation head
which is equivalent to the energy due to position.

In the case of channel flow, the velocity head is the difference in
elevation between the energy line and the water surface.

In the case of pipe flow, the velocity head is the difference between
the elevation of the energy line and the elevation to which water would
rise in a piezometer tube. In pipe flow the pipe may be lowered or raised
within the zone of the elevation and the pressure heads without changing
the conditions of flow, If the entrance end of the pipe is lowered, the
elevation head is reduced, but the pressure head is increased a correspond-
ing amount. Conversely, if the entrance end of the pipe is raised, the
elevation head is increased and the pressure head is decreased, If the
quantity of flow and diameter of pipe did not change, then the velocity
head will remain the same.



3-18

Bernoulli Principle

- Bernoulli's principle is the application of the law of conservation
of energy to fluid flow. It may be stated as follows: In frictionless
flow, the sum of the kinetic energy, pressure energy, and elevation energy
is equal at all sections along the stream. This means that if we measured
the velocity head, the pressure head, and the elevation head at one sta-
tion in a pipe or open channel carrying flowing water without friction, we
would find that the total would be equal to the total of the velocity head,
the pressure head, and the elevation head at a second station downstream
in the same pipe or open channel, Figure 3-5, This is theoretical, but
the principle is used to work out practical solutions. In practice, fric-
tion and all other energy losses must be considered and the energy equation
becomes :

}_’f_+1_’;_+z1,,"_22_+1_’_2_+z2 +hg +h, (Eq., 3-5)
2¢g w 2g w
where v = mean velocity of flow
P = unit pressure
w = unit weight of water
g = acceleration of gravity
z = elevation head
hz = all losaes of head other than by friction between
Stations 1 and 2 such as bends
hy = head loss by friction between Stations 1 and 2
sub l,g denotes upstream and downstream stations, respectively

The energy equation and the equation of continuity (Q = aj vy = ay vy)
are the two basic, simultaneous equations used in solving problems in
water flow.

Hydraulic and Energy Gradients

The hydraulic gradient in open-chammel flow is the water surface, and
in pipe flow it conmects the elevations to which the water would rise in
plezometer tubes along the pipe. The energy gradient is above the hydrau-
lic gradient, a distance equal to the velocity head. In both open-channel
and pipe flow, the fall (or slope) of the energy gradient for a given
length of channel or pipe represents the loss of energy by friction. When
considered together, the hydraulic gradient and the energy gradient reflect
not only the loss of energy by friction, but also the conversions between
the three forms of energy. See Figure 3-5,
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5. PIPE FLOW

Pipe flow exists when a closed conduit of any form is flowing full.
In pipe flow, the cross-sectional area of flow is fixed by the cross
gection of the conduit and the water surface is not exposed to the atmo-
sphere. The internal pressure within a pipe may be equal to, greater
than, or less than the local atmospheric pressure.

The principles of pipe flow apply to the hydraulies of such struc-
tures as culverts, drop inlets, regular and inverted siphons and various
types of pipelines, '

The concept of flow continuity and the Bernoulli principle has been
discussed in the preceding section. This section defines laminar and
turbulent flow, discusses the commonly used discharge equations and out-
lines the hydraulics of pipelines and culverts.

LAMINAR AND TURBULENT FLOW
Water flows with two different types of motion, laminar and turbulent.

Laminar flow occurs when the individual particles of water move in
parallel layers. The velocities of these layers are not necessarily the
same. However, the mean velocity of flow varies directly with the slope
of the hydraulic gradient.

Turbulent flow is an irregular type of flow in which the particles
follow unpredictable paths., In addition to the main velocity in the direc-
tion of flow, there are transverse components of velocity. The mean ve-
locity of flow varies with the square root of the slope of the hydraulic
gradient.

Laminar flow seldom occurs in pipe flow. .It is the type of flow that
water has through soils. For pipe flow the motion is turbulent,

Friction Loss

The loss of energy or head resulting from turbulence created at the
boundary between the sides of the conduit and the flowing water is called
friction loss,

In a straight length of conduit, flowing full, with constant cross
section and uniform roughness, the rate of loss of head by friction is
constant and the energy gradient has a slope in the direction of flow
equal to the friction head loss per foot of conduit.
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Of the many equations that have been developed to express this loss
of head, the following two are the most widely used:

Manning's Equation

The general form of Manning's equation ia:

v =

with the following nomenclature:
cross-sectional area of flow in ft.2
diameter of pipe in feet
diameter of pipe in inches
acceleration of gravity = 32.2 ft, per sec.?
loss of head in feet due to friction in length, L
head loss coefficient for any conduit
head loss coefficient for circular pipe
length of conduit in feet
Manning's roughness coefficient
wetted perimeter in feet
hydraulic radius in feet = 8 = %,for round pipe
P
loss of head in feet per foot of conduit = slope of
energy grade and hydraulic gradelines in straight
conduits of uniform cross section = (H1+L) .
v = mean velocity of flow in ft. per sec.
Q discharge or capacity in cu.ft. per sec.

Starting with Equation 3-6 solve for s, multiply numerator and de-~
nominator of right side of equation by 2g and aubstitute (H1+L) for s.
The result ia:

moe o R
[

MY SRR o

H1-29164n2Lv2
2g r

che equation can be simplified by substituting

= 29-164 ﬂz ;

then the equation takes the form

H =K. L V_z_ (Eq. 3-8)
2g
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Adagption of Equation 3-7 to circular pipes imvolves the substitution
of (d + 4) for r and the change from d to dy.

~ 5087 n? -
Yot e @a. 3-9)

Tables for values of Kp and K, for the usual ranges of variables are
given in Exhibit 3-4.

King's Handbook(l') gives a number of convenient working forms of
Mamning's formula and references to tables that will facilitate their use.
Four of these are:

- 2.87n2i
E d 4/3
B = 4.66 o2 LQ?
a 16/3

3/8

¢ (o)
B! .(%gaj’“

Exhibit 3-5, which is based on the last of these equations, may be
used to determine dj, 8, or Q when two of these quantities and n are known,.
Values of Manning's n are given in Table 3-1.

Hazen-Willisms Equation

As generally used, this equation is:
v = 1.318 C r0.63 g0.54 (Eq. 3-10)

Notation is the same as given for Manning's equation with the addi-
tion of C, the coefficient of roughness in Hazen-Williams formula.

Since Q = av, Equation 3-10 may be converted to the following formula
for discharge in any conduit:

oD
Q = 1,318a ¢ t0’63 ao 4

Substitution of a and r in terms of inside diameter of pipe in inches

in this equation gives the following general formula for discharge in cir-
cular pipes:

Q/C = 0.0006273 d42+63 g0.54 (Eq. 3-11)
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Graphical solutions of Equatiom 3-1ll1 for standard pipe ranging from
1 to 12 inches in diameter and a wide range in slope may be made by using
Exhibit 3«6. Exhibit 3-7 gives losses for semi-rigid plastic pipe. .

Values for C for different types of pipe are given in Table 3-2,

Regardless of the designer's preference of equations, the results
should be checked against the application of State design criteria.

Table 3-1 Values of Manning's, n
‘ — ]
Description of pipe Values of n

Min, Design Max.,

Cast-iron, coated 0.010 0.012 - 0.014 0.014

Cast-iron, uncoated 0.011 0,013 - 0.015 0.015

Wrought iron, galvanized 0.013 0.015 - 0,017 0.017

Wrought irom, black 0,012 0.015

Steel, riveted and spiral 0.013 0.015 - 0,017 0.017
Annular corrugated metal 0.021 0.021 - 0.025 0.0255 |

Helical corrugated metal 0.013 0.015 - 0.020 0.021

Wood stave 0.010 0.012 - 0.013 0.014

‘Neat cement surface 0.010 0.013

Concrete 0.010 0.012 - 0.017 0.017

Vitrifiedé sewer pipe 0.010 0.013 - 0.015 0.017

Clay, common drainage tile 0.011 0.012 - 0.014 0.017
Corrugated plastic 0.014 | 0.015 - 0.016 | 0.017 |

Table 3-2 Values of Hazen-Williams C

Description of pipe C

Very smooth pipe; straight aligmment - = =« = = =« = - = = = = o 140

Very smooth pipe; slight curvature = = « =~ = = = - - ===« =~ 130

Cast iron, uncoated - new = = = = = =~ = = = “ = ma o~ - 130

5years old = = = =« = = = = n = = = = - 120

l0 years 01d = = = = = = - = = = -« == 110

15 years 0ld - = = = « = =~ = = = - = = - 100

20 years old - = = = = = = = = - = - - - 90

30 years old - = = = « =~ = “ 0 o = o 80

coated - all ages ~ -~ - = = = A R R ~- - 130

Steel pipe, welded, new = = = = = = = = = @ = = = = = « = « =~ 130

(Same deterioration with age as cast iron, uncoated)
For permanent installation use « = = = = = = = = = = = o = = - 100

Wrought iron or standard galvanized steel -~ dia., 12-in. up - - 110
4 to 12 in, - 100
4 in. dm- - 80

Brass or lead, new = « - - - = “m e e e e e m----a- 140
Concrete, very smooth, excellent joints = = - = = = = = = = = 140

smooth, good joints - = = = « = = = « « = = =« - 120

Tough = = = = = = = « = = = = = = = = & - = = &« 110
Vitrified = = = = = = = = = = 2 = & & = = o & o o = = - - = = 110
Smooth wooden or wood stave = = = = = = - = @ @ 0 = = o =~ ~ = 120
Asbestos cement - - = ~ = =~ = « = = = e ‘- - - - 140
Corrugated pipe = = = = = = = = = = o = @ & = o 2 - 2~ = - - 60

Note: Pipes of small diameter, old age, and very rou

inside surface, may give values as low as C =
EFM Notice-3, 10/21/70
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Other Losses

In addition to the friction head losses, there are other losses of
energy which occur as the result of turbulence created by changes in ve-
locity and direction of flow. To facilitate their inclusion in Bernoulli's
energy equation, such losses are commonly expressed in terms of the mean
velocity head at some specific cross section of the pipe.

These losses are sometimes called minor losses, which may be a serious
misnomer. In long pipelines, the entrance loss, bend losses, etc., may be
only a small part of the total loss and in such cases can be ignored. Such
is not the case in many structures such as culverts, drop inlets, and si-
phons which are relatively short. Safe design practice requires an esti-
mate of such losses. If the estimate indicates that minor losses amount
to 5 percent or more of the total head loss, they should be carefully eval-
uvated and included in the flow calculations.

As velocities increase, careful determination of such minor losses
becomes more important. With a meanzvelocity of 30 feet per second, the
neglect of an entrance loss of 0.5 v /2g results in an error in head loss
of 7 feet. Whereas, if the mean velocity is 3 feet per second, neglect of
such an entrance logs results in an error of only 0.07 foot.

Data on minor losses most commonly required are contained in Exhibit
3-8 of this chapter, and Section 5, Hydraulics,(6)_and Section 15, Irriga-
tion, of the National Engineering Handbook. '
HYDRAULICS OF PIPELINES

The pipe flow condition often found in SCS work is that of free flow
discharge. See Figure 3-6.

Datum line

Figere Je6  Pipe Flow enargy relacvicns)iips
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The general pipe flow equation is derived through use of the '
Bernoulli and continuity principles.

Equating the energy in Figure 3-6, using Equation 3-5:

2 2
0+0+z; = %—+0+52+EK‘2’2
g

where 24 = glevation head at station 1
) = elevation head at station 2
vo = velocity head at station 2
EK!QE_ = gum of the minor head losses and pipe friction
2g loases

let H=2; - 29

2
H=z, - 32, =V
2 1 +2K
1 E"( )

2gH
or BRI = =

and from the continuity principle

Q=a [_28H _ (Eq. 3-12)

= discharge-cfs

= pipe area-sq.ft. 9
= acceleration of gravity-ft/sec.
= elevation head differential-ft.

where Q
a
g
H
Kh = coefficient of minor losses
P

pipe friction coefficient
= pipe length-ft,
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The following examples are applications of Equation 3-12.

Example 3-12

Determine the discharge of a drop inlet spillway with cantilevered
outlet for a head H of 20 feet. The spillway is 24-inch diameter rein-
forced concrete pipe with Manning's n of 0.013, Table 3-1. K, is 1.0
for bend and entrance losses. See reference, sheet 2 of Exhibit 3-8.

20

ot

) 100’ | ~——="

Solution

Using equation (3-12)

l. Area
Reference: Exhibit 3-4
a = 3,14 8q ft

2. Friction loss coefficient

Reference: Exhibit 3-4
Kp = 00,0124

3. Discharge

Q = 3.14 o [ (2) (32.2) (20)
_\ﬁ+1+(o.0124) (100)

Q = 62.5 cfs
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Example 3-13 .

A corrugated metal pipe with a hooded inlet and cantilevered outlet
is to discharge 130 cfs when the reservoir water surface is at elevation
200.0 and the centerline of the outlet is at elevation 170.0. Determine
the diameter of pipe required. Use Manning's n = 0,024, Table 3-1.

Solution

Select a diameter and determine the discharge using
Equation 3-12,

1. Select 4 = 36 inches

2, Area
Reference: Exhibit 3-4
a = 7,07 sq.ft.

3. Friction loss coefficient
Reference: Exhibit 3-4
Kp = 00,0246

4, Minor loss coefficient
Reference: Exhibit 3-8 (Kp=Ke+Kp=Ke+0=K¢)
entrance K = 1,00

5. Discharge

¢ (1+1.00+(0.0246) (120)

Q = 138,0 cfs
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1. Select d = 30 inches

2, Area a = 4,91 s8q.ft.

3. Friction loss coefficient Kp = 0,0314
4. Minor loss coefficient K, = 1.00

5. Discharge

Q-4.91J_w0_(lﬁ21

141,00+(0,0314) (120)

Q = 90,0 cfs

It can be seen from the foregoing two trials that the 36-inch pipe
more nearly satisfies the required Q of 130 cfs and is the one to be
installed.

Example 3-14

An 8-inch diameter concrete side drain inlet discharges below the
water surface of a channel, The pipe is 40 feet long and flowing full
with a head of 5 feet. Manning's n = 0,012, Table 3-1, Determine the
discharge., Assume K = entrance coefficient plus bend coefficient = 1,

40'

The discharge equation for exit conditions other than free flow is
the same as Equation 3-12,

Q=a [28H
Ky Hyn Hp L

Kx = exit coefficient = 1,0



3-28

therefore
Q=a _23“_._
l-I-Km-H(pL
1. Area

Reference: Exhibit 3-4
a = 0,349 aq.ft.

2, Friction loss coefficient
Reference: Exhibit 3-4
K, = 0.0458

3. Discharge

- 0. @) (32.2) (5)
@=0 3"9\/ TH1+(0. 0458) (40)

Q= 3.2 cfs

Example 3-15

A pipeline of 250 feet of 36-inch and 500 feet of 24-inch steel pipe
connects two reservoirs. Determine the discharge if: the head is 100 feet,
the entrance coefficient is 1, the contraction coefficient is 0.25, and
Manning's n is 0.011,

250’ l 500"

To use Equation 3-12 the loss coefficients must be expressed in terms
of a single-sized pipe. ‘ Co

In terms of the 24~-inch pipe the coefficients in the example must be
multiplied by the following ratio, C, which is based on the square of the
ratio of areas,
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Car = (88 of 24" dia, gi.ne)z
36 rea of 36" dia., pipe

Gy, = (aIea of 24" dia. pin_e_)z

area of 24" dia.pipe

Discharge in terms of 24-inch diameter pipe

1, Areas
Reference: Exhibit 3-4
24-inch dia, a = 3.14 sq.ft.
36~inch dia. a = 7.07 sq.ft.

2, Friction loss coefficients

Reference: Exhibit 3-4
24-inch dia. Kp = (0.00889

36-inch dia. Kp = 0.00518

3. Square of the ratio of areas

3.14\% =~ 1.0
(3 14

2
3.14 = 0,196
C L I X1 =
36 7.07)

4, Sum of the loss coefficients

Adj,
Item KP L K Cc loss
coeff,
Entrance - - 1.0 0.196 0.196
36" pipe 0.00518 250 1,296 0.196 0.254
Contraction - - 0.25 0.196 0.049
24" pipe 0.00889 500 4,45 1.0 4.45
Exit - - 1.0 1.0 1.9
5.949

5. Discharge

3.1 [ _2)G2.2)(100)
Q= V 5.949

= 103 cfs
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HYDRAULICS OF CULVERTS ?) .

There are two major types of culvert flow: 1) Flow with inlet con-
trol, and 2) flow with outlet control, For each type, different factors
and formulas are used to compute the hydraulic capacity of the culvert.
Under inlet control, the slope, roughness and dismeter of the culvert bar-~
rel, the inlet shape and the amount of headwater or ponding at the entrance
must be considered, Outlet control involves the additional consideration
of the elevation of the tailwater in the outlet channel and the length of
the culvert,

The need for making involved computations to determine the probable
type of flow under which a culvert will operate may be avoided by comput-
ing headwater depths from Exhibits 3-9 through 3-12 for both inlet control
and outlet control and then using the higher value for designm.

Both inlet control and outlet control types of flow are discussed
briefly in the following paragraphs.

Culverts Flowing With Inlet Contxol

Inlet control means that the discharge capacity of a culvert is con-
trolled at the culvert entrance by the depth of headwater (HW) and the
shape of the entrance. Figure 3-7 shows inlet control flow for three
types of culvert entrances.

In inlet control the length of the culvert barrel and outlet condi-
tions are not factors in determining culvert capacity.

In all culvert design, headwater or depth of ponding at the entrance
to a culvert is an important factor in culvert capacity. The headwater
depth is the vertical distance from the culvert invert at the entrance to
the energy line of the headwater pool (depth + velocity head). Because
of the low velocities in most entrance pools, the water surface and the
energy line at the entrance are assumed to coincide.

Headwater-discharge relationships for various types of circular cul-
verts flowing with inlet control are based on laboratory research with
models and verified in some inetances by full-scale tests. Exhibits 3-9
and 3~10 give headwater-discharge relationships for round concrete and
CM pipe culverts flowing with inlet control.

Example 3-16
It is desired to determine the maximum discharge of an existing

42-inch concrete culvert, The allowable headwater depth (HW) upstream is
8.0 feet and the slope of the culvert is 0.02 ft/ft. The culvert has a
projecting entrance condition and there will be no backwater from down-
stream flow, Assume inlet control,
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Figure 3-7 Culverts with inlet control
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Using Exhibit 3-9, compute f?'!' .
B . 8(12) .

At 2,29 on scale 3, projecting entré,nce, draw a horizontal line to
scale 1. From this point on scale 1 draw a comnecting line between it and
42-inch diameter on scale 4., On scale 5 read Q = 128 cfs,

Check for inlet control

By > 8y
where
> = gymbol for '"is greater than'"
8o = installed slope of culvert
8, = neutral slope - that slope of which the loss
of head due to friction is equal to the gain
in head due to elevation.
from Table 3-1, n(design) for concrete pipe = 0.012 _

from Exhibit 3-5, sheet 3 of 6

for Q = 128 c¢fs and D = 42 inches
8, = 0.013

therefore, the culvert is in inlet control, 0.02 >0.013

Example 3-17

-Determine the required diameter of a corrugated metal culvert pipe to
be installed in an existing chamnel. Q = 100 cfs, HW max. = 7.0 feet and
8p = 0,03, There will be no backwater from downstream flow. Entrance to
be mitered to conform to the slope of the embankment.

‘ The sdlution of this problem must be made by trial pipe diameters
and solution of HW by use of Exhibit 3-10,

Try D = 36"

draw a line through 36 inch on scale 4 and
100 cfs on scale 5 to an intersection with
scale 1, then a horizontal line from scale 1
to scale 2, mitered inlet. On scale 2 read

%‘W- = 3,8, ‘
then W = 3,8(3) = 11.4 feet too high
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Try D = 48"

read from scale 2, gg-= 1.45

HW = 1.45(4) = 5.80 feet low
Try D = 42"

read from scale 2, %ﬂ = 2,23

HW = 2.23(3.5) = 7.8 feet high

From the foregoing trials, it will be necessary to install the 48-inch
diameter pipe if the HW is to be 7.0 feet maximum.

Check for inlet control
80 > 5n
from Exhibit 3-5, sheet 6 of 6
8p = 0.017
0.03 > 0.017 therefore, inlet control

Culverts Flowing With Outlet Control

Culverts flowing with outlet control can flow with the culvert barrel
full for all or part of the barrel length. See Figure 3-8. If the entire
cross section of the barrel is filled with water for the total length of
the barrel, the culvert is said to be in full flow, Figure 3-8(a) and (b).
One other type of outlet control is shown in Figure 3-8(c). TFor thias condi-
tion, the elevation of the energy gradeline at the exit of the culvert is
assumed at 3/4D. This is not an exact figure but it will give reasonable
results,

The head, H, Figure 3-8(a), or energy required to pass a given quan-
tity of water through a culvert with outlet control is made up of three
parts. The parts are expressed in feet of water and include a velocity
head, Hy, an entrance loss, He, and a friction loss, Hf. This energy is
obtained from ponding of water at the entrance and is expressed by the
equation

H=Hy + Ho + Hf (Eq. 3-13)

This equation in similar form has been derived in the section on
Hydraulics of pipelines.

The entrance loss, He, depends upon the shape of the inlet edge. This
loss is expressed as a coefficient, Kg, times the barrel velocity head.
That is, He = Ke v2. Entrance loss coefficients, Kg, for various types of

g
entrances when flow is in outlet control are given in Table 3-3.
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(b)

Figure 3-8 Culverts with outlet control
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Table 3-3 Entrance Loss Coefficients

Type of Structure and Design of Entrance Coefficient Ke

Pipe, Concrete

Projecting from £ill, socket end (groove-end) - - = - - ~ = 0.
Projecting from fill, 8q. cut end - - = = = = = = = = = = - 0
Headwall or headwall and wingwalls

Socket end of pipe (groove-end) = = = = = = = = = = -~ = 0.2
Square-end = = - = ~ - m ~ % - @ = 8 = = - & - = =« -~ 0.5
Rounded (radius = 1/12D) =~ = - « n = = =« = = = = = = ‘- - 0.2
Mitered to conform to fill slope = =~ = = ~ = = = =~ = = =« = 0.7
*End-section conforming to f£ill slope = - = = = = =~ = = = = 0.5

Pipe, or Pipe-Arch, Corrugated Metal

Projecting from fill (no headwall)= ~ = = = = = = « = = « = 0.9
Headwall or headwall and wingwalls
Square-edge~ « = = - - - - = T T TR 0.5
Mitered to conform to fill slope - - = =« = = =« « = = = = - 0.7
*End-section conforming to fill slope = = = = = « « = = = = 0.5

Note: *"End-section conforming to fill slope,' made of either metal or
concrete, are the sections commonly available from manufacturers.
From limited hydraulic tests they are equivalent in operation to
a headwall in both inlet and outlet control. '

The friction loss, Hg, is the energy required to overcome the rough-
ness of the culvert barrel and is expressed by the equation

2
He = K Ly
f%z.g
Kp values can be taken from Exhibit 3-4.
Headwater depth can be expressed as an equation for all outlet control
conditions, including all depths of tailwater, T™W. This is done by desig-
nating the vertical distance from the culvert invert at the outlet to the

elevation from which H is measured as hg,.

HW = H+hy - 804 (Eq. 3-14)
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where £ = length of culvert ‘
8, = slope of culvert in feet per foot

H = head loss in feet as determined from the
apptopriate exhibit

When the elevation of the water surface in the outlet chamnel is
equal to or above the top of the culvert opening at the outlet,
Figure 3-9(a), h, is equal to the tailwater depth. If the tailwater
elevation is below the top of the culvert opening at the outlet,
Figure 3-9(b), h,, is then by definition 3/4D.

Twzh,

H
======3J 4
— - TW
— t
3D =hy

Pigure 3-9 Culvert water depth relationships

Headwater-discharge relationshipe for various types of circular cul-
verts flowing with outlet control may be solved by the use of Exhibits 3-11
and 3-12. For a different roughness coefficient n] than that of the
exhibit n, use the length scales shown with an adjusted length, £,, calcu-
- lated by the formula

2
|
El- E(ﬁ—
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Example 3-18

It is desired to install 50 feet of concrete culvert pipe, n = 0,012,
in a drainage channel for a road crossing. Design Q is 80 cfs with a
tailwater depth of 3.0 feet. Slope of the culvert will be 0.002 foot per
foot, Maximum headwater depth (HW) is 5 feet.

from Equation 3-14
HW = H+h, - 854 or, H=H - hy + 8,4
H 5.0 - 3,0 + ,002(50)
H 2.1 feet

and from Table 3-3
for a concrete pipe projecting from the fill with
socket end upstream

Ke = 0.2

entering Exhibit 3-11
draw a line between H = 2,1 feet on the head scale and
Q = 80 c¢fs on the discharge scale. Then on the length
scale for Kg = 0.2, draw a second line from the 50-feet
mark through the intersection of the first line with the
"turning line" and on to the pipe diameter scale. The
diameter scale intersection is at approximately 39 inches,
therefore, use a 42-inch pipe.

Erogive Culvert Exit Velocities

A culvert, because of its hydraulic characteristics, increases the
velocity of flow over that in the adjacent channel. High velocities may
be damaging just downstream from the culvert outlet and the erosion poten-
tial at this point should be considered in culvert design. In many cases
it is necessary to riprap the channel for a short distance downstream of
the culvert exit.

6. OFEN CHANNEL FLOW

The flow of water in an open channel differs from pipe flow in one
important respect. See Figure 3-5. Open channel flow must have a free
water surface, whereas pipe flow has none since water must fill the whole
conduit.

Flow calculations for open channels are complicated by the fact that
the position of the water surface is likely to change with respect to time
and the cross-sectional area. Also the depth of flow, discharge, and slopes
of the channel bottom and water surface are interdependent. Channel cross
sections can vary from semicircular to the irregular forms of natural
streams, The channel surface may vary from that of polished metal used in
testing flumes to that of rough, irregular riverbeds. Moreover, the rough-
ness in an open channel varies with the position of the free water surface.
Therefore, the proper selection of friction coefficients is more uncertain
for open channels than for pipes. In general, the treatment of open chan-
nel flow is somewhat more empirical than that of pipe flow, but the empirical

me{hod is the best available. If cautiously applied, it results in practical
values.
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TYPES OF CHANNEL FLOW .
Open channel flow can be classified according to the change in flow
depth with respect to the time interval being considered and the channel
cross-sectional area occupied by the flow,
1. Steady flow
a, Uniform flow
b. Nonuniform flow
(1) Gradually varied flow
(2) Rapidly varied flow
2, Unsteady flow
a, Unsteady uniform flow (rare)
b. Unateady varied flow

(1) Gradually varied unsteady flow

(2) Rapidly varied unsteady flow

Steady Flow and Unsteady Flow: Based on Time Interval

Flow in an open channel is steady if the depth of flow at a given
cross section does not change, or if it can be assumed to be constant,
during the time interval being considered. The flow is unsteady if the
depth of flow at a given cross section changes with time.

In most open-channel problems it is necessary to study flow behavior
only under steady conditions., If, however, the change in flow condition
with respect to time is of major concern, the flow should be treated as
unsteady. In floods and surges, for instance, which are typical examples
of unsteady flow, the stage of flow changes instantaneously as the waves
pass by, and the time element becomes important in the design of control
structures.

Uniform Flow and Nonuniform Flow: Based on Channel Space Used

Open-channel flow is uniform if the depth of flow is the same at
every section of the channel. A uniform flow may be steady or unsteady,
depending on whether or not the depth changes during the time period being
considered.

Steady uniform flow is the basic type of flow treated in open-channel
hydraulics., The depth of the flow does not change during the time inter-
val under consideration. Unsteady uniform flow means that the water .
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gsurface fluctuates from time to time while remaining parallel to the chan-
nel bottom, which is practically impossible.

Flow is nonuniform if the depth of flow changes along the length of
the channel. Nonuniform flow may be either steady or unsteady.

Nonuniform flow may be classed as either rapidly or gradually varied.
The flow is rapidly varied if the depth changes abruptly over a compara-
tively short distance; otherwise, it is gradually varied. Examples of
rapidly varied flow are the hydraulic jump and the hydraulic drop.

Various types of flow are shown in Figure 3-10.

CHANNEL CROSS-SECTION ELEMENTS

The elements of cross sections of an open channel required for
hydraulic computations are:

a, the cross-sectional area of flow;

p, the wetted perimeter, that is, the length of the
boundary of the cross section in contact with the
water;

r = & the hydraulic radius, which is the cross-sectional
P

area of the stream divided by the wetted perimeter,

General formulas for determining area, wetted perimeter, hvdraulic
radius, and top widths of trapezoidal, rectangular, triangular, circular,
and parabolic sections are given in Exhibit 3-13. Many tables are avail-
able showing hydraulic elements for various siges and shapes of channels,
The USDI Bureau of Reclamation "Hydraulic and Excavation Tables"(3) and
Corps of Engineers "Excavation Tables"(4) are good books if there is much
of this work to be done.

MANNING'S EQUATION

The most widely used open channel formulas express mean velocity of
flow as a function of the roughness of the channel, the hydraulic radius,
and the elope of the energy gradient. They are equations in which the
values of constants and exponents have been derived from experimental
data. Manning's equation i8 one of the most widely accepted and commonly
uged of the open channel formulas:

v = 1:486  2/3 gl/2 (Eq. 3-15)
n
v = mean velocity of flow in feet per second
r = hydraulic radius in feet
8 = glope of the energy gradient
8o = slope of channel bottom
n = coefficient of roughness
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Constant depth

Unsteady uniform

Uniform flow - Flow in © flow - Rare
{oboratory channel

RVE GVF RVE GVF RVF  GVF RVF

— .
Hydraulic
Swice pmp Flow over
Q weir
Controction
below
shice Hydraulic

Nonuniform flow

- VE - e
GVE - Flood wave Unsteody flmev Rar

Figure 3-10 various types of open-channel flow. G.V.r. =
gradually varied flow; 2.V WF. = rapidiy varied
flow.
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Manning's equation has the advantage of simplicity and gives values
of velocity consistent with experimental data. Exhibit 3-14, sheets 1
through 4, may be used to solve for v, r, 8, and n when any three are
known.

Since Q = av, Manning's equation may also be written:

Q = 1:486 , :2/3 g1/2 (Eq. 3-16)
n

where a = cross-gsectional area in square feet.

There are many other forms of Manning's equation which are developed
by algebraic changes 1) to solve for various elements when the other ele-
ments are known., These forms should be studied carefully. Having mastered
the use of the formula, the tables, nomographs and charts can be used with
confidence.

Coeffic;ent of Roughness, n

The computed discharge for any given channel or pipe will be only as
reliable as the estimated value of n used in making the computation. This
estimate affects the design discharge capacity and the cost, and therefore,
requires careful congideratiom.

make but it should be made with care. A given situation will afford
specific information on such factors as size and shape of cross section,
aligmment of the pipe or channel, and the type and condition of the mate-
rial forming the wetted perimeter.

. In the case of pipes and lined channels, this estimate is easier to

Knowledge of these factors, along with the results of experimental
investigations and experience, makes possible selections of n values
within reasonably well-defined limits.

Natural channels and excavated channela, subject to various types
and degrees of change, present a more difficult problem., The selection
of appropriate values for design of drainage, irrigation, and other exca-
vated channels is covered by manual data relating to those subjects.

The value of n is influenced by several factora; those having the
greatest influence are:

Physical Roughness

The types of natural material forming the bottom and sides and the
degree of surface irregularity are the guides to evaluation. Soils made
up of fine particles on smooth, uniform surfaces result in relatively low
values of n. Coarse materials, such as gravel or boulders, and pronounced
surface irregularity cause higher values of n.
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Vegetation

The value of n should be an expression of the retardance to flow as .
it will be affected by height, density, and type of vegetation. Consgid-
eration should be given to density and distribution of the vegetation along
the reach and the wetted perimeter; the degree to which the vegetation occu-
pies or blocks the cross-sectional area of flow at different depths; and the
degree to which the vegetation may be bent or the channel "shlngled" by
flows of different depths.

Cross Section

Gradual and uniform increases or decreases in cross-section size will
not significantly affect n, but abrupt changes in size or the alternating
of small and large sections call for the use of a somewhat larger n. Uni-
formity of cross-sectional shape will cause relatively little reaistance
to flow; whereas variation, particularly if it causes meandering of the
major part of the flow from side to side of the chamnel, will increase n.

Channel Alignment

Curves with a relatively large radius and without frequent changes
in direction of curvature will offer comparatively low resistance to flow.
Severe meandering with the curves having relatively small radii will sig-
nificantly increase n.

Silting or Scouring .

Whether either or both of these processes are active, and whether
they are likely to continue or develop in the future, is important.
Active silting or scouring, since they result in channel variation of one
form or another, will tend to increase n.

Obstructions

Log jams and deposits of any type of debris will increase the wvalue
of n; the degree of effect is dependent on the number, type, and size of
obstructions.

The value of n, in a natural or constructed chamnel in earth, varies
with the season and from year to year; it is not a fixed value. Each year
n increases in the gpring and summer as vegetation grows and foliage devel-
ops, and diminishes in the fall as the dormant season develops. The annual
growth of vegetation, uneven accumulation of sediment in the channel, lodg-
ment of debris, erosion and sloughing of banks, and other factors all tend
to increase the value of n from year to year until the hydraulic efficiency
of the channel is improved by clearing or clean-out.

All of these factors should be studied and evaluated with respect to
kind of channel, degree of maintenance, seasonal requirements, season of
the year when the design storm normally occuras, and other considerations
as a basis for selecting the value of n, As a general guide to judgment,
it can be accepted that conditions tending to induce turbulence will in- .
crease retardance. Refer to Chapters 7 and 14 of this manual for guidance .
in selecting retardance and n values,
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SPECIFIC ENERGY IN CHANNELS

The specific energy equation is used to solve many open channel
problems such as water surface profiles upstream of culverts and channel .
junctions and the water surface profile in a chute spillway.

Figure 3-11 shows a section of channel in uniform flow. Here, for
a given slope, roughness, cross section and rate of flow, the depth may
be calculated from the Manning equation.

P Actual
distribution velocity

distribution
':Horizontol datum plane

Figure 3-11 Channel energy relationships

Assuming a uniform velocity distribution, the Bernoulli equation may
be written for a typical reach of channel as:

P v, 2 P v, 2
_}_+_l;_+zl=_2+—2— +22+hf
w 2g w 2g

which shows that energy is lost as flow occurs, However, the distance
from channel bottom to energy line remains constant and is given by

(Eq. 3-17)

in which Hy, is known as the specific energy. Obviously the specific
energy in an open channel is the sum of the water depth and the velocity
head.
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The following section on critical flow illustrates another application
of the specific energy equation to solve channel flow problems.

CRITICAL FLOW CONDITIONS

Critical flow is the term used in open channel flow to define a divid-
ing point between subcritical (tranquil) and supercritical (rapid) flow.
At this point there exists certain relationships between specific energy
and discharge and specific energy and depth of flow. As shown previously,
gpecific energy is the total energy head at a cross section measured from
the bottom of the channel. There are two conditions which describe crit-
ical flow:

1. The discharge is maximum for a given specific energy head.

2. The specific energy head is minimum for a given discharge.

Stated simply, the foregoing says that for a given channel section
there is one and only one critical discharge for a given specific energy

head. Any discharge greater or less than that requires the addition of
specific energy.

General Equation for Critical Flow

The general equation for critical flow in any channel is

2
& .2 -
2 o (Eq. 3-18)
From Equation 3-18, Q; = ag: and since Q; - v2 and
. : a T a

= 4 T,the specific energy equation when flow is critical is
s

He=d+§;=d+;-"l (Eq. 3-19)

= total discharge

= crogs-sectional area

= depth of flow to the bottom of the section

= a/T = mean depth of flow

g = acceleration of gravity

Ho = specific energy head, i.e., the energy head
referred to the bottom of channel

T = top width of the stream

v = mean velocity of flow

where:

;-Q-DD
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A study of the specific energy diagram, Figure 3-12, will give a more
thorough understanding of the relationships between discharge, energy, and
depth when flow is critical,

S tow v?
[Tl mco l. / Mezde ﬁ-
9 ) Region of subcritical

fhu ond mild siopes.

Specific energy He — .

Figure 3-12 The Specific Energy Diagram

While studying this diagram, consider the following critical flow
terms and their definitions:

Critical Diecharge'
The maximum discharge for a given specific energy, or a discharge

which occurs with minimum specific energy.

Critical Depth
The depth of flow at which the discharge is maximum for a given

specific energy, or the depth at which a given discharge occurs with min-
imum specific energy.

Critical Velocity
The mean velocity when the discharge is critical.

Critical Slope
That slope which will sustain a given discharge at uniform, critical

depth in a given channel.

~Subcritical Flow

Those conditions of flow for which the depth is greater than critical
and the velocity is less than critical.

Supercritical Flow
Those conditions of flow for which the depth is less than critical

and the velocity is greater than critical.
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for a constant Q in a channel of a given cross section. S$Similar curves for
any discharge at a section of any form may be obtained from Equation 3-17.
Certain points, as illustrated by this curve, should be noted:

The curve shows the variation of specific energy with depth of flow .

1. In a specific energy diagram the pressure head and velocity
head are shown graphically. The preassure head, depth in
open channel flow, is represented by the horizontal scale
as the distance from the vertical axis to the line along
which Hg & d, to the curve of constant Q.

2, For any discharge there is a minimum specific energy, and
the depth of flow corresponding to thig minimum specific
energy is the critical depth. For any specific energy
greater than this minimum there are two deptha, sometimes
called alternate stages, of equal energy at which the dis-
charge may occur. One of these deptha is in the subcrit-
ical range and the other is in the supercritical range.

3. At depths of flow near the critical for any discharge, a
minor change in specific energy will cause a much greater
change in depths.

4. Through the major portion of the suberitical range the
velocity head for any discharge is relatively small when
compared to specific energy, and changes in depth are approx-
imately equal to changes in specific energy.

5. Through the supercritical range the velocity head for any
diacharge increases rapidly as depth decreases, and changes
in depth are associated with much greater changes in specific
energy.

Instability of Critical Flow

The instability of uniform flow at or near critical depth is usually
defined in terms of critical slope, s,.

8. = critical slope - that slope which will sustain a given
discharge in a given channel at uniform, critical depth.

The critical slope, s., is:

2
= 14,56 %4m (Eq. 3-20)

473

Uniform flow at or near critical depth is unstable. This results
from the fact that the unique relationship between energy head and depth
of flow which must exist in critical flow is readily disturbed by minor
changes in energy. Those who have seen uniform flow at or near critical
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depth have observed the unstable wavy surface that is caused by appre-~
ciable changes in depth resulting from minor changes in energy. This
unstable range is defined as follows:

Unstable zone in the range 0.7s.< 85<1.3s.
where <= the symbol for "is less than"

Because of the unstable flow, channels carrying uniform flow at or
near critical depth should not be used unless the situation allows no
alternative., In this case allowance must be made in design for the height
of the wave generated. Often when topography restricts the channel slope
the flow can be forced into suberitical stable or supercritical stable by
varying the width of the chanmnel.

Open Channel Problems

Example 3-19 U T
Given: Trapezoidal section \‘h:%:;\‘ -[‘ ‘ “E;J'
‘ f1,

0.02 8t |

0.006

n
]

To determine: Q in cfs, and v in fps

Solution: from Exhibit 3-13

bd_+ zd _802.5) #2025 | 4o

b + 2d ;ZZZ +1 8 +2(2.5) \/(2)2 +1

r=2=
P

enter Exhibit 3-14 with r = 1.695, s = 0.006, n = 0.02,
and read v = 8.19 fps

then Q = av = 32.5(8.19) = 266 cfs

Example 3-20
Given: Triangular section
n = 0,025
s = 0.006

To determine: Q in cfs and v in fps
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Solution: from Exhibit 3-13

ed __ ____4Q) 12 _ .

i 2/z2 + 1 ) 2((6)2 +1  8.246

enter Exhibit 3-14 with r = 1.455, s = 0.006, n = 0.025
and read v = 5.91 fps

T =

o |p

then Q = av = 36(5.91) = 213 fps

Example 3-21

Given: Trapezoidal section - - = -_—_— -
I oA
Q = 300 cfs 2 | IS ¥1. ' 2
0.02

n
s = 0,0009

nonau

To determine: d in ft. and v in ft/sec.

Solution: This can be solved by trial. First, assume a value for
d and compute the values of a, p, r; then from Exhibit 3-14
find v and compute Q.

Trial 4 & p L ¥ Q
1 | 3.0 63.0 28.42 2.21 3.80 239.4 .
2 3.5 77.0 30.65 2.51 4.14 318.8

-3 - 3.3 ‘71.3 29.76 2.39 3.98 283.8

Plot d against Q for trial 2 and 3 and read d = 3.39 ft.,
~ for Q@ = 300 cfs

—

35

34F — - — =

|
1 L | i

3.3
280 290 300 310 320

Q
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For those having much of this work to do, the use of tables in
King's Handbook, based on the equation K' = Qn , will provide
rapid direct solutions, i.e., p8/3 41/2

b = 158/3 = 1370 and s1/2 = ,0091/2 = 0.03

then K' = _£3000(.02) - 0,146
(1370)(.03)

From the table of K' values for 2:1 sides and K' = 0.146

= 0.226

=a [w]

D = (15)(0.226) = 3.39 feet

The same procedures can be followed in solving for triangular
sections.

7. WEIR FLOW

A weir is a notch of regular form through which watexr flows. The
structure containing the notch is also called a weir. The edge over which
the water flows is the crest of the weir. Two types of weir crests are

. common in soil conservation work, sharp-crested weirs and broad-crested
welrs.

The sharp-crested weir is used only to measure the discharge of a
chamnel or stream. The sharp edge causes the water to spring clear of the
crest,

Most hydraulic structures in soil conservation work have broad-crested
weirs. The crest is horizontal and long in the direction of flow so that
the water lays on the crest rather than springing clear. The primary use
of the broad-crested weir is for the control of flood flows, although water
measurement can be incorporated as a secondary function. Chapter 6,
Structures, of this manual describes in detail its many applications.

Examples of the two types of weir crest are shown in Figure 3-13 and
3-14.

Figure 3-13 Sharp-crested weir
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Figure 3-14 Broad-crested weir

If the overflowing sheet of water (nappe) discharges into the air,
as above, the weir has free discharge. 1If the discharge is partially
under water, as shown in Figure 3-15, the weir is submerged or drowned.

o mr—

Figure 3-15 Submerged weir

BASIC EQUATION

The basic equation for all weirs is:

Q = cLu3/? (Eq. 3-21)
where ¢
Q = discharge
H = measured head
L = length of weir
C = weir coefficient

Corrections are required to include effects of end contractions,
velocity of approach and submergence, :
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CONTRACTIONS

The weir is contracted when the respective distances from the sides
and the bottom of the channel of approach to the sides and crest of the
weir are great enough to allow the water free lateral approach to the
crest. If the weir conforms to the sides of the approach channel above
the crest and the channel sides extend downstream beyond the crest, thereby
preventing lateral expansion of the nappe, the weir has end contractions
suppressed,

End contractions reduce the effective length of a weir. To allow for
end contractions, the length of weir in the basic equation is adjusted as
follows:

L=1L'"- 0.1NH (Eq. 3-22)
where:
L = effective length of weir
L' = measured length of weir
N = number of contractions

The above equation is generally applied only for sharp-crested weirs
in soil conservation work. For most broad-crested weirs the end contrac-
tions will be either fully or partially suppressed. For drop spillways
the basic formula can be used without modifying for contraction effect,

VELOCITY OF APFROACH

The velocity of approach is the average velocity in the approach
channel, It is measured at a distance of about 3H upstream from the weir,
The velocity head is added to the measured head to determine the discharge.
Therefore:

Q = oL <H+"2’—Z)3/2 (Eq. 3-23)

WETR COEFFICTENTS

Values of the weir coefficient, C, varies with the type of crest
used. Weir coefficients for sharp-crested weirs normally used in soil
conservation work are given under the following section on water measure-
ment., The weir coefficient for broad-crested weirs commonly used in soil
conservation work is C = 3.1.

SUBMERGED FLOW

When a weir is submerged, Figure 3-15, the discharge will be less
than for the head in free flow. The reduction in flow can be expressed
in terms of the ratio of the upstream head, Hj, to the downstream head, Hy.
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When the ratio of H2/H1 for sharp-crested weirs reaches 0.3 to 0.4,
the discharge may be reduced by 5 to 10 percent. For Hyp/Hj ratios of
0.6 to 0.7, reductions of 20 to 40 percent may be expected.

There is no great reduction in discharge for broad-crested weirs
until the ratio of Hp/Hi reaches 0.67. Then the discharge reduces rapidly
as the submergence increases. For values of Hy/Hy from 0.75 to 0.85, re-
ductions from 10 to 30 percent occur,

When appreciable submergence is to be encountered, accurate discharge
can be computed only through the use of refined procedures,

8. WATER MEASURING

The purpose of this section is to outline the most commonly used
water measuring methods. The hydraulic principle and equation of flow is .
given for most methods, For convenience, the subject is divided into open
channel flow and pipe flow.

OPEN CHANNELS

The following methods of measurement apply to flows in open channels.
Orifices

An orifice is a hole of regular form through which water flows,

Vena
confracta

NN AN

Figure 3-16 Flow through an orifice

Flow through an orifice is illustrated in Figure 3-16. The orifice
shown is sharp-edged; i.e., it has a sharp upstream edge so that the water
in passing touches only a line, If the orifice discharges into the air,
it is said to have free discharge; and if it discharges under water, it is
said to be submerged. Orifices may be circular, square, rectangular, or of
any other regular form.
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The Bernoulli equation written from point 1 to point 2, Figure 3-16,
is

and

. Point 2, located where the jet has ceased to contract is known as the
vena contracta. Lts pressure is that of the surrounding fluid. For dis-
charge into the atmosphere Pp is therefore zero on the gage scale. For
large tanks, v] is so small that it may be neglected. Replacing Pj/w with
h and dropping the subscript of vp, the equation may now be written

v = N2g( -hz)

Neglecting energy losses, the equation for the theoretical velocity,
Vi, becomes

Vt = \42gh

The energy loss may be taken care of by applying a coefficient of
velocity Cy to the theoretical velocity as follows:

v = ¢, JZgh (Eq. 3-24)

The discharge through an orifice is obtained from the product of the
velocity and the area at the vena contracta. The area at the vena con-
tracta, ag, is less than the area of the orifice, a, The ratio between
the two areas is called the coefficient of contraction C,. Therefore,

as = Cca

and
ayvy = C.aC, ~N2gh

The product of C; and Cy is called the coefficient of discharge C.
Equation for discharge may therefore be written

Q

Q = ca VJ2gh (Eq. 3-25)
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The submerged orifice in Figure 3-17 is the type most often used in
s0il consexrvation work.

Figure 3-17 Submerged orifice

As in the free discharge orifice, Equations 3-24 and 3-25 also apply
to the submerged orifice.

The coefficient of discharge for submerged orifices is approximately
the same as that for free discharge orifices. The wide range in types of
orifices and gates, a special form of orifice, makes it impractical to
include tables of coefficients covering an adequate range of conditions.
Manufacturers' publications are normally the best source of reliable co-
efficients for various types of gates and other appurtenances involving

orifice flow.
Weirs

Sharp-crested weirs are used extensively for measuring the flow of
water, The most common types--rectangular, Cipolletti, and 90° V-notch
weirs-~are shown in Figure 3-18.

Sides slope! horizontal
to 4 vertical

Rectangular Wair Cipolletti Weir

90° Notch Wair

Figure 3-18 Types of weirs

As given in the preceding section, Weir Flow, the basic equation

Q = cLp/?

is
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Measurements made by means of a weir are accurate only when the
weir is properly set and the head read at a point some distance above the
crest so that the reading will not be affected by the downward curve of
the water, See Figure 3-19. The weir should be at right angles to the
stream at a point where the channel is straight, free from eddies and of
sufficient width to produce full end contractions. The crest of the weir
must be exactly level for the rectangular and Cipolletti types. The bot~
tom of the notch must be set above the bottom of the channel a height
equal to at least twice the maximum head, preferably more. If a weir is
to continue to give reliable results, it must be maintained in such a way
as to preserve the above-mentioned conditions.

Point to Measure
Depth (M)

Elavation of - 4H

Weir Crest

=
- Water Surface
[
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,-4[4”.\ \\-. S
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=

N
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N

—

m—— m——
—_—_

e

W

Figure 3-19 Profile of a sharp-crested weir
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Rectangular Contracted Weir

A rectangular contracted weir has its crest and sides so far removed,
respectively, from the bottom and sides of the weir box or chamnel in which
it is set, that full contraction, or reduced area of flow, is developed.
See Figure 3-20.

Point to Measure Depth (H)

{

; j 5{ .
AT (\/K\\ /\‘(YQ X7,
NOAY Mo Jis
AV AN (
WA )‘%‘(‘/’:?]( QelA I\\Z{{I}’fv l J/,{r’l

Figure 3-20 Rectangular contracted weir

For the rectangular weir the coefficient, C, is 3.33. Allowing for
the contractions

Q = 3.33 B/ (L-0.21)
where:
Q = discharge in cubic feet per second neglecting velocity
of approach
L. = the length of weir, in feet
H = head on the weir in feet measured at a point no less

than 4 H upstream from the weir.
Discharges may be taken from Exhibit 3-15.

Rectangular Suppressed Weir

A rectangular suppressed weir has its crest so far removed from the
bottom of the approach channel that full crest contraction is developed.
The sides of the weir coincide with the sides of the approach channel which
extend downstream beyond the crest and prevent lateral expansion of the
nappe. A suppressed weixr in a flume drop is illustrated in Figure 3-21.
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. Special care should be taken with this type of weir to provide aera-
tion beneath the overflowing sheet at the crest. This is usually done by
venting the underside of the nappe to the atmosphere at both sides of the

weir box.

Figure 3-21 Suppressed weir in a flume drop

The discharge equation for the rectangular suppressed weir is
Q=3.33 L 1413/2

and including the velocity of approach

Q' = 3,33 L ( (H + hv)3/2 _ hv3/2>

where hy = (velocity of approach)?
2g

Discharge tables are available in the Bureau of Reclamation Water
Measurement Manual, Table 8, pages 177 to 179.
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Cipolletti Weir
A Cipolletti weir, Figure 3-22, is trapezoidal in shape. Its crest .
and sides, which are of thin plate, are so far removed from the bottom
and sides of the approach channel as to develop full contraction of flow
at the nappe. The sides incline outwardly at a slope of 1 to 4.

Since the Cipolletti weir is a contracted weir, it should be installed
accordingly., However, its discharge is essentially as though its end con-
tractions were suppressed, The effect of end contractions in reducing dis-

charge has been overcome by sloping the sides of the weir.

,Point to measure depth (H)
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Figure 3«22 Cipolletti weir

The equation generally accepted for computing the discharge through
Cipolletti weirs with complete contractions is:

qQ = 3.367 L ©3/2

The selected length of notch (L) should be at least 3H and preferably
4H or longer.

Discharges may be taken from Exhibit 3-16.
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90° V-Notch Weir

The crest of the 90° V-notch weir consists of a thin plate, the sides
of the notch being inclined 45° from the vertical. This weir has a con-
tracted notch and all conditions for accuracy stated for the standard con-
tracted rectangular weir apply. The minimum distance from the side of the
weir to the channel bank should be measured horizontally from the point
where the maximum water surface intersects the edge of the weir. The mine-
imum bottom distance should be measured between the point of the notch and
the channel floor.

Point to measure depth (H)

Figure 3-23 90° V-notch weir

The V-notch weir, Figure 3-23, is especially useful for measuring
small discharges. The discharge equation used is
Q = 2.52H2 47
where
H = vertical distance in feet between the elevation of the
vortex or lowest part of the notch and the elevation

of the weir pond.

Exhibit 3-17 may be used for determining the discharge.
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Parshall Flume .

With a Parshall flume, Figure 3-24, the discharge is obtained by
‘measuring the loss in head caused by forcing a stream of water through
the throat section of the flume, which has a depressed bottom.

| Toroat] Diverging
Converging w Section

Section *Secﬁon

Profile
(b)

Figure 3-24- Parshall flume
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There is no need of a pond above the Parshall flume as the velocity
of approach has little effect on the ‘accuracy of the measurement. Tt uses
a small amount of head and can have a high degree of submergence without
having to make corrections in the free-flow formula. It does not clog
readily with floating trash and keeps itself clean of sand and silt. It
requires but one reading of head (H,) for determining the discharge except
in cases of extreme submergence when both H, and Hy should be read.

Table 9-14, Chapter 9, Section 15, of the National Engineering Manual
gives free-flow discharge values for the Parshall flume.

Trapezoidal Flume

The trapezoidal flume, Figure 3-25, obtains the discharge by measur-
ing the loss in head caused by forcing a stream of water through the throat
of a flume with a level bottom. See Figure 3-25,

An advantage of the trapezoidal flume is that the cross section corre-
sponds to the shape of the common irrigation channel, It is particularly
suited for use in concrete lined irrigation channels,

The equation for discharge derived by Robinson and Chamberlain
(Transactions of the ASAE, 1960) is

Q=C"'ay '2g(h1—h2) (Eq. 3-29)

where :
Q = discharge, cfs
a} = area at the flume entrance, sq.ft,
hy = head at the entrance, ft,

hy = head at the throat, ft..
= discharge coefficient that includes the geometry
of the structure

o]
]

. Further information on the trapezoidal flume can be found in USDA
Agricultural Research Service Bulletin 41-140, dated March 1968.

Current Meter

Basically, the current meter is a wheel having several cups or vanes.
This wheel is rotated by the action of the current and the speed of the
rotating wheel indicates the velocity of the current, based on a rating
table furnished by the manufacturer.

A zero station or reference point is established on one bank of the
stream, and a tape is stretched across the stream for measuring horizontal
distances. Soundings and current-meter readings are taken at verticals
spaced at regular intervals, usually from 2 to 10 feet, depending on the
width of the stream. Readings also should be made where there are abrupt
changes in velocity or in the depth of flow.
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A common method used to determine mean velocity requires that read-
ings be taken at only two points in each vertical; namely, 0.2 and 0.8 of
the sounded depth measured from the water surface. The average of these
two readings is the mean velocity in the vertical. Where the depth is too
shallow to obtain two readlngs, one reading taken at 0.6 depth will repre-
sent the mean velocity. :

The discharge of each segment of stream between adjacent verticals
is the product of the area of the segment and the mean velocity in the
segment, If di and do represent the depths of flow at two adjacent verti-
cals, v] and vy the respective mean velocities in these verticals, and W
the distance between the verticals, then the discharge in that part of the
cross section is computed as follows:

Q=W (dl + d2Xv1 + V2>
2 2

The total discharge of the stream is the sum of such computations for
the entire cross section.

See Reference (1) for more detailed information.

Water-Stage Recorder

A water-stage recorder combines a clock and an instrument that draws
a graph representing the rise and fall of a water surface with respect to
time. Water-stage recorders are in common use at permanent gaging stations,

Water-stage recorders are desirable under the following conditions:

1. The flow in the stream or channel fluctuates rapidly, and
occasional staff-gage readings would not give a satisfactory
estimate of discharge.

2. The gaging station is hard to get to, or the available
obgervers are not reliable.

3. There is a need for continuous records of flow for legal
or technical purposes.

By the combined use of the stage-discharge curve (Figure 3-26) and
the water-stage recorder, a hydrograph of the flow in a stream or channel
may be plotted. A hydrograph is a curve developed by plotting discharge
on a vertical scale against time plotted on a horizontal scale. The area
beneath the curve represents the volume of water passing the gaging station
during any selected time period,
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Figure 3-26 Stage-~discharge curve for
unlined irrigation canals

Measurements by Floats

The velocity of a canal or stream,and hence its discharge, may be
determined approximately by the use of surface floats and channel cross
sections.

A stretch of the canal, straight and uniform in cross section and
grade, with a minimum of surface waves, should be chosen for this method.
Surface velocity measurements should be made on a windless day, for even
under the best conditions the floats often are diverted from a direct
course between measuring stations.

The width of the canal should be divided into segments, and the aver-
age depth determined for each segment. The segments should be narrower in
the outer thirds of the canal than in the central third. Float courses
should be laid out in the middle of the strips defined by the segments.
For regular-shaped channels flowing in a straight course under favorable
conditions, the mean velocity of a strip in the channel is approximately
0.85 times its surface velocity. This value is an average of many observa-~ L
tions. For any particular channel it may be as low as 0.80 or as high as 0.95.
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The velocity of the float in each strip, after being adjusted to mean
velocity, multiplied by the cross-sectional area of the strip, will give
the discharge. The sum of the discharges of the strips is the total dis-
charge. On small streams, rather than dividing the stream into segments
a number of float runs can be made and an average of these used for the
surface velocity of the stream. The float method is an approximate method
and should be used only with its limitations in mind.

Slope-Area Method

The slope-~area method consists of using the slope of the water surface
in a uniform reach of channel, and the average cross-sectional area of that
reach, to give a rate of discharge. The discharge may be computed from
Manning's Equation 3-16:

Q = L.486 ax2/351/2

A straight course of the channel should be chosen, at least 200 feet
and preferably 1,000 feet in length. The course should be free of rapids,
abrupt falls, sudden contractions, or expansions.

The slope of the water surface may be calculated by dividing the dif-
ference in the water surface elevations at the two ends of the course by
the length of the course. If it is desired to develop a stage-discharge
curve for the channel, gage points; carefully referenced to a common datum
level, should be placed one on each bank of the channel and one in the
center of the stream, in stilling-wells if possible.

In irregular channels, the area and the wetted perimeter at several
cross sections is required and a mean value should be used in computing
hydraulic radius.

Inasmuch as the proper selection of the roughness factor n for many
streams is difficult, the discharge determined by the slope-area method is
only approximate. Care must be taken to determine the slope and areas
simultaneously when the water levels are changing. Various hydraulic text-
books and handbooks provide tables to assist in the computation of dis-
charges from the above field data.

Velocity-Head Rod

The velocity-head rod is a simple inexpensive rod that can be used
to measure the approximate velocity in open channels, if depths and veloc-
ities are not too great. This infrequently-used method is discussed in
detail in Chapter 9, Section 15, SCS Natiomal Engineering Handbook.



PIPE FLOW
The following methods may be used in determining pipe flow:

Orifice Flow

Pipe orifices, Figure 3-27, usually are circular orifices placed in
or at the end of a horizontal pipe. The head on the orifice is measured
with a manometer.

Where the orifice is placed in the pipe, the discharge will not be
free and the head must be measured at points both upstream and downstream
from the orifice. For a further discussion of this type of orifice, refer
to King's Handbook of Hydraulics,

The pipe orifice commonly used in measuring irrigation water and the
discharge from wells within a range of 50 to 2,000 gallons per minute has
the circular orifice located at the end of the pipe.

The pipe must be level. A glass-tube manometer is placed about
24 inches upstream from the orifice. No elbows, valves, or other fittings
should be closer than 4 feet upstream from the manometer. The ratio of
the orifice diameter to the pipe diameter should be no less than 0.50 nor
greater than 0.83. The ratio to be selected, however, must cause the pipe
to flow full. The head in the manometer is measured with an ordinary
carpenter's rule.

Ruler S— Glass tube

Rubber tube

l 4 feet or more

This discharge pipe
MUST BE LEVEL Ruler —_—

Head of water
in tube

SN
A pipe cap machined

this way may be used
as the orifice plate

Orifice plate <5 thick
with hole of exact size

Figure 3-27 Pipe orifice
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Discharge through the orifice is computed by Equation 3-25, or it can
be read directly from Exhibit 3-18.

Q = CaVN2gh

where:

Q = orifice discharge in gallons per minute

C = coefficient which varies with the ratio of the orifice
dismeter to tHe pipe diasmeter as well as with all the
other factors affecting flow in orifices. The value
of the coefficient (C) may be taken from Figure 3-28

a = cross-sectional area of the orifice in square inches

g = acceleration due to gravity ~ 32.2 feet per second
per second

h = head on the orifice in inches measured above its center

60 ]

.65

.70

.75

Ll |

Ratio: Oritice Diometer
Pipe Diometer

0.50 .55 .60 .65 .70 .73 .80 .88

Figure 3-28 Orifice coefficients
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California Pipe Method

. B, R. Vanleer developed a method for measuring the discharge from the
open end of a partially-filled horizontal pipe diacharging freely into the
air. This method can also be adapted to the measurement of discharge in
small open channels where such flow can be diverted through a horizontal
pipe flowing partially full and discharging freely into the air.

'The method has four requirements for accurate results: 1) The dis-
charge pipe must be level; 2) it must discharge partially full; 3) it must
discharge freely into air; and 4) the velocity of approach must be a mini-
mum, Figure 3-29 illustrates one method of meeting these requirements.
Other designs may be possible, With such an arrangement, the only measure-
ments necessary are the inside diameter of the pipe and the vertical dis-
tance from the upper inside surface of the pipe to the surface of the flow-
ing water at the outlet end of the pipe. The discharge may then be computed
by the equation:

Q = 8.69 (1 - _:_)1.ssdz.48 (Eq. 3-30)

where Q = discharge in cubic feet per second
a = distance, in feet, measured at the end of the pipe,
from the top of the inside surface of the pipe to
the water surface
d = internal diameter of the pipe in feet,

This equation was developed from experimental data for pipes 3 to .
10 inches in diameter. In tests made by the Soil Conservation Service it

was discovered that for depths greater than one-half the diameter of the

pipe, or a/d less than 0.5, the discharges did not follow the equation.

Extreme care should therefore be taken in using the equation and tables for
conditions where a/d is less than 0.5.

|.____6Dor greater |

Flow Ei:::
———i

Figure 3-29 Measuring flow by the California pipe method




3-69

Tables 48 and 49 in the Water Measurement Manual, Bureau of Reclzma-
tion, provide assistance for solving the equation for discharge.

" Coordinate Method

In this method, coordinates of the jet issuing from the end of a pipe
are measured. The flow from pipes may be measured whether the pipe is dis-
charging vertically upward, horizontally, or at some angle with the hori-
zontal, Since the discharge pipe can be set in a horizontal position for
measurement purposes, there is no need here for a discussion of flow from
pipe in an angular position,

Coordinate methods are used to measure the flow from flowing wells
(discharging vertically) and from small pumping plants (discharging hori-
zontally)., These methods have limited accuracy owing to the difficulty in
making accurate measurementa of the coordinates of the jet. They should be
used only where facilities for making more accurate measurements by other
methods are not available and where an error of up to 10 percent is permis-
sible,

Figure 3-30 Required measurements to obtain
flow from vertical pipes

To measure the flow from pipes discharging vertically upward, it is
necessary to measure only the inside diameter of the pipe and the height
of the jet above the pipe outlet (H), Figure 3-30. Exhibit 3-19 gives dis-
charge values for pipe diameters up to 12 inches and jet heights up to
40 inches.
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To measure the flow from pipes discharging horizontally, it is neces-
sary to measure both a horizontal and a vertical distance from the top of
the inside of the pipe to a point on the top of the jet. See Figure 3-31.
These horizontal and vertical distances are called X and Y ordinates,
respectively.

Figure 3-31 Required measurements to obtain
flow from horizontal pipes

For reasonably accurate results, the discharge pipe must be level and
long enough to permit the water to flow smoothly as it issues from the pipe.
Exhibit 3-20 gives discharge values for pipe diameters up to 6 inches where
the ordinate X is selected to be O, 6, 12, or 18 inches. For pipes flowing
less than 0.8 full at the end, the vertical distance Y can be measured at
the end of the pipe where X = 0. Exhibit 3-20 is used to obtain the dis-
charge. Exhibit 3-20 is also applicable either to conditions of full flow
or partial flow,
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THIS TIMES THIS GIVES YOU THIS
yoLue
1 gallon (gal) 231 cubic inches (cu in.)
L1337 cubic feat (cu ft)
1l million gallon (mg) 3.0689 acre feet (acre-ft)
1 cubic foot 1,728 cubic inches
7.48 gallons
1 acre foot (amount of water 43,560 cublie feet
required to cower one acre
one foot deep) 325,8%0 gallons
12 acra inchas
"
WEIGHT
1 gallon 8.33 pounds (1b)
1 cubic foot 62.4 pounds
FLOW
1 gallon per minute (gpm) 0.00223 cubic feet per second (cfs)
1,440 gallons pex day (24 hours)
1 million gallon par 24 hours (mgd) 1.547 cubic feet per second
695 gallons per minute
1 cubic foot par second 7.48 gallons per second (gps)
448.8 gallons per minute
646,272 gallons per day (24 hours)
.992 acre inch per hou;
1.983 acrea feet per day (24 hours)
40 miner's inches (legal value l’)
50 miner's inches (lagal value 3/)
38.4 miner's inches (in Colorado)
35.7 miner's inches (in British
Columbia)
1 miner's finch 11.25 gpm when equivalent ro 1/40
sacond foot
9 gpm when equivalent to 1/50

second foot

1/ In Arizona, California, Montana, Nevada and Oregon

2/ In Idaho, Kansas, Nebraska, New Mexico, North Dakota, South Dakota, and Utah

Exhibit 3-1

Water volume, weight and flow equivalents
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HEAD LOSS COCFFICIENT, ke, R, 2916
SOUARE CONDUIT FLOWIKG FULl %™ 7

3‘,”-:‘"’ :,':; POUSHNESS “
roer |sg 7t |00z | a0i3 aord oors oo | Nemencloture:

lzz2 | 40 o_ommad Doks3laia a = Cros- -seclional area of flow in 3¢. 11

I = Insrde duameser of oo 1 AR .
24x2{] 6.25 homlamszzizonmiaonnioassr Z‘ = Accealar=vion of gravity » 32.2 11 per sec.
7

M = loss <r heod /n feel cw fo Friction in length L.
3=3 9.00 | .006K).00723).00839 . 00K Y, L1096 K= Maod lois coeflicient for sguare conduit flowing full.
35 x3F | 12.25] a0s02|. 00589 2053 00 284|209z o = Meod /oss coallicient Ror circulor pipe Flowing Full.

L s Length of condurt in feer
x4 | 16.00 |.00420). 0095 00572\ 006 56| o0 746 n = Mawing’s coarrfic/ent of roughness.
dix44) 20.25.00359).00021]. 056/ |.00638) @ = Dis-horge or capocity in cv. Ft per sec.
r o= Nye wwlic radivs /n Feel
5us | 25.00|.00312 | 00366 00425 dossT| 0554 | . ¥ = M@ velocily in 1t per sec.

51" «5#| 30.25| 0275| a0az? .WIM|.00429] O0488 Exomple 1 : Compute tiw heod foss in 3OO, ofF 24 in. diom.

X

) vt
r(Kypork )L zg

6% | 36.00] do2¢5) 00297]. 20333] c03a2| 20435 concrete piow flowing Full and discharging
30¢crfs. Assume n=Qo/S
cfnei| 42.25| w220) 20299] 00 209 20343 2030/ Q. 30 v? (2557
vEg e~ A5 fpy; 37" 644 L2 Y

757 | 4900).00/99|.00234|.0027/ | 00311 |.a0354
755 72| 56.25 | 00182 | 002/3|. 00247\ 00284 00323
818 | £4.00| 00667 | W0/%6|.00227|002%0|.00296| Exomple 2: Compute the discharye of o 250", 3x8

(4
Hrkplys = 0.0/65 X 300K/ 42 = 708 17

83| 225( f (0209 27 Sq/Ore Canauil riowing full (F the loss of
04«83 7225 L00is4 100400 20,027 o /s determinec fo ba Z.25 1t Assume
nsa20/4.
959 | 800|042 |.X0KT |.00/0M | 20223 | 00253 v ve M, rES
949 | 20250133 . 00156| 00/30 | 0207|2023 Hohelyrg: #g°i.( *acobsvitso 72"
10X 10 |100.00).00124 | 00145 |.00K8 | 00/93] g022 vo\eh TR /0Tx 8.3/ ; G= 9x8.3) =8¢ Fs.

Exhibit 3-4 Head loss coefficients for circular and square
conduits flowing full (Ref. NEH Section 5, ES=42)
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Exhibit 3-5 Discharge of circular pipes flowiag full.
danning's n = 0.010 (Sheet 1 of 6)
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Exhibit 3-5 Discharge of circular pipes flowing full,
Manning's n = 0,011 (Ref. NEU Section 5, LS~54)
(Sheet 2 of 6)
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Exhibit 3-5 Diseharge of circular pipes flowing full.
“anning’'s n = 0.014 (Sheet 5 of 6)
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Exhibit 3-5 Discharge of circular pipes flowing f{ull.
Manning's n = (,u24 (Sheet 6 of 6)
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For IPS Pipe
Q l-inch 1%-inch| 1%-inch| 2-inch 2%-inch | 3-inch 3%-inch Q
Gallons Gallons
per min.] 1.189 ID| 1.502 ID| 1.720 ID| 2.149 ID| 2.601 ID | 3.166 ID| 3.620 ID | per min.
Friction Head Loss in Feet per Hundred Feet

2 .15 04 | .02 2
4 .54 .17 .09 .03 .01 4
6 1.15 .37 .19 .06 .02 6
8 1.97 .63 .32 .11 .04 .01 8
. 10 2.98 .95 49 .16 .06 .02 .01 10
15 6.32 2.03 1.04 35 14 .05 02 15
20 10.79 3.46 1.78 60 .23 .09 04 20
25 16.30 5.22 <2.70 91 .36 .13 07 25
30 22.86 7.32 3.78 1.27 50 .19 10 30
35 9.75 5.03 1.70 67 .25 13 35
40 12.46 6.46 2.18 86 .32 17 40
45 15.51 8.02 2.71 1.07 .40 21 45
50 18.87 9.75 3.30 1.30 .49 25 50
55 22.48 11.64 3.94 1.54 .59 .30 55
60 13.64 4.62 1.81 .69 36 60
65 15.85 5.36 2.10 .80 41 65
70 18.19 6.14 2.42 .92 47 70
75 20.65 6.99 2.75 1.06 .55 75
80 23.28 7.86 3.10 1.19 62 80
85 8.81 3.47 1.33 .69 85
90 9.79 3.85 1.48 .77 90
95 10.82 4.25 1.64 .85 95
100 11.89 4.69 1.80 .93 100
110 14.21 5.59 2.14 1.11 110
120 . 16.69 6.56 2.52 1.31 120
130 19.35 7.63 2.92 1.53 130
140 22.21 8.73 3.36 1.75 140
150 9.94 3.82 1.99 150
160 11.20 4.29 2.24 160
170 12,51 4.80 2.50 170
180 13.90 5.35 2.79 180
190 Table based on Hazen-Williams 15.39 5.92 3.08 190
200 equation - €1 = 150 16.91 6.50 3.38 200
220 20.19 7.77 4.04 220
240 23.73 9.12 4.76 240
260 To find friction head loss in PVC 10.57 5.51 260
280 or ABS pipe having a standard dimension 12.11 6.32 280
300 ratio other thanm 21, the values in the 13.78 7.18 300
320 table should be multiplied by the ap- 15.52 8.10 320
340 " propriate conversion factor shown 17.37 9.07 340
360 below: 19.27 10.08 360
380 21.33 11.13 380
400 Conversion 23.45 12.22 400

SDR_No. Factor
420 13.5 1.35 13.40 420
440 17 1.13 14.59 440
460 21 1.00 15.86 460
480 26 .91 17.15 480
500 32.5 .84 18.50 500

A . 785

51 .75

Exhibit 3-7 Friction head loss in semirigid plastic irrigation
pipelines manufactured of PVC or ABS compounds.
Standard dimension ratio - SDR = 21. (Ref. SCS -
Fort Worth, Texas, 1967)

Sheet 1 of 5
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For IPS Pipe

Q 4-inch 5-inch 6-inch 8-inch 10-inch 12-inch Q
Gallons ' ) Gallons
per min. | 4.072 ID | 5.033 ID | 5,993 ID | 7.805 ID | 9.728 ID | 11,538 ID | per min,

Friction Head Loss in Feet per Hundred Feet

15 .01 15

20 .02 20

25 .04 .01 SDR NWo. Pactor 25

30 .05 .02 13.5 1.35 30

35 .07 .02 0 17 1.13 3

40 .09 .03 .01 21 1.00 40

45 .12 .04 .01 26 .91 45

50 14 .05 .02 32.5 .84 50

41 . 7185-

55 .17 .06 .02 51 .75 55

60 .20 .07 .03 60

65 .23 .08 .03 .01 65

70 .27 .09 .04 .01 70

75 3l .11 .04 .0l 75

80 .35 .12 .05 .01 80

85 .39 .14 .05 .01 85

90 .43 .15 . 06 .01 90

95 .48 .17 .07 .02 95

100 .52 .19 .07 .02 100

110 .63 .22 .09 .02 110
120 T4 .26 .10 .03 .01 120
130 .85 .30 .12 .03 .01 130
140 .98 .35 .14 .04 .01 140
150 1.11 .40 .16 .05 .01 150
160 1.26 YA .19 .05 .01 160
170 1.41 .49 .21 .06 .02 170
180 1.57 .55 .24 .07 .02 .01 180
190 1.73 .61 .26 .07 .02 .01 190
200 1.90 .67 .29 .08 .02 .01 200
220 2.28 .81 ¥ .09 .03 .01 220
240 2,67 .95 .40 .10 .03 .01 240
260 3.10 1.10 .46 .12 .04 .02 260
280 3.56 1.26 .54 .14 .05 .02 280
300 4.04 1.43 61 17 .05 .02 300
320 4.56 1.62 .69 .19 .06 .03 320
340 5.10 1.82 77 .21 .07 .03 340
360 5.67 2,02 .86 . .24 .08 .03 360
380 6.26 2.22 .95 .26 .09 .04 380
400 6.90 2.45 1.04 .28 .10 .04 400
420 7.55 2,69 1.14 .31 .10 .05 420
440 8.23 2.92 1,25 .34 .11 .05 440
460 8.94 3.18 1.35 .37 .12 .06 460
480 9.67 3.44 1.46 .41 .14 .06 480
500 10.42 3.70 1.58 .43 .15 .06 500
550 12.44 4,42 1.89 .52 .18 .07 550
600 14.61 5.21 2,22 .61 .21 .09 600

Exhibit 3-7 Friction head loss in semirigid plastic irrigation
pipelines manufactured of PVC or ABS compounds.
Standard dimension ratio - SDR = 21. (Ref. SCS5 -
Fort Worth, Texas, 1967)

Sheet 2 of §
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4-inch 5-iz=ch 6-inch 8-irch i0-ineh 12-inch Q
Gallons Gallons
per min. ( 4.072 ID | 5.C33 ID | 5.993 1D | 7,805 ID | 9.728 ID | 11.538 ID | per min.
Friction Head Loss in Feet per Hundred Feet

600 14.61 5.21 2,22 .61 .21 .09 600

650 16,94 6.04 2,58 11 .24 .10 650

700 19.45 6,92 2,96 .81 .28 .12 700

750 22,08 7.87 3.36 .93 .32 .14 750

800 8.88 3.78 1,04 .36 .16 800

850 9.93 4.24 1.17 .40 .17 850

900 11.05 4.71 1.30 44 .19 900

950 12.18 5.21 1.44 49 .21 950
1000 13,40 5.73 1.58 .54 .23 1000
1050 14.67 6.27 1.73 .59 .26 1050
1100 16,00 6.83 1.88 .65 .28 1100
1150 17.39 7.41 2.05 .70 .30 1150
1200 18.80 8.02 2,21 .76 .33 1200
1250 20,27 B.66 2,39 .82 .35 1250
1300 21,78 9.32 2,57 .88 .37 1300
1350 ‘ 9.99 2,76 .95 40 1350
1400 10.66 2.95 1.01 .43 1400
1450 11.40 3.16 1,08 .47 1450
1500 12.13 3.35 1.15 .50 1500
1600 13,68 3.78 1.30 .56 1600
1700 15.29 4.2) 1.45 .62 1700
1800 16.99 4.70 1.62 .70 1800
1900 18.81 5.20 1.79 7 1900
2002 20,66 5.72 1.97 .84 2000
2100 22,61 6.26 2.15 .93 2100
2200 24.67 6.83 2.34 1.01 2200
2300 7.42 2.55 1.10 2300
2400 §.02 ‘2.76 1.19 2400
2500 8,67 2.97 1.29 2500
2600 SDR No. Factor 9.31 3.20 1.39 2600
2700 13.5 1.35 9.98 3.43 1.49 2700
2800 17 1.13 10.67 3.67 1.59 2800
2900 21 1.00 11,39 3.92 1.69 2900
3000 26 91 12.10 4.17 1.81 3000
3100 32.5 .84 12,89 4.43 1.92 3100
3200 41 .785 13.66 4,71 2,04 3200
3300 51 .75 14.46 4.97 2,15 3300
3400 15.29 5.27 2.28 3400
3500 16.11 5.56 2.41 3500
3600 16,99 5.85 2.53 3600
3700 17.89 6.17 2.67 3700
3800 18,76 6.47 2.80 3800
3900 19.69 6.79 2.94 3900
4003 20.67 7.11 3.08 4000

Exhibit 3-7 Priction head loss in semirigid plastic irrigation

pipelines manufactured of PVC or ABS compounds.

Standard dimension ratio - SDR = 2],

Fort Worth, Texas, 1967)

(Ref. SCS -

Sheet 3 of § .
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Yor PIP Pipe
Q 4-inch 6=1inch 8=iuch 10-inch 12-inch q
Gallons Gallous
per min. 3.736 ID 5.556 ID 7.382 Ip 9.228 Id 11.074 I per min.
Friction Head Joss in Feet per Hundred Feep |
15 .02 Table based on Hasem-Williams equation - C; = 150. 15
20 . 0h 20
25 .06 Yo find friction head loss in PVC 25
30 .09 .01 or ABS pipe having e standard 0
35 .12 .02 dimgnsion ratio other than 21, the 35
40 .15 .02 values in the table should be mul- 40
45 .18 .03 tiplied by the appropriate comnver- 45
50 .22 .03 sion factor showa below: 50
55 .27 .04 Conversica 55
60 a1 .05 DR Mo, __ Jactor 60
63 .36 .05 .01 65
70 .42 .06 .02 13.5 1.3 70
75 .47 .07 .02 17 1.13 75
80 .53 .08 .02 21 1.00 80
85 .60 .09 .02 26 91 85
90 .66 .10 .02 32.5 .B4 90
95 .73 .11 .03 41 .785 95
100 .80 .12 .03 51 .75 100
110 .96 14 .03 110
120 1.13 .16 .04 .01 120
130 1.31 .19 .08 .02 130
140 1.50 .22 .05 .02 140
150 1.70 .25 .06 .02 150
160 1.92 .18 .07 .02 160
170 2.15 W31 .08 .03 170
180 2.39 .35 .09 .03 180
190 2.64 .38 .10 .03 190
200 2,90 42 .11 .04 .01 200
220 3.46 .50 .13 . Ok .02 220
240 4.07 .59 .15 | .05 .02 240
260 4,72 .68 .17 .06 .02 260
280 5.41 .78 .20 .07 .03 280
300 6.15 .89 .22 .08 .03 300
320 6.93 1.00 .25 .08 .03 320
340 7.76 1.12 .28 .09 .04 340
360 8.62 1.25 .31 .11 N 360
380 9.53 1.38 .35 .12 .03 380
400 10.48 1.52 .38 .13 .0% 400
420 11.47 1.66 .42 .14 .06 420
440 12,50 1.81 .45 .15 .06 440
460 13.58 1.96 49 .17 .07 ] 460
480 14.69 2.13 .33 .18 .07 480
500 15.84 2.29 .57 .19 .08 500
550 18.90 2.74 .69 .23 .10 550
600 22.21 . .81 .27 .11 600

Exhibit 3-7 Priction head loss in semirigid plastic irrigation
" pipelines manufactured of PVC or ABS compounds,
Standard dimension ratio - SDR = 21, (Ref. SCS -
Fort Worth, Texas, 1967)

. Sheet 4 of 5
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For PIP Pipe
Q 4-inch 6=inch 8-inch 10-inch 12-inch .
Gallons Gallons
per min, 3.73% D 5.556 Ib 7.382 1D 9.228 1D 11.074 ID per wmin.
friction Bead Los eet per Hundred Feet

650 in .93 . .13 650

700 4.28 1.07 .36 .15 700

750 4.86 1,22 .41 .17 150

800 5.47 1.37 46 .19 800

850 6.13 1.53 .52 .21 850

900 6.81 1.71 .58 .24 900

950 7.53 1.89 .64 .26 950
1000 8.28 2.07 .70 .29 1000
1050 9.06 2,27 17 ) 1050
1100 9.87 2.47 .83 34 1100
1150 10.72 2,69 .91 .37 1150
1200 11.60 2,91 .98 .40 1200
1250 12,51 3.13 1.06 .43 1250
1300 13.45 3.37 1.14 47 1300
1350 14.43 3.61 1.22 .50 1350
1400 15.43 3.87 1.30 .54 1400
1450 16.47 4,13 1.39 .57 1450
1500 17.54 4.39 1.48 .61 1500
1600 19.76 4.95 1.67 .69 1600
1700 22.11 5.5 1.87 .17 1700
1800 24 .58 6.16 2,08 .85 1800
1900 6.81 2.29 .94 1900
2000 7.49 2.52 1.04 2000
2100 8.19 2.76 1.14 2100
2200 8,93 3.1 1.24 2200
2300 9.70 3.27 1.35 2300
2400 10.49 3.54 1.46 2400
2500 11.32 3.82 1.57 2500

SDR Mo,  Facgor

2600 12.17 4.10 1.69 2600
2700 13.5 1.3 13.05 4.40 1.81 2700
2800 17 1.13 13.96 4.71 1.9 2800
2900 21 1.00 14.90 5.02 2.07 2900
3000 26 .91 15.86 5.35 2.20 3000
3100 32.5 .84 16.85 5.68 2.3% 3100
3200 41’ .785% 17.88 6.03 2.48 3200
3300 51 .15 18.92 6,38 2.62 3300
3400 20.00 6.74 2.77 3400
3500 21.10 7.11 2,93 3500
3600 22.23 7.50 3.08 3600
3700 23.39 7.89 3.24 3700
3800 24.57 8.28 3.41 3800
3900 8.69 3.58 3900
4000 9.11 3.75 4000

Exhibit 3-7 Friction hesd loss in semirigid plastic irrigation

pipelines manufactured of PVC or ABS compounds.
Standard dioension ratio - SDR = 21, (Ref. SCS -
Port Worth, Texas, 1967)

Sheeat S of 5
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PIPE ENTRANCES

INWARD PROJECTING PIPE | Ke SHARP - CORNERED Ke
\X'L___'H'
0.78 %-::‘a—%—f:—:;- 0.50
o
HOODED INLET 1.00 /
SLIGHTLY ROUNDED | Kg BELL MOUTH Ke
\ \
\\\\\ M
5;,;—;—*‘—— === 0.23 T Tm==s | 0.04
e =2 : P '
7
// i
PIPE BENDS
| RETURN BEND Kpg STANDARD - TEE Ky
2.20 ]l[ { } Jl[ 1.80
STANDARD 90° ELBOW | Kgo LONG RADIUS ELBOW K |
0.90 m :‘ ; 0.60

Exhibit 3-8 Head loss coefficients for pipe entrances and bends

(Sheet 1 of 2)
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PIPE BENDS
45° ELBOW Kas
45° 0.42

V

ENLARGEMENTS AND CONTRACTIONS

SUDDEN ENLARGEMENT | Ker | GRADUAL ENLARGEMENT
(4 .&Lﬁ |
€T | Ak
ﬂ‘“\\‘-\__ ]
A
SUDDEN CONTRACTION K FACTORS FOR A 8B SEE:
B REFERENCE:
HANDBOOK OF HYDRAULICS
v v BY H.W. KING
PAGES 6 - I8
(FOURTH EDITION)
_ VALVES
WIDE OPEN K PARTIALLY CLOSED
FOR K FACTORS SEE:
F A 0.40 -
OOT VALVE REFERENCE :
GLOBE VALVE : 10.00 BY M. W KING
ANGLE VALVE 5.00 PAGES 6 - 18
GATE VALVE 0.20 (FOURTH EDITION)

Exhibit 3-8 Head loss coefficients for pipe entrances and bends

(Sheet 2 of 2) .
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Exhibit 3-9 Headwater depth for comcrete pipe culverts with
inlet control (Ref. Hyd. Eng. Cir. No. 5, USEPR,

1965)
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Exhibit 3-10 Headwater depth for CM pipe culverts with inlet
control (Ref. Hyd. Eng. Cir. No. 5, USBPR, 1965)
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Head for concrete pipe culverts flowing full with

outlet control n = 0,012 (Ref. Hyd. Eng. Cir.

No. 5, USBPR, 1965)
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Exhibit 3-12 Head for CM pipe culverts flowing full with
outlet control n = 0,024 (Ref. Hyd. Eng. Cir,
No. 5, USBPR, 1965)
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Exhibit 3-14 Solution of Manning's formula for uniform

flow (Ref. NEH Section 5, ES-54)
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Exhibit 3-14 Solution of Manning's formula for uniform
flow (Ref. NEH Section 5, ES~-54) Sheet 2 of 4
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Exhibit 3-14 Solution of Manning's formula for uniform
flow (Ref. NEH Section 5, ES-54)
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Exhibit 3-14 Solution of Manning's formula for uniform

flow (Ref. NEH Section 5, ES-54)
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Discharge, Q, for crest length, L, of—
1 foot 1.5 fest 2 foet 3 feot 4 foet 6 feet 8 feet 10 feet
Inches | Second-feet| Second-fert Seromiil Second-feet Sacoudzfm Second-feet |~ Second-feet | Second-feet
13 011 0. 16 02 0. 33 04 0. 62 0.8 1. 05
14, .12 .18 .25 . 87 . 50 .78 .97 1. 21
IZh . 14 .20 .28 .42 . B7 .83 1. 10 1. 38
194 .15 .22 .82 .47 . 64 .93 1. 24 1. 56
11y 17 .25 .35 . 53 .71 1. 04 1 30 1. 74
g, .19 .28 .39 . 58 .79 1. 15 1. 54 1. 93
118, . -3 L 48 .84 86 1. 27 1.70 212
2%, .23 . 34 .47 .70 . 05 1. 39 1. 86 2133
24, .25 . 87 .51 .76 1. 03 1.52 2.03 2 53
2y .27 . 40 . 55 .83 L 11 1. 64 220 275
2% .29 .44 59 .89 119 1. 78 2 37 297
% .81 . 47 a3 .05 128 1. 91 2, 55 319
2 M . 80 a8 1.02 L a7 2. 05 2.73 342
2% 36 . 54 72 L09 1. 46 219 292 3 66
b4 as . 807 17 116 1, 56 2 33 an 3 80
3 . 40 . 81 82 1 23 1. 65 2 48 3. 31 4. 14
3y .43 . 65 .} L3 1. 75 2. 63 3 51 4. 39
Yy .45 . 68 91 1. 38 1. 85 278 37l 4. 65
3 .48 .72 90 1. 46 1. 95 2 93 3. 92 4. 91
3% 50 .78 1. 02 L 53 2 05 8 09 413 517
an . 53 . 80 1. 07 1 61 118 3.25 4, 34 5 44
a3 . 66 . 84 .13 1. 69 2 20 341 4.56 57
3144 . 58 .88 1. 18 177 2 37 3. 658 478 5. 99
3187, 61 .92 1.28 1. 86 2 48 3.75 5. 01 6. 27
449 t 63 . 96 1. 28 1. 94 2. 60 3. 92 5. 24 6. 5t
44, [,:] 1. 00 1 84 1202 271 4. 09 5. 47 8. 86
44, 1. 04 1. 40 an 282 4. 26 5.70 7.14
4748 72 1. 08 1. 48 122 294 4,44 5 M 7. 44
4%, 74 113 1. 81 13 3 06 4. 82 8. 18 7.74
414, 77 .17 1. 57 237 318 4. 80 8. 43 8. 05
4%, .80 1,21 1. 63 2 40 330 499 8. 67 8 36
418, .83 1. 28 1.6 2. 55 3 42 5.17 6. 92 8 87
54 . 88 1. 30 175 2685 A 54 5.36 7.18 8 99
5% . 80 1. 35 1. 81 274 3 87 5. b5 7. 43 9. 31
130 .92 1, 40 1.88 288 3.80 575 7. 69 9. 63
5% .08 1 44 1. 94 29 383 5. 04 7. 95 0. 98
51 .M L 49 200 303 4. 05 6. 14 822 10. 3
5 1,02 1. 54 107 312 4 18 8. 34 8 48 10. 8
5% 1. 05 1. 59 218 322 4. 32 6. 54 8.75 1. 0
5 1. 08 1. 84 220 3 82 4. 45 6.74 9. 03 11. 8
6 L1 1. 88 130 3 42 4. 58 8. 95 9. 30 1.7
(171 1. 15 1. 73 233 3 52 4. 72 7.15 9. 58 12.0
oy 118 178 240 8 62 4 88 7. 36 9. 86 12 4
6% 121 1. 84 2.46 373 4. 99 7. 57 10. 1 127
(174 1. 25 1. 80 2,53 8 83 5.13 7.7 10. 4 13.1
6 1.28 L™ 2. 60 3™ 5 27 8 00 10. 7 13. 4
6y 1. 31 1. 99 2 67 4. 04 5. 42 8 22 11. 0 13. 8
S 814, 1. 35 2.04 274 4. 15 5. 56 8. 43 1.3 14. 2
6% 1,38 200 2 81 4.20 570 8 685 11. 8 14. 5
e 1 42 2. 15 2 88 4. 36 5. 85 8 B8 1.9 149
7He 1. 45 2.20 2 90 4.47 6. 00 9.10 12.2 15.3
T™e 1. 49 225 3.03 4. 59 6. 14 9. 33 12. 6 15.7
T4s 1, 52 21 31 310 4. 60 629 9. 55 12 8 16. 1
T 1. 56 23 8.17 4. 81 6. 44 0.78 13.1 16. 4-
Tike 1. 60 2 43 138 4.0 6. 59 10. 0 13. 4 16. &

Exhibit 3-15 Discharge for contracted rectangular weirs
(Ref. Parshall, R.L., Measuring Water in
Irrigation Channels, U.S. Dept., Agr. Cir.

843, 1950) (Sheet 1 of 3)




3-101

Diacharge, Q, for crest length, L, of—
Head, H1 -
1 foot 1.5 feet 2 feet 3 feet 4 feet 6 feet 8 feet 10 feat
Feel Inches |8econd-feet| Second-feet | Second-feel | Second-feet | Second-feet | Second-feet | Second-feel | Second-feet
0. 65 T4, 1. 63 2,47 3. 32 5. 03 6. 75 10. 2 13.7 17. 2
. 68 7'M 1. 67 2. 53 3. 40 515 6. 90 10. 6 14.0 17. 6
.87 84a 17 2. 59 3 47 5. 26 7.05 10. 7 14. 4 18.0
. 68 84 174 2. 64 3. 56 5. 38 7.21 10. 9 14.7 18. 4
. 89 8% 1.78 2.70 3. 63 5. 49 7. 36 11. 2 15.0 18. 8
.70 84 1. 82 2.76 371 5. 61 7. 52 11. 4 15. 3 19. 2
W71 8K 1. 86 2. 81 3.78 5. 73 7.68 11. 7 15. 7 19. 6
.72 8 1. 90 2. 87 3. 86 5. 85 7. 84 11. 9 16. 0 20.1
.73 8% 1. 93 2,93 3. 04 5 97 8. 00 12,2 16. 3 20. 5
.74 8% 1. 97 299 4. 02 6. 09 817 12. 4 16. 6 20.9
.75 9 2.01 3. 05 4. 10 6. 21 8 33 12. 7 17.0 21.3
.78 0% 2. 05 3. 11 4. 18 6. 33 8 49 12. 9 17. 3 21.7
.77 [ 2.09 317 4. 26 6. 45 8. 66 13. 2 17.7 22.2
.78 [ 2.13 3.23 4. 34 6. 58 8. 82 13. 4 18.0 22. 6
.79 9% 2.17 3.29 4. 42 6. 70 8 99 13.7 18. 3 23.0
.80 9% 2.21 3. 35 4 51 6. 83 9. 16 13. 9 18. 7 23. 4
. 81 % 2.25 3. 41 4. 59 6. 95 9.33 14. 2 19.0 23. 9
. 82 9134, 2.29 3. 47 4. 67 7. 08 9. 50 14. 4 10. 4 24.3
.83 9150, 2,33 3. 54 4,75 721 9. 67 14.7 19.7 24. 8
.84 10%s 2.37 3. 60 4. 84 7.33 9. 84 15. 0 20. 1 25.2
.85 10¥, 2.41 3. 66 4. 92 7. 46 10.0 15. 2 20. 4 25.7
. 86 10%4 2486 372 501 7. 59 10. 2 15. 5 20. 8 26.1
. 87 10%a 2. 50 3.79 510 772 10. 4 15.7 211 26. 6
. 88 10%, 2 54 3. 85 5 18 7. 85 10. 5 16. 0 21. 5 27.0
.89 1014, 2. 58 3. 92 5. 27 7. 99 10. 7 16. 3 21.9 27.5
. 90 104 262 3.08 5. 35 8 12 10. 9 16. 5 22,2 27.9
.91 10'%s 2. 67 4. 05 5. 44 8. 25 111 16. 8 22,68 28 4
.92 11%s 2.71 4. 11 5. 53 8. 38 11. 2 17.1 23.0 28.8
.93 1134, 2.75 4.18 5. 62 8. 52 11. 4 17. 4 23.3 29. 3
.94 11% 2.79 4. 24 571 8. 65 11. 6 17. 6 23. 7 29.8
. 96 11% 2.84 4. 31 5. 80 8. 79 11. 8 17.9 24. 1 30. 2
.96 11% 2. 88 4,37 5. B9 8. 93 12. 0 18. 2 24.5 30.7
.97 11% 2. 93 4. 44 5. 98 9. 06 12. 2 18. 5 24. 8 312
.98 11Y% 2,97 4. 51 6. 07 9. 20 12, 3 18. 8 25 2 3.7
29 11% 301 4. 57 6. 15 9. 34 12,5 19.0 25.6 32.2
1. 00 12 3. 06 4..64 8. 25 9. 48 12.7 19. 3 26.0 32.6-
1. 01 12% | -_____ 4.71 6. 34 9. 62 12. 9 19. 8 26. 4 33.1
1. 02 12 | .. . 4. 78 6. 43 9. 76 13.1 19. 9 26. 7 33. 6
1. 03 12% | ... 4. 85 6. 52 9. 90 13.3 20. 2 27.1 34.1
104 12 1 4, 92 6. 62 10. 0 13. 5 20. 5 27.5 34. 6
1. 05 12% | ______ 4. 98 6. 71 10. 2 13.7 20.7 27.9 351
L 06 12y, | . __ 5. 05 8. 80 10. 3 13. 8 21. 0 28.3 35. 6
1. 07 12'8. | o .. 5.12 6. 90 10. 5 14.0 21.3 28,7 36. 1
1. 08 12184 | ______ 5. 20 6. 99 10. 6 14. 2 21. 6 209.1 36.6
1. 09 134e | aeeoo - 5. 26 7.09 10. 8 14. 4 21. 9 29.5 37. 1
110 13 | oo 5. 34 7.19 10. 9 14. 6 22.2 29.9 37. 6
1.11 13%e | - 5 41 728 11.0 14. 8 22. 5 30. 3 38.1
1,12 13Us | ------ 5. 48 7. 38 1. 2 15. 0 22.8 30. 7 386
1. 13 13%e | ------ 5. 55 7. 47 11.3 15. 2 23.1 311 39.1
1. 14 13%Me | _--___ 5. 62 7. 57 11. 5 15. 4 23. 4 31. 5 39. 6
1.15 1313 | -_____ 5. 69 7. 66 11. 6 15. 6 23.7 319 40. 1
1. 16 13'%e | o= 577 7.76 11. 8 15. 8 24.0 32. 3 40. 6
117 44 | . . 5. 84 7. 86 11.9 16. 0 24. 3 32.7 41. 2
1. 18 14%s | - 5.91 7.96 12.1 16. 2 24. 6 33.1 41.7
1.19 14y | _____ b. 98 8. 06 12,2 16. 4 24.9 33. 6 42,2
Exhibit 3-15 Discharge for contracted rectangular weirs

(Ref. Parshall, R.L., Measuring Water in
Irrigation Channels, U.S5. Dept. Agr. Cir.
843, 1950)

(Sheet 2 of 3)
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Discharge, @, for crest length, L, of—
Head, H!

1 foot 1.5 feet 2 feet 3 feet 4 feet 6 feet 8 feet: 10 feet
Feel Inches | Second-feet| Second-feet | Second-feet | Second-feet | Second-feel | Second-feel | Second-feel | Second-fect
1. 20 143 6. 08 8.1 12, 4 16. 6 25.2 310 42,7
1. 21 1434 6. 13 8. 26 12. 5 16. 8 25. 5 344 43. 2
1. 22 1454 6. 20 8 35 12.7 17.0 25. 8 31. 8 43. R
1. 23 143 6. 28 8. 46 12. 8 17. 2 26. 2 35. 2 44. 3
1. 24 1474 8. 35 8. 56 13.0 17. 4 26. 5 35.6 44. 8
125 15 6.43 8. 66 13. 1 17.6 26, 8 36. 1 45. 4
1. 26 3 2 I 13.3 17.9 27. 1 36. 5 45. 9
127 169 | s .. - - 13. 4 18.1 27. 4 36. 9 46. 4 .
1.28 L O I 13. G 18.3 27.7 37.3 47. 0
129 |17 [ A IO 13. 8 18. 5 28.0 37.8 47. 5
1. 30 |5 I U D 13.9 18. 7 28. 3 38. 2 48. 1
1. 31 15 | ... - - - 14.1 18. 9 28. 7 38. 6 48. 6
1. 32 1543, | ... - - - - 11. 2 19. 1 29,0 30.1 49, 2
1. 33 15'%a . - . .- . 14. 4 19. 3 29. 3 30.5 49,7
1. 34 161{a T I 14 6 19. 6 29, 6 30,9 - 50.3
1. 35 W6¥e | __C_C oL L0 b .. 14. 7 19. 8 30.0 40. 4 50. 8
1, 36 1639a | _.____ e TP 14,9 20.0 30. 3 40. 8 51.4
1. 87 X T S T T I, 15.0 20. 2 30. 6 41. 3 519
1. 38 16%s | ______ Y T, 15.2 20. 4 30.9 4.7 52. 5
1,39 166 | ooo0 ) ool | ool 15. 4 20. 6 3.3 42,1 53.1
1. 40 6% | ceees | e | 15.5 20, 9 31.6 42 6 53. 6
1 4] 161574 15. 7 21,1 3L 43.0 54. 2
1. 42 1716 15. 9 21. 3 32,2 43. 5 1.7
1. 43 17¥6 16. 0 21. 5 32.6 43. 9 59, 3
1. 44 17% 16, 2 21.7 32.0 44, 1 55. 9

16. 3 22.0 33.2 41. 8 56, 5

{. :g %;22 18. 5 22,2 33. 6 45. 3 57. 0
1. 47 17% 16.7 22 4 33.0 45.7 57.6
1. 48 17% 16. 9 22. 6 342 46. 2 58. 2
1. 49 17% 17.0 22,9 34. 6 46. 6 58. 8
1. 50 18 17. 2 23.1 34. 9 47.1 5.3

- i N l
1 Values of discharge for heads up to 0.20 foot (crest lengths 1, 1.5, 2, 3, and 4 fcet) do not follow the formula, but are taken directly
from the calibration gcurv’e. The discharge for heads 0.10 to 1.8 feet for the 6-, 8-, and 10-foot weirs are as computed by the formula
$=3.33 (L—0.2H) F". .

Exhibit 3~-15 Discharge for contracted rectangular weirs
(Ref. Parshall, R.L., Measuring Water in
Irrigation Channels, U.S. Dept. Agr. Cir.

843, 1950) (Sheet 3 of 3)
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Discharge, Q, for crest length, L, of—
Head, H*
1 foot 1.5 feat 2 fect 3 feet 4 feat 6 feet 8 feet 10 feet
Feel Inches | Second-feet| Second-feet | Second-feel | Second-feet | Second-feet | Second-feet | Second-feet | Second-feet

0. 10 14, 0.11 0. 16 0. 23 0. 33 0. 44 Q. 64 0. 85 1. 06
.11 1%, 12 .18 .26 .38 . 50 .74 .98 1. 23
12 1%4 14 .21 .29 . 43 .57 .84 112 1. 40
13 1%e 16 .24 .32 .48 .64 .95 1. 26 1. 68
14 114, 17 .26 . 36 . b4 . 1. 08 1. 41 173
15 1144 .19 .29 .39 . 59 .79 1.17 1. 56 1. 96
16 113, .21 .82 .43 . 85 . 87 1. 29 1.72 215
17 24 .23 .36 . 47 .7 . 96 1. 41 1. 89 2. 36
.18 26 .25 . 39 . 51 .77 1. 04 1. 54 2. 06 2. 67
.19 29 .28 .42 . 56 .83 112 1. 67 2.23 2.79
.20 24 . 30 . 45 . 60 .90 1. 20 1. 81 2 41 3 01
.21 2% .32 . 48 .64 .97 1. 29 1. 94 2 59 324
.22 21 .35 .52 . 69 1. 04 1. 38 2 08 278 3147
.23 23 .37 . 55 .74 1. 11 1. 47 2,23 2.97 371
.24 2% .39 . 59 .79 1.18 1. 57 2.38 317 3. 96
.25 3 .42 . 63 . 84 1. 25 1. 67 2. 53 3 37 4 21
.26 3% .45 . 67 . 89 1. 33 177 2. 68 357 4. 46
.27 3y 47 .70 .94 1. 40 1. 87 2 83 378 4 72
.28 3 50 .74 .99 1. 48 1. 97 29 399 4. 99
.29 34 53 .79 1. 04 1. 56 2 08 315 421 5 26
. 30 % 56 .83 1. 10 1. 64 219 332 443 5. 53
.31 au 50 .87 115 1. 73 2. 30 349 4. 65 5. 81
.32 3%, 61 .01 1.21 1. B0 2 41 3 66 4 88 6 09
.33 3134 64 . 95 1. 27 1. 89 2. 52 3.83 5. 11 6. 38
.34 44, 67 1. 00 1. 32 1. 98 2. 64 400 5 34 6. 67
.35 1Y, .70 1.04 1. 38 2.07 2. 75 418 5. 58 6. 97
. 36 45870 .73 1. 09 1. 44 2. 16 2. 87 4. 36 5 82 7.27
.37 4% .77 1.13 1. 50 2,25 2. .99 4. 56 6. 06 7. 58
.38 1%, 80 1.18 1. 57 2. 34 3 11 4. 73 4. 31 7.89
.39 44 83 1.23 1. 63 2.43 3 24 4 92 6. 56 8. 20
. 40 'Y 87 1. 28 1. 69 2. 53 3 36 5 11 6. 81 & 52
.41 415, 90 1. 32 1. 76 2..62 3.49 5. 30 7.07 8 84
.42 5 93 1. 37 1. 82 272 3.61 5. 50 7.33 9 16
.43 5¥n a7 1. 42 1. 89 2. 81 3.74 5. 70 7.59 9. 49
. 44 5% 1. 00 1. 47 1. 95 2. 91 3 87 5. 90 7.86 9. 83
. 45 5% 1. 04 1. 53 2. 02 3.01 4 01 6. 10 813 10. 2
. 46 5% 1. 07 1. 58 2. 09 3 11 4 14 6. 30 8 40 10. 5
.47 5% 111 1. 63 2. 16 3. 21 4 28 6. 51 8. 68 10. 8
.48 534 1. 16 1. 68 2.23 3 32 4 41 6. 72 8 96 11. 2
49 5% 1. 18 1. 74 2.30 3 42 4. 55 6. 93 9 24 1. 5

. 50 6 1.22 179 2.37 3 53 4 69 7. 14 9. 52 1. 9
. 561 6% 1. 26 L 85 2. 44 3 64 4. 83 7.36 9. 81 12. 3
. b2 6% 1. 30 1. 90 2. 51 3. 74 4. 97 7. 57 10. 1 12. 6
. 53 (113 1. 34 1, 96 2, 59 385 5.12 7.7% 10. 4 13.0
.04 6% 1. 38 2.02 2. 66 3.96 5. 26 8 02 10. 7‘ 13. 4
.55 6 142 2 07 2 74 4. 07 5. 41 B. 24 11,0 13. 7
. 66 6% 1. 46 213 2. 81 4.18 5. 56 8 47 11. 3 14. 1
57 V3, 1. 50 2.19 2. 89 4. 30 5 71 8. 69 11. 6 14. 6

. 58 6%y 1. 54 2 25 2. 07 4 41 5. 86 8 92 1L 9 14 9
59 TWs 1. 58 2.31 3.05 4. 53 6.01 9.15 12. 2 15. 3

. 60 THs 162 237 313 4 64 6. 17 9 39 12 5 15 6
.61 T1e 1. 67 2,43 320 4. 76 6. 32 9 62 12. 8 16. 0
. 62 s 1. 71 249 3.28 4 88 6 47 9. 86 13. 1 16. 4
.63 T%a 1. 75 2 55 337 5.00 6. 63 10. 1 115 16. 8
. 64 T 1. 80 2, 62 3. 45 5.12 6, 79 10. 3 13 8 17. 2

Exhibit 3-16 Discharge for Cipolletti weirs (Ref. Parshall,

R.L., Measuring Water in Irrigation Channels,

U.S. Dept. Agr. Cir. 843, 1950)

(Sheet 1 of 3)
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Discharge, @, for crest length, L, of—
Head, H!
1 foot 1.5 feet 2 fect, 3 feet 4 feet 6 feet 8 fect 10 feet
Feet Incher | Second-feet| Second-feet | Second-feet Second-feel | Second-feel | Second-feet | Second-feel | Second-fect
0. 65 T'¥s 1. 84 2. 68 3. 53 5. 24 6. 95f 10. ﬁf ' 14, lj 17. Gf
66 7% 1. 89 275 3. 61 5 36 7.11 10. 8 14. 4 18. 1
67 B, 1. 93 2, 81 370 5. 48 7.28 1.1 14. 8 18. 5
68 8Ue 1. 98 2. 87 3.79 5. 61 7. 44 11. 3 15. 1 18.9
689 8% 2. 02 2. 94 3. 87 573 7. 61 1. 6 15. 4 19, 3
70 8% 2.07 3.01 3. 95 5. 86 7.77 1. 8 15. 8 19.7 !
71 81y 212 3. 07 4 04 5. 09 7.94 12. 1 16. 1 20. 1
72 8 2. 18 3. 14 4.13 6. 12 811 12. 3 16. 5 20,6
73 84 2.21 3.21 4, 22 6. 24 8. 28 12. 6 16. 8 21.0
74 8% 2.26 3.28 4.31 6. 38 8. 45 12.9 17. 1 21. 4
75 9 2.31 3.35 4. 40 6. 51 8. 62 13.1 17. 5 21.9 .
76 9% 2.-36 3. 42 4. 49 6. 64 8. 80 13.4 17. 8 22.3 b
77 9y 2.4 3.49 4. 58 6. 77 8. 97 13. 6 18. 2 22,7
78 93 2. 46 3. 56 4. 87 6. 90 9. 15 13. 9 18. 8 232 :
79 9ls 2. 561 3. 63 4.76 7.04 9. 33 14. 2 18. 0 236 !
80 9% 2. 566 3.70 4. 85 7.18 9. 51 1. 5 19. 3 24,1 -
81 9% 2. 61 377 4. 95 7.31 9. 69 14. 7 19, 6 24. 5
82 913, 2. 66 3.8 5. 04 7.45 9. 87 15.0 20.0 25.0
83 98g 2.71 3.92 5 14 - 7.59 10.0 15.3 20. 4 25.5 ‘
84 1044 2.77 3.99 5.23 7.73 10.2 15.6 20.7 259 |
85 10¥s 2.82 4.07 5. 33 7. 87 10. 4 15. 8 211 26. 4 i
86 10%4 2. 87 4. 14 5. 43 8. 01 10. 6 16. 1 215 26. 9
87 10%e 2.93 4. 22 5. 52 815 10. 8 16. 4 21.9 27.3
88 10%, 2. 98 4. 29 5. 62 8.30 1.0 16. 7 22 2 27. 8
89 10'}a 304 4. 37 572 8. 44 il 2 17.0 22. 6 28 3
00 10'%, 3.09 4. 45 5. 82 8 59 11. 4 17. 2 23.0 28 7
21 10154, 3. 15 4, 53 5. 92 873 11. 6 17. 5 23. 4 29.2
92 114, 3.20 4. 60 6, 02 & B8 1.7 17.8 23 8 29,7
93 114, 3 26 4. 68 6. 13 9 03 1. 9 18. 1 24.2 30. 2 :
94 114 3. 32 4.76 6. 23 917 12.1 18. 4 24. 5 30.7 [
I
a5 11% 3.37 4. 84 6. 33 9. 32 12.3 18. 7 249 312
26 11% 3.43 4. 92 6. 44 9. 48 12.5 19.0 25.3 317
97 11% 3.49 5. 00 6. 55 9. 62 12. 7 19. 3 25.7 32 2
98 11% 3. 55 5. 09 6. 64 .78 12. 9 19.6 . 26. 1 327
99 117% 3. 61 517 6. 76 9. 93 13.1 19. 9 26. 5 33.2
1. 00 12 3. 67 5. 25 6. 86 10. 1 13.3 20. 2 26. 9 33.7 :
1. 01 124 { ... 5. 33 6. 96 10. 2 13. 5 20.5 27.3 4.2 |
1. 02 12y | ... 5 42 7.07 10. 4 13.7 20. 8 27.7 34.7 I
1. 03 12% | .__._. 5. 50 7.18 10. 6 139 21. 1 28.2 35. 2 '
1.04 12 | ..o 5. 59 7.29 10.7 i 14. 2 21. 4 28. 8 357 ;
]
1. 05 12% | ..o 5. 67 7. 40 10.9 14. 4 21.7 29,0 36.2
1. 06 12% | ... 5 76 7. 51 11.0 14. 6 22,0 20,4 36. 7 :
1. 07 12'%a | -.___. 5. 84 7. 62 11. 2 t 14.8 22 4 29. 8 37. 3
1. 08 1218, | ... __ 5. 93 7.73 11. 4 : 15.0 22 7 30.2 37.8
1. 09 134 | -neo-- 6. 02 7. 84 11. 5 i 15. 2 23.0 30.6 38.3 ,
t !
110 138, - - 6.11 7. 96 17 b 154 23.3 311 38.8
L1 13%, | 010 8. 20 8 07 1.8 | 156 23 6 315 394 |
1. 12 1348 | ~auo-- 6. 29 8 18 12. 0 i 15. 8 23.9 31. 9 39.9 [
1.13 13%s | _..-.. 6. 38 829 12. 2 16. 0 24. 3 32. 4 40. 4
1. 14 13 | oo - 6. 47 8 41 12. 3 16. 3 24. 6 32.8 41. 0 |
1.15 134, | ool - 8. 56 8 53 12.5 i 16. 5 24.9 33.2 41. 5
1. 16 13'%s | .- 6. 65 8. 65 12.7 16.7 25.2 33.6 42,1
1.17 144 | o...- 6. 74 876 12. 8 16. 8 25. 6 34.1 42. 6
1. 18 148, | ______ 6. 83 8. 88 13. 0 17. 2 259 34.5 43. 2
1,19 14 | ... 6. 93 900 13. 2 17. 4 26. 2 250 43.7

Exhibit 3~16 Discharge for Cipolletti weirs (Ref. Parshall,
R.L., Measuring Water in Irrigation Channels,
U.S. Dept. Agr. Cir. 843, 1950) (Sheet 2 of 3)
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Dincharge, @, for ¢crest length, L, of—
Head, H!
1 foot 1.5 feet 2 feet 3 feet 4 feet 6 feet 8 feet 10 feet

Feet Inches | Second-feet Secondaleu Second-feet | Second-feet | Second-feet | Second-feet | Second-feet | Second-feet
1. 20 14% | ______ 7.0 9. 12 18. 17. 6 26. 6 . 35. 4 44.
1.21 14 | ______ 7.11 9. 24 18. 5 17. 8 26. 9 35. 8 44. 8
1. 22 14% | .. _ 7.20 9. 36 13.7 18. 0 27.2 36.3 45 4
1.23 14 | . 7. 80 0. 48 13. 9 18. 3 27. 6 36.7 45. 9
1. 24 4% f ____. 7. 40 9. 60 14.0 18. 5 27.9 37.2 46. 5
1. 25 15 | ... 7.49 072 14. 2 18. 7 28.2 37.6 47.1
1,26 M | comoon | mmeeeean | el 14. 4 19.0 28. 6 381 47. 6
1. 27 D3 I T [T 14. 6 19. 2 289 38. 5 48 2
1.28 15% | ool | ooaaloo | o __ 14. 7 19. 4 29.3 39.0 48. 8
1. 29 188 | o | eaeaal__ [ 14, 9 19. 6 29. 6 39. 5 49. 3
1. 30 16 | coooon | emeeeol . 15.1 19. 9 29.9 39. 9 49. 9
1. 31 % | eeae | ol . 15. 3 20.1 30. 3 40. 4 50. 5
1.32 IMe | | il |ecmmecmaan 15. 5 20. 3 30. 6 40. 8 51.1
1. 33 L T U R [ 15. 6 20. 6 31.0 41. 3 51. 6
1.34 164 | o | ciccion e 15 8 20. 8 31.3 41. 8 52 2
1. 36 16Ms | -vcoom | commmmcn feceemmemeeas 16.0 21.1 3L 7 42.2 52. 8
1, 188e | ooool | il | 14. 2 213 32 0 42. 7 538 4
1. 37 188 | ccccoe | cmmmiian |l 16. 4 21. 5 32. 4 43. 2 540
1,38 18%s | oiool | o e e e 18. 6 21 8 327 43.7 54. 6
1,39 18Me | cccccn | cecmmecn |eccaamcmmaas 18. 8 22 0 33.1 441 b5 2
1. 40 16 | —ooin | coccmane Jeeemeeaaas 16. 9 223 33 5 44. 6 55. 8
1. 41 16%e | o0 | e | 17.1 22 5 338 45. 1 56. 4
1. 42 L e 17.3 22. 8 34.2 45. 6 57.0
1. 43 178 | ceccoe | cmmmmaan oo caee o 17. 5 230 346 46. 1 57.6
1. 44 17% | cceoao b s Ll 17.7 23. 3 349 46, 5 58. 2
1, 46 17 [ T I 17.9 23.5 85.3 47.0 58 8
1. 46 17% | coics | miiiiaae ) eeaaos 181 23 8 36. 6 47. b5 50 4
1. 47 17% | oooon | oeeeen ] aeeoa e 18. 3 24.0 36.0 48.0 60.0
1, 48 173% | .ol | eemeiae | emeaaaa- 18. 5 24. 3 36. 4 48. 5 60. 6
1, 49 17% | ooae | emieeeis | e 187 4.5 36.7 49.0 61.2
1. 50 2 S N S I 18. 9 24.8 37.1 49. 5 6l 8

1 Valuea of discharge for heads up to 0.20 foot (crest lengths 1, 1.5, 2, 3
from the calibration curve.

Q=38.367LH*,

Exhibit 3-16 Discharge for Cipolletti weirs (Ref. Parshall,
R.L., Measuring Water in Irrigation Channels,
U.S. Dept. Agr. Cir. 843, 1950)

(Sheet 3 of 3)

and 4 feet) do not follow the formula but are taken directly
The discharge for heads 0.10 to 1.5 feet for the 6-, 8,- and 10-foot weirs are as computed by the formula
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Head, H Discharge, Q Head, H Discharge, Q Head, H Discharge, Q
Feet Inches Smnd-{ed Feot Inches Second-feet Feet Inches Secondafm
0.15 1'%, 0. 02: 0. 55 [} 0. 564 0. 95 11% 21

16 114, 026 . 56 6% . 590 . 96 114 225
17 2Ky 029 . b7 aty, 617 97 11% 231
18 28, 034 . 58 61K, 644 98 113 237
19 2y . 59 THs 672 ] 1 2. 43
20 2 046 . 60 He 700 1. 00 12 240
21 2 052 .61 74, 730 1.01 12% 2. 55
22 2 058 . 82 Tha 760 102 124 2. 61
23 b33 065 63 THe 790 1. 03 12% 3. 48
24 2 o2 64 T Ya 822 104 12% 2.74
.25 3 . 080 . 65 7Y 854 L 05 12 2. 81
.28 - g% . 088 .68 T84y 887 106 12% 2. 87
.27 . 096 67 84y 921 107 1213, 2%
.28 % . 106 84, 955 1. 08 1218, 401
.29 . 116 69 17 991 109 1344 308
8t 125 .70 % 1.03 L 10 13%e 815

31 ay 136 .71 8k 1. 08 L11 1344 22
a2 313, 147 .72 B 1. 10 112 13%e 3 30
as Bk, 159 73 8y 114 113 1344 a a7
44, 171 .74 8% 1. 18 1. 14 1314, 3 44

a5 44, . 184 75 8 1. 22 L 15 13'%, 3 52
36 4M, . 187 76 o9 1. 26 1. 16 1318, 3. 59
37 4%a .21 77 [ A 1. 80 1.17 144, 3 67
38 44, . 225 78 9 1. 34 118 144, 175
39 1M, . 240 79 9% 1.39 1. 18 14y & 83
40 41 . 256 . %0 9! 1. 43 1. 20 14% a9l
41 4 .272 . B1 o 1. 48 L2 1434 3 99
42 54y . 289 .82 l;{. 1. 52 1. 22 14 4.07
43 5% . 308 .83 914, 1. 57 1.23 14¥ 416
44 5% . 824 .84 1044« 1. 61 1.24 14% 4. 24
45 5 343 .85 108, 1. 66 125 15 433
46 b a6z . 86 10%, 171 1. 26 154 4 42
47 5 .87 1044 176 1.27 15% 4. 51
48 5% 403 .88 10%, 1. 81 128 15% 4 60
49 5 424 . 89, 1014, 1. 88 1.20 154 4 69
50 6 445 .90 10‘;&; 1. 92 1. 30 15% 478
51 [ 468 .91 101%, 107 1. 31 15% 4. 87
52 [ 491 .92 11K, 2. 02 1.32 1518, 4. 98
(] 515 .03 11%, 208 1. 33 1518, 5. 06

54 A 539 .M 11¥% 2,18 1 34 16Xq 5. 15

Exhibit 3-17 Discharge for 90° v-notch weirs (Ref. Parshall,
R.L., Measuring Water in Irrigation Channels,
U.S. Dept. Agr. Cir. 843, 1950)
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3-in. 4+1n. 5-in. 6-1in, 7-in. 8-in.
Hesd orifice orifice orifice orifice orifice | orifice
(inches), 0. | 6-in. | 6-4n. | B-in. | 6-in.| 8-in. | 8-in. | 10-in. | 10-in. | 10-in.
Pipe Pipe | Pipe Pipe Fipe | Pipe Pipe Pipe Pipe Pipe
G.p.m. (G.p.m. | G.pem. | G.p.m. |Gipom.| G.p.m. (Gpems | GepuBa [ G.p.W. G.p.m.
6 108 82 160 150 305 240 408 345
8 122 94 185 170 350 280 458 395 600 935
10 133 104 205 190 393 316 508 445 666 1040
12 146 114 225 208 430 346 556 490 728 1120
14 157 123 243 224 465 376 599 530 785 1194
16 167 132 257 238 495 402 636 568 838 1266
18 178 140 271 252 524 426 672 604 887 1336
20 187 148 285 266 548 449 708 636 933 1404
22 197 156 299 279 572 470 T4 664 979 1471
24 205 | 164 310 201 596 488 776 692 1022 1529
26 214 171 323 303 620 504 805 720 1064 1585
28 Q22 177 335 314 644 520 831 47 1104 1641
30 230 183 346 325 668 536 857 773 1143 1697
32 239 189 357 335 692 552 gaz2 799 1181 1753
34 246 195 369 345 715 568 907 824 1218 1809
36 254 200 380 354 737 584 931 847 1251 1865
38 260 205 390 363 759 600 955 867 1281
40 266 210 401 37 781 616 979 aa7 1311
42 R_72 214 411 380 800 631 1001 906 1341
44 278 219 420 388 820 645 1023 925 1371
46 284 224 429 396 837 659 1045 -TvA 1401
48 290 229 440 405 855 672 1067 963 1431
50 296 234 448 413 872 686 (1089 982 1461
52 302 238 457 421 ass 700 {1110 1000 1491
54 307 243 465 429 904 714 1130 1018 1520
56 313 248 472 437 919 727 1150 1036 1548
58 317 252 480 445 934 739 |1170 1052 1574
60 323 257 489 453 948 751 1190 1068 1598
62 328 262 496 461 961 763 1209 1084
64 333 266 504 469 974 775 1227 1099
66 338 271 513 475 988 787 1245 1113
68 343 275 520 483 1002 799 11263 1227
70 349 280 525 491 1016 811 1280 1140

Exhibit 3-18 Discharge from circular pipe orifices with free
discharge (Ref, Layne Well Water Systems, Layne
and Bowler, Inc., Memphis, Tenn., 1951)
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Diameter of pipe (inches)

Jet
(?iiﬁﬁﬁ) 2 3 4 5 6 8 10 12
sta.? | sta. |0.D.? std.|0.D. sta. |0.D. Std. |0.D. Std. | 0.D. Std. |0.D.  Std.

G.p.m, |G.p.m. G.p.m, G.p.m. G.p.m, G.p.m. G.p.m. G.p.m.

Zicaiiinns 28 57 75 86 |103 115 137 150 | 200 215 | 265 285 | 330 355
2 1/2..... 31 69 95 108 (132 150 182 205 [ 275 290 | 357 385 | 450 480
i 34 78 112 128 |160 183 225 250 | 340 367 | 450 490 | 570 610
3 1/2..... 37 86 .|124 145 (183 210 262 293 | 405 440 | 555 610 | 705 755
deirrennan 40 92 (135 160 [205 235 295 330 | 465 510 | 660 725 | 845 910
41/2 vaas 42 98 | 144 173 |225 257 320 365 | 520 570 | 760 845 | 980 1060
Seeeavenns 45 104 | 154 184 |240 275 345 395 | 575 630 | 840 940 [1120 1200
- J 50 115 (169 205 |266 306 385 445 ( 670 730 | 1000 1125 |1370 1500
Teoeosnana 54 125 | 186 223 |293 336 420 485 | 750 820 | 1150 1275 |1600 1730
Bevviranns 58 134 | 202 239 |315 360 450 3520 810 890 | 1270 1420 {1775 1950
Devrarannn 62 143 | 215 254 |335 383 480 550 | 870 955 | 1360 1550 [1930 2140
10icvivess 66 152 | 227 268 |356 405 510 585 | 925 1015 | 1450 1650 | 2070 2280
124000 enes 72 167 | 255 295 |390 450 565 650 | 1010 1120 | 1600 1830 [2300 2550
b PR 78 182 275 320 |420 485 610 705 | 1100 1220 | 1730 2000 | 2530 2800
16sccveres 83 195 (295 345 (455 520 655 755 | 1180 1300 | 1870 2140 |2720 3000
18..cvuuns 89 208 | 315 367 |480 555 700 800 | 1265 1400 | 2000 2280 | 2900

bl PR 9% 220 | 233 388 |510- 590 740 850 [ 1335 1480 | 2100 2420
5.0 | 107 248 | 377 440 |580 665 830 960 | 1520 1670 | 2380 2720
30..0...000 | 117 275 | 420 485 1640 740 925 1050 | 1690 1870 | 2650 3000
35000000 | 127 300 | 455 525 |695 800 | 1000 1150 {1820 2020 | 2850

40 ivennes | 137 320 | 490 565 (745 865 | 1075 1230 | 1970 2160

? Standard pipe.
? Qutside diameter of well casing.

Exhibit 3-19 Flow of water from vertical pipes (Ref. Discharge
Curves in Utah Eng. Expt. Sta. Bulletin 5,
"Measurement of Irrigation Water," June 1955)
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WHEN X = 0

Size of pipe (nominal diameter)

Y
(inches) 2-inch 3-inch 4-inch 5-inch 6-inch
G.p.m. G.p.m. G.p.m. G.p.m. G.p.m.
0.20 67.7 180 308
.30 66.5 175 303 530
40 65.1 171 298 518
.50 63.6 166 293 506
.60 18.3 62.0 161 287 494
.70 17.6 60.4 156 282 482
.80 16.7 58.4 150 277 470
.90 15.4 55.7 145 271 458
1.00 13.7 53.1 139 265 446
1.20 9.5 46,9 128 251 422
1.40 6.0 40.5 115 237 398
1.60 31.9 102 221 373
1.80 24.0 90 205 347
2.00 17.3 77 187 321
2.20 11.8 64 167 295
2.40 7.3 52 147 270
2.60 41 127 246
2.80 32 108 223
3.00 24 20 200
3.30 13 65 167
3,60 45 137
3.90 29 111
4.20 86
4,50 64
4,80 45

Exhibit 3-20 Flow of water from horizontal pipes (Ref. Purdue
Eng. Expt. Bulletin 32, "Measurement of pipe flow

by the coordinate method," August 1928)

(Sheet 1 of 3)
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WHEN X = 6 INCHES .

- Size of pipe (nominal diameter)
(inches) 2-inch 3-inch | 4-inch 5_inch | 6-inch
G.p.m. G.p.m. G.p.m. G.p.m. G.p.m.
0.24 177 310 548
\,36 146 274 503 969 1243
48 126 247 462 857 1113
.60 111 229 435 772 1019
72 100 215 404 705 947
.84 - 92 202 377 646 889
.96 85 193 355 606 844
1.08 79 184 337 574 808
1.20 75 175 319 543 772
1.80 60 139 265 449 660
2.40 51 119 229 390 583
3.00 45 105 206 350 525
3.60 40 94 188 314 476
4,20 37 86 169 278 431
4.80 35 79 151 238 386
5.40 32 71 133 193 332
6.00 30 &3 116 150 247
6.60 27 50 99 112
7.20 25 38 ' 83
7.80 23 29 69
8.40 20
WHEN X = 12 INCHES
.96 157 319 570 - 1014
1.08 148 . 305 548 974 1315
1.20 139 292 . 330 925 1257
1.80 114 247 Adoty 763 1055
2.40 99 215 395 655 920
3.00 87 193 359 583 344
3.60 79 176 332 530 e
4.20 73 161 305 489 718
4,80 68 149 287 458 673
5.40 63 140 269 426 633
6.00 60 132 256 404 597
6.60 57 126 242 386 574
7.20 54 120 233 368 548
7.80 52 114 224 355 525

Exhibit 3-20 Flow of water from horizontal pipes (Ref. Purdue
Eng. Expt. Bulletin 32, '“Measurement of pipe flow
by the coordinate method," August 1928) (Sheet 2 of 3)
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WHEN X = 18 INCHES

Y Size of pipe (nominal diameter)
(inches) 2-inch 3-inch | 4-inch 5-inch | 6-inch
G.p.m. G.p.m. G.p.m. G.p.m. G.p.m.
1.80 166 346 624 1014 1400
2.40 144 305 557 207 1261
3.00 129 274 503 826 1153
3.60 117 251 462 754 1068
4.20 109 233 431 700 992
4,80 101 220 404 655 934
5.40 95 206 382 615 884
6.00 89 197 364 579 839
| 6.60 84 187 346 548 799
7.20 81 180 332 521 763
7.80 77 172 319 498 732
8.40 75 166 305 476 705
i
. \ Exhibit 3~20 Flow of water from horizontal pipes (Ref. Purdue

Eng. Expt, Bulletin 32, '"Measurement of pipe flow
by the coordinate method," August 1928)
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