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This loose-leaf data-book is baséd on analyses ‘of experimental in-
vestigations, model studies, and prototype observations. The purpose is
to make the data available to offices of the Corps of Engineers for use as
hydraulic design criteria. Certain design aids based on accepted theory,
such as energy-depth curves, will be included.

i e e N [T I P
R At B e RN Lol ¢ o ey BT S,
‘{i«*f‘ PRGN T DRI, S e FENNE \;:,’,J:.g;

-
R
G

N The material is prepared and disseminated by authority of the Office,
c,> Chief of Engineers, as a part of the Corps of Engineers Civil Works
(-

<<

o~

P d

a; ?3
" Investigations - Hydraulics (Item CW 804). The cooperation of other hy- e
. draulic Jsboratories, Government agencies, and individuals in permitting £
- , the use of their data is appreciated and every effort is being made to !
'credit the original source. o
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will be issued as new data become available. The data-book is being is- gf

t sued in loose-leaf form to facilitate the addition of new material and the %ﬁ
7 revision of previously issued sheets and charts. e

; i“‘ The classification index presents the range of subjects intended to i
v be covered in this compilation. A table of contents is included to assist b
i in the location of specific charts. BSuggestions for revisions, corrections, LR
3 or additions are invited from those who use the data-book. Correspondence '§
¢ should be addressed to the Director, U. S. Army Engineer Waterways Experi- ,i
4 ment Station, Vicksburg, Mississippi. o
f The Waterways Experiment Station has no objection to reproduction of :
N the U. S, Army Engineer material published in this data-book provided a 2
g credit line is included with each reproduction. Permission to reproduce .
¥ other than U. S, Army Engineer data presented op. these charts should be ob- Y
; -_ tained from the original sources. " 5
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i. g. 000-GENERAL
;1 g& 000 Physical Constants
001 Fluid Properties
é; é L 010 Open Channel Flow
§ é 020 Free Overflow
‘ 030 Pressure Flow
! 040 Cavitation
; ; 050 Air Entrainment

i 060 Vibration

i ‘ 070 Turbulence
b 100-SPILLWAYS
110 Concrete Overflow Spillways
111 Spillway Crests

; 112 Spillway Energy Dissipation

é 113 Erosion below Spillways
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§ 120 Chute Spillways

121 Approach Channel
122 Ogee Crests

123 Spillway Chutes

124k Spillway Stilling Basins
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CLASSIFICATION INDEX (Continued)

100-SPILLWAYS (Continued)

130 Side Channel Spillways

140 Morning Glory Spillways

200-~OUTLET WORKS

210 Concre.c Dam Sluices
211 Sluice Entrances

212 Gate Slots

213 Exit Restrictions

21k Energy Dissipation

220 Earth Dam Outlet Works
221 Intake Entrances

222 Gate Chambers

223 Conduit Transitions
22l Conduits and Tunnels
225 Outlet Portal

' 226 Stilling Basins

227 Channel Erosion

228 Special Losses (Including bends )

230 Drop Inlets
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CLASSIFICATION INDEX (Continued)

300-GATES AND VALVES

310 Crest Gates

311 Tainter Gates

312 Vertical Lift Gates 1

1 313 Drum Gates

%" 320 Control Gates

i 321 Slide Gates

%: 322 Tractor Gates

2 i :: 323 Cylinder Gates

gJ 330 Regulating Valves .;

“ 331 Butterfly Valves 3
E § 332 Howell-Bunger Valves :'(
E 333 Needle Valves

334 Hollow Jet Valves

335 Tainter Valves
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500 -NAVIGATION DAMS

Spillwey
Unrestricted
Tainter Gates

Roller Gates

Erosion
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Brosion near Walls

Locks

Currents in Approaches
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CLASSIFICATION INDEX (Continued)

600 -ART.FICIAL CHANNELS

610 Uniform Flow
611 Subcritical Flow

612 Supercritical Flow

620 Nonuniform Flow
621 Mild Slopes

1
% 622 Steep Slopes |
}

630 Energy losses ( ,)
63L Friction Losses -

632 Special Losses

640 Transitions
641 Expansions

642 Contractions

650 Connecting Channels
651 Junctions

652 Bifurcat.ions
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VOLUME 1
TABLE OF CONTENTS
Chart No.
PREFACE §
|
CLASSIFICATION INDEX
GENERAL - 000
Physical Constants ,
Acceleration of Gravity .
ks Effects of Latitude and Altitude 000~1 ;
; Barometric Data
] Altitude vs Pressure 000~2
Fluid Properties - Effect of Temperature
Kinematic Vicosity of Water 001-1
Vapor Pressure of Water 001-2
Surface Tension of Water 001-3
Bulk Modulus of Water 001-4
Speed of Sound in Water 001-5
Open Channel Flow Classifications - Uniform Slopes 010~1
Open Channel Flow
Definition and Application 010-2
Varied Flow Function - n vs B (n) 010-3
Hydraulic Exponent "n" 010~k
Varied Flow Function Tables
0.00 < n < 0.7k 010-5
0.75 < n < 0.999 010-5/1
1.001 < n < 1.85 010-5/2
1.90 < n < 20.0 010~5/3
Retangular Channel Section .
Bridge Pier Los:es X
Definition 010-6 ;
Classification of Flow Conditions 010-6/1 g
Class A Flow - Energy Method 010-6/2 ;
Class B Flow - Momentum Method 010-6/3 %
Class E Flow - Energy Method 010-6/k i
Sample Computation 010-6/5 .
Trash Rack Losses 010-7 )
Air Demand
Regulated Outlet Works 050-1
Primary and Secondary Maxima 050-1/1
Sample Computation 050-2
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TABLE OF CONTENTS (Continued)

GENERAL - 000 (Continued)

Air Entrainment - Wide Chute Flow - (C) vs S/ql/5

Gate Vibration
Resonance Diagram
Vortex Trail - Forcing Frequency
Forcing Frequency of Reflected Pressure Wave
Natural Frequency of Cable-Suspended Gate
Gate Bottom Vortex Trail - Sample Computation
Reflected Pressure Wave - Sample Computation
Forced Vibration - Constant Friction Damping

SPILLWAYS - 100

Overflow Spillway Crest
Tangent Ordinates
Downstream Quadrant - Table of Functions
Upstream Quadrant

Spillway Crest - Discharge Coefficiert - High Overflow Dams
Overflow Spillway Crest - Abutment Coniraction Coefficient

Crest with Adjacent Concrete Sections

Crest with AdJacent Embankment Sections

Stage - Discharge Relation - Uncontrollel Flow
Submerged Crest Coefficients - Overflow Crests

High Gated Overflow Crests - Pier Contraction Coefficients

Effect of Nose Shape
Effect of Pier Length
Overflow Spillway Crest
3~on-1 Upstream Face
3-on-2 Upstream Face
3-on-3 Upstream Face
n and K Curves
Overflow Spillway Crests - Upper Nappe Profiles
Without Piers - H/Hd = 0.50, 1.00, and 1.33

With Piers - ¢ Pier Bay - H/Hd = 0,50, 1.00, and 1.33

Along Piers - H/Hq = 0.50, 1.00, and 1.33

Chart No.

050-3

060-1

060-1/1
060-1/2
060-1/3
060-1/k
060-1/5
060-2

111-1
111-2
111-2/1
111-3

111-3/1
111-3/2
111-3/3
111-4

111-5
111-6

111-7
111-8
111-9
111-10

111-11
411=12
111-12/1%

Asterisk (*) denotes Seventeenth Issue.
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SPILLWAYS - 100 (Continued)

Abutment Effects
H/Hd = 1,00
H/Hq = 1.35
Along Abutments - Approach Channel and Abutment
Curvature Effects
H/Hd = 1,34
H/Hd = 0.92, 1.1k4, and 3.35
High Overflow Dams
Crest Pressures
No Piers
Center Line of Pier Bey
Along Piers
Pressure Resultants -~ No Piers
Spillwey Energy Loss
Boundary Layer Development
Standard Crest Length
Standard Crest - Location of Critical Point
Standard Crest - Face Slope 1:0.7
Sample Computation - Face Slope 1:0.7
Sample Computation - Face Slope 1:0.78
Spillway Crests with Offset and Riser
Crest Location
Crest Shaprc
Crest Geometry - Sample Computatio.
Spillwey Stilling Basins
Hydraulic Jump
10 < q < 250
100 < q < 2500
Hydraulic Jump - Velocity Distribution
Sequent Depth Curves - Rectangular Channels
3 <V; < 100
10 < V; <100
6 < V) <o

Chart No.

111-13%
111-13/1%
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End Sill - Tailwater Reduction
High Overflow Dams
Bucket-Type Energy Dissipator
Rocller Depth
Surge Height
Sample Computation
fnergy Dissipators
Flip Bucket and Toe Curve Pressures
Flip Bucket Throw Distance
Low Ogee Crest
Discharge Coefficients - Approach Depth Effects
Discharge Coefficients - Design Head
Overflow Spillways
Discharge Coefficients - Design Head
Pier Contraction Coefficients
Effect of Approach Depth
Crest Shape - U5-Degree Upstream Slope
Approach Hydraulics
Crest Shape Factors
Downstream Quedrant - ha
Downstream Quadrant - ha
Upstream Quadrant Factors
Upstream Quadrant Coordinates

o

0.08 Hd
0.12 Hd

Water Surface Profiles - 45-Degree Upstream Slope

Approach Velocity
Sample Computation

Design Head Discharge Coefficient - US-Degree
Upstream Face

Toe Curve Pressures

Chute Spillways

Energy-Depth Curves - Supercritical Flow
Energy - 20 to 4l Feet
Energy - 4i4 to 68 Feet
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Velocity-Head and Curves
2.21 RV/3

Stilling Basins
Continuous Slope - Length of Hydraulic Jump
Noncontinuous Slope - Jump Length on Slope
Morning Glory Spillweys
Deep Approach - Crest Control - Design Discharge
Discharge Coefficient - Design Head
Lower Nappe Profiles
Lower Nappe Surface Coordinates - P/R
Lower Nappe Surface Coordinates - P/R
Lower Nappe Surface Coordinates - P/R
H H
S s 4
Hd R
Crest Shape Equations

Spillway Design - Sample Computation

QUTLET WORKS - 200

Sluice Entrances - Pressure-Drop Coefficients
Elliptical Shape
Combination Elliptical Shape
Elliptical Shape - Effect of Entrance Slope
Gate Slots - Pressure Coefficients
Without Downstream Offset
With Downstream Offset
Without Downstream Offset - Effect of Slot Width-~
Depth Ratio
Concrete Conduits
Intake lLosses
Three-Gate-Passage Structures
Two- and Four-Gate-Passage Structures
Midtunnel Control Structure Losses
Earth Dam Outlet Works
Entrance with Roof Curve Only - Pressure-Drop
Coefficients
Upstream Face Effects
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123-9
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o Pressure Computation 221-2/2
? Entrance with Top and Sides Flared - Pressure-Drop
i Coefficients
14 Straight Sidewall Flare 221~3
S Elliptical Top and Side Flares 221-3/1 ’
9 | Resistance Coefficients :
3 ! Concrete Conduits 224-1 f
t 3teel Conduits - Smooth Interior 224-1/1 :
| Corrugated Metal Pipe i
Resistance Coefficients ’
E A = 5.3K pol-1/2 !
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3 Unlined Rock Tunnels ; '
! Resistance Coefficients )
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3 ‘ Hydraulic Elements
! i Conduit Sections - Pressure Flow 22h-o%
. : Straight Circular Conduits - Discharge Coefficients
- K = 0.10-(L/D) 2243
2 K = 0.20-(L/D) 224-3/1
g XK = 0.30-(L/D) 224-3/2
. K = 0.40-(L/D) 204-3/3
K = 0.50-(L/D) 224-3/4
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Circular Conduits - Friction Design Graph 224-5
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Sample Discharge Computation - (L/Dﬁ 22L-6 ‘
Sample Discharge Computetion - (L/D%/3) 22h-17 ;
Circular Sections
Open Channel Flow - yo/D vs Cy 224-8 5
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HYDRAULIC DESIGN CRITERIA

SHEET 000-1
PHYSICAL CONSTANTS
ACCELERATION OF GRAVITY

EFFECTS OF LATITUDE AND ALTITUDE

1. The value of acceleration of gravity commonly gquoted in hydrau-
lics textbooks is 32.2 ft/sec®. Accordingly, the value of 2g in conver-
sions between velocity and velocity head would be 64.4 ft/sec®. Some en-
gineers prefer to use 64.3 ft/sec® as being more representative of the ac-
celeration of gravity for the United States.

2. Hydraulic Design Chart 000-1 was prepared to afford the engineer
a convenient illustration of the nature of the variation of the accelera-
tion of gravity with latitude and altitude. The theoretical values of ac-
celeration of gravity at sea level are based on the international gravity
formula converted to English units(2)

g = 32.08822 (1 + 0.0052884 sin® ) = 0.0000059 8in® 2p)

where >
acceleration of gravity at sea level in ft/sec
latitude in degrees.

%
Tabular values are given in reference (2). The correction for elevation
above sea level is contained in the equation:

g = &, - 0.000003086 H

vhere o
acceleration of gravity at a given elevation in ft/sec
elevation above sea level in ft.

34
H

3. Charg 000-1 presents the variation of the acceleration of gravity
vith altitude for north latitudes from 30-50 degrees. The value of g for
sea level at the equator is 32.088 ft/sec2 and at Fairbanks, Alaska, is
32.227 ft/sec?.

B

L, The values of the acceleration of gravity as measured by a pen-
dulum are available from the Coast and Geodetic Survey.(l) The deviation
of the measured value from the theoretical value, corrected for altitude,
is called the free air anomaly. A plus or minus anomaly of 0.0016 ft/sec®
may be considered large, except in high mountairs or deep gorges.
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5. References.

(1) Duerksen, J. A., Pendulum Gravity Data in the United States. U. S.
Coast and Geodetic Survey Special Publication lo. 24k, 1949.

(2) Swick, C. H., Pendulum Gravity Measurements and Isostatic Reductions.

U. S. Coast and Geodetic Survey Special Publication No. 232, 1942.
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HYDRAULIC DESIGN CRITERIA

SHEET 000-2
PRYSICAL CONSTANTS
BAROMETRIC DATA
ALTITUDE VS PRESSURE
1. Cavitation. The equation for incipient cavitation index takes
into account the vapor pressure of water:
ho - hv
K, = —=—4—
i 2
v, /%

vhere h_ 1is the absolute pressure in ft of water, h, is vapor pressure
of water in ft, and Vo is velocity of the water in ft per sec.

2. Vapor Pressure. The vapor pressure of water has been found to
vary with the temperature as follows(l,2,3):

hv ft of
Temp, F Water Absolute
32 0.20
50 0.41
T0 0.84

3. Barometric Pressure., The value of the numerator in the above
equation is also dependent upon h, which is the barometric pressure lescs
the negative pressure measured from atmospheric pressure. The incipient
cavitation index is thus dependent upon the barometric pressure, For
similar boundary geometry and similar flow conditions, the chances of
cavitation occurring are somevwhat greater at higher altitudes than at
lower altitudes. The effect of altitude on cavitation possibilities is
more marked than the effect of temperature.

L, Chart 000-2. The variation of barometric pressure with aliitude
is given on Chart 000-2. This chart was plotted using values given by King
(reference 2, page 18), and agrees very closely with the values presentei
by the Smithsonian Institute (reference 1 page 559).

5. Other Applications. Barometric pressure is also of interest in
the vertical l:ait ot pump suction lines and turbine draft tubes.

6. References.

(1) Fowle, F. E., Smithsonian Physical Tables. Vol 88, Smithsonian In-
stitute, Washington, D. C., 1934, p 232, p 559.
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(2) King, H. W., Handbook of Hydraulics. 3d ed., McGraw-Hill Book Co., s
Inc., New York, N. Y., 1939, table 1k, p 18. v

(3) National Research Council, International Critical Tables. Vol III,
McGraw-Hill Book Co., Inc., New York, N. Y., 1928, p 211.
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HYDRAULIC DESIGN CRITERIA

SHEETS 001-1 TO 001-5
FLUID PROPERTIES

EFFECT OF TEMPERATURE

1. Data on the fluld properties of water are required for the solu-
tion of many hydraulic problems. Hydraulic Design Charts 00l-1 through
001-5 present information on those properties most commonly used in the
design of hydraulic structures, and are included to afford convenient
references for the design engineer.

2. Charts 001-1, 001-2, and 001-3 show the effect of temperature
on kinematic viscosity, vapor pressure, and surface tension of water. The
charts, in the order numbered, were prepared from data published in the
International Critical Tables (4 and 5), (3), (4), respectively.

3. Chart 001-4% presents bulk modulus of water curves at atmospheric
pressure for temperatures of 32 to 100 F. The Randall and Tryer curves
were plotted from data published by Dorsey (1). The NBS curve wes computed
from Greenspan and Tschiegg (2) data on the speed of sound in water. The
equation used in the computation was:

E
V =A\[=
)
where
V = speed of sound in water in ft per sec
E = bulk modulus in psi
p = density of fluid in slugs per cu ft

A change in pressure up to 10 atmospheres sppears to have negligible effect
on the value of the bulk modulus.

k. A curve for the Greenspan and Tschiegg data on the effect of
temperature on the speed of sound in water is shown on Chart 001-5.

5. References.

(1) Dorsey, N. Ernest, Properties of Ordinary Water-Substance. Reinhold
Publishing Corp., New York, N. Y., 1940, Table 105, p 2i3.

(2) Greenspan, M., and Tschiegg, C. E., "Speed of sound in water by a di-
rect method." Research Paper 2795, Journal of Research of the
National Bureau of Standards, vol 59, No. 4 (October 1957).
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(3) International Critical Tables, vol III, First Edition, McGraw-Hill -
Book Co., Inc., New York and London, 1928, p 211 (vapor pressure). { ,)

; (&) , vol IV, First Edition, McGraw-Hill Book Co., Inc.,
New York and London, 1928, p 25 (density) and p 447 (surface tension).
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(5) , vol V, First Edition, McGraw-Hill Book Co., Inc.,
New York e-:d London, 1929, p 10 (dynemic viscosity).
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HYDRAULIC DESIGN CRITERIA

SHEET 010-1
OPEN CHANNEL FLOW
SURFACE CURVE CLASSIFICATIONS

defines classifications of surface curves of nonuniform flow.

in numerous textbooks, it is included here for ready reference.

Engineers.

1. BaklimetefI's treatise on open channel flow(l) illustrates and
Hydraulic
Design Chart 010-1 presents definition sketches of six water-surface
curves encountered in many design prcblems. Although this schematic
representation of classification of surface profiles has been presented
In
addition, the chart presents examples of each type of surface curve
chosen from problems that commonly occur in the work of the Corps of

McCGraw-Hill Book Company (1932), chapter Vil.

(2) B. A. Bakhmeteff, Hydraulics of Open Channel Flow, New York, N. Y.,

010-1
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HYDRAULIC DESIGN CRITERIA

. SHEETS 010-2 TO 010-5/3

OPEN CHANNEL FLOW

BACKWATER COMFUTATIONS

1. Hydraulic Design Charts 010-2 to 010-5/3 are aids for reducing i
the computation effort in the design of uniform channels having nonuniform ‘
flow. It 1s expected that the charts will be of value in preliminary de-
sign work where various channel sizes, roughness values, and slopes are :
to be investigated. Other features of the charts will permit accurate '
determination of water-surface profiles. |

|
!
i

2. Basic Principle. The theoretical water-surface profile of non-
uniform flow in a uniform channel can be determined only by integrating
the varled-flow equation throughout the reach under study. Such integra-
tion can be accomplished by the laborious step method or by various ana-
lytical methods such as that of Bakhmetef£(1)* and others. However, all
methods are tedious and, in many cases, involve successive approximations.

3. Escoffier(3) has developed a graphical method based on the '
Bakhmeteff varied-flow function. This method greatly simplifies varied- ‘
( : flow solutions and eliminates successive approximations. The desired
S terminal water-surface c¢levation of a reach can be determined with or
without intermediate water-surface points. The method is adaptable to all
wniform-channel flow problems except those with horizontgl or adverse bot-
tom slopes. The more elaborate method of Keifer and Chu k) is indicated
for problems with circular section when accuracy is required. The method
may be used for natural water courses if the cross section and slope are
assumed uniform and hydraulic shape exponents are determined. Precise de-
termination of the hydraulic exponent is not necessary to assure appropri-
ate accuracy in backwater computations for natural channels. Usually an
average value within the indicated range of depths will suffice.

Lk, The equation developed by Bakhmeteff to compute the water-surface
profile is:

N

L= §§ (ny - ny) - (1 -8) [B(ng) - B(nl)}}

¥ Raised numbers in parentheses refer to list of references at end of

o text.
()

010-2 to 010-5/3
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where

L, Yy and So = length, normal depth, and bottom slope,
respectively

1 = dimensionless stage variable (y/yo)

B = dimensionless quantity (yc/yO)N

B(n) = varied flow function (Chart 010-3) '
Y, = critical depth '
’ |

N = hydraulic exponent (Chart 010-4).

If the equation is divided by yo/So then

(92}

L _y_:. = (ny - ny) - (1-8) [B(“e) - B(nl)}

The term 1, - Li is the vertical intercept of the varied-flow function
plotted on"Chart 010-3. The factor of the second term, B(ne) - B(nl),
is the horizontal intercept and 1 - B is a slope factor whic¢h conveX¥ts
the horizontal intercept into a component of the vertical. If the

value of the equation computed from L So/y0 is plotted vertically from an
a known 7y on Chart 010-3 and the required slope line projected from the )
limit of this line to the curve, a value of L PN is obtained from which N

the unknown depth can be computed, Yo = n2 Yy ¢

5. Application. Chart 010-2 defines the equations required in
the Escoffier graphical method and outlines the required steps in the
solution. It is necessary to plot the slope line, 1 - B, in accordance %
with the horizontal and vertical scales of the chart,

6., Chart 010-4 presents graphical plots of hydraulic exponents
for different channel shapes for use in conjunction with Chart 010-3,
The coordinates are in dimensionless terms and are therefore applicable
to channels of various sizes. The equations for trapezoidal and circu-
lar shaped c?annels and the method of plotting were developed by N. L.
Barbarossa(2 + The general equation for hydraulic exponents applicable
to all channel shapes was developed by Bakhmeteff.

T. large-scale plots of the varied-flow function can be made
where greater accuracy of results is required. Published tables(l) of
the varied-flow function are given on Charts 010-5 to 010-5/3 for con-
venient reference, A hydraulic exponent of 3.3 is suggested for wide
channels with two-dimensional flow. Tabulated values of the function
for N = 3.3 were computed by the Waterways Experiment Station.

010-2 to 010-5/3
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8. List of References.

Bakhmeteff, B. A., Hydraulics of Open Channel Flow. McGraw-Hill
Book Company, New York, N. Y., 1932.

Barbarossa, N. L., Missouri River Division, CE, Cmaha, Nebr., un-
published dsta.

Escoffier, F. F., A Simplified Graphical Method for Determining
Backwater Profiles., Mobile District, CE, Mobile, Ala., un-
published paper, 1955.

Keifer, C. J., and Chu, H. H., "Backwater functions by numerical
integration." Transactions, ASCE, vol 120 (1955), pp 429-4k8.
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EQUATIONS AND DEFINITIONS

- -Y-, Where y = depth and y = normal depth.
o
Ye

N
= (_..) + Where Yo ™ critical depth ond N = hydraulic exponent.
Yy

°

S
= —=2, Where L = length of reach and S = bottom slope.

An
= 1~8, Wh = sl f truction line, { ——| .
ﬁ, ore m siope of construction line, <AB()1))

GENERAL APPLICATION

1

2,

3
4.

6.

7

Given channel shopes, S , Q, y, and Monning's “‘n."" Required fo find y, ot a distance
L from Yy

The following charts apply:

Design Criterio Chart

Chonnel Type Y Y
—te
Wide Chonnels 610-8 610-8
Rectongular Chonnels 610-9 ond 9/1* 610-8
Trapezoidal Chonnels 610.2 10 4/1* 610-5 t0 7
Circular Chonnels 224.8* 2249

* Also requires use of Charts 610-1 and 1/1.

Select hydraulic exponent N from Chart 010-4,
Compute n,, 8, I ond m from above equations.
Establish 1, on curve of Chart 0103 for proper value of exonent N,

Construct I in units of n vertically from 3,, upward for 1.egative m ond downward for
positive m,

Drow slope line m through extremity of I ond find 1, where slope line intersects B(n)
curve,

Compute Yo=Y, My

OPEN CHANNEL FLOW
DEFINITION AND APPLICATION

HYDRAULIC DESIGN CHART 0l0~-2
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0,62 0.671 0,663 0,657 0,653 0651 0,647 0.64) 2,640 0,637 0,633 0,630 0,628
0,63 0684 0,676 0,669 0,666 0,664 0,659 0,655 0.652 0,649 0,644 0,641 0,638
0.64 0.598  0.690 0.683 0,678  0.677 0.672 0667  0.664 0,661  0.656 0.652 0,649

B

! 0,68 0,712 0,70}  0.696 0,692 0.689 0,684 0,680 0,676 0,673 0,667 0,663 0,660
} 0,66 0.727  0.717 0709  0.705 0,703 0.697 0.692 0,668 0,685 0.679 0,675 0,672
0.67 0,742 0,731 0,722 0,718 0716 0,710 0,20% 0,701 0,697 0,691 0,686 0,683
' 0.68 0,757 0746  0.737 0732 0729 0,723 0,718 0,713 0,709 0,703 0,698  0.694¢
V 0.69 0772 0,761  0.7151 0,746 0,743 0,737 0,731 0,926 0,722 0715 0710 %.706

0,70 0,787 0776 066 0,760 0,757 0,750 0,744 0.739 0,735 0727 0722 07
0.1 0,804 0,791 0.78L 0,775 0,772 0,76« 0,758 0,752 0,748 0,740 0,73 0,729
0,12 0,620 080T 0796 0,790 0,786 0.77% 0,772 0,766 0,761  0.7152 0. 746  0.74)
0.73 0,837 0,82} 0811 0805 0.802 0,793 0,786 0,780 0,774 0.765 0.159 0,783
§ 0.4 0,854 0,840 0827 0,820 0,817 0,808 0800 0,794 0,788 0779 0771 0,766

BASIC EQUATION

n dn
e(q)'—/o car

WHERE:
n - n = 0.00 70 0.74*
N = HYDRAULIC EXPONENT
;
; * FROM TABLES IN BAKHMETEFF'S OPEN CHANNEL FLOW
*HYDRAULICS OF OPEN CHANNEL FLOW.”
N=3.3 COMPUTED BY WES VARIED FLOW FUNCTION B(n)
g i ) HYDRAULIC DESIGN CHART 010-3
WES 3-4%8
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n
2.8 3.0 3.2 313 34 3.6 38 40 42 46 5.0 54
0,15 0.872 0857 0844 0,836 0833 0823 0815 0808 0802 0792 0784 0778
0.76 0.890 0874 0861 0853 0.849 0839 0830 0823 0817 0806 0798 0,791
077 0909 0.892 0.878 0.870 0,866 0,855 0,846 0,838 0,831 0,820 0811  0.804
0,78 0929 0911 0896 0,887 0,883 0872 0862 0854 0.847 083¢ 0825 0817
0.19 0949 0930 0914 0905 0901 0889 0879 0870 0,862 0849 0839 0,831
0.80 0970 0950 0934 0926 0919 0907 0,896 0.887 0.878 0,865  0.85¢  0.845
0.81 0992 0971 0954 0943 0938 0925 0914 0904 0.895 0.881 0869  0.860
0.82 1,015 0993 0974 0964 0958 0945 0932 0922 0913 0,897 0,885 0,875
0.8 1,039 1,016 0996 0985 0979 0965 0952 0940 0931 0914 0901 0890
0.84 1,064 1,040 1,019 1,007 1,001 0985 0972 0960 0949 0932 0918 0906
0,85 1091 1,065 1,043 1,030 1,024 1,007 0993 0980 0969 0950 0938 0923
0.86 1019 1.092 1,068 1,055 1048 1.03) 1015 1,002 0990 0970 095 0940
0.87 1149 1,20 1,095 1,081 1,074 1,085 1,039 1,025 1,012 0990 0973 0959
0.88 181 1051 1424 1,109 1.10F 1,081 1,066 1,049 1,035 1,012 099¢ 0978
0.89 1,216 183 11SS 1139 L3l 1110 1,091 1,075 1,060 1,035 1,015 0,999
0.90 1253 1,218 1,189 LTI 1063 1,140 1120 1003 1,087 1,060 1,039 1,021
09t 1,294 1,257 1,225 1,206 1.97 LT3 1082 L33 LI116 1.088 1,064 1,045
0.92 1,340 1,300 1,266 1245  1.236 1210 1187 1,166 1048 1017 1,092 1,072
0.93 191 1348 L3I0 1,289  1.219 1251 1,226 L.204 1184 1181 1123 1,101
0.94 1449 1403 10363 1,339 1328 1.297 1,270 1,246 1.225 1188 1458 1,134
0.95 1518 1.467 1423 1,397 1385 1352 1322 1296 1272 1,232 1199 1472
0.96 1601 1.545 1497 1468  1.45¢ 1,417 1385 1,358 1,329 1,285 1248  1.217
0.97 1,707 1.64¢ 1,590 1.558 1,543 1501 1464 1431 1402 1381 1310 1,275
0975 | 1773 1707 1,649  1.615 1,598 1,554 1,514 1479 La47 1393 1348 1311
0980 | 1,855 1,783  1.720 1,684 1,666 1617 1,575 1536 1502 1443 1,395 1,354
0985 | 1959 1,880 1812 1,772 152 1.699 1,652 1610 1573 1508 1454 1,409
0990 | 2106 2,017 1940 1.894 1873 1,814 1,768 1714 1671 1598 1537 1487
{ 0995 | 2355 2250 2,059 2,105 2,079 2.008 1945 1,889 1,838 1781 1,678  1.617
; 0,999 | 2931 2,788 2,663 2,590 2.554¢ 2457 2370  2.293  2.223 2,101 2002 1917
e

BASIC EQUATION
n dn

8 )"/
* b M-

WHERE:
nef
N = HYORAULIC EXPONENT

* FROM TABLES IN BAKHMETEFF'S
“HYDRAULICS OF OPEN CHANNEL FLOW.*
N=33 COMPUTED BY WES.

s e

n = 0.75 TO 0.999*

OPEN CHANNEL FLOW
VARIED FLOW FUNCTION B(n)

HYDRAULIC DESIGN CHART 010-5/1

WES 3-36
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n
2.8 3.0 3.2 33 34 3.6 LB ] 4.0 4.2 4.6 5.0 S.4
1.001 2,399 2084 2,008 1905 1.856 1,725 1.610 1508 1417 1,264 L3 1,033
1,008 1818 1,649 1506 1,422 1,384 1279 1488 1,107 1,036 0915 0817 0,737
1.010 1572 1419 1,291 1217 L.182 1,089 1,007 0936 0473 0,766 0.681 0,610
1.01% 1428 1,286 1.166 1,097 1,065 0978 0902 083 0,778 0,680 0602 0537
1,02 1,327 119% 1078 1,013 0982 0900 0828 0766 0711  0.620 0.546  0.486
1,03 1.186 1,060 0,955 0.89¢ 0,866 0.790 0,725 0,668 0,618 0535 0469 0415
1.04 1,086 0967 0068 0811 0785 0,714 0,653 0,600 0534 0477 0415  0.368
1,08 1,010 0,896 0802 0747 0,723 0,656 0598 0548 0504 0,432 0,374 0,328
1.06 0948 0838  0.748 0,696 0,672 0,608 0553 0506 0464 0,396 0342 0.298
1,07 0,896 0,790 0,703 0,653 0,630 0569 0516 0471 0431 0,366 0,315 0.273
1.08 0.851 0,749 0,663 0,617 0,595 0535 0485 0441 0403 0,341 0.292 0,282
1.09 0.812 0,713 0,631 0584 0563 0506 0457 0415 0379 0,319 0272 0,234
110 0,777 0,681 0.40F 0,556 0,536 0400 0433 0392 0357 0,299 0.25¢ 0,218
L 0,746 0,652 0,575 0531 0,511 0457 0411 0372 0,338 0,282 0,239 0,204
112 0.718 0,626 0,581 0,508 0.488 0436 0,392 0,354 0,321 0,267 0.225 0,192
1.13 0.692 0602 0529 0487 0468 0417 0374 0,337 0,305 0,258 0.212 0,18}
1,14 0,669 0581 0,509 0468 0.450 0400 0,358 0,322 0,291 0,240 0,201  0.170
1,158 0,647 0561 0490 0451 0.432 0,384 0343 0,308 0278 0,229 0,191 0,16}
.16 0,627 0542 0473 0434 0417 0,369 0329 0.295 0,266 0,218 0.180 0,183
1,17 0,608 0,525 04358 0419 0402 0356 0317 0,283 0,255 0,208 0,173 0,145
1.18 0591 0509 0443 0,405 0,588 0,343 0,308 0,272 0.24¢ 0,199 0165 0.138
1,19 0574 049 0429 0392 0,378 0,331 0,294 0,262 0.235 0,191 0,187 0.3}
1.20 0.559 0430 0416 0380 0,363 0320 0,283 0,252 0,226 0,083 050 90,128
1.22 0,531 0454 0,392 0,357 0,341 0,299 0264 0,235 0,209 0,168 O0.138 0.1
1.2¢ 0,505 0431 0371 VAT 0322 0,280 0248 0,219 0,095 0,156 0,127  0.104
.26 0482 0410 0351 0319 0304 0,265 0,233 0,205 0,182 0,145 0,117 0,098
1.28 0,461 0391 0334 0,303 0,288 0250 0219 0,193 0,170 0,135 0,008 0,088
1.30 0442 0,373 0318  0.288  0.27¢ 0,237 0,207 0081 0,060 0,026 0,100 0,08}
1,32 0424 0,357 0304 0274 0,260 0,225 0,096 0T 0150 0,118 0,093 0,078
1,34 0408 0,342 0,290 0,260 0,248 0,214 0,185 0.162 0,042 0,110 0.087  0.069
1,36 0,393 0,329 0278 0,250 0,237 0204 0,076 0,153 0,13¢ 0,103 0,081 0,064
1.38 0378 0316 0,266 0,238 0,226 0.194 0,167 0.145 0,127 0,097 0,076 0,060
l.40 0.365 0,304 0256 0,229 0.217 0,185 0,159 0,138 0,120 0,092 0,071 0,056
142 0,383 0,293 0246 0.219 0,208 0077 0,52 0,31 0,014 0,087 0.067 0,082
L4 0,341 0,282 0.236 0,211 0,199 0,169 0.145 0,125 0,108 0,082 0.063 0.049
1,46 0,330 0,273 0,227 0,202 0.491 0362 0,039 019 003 0,077  0.059  0.046
148 0,320 0,263 0219 0,195 0,8¢ 0,156 0,133 0,013 0,098 0,073 0.056 0,043
L.50 0,310 0255 0,211 0,088 0477 0049 0,027 0,008 0,093 0,069 0.053 0,040
1.58 0.288 0,235 0,194 0,171 0.161 035 014 0,097 0,083 0,060 0,046 0,035
1,60 0.269 0,218 0,179 0,157 0,148 0,123 0.03 0,087 0,074 0,054 0,040 0,030
1.6 0.251 0,203 0,165 0.045 0136 0,113 0,094 0,079 0,067 0,048 0,035 0,026
1.70 0236 0,189 0,183  0.134 0.125 0,103 0,086 0,072 0,060 0043 0,03 0,023
115 0.222 0,177 0,043 0Jd24 0016 0,095 0.079 0,065 0,054 0,038 0,027 0,020
1,00 0,209 0,166 0,33 0,016 0.008 0,088 0072 0,060 0,049 0.034 0,024 0,017
1,88 0,198 01856 0125 008 0,200 0082 0,067 0,055 0045 0,032 0022 0.015

( )

BASIC EQUATION

N dn
8(n) ""/o. nu_'

e
0
N = HYDRAULIC EXPONENT

* FROM TABLES IN BAKHMETEFF'S
*HYDRAULICS OF OPEN CHANNEL FLOW.”
N= 3.3 COMPUTED BY WES.

n =1.000 TO 1.85*

OPEN CHANNEL FLOW
VARIED FLOW FUNCTION B(n)

HYDRAULIC DESIGN CHART 0i0-5/2
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h
8 3.0 32 33 34 3.6 p8 ] 4.0 42 44 5,0 .4

1.90 0,188 0,147 0117 0,101 0.09 0,076 0062 0050 0,061 0,028 0,020 0,014
1.95 0,178 0139 0,110 0.0% 0085 0070 0,057 0046 0,038 0026 0,018 0,012
2,00 0469 0132 0,004 0.089 0,032 0.066 0.053 0,043 0,08 0,023 0,016 0,031
2.1 0,154 0119 0,092 0079 04073 0058 0046 0.037 0030 0019 0.013 0.009
.2 0.141 0407 0,083 0,070 0,065 0051 0040 0032 0.028 0016 0.011 0.007
2.3 0129 0098 0,075 0,063 0,058 0,045 0,035 0.028 0,022 0.014 0.009 0,006
2.4 0.419  0.089 0,068 0,087 0052 0,040 0031 0024 0,019 0012 0,008 0,008
28 0110 0,082 0,062 0052 0,047 003 0028 0022 0017 0010 0006 0,004
2.6 0102 0,076 0,057 0,047 0,043 0,033 0,025 0019 0,0i5 0009 0,008 0,003
a7 0095 0070 0,052 00435 0039 0,029 0022 0017 0013 0008 0,005 0.003
a8 0.08% 0,065 0,048 0039 0,03 0,027 0020 0015 0012 0,007 0.004 0,002
29 0.083 0,060 0,044 003 0,033 0,024 2018 0,014 0,010 0,006 0,004 0,002
3.0 0,078 0056 0,041 0,033 0,030 0,022 0,017 0012 0009 0,005 0003 0.002
35 0,059 0041 0,02¢ 0023 0,021 0,015 0013 0008 0,006 0003 0.002 0.001
4.0 0.046 0031 0,022 0017 0015 0010 0,007 0,005 0,004 0,002 0,001  0.000
4.5 0,037 0,025 0,017 0,013 0011 0,008 0,005 0,004 0003 0,00f 0.00) 0.000
5.0 0031 0020 0,013 0,010 0,009 0006 0004 0,005 0002 0001 0,000 0,000
6.0 0.022 0014 0,009 0,007 0.006 0004 0002 0,002 0001 0000 0,000 0.000
1.0 0017 G010 0,006 0005 0004 0002 0.002 0,000 0,001
8.0 0013 0,008 0,005 0,003 00035 0002 0.00f 000f 0,000
9.0 0,011 0,006 0,004 0,003 0,002 0,000 0,001 0000 0,000

10.0 0.009 0,005 0,003 0,002 0,002 0,001 0,001 0,000 0.000

20,0 0.006 0002 0001 0,001 0,000 0,000 0000 0000 0,000

BASIC EQUATION

n

AT
WHERE:

n &

N * HYDRAULIC EXPONENT

* FROM TABLES IN BAKHMETEFF'S
*HYDRAULICS OF OPEN CHANNEL FLOW*
Ne= 3.3 COMPUTED BY WES.

n = 1.90 To 20.0*

OPEN CHANNEL FLOW
VARIED FLOW FUNCTION B()

HYORAULIC DESIGN CHART 010-5/3
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HYDRAULIC DESIGN CRITERIA

SHEETS 010-6 TO 010-6/5
OPEN CHANNEL FLOW

BRIDGE PIER LOSSES
Background

1. Methods for computing head losses at bridge piers have bzen de-
veloped by D'Aubuisson, Nagler, Yarnell, Koch and Carstanjen, and others.
Bach method is based on experimental data for limited flow conditions.
Complete agreement between methods is not always obtained. The energy
method of Yarnell(l4) and the momentum method of Koch and Carstanjen(l)
have been widely used in the United States.

Equations for Classes of Flow

2, Three classes of flow conditions, A, B, and C, are encountered
in the bridge pier problem. Hydraulic Design Chart 010-6 illustrates the
flow condition upstream from, within, and downstream from the bridge sec-
tion for each class of flow. The energy method of Yarnell is generally
used for the solution of Class A flow problems, and is also used for
solution of Class B flow. However, the momentum method of Xoch and
Carstanjen is believed more applicable to Class B flow, and is also ap-
plicable for solution of Class C flow.,

3. Energy Method, Class A Flow. The Yarnell equation for Class A
flow is

H, = 2K(K + 10w - 0.6)( +1l‘)§-
3 - 0.00a T 1)

wiere

H3 = drop in water surface, in ft, from upstream to downstream at
the contraction

K = experimental pier shape coefficient

w = ratio of velocity head to depth downstream from the contraction
o = horizontal contraction ratio
V3 = velocity downstream from the contraction in £t per sec

g = acceleration, gravitational, in ft per sec?

The values of K determined by Yarnell for different pier shapes are

010-6 to 010-6/5
e Revised 1-68
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- Pier Shape K ) ;

Semicircular nose and tail 0.90 R
Twin-cylinder piers with connecting diaphragm 0.95
Twin-cylinder piers without diaphragm 1.05
90 deg triangular nose and tail 1.05
' Square nose and tail 1.25

b4, Energy Method, Class B Flow. The Yarnell equations for Class B

flow are
v
Ly = Cp 3¢ ‘
and
Cy = 0.50 + KB(5.5a3 + 0.08) |
where

Lp = pier nose loss in ft

Cp = pier nose loss coefficient

V1 = velocity upstream from the contraction in'ft per sec

Kp = experimental pier shape coefficient

The values of KB determined by Yarnell for different pier shapes are F A
E \.,,)
4 Pier Shape K
. Square nose piers 5
; Round nose piers 1l

The following equation permits solution of the Yarnell equation for Class B
flow by successive approximation

4 = dp * Ly
where
d; = upstream water depth in ft
dy, = the higher depth, in £t, in the unobstructed channel vhich has i

flow of equal energy to that required for critical flow within
the constricted bridge section

5. Momentum Method, Class B Flow., Koch and Carstanjen applied the
momentum principle to flow past bridge piers and verified their results
by laboratory investigations. The total upstream momentum minus the
mementum loss at the entrance equals the total momentum within the pier
section. This momentum quantity is also equal to the total momentum down-
stream minus the static pressure on the downstream obstructed area. The
general momentum equation is

010-6 to 010-6/5
Revised 1-68
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where
Q = discharge in cfs
mys My, m3, mp = total static pressure of water in the upstream

section, pier section, downstream section, and
on the pier ends, respectively, in 1b
cross-sectional area of the upstream channel,
pier obstruction, channel within the pier sec-
tion, and downstream channel, resvectively,

in sq ft

7 = specific weight of water, 62.5 1b/cu ft

A
nl, Ap, Ag’ A3

6. Graphical Solutions. The U. S. Army Engineer District, Los
Angeles(3), modified Yarnell's charts for solution of Class A and
Class B flow, and developed a graphical solution for Class B flow by
the momentum method. The U, S. Army Fngineer District, Chicago (2),
simplified the Los Angeles District's graphical solution for Class B
flow by the energy method. Hydraulic Design Charts 010-6/2 and 010-6/3,
respectively, present the Los Angeles District solutions for Class A
flow by the energy method and Class B flow by the momentum method.
Chart 010-6/4 presents the Chicago District's solution for Class B flow
by the energy method.

Application

7. Classification of Flow. Flow classification can be determined
from Chart 010-6/1. The intersection of the computed value of A (the
ratio of the channel depth without piers to the critical depth) and o
(the horizontal contraction ratio) determines the flow clagssification,

8. Class A Flow. Chart 010-6/2 presents a graphical solution of
Class A flow for five types of bridge piers. Enter the chart hori-
zontally with & known Ax to a known ¢« . Determine the value of X .
The head loss through the pier section (H3) is obtained by multiplying
the critical depth in the unobstructed channel by X for round nose
piers or by X for the other pier shapes shown on the chart.

9. Class B Flow. Bridge pier losses by the momentum method can
be determined from Chart 010-6/3. For a known value of o , the re-
quired ratio of d /H can be obtained and the upstream depth computed.
Chart 010~ 6/% perm1ts solution of Class B flow for round and square
nose piers by the energy method. This chart is used in the same manner
as Chart 010-6/3.

16, Class C Flow., Class C flow is seldom encountered in practi-
cal problems., A graphical solution has not been developed, and

010-6 to 010-6/5
Revised 3-73
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analytical solution by the momentum method is necessary.

li. Sample Computation. Chart 010-6/5 is a sample computation
illustrating the use of the charts. A borderline flow condition be~
tween Class A and Class B is assumed. This permits three solutions to
the problem. The most conservative sclution is recommended for design
purposes.,

12. References.

(1) KXoch, A., Von der Bewegung des Wassers und den dabei auftretenden
Kré'ftenz M. Carstanjen, ed. Julius Springer, Berlin, 1926.

(2) U. S. Army Engineer District, Chicago, CE, letter to U. S. Army
Engineer Division, Great Lakes, CE, dated 22 April 195k, subject,
"Analysis of Flows in Channels Constricted by Bridge Piers."

(3) U. S. Army Engineer Distric%, Los Angeles, CE, Report on Engineer-

ing Aspects, Flood of March 1938, Appendix I, Theoretical and
Observed Bridge Pier Losses. Los Angeles, Calif., May 1939,

(4) Yarnell, David L., Bridge Piers as Channel Obstructions. U. S.
Department of Agriculture Technical Bulletin No. 442, Washington,
D. C., November 193k,
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T dy < d,
CLASS T e
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ELEVATION

NOTE: X = wp/wc = HORIZONTAL CONTRACTION RATIO

Wp = TOTAL PIER WIDTH

W_ = GROSS CHANNEL WIOTH

d; = UPSTREAM DEPTH

d; = DEPTH WITHIN PIER SECTION

d; = DOWNSTREAM DEPTH

d_ = CRITILAL DEPTH WITHIN THE UNOBSTRUCTED
CHANNEL SECTION

d_; = CRITICAL DEPTH WITHIN THE PIFR S “CTION

OPEN CHANNEL FLOW

RECTANGULAR SLCTION
BRIDGE PIER LOSSES
DEFINITION

HYDRAULIC DESIGN CHART 0O10-6

WES 5-359

- - PRS-

% %, ZIA A 4 et

SAE 1 oy & Sk S\ Nr e e e M e e

i A RTINS TL N A T

RN e s

gt N e PR A g e

e un

s BRI hman e v




L

e oS ST NG RYY co 2 A SO

- l.11 | } L
-ttt 44 T l— r
RESRES RYNEPRRRINENARRERNBRN 7
+- 2 - % -4A
IMITING Ay 8Y MOMENTUM METHOD 0(0CH"CARSTANJEN)—;:~. s ':.N':’;/, LA
4 e =gy ARPF4RNE
T T uw
P PP
CLASS A 137
N -
v CLASS AOR B |11
A 11
15
af L MITING 2, BY ENERGY METHOD (YARNELL)
'3 : LR asE : Jr i
/ _ NENG ERNNN Snnu MRONENNARRERBERY
o aiss BEARA nan T HA T T T
" n ! SRuENNNe I
< [ ¥ REpRRupREanaRSPRREENRS RS
" - O CLASS B T
[ e . T
09 .
07 SRNgRENE pEneupRRE T a -
13 114
N 1 = ]
05 1] X
- - =any e RERNENENN
CLASS C =5 1]
% I o W
0.3 t t
00 01 02 03 04

OC = HORIZONTAL CONTRACTION RATIO

EQUATIONS FOR LIMITING A

A3 - ENERGY METHOD (YARNELL)
Y.

2 2
a:|_ __3—37“—-
2A3+i B = N
As - MOMENTUM METHOD (KOCH-CARSTANJEN) | ST
3
oC=t- 3N d' - ®
i o) ‘ l
A, - MOMENTUM METHOD (KOCH- CARSTANJEN)
Y% DEFINITION SKETCH
- [ 3“' ]
x=i-| =3
A +2

NOTE N =a/dc
A3 = da/de
d, = UPSTREAM WATER DEPTH
dy = DOWNSTREAM WATER DEPTH
de = CRITICAL DEPTH WITHIN THE
UNOBSTRUCTED CHANNEL SECTION
¢ = HORIZONTAL CONTRACTION RATIO
(£ PIER WIDTHS = CHANNEL WIDTH)
= DEPTH WITHOUT BRIDGE PIERS

OPEN CHANNEL FLOW

RECTANGULAR SECTION

BRIDGE PIER LOSSES
CLASSIFICATION OF FLOW CONDITIONS

HYDRAULIC DESIGN CHART 010-6/1
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X= g—l (ROUND NOSE PIERS)
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NOTE dc = CRITICAL DEPTH WITHIN THE
| UNOBSTRUCTED CHANNEL SECTION
N H dea = CRITICAL DEPTH WITHIN THE
\\ L7~ 1 PIER SECTION
— | Hy =Xde (ROUND NOSE PIERS)
di>dc dy>dc Hy = XdcY (INDICATED SHAPES)
dp>dcs
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DEFINITION SKETCH

PAIP AEDBY U § ARMY ENGINCER PATEAWAYS EXPEAIMENT STATION VICKIGURG WIBSI3BIPPL

OPEN CHANNEL FLOW

RECTANGULAR SECTION
BRIDGE PIER LOSSES
CLASS A FLOW - ENERGY METHOD
HYDRAULIC DESIGN CHART 010-6/2
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DEFIN'TION SKETCH
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10
co (1]

02 03 04

QC=HORIZONTAL CONTRACTION RATIO

NOTE A, = dy/d¢
d; = UPSTREAM WATER DEPTH
de = CRITICAL DEPTH WITHIN THE
UNOBSTRUCTED CHANNEL SECTION
dez = CRITICAL DEPTH WITHIN
THE PIER SECTION
O = HORIZONTAL CONTRACTION RATIO

PREPARED OY U 5 ANMY ENGINEEA WATEAWAYS EXPUAIUENT STATION VICKIBURG Mi33IS3IPRI

OPEN CHANNEL FLOW
RECTANGULAR SECTION
BRIDGE PIER LOSSES
CLASS B FLOW --MOMENTUM METHOD

HYDRAULIC DESIGN CHART 010-6/3
WES 58-89
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OC = HORIZONTAL CONTRACTION RATIO :
3
}
EQUATIONS :
| | 2AL H
r7Z inboww 3kt 4
(BXe 9] N 3 ,
0.5+Kg(5.5*40.08) J
MEALH ¢ 5 z
2N ‘;;é
da*d e
NOTE A =dy/dc 2" Ce2 %
Ay *dy/de A
AL *LIMITING Ay BY ENERGY METHOD *,&}
dj =UPSTREAM WATER DEPTH DEFINITION SKETCH l&
dy =DOWNSTREAM WATER DEPTH ‘,
de = CRITICAL DEPTh WITHIN THE 2
UNOBSTRUCTED CHANNEL SECTION b4
dea ® CRITICAL DEPTH WITHIN THE é
PIER SECTION ’“’
OC =HORIZONTAL CONTRACTION RATIO 2
Ke = YARNELL PIER-SHAPE COEFFICIENT ¥
(1 0 FOR ROUND NOSE) 3
(5 0 FOR SQUARE NOSE) OPEN CHANNEL FLOW i
%
RECTANGULAR SECTION N
BRIDGE PIER LOSSES N
CLASS B FLOW - ENERGY METHOD ,Eg
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U. S. ARMY ENGINEER WATERWAYS EXPERIMENT STATION
COMPUTATION SHEET

JOB CW 804 PROJECT John Doe River SUBJECT  Rectangular Channel

COMPUTATION _ Bridge Pier Loss

COMPUTED BY_MBB DATE _12/17/58 _CHECKED BY _WTH DATE _12/18/58

GIVEN:
Rectongular channel section ( 1
Round nose piers
Channel dischorge (Q) = 40,000 cfs crrwcrcor| Peecroeod  [oeceos
Chonnel width (W) = 200 f 10— j¢— —o1 o710

Totol pier width (W,) = 20 f
Depth without bridge piers (d) = 14.3 #

» - R
COMPUTE:
1. Horizontol .contraction ratio (o) 6. Upstreom depth (dy)
a. Closs A flow » Energy Method
« = .gz =2 _010 dy = dy + Hy (Chort 010-6/2
« M H3= Xd,
2. Discharge (:: :; ft of chonnel width X=0.127 for « = 0.10
Q ond A, = A= 1,324
q=—— = e = 200cfs 3
We 20 Hy= 0,127 x Tu.8= 1.37
3. Critical dopth (d) in unobstructed chonnel dy= 143+ 1.37= 15.67 h
:’:’: ?‘;&6::8' d. = 1084 b, Class B flow - Momentum Method
d) = Ay d (Chort 010-6/3)
& Az 4 14108 1435 fr a = 0.1
) dy=1.435% 10.8= 15,50 f
5 F'“é:g:::‘;‘;g:‘/l' intersection ¢. Class B flow - Energy Method
of « =010 ond A= 132U is dy = Ay d (Chort 010-6/4)
in zone morked Class A or B, Ar= 1460 for « = 0.10

dy= 1.460 x 10,8= 15.77 f4

OPEN CHANNEL FLOW

RECTANGULAR SECTION
BRIDGE PIER LOSSES
SAMPLE COMPUTATION

HYDRAULIC DESIGN CHART 010-6/5
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HYDRAULIC DESIGN CRITERTA

SHEET 010-7
OPEN CHANNEL FLOW

TRASH RACK LOSSES

1. The energy loss of flow through trash racks depends upon the
shape, size, and spacing of the bars and the velocity of flow. Hydraulic
Design Chart 010-7 shows loss coefficient curves for different bar designs.
The curves are based on tests in open channels with the racks perpendicular
to the line of flow.

2. Stockholm Tests, Tests made in the Hydraulic Structures Labora-
tory of the Royal Techrnical University at Stockholm, Sweden, were reported
by W. Fellenius(l). Tue publication also presents results for bar shepes
and sizes not included on Chart 010-7. The effects of sloping the racks
were also studied.

3. Munich Tests. Tests made in the Hydraulic Institute of the
Technical University at Munich, Germany, were reported by O. Kirschmer(2).
The tests included other bar shapes not shown on the chart. The effects
of tilting the rack were also studied. Spangler(3) investigated the ef-
fects of varying the horizontal angle of approach channel to the trash
rack.

b, Application. The loss coefficients shown on Chart 010-7 were ob-
tained from tests in which the racks protruded above the water surface.
The applicability of the data to submerged racks is not known. As stated
above, numerous other shapes were tested at Stockholm and Munich. The data
presented on Chart 010-7 were selected to demonstrate the general effect of
bar shape on head loss.,

5. References,

(1) Fellenius, W., "Experiments on the head loss caused by protecting
racks at water-power plants." Meddelande No. 5 Vattenbyeggnadsinstitu-
tionen, Vid Kungl. Tekniske Hogskolan, Stockholm (1928). Summary and
pertinent data also published in Hydraulic Laboratory Practice, ASME

(1929), p 533.

(2) Kirschmer, 0., "Investigetion regarding the determination of head
loss." Mitteilunpen des Hydraulischen Instituts der Technischen
Hochschule Munchen, Heft 1 (1926), p 2l.

(3) Spangler, J., "Investigations of the loss through trash racks inclined
obliquely to the stream flow." Mitteilungen des Hydraulischen Insti-
tuts der Technischen Hochschule Munchen, Heft 2 (1928), p 46. English
tragslation published in Hydraulic Laboratory Practice, ASME (1929),

p 461,
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NOTE. &h = HZAD LOSS THROUGH RACK IN FT
V = VELOCITY AT SECTION
WITHOUT RACK IN FT/SEC

Ky = HEAD LOSS COEFFICIENT
Ar = RRER OF SECTION OPEN ZHANNEL FLOW
TRASH RACK LOSSES

HYDRAULIC DESIGN CHART 010-7
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HYDRAULIC DESIGN CRITERIA

SHEET 050-1

AIR DEMAND - REGULATED OUTLET VWORKS

1. Background. The data presented are considered applicable to
slide and tractor gates operating in rectangular gate chambers. Previous
designs of air vents have been based on arbitrary adoption of a ratio of
the cross-sectional area of the air vent to that of the conduit being
aerated.

2. Iowa Tests. Kalinske and Robertson¥ have published the results
of tests on the air demand of a hydraulic jump in a circular conduit.
They found the vatio of air demand to water discharge (B) to be a function
of the Froude number minus one. The formula which was developed is indi-
cated in HDC 050-1.

3. Prototype Tests. A number of prototype tests on existing out-
let works have been analyzed and compared graphically with the Kalinske
and Robertson formula in HDC 050-1. In some of the prototype tests, gate
openings varied from small to full opening where pressure flow existed
throughcut the entire system. The maximum air demand is found at some
intermediate gate opening. The ratios of this gate opening (Gp) to full
gate opening (Gg) are shown in table 1 together with other pertinent
information.

Table 1
Gate Openings
o Vent  Conduit £t .

Ares A Area A v Max Air full m

Velocity v c i M o o
Dam £t/sec sq ft sq ft c m £ £
Pine Flat 280 h.01 45.0  0.109 5.5 9.0 0.611

Tygart 219 0.79 56.7  0.014 8.3 10.0 0.83
Norfork 127 2.18 2h.0 0.091 5.0 6.0 0.833
Denison 57 22.33 31k4.2 0.071 13.0 19.0 0.685
Hulah 36 1.40 32.5 0.043 4.0 6.5 0.615

k. Extensive Corps of Engineers air-demand tests were made at Pine
Flat Dam from 1952 to 1956. These tests included heads up to 370 ft

* A. A, Kalinske and J. W. Robertson, "Entrainment of air in flowing
vater--closed conduit flow." Transactions, American Society of Civil
Engineers, vol 108 (1943), pp 1k35-14kT,
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although gates are not normally operated under such high heads. The Pine
Flat test data are in good agreement with other field data, as shown by the ¢ /)
plots in HDC 050-1. e

5. Recommendations. A straight line in HDC 050-1 indicates a sug-
gested design assumption. It is suggestea that the maximum air demand be
assumed to occur at a gate opening ratio of 80 percent in sluices through
concrete dams. A gate lip with a b5-degree angle on the bottom can be
expected to have a cor sraction coefficient of approximately 0.80. The
Froude number should be based on the effective depth at the vena contracta
which, with the atove-mentioned factors, would be 6l percent of the sluice
depth. The suggested design curve can be used to determine the ratios of
air demand to water discharge. It is further suggested that air vents be
designed for velocities of not more than 150 £t per sec. The disadvantage
of excessive air velocities is & high head loss in the air vent which
causes subatmospheric pressures in the water conduit. Outlet works with
well-streamlined water passages can tolerate lower pressures without cavi-
tation trouble than those with less effectively streamlined water passages.
The suggested design assumptions for sluices will result in area ratiocs of
alr vent to sluice of approximately 12 percent for each 150 ft of head on
a 4- by 6-ft sluice, and 12 percent for each 200 ft of head on a 5-ft-8-in.
by 10-ft sluice. In applying the curve to circular tunnels controlled by
one or more rectangular gates, the effective depth should be based on flow
in 64 percent of the area of the tunnel for maximum air demand. These are
general design rules which have been devised until additional experimental
data are available. —
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HYDRAULIC DESIGN CRITERIA

SHEET 050-1/1
AIR DEMAND - REGULATED OUTLET WORKS

PRIMARY AND SECONDARY MAXIMA

1. Field tests to determine air demand in regulated outlet works
have indicated two gate positions at which the a2ir demend greatly exceeds
that of other gate openings. Large quantities of air are required when the
gate is about 5 per cent open and again at some gate position between 50
and 100 per cent open. Hydraulic Design Chart 050-1/1 shows the observed
air demand in cfs plotted against per cent of gate opening for a number of
operating heads at Pine Flat, Norfork, and John H. Kerr Dams. The chart
also indicates flow conditions below the gate for various openings.

2. At small gate openings the jet frays or breaks up and entrains
large quantities of air. As the gate opening increases the air demarl
rapidly decreases and then increases to a second maximum just before the
conduit flows full at the exit portal. 1In this phase of operation, the
alr demend is caused by the drag force between the water surface and the
air above. With larger gate openings, & hydraulic Jjump forms in the con-
duit and the air demand is limited by the capacity of the jump to entrain
and remove air. When the conduit flows full the air demand becomes zero.

3. Chart 050-1/1 is included to show the qualitative characteristics

of air demand. Sufficient prototype Aata are not available to develop a
relationship between air demand, heau and other factors.

050-1/1
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{‘“ iy HYDRAULIC DESIGN CRITERIA
¥
. SHEET 050-2
; SAMPLE AIR VENT DESIGN COMPUTATIONS
1. A sample computation for the design of an air vent is given on )
! Hydraulic Design Chart 050-2. This computation is included in order to :
' clarify the explanation given on sheet 050-1. The coefficients of dis- i
: charge as given on Chart 320-1 may be considered to be contraction coeffi- ;
- cients for determining the depth of water at the vena contracta. i
: i
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U. S. ARMY ENGINEER WATERWAYS EXPERIMENT STATION
COMPUTATION SHEET

JoB: ES 804 PROJECT: John Doe Dam SUBJECT: Air Demand
COMPUTATION: Air Vent Size, Hydroulic Design
COMPUTED BY: BG DATE: __9/5/52 CHECKED BY:__ AAMC DATE: 9/5/52
GIVEN: 352,0 "' POOL ELEVATION
Sluice size: Width (B) = 4 f =T ::_.4.___ ﬁ\
Height (D) = 9 ft [7——1"——'
45° gate lip T
Elevation sluice invert ot gate 127.0 v" AlR VENT\\ H
Design pool elevation 352,0 Js
FROM HYDRAULIC DESIGN SHEET 050-1 AND 320-1 I

Assume maximum air discharge (Qa) at 80% gate opening.
Discharge coetficient (C} for 45° gate lip = 0.80,

Then:
Depth of water at vena contracta {y) = 80% x 0.80 x 9.0 = 5.76 ft
Effective head, H = 352.0 - (127.0 + 5.76) = 219.24
Water discharge (Q,) = CAV = By 5/29_H = 4.0 (5.76) v64.4 (219.24)
Q, = 2740 cfs

=

Q
V= -A-ﬁ = 162-;7(%7—6 =119,0 ft/sec velocity of water at vena contracta
v 1190
F =z === ———2 = 8.75 Froude number ot vena contracto
Yoy V32.2(5.76)
(F-1)=775

FROM HYDRAULIC DESIGN CHART 050-1. 8=10.28
Q, - 8Q, = 0.28 (2740)
Q, =767 cfs
FROM HYDRAULIC DESIGN SHEET 050-1. Maximum Air Velocity (Va) = 150 ft/sec
767
AV - 750

Diameter for circular vent = 2.55 ft

= 5.1 sq ft area of air vent requi.ed

AIR DEMAND

REGULATED OQUTLET WORKS
SAMPLE COMPUTATION

HYDRAULIC DESIGN CHART 050-2

PREPARED BY U 3 ARMY ENGINEER CATEANAYL CAPERIMENT STATION VI XSQURG WINLISIRR) REV 1 -64 WES 4-53
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HYDRAULIC DESIGN CRITERIA

SHEET 050-3
AIR ENTRAINMENT

WIDE CHUTE FLOW

1. Purpose. The entrainment of air in flow through a chute spillway
causes bulking which necessitates increasing the sidewall design height.
HDC 050-3 may be used to estimate the percentage by volume of air that will
be entrained in the flow at terminel velocity and its effect on flow depth.

2. Previous Criteria. Previous criteria for estimating air entrain-
ment haye been influenced by investigations on narrow chutes as reported by
Hall.(2) fThe data for flows through narrow chutes show the marked effects
of sidewalls on the amount of air entrained.

3. Basic Data. Recent tests at the University of Minnesota(3) on
artificially roughened channels have afforded new information on chutes for
relatively large width~depth ratios which eliminate the sidewall effect.

It was found that the mean air concentration ratio of air volume to air-
plus-water volume, C , is a function of the shear velocity and transition
depth parameter, VB/(dT)2/3 . This suggests that the intensity of the
turbulent fluctuations causing air entrainment is increasingly damped with
increasing depth. A more convenient empirical expression of this parameter
is the ratio of the sine of the bottom slope to the unit discharge in cubic
feet per second, S/ql?S . This ratio is used in HDC 050-3.

Lk, fThe Minnesota laboratory data ase shown in HDC 050-3 together
with field data for the Kittitas chute.(2 The Minnesote data were ob-
tained by the use of highly refined electronic equipment developed at

St. Anthony Falls Hydraulic Laboratory, University of Minnesota. The
Kittitas results were derived from field measurements of water-surface
elevations under conditions of high velocities and great turbulence. The
Kittitas data selected for use in developing HDC 050-3 were for flows with
flow width exceeding five times the depth to eliminate the sidewall effect.
The low concentration ratios indicated by these data appear consistent w&th
visual observations of flows near the downstream ends of the Fort Peck(l
and Arkabutla spillway chutes.

5. Suggested Criteria. The curve of best fit in HDC 050-3 was de-
termined by the least squares method using both the Minnesota and Kittitas
data. The suggested design curve is believed to be a conservative basis
for design. The results are applicable to flow at terminal velocity in
chute spillways having width-depth ratios greater than five.

050-3
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6. References.

(1) ASCE Committee on Hydromechanics, "Aerated flow in open channels."”
Progress Report, Task Committee on Air Entrainment in Open Channels,
Proceedings, American Society of Civil Engineers, vol 87, part 1
(Journal, Hydraulics Division, No. HY3) (May 1961).

(2) Hall, L. S., "Open channel flow at high velocities." Transactions,

American Society of Civil Engineers, vol 108 (1943), pp 1394-143k and
1494..1513.

9 (3) sStraub, L. G., and Anderson, A. G., "Self-aerated flow in open chan-
b nels."

Transactions, American Society of Civil Engineers, vol 125
(1960), pp 456-L86.
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HYDRAULIC DESIGN CRITERIA

SHEETS 060-1 TO 060-1/5

GATE VIBRATION

l. Purpcse. One of the problems in the design of reservoir out-
let structures is the determination of whether any disturbing frequencies
are inherent in the hydraulic system that may equal or approach the natu-
ral frequency of the gate and cause resonance with resulting violent gate
vibrations. Although a gate leaf may vibrate in any of several freedoms
of motion including flexure, the vertical vibration of a gate on an
elastic suspension is usually of most importance. Hydraulic Design
Charts 060-1 to 060-1/5 are aids for estimating the vibration character-
istics of elastically suspended gates.,

2. Resonance, When the forcing frequency is exactly equal to the
natural frequency a condition of "dead" resonance exists. The displace-
ment amplitude for the vibrating system increases very rapidly for this
condition of resonance and may result in rupture. The amplitude can
also be increased rapidly if there is only a small difference between
the foreing and natursl frequencies. The transmissibility ratio, or the
magnification factor, is defined by the equation:

1
1 - (ff/fn)2

T.R. =

where f /f is the ratio of the forcing frequency to natural frequency.
A plot aind c¢oordinates of this function are given on Hydraulic Design
Chart 060-1. Although the transmissibility ratio is negative for fre-
quency ratios greater than one, the positive image of this part of the
owrve is often utilized for simplicity in plotting. The part of the
curve between transmissibil.'ty ratios of unity and zero is sometimes
called the isolation range with the percentage of isolation as desig-
nated, It is desirable to prcduce a design with a high percentage of
isolation.

3. Forcing Frequencies. Two possible sources of disturbing
frequencies are the vortex trail shed from the bottom edge of a partly
opened gate and the pressure waves that travel upstream to the reservoir
and are reflected back to the gate. The frequency of the vortex trail
shed from a flat plate can be defined by the dimensionless Strouhal
number, St’ as follows:

where Lp is the plate width, f  is the vortex trail shedding frequency,
and V 1is the velocity of the fluid. The Strouhal number for a flat

060-1 to 060-1/5
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plate is approximately 1/7. The forcing frequency of a vortex trail
shed from a gate may be estimated eas:

2gH
f = e
f T(2Y)

where He 1is the energy head at the bottom of the gate, and Y is the
projection of the gate into the conduit or half of the plate width Ip.
Hydraulic Design Chart 060-1/1 can be used to estimate the forcing fre-
quency for various combinations of energy head and gate projection.
Unpublished observations of hydraulic models of gates have indicated
that the vortex trail will spring from the upstream edge of a flat-
bottom gate causing pressure pulsations on the bottom of the gate. The
vortex trail springs from the downstream edge of a standard 45-degree
gate lip, eliminating bottom pulsations.

4, The frequency of a reflected positive pressure wave may be
determined from the equation:

C

fe=—%
wvhere C 1is the velocity of the pressure wave and L 1is the length of
the conduit upstream {rom the gate. Hydraulic Design Chart 060-1/2 is
a graphical solution of this equation., The pressure wave velocity is
dependent upon the dimensions and elastic characteristics of the pipe or
of the lining and surrounding rock of a tunnel. Date are given by
Parmakian* for various combinations of these variables. Chart 060-1/2
gives frequencies for pressure wave velocities ranging from 4700 fps for
a relatively inelastic conduit to 3000 fps for a relatively elastic pipe.

5. Natural Frequency. The natural. frequency of free vertical
oscillation of a cable-suspended gate can be expressed by the equation:

£ o= X gh
n 2=« 12 4 ¢

where E 1is the modulus of elasticity of the cable, £ is the length of
the supporting cable, and O is the unit stress in the cable. The natu-
ral frequencies for various support lengths and typical allowable unit
stresses can be estimated from Hydrsulic Design Chart 060-1/3.

6. Examples of Application. Hydraulic Design Charts 060-1/4 and
1/5 are sample computations illustrating application of Charts 0€0-1 to
1/3 to the gate vibration problem. Transmissibility ratios less than
1.0 are desirable. However, ratios slightly greater than 1.0 may be
satisfactory if the vibration forces are damped.

* John Parmekian, Waterhemmer Analysis, 1lst ed.(New York, Prentice-Hall,
Inc., 1955), Chep. 3.
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WATERWAYS EXPERIMENT STATION
COMPUTATION SHEET

JoB CW 804 PROJECT John Doe Dam SUBJECT Gote Vibration
COMPUTATION  Vibration From Vortex Trail

COMPUTED BY RGC DATE 4/16/57 CHECKED BY RGC DATE __ 4/24/57
GIVEN:

Gate - flat bottom —_
Height (D) = 23 ft 4
Projection (Y) into conduit J k. oly

= height minus gote opening =l
-D-G, h, Q|2
Length of cable ()= 130 ft Dlu ¢
Allowable unit cable sresz ()
= 8500 psi 100 £
Total head ot gate sill = 100 ft H,
DETERMINE:

Natyral frequency (f ) for gote:
Length of cable {2)= 130 ft
Unit cable stress (o) = 8500 psi }
From Chart 060-1/3 notural frequency
(f r') = 3.8 cps

Vortex trail frequency ond resoncnce characteristics (f,/f \B
Energy head (H,) to bottom of gate = 100 ft - G .

Gate Vortex Treil Resonance
Opening Projection He Frequency Choracteristics
9_° Y=0-G, 100-G, f; (Chart 060 ~ 14)] (f‘/f“)
3 20 97 0.28 0.07
9 14 N 0.39 0.10
15 8 85 0.66 0.37
21 2 79 2.54 0.67

Plot f‘/fn on Chart 060-1:

All points plot above zero isolation line, Gate subject to vibration ot all openings. Change design to
45 degree gate fip.

GATE VIBRATION

GATE BOTTOM VORTEX TRAIL
SAMPLE COMPUTATION

HYDRAULIC DESIGN CHART 060~1/4
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WATERWAYS EXPERIMENT STATION
COMPUTATION SHEET

JOB  CWw 804 PROJECT John Doe Dom SUBJECT
COMPUTATION Vibration From Reflected Pressure Wave

COMPUTED BY _RGC  DATE  4/2%/57 CHECKED BY RGC

Gate Vibration

DATE _ 4/25/57

GIVEN:
Conduit:

Length upstreom from
gate (L) = 400

E

ELASTIC E
CABLE

Gate:

Length of supporting
cable (@) ~ 195 #

Assume unit stress in
supporting cable (o) = 8500 psi

DETERMINE: KA BN ATE] BT ETET AT R B
Natural frequency (f) for gate: |- L
Length of supporﬁng cable (2)= 195 ft
Unit stress in supporting cable (o) = 8500 psi

From Hydraulic Design Chort 060-1/3, natural
frequency (f)=3.2cps

|
bl

NP

Vibration from reflected pressure wave:
l.ength of conduit upstream from gate (L) = 400 ft

Velocity of pressure wave (C) = 4300 fps (assumed for
concrete conduit through rock)

From Hydraulic Design Chart 060-1/2, forcing frequency
(f) = 2.7 cps

R

Resononco characteristics:
c! f = 2.7/3.2=0.84
|

ot f /t, on Hydroulic Design Chort 060-1
Tvonsmussnbllny ratio (T.R.} = 3.4
Isolation< 0

Gate subject to vibration from reflected pressure wave
if undamped. Domping forces not evaluated.

GATE VIBRATION

REFLECTED PRESSURE WAVE
SAMPLE COMPUTATION

HYDRAULIC DESIGN CHART 060-1/5
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HYDRAULIC DESIGN CRITERIA

SHEET 060-2
FORCED VIBRATIONS

CONSTANT FRICTION DAMPING

1. A procedure for estimating the vibration characteristics of free,
elastically suspended gates is presented in HIC's 060-1 to 060-1/5. Tests
at Fort Randall Dam 2) indicated that at large gate openings the flood-
control tunnel gate rollers are momentarily forced away from the gate
guides by pressure pulsations on the downstream face of the gate. Vertical
gate vibrations of about 4 cycles per sec were observed during this inter-
val. These vibrations were damped when the gate rollers returned to the
guides. It was determined that the damping was of a Coulomb or constant
friction damping character.

2. HDC 060-2 presents curves showing the effects of constant fric-
tion damping on forced vibrations. The equation and curves on the chart
for the magnification factor were developed by Den Hartog(l) in 1931. The
equation is only of value in the determination of the magnification factor
above the dashed line on the chart. Den Hartog also successfully evaluated
single points below the dashed line and constructed the curves representing
high force ratios. More recently (1960) an ana%y is of the damping forces
affecting the Fort Randall gates has been made. 33

3. FPield measurements to determine the causes, magnitudes, and
frequencies of hydraulic disturbances causing gate vibration, as well as
measurements of the resisting friction forces, are necessary for detall
evaluation of the vibration characteristics of these hydraulic structures.
HDC 060-2 is included as a supplement to HDC 060-1 to illustrate the ef-
fects of constant friction damping in the gate vibration problem.

4. References.

(1) Den Hartog, J. P., "Forced vibration with combined Coulumb and viscous
friction." Transactions, American Society of Mechanical Engineers,
Paper APM 53-9, presented at National Applied Mechanics Meetingz, Pur-
due University (June 1931).

(2) U. S. Army Engineer Waterways Experiment Station, CE, Vibration and
Pressure-Cell Testa, Flood-Control Intake Gates, Fort Randall Dam,
Missouri River, South Dakota. Technical Report No. 2~435, Vicksburg,
Miss., June 1956.

(3) , Vibration Problems in Hydraulic Structures, by F. B.
Campbell. Miscellaneous Paper No. 2-41%4, Vicksburg, Miss., December
1960. Also in Proceedings, American Society of Civil Engineers, vol
87 (Journal, Hydraulics Division, No. HY2) (March 1961).
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HYDRAULIC DTSIGN CHART 060 -2
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FORCED VIBRATIONS

CONSTANT FRICTION DAMPING
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HYDRAULIC DESIGN CRITERIA

SHEETS 111-1 TO 111-2/1

OVERFLOW SPILLWAY CREST

1. Previous Crest Shapes. Some early crest shapes were based on a
simple parabola designed to fit the trajectory of the falling nappe.
Bazin's experiments of the 19th century were the basis of many early de-
signs. The Bureau of Reclamation conducted extensive experiments on the
shape of the nappe over a sharp-crested weir.l Numerous crests have been
designed using the coordinates of the lower surface of the nappe for the
shape of the crest, without resort to an equation. The Huntington District
has used an equation involving the 1.82 power of X and the Nashville Dis-
trict has used the 1.88 power of X .

2. Standard Shape, Downsiream Quadrant. A comparison of the Bureau
of Reclamation data with those of other experimenters was made by the Of-
fice, Chief of Engineers. On the basis of this study, Circular Letter
No. 3281 was issued on 2 September LOLL, suggesting the nse of the 1.85
power of X . This equation is given in Hydraulic Design Charts 111l-1
and 111-2 and was adopted to define the downstream quadrant shape.

3. Point of Tangency. The slope function graph of the tangent to
the downstream quadrant is shown in Chart 111-1 to facilitate the location
of the point of tangency. Although it is realized that the tangent point
will often be determined analytically for the Tinal design, this graph
should be of value in the preliminary layouts in connection with stability
analyses and cost estimates. In view of the fact that tables of the 1.85
and 0.85 powers are not available, the table in Chart 111-2 is issued to
assist the engineer in computing the coordinates of the downstream quadrant.

4, Standard Shape, Upstream Quadrant. The upstream quadrant shape
of circular arcs originally defined in Chart 11l-1, dated 4-1-52, resulted
in a surface discontinuity at the vertical spillway face. A third, short-
radius arc éR = 0.0th) recently incorporated in this design has been
model testedc and found to result in improved pressure conditions and
discharge coefficients for heads exceeding the design head. Chart 111-2/1
(revised 9-70) presents this new, recommended upstream crest quadrant
design. A table of coordinates in terms of X/Hd and Y/Hd is included
for design convenience,

5. References.

(1) U. 8. Bureau of Reclamation, Part VI - Hydraulic Investigations;
Bulletin 3, Studies of Crests for Overfall Dams. Boulder Canyon
Project Final Reports, Denver, Colo., 1943,

(2) U. 8. Army Engineer Waterways Experiment Station, CE, Investigations

111-1 to 111-2/1
Revised 9-70
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of Various Shapes of the Upstream Quadrant of the Crest of a High
Spillway; Hydraulic Laboratory Investigation, by E. S. Melsheimer and
T. BE. Murphy. Research Report H-70-1, Vicksburg, Miss., January 1970.
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UPSTREAM QUADRANT
(SEE CHART HI-2/1)

NOTE: DOWNSTREAM QUADRANT SHAPE BASED
ON OCE CIRC LTR NO 3281, 9-2-44,
SHAPE OF SPILLWAY CRESTS

H,= OESIGN HEAD BASED ON LOWER
SURFACE OF NAPPE FROM SHARP-
CRESTED WEIR

OOWNSTREAM QUADRANT
x'*z220H2%Y

(SEE CHART 111-2)

Y/H, X/H,

07 ~ N

08

08

SLOPE FUNCTION,a

e
1
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NOTE COORDINATES OF TANGENT POINT
FOR PRELIMINARY LLAYOUTS AND
ESTIMATES.
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X x|.os X x‘..i Hd 2Hdo.ss Hd 2Hd0.85 Hd 2Hd0.88
0.10 0.0141 & 27.518 1 2.000 26 31.896 51 56.554
.15 0299 7 36.596 2 3.605 27 32.937 52 57.495
.20 .0509 8 46.851 3 5.088 28 33.971 53 58.434
.25 .0769 9 $8.257 4 6.498 29 35.000 sS4 59.370
.30 .1078 10 70.795 ] 7.858 30 36.024 85 60.303
.35 .1434 12 99.194 6 9.172 N 37.041 56 61.234
.40 .1836 14 131.928 7 10.460 32 38.054 57 62.162
A% .2283 16 168.897 8 11,713 33 39.063 58 63.088
.50 2774 18 210.017 9 12,946 34 40.066 59 64.011
.60 .3887 20 255.218 10 14.159 35 41.067 60 64,932
.70 5169 25 385.646 t 15.954 36 42,062 61 €5.851
.80 .6618 30 540.349 12 16.832 37 43.053 62 66.767
.80 .8229 33 718.664 13 17.696 38 44.040 63 67.681
1.00 1.000 40 920.049 14 18.847 39 45.023 64 68,594
1.20 1.401 45 1144.045 11.] 19.988 40 46.002 65 69.503
1.40 1.864 50 1390.255 16 21.112 41 46.978 66 70.411
1.60 2.386 1] 1658.330 17 22,229 42 47,950 67 71.317
1.80 2.967 60 1947.959 18 23.335 43 48.919 68 72,221
2.00 3.608% -1] 2258.863 19 24.433 44 49.884 69 78.123
2.50 8.447 70 2590.78% 20 25.521 45 50.846 70 74.022
3.00 7.633 75 2943.496 21 26.602 46 51.807 77" 74.920
3.50 10.151 80 3316.779 22 27.674 47 52.761 72 75.816
4.00 12.996 S0 4124,288 23 28.741 48 53.714 73 76.710
4.50 16.160 100 5011.872 24 29.799 49 54.663 74 77.603
5.00 19.638 25 30.852 50 55.610 7% 78.493

OVERFLOW SPILLWAY CREST EQUATIONS

; WHERE Hd = DESIGN HEAD

o.e8’

X188 _ 2Hd°'"Y, v =
2Hd *

NOTE: SEE CHART 111-2/1 FOR UPSTREAM
QUADRANT COORDINATES.

OVERFLOW SPILLWAY CREST
DOWNSTREAM QUADRANT

TABLE OF FUNCTIONS

HYORAULIC DESIGN CHART {1i-2
REV & ¢80

wES 4-92

PULOLAEE OY ¥ § LEmY ERGINCES BATESRATS LITESHALET ETATIRE YILEIVEE MiDDITOIOPI

&,

ST IPEE 5 S

&

. 5
R R W

T ot

3
:
o
®
3
+
!

I PRI DR S

I ™. v " VN2

RS AR A B ke s Saw T 7




IR

A Ll s T e

&

e e

0.2818Hd

0.2760Hd

A

\

CREST AXIS ORIGIN

0.1750Hd

OF COORDINATES

S K A
0
> 2] 4 2
g 0 © 9
© |z T n
2le| © I 1.85 0.85
S pot 'ﬁ\ o x'8% = 2,00,y
(=] \
Y o o (SEE CHARTS Iil-1 AND I{1-2)
v , X ==0.2418H
y, Y = 0.1360H,
( ¢ CREST
R =0.04 H,
X = =0.1050H
= 0,2190H B
X = 0.0000H,
Y = 0.5000H
COORDINATES FOR UPSTREAM QUADRANT
X X X X
Hy Hy Hy Hq

~0.0000 | 0.0000 {[ -0.2200 | 0.0553

-0.0500 | 0.0025 -0.2400 | 0.0714

-0.1000 | 0.0101 -0.2600 | 0.0926

-0.1500 | 0.0230 || -0.2760 | 0.1183

-0.1750 | 0.0316 |{ -0.2780 | 0.1190

-0.2000 | 0.0430 || -0.2800 | 0.1241

{| -0.2818 | 0.1360

NOTE:

PageanLl 87

Hy = DESIGN HEAD BASED ON

LOWER SURFACE OF NAPPE
FROM SHARP-CRESTED WEIR
WITH NEGLIGIBLE VELOCITY
OF APPROACH AND CREST AT
X = =0.2818H, Y = 0.1259H .

4 A%Me (N NLEN WATEROAYS EXPTMIMENT STAT ON v 1 KSEUR. W55 38 PR

OVERFLOW SPILLWAY CREST
UPSTREAM QUADRANT
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HYDRAULIC DESIGN CRITERTA

SHEET 111-3

B ket

SPILLWAY CREST

>~

DISCHARGE COEFFICIENT

H 3H OVERFLOW DAMS :

1. General., Discharge over an uncontrolled spillway crest is com-
puted using the equation

e s kb

Q = CLH3/2
e
where ;
= toteal discharge, cfs
= discharge coefficient (Hydraulic Design Chart 111-3)
L = effective crest length, ft (Hydraulic Design Sheet 111-3/1)
He = energy head on crest, ft
2. Design Criteria. BEarly studies of the discharge coefficient C

used the relation of C to the ratio He/Hd . These studies indicated
that C ranged from 3.90 to 4.10 at design head and decreased to 3,10 at
zero head, An approximation of the upper value can be derived by iransfer-
ring the sharp-crested weir coefficient to a rounded weir crest that fits
the lower nappe. The head on the rounded crest is known to be 0.888 times
the head on the sharp crest. Using & discharge coefficient of 3.33 for a
sharp-crested weir and assuming the velocily of the approach flow to be
negligible, the coefficient for design head is derived as 3.93. The lowe.
limit of C = 3.10 closely approximates the theoretical broad-crested weir
coefficient of 3.087. The theory, which is based on critical depth in rec-
tangular channels, is given by King.l Friction can be expected to reduce
the coefficient at low heads. DNew, smooth concrete crests should have a
high coefficient at low heads compared to crests that have been roughened
by weathering or other causes.

3. Test Data. The curve in Chart 111-3 is based primarily on data
obtained from model tests conducted under Corps of Engineers Engineering
Studies Item 801, General Spillway Investigation, at the U. S. Army En-
gineer Waterways Experiment Station (WES). Only those tests in which a
deep approach channel and negligible velocity of approach existed were used
in developing the curve. The plotted points from ES 801 are the basis for
the curve above the H /H ratio of O.k. Prototype test results are
plotted for the low hedd range, and that portion of the curve is based on

111-3
Revised 9-70
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the field tests indicated in the legend. More prototype observations are
needed for the newer design shapes that approximate the spillway crest de-
fined in Hydraulic Design Criteria 111-1 and 111-2/1.

4. The open-circle data points are from tests on the originally pub-
lished crest shape (Charts 111-1 and 111-2, dated 4-1-52). The open-
triangle points are from recent laboratory tests® in which a third short-
radius curve (R = 0.0hHy , Chart 111-2/1) was added to the upstream quad-
rant shape to eliminate the surface discontinuity in the original design
where the curve intersected the vertical face of the spillway.

5. References.
(l) King, H. W., Handbook of Hydraulics; For the Solution of Hydraulic

Problems, 3d ed. (1939), pp 379-380 and Uth ed. (1954, revised by
E. F. Brater), pp 8-8 and 8-9, McGraw-Hill, New York.

(2) U. S. Army Engineer Waterways Experiment Station, CE, Investigations
of Various Shapes of the Upstream Quadrant of the Crest of a High
Spillway; Hydraulic Laboratory Investigation, by E. S. Melsheimer and
T. E. Murphy. Research Report H-70-1, Vicksburg, Miss., January 1970.
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LEGEND
0 1949 WES TESTS
L6 v 1969 WES TESTs J MODEL
® FORT GIBSON )
A FORT RANDALL
¥ HARLAN COUNTY
+ PINE FLAT PROTOTYPE
® WOLF CREEK
1.4 X DALE HOLLOW
1
}
1.2
1.0
N -
He
Hy
0.8
0.6 -
g
a) '
Y
B,
04
0.2
1] A
0 14 11
3.0 3.2 3.4 3.6 3.8 4.0 4.2 44
Q
C-LH.J"

NOTE: He=ENERGY HEAD ON CREST, .
Hg=DESIGN HEAD ON CREST, FT
C *DISCHARGE COEFFICIENT
Q »DISCHARGE,CFS
L »NET LENGTH OF CREST, FT

PREPIREO BY L S ARUY ENGINELA WATERWAYS CXPERISENT STATION VICREBURG, MI3SI3SIPP

SPILLWAY CREST
DISCHARGE COEFFICIENT

HIGH OVERFLLOW DAMS

HYDRAULIC DESIGN CHART 111-3
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HYDRAULIC DESIGN CRITERIA

SHEET 111-3/1
OVERFLOW SPILIWAY CREST WITH ADJACENT CONCRETE SECTIONS

ABUTMENT CONTRACTION COEFFICIENT

1. The effective length L of a spillway crest used in
uncontrolled-spillway discharge computations is expressed by the equation:

L=L'-2(NK +K )H
P a’ e

where
L' = net length of crest, ft
N = number of piers
Kb = pier contraction coefficient
K.a = abutment contraction coefficient
H = energy head on crest, ft

2. HDC 111—3/1 presents a suggested abutment contraction coefficient
design curve for high overflow spillways with adjacent concrete sections.
Discharge and pier contraction coefficients from appropriate HDC charts
were used with model discharge data to compute the plotted abutment con-
traction coefficients. These abutment contraction coefficients include
the weir end contraction and the effect of approach flow angularity, if
any, on all elements of the spillway. Thc coefficient K, is plotted in
terms of the ratio of the energy head on the spillway H, to the abut-
ment radius R . Pertinent information concerning each project is tabu-
lated in HDC 111-3/1. An abutment contraction coefficient of 0.1 is sug-
gested for design purposes for spillways with adjacent concrete nonoverflow
sections when the approach flow is normal to the spillway crest. Higher
coefficients should be assumed for projects involving extreme angularity
of approach flow. It is also suggested that the maximum design head-
abutment radius ratio be limited to 5.0.

3. References.

(1) U. S. Army Engineer Waterways Experiment Station, CE, Model Studies of

Spillway and Bucket for Center Hill Dam, Caney Fork River, Tennessee.
Technical Memorandum No. 202-1, Vicksburg, Miss., August 1946.

(2) , Spillway for Philpott Dam, Smith River, Virginia; Model
Investigation. Technical Memorandum No. 2-321, Vicksburg, Miss.,
December 1950.

(3) , Spillvay and Conduits for Pine Flet Dam, Kings River,

111-3/1
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California; Hydraulic Model Investigation.

No. 2-375, Vicksburg, Miss., December 1953.

Technical Memorandum

(4) U. s. Army Engineer Waterways Experiment Station, CE, Folsom Dam
Spillway, Uncontrolled. (Unpublished data.)

(5)

, General Spillway Tests (ES 801).
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BASIC EQUATION
Q=Cl'-2(NKp+Ka)He)Hs 2

WHERE:
Q =DISCHARGE, CFS.
C =DISCHARGE COEFFICIENT.
L' =NET LENGTH OF CREST, FT.
N = NUMBER OF PIERS.
Kp « PIER CONTRACTION COEFFICIENT.
Ka™ ABUTMENT CONTRACTION COEFFICIENT.
He = TOTAL HEAD ON CREST, FT.

LEGEND
SYMBOL PROJECT R w/L W/H
o CW 80t 4 185 096
° FOLSOM 8 2.10 377
0 PHILPOTT ) 2.67 142
s PINE FLAT* 4 2.12 177
A CENTER HILL¥* ) 383 9 48

¥GATED SPILLWAY WITH PIERS

NOTE R =RADIUS OF ABUTMENT, FT
We=WIDTH OF APPROACH REPRODUCED IN
MODEL , FT,
L *GROSS WIDTH OF SPILLWAY, FT,
H *DEPTH OF APPROACH IN MODEL , FT,

) ) ) 4
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OVERFLOW SPILLWAY CREST WITH
ADJACENT CONCRETE SECTIONS

ABUTMENT CONTRACTION COEFFICIENT

HYDRAULIC DESIGN CHART I~ 3/1
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HYDRAULIC DESIGN CRITERIA

SHEET 111-3/2
OVERFLOW SPILLWAY CREST WITH ADJACENT EMBANKMENT SECTIONS

ABUIMENT CONTRACTION COEFFICIENT

1. The effective length of a spillway crest used in uncontrolled-
spillway discharge computations is expressed by the equation given in
HDC Sheet 111-3/1.

2, HDC lll-3/2 presents a suggested abutment contraction coefficient
design curve for spillways with adjacent earth embankment sections. Dis-
charge and pier contraction coefficients from appropriate HDC charts were
used with model discharge date to compute the plotted abutment contraction
coefficients. These abutment contraction coefficients include the con-
tractive effects of the upstream rounding of the embankments, the weir end
contraction, and the effects of approach flow angularity on all elements
of the spilliway. The coefficient K, 1is plotted in terms of the ratio of
the energy head on the spillway to the spillwey desigu head. This param-
eter is believed to be more representative of the composite abutment con-
traction effects than the energy head-abutment radius ratio used on the
original. HDC 111-3/2 dated August 1960. Pertinent information concerning
each project is tabulated in the chart.

3. An abutment contraction coefficient of 0.2 is suggested for de-
sign purposes for spillways with adjacent nonoverflow earth embankments.
Higher coefficients should be assumed for projects involving extreme
angularity of approach flow. An ab?tTent contraction coefficient of 0.Th
was measured during the model study b of John Redmond Dam spillway for a
design head of 41 ft and a weir height of €.0 ft.

4, References.

(1) U. S. Army Engineer District, Portland, CE, Spillway for Dorena Dam,
Row River, Oregon; Hydraulic Model Investigation. Bonneville
Hydravlic Laboratory Report No. 27-1, Bonneville, Oreg., May 1953.

(2) U. S. Army Engineer Waterways Experiment Station, CE, Walter F. George
Lock and Dam, Chattahoochee River, Alabama and Georgia; Hydraulic
Model Investigation. Technical Report No. 2-519, Vicksburg, Miss.,

August 1959.

(3) , Carlyle Dam, Kaskaskia River, Illinois; Hydraulic Model
Investigation. Technical Report No. 2-5686, Vicksburg, Miss.,
June 1961.

(%) , Spillway for John Redmond Dam, Grand (Neosho) River,

Kansas; Hydraulic Model Investigation. Technical Report No. 2-611,
Vicksburg, Miss., November 1G02.

(5) , Red Rock Dam Model Tests. (Unpublished data.)

111-3/2
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HYDRAULIC DESIGN CRITERIA

SHEET 111-3/3
OVERFLOW SPILLWAYS
STAGE-DISCHARGE RELATION

UNCONTROLLED FLOW

1. Purpose. Hydraulic Design Chart 111-3/3 provides a method for
developing an unceontrolled spillway flow rating curve when the spillway
discharge and head for any unsubmerged, uncontrolled flow are known or
can be computed. It also provides a means of optimizing spillway design
through extensive use of the sharp-crested weir data published by the
USBR.l Its use is limited to unsubmerged flow conditions.

2. Theory. When flow over a spillway is controlled only by the
head on the spillway, the relation between the head and discharge can be
expressed by the following equation:

Q= CLHe3/2 {1)
where
= spillway discharge, cfs
C = total flow coefficient combining the approach channel and
crest shepe, abutment, and pier effects
L = net spillway length, ft
He = energy head on the spillway, ft

3. A compareble equation for the spillway design flow is

_ 3/2
Qd = chHd (2)

where the subscript d refers to the spillway design flow. Division of
equation 1 by equation 2 results in the equation

" \3/2

_@.=u(
Qd

_e (3)
Hd}

111-3/3
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where u = éL . Model data for ten widely varying spillway designs have
d

been analyzed in accordance with the parameters of equation 3. The re-

sults are shown in Chart 111-3/3. The spillway design features for each

project are tabulated below.

N Approach
O+ Depth
Ref Upstream  Abutment of (HP/P) Downstream
Project No. Face Slope Condition Bays d Quad Shape
Proctor* 2 3V on 2H None 2 2,00 Xl'8l
Pine Flat 3 Vertical Concrete 6 0.11 X1'85
Gavins Point i 3V on 2H Earth 1L 1.64 xl'78
Two-Dimensional 5 Vertical None -=  0.3-0.4 X]'85
Oakley 6 3V on 3H Earth Ly 2.2 Xl'7u7
Hugo 7 Vertical Earth 6 .3 Xl'85
Fort Randall 8 Vertical Earth 21 1.7 Xl'85
John Redmond B Vertical Earth 14 8.2 Xl'776
Kaysinger 10 1V on 0.5H Earth and L4 0.74 31825
Bluff¥¥* concrete
Clarence 11 Vertical Concrete 4 0.4 Xl'85
Cannont

* Section model (1 full and 2 half bays).
*%¥ Includes effects of 90-deg approach channel bend.
t Includes effects of adjacent outlet works and water quality weir.

i, The plotted points on Chart 111-3/3 can be expressed by the

general equation:
n
Q. u(?g) (1)
Qd Hd

For Q/Q3 = 1.0 and He/ﬂa = 1.0 , the value of u is 1,0 and the
value of n has been graphically determined to be 1,60, Therefore,
the equation fitting all the deta within experimental accuracy limits is

H 1,60
- e '

5. Application.

a. Design. The spiliway design flow Q,d is computed using

111-3/3
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appropriate coefficients and equations given in Charts 111-3 to 111-3/2,
111-5, 111-6, 122-1 to 122-2, and 122-4 for the spillway design head Hy .
Equation 5 is then solved for the desired ratios of He/Hq using the
computed Qg value. 1In a graphical solution, values of Q/Q3 are read
from the chart for the selected values of He/H3 . These discharge
ratios are then multiplied by Qg to obtain the required @ wvalues.

b. Operation. The theoretical or model rating curve of a spill-
way can be checked for the full range of spillway heads provided one ac-
curate prototype discharge and corresponding spillway head measurement
are available. Equation 5 is solved for the design discharge Qg wusing
the measured discharge Q , and the ratio of the measured head H to the
design Hy . The derived value of Qg is then used in equation 5 with
selected values of H/Hg to obtain the required discharge gquantities.

If preferred, a graphical solution similar to that described in 5a above

can be used,
6. References.

(1) U. 8. Bureau of Reclamation, Studies of Crests for Overfall Dams;
Hydraulic Investigations. Bulletin 3, Part VI, Boulder Canyon
Project Final Reports, Denver, Colo., 1948,

(2) U. S. Army Engineer Waterways Experiment Station, CE, Spillway for
Proctor Dam, Leon River, Texas; Hydraulic Model Investigation.
Technical Report No. 2-645, Vicksburg, Miss., March 196k,

(3) , Spillway and Conduits for Pine Flat Dam, Kings River,
California; Hydraulic Model Investigation. Technical Memorandum
No. 2-375, Vicksburg, Miss., December 1953.

(4) , Spillway for Gavins Point Dam, Missouri River, Nebraska;

Hydraulic Model Investigation. Technical Memorandum No. 2-LOk,
Vicksburg, Miss., May 1955.

(5) , Investigation of Various Shapes of the Upstream Quad-
rant of the Crest of a High Spillway; Hydraulic Laboratory Inves-
tigation, by E. S. Melsheimer and T. E. Murphy. Research Report
H-70-1, Vicksburg, Miss., January 1970.

(6) , Spillway for Osakley Dam, Sangamon River, Tllinois; Hy-
draulic Model Investigation, by E. S. Melsheimer. Technical Report
H-70-13, Vicksburg, Miss., November 1970.

(7) , Spillway for Hugo Dam, Kiamichi River, Oklahoma; Hy-
draulic Model Investigation, by B, P, Fletcher and J. L. Grace, Jr.,
Technical Report H-69-15, Vicksburg, Miss., November 1969,

(8) , Spillway and Outlet Works, Fort Randall Dam, Missouri
River, South Dakota; Hydraulic Model Investigation. Technical
Report No. 2-528, Vicksburg, Miss., October 1959,
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(9) U. S. Army Engineer Waterways Experiment Station, CE, Spillway for

(10)

(11)

John Redmond Dam, Grand (Neosho) River, Kansas; Hydraulic Model
Investigation. Technical Report No. 2-611, Vicksburg, Miss.,
November 1962.

, Spiliway for Kaysinger Bluff Dam, Osage River, Mis-
souri; Hydraulic Model Investigation. Technical Report No. 2-809,
Vicksburg, Miss., January 1968.

, Spillway for Clarence Cannon Reservoir, Salt River,
Missouri; Hydraulic Model Investigation, by B. P. Fletcher.
Technical Report H-T1-7, Vicksburg, Miss., October 1971.
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HYDRAULIC DESIGN CRITERIA

SHEET 111-k4
SUBMERGED CREST COEFFICIENTS

OVERFIOW DAMS

1. Background. A number of important experiments on submerged,
sharp-crested weirs were made in the nineteenth century. The submerged
weir coefficients based on Herschel's analysis and republished in King's
Handbook of Hydraulics have been widely used. Coefficients for the more
modern shapes of submerged, round-crested weirs have been determined by
various experimenters. However, the results have not been widely pub-
licized and are not_generally available to the design engineer. The
experiments of Cox 1% were published, and the extensive test program of
the U, S. Buveau of Reclamation was reported by Bradley(2).

2. Bureau of Reclamation Tests. The form cf plotting of the vari-
ables used on Hydraulic Design Chart 111-4% was devised by Bradley. The
family of curves shows various reductions in per cent from the coeffi-
cient for free or unsubmerged flow as presented on Hydraulic Design Chart
122-1. The genural pattern of the curves shows that for low ratios of
total drop from wupper pool to apron floor divided by head on the crest,
(hg + d)/He ; the flow is supercritical and the decrease in coefficient
is prrincivally affected by this ratio. The cross section B-B in the
upper right-nand corner of the graph shows the variations of (hd + d)/He
at bg/He of 0.78. For large values of (hy + d@)/He the decrease in
coefficient is principally affected by the ratio hg/He . For values of
hd/He less than 0.10, the jet is on the surface and no jump occurs. The
cross section A-A shows the variations of hg/He at (hg + d)/He of 5.0.

(1)

G. N. Cox, "The Submerged Weir as a Measuring Device," University of
Wisconsin, Engineering Experiment Station, Bulletin No. 67, 1928.

(2)

J. N. Bradley, "Studies of Flow Characteristics, Discharge and Pres-
sures Relative to Submerged Dams,' Hydraulic Laboratory Report No.
182, Bureau of Reclamation, 1945, Alsc "Studies of Crests for Over-
fall Dams, Boulder Canyon Project,"” Final Reports, Part VI, Bulletin
3, Bureau of Reclamation, 1948.
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3. Current Anelysis. The experimental observations of the Bureau
of Reclsmation were plotted on the same graph with those of other experi-
menters(3). The combined data produced 201 experimental observations.
The complete plot of the test points nearly obliterates the coefficient
reduction curves and for this reason was omitted from the chart. The
current analysis results in some deviation from the Bradley curves which
were omitted from the chart for the sake of clarity and utility.

L, Applicetion. The curves shown on Chart 111-k were based on
three different test conditions of the individual experimenters as
follows: the approach and apron floors at the same constant elevation,
both floors at the same elevation but varied with respect to the crest,
and the approach floor elevation held constant with the apron elevation
varied. The decrease in the coefficient was based on the unsubmerged
coefficient for the condition tested. The general agreement of the
percentage decreases in coefficients from the five independent studies
indicates that these values may be used in combination with Chart 122-1
to determine coefficients for higher velocities of approach.

L

(3) H. J. Koloseus, "Discharge Characteristics of Submerged Spillways,”
Colorado Agricultural and Mechsnical College Thesis, Dec, 1951.

M. Bar Shany, "Pressure Distribution on Downstream Face of a Sub-
merge( Weir," State University of Iowa Thesis, June 1950.

"Spillway and Lock Approach, Jim Woodruff Dem, Apalachicola River,
Florida; Model Investigation," Waterways Experiment Station, Techni-
cal Memorandum No. 2-340, Vicksourg, Miss., Mey 1952.

"Morgantown Spillway, Special Tests," Waterways Experiment Station,
Vicksburg, Miss., 1549, unpublished.
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HYDRAULIC DESIGN CRITERIA

SHEETS 11i-5 AND 111-6
GATED OVERFLOW SPILLWAYS

PIER CONTRACTION COEFFICIENL:

1. General. The basic equation for computing flow over a spillway
crest is given in Hydraulic Design Criteria (HDC) Sheet 111-3. The crest
length I to be used in the equation is defined in paragraph 1 of Sheet
111-3/1. The length L includes both abutment and pier effects which
result in a reduction of the net crest length. The net crest length is the
gross spillway width less the combined thicknesses of the crest piers.

2. Abutment effects are described in Sheets 111-3/1 and 111-3/2,
and design criteria are given in Hydraulic Design Charts 111—3/1 and
111-3/2. Design criteria for the effects of piers are given in HDC 11l1l-5,
111-6, and 122-2. Both abutment and pier effects increase proportionally
with skewness of flow and with velocity of approach. 1In such cases, in-
creasing the contraction coefficients is recommended. ‘

3. When spillways are operated with one or more bays closed, the
piers adjacent to these bays produce abutment-type effects and result in
greater flow contractions than when the flow is evenly divided around the
piers. HDC 111-3/1 should, be used to estimate contraction coefficients
when piers function essentially as abutments because of closed bays.

e it

4, Previous Criteria., Many gated spillways have been designed ac-
cording to Creager and oustinl who recommended a coefficient Kp of
0.1 for thick, blunt riers to 0.O4 for thin or pointed piers. The resaarch
of Escande and Sabathe? indicated that the coefficient can be smaller than
0.0k, and their observations were verified in general by the Center Hill
spillway model tested at the U, S. Army Engineer Waterways Experiment
Station (WES). The data for types 1, 2, 3, and 4 piers presented in the
accompanying charts are based on results of tests conducted in 1949 at the
WES under Corps of Engineers Engineering Studies Ttem 801, General Spillway
Investigation. The type 3A pier coefficient curve results from 1969
studies.3 '

5. 1949 Tests. The 1949 tests were made with a standard spillway '
crest shape essentially as defined in Chart lll—2/l, but without th-» short
radius of 0.04 Hy . A model design head of 0.75 ft was used. The spill-
way crest shape was installed in a glass flume having parallel sidewalls to
eliminate the effects of end or abutment contraction. The piers were
0.2 £t thick and the clear distance between piers was 1.0 ft. Thus the
prototype design head would be 30 ft, the pier thickness 8 ft, and the
clear span 40 ft if a 1:hO-scale ratio was adopted. Tests for other
ratios of pier thickness to gate width were not made. Type L pier

111-5 and 111-6
Revised 9-70




(Chart 111-5) resulted in the most favorable pier contraction coefficient ,
curve. However, type 4 pier and type 1 pier are the least desirable from : )
the standpoint of development of negative pressures and are not recormended

for high heads unless a thorough investigation of pressure conditions is

made.

6. 1969 Tests.3 The 1969 tests were similar to the 1949 tests ex-
2ept the upstream quadrant of the spillway terminated with the short radius
\R = 0.0k Hy) shown in Chart 111-2/1 to eliminate a surface discontinuity
at the spillway vertical face. A design head of 1.0 ft was used. Tests
were limited to type 3A pier shape.

7. Application. Chart 111-5 gives the contraction coefficients for
five different pier-nose shapes plotted against the ratio of He/Hd . In
each case the pier nose was at the plane of the upstream face of the spill-
way. Types 2, 3, and 3A are recommended for general use with high heads.
Chart 111-6 represents tests on pier type 2 nose shape located at variable
distences upstream from the crest, Similar data are not available for the
other three nose shapes. The noses of pier types 2A, 2B, and 2C were
0.133 Hg , 0.267 Hg , and 0.533 Hy upstream from the spillway face, re-
spectively. The data apply to the condition of adjacent gates being open.

8. References.

(1) Creager, W. P. and Justin, J. D., Hydroelectric Handbook, lst ed., §
John Wiley & Sons, New York, 1927, p 132.

(2) Escande, L. and Sabathe, G., "On the use of aerodynemic profiles for )
piers of overfall weirs, movable dams and bridges." Revue General de
1'Hydraulique (July-August 1936).

(3) U. 8. Army Engineer Waterways Experiment Station, CE, Investigations
of Various Shapes of the Upstream Quadrant of the Crest of a High
L Spillway; Hydraulic Laboratory Investigation, by E. S. Melsheimer and
3 T. E. Murphy. Research Report H-70-1, V cksburg, Miss., January 1970.
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~ HYDRAULIC DESIGN CRITERIA
B (;mu) SHEETS 111-T to 111-10

¢ OVERFLOW SPILLWAY CRESTS WITH SLOPING UPSTREAM FACES

1. HDC 111-T to 111-10 supplement HDC 11l1l-1 and 111-2. These
charts present suggested shepes for spillway crests with sloping upstream
faces and negligible velocity of approach flows, and are based on Bureau

LN e i, st e

R

o e Tenden ek v awe

P T

of Reclamation data.(1,2)

2.

Crest Shapes.

a.

3-on-1 and 3-on-2 Upstream Face Slopes. The crest shapes

presented in HDC 111-7 end 111-8 apply to spillways with
upstreamn faces sloped 3 on 1 and 3 on 2, respectively.
Equations for the downstream face of the spillway result

from the best fit of the general equation X' = KHE-IY

to the experimental data published by the Bureau of
Reclamation (USBR).(I? Because the derived equations
involve powers for which tables are not available, each
chart contains tables of functions necessary for solu-
tion of the equations. The shape of the crest upstream
from the axis results from fitting circular arcs tc the
experimental data.

3-on-3 Upstream Face Slope. The downstream quadrant
crest shape presented in HDC 111-9 applies to spillweys
with 3-on-3 upstream face slopes. The equation for the
downstream shape is based on curves published by the
USBR(2) and reproduced in HDC 122-3/1. The published
curves have been confirmed by an independent WES study
of the USBER data for weirs sloping 45 degrees downstream.
Tables of functions necessary for solution of the
equation are included in HDC 111-9. A tabulation of

the slope of the downstream crest shape is given to aid
in loceting the beginning of the toe curve or the
sloping tangent face. A WES study to determine equa-
tions for upstream quadrant shapes of spillways having
45.degree sloping upstream faces is summarized in
paragraph 5 of HDC Sheets 122-3 to 122-3/5, and the
general results are presented in HDC 122-3/4. The
upstream quadrant coordinates listed below are based

on this study and have their origins at the apex of

the s :1llway. The X and Y coordinates are considered
positive to the right and downward, respectively.

111-T7 to 111-10
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Upstream Quadrant Coordinetes

x/Hd Y/Hd x:/Hd Y/Hd .
-0.000 0.0000 -0.150 0.0239
-0.020 0.000k -0.155 0.0257
~0.040 0.0016 -0.160 0.0275
~0.060 0.0036 -0.165 0.0293
-0.080 0.0065 -0.170 0.0313
-0.100 0.0103 -0.175 0.0333
-0.110 0.0125 -0.180 0.0354
-0.120 0.0150 -0.185 0.0376
-0.130 0.0177 -0.190 0.0399
-0.140 0.0207 -0.195 0.0k42L
-0.145 0.0223 -0.200 0.0450

3. Intermediate Shepes. HDC 111-1C shows computed values of n

and K for the equation X* = KHQ-IY for the vertical and sloping weirs

shown in HDC 11ll-l and 1l1l-T7 to 1ll-9. Values of n and K which apply
to intermediate slopes can be approximated using the curves shown in

HDC 111-10. Upstreaw quadrait data for intermediate slopes are not
presently available. However, the circular arcs given in HDC 111-T7 and
111-8 and the coordinates given in the above tabulation should serve for
interpolating the approximate shape for design purposes.

k. The crest shapes defined in HDC 111-7 to 111-10 have not been { )

studied in a model to determine pressure and discharge coefficients. .

5. Application. The shapes shown are intended for use with overflow
dams with negligible velocity of approach flows. Model tests of spillways
with vertical faces have shown that pressures and discharge coefficients
are approximately the same for approach depth-design head ratios P/Hd
greater than 1. It is therefore suggested that the shapes in HDC 11l1-7
to 111-9 be used in this range, unless in a particular case it is espe-
cially desired to keep pressures as close to atmospheric pressure as
possible. In the latter case, the USBR data(l,2) or appropriate charts
in the HDC 122-3 series should be used to develop a more suitable shape.
For P/Hy raetios less than 1, it is necessary to use the USER data or
the dsta in HDC 122-3/2 to 122-3/5 10 avoid excessive negative pressures.

6. References.
(l) U. S. Bureau of Reclemation, Studies of Crests for Qverfall Dams,

Boulder Canyon Project. Final Reports, Part VI-Hydraulic Investi-
gations, Bulletin 3, Denver, Colo., 1948.

(2) , Design of Small Dems. U. S. Government Printing Office,
1960.
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CREST AXIS
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5
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1,936 x 1,936 x 1.9368 x
X X1.89¢ X X1.998 Hy Hgo-838 | g Hg® 93¢ | Hq HgO -394 i
¢ .10 0146 8 26.834 i 1.936 26 29.500 51 51,812 *
.: { A5 +0307 7 35.6812 2 3.456 27 30.448 52 52.660 :
* .20 0521 8 45,507 3 4,851 28 31,386 63 53.508 )
.25 0785 9 56.492 4 8.168 29 32,320 54 54.348
+ .30 1097 10 68,549 5 7.434 30 33.249 65 55.188
; .35 . 1455 12 95,803 6 8.659 31 34,173 56 56,026
! 40 . 1859 t4 127,143 7 9.849 32 35.092 57 56.861
) 145 .2308 18 162,467 8 11,013 3 38.007 %8 57.694
i .50 2801 18 201.688 9 12,152 34 36.917 Y 58.528
} .80 3915 20 244,732 10 13.271 35 37.822 80 50,353
s .70 5185 25 368,653 1] 14,372 36 38.724 1] 80.178
, .80 .6639 30 519,221 12 15,456 37 39.621 62 81.002
.80 8241 35 683.768 13 16,526 38 40.514 63 61.824 ,
1,00 1,000 40 873.740 14 17.582 39 41,403 64 62.643
1.20 1.398 45 1084.673 15 18.626 40 42,289 65 63.460
1,40 1.85%5 50 1316, 161 16 19,659 4} 43,171 66 64.275
) 1.80 2,370 85 1667.855 17 20.684 42 44,050 67 65.089
.80 2.942 60 1839, 44! 18 21.693 43 44,925 68 65.899
2.00 3.570 6% 2130.63! 19 22.696 44 45,797 69 66.709 ‘
2.50 6.378 70 2441,180 20 23.690 45 46.665 70 87,518 .
3.00 7.517 7% 2770.847 21 24,876 L) 47,530 7 68.321 !
3.50 9.975 80 3119.415 22 25.655 47 48,393 7 69.125 |
4.00 12,748 90 3872.480 23 26,828 48 49,252 3 69.927
4,50 15,823 100 4698.941 24 27.594 49 50.108 74 70.727 ;
5,00 19.200 25 28.548 50 50.962 75 71,525 ;

NOTE: EQUATION BASED ON DATA FOR
NEGLIGIBLE VELOCITY OF APPROACH

Eanron AEPORT USoR. 104t o OVERFLOW SPILLWAY CREST
3 ON | UPSTREAM FACE

HYORAULIC OESIGN CHART (l1-7
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CREST AXIS

3 3
2 he
| §
; 1
4 :
¢ :
{ 1,939 x 1,939 x 1,939 x ;
‘ X X1.610 X Xt.810 Hq Hqo- 810 Ha HgO- 410 Hy Hq0-810
! .10 L0185 ¢ 26,613 | 1.939 2% 27. 146 51 46,850 :
, - .15 .0323 7 33,855 2 3.309 | 27 27,089 | 52  47.503
i . 20 .0543 8 43,111 3 4721 | 28 28,825 | 53  48.333
“ .25 -0813 9 53,385 4 9,960 29 20.6857 54 49,070
g .30 31|10 64,565 5 7,141 | 2 30.482 | 55  49.805 f
.36 405 | 89.809 8 8.277 | 3. 31,303 | %  50.537 ;
. .40 1904 | 14 118,71} 7 9.378 | 32 3.8 | 57 51267 :
: 45 2357 | 18 151,167 8 10,449 | 33 32,92 | 68  51.994 ;
! .50 2862 | 18 187.087 9 1495 | 34 33,735 | S8  52.719 :
E .60 3067 20 226,304 10 12.519 3% 34,336 60 53.442 §
‘ 70 G244 | 25 339,086 I 11 13.524 | 36 35333 | 61 54,182 ’
: .80 8677 | 30 471,617 |f 12 14812 | 37 36,126 | 62  54.880 ;
; .90 8284 | 35 623,305 || 13  I5.484 | 38 36,915 | 63  55.508 !
: 1.00 1,000 40 793.832 14 18,442 39 37.700 64 56.310
; 1,20 1,391 45 982,459 || 15  17.386 | 40  38.481 | 65 57,021
1.40 1,839 50  1183,874 )i 16 18,320 | 41  39.268 | 66  57.73|
i 1.60 2.381 55 42,720 § 17 19.242 | 42 40,032 | 67  £B.438
, 1.80 2.898 60  1653.680 || 18  20.153 | 43  40.804 | €8 69,144 ‘
‘ 2.00 3.508 85  !911.496 || 19 21,056 | 44 41,560 | 69  69.847 '
2.50 5.251 70 2185885 || 20  21.049 | 45 42,333 | 70 60.549
3.00 7.304 75 2476.820 || 2!  22.834 | 46 43,083 | 71 61.249
3,50 9.685 80  2783.611 || 22 23710 | 47 43.850 | 72 61.947
4,00 12.295 S0 3444918 |} 23 24,580 | 48 44806 | 73 62.643 :
45 15217 | 100 4168.694 |[ 24 26,442 | 49 45366 | 74  63.3%7
5.00  18.413 % 26,207 | 50 46,105 | 75  64.029 X
: i

M e ¢k

NOTE: EQUATION BASED ON DATA FOR
NEGLIGIBLE VELOCITY OF APPROACH
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ORIGIN OF COORDINATES 4
Hy

UPSTREAM QUADRANT
(SEE HDC SHEETS 111~7 TO (11~10)

&

DOWNSTREAM QUADRANT
x'Pa185203 ¥

P>H,

CREST AXiS

|
X FRALEY
H—d'|052(dx)

Efahact ety

SHARP-CRESTED WEIR

T ks ! s, A oot v s R,

e
NOTE: EQUATION BA3ED ON USBR
CURVES, HDC 122-3/1,
ha/H 4" 0.00.
3
3
3
% DOWNSTREAM QUADRANT DATA SLCF DATA
’5\‘ i X 178 e 1852 « 1852 ﬂ _X_
. . X X X H, "? ™ W, NE 7 X A,
‘ i 010 ] 00185] 6| ]| 1852 % 2502 Vo0 1082
g 015 | oo 7y N 2 3180 2 UM 108 1 10 d
: 020 | ooss | 8| 4054 3 4383 2 um 110 | 1189 M
025 | oo08ar| 9| 49952 | 4 5460 » 25602 s | 1288 ¥
; 030 ] 0Ny 0] 602% | 5 6498 30 26 288 120 ] 139 N
N 035 ] oS4y | 12§ 83387 ] 6 740 3 26 969 125 | 1400 )
. 0| 0w | ]| wers | 7 YT k) 27 645 130 | 1473 H
": 045 | o243 | 902 8 9376 n 837 138 | 1846 N
: 050 | 6n 8} s ¢ 0278 u 28934 140 | 1619 ;
: 000 ] 04028 201 206935 | 10 Ny 3 B 647 148 | 1604 |
¢ 070 ] 0899 | 25| 7848 | M 12020 3 30 306 150 | 1769 %
. 080 | 06722 ] 30 | 425865 | W2 12864 n 30 960 155 | 1aas .
H 090 | os289 | 35 | 40326 | W 13692 3 3ten 160 | 1922 i
100 | 10000 ] 40 | 0688 | W %07 k) 32288 108 | 1999
R V20 | 1383 | 45 | 876432 [ 15 15308 40 32901 110 | 2077 i
s 140 820 Jose sz 16 100 & 3354 178 ] 218 .
1601 2309 | 85 | 82698 | 17 16879 a2 3178 180 | 2238 b
180 | 2847 | 60 | Nes2345 | 18 17 649 a U 8N :
200 | 3434 | 68 | 1686498 | 19 18 409 a“ 35 440 :
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HYDRAULIC DESIGN CRITERIA

SHEETS 111-11 T0 111-1k/1

OVERFLOW SPILLWAY CRESTS

[OFIIpv

UPPER NAPPE PROFILES

1. The shapes of upper nappe profiles for overflow spillway crests
are used in the design of spillway abutment walls and in the selection of
trunnion elevations for tainter gates. Hydraulic Design Charts 111-11 to
111-14/1 give nappe profile data for spillwav: without and with abutments
and piers and for a sampling of irregulay .pproach flow condi%ions.

2. Charts 111-11 to 111-12/1 present tabulated coordinates of upper
nappe profiles in terms of the design head (Hd) for gated and ungated spill-
ways with head ratios (H/Hd) of 0.50, 1.00, and 1.33. Chart 111-11 is ap-
plicable to standard spillway crests of higu overflow dams without piers or
abutment effects, Charts 111-12 and 12/1 are applicable to center bays of
gated spillways without abutment effects. Profiles for intermediate head
ratios may be obtained by plotting Y/Hy vs H/Hq for a given X/Hg. The pro-
file coordinates are based on investigations for negligible velocity of
approach conducted under W 801, "General Spillway Tests."

3. Charts 111-13 and 13/} present graphically upper nappe profiles
for three gate bays adjacent to abutments and show the abutment effects on
the nappe profiles, based on Pine Flat Dam model test data.(l) The obser-
( ’ vations were not in sufficient detail to Jjustify definition of the shapes
by tabular coordinates.

R A A A e
’

4, Charts 111-14 and 14/1 present grephically upper nappe profiles

. along left and right abutments for varying abutment radii and the effects

' of approach channel irregularities near th- abutment (i.e., a water-quality
control tower, a power house, and a relativaly shallow and irregular approach
channel). Chart 111-14 is based on Rowlesburg Dam(2) model test data and

; Chart 111-14/1 is based oa Alum Creek DamZ3a and Clarence Cannon Dam

' model test data. The observations were not .n sufficient detail to justify
definition of the shapes by tabular coordinetes.

5. References.
(1) U. s. Army Engineer Watevrways Experiment Station, CE, Spillway and

Conduits for Pine Flat Dam, Kings River, California, Technical Manual
No. 2--375, Vicksburg, Miss., Decerber 1953.
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(2) U. S. Army Engineer Waterways Experiment Station , CE, Spillway and .
Qutlet Works, Rowlesburg Dam, Cheat River, West Virginia; Hydraulic : )
Model Investigation, by J. H. Ables, Jr. and M. B. Boyd. Technical
Report H-T70-7, Vicksburg, Miss., June 1970.

(3) U. S. Army Engineer Waterways Experiment Station, CE, Spillway for
Alum Creek Dam, Alum Creek, Ohi.; Hydraulic Model Investigation, by
G. A. Pickering. Technical Report H-70-L4, Vicksburg, Miss.,
April 1970.

(4) U. S. Army Engineer Waterways Experiment Staiton, CE, Spillway for
Clarence Cannon Reservoir, Salt River, Missouri; Hydrasulic Model
Investigation, by B. P. Fletcher. Technical Report H-71-T, Vicksburg,
Miss., October 1971.
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COORDINATES FOR UPPER NAPPE WITH NO PIERS¥

CREST_AXIS

ORIGIN OF COORDINATES

X85 -

NO PIERS

~

20HI®S v

H/H‘:O.SO N H/Hd:\.OO H/Hd= 1.33
X/H‘ Y/hy X/HJ Y/HY X/Hy Y/Hy
1.0 =0.490 -1.0 «0.933 -1.0 -1,210
-0.8 «0.48A +0.8 -0.918 0.6 -1.18%
-0.6 -0.47% -0.6 -0.893 0.6 -1,151
<0.4 -0.460 -0.4 -0.86% 0.4 «1.110
-0,2 -0,.42% <0.2 -0.821 =0.2 -1,060
0.0 0,371 0.0 G 788 0.0 -1.000
0.2 =0.300 0.2 «0,439 ¢.2 -0.919
0.4 -0.200 0.4 -0.58Y 0.4 -0.821
0.6 +0.07% 0.6 -0.465 0.6 0,708
0.8 0.078 0.8 -0,220 0.8 -0,569
1.0 0.258 1.0 -0.145 1.0 0,411
1.2 0.470 1.2 0.055% 1.2 =0,220
1.4 0.70% 1.4 0,294 ‘4 «0.002
1.6 0.972 1.6 0.563 1.6 0.243
1.8 1.269 1.8 0.8%7 1.8 0.531

RBASED ON ES 80! TESTS FOR
NEGLIGIBLE VELOCITY OF APPROACH

OVERFLOW SFILLWAY CREST
UPPER NAPPE PROFILES
WITHOUT PIERS

HYDRAULIC DESIGN CHART Ili~1)

PACPARID OY U § ARMY ENGINICA FATERBAYS C

MENT $TATION

REV I-44 WES 9-54
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CREST_AXiIS _\

TYPE 2 P!ER
(CGHART W1I-8)

x93z 2.0H08y

LEGEND
¢ OF BAY

COORDINATES FOR UPPER NAPPE AT ¢ OF BAY WITH TYPE 2 PIERS*

H/Hy
X/Hy

-1.0
-0.8
-u.6
-0.4
-0.2

- e e

- et s e D OO OO
OO VOO

=0.50

Y/Hy

-0.482
-0.480
-0.472
-0.457
-0.431
-0.384
-0,313
-0.220
-0,088
0.075
0.257
0.462
0.705
0.977
1.278

¥ BASED ON CW 801 TESTS FOR

NEGLIGIBLE VELOCITY OF APPROACH

H/Hd = 1,00
X/Hq Y/Hq
~1.0  -0.941
-0.8 «0,952
04 <0.913
-0.4 0.8y
-0.2 -0.855
00 -0.805
0.2 -+0.735
0.4 -0.647
0.6 -0.539
0.8 -0.389
1.0 -0.202
1.2 0,015
1.4 0,266
1.6 0.521
1.8 0.860

H/Hq4 = 1.33
X/Hd Y/Hd
-10 -1.230
-0.8 -1.215
-0.6 -1.194
-0.4 -1.165
-0.2 -l.122
0.0 -1.07
0.2 -1,015
0.4 -0,944
0.6 -0.847
0.8 -0.725
1.0 -0.564
1.2 -0.35%6
1.4 -0.102
1.6 0.172
1.8 0.465

OVERFLOW SPILLWAY CREST
UPPER NAPPE PROFILES

CENTER LINE OF PIER BAY

HYORAULIC DESIGN CHART 1112

— = ¢ WITHOUT PIERS

WES 9-84
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T TYPE 2 PIER
~a (CHART I11-8)
-
- >~
q___._._ ~a LEGEND
~—d . ALONG PIERS
=~ — ——— & OF BAY
2133
b »
=1,
"de 00
T
=0,
'yﬂd 0
t i

CREST AXIS

COORDINATES FOR UPPER NAPPE ALONG PIERS:

H/H =050 H/H =100 H/H =132
XM, YH, XM YM,  X/Bg Y/H

<10 <0495 -1.0 -0.950 -1.0 -1.23%
L8 0402 <08 -0.940 08 <1221
e <0490 06 <0929 -0.6 -1209
-4 0402 04 -0930 -0.4 <1218
.2 -0.440 0.2 -0.925 <02 -L.244
0.0 -038 0.0 -0.779 0.0 -1103
0.2 -025 02 -0451 0.2 -0.95%0
04 085 04 -0.545 0.4 -0.821
0.6 -0.076 06 -0425 06 -0.689
08 0080 0.8 05 08 -0.549
W0 0240 10 -0a2) 1.0 -0.389
12 0445 1.2 0087 1.2 0.1
L& 0475 L4 0 L4 001
16 0925 1.6 0521 1.6 0208
18 a7 [E N 374 13 0.438

OVERFLOW SPILLWAY CREST

*aASED ON ES 80! TESTS FOR UPPER NAPPE PROFILES
NEGLIGIBLE VELOGITY OF APPROACH ALONG PIERS

HYDRAULIC DESIGN CHART 111-12/1

WES 9-34, REY 9-7%

b

AAND e P R 0 BT AN AT, o




S

T,
"

e

G oaes cuk 2 N T S B R R A PRI e T s

AT 5 R
ity

T Y P EATIERSI I KW 7 GRSt ¥ el S PRSI RN RN R P A 34 Spins

o

w. SL-8 AN ‘¥G-8 SIM € ON AVYE
) €1-111 LBVHD NOISIO DIINVHGAH PH 2
3 S1O3443 LN3IALNGY oZ £2 22 £ LA =
' -
3 S37N140Hd IddVYN H3ddN «
¢ ol
W‘ 18342 AVMTIIdS MO483A0 6]
} SIXV 1S34D so
, —_— = | - by
: ? 2
3 v (7,
; 00'Il= H/K € 'ON Ave : - oo
v ‘(-1 LHVHD N
: NDIS3A JIINVHAAH) 2 3dAL - &
{ Ol ¥VYIINS SYId ONIAVH \t?u 7 —~——T
: AVM1UdS HOJ $1631 13I00M 1vId Z'ON AVE 4074 3N so-
‘ 3INId NO GISVE 38V $37130Hd » b N
i AV 40 301§ LHOIY ——— Hs0Z'0
; Ave 40D = !
3, — ]
5 AVE 40 20IS 1437 1 'ON AvE Puzoroey o1 i
* aN393T i
ININLNGY 1437 i
¥
% 1
! . : s
= 2 ON AvS l OW_ Avg
3 PH/y H/x
] X3 s 0l s0 00 §0- 01— &= o 50 00 §'0- 1
o / T A4
3 \ ) ol
3 P
; v i <
4 = X poH <0 S0
3 > e
1 N b ]
. )Y [ ) z
MH P = oo = oo
. AN < <
3 3 N < H/ ,
3 <y < [ .
> b, }/lA - ¢0- N SO~
ke N
3 3 oA
N ’ h h ~
e o1- b = 01~
St~ S 1-
X
«J - w
g lln!i‘\ i.lu‘.\\ g™ w
m,. o H4) < A s " A 0 I bt 55 6 Be S b AR S et 1 ) T m— Sl
ﬂv&
34
o S b R S R, O g ok A o S At 55 gkt 4 N - iy g s g S Ll G e et TS 3
i s SRR i % i




wm e W e ke i e s AN e« e e e amr—_ vt —,——m - e e - A WAL 8 A ¢ P v AR
v
9 i
: {
W i
e “
- |
" S1-8 ATW '#S-6 SIm € ON AvVG _ |
H I/E1- 111 LYYHD N2IS3Q DINNVHOAH Pu /o S
& S103443 LN3ANLNYY o AZ ./ o1 S0 T o0 SQ- Q1 LY o T
£ S3N408d IddVN H3ddn 1 -
- o
H : 15342 AVMTIIAS MOT14H3A0 3
R M P
m‘ SIXVY kwuxu.u so s}
#
; T EST : :
3 3 . P { MR S v
¢ 1 sei= H/H € 'ON Ave ; // s
{S-111 LYUVHD MM, A A5 N i
: 3 NOIS3IA DITINVHAAH) 2 3dAL * N &
A Ol "UVYIIWIS SH3ld ONIAVH PueLot , —— 1 ]
3 AYMT DS HO4 S1S3L 1I00N 1vId 2-on ave | #0174 SRS so-
3INId NO 03SVE 34V $3N40ud » - 3
t AVE 40 3OS LHOIY mmmem HsO0Z'0 T
i & AVG 40D TN
- ¥ AVS 40 301§ 1437 — | 'ON AVE P AN
N y m HZOIO~y h o1
& aN3937
w. W ANINLNGY 13371 i
I 1] -
: r4 AWZ AVE ! 07 Ave
H/x H/%
. 3 oz [ 0t S0 00 0~ 01— &= 0z %1 01 0 00 §0- 0'1- G-
A Ay 0t [ 4]
1 \ 0 o
; 2
3 ™ . i
3 \ “ $0 “ so
> N >
Y Ny > Y S >
1 \ - » AN (T
g - = oo S = = 0o
\ A =< N N <
T N R T
N [ N [y
N N
. 50~ + < $0-
> N -
% N
% 3 NN h
M h PO \ R
F: N 1 C 1/ o}
N b4
e g e T
3 — > 1 j —
X 1 1 1 &~ 1 i [ G-
4
3
wm
i
e
A e, N




tn S ETTRE

&
Mm BB i - e A PR TR PRSPy PRSI MG ARG TR ¢ % o o WSS A 5 T R e N ST PRI AL O | o S At + o w1 e -
A
_..w.m §
iod TS
& .
b
P,
# 5 Si-1 SIM b
i #i-11i LHVHD NOISIA DIINVHGAH PHsx b
¢ $Z 02 €1 01 $0 00 §0- O} L
WM S103443 JNLVAEND LNINLNBY TIT O oz =
3 T
% ANV T1TINNVHD HOVYOdddYVY a m
x SURS .\, 30 pEna ¢
& SLN3NLNEY ONOTV . ot s NVId 3
o S3N3I0Hd 3ddVN ¥3ddnN 23 gentt o i
W 1S34D AVMTIIdS MOT14H3A0 smavs H >33 o '
% H -+ E ~%77 H 8210=Y :
& : * $0 \ILL.» )
& B o SV 15383 Preiro=u '
mw 1 m HOIY oo z ANININGY | » '
& e 1=PH/H 2 14 ¢ e bl
%, w, ! s0-
§ (S-111 LBVHD N2IS3C 1 A— YIMOL ICULNOD
- (-1t . » .
2 SIINVHGAH) € AL OL HV-UNIS SHIIS 30IM-PH LSE0 AQ st EH '~ WOFrT Auvno-y3lvm
] Q31vHVd3s SAVE 30Im-PH L0901 NIAIS ONIAVH SAVMTINCS h
& ¥O3 $1$31 13GON SUNGSITMOY NO GISVR $37130¥d :I1ON 1 - ;
ok S ININLNGY ONOTIY S311308dEH] Fuons st w
g e SaSsmcasasamassonssnnesss TN :
: J
B ;
W PH/x PH/x m "
B W $2 02 €1 01 $0 00 §0- Ol- $2 0z €1 01 §0 00 $O0- OI- w.
. ua T e BE. JEEN D¢ | oz
vww 3 } : w D Z( I—& - —w s w
K« SN 5 igici Inggey : aftiticin g |
3 11 <] ] a I \
: - 8 m 30
W RN *HHHo ! ~wo77 | |THeseosy 3 . o' :
[ H ; ! : ¥ !
A VN = . ¥ : n .
Wm, T f <0 SIXV 1S3 Py 25604 + 5 co
X a83~a¢ < INInLNGY Y » . H TN < iNILnevY , ¥
2 0 3 HLSE! . 1337 HLSE |
WM. $ 00 3 1430 s 00 3 4
2 LAY . 1oy a
ﬂm ry 111 i ﬁ 3 <o #
= » ., H3IMOL TTO¥INOD - », ., 43MOL TOHINOD
Mm ¥EFP! A1rvnb-u3ive 7777 HOErT x1rivnd-u3ivm
3 |
.ww. Ih[a‘ ] -
yel |
. e _ FPasors 1
LI sINInINGY ONOTY S3711d08d 1]
1 ottt ettt oz-




.- vt e s SR A AT AR P 2 L LA~ A SR LA

- . r) < 2
T A L R 1 AR 3 T R S B BB e s ARSI

;
L9 $IM M \A
; I/vi- 111 LUVHD NOIS3a DINVHAAH T [
! S123443 3¥NLVAEND IN3NLNEY .m. <
: aNV 13NNVHD HOVOUddV p T “
SIN3INLNEY ONOV sen="H/H NVd 3
mul——h-omm uh—&<z mmn—m: oz & 0ot §0 00 SO- o'l- - 02~ ) (S-111 L¥VYHD
o1 NOIS3G DITNVEGAR) 2 3dALl O1 HYIINS SU3id
1S34D AVMTUdS MOTSY3A0 T S 301M - PH 3.2 0 A Q3LVHVJIS SAVE 30IM
" - P 69E | MNO3 ONIAVH AVMTTidS 303 $1S3L
rea -+ s0 300N NONNY2D 3ON38YID NO G3SVE 3740ud JLON
"i AN3INLNGY
: a - o' Py 651 034
3 . 12 LHONY
3 i <
$ s0- 3}
[
+ o= ININLOGY
1337 »
T HH 1437 4 -*h e Pry 6690}
1 i s Ll ass P 3SNonB3IMOd]
SLN3NLNEY DNOTY S3NJ0oH »
SaaEnaE s assasssasnanat H§800
11X 1 INeCEENSE! o SNREES! ONi
NVd
p p ) (s-1tt .Eﬂzu NOIS 30
‘1= P SINVHAAH) 2 3d) L OL MV IS SH3d 3aMm - P 02€G AQ
vil H/H 26'0="H/H QIULVEVIIS SAVE 3GIM - P 00CT IFUHL ONIAVH AYMI 1S
P P $O4 SLS3L TION HIWD WNTY NG 0ISVE $3408d “310N
H/X H/X
‘2 ¢1 O1 &0 00 §0- O'i- ¢z 0z €I Ol &0 00 §0~ OI-
I 1K o T o'y
| Au (a1 | 111 I
] IR
1 n Il
O 1 i) " <0 - . <0
I : 1 n 2 Pn orz 0¥
H o 00 00
o N k-_s-u\&. . 1 . -
+ < + - LH Ik < ~ .
so- § o so0- 3 Ky Sixy 1S38D
T i1 Iy
I L 1| ]
2477 . 17437 === N oy ooroz=y 2= Prsy
1lo1- [« g
1 an _
1K " m HZ NO Al
1] 1 He 1~ s A J
SININLNEY ONOIVY S371140Hd HHH H-H H HE'Y NO Al
EE A EN e e A eauASAnaa: "..._..z.n...q..._.mm.«.m.v.z.m.._«. S37d0ud
) 11111 NS EFEINSNERE N ) ! °N| 111l -—a-———-————-———-n °-|




R N T AT g < ,
B R e e e T
N . A RS NN IR TR S T NN} i ’a-“x‘.‘?s?‘a
D

é 4@?‘ HYDRAULIC DES1GN CRITERTIA %
; < SHEETS 111-16 T0 111-16/2 §
; HIGH OVERFLOW DAMS

‘§ CREST PRESSURES :
:: |
,ﬁ 1. Hydraulic Design Charts 111-16 to 111-16/2 present plots of :

crest pressures for H/Hd values of 0.50, 1,00, 1.17, 1.33, and 1.50.

Tne charts are based on recent ES 801l test data¥ for crests with and with-
out piers: Chart 111-16 represents pressures on crests without piers;
hart 111-16/1, pressures midway between piers; and Chart 111-16/2, pres-
sures adjacent to piers. Piezometers used for measuring the last condition
were located immediately adjacent to the pier face.

crests. Data are plotted in terms of the dimensionless factors, pressure
divided by design head (hp/Hg) and horizontal distance divided by design
head (X/Hd), to permit ready conversion to any selected design head. Pres-
sures for intermediate head ratios can be obtained by plotting hp/Hd ver-
sus H/Hg for a given X/Hg .

|
2. The data shown are applicable to high overflow dams with standard §

a7 3. It is recommended that the spillway design head Hg be selected

3 - so that the minimum crest pressure for the maximum expected head H be no

g? {‘ lower than -20 ft of water to ensure cavitation-free operation.

; $ . *:

§

. i

| |
¢
;
!

P S ST L SANU

¥ U, S. Army Engineer Waterways Experiment Station, CE, Investigations of
Various Shapes of the Upstream Quadrant of the Crest of a High Spillway;
Hydraulic Laboratory Investigation, by E. S. Melsheimer and T. E. Murphy.
Research Report H-70-1, Vicksburg, Miss., January 1970.
111-16 to 111-16/2
( . Revised 3-55
: Revised 9-70
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HYDRAULIC DESIGN CRITERIA

‘SHEET 111-17
HIGH OVERFLOW DAMS

PRESSURE RESULTANTS

1. In certain stability problers it is desirable to determine the
actual pressure forces acting on the vpstream face of the dam rather than
to assume straight-line pressure distribution near the crest. Hydraulic
Design Chart 111-17 presents a plot of experimental data showing pressure
distribution in terms of the design head. The data pre?e?ted are based on
Cd 801 tests for crests without piers and on USBR tests 1) or pressures on
a sharp-crested weir for H/Hd = 1.00. The location and magnitude (in tcrms
of the design head) of three resultants based on integration of the pres-
sure plot between the limits of 0 <y < 1.5 Hy are also shown. The cross-
hatched area (Ry) is a pressure reduction to be applied to the normally
assumed pressure acting on the vertical face of the dam. Sufficient pres-
sure dats on the vertical face are not available to allow computation of
the resultant (Rl) for H/Hd values of 0.50 and 1.33. Ro is the vertical
pressure resultant effected by flow over the curved surface of the crest.
R, 1s the horizontal pressure resultant effected by the flow downstream
from the spillway crest.

(1)

"Studies of Crests for Overfall Dams, Boulder Canyon Project,"
Final Reports, Part VI, Bulletin 3, Bureau of Reclamation, 1948.

111-17
Revised 8-58
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-, HYDRAULIC DESIGN CRITERIA :
} :
(\..,/ SHEETS 111-18 70 111-18/5

SPILLWAY ENERGY LOSSES

1. An estimate of the loss of energy on the downstream face of a
k.gh overflow spillway may be important in the design of energy-dissipating
devices at the foot of the spillway. If the losses are substantial, their
i evaluation is desirable in order to design an economical stilling basin or
b to estimate the throw of a jet from a flip bucket. The problem is twofold:
(a) determination of energy loss during development o/ the turbulent bound~
ary layer, and (b) determination of energy loss i the fully developed
1 turbulent flow. For a large head on the crest wiili the spilliuy design
flow, usually only (a) need be considered. HDC 111-18 to 111-18/5 apply
to the condition of turbulent boundary layer development.

AT o o s ot

2. Previous Design Criteria. It has been common practice to use the
Manning equation or some_other open-channel equation to determine spillway
energy losses. Gumenskyl based an analysis on the Manning equation and pub-
lished a graph which has been widely used. Jansen? proposed an empirical
equation based on Randolph's3 Observation on Madden Dam. Bradley end
Peterka™ published a graph which reflects spillway losses as indicated by
tests on Shasta and Grand Coulee Dams. In general, the results cbtained
by these methods do not agree.

{\ . 3., Boundary Layer Theory. The concepts of displacement thickness
and momentwa thickness of the boundary layer are discu~sed in modern fluid g
mechanics textbooks.”? The concept of energy thickness, which is useful in
the spillway energy-loss problem, has appeared in the literature only
recently. Schlichting6 makes reference to the use of the energy thickness
by Wieghardt.7 The decrease in energy flux in the boundary layer caused

; by friction is found by:

R B RS

ST e

5
-g-pj;u(uQ-ue)ay (1)

where O is the boundary layer thickness as indicated in the definition

sketch in HDC 111-18, u is the velocity at a distance y from the bound- ;
ary, and U 1is the potential flow velocity. By definition, the energy ;
thickness 63 is the thickness of a layer of fluid with velocity U which '
represents the loss of energy flux in the boundary layer: |

d
o [ w0 ) ey (2)

63=L6%<1-32—2>dy (3)

o=
O
[
o
o
[}
ST o




If 53 can be estimated, the energy flux loss upstream from any point on
the spillway face can be found from:

E. =

L o UB (1b/sec) (4)

3

311 o

Division of equation 4 by q» , where q is the unit discharge and 7 is
the specific weight, results in defining the energy loss in terms of feet
of head:

6.,0°
H = 5= (feet of head) (5)

where g 1is the acceleration due to gravity. The evaluation of 63 and
U is discussed below.

4. Turtulent Boundary Layer Investigations. During spillway dis-
charge, the turbulent boundary layer continues to develop until it reaches
the fris weter surface or until the flow enters the energy dissipator at
the toe of the structure. Bauer®;9 made extensive laboratory tests and
correlated boundary layer thickness and development length (X) with surface
roughness. His amalysis inciuded limited prototype data,lO Keulege.nll
reanalyzed Bauer's date and proposed the equation

2-0.06 (% )-l/h (6)

X

where X 1is the distance from an assumed origin and k is the absolute
surface roughness height.

5. Spillway Energy Losses. A study of' Bauer' s8 9 data, Keulegan's 1
reanairysis, additional prototype datﬁ 2 and photographs* has been made by
the Weterways Experiment Stationl3 to develor design criteria for esti-
mating spillway energy losses, This study resulted in the curve given in
HDC 111-18 which is applicable for estimating the boundary layer thickness
in flows over spillways. The eqration of the curve is:

-0 (§) g

where I 1is the length along the spillway crest from the beginning of the
crest curve (HDC 111-18). A roughness %k value of 0.002 ft is recommended
for concrete.

#* Unpublished photographs by the U. S. Army Engineer District, Vicksburg,
Miss., of flow over the spillway of Arkebutla Dam, Coldwater River,
Mississippi.

111-18 to 111-18/%
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The relations between boundary layer thickness © , displacement
thickness 8; , and energy thickness 83 , based on Bauer's data for screen
roughness, have been found to be:

o
[}

0.18% (8)
5 = 0.220 (9)

(o4
U

The use of these relations in conjunction with the potential flow depth and
equations 5 and 7 are recommended for estimating spillway flow depths and
energy losses. Modifications to equations 7, 8, and 9 may prove desirable
as additional data become available.

(1)

Application.
a. Case 1, The boundary layer thickness & , the flow depth

d , and the spillway energy loss Hj for design heads of

20, 30, and 40 ft can be estimated directly from HDC 111-18/2
and 111-18/3 for the standard crest shape defined by

HDC 111-1 to 111-2/1, The use of HDC 111-18/2 and 111-18/3
is applicable to spillways with tangent face slopes of 1:0.7
and a surface roughness k of 0.002 ft. HDC 111-18/4 illus-
trates the required computetions. The computations indicate
that the boundary layer has not reached the free-yater sur-
face. Therefore, no bulking of thc flow is to be expected
from air entrainment caused by turbulence generated at the
spillway face.

Case 2, For the staniard crest shapes with face slopes other
than 1:0.7, HDC 111-1, 111-18, and 111-18/1 and equations 5,
8, and 9 should be used in the manner illustrated by the sam-
ple computation given in HDC 111-18/5., If the computed
boundary layer thickness is indicated to become greater than
the summation of the displacement thickness and the potential
flow depth, the intersection of the free-water surface and
the boundary layer, sometimes called the critical point, can
be located. This can be done by plotting the flow depth d
ard boundary layer thickness & as functions of the boundary
length as shown in HDC 111-18/2. Air entrainment begins be-
yond tte critical point, and the energy-~loss mechanism is not
well understood.

Case 3. Tor other than the standard crest shape, the curved

——  —

crest length L, 1s determined graphically or analytically.
The .ompuiation procedure is then similar to that for Case 2.
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GIVEN:

H, =30 #

H =250 ft
k = 0.002 ft (Surface roughness)
Face siope = 1:0.7

COMPUTE:

1. Boundary Geometry

a. Length of curved crest, L

x)

= 167 (HDC 111.)
d

L

f’ 2.50 (HDC 111.18/1)
d

L, = 2.50H, = 75.0 f

b. Length of tangent, L

Yl
F= 132 (HOC 111-)
d

Y, = 132, = 39.6 #
Y, - Y, =250 - 39.6 = 210.4 f

0.7
X=Xy =y Yo=Yy = M3

Ly = V(210.4)% +(147.3)2

= 256.9 #

c. Total crest length, L
La Lc + LT
= 75.0 + 256.9 = 331.9 #t

Note: Computed H, is satisfactory and no
bulking of flow from air entrainment
since o<

PATPARED BY U 3 ARMY ENGINETA SATEAUAYS EXAPERIMINT STATION VICKIBUAG MishiisiPo:

. Hydraulic Computation

o. Spillway energy loss, H

For L =331.9 ft and H, =30 ft
H, =20.0 # (HDC 111-18/3)

b. Energy head entering stilling bosin, H,

Hy=H+Hy=H_
= 250 + 30 - 20 = 260 ¢

c. Depth of flow, d, ond boundory layer
thickness, 8, at PC of toe curve

d = 5.30 ft (HDC 111.18/2)
§= 1.62 ft (HDC 111.18/2)

HIGH OVERFLOW DAMS

SPILLWAY ENERGY LOSS
SAMPLE COMPUTATION
FACE SLOPE 1.07

HYDRAULIC DESIGN CHART {11~18/4
WES 1-68
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GIVEN:

Hy=30#

H =350 #t

k = 0.002 ft (Surface roughness)
Face slope = 1:0.78

COMPUTE ENERGY HEAD
ENTERING STILLING BASIN:

1. Boundary Geometry
a. Length of curved crest, L,

xl
i = 1.47 (HDC 111.1)
d

L
ﬁﬁ = 2,15 {HDC 111.18/1)
d
L, =2.15H,=64.5
b. Length of tangent, L

Yl
- = 1.04 (HDC 111.1)
d

Y, = 1L04H, = 312 f
Y, =Y, =350 31223188 f

Tan aua‘%u 1.2821

Sin a=0,7885
Y, - Y,
T® Sina
c. Total crest length, L
L=L_ +Ly
= 64.5 + 404.4 = 468.9 ft

2. Hydraulic computation

= 404.4 ft

a. Boundory loyer thickness, &

L _468.9 5
K =0.00= 2344 %10

3 L -0.233
= 0.08 (T) (HDC 111.18)

= 0.08 (0.0561)
= 0,00449
5=2101

b. Energy thickness, 3,

3, =0.225(Eq9, sheets 11118 to 111.18/5)
= 0,462 ft

c. Unit discharge, q
q=CHY/?
C = 4.03 (HDC 111.3)
q=4.03(30)3/2 = 662 cfs

Note: Computed H, satisfactory ond no bulking

of flow from air entrainment since &< d.

3 AMMY ENGINEER WATERWAYS EXPERINENT $TATION VICKSEURG WSHISHIPR]

SPILLWAY ENERGY LOSS
SAMPLE COMPUTATION
FACE SLOPE 1078

HYDRAULIC DESIGN CHART fit-18/5

WES 1-60

g - L Y e g
g
X185 = 240 85y f
i
i
!
!
H
!
!
i
[
d. Potential flow depth dp and velocity U at !
PC of toe curve ;
2
Hy = ¢:lp cos a+ -;L
Cos = 0.6150
Hy=H+H, =350+30=2380 #
By trial d -
T IART.E VT
U 2 HT-29 Hy 29 andp
0.6150
156.0 | 377.9 2.1 N 532 < 662
155.9 | 377.4 2.6 4,23 659 = 662
. Spillway energy loss
8, U3
H = —2—9—‘-‘-—(Eq 5, sheets 111-18 to 111.18/5)
L0462 (155.9)°
64.4 (682)
. Energy head entering stilling basin
Hb =H+ Hd - HL
=350 +30-41=339 ft
. Depth of flow, d, at PC of toe curve §
d= dp +3,
8, = 0.18 8 (Eq 8, sheets 111-18 to 111.18/5)
=0.18 (2.10) == 0.38 ft
d=4.23+0.38=4.611
i
;
HIGH OVERFLOW DAMS :
}
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- (\*)/ SHEETS 111-19 TO 111-19/2 '

e

34

- HIGH OVERFLOW DAMS

e
TH e

SPILLWAY CREST WITH OFFSETS AND RISERS

CREST SHAFES

A 1. Purpose. Use of spillway crests with offsets and risers may

b effect appreciable economies in the construction of concrete gravity spili-
ways provided the concrete mass eliminated from the standard crest shape
defined in HDC 111-1 to 111-2/1 is not required for structural stability. !
The scheme has also been adopted for the high arch dam.Monteynard.l

HDC 111-19 to 111-19/2 should serve for developing crest shapes for prelim-
inary economic studies. It is suggested that the final spillway shape be 3
model-tested.

Eon ik o,

SERF I

3,
Lt
o

2. Background. A laboratory study of overhanging crests produced by
an offset in a sharp-crested weir was reported by the U. S. Bureau of Rec~
lamation (USBR).2 A recent analysis of unpublished USBR test date was made
by the Waterways Experiment Station (WES). In this study the dimensionless
quantity of the ratio of the riser height to the head on the rounded crest

' M/Hd was selected as the basic shape variable. The offset dimension N

; does not appear to be very effective until the ratio M/Ha becomes very

( smell., One liaiting case is the offset weir with no riser (M = 0), which
3 forms a 45-degree backward-sloping weir. The lower nappe of the flow over
g a U5-degree backward-sloping, sharp-crested weir may extend initially
slightly upstream of the sharp crest. The other limiting case is a high !
- spillway with no offset (N = 0) described in HDC 111-1 to 111-2/1, The
S test data selected for the WES study were from experiments with negligible
g velocity of approach, a condition representative of a high dam for whkich
3 substantial savings in concrete would result from undercutting the upstream
B face. These data were for M/H, test values of 0.240 to 0.3% having
o N values of 0.079 to 0.240, The resulting M/N values are 1.0 to 5.0.
ﬁl Sections having M/N values less than 0.5 are not recommended.2 The re=-
QQ sults of this study are summarized in HDC 111-19 to 111-19/2 and generally
E define spillway crest geometry for riser-design head ratios of
i 0 < M/H, < 1.0.

A S A YR« e,

M o v S o

b 3. Crest Location. The USBR lower-nappe coordinates are in terms of
the head on the sharp-crested weir and have their origin at the weir., For
design purposes, it is more convenient to have the coordinates in terms of
the head Hy on the round crest with their origin at the crest apex.

: HDC 111-19 gives curves for estimating the distance X, of the round crest :

from the sharp crest and the height Y, of the round crest above the sharp

{ crest. The curves are in terms of the design head Hy; on the round crest

and are plotted as a function of the ratio of the riser height to design

head M/Hy . The values of X,/Hy and Y,/Hy were found to be 0.287 and

0.166, respectively, for the limiting case of M/Hd =0 . HDC 111-2/1

B N U v——

111-19 to 111-19/2




gives values of 0.270 and 0.126 for X,/Hy and Ye/Hd , respectively, for -
the case of M/Hd > 1.0 . These limiting cases aré plotted in HDC 111-19 .
and were used as guides in defining the general shape of the curves given o
in the chart.

N

4., Downstream Quadrant. The standard form of the equation for the
downstream quadrant with the head on the round crest is:

Values of the constant K and the exponent n for various ratios of M./T-I.d
were determined graphically and by electronic computer. Values of n and
K resulting in best correlation with the basic data are plotted in graphs
a and b in HDC lll-l9/1. Data points appropriate for the limiting cases
discussed in paragraph 3 are also shown. The vertical-face spillway de-~
fined in HDC 111-1 has n and K values of 1.85 and 0.50, respectively.
It is reasoned that the values of n and K should approach these limits
asymptotically as the riser height M becomzs larger in relation to the
design head Hd .

5. Upstream Quadrant. The standard form of the equation defined in
HDC 111-1 to 111-2/1 for the upstream quadrant of the vertical-face weir
was used as & basis for the case of weirs with offsets and risers:

n . ~—,

) @

Y

=5 (2)

The subscript w refers to the sharp-crested weir. The conditions estab-
lished for developing the exponents and constants of the equations included:
dy
a. Curve slopes Eif of zero at the round crest and of infinity
at the sharp-crested i1iser for the selected values of X /M
e’ "d
and Ye/Hd .

b. For M/MH. values > 0,2, the exponent ny of the first term
has the Value of 0,625 developed for the Vertical-face weir
using relaxation data of McNown and others3 discussed in

HDC 111-1 to 111-2/1.

c. The exponent n of the second term is the same as that
developed for the downstream quadrant.

d. The constants K; and K, developed to provide a reasonable
fit to the experimental data.

6. Computed values of exponents and constants for equation 2 based

on the selected USBR data are plotted in graphs a and c¢c in HDC 111-19/1.
The plotted points meet the conditions established in paragraph 5.

111-19 to 111-19/2
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T 7. Application. The crest shape defined in HDC 111-1 to 111-2/1
o { w} should be applicable to overhanging spillways having riser heights }
A A > O.6Hd . Use of the curves in HDC 111-19 and 111-19/1 is suggested for
4 preliminary design purposes should there be design reasons for making the
3 riser smaller than O0.6Hy . The curves on these charts should be used in
¢ the manner indicated by the sample computation given in HDC lll-l9/2. The
e b final design should be model-tested. The use of a curvature of appreciable
¢ radius to connect the riser to the sloping overhang is recommended if model
3 tests indicate pressure pulsations on the crest resulting from flow separa-
B tions around the riser. ;
¥
3 8. References.
* § (1) Bowman, W. G., "French high arch dam is all-in-one (Monteynard Dam)."
- Engineering News-Record, vol 169 (25 October 1962), pp 30-37. §
i 1 (2) U. S. Bureau of Reclamstion, "Studies of crests for overfall dams." ]
Boulder Canyon Project Final Reports, Part VI, Hydraulic Investiga-
. é tions, Bulletin 3, Denver, Colo. (1948),
B3
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g (3) McNown, J. S., Hsu, En-Yun, and Yih, Chia-Shun, "Applications of the
5 ‘; relaxation technique in fluid mechanics." Transactions, American
e Society of Civil Engineers, vol 120 (1955), pp 650-669. §
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GIVEN:
Hy =40 f1

0.30 ft

=0.25 #

Jlz Tz

Negligibie »elocity of approach

COMPUTE:

1. Downstream Quadrant Equation

2. Upstream Quadrant Equation

n
Y x\" x \°
on @) ()
w w w
K, =0.405, K, =0.730
ny =0.625, n~1.825

Y X 0.625 X 1.825
H—w = 0.405 (H_w) -0.730 E,

3. Check for Zero Slope at Crest

} (HDC iM-19/1)

X Y,
~0.282, =%-0.130 (HOC 111.19)

£
H, » H,
R, =Hy 4+ Y, ~H,+0.130H, = 1.130H,
X,
T

X, 0.282

TTa0m, T1.130 = 0295 T = Ti30m,

d(ﬁ;) x n‘-l x n=-1
L =Ky |5 ~-K,nls
X ! ’(H ) 2 (H )
dig— v v
)

w

" 7(0.250)0-375

L0233
0.5 - 1.331(0.319) = 0.002 = 0.000

L0405 0625 _ 4 739, 1,825 (0.250)%2°

Note: For final design greater accuracy of
computations is recommended.

PREPARCO Y U § ARMY ENGINEER WATEMEAYS EUSFANENT STATION VICKISURS wishississ:
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xlx
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CREST AXIS |

4. Solve for Values of K, and K, Giving

Zero Slope at the Crest for 'ﬁ! = 0,250

w

() )

0.115 =K, (0.250)2-625 - K, (0.250)}-823
0.115 = 0.421K, - 0.080K, )

¥
L]
d\H

xe
(&)
- 1.825K, (0.250)°-825 ~ 0

1.05K, ~ 0.583K, = 0
K, =0.554K, (2)

= 0.625K , (0.250)~0-37

Substitute Equation 2 inte Equation |
0.115 = 0,421 x 0.554K, - 0.080K,,

K, =0.752, K, = 0.416

Upstream Quadrant Equation

Y X |0 625 % \1:825
Fws(\.dlé(Hw) - 0.752 H,

HIGH-OVERFLOW DAMS
SPILLWAY CRESTS
WITH OFFSET AND RISER
CREST GEOMETRY
SAMPLE COMPUTATION

HYORAULIC DESIGN CHART 111-i9/2
wES 1-68
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HYDRAULIC DESIGN CRITERIA

SHEETS 112-1 AND 112-2

SPILIWAY STILLING BASINS

HYDRAULIC JUMP

A G B

1. General. The principle of conservation of linear momentum re-
i sults in the classical hydraulic jump equation

D %D, D
D =-—-!'-+ 11 + 1
2 2 g I

§ Tables for the evaluation of Do may be found in the Corps of Engineers
) Hydraulic Tables, 24 Edition, 19Uk,
'

2. Spillway Stilling Basins. The purpose of Hydraulic Design
Charts 112-1 and 112-2 is the determination of the elevation of the apron
or stilling basin floor when headwater and tailwater elevations are known §
! for a given discharge. The form of the graphs was devised by Irwin.*

? On each chart families of D; and Do curves are shown for various dis-
! charges per foot of basin width and heads. Chart 112-1 covers a head

range of 5 to 500 ft and a discharge range of 10 to 250 cfs. Chart 112-2
) ( . covers o similar range of heads but has a discharge range of 100 to 2500
. cfs. The head (H) as defined by the sketch at the foot of each chart is
the difference between the headwater and tailwater elevations. In the
development of these charts friction losses were neglected. Recent ex-
periments at State University of Towa*¥ for the Waterways Experiment
Station indicate that friction losse:s in accelerating flow down the face '
of a spillway may be considerably lesg than the normal friction loss in
well-developed turbulent flow. Two lines depicting the Froude number i
‘ squared (F2 =3 agd F@ = 12) are shown to define the jump characteris-

tics. The line F° =3 marks the boundary between jumps of the undular
and shock types. Model studies indicate that a strong hydraulic jump
forms in the region above the line F2 =12 .

o eyt
e e

A 5w s

* R, L. Irwin, "Diagram for hydraulic jump," Civil Engineering (June
1942), p 335.

** W, J, Bauer, "Ths Development of the Turbulent Boundary Layer on Steep
( Slopes," Dissertation, University of Iowa, Iowa City, August 1951.

112-1 and 112-2
Revised 1-68
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HYDRAULIC DESIGN CRITERIA

SHEET 112-2/1
SPILLWAY STILLING BASINS
HYDRAULIC JUMP
VELOCITY DISTRIBUTION

1. The balance of pressure-plus-momentum upstream and downstrean
from the jump is the basis for the theoretical equation of the hydrsulic
Jump. This equation is given in HDC 112-3. When an end sill or baffle
piers are added there is an additional force é? the upstream direction.
U. S. Army Corps of Engineers EM 1110-2-1603( suggestn that a satisfac-
tory Jump will occur for 0.9dy by the use of an end 811l and bvaffles
although more shallow basins have been demopnstrated to perform satisfac-
torily in the laboratory.

2. If the drag force of baffles is to be estimated, the effective
velocity against the baffle and the drag coefficient must be known. The
drag coefficient of the isolated cube referred to in HDC 712-1 has been
estimated to be 1.33 based on State University of Iowa air tunnel testa.(l)
The drag coefficient of 3 single cube in open channel flow has been com-
puted to be about 1.5. T) Tests st Massachusetts Institute of Technol-
ogy 3) indicate that the drag coefficient is about 0.7 for a single row of
steppe%sgiers and about 0.4 for a double row of Bluestone Dam type baffle
piers.

3. HDC 112-2/1 can be used as a guide in selecting baffle pier
height and location as well as in estimating the velocity in the vicinity
of the baffles. HDC 112-2/1 presents vertical velocity distribution curves
in the hydraulic Jump at X/dg stations of 1, 2, and 3 from E e toe of
the jump. The curves resu%t from experimental data by Rouse( and Mshon-
ing Dam model study tests. 5) Curves for Froude numbers of entering flow
of 2, 3, 4, 6, 8, and 10 are given. The local velocity V is expressed
in terms of the entering velocity Vy . The distance y above the floor
is in terms of the depth downstream from the jump dp .

L. The force exerted on the baffle piers aend the resulting reduction
in total downstream pressure and momentum can be estimated by wse of HIC
ll2~2/1 and en estimated drag coefficient. Available data indicate that
the pier spacing as well as piler size and geometry has an effect upon the
drag coefficient. The designer is also sometimes concerned with the forc.
exerted on baffle piers bty logs and cther debris passing through the basi. .

5. References.

(1) Chien, Ning, Fing, Yin, Wang, Huang-Ju, and Siao, Tien-To, Wind Tunnel

Studies of Pressure Distribution on Elementary Building Forms. JIowa
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Institute of Hydraulic Research, for Office of Naval Research, 1951.

Harleman, D. R. F., "Effect of baffle piers on stilling basin perform-
ance." Journal, Boston Society of Civil Engineers, vol 42, No. 2

(April 1955), pp 84-99.

Newmen, J. B., III, and La Boon, F. A., Effects of Baffle Piers on the
Hydraulic Jump. M.S. thesis, Massachusetts Tnstitute of Technology,
1953.

Rouse, H., Siao, Tien-To, and Nagaratnam, S., "Turbulence character-

istics of the hydraulic jump." Transactions, American Society of
Civil Engineers, vol 12k (1959), pp 926-966.

U. S, Army Engineer District, Pittsburgh, CE, Report on Hydraulic
Model Studies on the Spillway and Outlet Works of Mahoning Dem, on
Mahoning Creek, near Punxsutawncy, Pennsylvania. Cese Institute of

Technology, Mey 1938.

U. S. Army Engineer Waterways Experiment Station, CE, A Laboratory
Development of Cavitation-free Baffle Pie Bluestone Dam, New River,

West Virginia, Technical Memorandum No. 2-2%3, Vicksburg, Miss.,
March 1940.

» unpublished data. 1957.

U. S. Army, Office, Chief of Engineers, Hydraulic Design, Spillways.
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HYDRAULIC DESIGN CRITERIA 3

SHEETS 112-3 TO 112-5

SPILIWAY STILLING BASINS

SEQUENT DEPTH CURVES FOR RECTANGULAR CHANNEL

- i

1. The conventional hydraulic Jump equation is based on the prine-
ciples of conservation of momentum and continuity of flow. The equation is

2 2
_ Bl +\/2 Vl Dl . Dl
2 g I

D2 =

R, B RN SIS

where D; and Do are sequent depths upstream and downstream, respec-
tively, from the jump. V; and Vp are the corresponding sequent
velocities.

2, Tables have been published by King(3) and the Corps of
Engineers(6) that give the Do value when the D and Vi values are
known.

3. A log-log araph, devised by E. W. Lane(5) and published by the
National Resources Committee(4), is given as Chart 112-3. Tt may be used
to determine Do and Vo when D; and V; are known.

?
|

4. A graph on Cartesian coordinates was devised by Douma(2) and re=-
published by Abbett(l). This graph gives the solution for Do when Dy
and V, are known. The graphk was prepared for & range of values of
10 < V] <100 in Chart 112-% aui of 6 <Vy <140 in Chart 112-5.

5. List of References.

(1) Avbett, R. W,, American Civil Engineering Practice, Vol II, John
Wiley & Sons., Inc., New York, N, Y., sec 17, p 56.

(2) Douma, J. H., Hydraulic Model Studies of the Wickiup Outlet Works
Stilling Basin, Deschutes Project, Oregon. U. S. Bureau of Reclama-
tion, Memorandum to Chief Designing Engineer, Denver, Colo., 30 June
1939, Appendix 1, fig. 17. (Available on loan only)
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(3) King, H. W., Handbook of Hydrsulics, 34 ed., McGraw-Hill Book Co.,
Inc., New York, N. Y., 1939, table 133, p. 4hh-LL5,

(4) National Resources Committee, Low Dams. Washington, D. C., 1938,
p. 105,
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(5) U. S. Buresu of Reclemation, Drawing No. X-D-931l. 1k October 1933.

(6) War Department, Corps of Engineers, Hydraulic Tables. 24 ed.,
U. . G. P. 0., Washington, D. C., 194F, table 3, p. 16-56.
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HYDRAULIC DESIGN CRITERIA

SHEET 112-5/1
SPILLWAY STILLING BASINS
END SILL

TAILWATER REDUCTION

1. An end sill is commonly used as the terminal wall of a stilling
basin. Where a tailwater deficiency prevents satisfac*ory hydraulic jump
performance and accompanying energy dissipation, the stilling basin floor
is set lower than the riverbed and an end sill forms a step, or rise, to
the elevation of the bed of the channel. Hydraulic Design Chart 112-5/1
can be used to determine the relation between the Froude number of the
entering jet, the sill height, and the downstream depth required for
stabilizing the hydraulic jump when baffle piers are not used.

2. The effects of end sill height upon the reduction of flow depth
downstream from a sill have been investigated experimentally by Forster and
Skrinde.¥* Chart 112-5/1 reproduces the data and curves published by
Forster and Skrinde. The ratio of the depth d3 over the end sill to the
entering depth dj 1is plotted against the Froude number TFj; of the
entering flow. The curves represent various ratios of sill height to the
upstream depth h/dy for basin lengths of 5(h + d3). The dashed line
labeled h/dl = 0 1is the theoretical hydraulic jump curve for sequent
depths,

3. The design criteria above apply to a etilling pasin that requires
a vertical end sill or downstream channel invert sufficiently high to pro-
duce the tailwater required for formation of the hydraulic jump. The end
11l may act as a critical-depth control, and flow into the downstream
channel may be very turbulent with supercritical velocities. Excessive
wave action, surges, and supercritical velocities may require tnat in-
creased protection be provided for 100 ft or more downstream of the still-
ing basin to prevent channel erosion., Careful consideration should be
given to the need for increased riprap protection downstream of the still-
ing basin. In exireme cases lowering of the basin elevation und use of a
standard-type stilling basin may be more economical than extensive riprap
protection.

* J. W. Forster and R. A. Skrinde, "Control of the hydraulic jump by
sills." Transactions, American Society of Civil Engineers, vol 1195,

paper 2415 (1950), pp 973-K7.

112-5/1
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HYDRAULIC DESIGN CRITERIA

SHEFTS 112-6 to 112-6/2
HIGH OVERFLOW DAMS

BUCKET-TYPE ENERGY DISSIPATOR

1. Bucket-type energy dissipators are used where excessive tailwater
depths prevent adequate energy dissipation by means of a hydraulic jump on
a horizontal stilling basin floor. HDC 112-6 and 112-6/1 can be used to
estimate probable roller and surge heights for preliminary design purposes.

2. The design curves shown in the charts were developed by McPherson
and Karrl from extensive laboratory tests wherein the discharge was dis-
tributed uniformly over the bucket. The test data have been omitted from
the charts in the interest of clarity. The gata points shown are from
Waterways Experiment Station (WES) studies2-< and are in reasonably good

agreement with McPherson's and Karr's curves for q parameters < 26 x 10~3.

The agreement is less satisfactory for higher ¢ paremeters, The charts
are therefore not considered applicable for q parameter values

> 26 X 10'3, and the final design for large structures should be developed
by hydraulic model study.

3. The streambed was generally at the same elevation as the bucket
invert in the McPherson and Karr tests. In the WES tests, the streambed
elevation varied from bucket-lip elevation to below the bucket-invert ele-
vation., However, it is believed that the channel-bed elevation has neg-
ligible effect on roller and surge heights.

4, The discharge parameter of the design curves can be related to
the Froude number of the entering jet in the following manner:

Va and V=r~gd

q =
Then
q=F 4372 E;1/2
and
q _ F
g1/2 hi/é - (hl/a)3/2
where F = Froude number of entering jet

fte]
i

= discharge per ft of bucket width, cfs

112-6 to 112-6/2
Revised 1-66
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h, = available energy head (pool to bucket invert), ft )
; i

d = depth of flow entering bucket, ft

v

velocity of flow entering bucket, fps

5. HDC 112-6/2 illustrates application of HDC 112-6 and 112-6/1 for
the preliminary design of bucket-type energy dissipators. The sample com-
putation is for a specific spillway discharge. The full range of spillway
flows should be investigated.

6. The WES model date shown in HDC 112-6 indicate that good energy
dissipation is obtained when the bucket roller depth hy, is between 75 and
90 percent of the tailwater depth h, . For this condition, the surge
height is 10% .0 130 percent of the tailwater depth. i

T. References.

(1) McPherson, M. B., and Karr, M. H., "A study of bucket-type energy
dissipator characteristics." ASCE draulics Division, Journal
vol 83, Paper 1266, No. HY 3 (June 1957); vol 83, Paper 1348, No.
HY 4 (August 1957), Corrections, pp 57-64; vol 84, Paper 1832,
No. HY 5 (October 1958), Closure, pp 41-48.
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(2) U. s. Army Engineer Waterways Experiment Station, CE, Model Studies

ﬁ ‘ of Spillway and Regulating Sluices for Wolf Creek Dam, Cumberland - )

River, Kentucky. Technical Memorandum No. 201-1, Vicksburg, Miss., !
January 1944, —

} (3) , Model Studies of Spillway and Bucket for Center Hill Dam,
! Caney Fork River, Tennessee. Teclnical Memorandum No. 202-1,
Vicksburg, Miss., August 1946,

£

(%) , Model Study of Spillway and Bucket, Stewarts Ferry Dam,
Stones River, Tennessee, Technical Memorandum No. 2-239, Vicksburg,
Miss., September 1947,
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(5) , Spillway for Osceola Dam, Osage River, Missouri; Model
Investigation, Technical Memorandum No. 2-261, Vicksburg, Miss.,
October 1943,

(6) ____, Spillway Design for Whitney Dam, Brazos River, Texas;
Model Investigation. Technical Memorandum No. 2-263, Vicksburg,
Miss., October 1943,
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NOTE' DESIGN CURVES SHOWN DEVELOPED BY McPHERSON
AND KARR FROM EXPERIMENTAL DATA THESE
OATA OMITTED TO SIMPLIFY CHART

_~ROLLER
SURGE

-\/1_\;!

1

——
-

DEFINITION SKETCH

RANGES OF VARIABLES

MCcPHERSON
WES AND KARR

SPILLWAY SLOPE 141-167 ) (N

LIP ANGLE 45° 45°
H/hy 068-093 >075
h/R SEE LEGEND

a/vgh2x 103 SEE LEGEND
C]

HIGH OVERFLOW DAMS

REY +-66

he BUCKET-TYPE ENERCY DISSIPATOR

SURGE HEIGHT

HYDRAULIC DESIGN CHART 112-6/1
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COMPUTATION FOR PRELIMINARY DESIGN

el i

IVEN: R
Discharge (q) per ft of
basin width = 450 cfs
Pool elevation = 765 ft
} Toilwater elevation = 650 ft
¢ Radius of bucket = 50 ft h)
} Slope of bucket lip = 45 deg H 10 g
:; Spillway slope = 10:6.1 /"\\,%_ ;
Ratio of H to hy >0.75 6.1 h \ :
2 |hy s 2 i
; ASSUME: § o e y
E Bucket invert elevation =550 ft J i
| %
% COMPUTE: g
! . hy = pool elevation = bucket invert elevation 6. hy=0.42xh i
¢ = 765-550 =215 h = 0,42 x 215 = 90 ft 5
y . ha = tailwater elevation = bucket invert 7. From Chca 112:6/1 read hy/hy = 0.52 for :
elevation hp/hy = 0.42 and %
= 650 ~ 550 = 100 f 1
—%  _x10%=25
’ . ha/hy = 100/215 = 0.465 N hy3/2 ;
» . Discharge parameter 3 B b, =0.52xhy ;
' 810 —0x 107 =0.52x 215 = 112 #t ;
3/2 - V 3/2
( Vah 322215 9. Compute hy and h, for full range of
spillway flows.
: 4500100 P
T568x7 1 10, Determine maximum elevation of bucket
, roller and surge.
] = 25
., From Chart 112-6 read hy/hy = 0.42
for ho/hy = 0.465 ond
—3—x10%=25
\/; hy3/2
Note: Good energy dissipation is indicated if
the roller height (hb) is between 75 and
90 percent of the tailwater depth (hz). .
;
1
k3
. !
'i ;
1 i
f ;
i .
2 HIGH OVERFLOW DAMS
! BUCKET-TYPE ENERGY DISSIPATOR
% SAMPLE COMPUTATION
] ( } HYDRAULIC DESIGN CHART 112~ 6/2
E — PAEPARED BY v § ARMY ENGINEER MATERMAYS EXPERIWENT STATION VICKSOURL WISSISSIORE REV I~88 WES 5-%59
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HYDRAULIC DESIGN CRITERTIA

SHEET 112-T
HIGH OVERFLOW DAMS
ENERGY DISSIPATORS

FLIP BUCKET AND TOE CURVE PRESSURES

1. Hydraulic forces acting on high, overflow spillway flip buckets
and toe curves are of interest in the structural design of these devices.
Theoretical studies and model and prototype data indicate that the bottom
pressures change continuously throughout the curve and are influenced by
the curve radius, the total head, and the unit discharge. It has also
been showu that the pressures immediately upstream and, in the case of the
toe curge, aownstream of the curve are influenced by the curvature.

Rouse( illustrates the application of the flow net solution to this
problem.

2. TFlip Buckets. Approximate techniques, including use of the
centrifugal force equation(2) and a vortex analogy,(l,2) have been sug-
gested for computing the pressures on spillway flip buckets. A recent
WES study( usin§ a theoretical approach similar to vortex analogy sug-
gested by Doume! 27 indicated that, for relatively high dams, bucket pres-
sures could be expressed as:

6w §)

where
hP = pressure head against boundary, ft
Hp = total head (point to energy gradient), ft
q = unit discharge, cfs
R = radius of curve, ft
g = acceleration due to gravity, ft per sec per sec
o = angle of rotation from beginning of curve, degrees

total deflection angle, degrees

O

The term a/aT defines the relative position aloug the curve.

3. HDC 112-T7 presents dimensionless flip bucket pressure curves
based on Pine Flat and Hartwell 5 model spillway data analyzed in

112-7
Revised 1-64
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accordance with the preceding expression. §Spillway energy losses were as-
sumed negligible in the analysis. The plotted data for a/oT from 0.25 }
to 0.75 indicate that the pressure in the middle portion of the bucket is ~
t nearly constant. Therefore, the pressure distribution through the bucket

3 can be adequately defined by the four curves shown in the chart. The curve

' for o/aT = 1.0 coincides with the axis of the chart ordinates since the

pressure on the lower nappe of the jet leaving the bucket is atmospheric.

The Pine Flat(6) prototype data plotted on the chart indicate satisfactory
correlation with the model data. Allowances were made for spillwey energy

losses in computing the total head Hp for the prototype data.

4. Toe Curves. The available data(8) from model tests conducted
under the Corps of Engineers Engineering Studies Item 801 which are plotted
in HDC 112-T7 indicate that for a high dam the flip bucket pressure dis-
tribution curves generally apply to spillway toe curves. However, the data
show that the pressure at the end of the toe curve approximetes that at the
beginning of the curve if the toe curve is not submerged.

5. HDC 112-T7 can be used to estimate the pressure distribution on
spillway flip buckets or toe curves associated with high overflow dams.
However, for design purposes, allowance for spillway energy losses should
be included in the computations of Hp required for use of the chart.

The user is cautioned that the curves are not applicable to toe curves af-
fected by submergence.

6. References. { *")
(1) Belloffet, A., "Pressures on spillway flip buckets." Journal of the e

Hydraulics Division, American Society of Civil Engineers (September
1961), pp O7-9.

(2) Doume, J. H., discussion of paper, "Design of side walls in chutes and
spillways," by D. B. Gumensky. Transactions, American Society of
Civil Engineers, vol 119 (1954), pp 36L-367.

(3) Rouse, H., Engineering Hydraulics. John Wiley and Sons, Inc.,
New York, N. Y., 1950, p uT.

(%) U. s. Army Engineer Waterways Experiment Station, CE, Spillway and
Conduits for Pine Flat Dam, Kings River, California; Hydraulic Model
Investigation. Technical Memorandum No. 2-375, Vicksburg, Miss.,
December 1953.

(5) , Sluice Qutlet Portal and Spillway Flip Bucket, Hartwell
Dam, Savannah River, Georgia; Hydraulic Model Investigation.
Technical Memorandum No. 2-393, Vicksburg, Miss., August 195k.

(6) , Prototype Tests of Spillway Crest and Flip Bucket,
Pine Flat Dam, Kings River, California. Technical Report No. 2-511,
Vicksburg, Miss., June 19%59.
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HYDRAULIC DESIGN CRITERIA

SHEET 112-8
HIGH OVERFLOW DAMS
ENERGY DISSIPATORS

FLIP BUCKET THROW DISTANCE

1. For economy, flip bucket or ski-jump energy dissipators are some-
times used when spray from the jet can be tolerated and erosion by the
plunging jet will not be a problem. Flip buckets have caused trouble in
climates where spray from the jet resulted in icing of nearby roadways or
electrical equipment. The major amount of energy dissipation occurs in
the region where the jet plunge. into the tailwater; a minor amount occurs
as the jet frays after leaving the bucket.

2. TFactors affecting the horizontal throw distance from the bucket
lip to point of jet impact are the initial velocity of the jet, the bucket
lip angle, and the difference in elevation between the lip and the
tailwater.

3. HDC 112-8 presents throw-distance curves for lip angles of O to
45 degrees. The horizontal throw distance X and the verticel drop from
the bucket lip to tailwater Y are expressed in terms of the jet velocity
head Hy . The following expression based on the theoretical equations for
trajectories was used for developing the curves:

X/HV = 5in 20 + 2 cos 6 Jsin o +_§7ﬁ;

where
X = throw distance, ft
Y = vertical drop from lip to tailwater surface, ft
Hy, = velocity head of jet at bucket lip, f{t
6 = bucket lip angle, deg

4, IDC 112-8 is a guide for judging the point of impact of the jet.
The throw distance may be substantially less than indicated, depending upon
spillway energy losses. Prototype measurements of spillway energy losses

are needed to permit a comparison of theoretical and actual throw distances.

112-8
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XzsiN20+2c0s0 /siNZe+
3 "

WHERE
X = THROW DISTANCE, FT
6 = BUCKET LIP ANGLE

Hy= VILOCITY HEAD AT BUCKET i
LIP, FT .
Y = VERTICAL DROP +ROM LIP TO ;
TAILWATER SURFACE, F T
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HIGH OVERFLOW DAMS

ENERGY DISSIPATORS
FLIP BUCKET THROW DISTANCE

HYDRAULIC DESIGN CHART 112~8
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HYDRAULIC DESIGN CRITERIA

SHEET 122-1
LOW OGEE CREST
DISCHARGE COEFFICIENTS
APPROACH DEPTH EFFECTS
1. Bureau of Reclamation (USBR) Tests. Figure 15B of the USBR
Boulder Canyon report* shows the relation between discharge coefficient
C and the ratio of head to height of crest. As the coefficients are

derived from the tests of a sharp-crested weir, the shape of the lower
surface varies as the velocity of the approach flow is varied.

2. VWES Tests. Tests at the WES to determine approach depth effects
on discharge coefficients were conducted with a standard crest based on a
design head of 0.75 ft. The velocity of the approach flow was varied by
raising or lowering the false floor in the model which simulated the bottom
of the approach channel. Negative pressures were found on the crest at the
higher velocities of approach flow and the resulting coefficients are
higher than the corresponding USBR coefficients based on sharp-crested
weir flows. The portions of the curves for values of He/Hg > 0.5 in HDC
122-1 represent the WES test data. The basis of the portions of the curves
for He/Hd < 0.5 is the protolype data plotted in HDC 111-3. The curve for
P/Hgq = 1.33 is identical with the curve for high overflow dams shown in
HDC 111-3. The curves of P/Hy versus C at the top of HDC 122-1 are in-
cluded to facilitate interpolation between the three basic curves.

3. The purpose of HDC 122-1 is to show the effects of approach depth
on the discharge coefficient for the standard spillway shape shown in HRDC
111-1 to 111-2/1.

* U. S. Bureau of Reclamation, Studies of Crests for Overfall Dams,
Boulder Canyon Project. Final Reports, Part VI-Hydraulic Investigations,
Bulletin 3, Denver, Colo., l948.
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HYDRAULIC DESIGN CRITERIA

ékv/f SHEET 122-1/1

SPILLWAY CREST

s ARSIV TR ARTARNR

LOW OGEE CREST DISCHARGE COEFFICIENTS

1. Purpose. Hydraulic Design Chart 122-1/1 may be used for
preliminary economic studies in which a number of crest lengths and
heights are to be investigated. This chart shows tne effects of spill-
way approach depth and apron elevation on the discharge coefficient for

He=Hd°

2. Basic Data. The basic data resulting in the curve shown on
Chart 122-T/1 were obtained from tests mede on the standard crest shape
at the Waterways Experiment Station under CW 801, "General Spillway
Investigations." Approech depths of 0.2 to 1.33 Hy and apron heights
of 0.13 to 1.0 Hy were used in the investigation. Toe curve radii of
! 0.0, 0.5, and 1.0 Hy were studied.

R R R O R R

n‘?

KR s 4 g

3. Discharge coefficients were determined first for various ep-
proach depths with the apron low and then for various apron elevations
with the approach floor low for the crest shape shown. The ratios of
the coefficients for different approach depths to the coefficient for an

{ . epproach depth of 1.33 Hy were computed. These ratios were multiplied
- by the discharge coefficients for numerous apron elevations to estimate
coefficients reflecting the combined effect of approach depths and apron
heights.

L, Adequacy of Curve. The curve shown on Chart 122-1/1 is be-
lieved to be the best estimate of a coefficient for low ogee crests that
can be made until test data become available for actual combinations of
shallow approach depths and high apron elevations.

122-1/1
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HYDRAULIC DESIGN CRITERIA

SHEET 122-1/2
OVERFLOW SPILIWAYS
DISCHARGE COEFFICIENTS

DESIGN HEAD

1. Purpose. Hydraulic Design Chart 122-1/2 can be used for se-
lecting the spillway design head for upstream spillwey face slope and
approach depth conditions not covered by other Hydraulic Design Criteria
charts. The chart, used in conjunction with the USBRL extensive tables
of lower and upper nappe surface coordinate date for weirs sloping down-
stream and for vertical weirs, should permit optimization of svillway
crest shape design for free overfall spillways having upstream face slope
ratios from 3V on 12H to vertical and approach depths from 0.15 to 10
times the design head (Hy) .

2. Background. The USBR tests were made in a 2-ft-wide, 9-ft-
deep rectangulsr flume., Approach depths varied from less than 0.1 ft
to 5 ft. Heads on the sharp-crested weirs ranged from about 0.1 to
1,0 ft. Discharge coefficients have been converted into values appli-
cable to heads on the rounded crest. USBR coordinates of the upper and
lower nappes of the weir overflow are in terms of the head on the sherp-
crested weir. Comparable presentations of Bazin's? data for weirs slop-
ing downstream (3V on 6H and 3V on 12H) are also included on the chart
and in the USBR tabulation. A plot of the WES experimental data (Chart
122-1) for H/Hg =1 and P/Hy = 0.3 to 1 1is included for comparison.
The WES discharge coefficients for rounded crests have consistently t..n
about 3 percent higher than comparable USBR coefficients for sharp-
crested weirs (HDC 122-4). The use of the USBR coefficients for the de-
sign of unmodeled spillways should result in conservetive design.

3. Application. The spillway design flow Q3 is computed using
an appropriate coefficient from Chart 122-1/2 and pier and abutment con-
traction coefficients from other applicable charts (see Charts 111-3/1,
111-3/2, 111-5, 116-6, and 122-2). The spillwey design head Hy and the
computed design discharge Qg are then used with Chart 111-3/3 to de-
velop a spillway rating curve for uncontrolled flow as described in
paragraph 5a of Sheet 111-3/3.

4, References.
(1) U. S. Bureau of Reclemation, Studies of Crests for Overfall Dams;

Hydraulic Investigations. Bulletin 3, Part VI, Boulder Canyon
Project Final Reports, Denver, Colo., 1948

(2) Bazin, M., "Recent experiments on the flow of water over weirs."
Annales des Ponts et Chaussees, October 1888,
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HYDRAULIC DESIGN CRITERIA

SHEET 122~-2
LOW OGEE CRESTS

PIER CONTRACTION COEFFICIENTS

1. The data shown on Hydraulic Design Chart 122-2 were derived
from the same series of CW 801 tests which are represented on Charts
111-5 and 111-6. The general remarks on Sheets 111-5 and 111-6 are
equally applicable to the accompanying chart. The purpose of Chart
122-2 is to show the effect of velocity head of approach upon the pier
contraction coefficient. The elevation of the approach floor was varied
to produce various approach velocities with the type 2 pier. The effect
of the approach depth on the coefficient for other pier types has not
been determined. In the absence of adequate experimental data, pier
contraction coefficients for types 1, 3, and 4 piers may be obtained by
proportioning from Chart 111-5.
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HYDRAULIC DESIGN CRITERIA

SHEETS 122-3 to 122-3/5
LOW OGEE CRESTS
CREST SHAPE

45-DEGREE UPSTREAM SLOFPE

1. General. The upstream face of low, ogee spillway crests sub-
Jjected to high heads are often sloped for structural stability. Coordi-
nates of the lower nappe profile for sharp~-crested weirs sloping 45 degrees
downstream and various approach depths have been determined and published
by the USBR. 1) The published coordinates are in terms of the head on the
sharp-crested weir.

2. Ffor low, cyee crests, the head is defined as the total energy
head upstream from tne spillway crest, and the approach depth as the
height of the spillway crest above the approach channel bottom. For con-
venience of design, the shape downstream from the apex of the crest is
considered separately from the shape upstream. The USBR 2) has published
curves for determining the location of the apex of the crest, and for
selecting coefficients and powers applicable to the general downstream-
quadrant crest shape equation of a somewhat different form from that used
by the Corps of Engineers.

n
Y X
T K < -I-{E ) USBR form

d

X? = -11{ Hd( n-1)y Corps of Engineers form

The published curves have been confirmed by an jindependent WES study of
the USBR data for weirs sloping 45 degrees dow.stream.

3. Preferred Shapes. HDC 122-3 shows the rel-tion between the
approach depth P and the approach velocigy head h, in terms of the
design head Hy based on the USBR data.(1 The increments of ha/Hd used
in the original study were fairly close together, although the actual shape
change is not great until the velocity of the approach flow becomes sub-
stantial. Three preferred shapes which would be considered reasonable for
a range of h&/Hd, and their corresponding values of R/Hd are indicated in
HDC 122-3. These three selected crest shapes are suggested for projects
subject to model testing to provide information systematically and economi-
cally on pressure characteristics and discharge coefficients. For cases in
which model studies are not contemplated, use of the published USBR

122-3 to 122-3/5
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dataﬂl) for crest shape design may be desirable pending model confirmetion
of the preferred shapes. )

k. Downstream Quadrant Shape. HDC 122-3/1 presents the published
USBR curves for the coefficient K and exponent n of the downstream-
quadrant shape equation. The curves are applicable to approach velocity
head-design head ratios ha/Hd of 0.00 to 0.20. The USBR curves of X¢/Hg
and Ye/Hd for locating the apex of the crest are also given in the chart.
Downstream quadrant equations for spillways having approach velocity head-
design head ratios of 0.08 and 0.12 are given in HDC 122-3/2 and 122-3/3,
respectively. The condition of ha/Hd = 0.00 is presented in HIC 111-9.
The coefficients in the equations given in these charts as noted in para-
graph 2 are reciprocals of those given in HDC 122-3/1. Tables of the
functions required in the evaluation of the equations are not available
elsewhere; consequently, they are included in the charts to assist the
designer in computing the required coordinates. Tabulations of the slope
of the downstream quadrant shape are also included in the charts to
facilitate location of the beginning of the toe curve or the tangent
section.

5. Upstream Quedruent Shape. Upstream cquadrant shapes have frequently
been defined by circular arcs fitted to the experimental data. This pro-
cedure usually results in a surface of discontinuity where the curved crest
meets the sloping upstream face. The possible effects of this surface of
discontinuity are discussed in paragraph 4 of HDC Sheets 11l-1 to 1}1-2/1.
The WES has derived upstream quadrant equations based on the USBR(l basic , "
data for 45-degree downstream sloping weirs. HDC l22-3/h gives the general )
form of the equation in terms of the sharp-crested weir. Curves of the S
coefficients and the exponents required for evaluation of the equation are
given in this chart and in HDC 122-3/1. The curves are applicable to
approach velocity head-design head ratios ha/Hd of 0.00 to 0.20., Upstream
quadrant shapes based on these curves should satisfy the crest location
criteria given in HDC 122-3/1, result in zero slope at the spillway crest,
minimize the discontinuity at the 45-degree upstream face, and result in
good agreement with the experimental data.

6. The solution of the equation in HDC 122-3/L4 gives coordinates
in terms of the sharp-crested weir. Transfer of the coordinate origin to
the spillway crest and the reference head to the design head results in
the cumbersome general equation shown in HDC 122-3/5. Upstream quadrant
coordinates referenced to the crest apex and design head are tabulated
in this chart for ha/Hd values of 0.08 and 0.12 to simplify the design
procedure.

7. The crest shapes defined in HDC 122-3 to 122-3/5 have not been
tested in the laboratory for determination of pressures and discharge
coefficients.

122-3 to 122-3/5 ;
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HYDRAULIC DESIGN CRITERIA

SHEETS 122-3/9 TO 122-3/10
LOW OGEE CRESTS
WATER-SURFACE PROFILES

45-DEGREE UFSTREAM SLOFE

1. The shapes of the upper nappe profiles for low, ogee crests are
required for the design of spillway abutment and pier heights and for the
selection of trunnion elevations for tainter gates. Coordinates for the
upper naeppe profile for sharp-crested weirs sloping U5 degrees downstream
have been determined and published by the USBR.¥ The published coordinates
apply, in a strict sense, only to the unsupported free-falling jet. When
the jet is supported, the development of the turbulent boundary layer will
influence the thickness of the jet. The jet thickness will also be affected
if the beginning of the toe curve or the tangent chute is close to the
crest. However, the published data can be used for estimating the water-
surface profile in the vicinity of the spillway crest for the design.

2. For low, ogee crests, the head is defined as,the total energy
head upstream from the spillway crest, and *he approach depth as the height
of the spillway crest above the approach chennel invert. HDC 122-3/9 shows
the relation between the design head-approach channel depth ratio

H h
<§;—g&Yj> and the approach velocity parameter <:ﬁ§‘> used by the USBR. This
W e W

chart can be used in conjunction with HDC 122-3 and 122-3/1 for selection
of the most appropriate upper nappe profile coordinates from the published
data.,

3. The published data are in the terms of the head on the sharp-
crested weir with the origin of the data at the weir crest. For design
purposes, coordinates are expressed in terms of the head on the crest with
their origin at the crest apex. The necessary conversion car be accom-
plished using the relation between the weir head and the design head

Hw = Hd * Ye

and the values of X./Hy and Y./H; given in HDC 122-3/1. HDC 122-3/10
illustrates the computations required for this conversion.

* U. S. Bureau of Reclamation, Studies of Crests for Overfall Dams,
Boulder Canyon Project. Final Reports, Part VI-Hydraulic Investigations,
Bulletin 3, Denver, Colo., 1948,
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U. S. ARMY ENGINEER WATERWAYS EXPERIMENT STATION
COMPUTATION SHEET

JOB: ES 804 PROJECT: John Doe Dam SUBJECT: Spillway
COMPUTATION : Upper Water Surface Profile
COMPUTED BY: RGC DATE: 1/6/64 CHECKED BY:___ MBB _ DATE:_1/10/64

GIVEN:
Spillway Crest
Hy=20ft
P/H, =074
d HDC 1223
hMH,= 0.08}
L 3
REQUIRED: b
Coordinates for upper nappe profile for design head (H ),
origin at crest apex.
COMPUTE:
1. Required relationships
Y /M, =0.042 (HDC 122:3/1) X v X YooY (Originat sh )
KAL) . ﬁ_ =1, ;i—' ﬁ— = 1. -H— rigin ot sharp crest
X,/H, =0.195 (HDC 122.3/%) d w Xd w Y
hu/Hw =0.076 (HDC 122-3/9) I{)S_ = 1.042 X =L, Y = 1,042 -1- + =2 (Onigin at crest
H, =H,+Y, (Definition sketch) Y R, Hy w Hw d apex)
HW Y.
~— =1+ —=14+0,042 = 1.042
Hy Hy
2. Coordinates - Upper water-surface profile
Origin at Weir Crest Origin ot Crest Apex
8)) 2 3 (4) (5) {6) (7) (8)
X/H* Y/H*+ X/H, Y/M, X/H Y/H X Y
w w d d
(1.042 x (1)) (1.042 x (2)) ((3) - 0.195)) ((4) +0.042)) (f) ()
~4.00 -0.910 ~4.168 -0.948 -4.363 ~0.906 ~87.26 -18.12
-3.00 -0.906 ~3.126 ~0.944 ~-3.321 -0.902 ~66.42 -18.04
~-2.00 -0.899 ~2.084 ~0.937 ~2.279 ~0.895 ~45.58 -17.90
-1.00 -0.881 -1.042 ~-0.918 ~1.237 -0.876 ~24.74 -17.52
0.00 ~0.760 0,000 ~0.792 ~0.195 -0.750 -3.90 -15.00
0.50 -0.580 0.5 ~0.604 0.326 -0.562 6.52 -11.24
1.00 ~0.257 1.042 ~0.268 0.847 -0.226 16.94 -4.52
1.50 0.247 1.563 0.257 1.368 0.299 27.36 5.98
2.00 0.931 2.084 0.970 1.889 1.012 37.78 20,24

*From Table 21, p. 80, Boulder Canyon report, Bulletin 3, USBR, 1948
**From Table 21, cited above, interpolated for h /H_ =0.076

LOW OGEE CRESTS
45- DEGREE UPSTREAM SLOPE
UPPER WATER~-SURFACE PROFILE

SAMPLE COMPUTATION

HYDRAULIC DESIGN CHART 122-3/10
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HYDRAULIC DESIGN CRITERIA

SHEET 122-k4
LOW OGEE CRESTS
DESIGN HEAD DISCHARGE COEFFICIENT

45-DEGREE UPSTREAM FACE

1. Discharge coefficients for low spillways with 45-deg upstream
faces have not been subjected to general laboratory investigation. How-
ever, the Bureau of Reclamation (USBR)l has published discharge coefficient
data for sharp-crested weirs and the Waterways Experiment Station (WES) has
done extensive testing on the ogee crest shape defined in HDC 111-1 to
111-2/1. The WES discharge coefficient data presented in HDC 122-1 and the
USBR data were used as a basis for the discharge coefficient curve defined
by the dashed line in HDC 122-4. This curve should serve for preliminary
design purposes and be helpful in studying the economics of low crests with
45-deg upstream faces. The discharge coefficient for design head is plotted
as a function of the approach depth-design head ratio in the chart. The
sharp flexure in the curve at a P/Hd of about O.4t indicates that the co-
efficient reduces rapidly for lower crest heights. The estimated values
should not be considered applicable for crests with toe curves set high
enough to increase the pressure cn the crest and produce a submerged
effect.

2. Study of the WES and USBR data indicates that the crest shape
defined in HDC 111-1 to 111-2/1 is about 3 percent more efficient than the
comparable sharp-crested weir. This factor was applied to the USBR data
for a 45-deg sloping weir to obtain the suggested design curve shown in
HDC 122-1,

3. Available literature indicates that the geometry of spillway
crests with 45-deg upstream faces does not usually conform to the theoreti-
cal lower-nappe profile of the free jet. In most cases that were model-~
tested, abnormal approach- and exit-channel conditions existed which
affected the spillway discharge. The Proctor Dam? type 3 spillway crest
shape closely approximates the theoretical shapes for approach depth-design
head ratios of 0.50 and 0.76. The model dats indicate that the design head
discharge coefficients were not affected by exit~channel tailwater. These
coefficients are plotted in HDC 122-4 and appear to generally confirm the
usefulness of the suggested design curve., The USBR coefficient curves for
sharp-crested weirs with vertical and 45-deg sloping faces and the WES
curve for the crest shape defined in HDC 111-1 to 111-2/1 are also shown
for comparison.

L. Pceerences.
(1) U. S. Bureau of Reclemation, Studies of Crests for Overfall Daus,

Boulder Canyon Project. Final Reports, Part VI-Hydraulic Investiga-
+ions, Bulletin 3, Figs, 15 and 21, Denver, Colo., 1948.
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(2) U. S. Army Engineer Waterways Experiment Station, CE, Spillway for
Proctor Dam, Leon River, Texas; Hydrauwlic Model Investigation, by )
E. S. Melsheimer and T. E. Murphy. Technical Report No. 2-6.45, s
Vicksburg, Miss.. March 196L,

Ly
A0
%

< ‘:‘-av- .\_3 £

PP
i

" &“*’,“‘;

%)

i o
KEVAFEE e Rt 3

e

0l

IS

122-L

(4g e

TR
Bkt

£




Ny
PrFeS

i

L

£ I g

e
-
5
L
.

™y

g

it gl

R e
(RN R

T

33

=
e D A

}i’\f:;&;:& ‘, b

¢

-

¥

T oA

5

A

-

vt

0.6

0.4

0.2

i
BASED ON SHARP- Z
CRESTED WEIR NAPPE BASED ON l
STANDARD CRESn7
90" CREST 1
FACES
45° CREST
FACEY
90" WEIR
FACE!—_ 4
i
45° WEIR f ,
FACE? 7[ [
1
V /‘
/ / / 7
/ /| //Q-succfs TED
/ / ’ DESIGN CURVE —— —
4
/ -~
]
38 3.7 3.8 3.9 4.0
c= -2
L HR
LEGEND

A WES PROCTOR MODEL TR NO 2-645
Q =DISCHARGE

M4 =DESIGN HEAD

L = CREST LENGTH

ha
/ BOULDER CANYON REPORT, FIG 15, BULLETIN 3,USBR, 1948
-~ 2 BOULDER CANYON REPORT, FIG 21b,8ULLETIN 3,USBR, i948
= 3 HOC 122-1,WES, REV I1-64

4 WES ESTIMATE

LOW OGEE CREST

PREPAREO Y U 3 ARMY ENGINEER WATERUAYS EXPEAIMENTY STATION YILRSBLAL M $3ISSIPRI

DESIGN HEAD
DISCHARGE COEFFICIENT

45° UPSTREAM FACE

HYDRAULIC DESIGN CHARY 122-4

DEFINITION SKETCH

WwES |- 68

n

> ——

.

e

TG g e AP LB B sl s e et Tt

e e NI A it e OR,

a4




HYDRAULIC DESIGN CRITERIA

SHEET 122-5
LOW OGEE CRESTS

TOE CURVE PRESSURES

1. Purpose. Experimental laboratory data indicate that toe cu-ve
pressures for low ogee crests are approximately a maximum from the third
point to the end of the toe curve. Analytical and flow net studies further
indicate that the toe curve affects the boundary pressure immediately up-
stream and downstresm from the curve. The relatively high pressure at the
end of the curve may be transmitted to the underside of the chute slabs
immediately downstream. Also, for low ogee crests the toe curve may have a
submergence effect upon the flow over the crest. Therefore, estimates of
boundary pressure relating to toe curves may be useful in studies of the
structural design of the curve, the stability of the slabs immediately
downstream, and the capacity of the spillway. HDC 122-5 can be used as
a guide in estimating the pressure distribution on toe curves for low
ogee spillways.

2. Design Criteria. The results of a Waterways Experiment Station
(WES )l semiempirical study on flip bucket and toe curve pressures for high
overflow spillways have been published and are summerized in HDC 112-7.
The study included analysis of data from five hydraulic model investiga-
tions of low ogee spillways (Gavins Point,2 Dickinson,3 Fresno,t Bonny,?
and Keyhole6 Dams). The parameters defined in HDC 112-7 were used in the
analysis. Reasonable correlation of the data for ratios of toe curve
radius-total head R/HT < 1.0 was obtained as shown in HDC 122-5. The
curves in the chart are based on HDC 112-7. For R/Hp ratios > 1.0, the
dimensionless pressure term can be expressed as hy/Hp + A(hy/Hp) where
hp/Hp is the value of the pressure parameter from HDC 122-5 and A(hp/HT)
is an additive value from the insert graph in the chart. Revision of the
curves in this chart may be desirable as additional data become available.

3. Application. The values of the parameters q/R~2gHp , afoq ,
and R/HT are computed for the design or maximum flow as the case may be.
The notation is defined in HDC 112-7 and in the definition sketch in HDC
122-5. The values of hp for o/0m of 0.0 and 0.25 to 1.00 are read
directly from the chart if "R/Hp < 1.0°. Values of A(hp/Hp) from the
chart insert should be added to the values read from the chart proper if
R/HT > 1,0 . The pressure upstream and downstream from the toe curve re-
duces rapidly to the normal hydrostatic pressure and can be evaluated by a
flow net or model study. However, an estimate of these pressures can be
obtained by graphical extrapolation of the pressure pattern of the toe
curve,

L. References.

(1) U. S. Army Engineer Waterways kxperiment Station, CE, An Iavestigation
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(2)

(3)

(4)

(6)

of Spillway Bucket and Toe Curve Pressures. Miscellaneous Paper No.

2-625, Vicksburg, Miss., February 196k.

U. S. Army Engineer Waterways Experiment Station, CE, Spillway for
Gavins Point Dam, Missouri Rive., Nebraska; Hydraulic Model Investiga-
tion. Technical Memorandum No. 2-4O4, Vicksburg, Miss., May 1955.

Beichley, G. L., Hydraulic Model Studies of Dickinson Dam Spillway.
Hydraulic Laboratory Report No. HYD-267, U. S. Bureau of Reclamation,
30 December 1949.

Ball, J. W., and Besel, R, C., Hydraulic Model Studies of the Spillway

and Outlets for the Fresno Dam, Milk River Project. Hydraulic Labora-
tory Report No. HYD-177, U. S. Bureau of Reclamation, 6 July 1945,

Rusho, E. J., Hydraulic Model Studies of the Overflow Spillway and the

Hale Ditch Irrigation Outlet, Bonny Dam, Missouri River Bagin Project.

Hydraulic Laboratory Report No. HYD-331, U. S. Bureau of Reclamation,
31 January 1952,

Beichley, G. L., Hydraulic Model Studies of Keyhole Dam Spillway,
Missouri River Project. Hydraulic Laboratory Report No. HYD-271,
U. 8. Bureau of Reclamation, 8 January 1952.
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HYDRAULIC DESIGN CRITERTA
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SHEET 123-2 TO 123-6
SPILIWAY CHUTES

ENERGY - DEPTH CURVES

1. General. The design procedure to determine the water-surface
profile in a spillway chute often employs the step method of computation.
The curve can be solv?d by use of the varied flow function., The method !
devised by Bakimeteff 1) is preferred by some engineers and the type of
profile is classified as the 53 curve. However, when the step method is :
employed, a trial-and-error procedure is normally used to resolve the '
total energy into depth ard velocity head from the equation:

2
E=d+!—
2g

where E is the energy in feet and is the difference between the energy

gradient and the bottom of the chute, d is the depth of flow and V2/2g is
the velocity head.

L ik s PN D e e TS AR

2, Energy-depth Curves. A graph with energy end depth as ordinates
and & femily of curves representing various rates of flow per unit width
(q) greatly facilitates the step method. This type of graph is not new,

3. Semple Computation, The sample computation chart (123-6) is
included only to demonstrate the application of the energy-depth curves.
Meny different arrangements of the computation form have been used. The
sample computation is carried to one-hundredths of a foot to indicate that
the last significant figure can be estimated from the energy-depth curve.
The starting station of the water-surface profile is commonly taken to
be the tangent point of the chute to the ogee. If one asgumes no energy
loss between the reservoir pool and the starting station, the initisl
energy is the difference in elevation between the reservoir and the
chute floor at the starting station. Entering the energy-depth graph with
the initial energy and the prcper discharge per unit width, the depth can
be determined. Subtracting the depth from the energy, the velocity head
1s fcund, The energy-depth curvee are then used at each successive phase
of the computation after a new energy value is determined. Reproductions

of the energy-depth curves on double size sheets are available upon re-
quest,

Rl S PSR

(1) Boris A. Bakhmeteff, Hydraulics of Open Channels (McGraw-Hill, 1932).
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WATERWAYS EXPERIMENT STATION
COMPUTATION SHEET

Job: C W-804 Project: JOHN DOE DAM Subject: CHUTE SPILLWAY
Computations: WATER SURFACE PROFILE
Computed By:_A.A.Mc. _ pqte 4-1-52 Checked By: BG. Date:__4-1-52

GIVEN: FORMULAS:
Q =/20,000cfs " 2( Ve )

5 W= 400 ft Ahs = ALl [T
& n= 0013 f 22IR
4= 100F¢ 2.
E Chute Slope = 0./0 ALn®=00/69
- § Initial Energy =280 Ft 9=Q/W=300cfs
|
b 10+50|599.25627.25 1280 |845\81119.55|355 | 34.92|0590%
o 626.66% 09089
11+50|589.25(626.34/37.41\6.78|6 56|3063\44.5 | 7257|1226
625.1/ /568
12¢50|579.25|62477 |4586\5.52|575|3994|507 | 1/13.0/ 11910
| 62286 2273
¢ \ 13+50|569.25(62250 | 5361 |535|5.21|48.26 5581 155.95|2636
6/986 2972
14+50(559.25|619.53 |606/ |500|4.88|556/ |59.82|19571 |3.308
616.22 3647
/5+50,549.25|6/ 568 66.97 |4.72|46/(6225|63.44|235 8513 966
| Lohy =11.368
, Check Energy Gradient Elev 62725
4 61588 +11.368 = 627248 Check

@)

:';F/rsf estimate of energy gradient based on Ahg from station 10+ 50
"Adjusted enerqy gradient based on average of dhr between [0+ 50 & /1 +50%

NOTATION:
d = Depth of Flow in Chute-f7
3 Energy =d+ vV ¥2g-ft
Ahf = Increment of Friction Loss-FF
AL = Increment of Chute Length-f+
n Manning's Friction Coefficient
Discharge per foot of width-cfs

Discharge-cfs
Hydraulic Radius-ft CHUTE SPILLWAYS

Velocity-Fl/sec ENERGY - DEPTH CURVES
= Width of Chute-ft SAMPLE COMPUTATION

HYDRAULIC DESIGN CHART 123-6
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REVISED 6 -37 WES 4-1-52
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HYDRAULIC DESIGN CRITERIA

SHEETS 123-7 TO 123-9
CHUTE SPILLWAY

COMPUTATION AIDS

1. The curves on Hydraulic Design Chart 123-7 to 123-9 were pre-
vared as design aids for problems similar to the one given in the sample
computation on Chart 123-6 previously issued. The first two charts
facilitate the determination of the hydreaulic radius for a given rectan-
gular chute width when the depth becomes known. Chart 123-7 is for
widths from 10 to 120 ft and Chart 123-8 is for widths from 100 to 1200
ft. The last chart enables the designer to find the velocity and the.
function V2/2.21 Rh73 after the velocity head has been computed.

123-7 to 123-9
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HYDRAULIC DESIGN CRITERIA

SHEETS 12k-1 TO 12h-1/1
CHUTE SPILLWAYS
STILLING BASINS

LENGTH OF HYDRAULIC JUMP

1. Purpose. The hydraulic jump is commonly used for energy dissipa-
tion at the end of spillway chutes. The jump may occur on the sloping
chute, on both the sloping chute and the horigontal apron, or on the hori-
zontal apron, depending upon teilwater conditions. In each case it is nec-
essary to determine the length of the stilling basin walls required to con-
fine the jump. HDC 124-1 can be used tr estimate jump lengths when excess
tailwater forces the jump to occur entirely on the chute slope., HDC l2h-l/i
is applicable when the length of the jump spans the intersection of the
sloping chute and the horizontal apron.,

2. Laboratory Investigation. Laboratory experiments on the hy-
draulic_jump on sloping aprons have been conducted by Bakhmetefﬁ and
Matzke,l Kindsvater,?® Lin and Priest,3 and Bradley and Peterke.'>? Diffi-
culty has been found in correlating the results of various investigations
of length of a jump on a sloping floor., The apparent reason for this is
differences in the &efinition of the jump length used by the investigators.
Bradley and Peterka* define the end of the jump as "The point where the
high velocity jet begins to 1ift from the floor, or a point on the tail-
water surface immediately downstream of the surface roller, whichever
occurs farthest downstream." Bradley and Peterka's jump-length curves
have been reproduced as HDC 12k-1 and 124-1/1 and are recommended for de-
sign purposes because of the extensiveness of the tests compared with those
of other investigators. The experimental date points have been omitted
from the charts to simplify their use. Data points for existing basins
with sloping aprons are plotted in HDC l2h-l/1 and show good agreement with
the curves. These ppints, selected from project tabulations published by
Bradley and Peterka,”’ are limited to those cases where the locations of
the jumps are dimensionally defined.

3+ The length L of the jump in terms of the theoretical depth
for zero slope is plotted as a function of the entering Froude number P
in HDC 124-1, Jump-length curves for continuous slopes of 0.0 to 0.33 are
given. The tailwater depth d) required for the jump to occur completely
on the sloping apron is shown by the insert graph.

4, For noncontinuous slopes, the length Ly of that ,ortion of the
Jump occurring on the slope is given as a function of the tailwater depth
TW in HDC lEh-l/i. The theoretical depths 4, for the horizontal apron
jump have been used to develop the dimensionless curves for apron slopes
of 0,05 to 0,33.

124-1 to 12h4-1/1
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5. Application, HDC 12k-1 and 124-1/1 can be used in the following ~

manners i%w/)

a. Continuous Slope. Compute the Froude number of the entering
flow and the theoretical depth d, for the jump on & hori-
zontal floor. The latter can be estimated from HDC 112-3 or
112-l and 112-5. From the insert graph in HDC 124-1, deter-
mine the tailwater depth 45 for the slope of interest,

This depth locates the end of the jump., From the chart
proper determine the jump length for the entering Froude
number and the chute slope. Locate the toe of the jump using
the computed tailwater depth db and jump length L . Check
the Froude number at the toe of the jump against the Froude
number computed for the entering flow and repeat the computa~
tions if necessary.

b. Noncontinuous Slope. For a noncontinuous slope, the pro-
cedure is similar to that for continuous slopes. If the
existing tailwater depth TW is less than the d} obtained
from the insert graph in HDC 124-1 but greater than the
theoretical depth ds , the hydraulic jump will occor partly
on the slope and partly on the horizontal apron., The length
of the portion of the Jjump on the slope is readily determined
from HDC 124-1/1, The computed length Ly locates the toe
of the jump, If the Froude number used in the computation
does not approximate that existing at the toe of the jump, {Tﬁ\

the computations should be repeated using the new Froude
number at the toe of the jump. Bradley and Peterka suggest
that the jump length curves given in HDC 1241 for continuous
slopes are also applicable, with negligible error, to non-
continuous slopes.

6. References,

(1) Bakhmeteff, B. A., and Matzke, A. E., "The hydraulic jump in terms of
dynemic similarity.” Transactions, American Society of Civil Engi-
neers, vol 101 (1936), pp 630-680.

(2) Kindsvater, C. E., "The hydraulic jump in sloping channels." Trans-
actions, American Society of Civil Engineers, vol 109 (1944), pp 1107-
1120,

(3) Lin, Kuang-ming, and Priest, M. S., The Hydraulic Jump Over a Plane
Inclined Bottom. Alabamas Polytechnic Institute, Engineering Experi-
ment Stetion Bulletin 30, April 1958.

(4) Bradley, J. N., and Peterkas, A. J., "Hydreulic design of stilling
basins: stilling basin with sloping apron (basin V)." ASCE Hydraulics
Division Journal, vol 83, HY 5 (October 1957), pp 1-32.

(5) U. S. Bureau of Reclamation, Hydraulic Design of Stilling Basins and
Bucket Energy Dissipators, revised July 1963, by A, J. Peterka. , \
Engineering Nonograph No. 25. ! )
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HYDRAULIC DESIGN CRITERIA

SHEETS 140-1 TO 140-1/8
MORNING GLORY SPILIWAYS

1. Background. Morning glory or shaft spillways utilize a crest
circuler in rlan. The outflow is carried by a vertical or sloping shaft to
a horizontal tunnel at approximately streambed level. The capacity of the
morning glory spillway is limited by the size of the circular crest that
can be fitted to the topography and by the head on the crest. Under vari-
ous hydraulic conditions, the flow may be controlled by the crest, the
throat, or the friction of the entire system flowing under pressure. A
recent design of the USBR includes an inclined shaft witlz 3, vertical bend
at the bottom that has a radius five times the diameter.(2) The USBR recom-
mends that the horizontal tunnel of morning glory e?é’)tlwa.ys be designed to
flow only 75 percent full to eliminate instability.

2., laboratory Investigation. Laboratory investigations by
Caump, (3,4) Wagner,(gf Tazzari,(5) and others on flow over circular sharp-
crested weirs have been used as the basis for design of morning glory
spillvays. The most complete study was that made by Wagner on a 20-in.-

diameter weir. The results of this study have been used for the develop-
ment of HD3's 140-1 to 140-1/8,

3. Design Discharge. Morning glory spillways are generally designed
for crest control or free-flow corditions. Iaboratory tests indicate that
submergence begins to affect the éischarge when the ratio of the head to
veir radius is greater than 0.45. The discharge may be determined by a
wodified weir equation:

Q = ¢ (2nR) Hg/a

vhere

Q = discharge, cfs
C = discharge coefficient
R = radius of sharp crest, ft
Hy = design head on spillway crest, ft

HDC 140~ permits a preliminary estimate of the discharge-head-radius re-
lation for deep approach and free-flow crest conditions. The discharge
curves on this chart are for head-radius ratios of 0.20, 0.30, and 0.40.

4, The experimental discharge coefficients are for the head on the
circular, sharp-crested weir. Discharge coefficient ?gsves for design head
on the spillway crest have been published by the USBR and are reproduced
in HDC 140-1/1 for use with the equation given in paragraph 3. Curves for

140-1 to 140-1/8




three approach depth conditions are shown. {\”;)

5. Crest Shape. HDC's 1&0-1/2 to 140-1/5 present dimensionless
crest profiles and coordinates in terms of the head on the sharp crest.
Tabulations are included for ratios of head to weir radius of 0.2 to 2.0
and ratios of approach depth to radius of 2, 0.30, and 0.15. The ratio
of head (Hg) to weir radius (R) is required for uig of these charts. This
relation can be determined from a USBR design eid ) reproduced as
HDC 140-1/6.

6. Crest Shape Equations. Equaticus of the lower surface of the
nappe have been determined for a lim!t.d number of conditions. The con-
verging flow over the crest results .n complex equations for morning glory
splllway crest shapes. Upstream and downstream quadrant shape equations
for three approach depth conditions and for three ratios of head to radius
for each depth are given in HIC 1&0-1/7. The equations are considered
adequate for defining crest shapes within the limits indicated on the chart.

T. Transition Shape. The crest shape 1s generally connected to the
vertical shaft by a transition section. A procedure whtgs can be used for
transition shape design has been published by the USBR.

8. Application Procedure. HDC 140-1/8 is a sample computation 1l-
lustrating the use of HDC's 140-1/1 to 140-1/7 in morning glory spillway
design. In this computation the horizontal tunnel was considered as
flowing T5 percent full. {“‘\)

9. Design Factors. A number of problems encountered in the design
and operation of morning glory spillwayr have been reported.(1:2:6:7§ In
the design of these structures the engineer is sometimes concerned with
flow regulation by crest gates. Inform.tion may also be required on dis-
charge coefficients and crest pressures for less than design flow and pos-
sible effects of adjacent topography on ~adial flow to the crest. There~
fore, in some cases a mcdel study may be vequired before selection of the
final design.

10. References.
(1) Avecasis, F. N., "The behavior of morning glory shaft spillways."

JAHR, Proceedings of the Sixth General Meeting, The Hague, 1955,
vol 3, pp C8-1-C8-10,

(2) Bradley, J. N., "Prototype behaviur," in "Morning glory shaft spill-
ways: A symposium." Transactions, swerican Society of Civil Engi-
neers, vol 121 (1956), pp 312-3ikL.

(3) Camp, C. S., Determination of Shape of Nappe und Coefficient of Dis-
charge of a Vertical Sharp-crested Weir, Circular in Plan with Radi-
ally Inward Flow, State University of Iowa thesis, 193T7.

{#) Camp, C. S., and Howe, J. W., "Pests of circular weirs." Civil
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{j (5) lazzari, E., "Ricerca sperimentale sullo sfioratore a pianta
circolare." L'Energia Elettrica (November 1954), pp 838-840.
“ (6) Peterka, A. J., "Performance tests on prototyr~ and model," in
& "Morning glory shaft spillways: A symposium." Transactions, Amer-
ican Society of Civil Engineers, vol 121 (1956), pp 385-k09.
; (7) U. S. Bureau of Reclamation, "Tests on preliminary designs of spill-
veys," in Model Studies of Spillways. Boulder Canyon Project Final
- Reports, Part VI, Hydraulic Investigations, Bulletin 1 (Denver, Colo.,
= 1938), Chapter II.
(8) , Design of Small Dems, 1st ed. 1960.
(9) Wagner, W. E., "Shaft spillways: determination of pressure-controlled
E profiles." Transactions, American Society of Civil Engineers, vol 121
£ (1956).
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DEFINITION SKETCH

DISCHARGE (Q) - CFS

EQUATION

Qe=Cc@mRr)H, 2

WHERE.
Q = DISCHARGE, CFS
C = DISCHARGE COEFFICIENT
R =RADIUS OF SHARP CREST, FT
H, *DESIGN HEAD ON SPILLWAY CREST, FT

MORNING GLORY SPILLWAYS

DEEP APPROACH ~CREST CONTROL
DESIGN DISCHARGE

HYDRAULIC DESIGN CHART {40~}

PATPARED OY 1 § ARNY ENGINEEN BATERWAYLE STATION

WES 10-61
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0.0 | i |
1.0 1.4 L8 22 2.6 3.0 34 3.8 4.2
DISCHAKGE COEFFRICIENT ~C '

NOTE. CURVES ARE TAKEN FROM USBR DES|GN OF
MA AMS AND ARE BASED ON WAGNER'S
DATA FOR FULLY AERATED FLOW OVER A

EQUATION SHARP - CRESTED WEIR,
DASHED CURVES ARE BASED ON EXTRAPOLATED
Q=c(2nr)H 2 VALUES OF H, /R (CHART 140~ 1/86). :

P £T,
WHERE: P« APPROACH DEPTH TO SHARP CREST, FT :

Q DISCHARGE, CFS.

C =DISCHARGE COEFFICIENT.

R *RADIUS OF SHARP CREST, FT

Hy = DESIGN HEAD ON SPILLWAY
CREST,FT

MORNING GLORY SPILLWAYS

DISCHARGE COEFFICIENT
DESIGN HEAD

: HYDRAULIC DESIGN CHART 140- (/1

e PREPARED BY U § ARMY ENGINEER SATLARAYS EXPERMENT STATION VICKEBURG MISSIS3IPP) WLS 10-61
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NOTE: % 2 2,NEGLIGIBLE vELOCITY
OF APPROACH. NAPPE AERATED.

MORNING GLORY SPILLWAYS
LOWER NAPPE PROFILES
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f‘ ( i DEFINITION SKETCH HYDRAULIC DESIGN CHART (40~1/2

TAPEO SY U $ AAMY ENGINTER FAYERWAYS EXPERIENT STATION VICKSBURQ WISSIISIrs WES i0-81




%‘- 0 0% 040 050 060 100 150 200
“i‘ —;’—’ FOR PORTION OF PROFILE ABOVE WEIR CREST
0000 00000 00000 0 0000 00000 00000 00000 0 0000 00000
i 010 0133 0128 o2 0116 o112 0095 0077 0070
E, 620 0250 0236 0225 0213 0202 0159 ons 0090
5 030 0350 0327 0308 o289 0270 o158 0126 0085
040 0435 0403 oam 0351 o324 0220 ony 0050
050 0506 o7 0436 0802 0368 0226 0092
060 0870 o5t 0489 osg 0404 0220 0053
070 0627 0584 0837 0487 0432 0201 0008
080 o677 0630 0578 021 045§ o
090 o2 0670 0613 o549 047t o135
100 o762 o708 0642 0570 o482 0089
120 0826 o788 0663 0536 0463
140 0872 o192 o708 0899 0460
160 0308 0912 ono 0sas 0418
180 0927 0820 0708 0889 0361
200 0938 0819 0668 0821 0292 -
250 0926 o 0596 0380 0088 .
300 0850 0668 ous 0174 '
350 0750 0840 0280 -~
] 400 0620 0365 0060 <
: 40 0450 0170 N
ﬁ 500 0250 \
850 0020 \
600
: 650
-‘-‘Y: Tf:son PORTION OF PROFILE BELOW WEIR CREST
, 0000 0854 0487 o413 03m4 0262 0116 0070 0048 ;
‘ - 020 92 526 a2 369 293 145 096 o
- - 040 27 563 87 400 320 165 185 oe8
! - - 060 660 596 519 a2 342 182 129 100
4‘ - 080 692 628 549 e 363 197 140 10
- !& } - 100 22 657 577 o8 301 210 150 118
1 e’ - 1% 793 725 641 st a2 28 170 Va2
- 200 860 7% 698 515 ase 260 184 144
- 2% 919 a7 750 63 40 260 196 153
- 300 976 900 797 648 s18 29 206 160
- 1079 1000 830 706 562 a2 220 168
- 500 1172 1087 951 753 598 42 232 m
- 600 1260 1167 1012 793 627 59 240 179
- 800 a2 1312 1112 8s4 673 364 25 184
-1 000 1564 1480 1189 899 70 02 260 180
-1 200 1 691 1 553 1 248 Y 729 o7 266
-1.400 1608 1653 11293 93 760 a3
-1600 1918 17402 1330 %8 760 a0
-1 800 2024 1621 1358 1008 797 -
-2 000 2126 16891 1381 1025 810
2500 2384 2027 1430 1059 838
-3.000 2559 219 1468 1086 853
-3 500 2749 2 1489 1102 7~
-4 000 2914 2201 1 500
-4 500 2083 2220 1509
-5 000 3178 2221
-5 500 3204 2229
6000 3405 223
NOTE NEGLIGIBLE VELOCITY OF APPROACH MORNING GLORY SPILLWAYS
NAPPE AERATED TABLE BY WAGNER,
IEANSACTIONS. ASCE, 1968 LOWER NAPPE SURFACE COORDINATES
P/R22
- HYDRAULIC DESIGN CHART 140-1/3
3 WES 10-61
5] > ,
PREPARED SY U § ARMY ENGINCER WATERWAYS K APERIMENT STATION VICKSOURS MiSSIB3IPPL




i = 020 0.30 040 050 060 080
5y X L. FOR PORTION OF PROFILE 7
5 W W LE ABOVE WEIR CREST
o 0.000 00000 0 0000 00000 0 0000 00000 0 0000
&, 010 0130 0130 0120 018 ono 0100
5 020 o248 0240 0228 0195 0180 0170
" 0% 00 03% 10300 0270 0240 0210
5 40 oa1s 0%0 6368 020 0288 0240 ;
¥ 050 0498 0435 0420 0370 0328 0248
%& 080 0360 0508 0460 0405 0380 0250
i 070 0810 0550 0500 0440 0370 0248
! 080 0660 0890 0830 0460 035 0238
N 030 0708 0623 03%0 0480 0390 021
100 0740 0660 0573 0500 0298 0190
120 0800 0708 0600 0510 0380 0z
140 0840 o738 0818 0815 03585 0020
160 0870 0750 0610 0800 0310
1. 00 o88s o188 0600 0478 0250
% 200 0088 o748 0875 0438 0180
: 2% 0858 0685 0480 0270
£ 30 070 0580 0300 o080
>, 3% 0660 0428 0150
. : «0 0498 0240 \
3 4 a0 0300 028 \
- - .
B 3 o \
4 4
? £
- 3 {: -”;‘: FOR PORTION OF PROFILE BELOW WEIR CREST
g 0000 0519 0408 0384 0310 02 0144
< 4 - 020 880 93 23 33 2n 174
’% 3 .00 98 s%2 ass 36 200 198
3 - 060 3] 567 494 08 324 220
. - - 080 7N 600 s22 s 43 2:
A ) - 100 893 631 82 456 *s 254
e - 150 760 204 618 510 412 2%
3 - 200 a3 763 617 55 st 0y
iy - 2% ) a b 99 3 ] H
' - 300 953 880 ”m 634 810 2 '
- a0 1060 981 867 62 556 398 '
- 800 1186 1072 938 743 s 4
- 600 ' 242 1183 1 000 70 827 “s
- 800 14 ] 1100 845 672 )
-1 000 154 143 1180 892 707 504 :
“ 200 1 680 1543 1240 9% Y 524
-1 00 1800 1647 1267 959 757 540
-1 600 1912 1740 1323 983 ”m 581
-1 800 2018 1821 1383 1 008 797 560
-2 006 210 1892 1 380 1022 810 569
-2 500 2381 2027 1428 109 837
3000 2857 213 1464 v Gt 852
3500 2148 2167 1 489 1099
-4 000 291 2200 1499 - N
-4 500 3082 2217 1 507 '
{ -5 000 317 2223 i
-5 500 32% z228 {
-5 000 3400 J i
|
1
i
!
:
NOTE APPRECIABLE VELOCITY OF APPROACH MORNING GLORY SPILLWAYS
RAPPE AERATED TABLE BY WAGNER,
TRANSACTIONS ASCE. 1956 LOWER NAPPE SURFACE COORDINATES
P/R=0.30
HYDRAULIC DESIGN CHART 140~1/4 i
( ) WES 10 - 61
W
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ARG SR oy

= 020 0o ox 0% 060 080
%‘; },’-‘- FOR PORTION OF PROFILE ABOVE WEIR CREST :
4 0000 00000 00000 00000 0 0000 00000 0 6000 |
b oto 0120 018 0110 0108 0100 0090 ¢
':; 020 0210 0198 0185 0170 0160 0140 !
- 030 0288 0288 0230 o228 0200 0168
040 0348 0328 0300 0268 0230 0170
[: 050 0408 0378 0348 0300 0250 0170
8 060 L0480 0420 0380 0330 0265 o165
s 070 0498 (.70 cAt0 0350 0270 0150
080 0528 488 0438 0368 0270 0130
080 0380 o810 0488 070 0265 0100
100 0890 0538 0435 0378 0285 0088 |
120 0630 0870 0480 0368 0220 :
240 0880 os8s 0478 0345 0178
160 0670 0590 0480 0308 o110
180 0675 0580 0435 0260 0040
200 0870 0560 0395 0200
250 0618 0470 0268 0018
300 0820 0330 0100
3850 0380 otes
400 ®10 N
4% 0015 N\
\ N
s 500 \
5%
: - - FOR PORTION OF PROFILE BELOW WEIR CREST ;,
B . ¥ s 13
‘&‘ 3 © 000 04s4 0392 0.328 0253 018 0118
: 4 - 020 499 Ay 389 2% 228 19
, - 040 840 an a7 s 2% 174
y - 060 578 16 “s RI") 208 198
i - - 0% s 589 a8 388 3o us
1 } - 100 850 s 806 “2 m 228
-.180 26 060 8T 480 s 263 '
o -.200 798 729 €39 516 43 29
- 250 202 7% 652 887 “s 319
- %0 922 .3 741 594 e 2
3 - 400 1,029 97 028 6s6 523 8t
’;: - 800 1,428 1040 902 70 87 H
:: - 600 1220 1129 967 758 801 It
- 800 1 380 1285 1 080 [*Y) 658 mn
-1.000 1825 1420 1164 878 696 4
-1 200 1,65 1597 1228 97 728 )
-1 400 1780 1.6% 1218 949 %0 s
-1.600 1897 1729 1316 978 ™ s
-1 800 2009 1809 1347 ey 787 583
2000 2104 1879 1372 1043 801 60
2,800 2340 2017 1423 1 043 827
-3 000 25% 2108 1487 1073 840
~3 500 270 2158 1418 1 088
-4,000 2904 2160 1487 =
’ «4 500 3048 219 149
! -5 000 3169 220
i ; -5 500 2286 2210
-6 000 326
NOTE APPRECIABLE VELOCITY OF APPROACH MORNING GLORY SPILLWAYS ¢
NAPPE AERATED TABLE BY WAGNER,
TRANSACTIONS, ASCE, 1556 LOWER NAPPE SURFACE COORDINATES
P/R=0.15
HYDRAULIC DES'GN CHART 140-1/5
( 4 WES 10-6i
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NOTE P =DEPTH OF APPROACH TO SHARP CREST
R wRADIUS OF SHARP CREST.
Hg» DESIGN HEAD ON SHARP CREST
Hy e DESIGN HEAD ON SPILLWAY CREST
CURVES ARE TAKEN FROM USBR DESIGN OF
SMALL DAMS
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U. S. ARMY ENGINEER WATERWAYS EXPERIMENT STATIONM
COMPUTATION SHEET

Jos CW 804 PROJECT John Doe Dam SUBJECT __ Morning Glory Spillway
COMPUTATION Spillway Design
COMPUTED BY___ CWD DATE __6/14/61  CHECKED BY ___ MBB DATE __ 6/30/61

GIVEN:
Design dischorge {Q) = 10,000 cfs
Design head (H,) = 10 ¢
Approach depth (P) 22 R
Conduit to be designed for free flow

REQUIRED: CREST PROFILE
Spillway shape with minimum crest radius p l
E COMPUTE: l |~ conourr
1. Crest radius required to pass design discharge.
E’ Atsume R« 164 ft
E Hy 1o
— N - ,6‘
n?; R 14 0
‘ H
For £-061 and %z 2
C = 3.08 (HDC 140-1/1)
Q=C(2nR) H3/2
= 3,08 x 6,28 x 16.4 x 103/2
= 10,030 cfs*
2. Ratio of head on weir to crest radius (H /R)
H
d P,
For R 0.61 and R 2
Hl
- = 1,047 (HDC 140-1/6)
Hy
H, = 1.047 x 10 - 10.47 &
H
« 10.47
— ——— g {J, i o / .
R~ Ted 0.64 (Partial submergence, 0.45 < H,/R< 1.00)
3. Crest profile for H /R = 0.64 by interpolation from table on

HDC 14014,

*{f computed discharge does not closely approximate design discharge, as-
sume new radius and repeat computation.

Py

MORNING GLORY SPILLWAYS

SPILLWAY DESIGN
SAMPLE COMPUTATION

HYORAULIC DESIGN CHART 140-i/8

PREPARED SY U § ARWUY CNGINEER SATEREAYS C Y STATION WES 10~ 0
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HYDRAULIC DESIGN CRITERIA

SFEETS 211-1 TO 211-1/2
SLUICE ENTRANCES FIARED ON FOUR SIDES

PRESSUPE-DROP COEFFICIENTS

1. Purpose. The objectives in sluice entrance design are positive
pressures at all flows to preclude cavitation, smoothly varying pressures
to minimize entrance losses, and small size for stop-log closure, Hy-
draulic Design Charts 211-1 to 211-1/2 glve pressure-drop date for sever-
al shapes of entrances to rectangular sluices.

2. Theory., The pressure drop (Hd) from the reservoir surface to

any point on the pressure gradient for an entrance curve can be ex-
pressed as a function of the velocity head in the conduit proper:

H, = c(v®/2g)

where
Hd = pressure drop, ft
C = dimensionless pressure-drop coefficient
V = average velocity in conduit proper, fps.

3. Experimental Data. The pressure date on Chart 211-1 to 211-1/2
were obtained from tests conducted at the Waterways Experiment Station
under CW 802, Conduit Intake Model Tests.* The laboratory test section
represented & prototype sluice 5.67 ft wide by 10 ft high (h/w = 1.765)
with the elliptical and combination elliptical entrance curves shown on
the charts. The value of D in the curve equations is equal to the
conduit height for the top and bottom curves and the conduit width for
the side curves. The Pine Flat prototype data¥** shoim on Chart 211-1/2

* Entrances to Conduits of Rectangular Cross Section; Investigation of
Entrance Flared in Fou~ Directions. U. S. Army Engineer Waterways
Experiment Station, CE, TM 2-423, Report No. 1, Vicksburg, Miss.,
March 1956.

¥¥  Vibration, Pressure and Air-Demand Tests in Flood-control Sluice,
Pine Flat Dam, Kings River, California, U. S. Army Engineer
Waterways Experiment Station, CE, Miscellaneous Paper No. 2-75,
Vicksburg, Miss., February 1954, and subsequent unpublished test
data.

211-1 to 211-1/2
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are for a 5-ft-wide by 9-ft-high (h/w = 1.80), horizontal sluice with T
ellipitical entrance curves at the 20-on-l sloping upstream face. These k )
data are averages obtained for 14 pool elevations between 113 and 302 ft S

above the sluice center line.

L. The CW 802 data are from lsboratory tests in which the dis-
charge was closely controlled. The Pine Flat prototype data are based
on a discharge curve developed from stream measurements. The pressure-
drop coefficients are sensitive to small inaccuracies in discharge, and
the discrepancy between the laboratory and prototype data is attributed
to such small inaccuracies. A 2 per cent adjustment in the basic dis-
charge date would result in close agreement.,

5. Sluice Entrance Pressures. The dimensionless pressure-drop
coefficients given on Charts 211-1 to 211-1/2 can be used to compute
the pressure gradient elevations for the given entrance shapes, The
pressure gradient for any combination of pool elevation and discharge
then can be compared with the entrance profile to determine the pres-
sures on the entrance surfaces. The elliptical shape should normslly
be used, but for high dams with insufficient back pressures use of the
longer combination elliptical curve may be necessary to prevent occur-
rence of negative pressures,

211-1 to 211-1/2
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&
WHERE :
C = PRESSURE-DROP COEFFICIENT

Hg" PRESSURE DROP FROM POOL IN FT

V = AVERAGE VELOCITY IN CONDUIT
PROPER IN FT PER SEC

NOTE:

RESULTS BASED ON CW802
TEST DATA (h/wel.768).

O« DIMENSION OF CONDUIT IN DIRECTION
CONCERNED IN FT

L= DISTANCE ALONG CONDUIT INFT
h = HEIGHT OF CONDUIT PROPER
w = WIDTH OF CONDUIT PROPER

P.T.

SLUICE ENTRANCES

PRESSURE-DROP COEFFICIENTS
ELLIPTICAL SHAPE

HYDRAULIC DESIGN CHART 211-1
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BASIC EQUATION
co—4-

%

C = PRESSURE-DROP COEFFICIENT
Hy® PRESSURE DROP FROM POOL,FT

V s AVERAGE VELOCITV IN CONDUIT
PROPER, FT PER S

NOTE:
RESULTS BASED ON ES802
TEST DATA(h/w=l.765).

D= DIMENSION OF CONDUiT IN DIRECTION
CONCERNED,

L® DISTANCE ALONG CONDUIT, FT
h= HEIGHT OF CONDUIT PROPER,FT
W= WIDTH OF CONDUIT PROPER, FT

‘\,1\-%;+aﬁ-o—)l-l

SLUICE ENTRANCES

PRESSURE-DROP COEFFICIENTS
COMBINATION ELLIPTICAL SHAPE

HYDRAULIC DESIGN CHARY 211-1/1
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HYDRAULIC DESIGN CRITERIA

SHEETS 212-1 TO 212-1/2

GATE SLOIS

e R st g X
AR Pt 2R 3
AR e

PRESSURE COEFFICIENTS

e
e

<
7o

Bl

1. Background. Flow past gate slots results in & decrease in pres-
sure on the conduit walls immediately downstream from the slot. Cavita-
2 tion erosion can occur downstream from the slot when high-velocity flow is
,é accompanied by insufficient pressure in the general region. One of the
A variables involved is the ratio of the slot width to depth. Another im-
ff3 portant variable is the conduit geometry downstream from the slot, Unde-
bt sirable pressure conditions on the conduit walls can be improved to some
Y degree by offsetting the downstream edge of the slot and returning gradually

N to the original conduit wall alignment.

T

Q; 2. Basic Data. Hydraulic Design Chart 212-1 presents pressure coef-
2 ficients for rounded corner gate slots with a width-depth ratio equal to
2.1, Similar data for a ratio of 1.8 ars presented in Chart 212-L/1 for
e slots with the rounded downstream corners combined with a 1:12 taper to the
S original conduit aligmment. The coefficients shown were computed using

33 the equation

Ry e TR

E Gy

where

i
S

TR

o

H, = pressure difference from reference pressure, f%

C = pressure coefficient ;

Hv = conduit velocity head at reference pressure station, ft

L; The reference pressure station noted above is shown in the definition
=3 sketch in each chart. The coefficients shown in the charis result from
e U. 8. Army Engineer Waterways Fxperiment Shation (WES) luboratory tests
made on l-to-6-scale models o, gate slot designs for Bril Shoals Dam.l

3. Chart 212-1/2 presents coefficients for computing the minimum
pressure in and downstream from square-edged slots with ratios of width
to depth ranging from 0.5 to 2.5, The chart is based on tests by the
U. S. Bureau of Reclamation (USBR)Q with supporting data by Spengo.3 The
USER tests also included study of the effects of rounding the upstream
corner of the gate slot, decreasing the downstream wall convergence rate '
to 1:24 and 1:36, and using convergences shaped to circular arcs. Round- {
ing of the upstream corner of the slot appears to have little effect :
on the pressures in or near the slot unless the rounding is appreciable,

——
ot

S 212-1 to 212-1/2
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In this case expansion of the flow into the slot can result in greater -
downstream flow contraction accompanied by greater pressure reduction on i\wy)
the downstream walls. Changing the downstream convergence rate to 1l:2k

and 1:36 effects a downstream movement of the minimum pressure location

with no appreciable pressure changes. The USBR tests also showed that
convergences shaped to circular arcs are hydraulically superior to those

formed by tangents.

L., The coefficients shown in Charts 212-1 through 212-1/? are
based on mean plezometric measurements and do not reflect local pressure
fluctuations caused by turbulence in the flow. It is suggested that the
minimum computed pressure be limited to at least atmospheric pressure
to reduce the possibility of cavitation in the prototype. Prototype data
from electric pressure transducers are needed for firm criteria.

5. Design Criteria. Charts 212-1 through 212-1/2 should be used
as guides for estimating minimum pressure conditions in the vicinity of
gate slots for full tunnel flow. The rounding of the upstream edge of
the gate slot shown in the charts can be eliminated with no apparent
adverse hydraulic or structural effects. The 1:12 downstream taper shown
in Chart 212-1/1 has been generally adopted for design and found satis-
factory. In practice, the radius of the downstream corner of the gate
slot has been appreciably decreased over that shown in the charts to
reduce gete span and slot depth, thereby effecting savings in costs.
Bxperience indicates that for part-gate operation cavitation erosion
mainly occurs 6 to 8 in. downstream from the beginning of the 1:12 taper —
rather than at the end of the taper, as inferred from Chart 212-1/1, 1If (\ )
the gates are to be operated appreciably at part-gate openings under high
heads, consideration should be given to using stainless steel for the
first 6 to 8 in. of the taper. The design criteria above is recommended
for high head structures. The simpler gate slot design given in Chart
212-1 stiould be adequate for low heads when the conduit back pressure
results in & minimum computed average local pressure approximating at-
mospheric vpressure.

. Relsrences.
(1) U. ., Army Sngineer Waterways Experiment Station, CE, Model Studies
of Conduits ond Stilling Basin, Bull Shoals Dam, White River,
Arkansas, Technical Memorandum No. 2-234, Vicksburg, Miss., June 19L47.

(2) Ball, J. W., "Hydraulic characteristics of gate slots." ASCE
Hydraulics Division, Journal, vol 85, HY 10 (October 1959), pp 81-11k.

(3) Spengo, A., "Cavitation and Pressure Distribution at Gate Slots."
M.S. thesis, University of Iowa, Iowa City, June 1949.
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TYPE | GATE SLOT (REFERENCE 1)

NOTE! X/W =RATIO OF DISTANCE FROM
DCWNSTREAM EDGE OF SLOT TO
EQUATION WIDTH OF SLOT

Hq=CHy

WHERE:
Hy = PRESSURE DIFFERENCE FROM
REFERENCE PRESSURE,FT

¢ = PRESSURE COEFFICIENT

Hy = CONDUIT VELOCITY HEAD AT
REFERENCE PRESSURE STATION,FT

GATE SLOTS

’\ } HYDRAULIC DESIGN CHART 212~1

REV 1-88
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TYPE 2 GATE SLOT (REFERENCE 1)

EQUATION
Hg®CHy
WHERE

Hg = PRESSURE DIFFERENCE FROM

REFERENCE PRESSURE,FT

C = PRESSURE COEFFICIENT

Hy = CONDUIT VELOCITY HEAD AT
REFERENCE PRESSURE STATION,FT
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Hy = CONDUIT VELOCITY HEAD AT
REF CRENCE FRESSURE STATION,FT

GATE SLOTS
WITHOUT DOWNSTREAM OFFSET

PRESSURE COEFFICIENTS
EFFECT OF SLOT WIDTH-DEPTH RATIO

A
( } HYDRAULIC DESIGN CHART 212-1/2

WES 10-61

YU $ ARWY VATERWAYS €. STATION REF 1-68

o - v




I L o e S Uit S AN SRR S e 4
E

HYDRAULIC DESIGN CRITERIA

SHEET 221~1
CONCRETE CONDUITS

INTAKE LOSSES

E 1., Chart 221-1, The chart presents intake losses determined from
model and prototype investigations of single, double, and triple inteakes.
It is only appliceble to conduits flowing full.

2. Theory. For design purposes intake losses include irashrack,
entrance, gate~-slot, transition, and friction losses throughout the intake

section. The total intake loss expressed as a function of the velocity
head in the conduit proper is

hy = K, (V2/2g)

where

h = intake loss, ft

dent upon the conduit being of sufficient length to permit a uniform fric-
tion gradient to be established based on fully developed turbulence. The

intake loss is the total availsble head minus the velocity head and the
i friction loss of the conduit,

e
! ) ) Ke = loss coefficient
3 % ( V = average velocity in conduit proper, ft/sec
: 2 g = acceleration due to gravity, ft/sec2
é g 3. Accurate experimental determination of intake losses is depen-
3 §
!

L, Basic Data., Chart 221-1, which summarizes the best available data, i
1 was developed from results of model and prototype investigations of con-

k. duits of sufficient length for turbulence to become fully developed. The
data selected from model and prototype investigations for use in determining
intake losses for the three types of intakes are described below.

a. Single intake, The Pine Flat Daml data used are prototype 4
presgures observed in a rectangular concrete conduit, Other
data® were obtained during a laboratory study of the effect
of artificial stimulation of the turbulent boundeary layer in
a rectangular conduit conducted under Corps of Engineers
Engineering Studies Item 802, Conduit Intake Model Tests.
The laboratory intake section contained no gate slots. Data
concerning the effects of gate slots on intake losses were

221-1
Revised 1-64
Revised 7-T71
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obtained in special tests made during the Bull Shoals -
Dam3 model study; the data indicate that these effects { /)

£

R

gf are negligible, S
%f b. Double intake. Prototype pressure data were gbtained at

g Denison¥ and Fort Rendall Dams.’ The Denison® and Fort

%ﬁ | Randall’ models were built to a scale of 1 to 25, The

§ frictior losses in the Fort Randall model appeared normal.

2 Those in the Denison model appeared excessively low. How-

ever, the relation between model and prototype intake losses
is consistent.

c. Triple intake, The Tionesta mode18 data are the only known
i date resulting from a study of a triple inteke to a conduit
‘ of sufficient length to permit turbulence to become fully
developed.

5« References.

(1) U. S. Army Engineer Waterways Experiment Station, CE, Vibraticn,
Pressure and Alr-Demand Tests in Flood-Control Sluice, Pine Flat Dam,
Kings River, California, Miscellaneous Paper No, 2-75, Vicksburg,
Miss., February 195k,

(2) s The Effect of Artificial Stimulation of the Turbulent
Boundary Layer in Rectangular Conduits., Miscellaneous Paper No. o~
« 2-160, Vicksburg, Miss., March 1956. (‘

(3) s, Model Studies of Conduits and Stilling Basin, Bull Shoals "
Dam, White River, Arkansas, Technical Memorandum No, 2-234, Vicksburg,

Miss., June 1947,

A T TN

Ane

(4) , Pressure and Air Demand Tests in Flood-Control Conduit,
Denison Dam, Red River, Oklshoma and Texas, Miscellaneous Paper
No, 2-31, Vicksburg, Miss., April 1953,

bﬁ‘
5
1

(5) , Flow Characteristics in Flood-Control Tunnel 10, Fort
Randall Dam, Missouri River, South Dakota; Hydraulic Prototype Tests.
Technical Report No. 2-626, Vicksburg, Miss., June 1963,

(6) , Hydraulic Model Studies of the Control Structures for the
Denison Dam, Red River. Technical Memorandum No., 161-l, Vicksburg,
Miss., April 1940,

(7) s Spillway and Outlet Works, Fort Randall Dam, Missouri
River, South Dakotaj; Hydraulic Model Investigation. Technical Report
No. 2-528, Vicksburg, Miss., October 1959.

(8) Carnegie Institute of Technology, Report on Hydraulic Model Tests of
Spillway and Outlet Works for Tionesta Creek Reservoir Dam, Tionesta,
Pennsylvania. Hydraulic Laboratory, Pittsburgh, Pa., September 1938,
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AVERAGE
CONDUIT PROPER INTAKE
LENGTH REYNOLDS VELOCITY COEFFICIENT
PROJECT (1) DIAM 12) NUMBER (2) HEAD (1) Ke
SINGLE INTAKE (CONCRETE DAM CONDUITS)
roA IN T 54 29-36x107 65-8! ol
< ‘ T (PROTOTYPE) (PROTOTYPE)
A®90,B8°30
—_ C=90,E"50 3
F =80, G=1.7
/f PROFILE
| £y £S 802 83 6.7 x10* 97 007(»
FG {1:20 MODEL) (MODEL)
TE- - - A=1.5,80258
C=0.0, E=8.7
f PLAN Fe4.3,Gv1.4 2
DOUBLE INTAKE (EARTH DAM TUNNEL)
DENISON 40 1.2 x 10t e 0.9
A (PROTOTYPE) (PROTOTYPE)
8 Av250,B2390
C=190,D=200
E= 90, T=530
c D DENISON a7 s2-96xi0* 8i-82 0.2
1:25 MODEL) (MODEL)
PROFILE (SEE ABOVE}
£T_RANDALL (5) k1] 07-1.5x10¢ 16-72 028
1 - ;—“ (PROTOTYPE) (PROTOTYPE)
e D e 2] A®240,8% 6.0
e C#23.0, D= 220
PLAN E=11.0, T=490
ET _RANDALL 3 09-L0X10* 46-86 016
(1.25 MODEL) (MODEL)
(SEE ABOVE)
TRIPLE INTAKE (EARTH DAM TUNNEL)
TIONESTA 98 1.5-4.1X10% 7-50 033
(1:36 MODEL) (MODEL)
3 T A®=300, B=220
2 | R C=16.0,0°19.0
A :l l o E= 7.5, T=660
PROFILE
INTAKE HEAD LOSS
he® v—z-
¢ " Ke 29 §
VeVELOCITY IN CONDUIT
PROPER 3
PLAN 1
(1) DIMENSIONS IN PROTOTYPE FEET
(2) EQUIVALENT DIAMETER FOR NONGIRCULAR
SECTIONS BASED ON HYDRAULIC RADIUS
(3) DOES NOT INCLUDE GATE-SLOT LOSSES CONCRETE CONDU|TS
(4) LENGTH OF TRANSITION
(5) ROO™ CURVE MAJOR AXIS HORIZONTAL INTAKE LOSSES !
HYDRAULIC DESIGN CHART 221-1 :
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HYDRAULIC DESIGN CRITERIA

SHEET 221-1/1
CONCRETE CONDUITS
INTAKE LOSSES

THREE-GATE-PASSAGE STRUCTURES

1. Background. It may be necessary to operate multiple-gate-passage
intake structures with one or more passages inoperative. It is therefore
desirable to determine the reservoir stage required to pass the design flow
with one or more gate passages inoperative as well as with all passages opera-
tive. Hydraulic Design Chart 221-1/1 summarizes available head loss data

for intake structures with three gate passages. Loss coefficients are given
for three-passage operation as well as for the condition of an inoperative
center passage., Comparable data for one inoperative side passage are not
available, Chart 221-1/1 is only applicable to conduits flowing full.

2. Theory. For design purposes the intake loss is usually expressed
in terms of the conduit velocity head as explained in Sheet 221-1, However
with one gate passage inoperative, more consistent results are obtained if
the coefficients are expressed in terms of the gate passage velocity head.
Therefore, the values given in the chart are in terms of gate passage ve-
locity head. Conversion into terms of the conduit velocity head can be
accomplished by multiplying the coefficients given in the chart by the
square of the ratio of the conduit flow area to the effective gate passage
flow area. The intake lcss is equal to the total available energy head
minus the velocity head and the resistance and other losses in the conduit
proper., Accurate experimental determinetion of the intake loss is de-
pendent upon the conduit being of sufficient length to permit the resist-
ance gradient to be estaeblished for fully developed turbulent flow. For a
constant discharge, the increase in pool stage resulting with one or more
gates inoperative is equal to the additional intake loss. This increase
in head loss can be determined from measured rating curves and added to
the head loss for the condition of all gate passages operative to obtain
the total estimated head loss with one or more passages inoperative. How-
ever, in each case it is necessary that the downstream conduit flow full.

3. Basic Data. Chart 221-1/1 was developed from model investiga-
tions of intake structures with three gate passages. The following sub-
paragraphs briefly describe the model data and the procedure used to
obtain loss coefficients presented in the chart. The basic intake geome-
try is given in the chart. The gate area used to compute the intake loss
coefficient may not necessarily be the minimum passage area in the intake

section.,
a. Wa papello.l The tunnel is D-shaped and has an equivalent
L/D (length-diameter) ratio of 13. The model scale was 1:25,

The K, {loss coefficient) values shown are based on model

221-1/1
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E% . discharge rating curves, computed energy losses using the - :
AR smooth pipe curve in Chart 224-1, «nd Chart 225-1. ; ) :

. Tionesta.® The tunnel is circular and has an L/D ratio
of 98. The model scale was 1:36. Ko values shown are
besed on measured model resistance gradients and discharge
»ating curves.

C. Arkabutla.3 The tunnel is egg shaped with an equivalent

% I/D ratio of 20. The model scale was 1:25. The Ko values
| shown are based on measured model pressures near the end of

z the tunnel, the theoretical resistance loss using the smooth
{ pipe curve in Chart 224-1, and the model rating curves.

i

4, Results. The sketches and dimensions given in Chart 221-1/1 for
the three structures indicate considerable variation in geometry and size,

, The large K. values computed for Arkabutle are attributed to the unusual
) intake geometry. The values given in the chart can be used as a guide

for selecting entrance loss coefficients for three-gate-passage structures
with all passages operative or with only the side passages operative. Pro-
totype confirmation of the model intake loss coefficient is desirable,

Limited available data indicate that protobype loss coefficlents are ap- |
preciably higher than model loss coefficients (Chart 221-1).

5. References. ;

(1) U. S. Army Engineer Waterways Experiment Station, CE, Model Study of {°”\>
the Qutlet Structures for the Wappapello Dam. Technical Memorandum
No. 134-1, Vicksburg, Miss., August 1938.

N

(2) Carnegie Institute of Technology, Hydraulic Laboratory, Report,
Hydraulic Model Tests of Spillway and Outlet Works for Tionesta Creek
Reservoir Dam, Tionesta, Pennsylvania. Pittsburgh, Pa., September
1938,

(3) U. s. Army Engineer Waterways Experiment Station, CE, Model Study of
the Qutlet Structures for Arkabutla Dam, Coldwater River. Technical
Memorandum No. 167-1, Vicksburg, Miss., December 1940,

221-1/1
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1 WAPPAPELLOY
H DEL)
PLAN 125 Mo
A= 31", B=25'
c=20', D=20'
T E= 10", T=50"
— Ke(THREE GATES)=0.50
]z 1o Ko (GATES 1 £3)=0.37
bt
PROFILE
2T o
TIONESTA
PLAN (1136 MODEL)
o | A=30', B=22'
s c=16',D=19’
s E= 75, T=66"
: I ——— Kq(THREE GATES)=0.53
o
. Mr——jo Ke(GATES 1 23)=0.45 ‘
AL
PROFILE
|
< *
M ARKABUTLA
PLAN (1 25 MODEL)
A=10.5', B=16"
c=17', D=18.2%"
E= 8.5, T=75'
Kq(THREE GATES)=0.79
Kq(GATES 1 £3)=0.68
“—-A-— \\\ ]D #
NOS. 183~ ==X % CONDUIT NOT CIRCULAR ]
PROFILE
INTAKE HEAD LOSS hg
V?
hg= Ko?s-
WHERE: CONCRETE CONDUITS
Ke=LOSS COEFFICIENT
V' =GATE PASSAGE VELOCITY INTAKE LOSSES
g = ACCELERATION, GRAVITATIONAL THREE GATE
NOTE® TO CONVERT LOSS COEFFICIENTS
INTO TERMS OF CONDUIT VELOCITY PASSAGE STRUCTURES :
HEAD, MULTIPLY KE.CBgNBnIETSAQRUEAARﬁ_gF ;
THE RATIO OF TH -
THE GATE PASSAGE FLOW AREA L(CXE) HYORAULIC DESIGN CHART 221-1/1 '
OF THE GATES CONCERNED WES i-68
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HYDRAULIC DESIGN CRITERIA

SHEET 221-1/2
CONCRETE CONDUTTS
INTAKE LOSSES

IWO- AND FOUR-GATE-PASSAGE STRUCTURES

1. Hydrauvlic Design Chart 221-1/2 presents loss coefficients for
intakes with two and four gate passages. Values are given for the condi-
tion of one passage inoperative as well as for the condition of all
passages operative., Reference is made to paragraphs 1, 2, and 3 of Sheet
221-1 and to paragraphs 1 and 2 of Sheet 221—1/1 for background, theory,
and procedures used for developing the loss coefficients presented in
Chart 221-1/2. The loss coefficients are in terms of gate passage veloc-
ity head for the reasons stated in paragraph 2 of Sheet 221-1/1. The
chart is only applicable to full conduit flow.

2. Basic Data. Chart 221-1/? was developed from model and prototype
investigations of structures with two and fow gate passages. The follow-
ing subparagraphs briefly describe the model date and procedures used to
obtain the loss coefficients given in the chart. The gate passage area
used in computing the loss coefficients may not necessarily be the minimum
area 1in the intake section. Structures with two gate passages are not
usually designed to flow full with one gate passage inoperative,

a. Kast Branch.l The intake has two gate passages. The cir-

T cular outlet conduit has an L/D (length-diameter) ratio of
125. Two horizontal bends having R/D (curve radius/
conduit diameter) values of 25 are separated by an 800-ft-
long tangent. The model scale was 1:25. The resistance
coefficient, based on the measured model pressure gradients
in the 800-ft-long tangent, correlates with the smooth pipe
curve of the resistance diagram shown in Chart 224-1. The
measured pressure gradlents in the tangent section were
therefore accepted as the resistance gradient in computing
the intake losses. Chart 228-1 was used to estimate the
additional loss resulting from the upstream horizontal bend.

b. Fort Randall.2’3 The intake has two gate passages. The
basic intake geometry is given in Chart 22)-1. The circular
outlet tunnel has an L/D ratio of 39 and a rated downstream
control gate, The computed prototype loss coefficients are
based on pressure observations at seven piezometer rings in
the circular tumiel.

c. Sardis.h The intake has four gate passages. The circular
outlet tunnel has an I/b ratio of 31. The model scale was
1:25. Tl 20retical friction gradients, based on Charts 224-1

221- , ¢
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and 225-1, indicated that the measured tunnel pressure gra- -
dients closely approximate theoretical model resistance i ‘)
losses. Ke (loss coefficient) values are based on the S
theoretical and measured resistance gradients and the model

rating curves.,

3. Results. The K, values in Chart 221-1/2 are in terms of the
gate passage velocity heads for the reasons stated in paragraph 2 of
Sheet 221-1/1. The values given in the chart can be used as a guide for
selection of entrance loss coefficients for intake structures with two
and four passages with all gates operative as well as with one gate in-
operative. Conversion into terms of the conduit velocity head can be ;
accomplished by multiplying the coefficients given in the chart by the f
square of the ratio of the conduit flow ares to the area of the gate pas- :
sages concerned. Prototype confirmation of the model loss coefficients ;
is desirable. Limited data indicate appreciably higher prototype losses |
than those observed in models (Chart 221-1). '

L, References.

(1) U. s. Army Engineer Waterways Experiment Station, CE, Spillway and
Outlet Works, East Branch Reservoir, Clarion River, Pennsylvania;
Model Investigation, Technical Memorandum No., 2-325, Vicksburg, '
Miss., July 1951.

(2) s Flow Characteristics in Flood-Control Tunnel 10, Fort
Randall Dam, Missouri River, South Dakota; Hydraulic Prototype Tests, (r\>
by J. V. Dawsey, Jr., C. J. Huvael, and W. C. Blanton. Technical e

Report 2-626, Vicksburg, Miss., June 1963.

(3) U. S. Army Engineer Division, Omaha, CE, Flow Characteristics in
Flood-Control Tunnel 10 for 1 and 2 Gate Operation, Fort Randall Dam,

Missouri, South Dakota, 1967. (Unpublished supplement to Technicsal
Report No. 2-323, reference 2 above.)

(4) U. S. Army Engineer Waterways Experiment Station, CE, Model Study of
Proposed Outlet Structures for Sardis Dam. Technical Memorandum
No. 123-2, Vicksburg, Miss., 17 November 1937.
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SEE CHART 221-1 FOR
DIMENSIONS OF FORT
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INTAKE HEAD LOSS hg

ve
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WHERE"
Ke =LOSS COEFFICIENT
V =GATE PASSAGE VELOCITY
g = ACCELERATION, GRAVITATIONAL

NOTE TC CONVERT LOSS COEFFICIENTS
INTO TERMS OF CONDUIT VELOCITY
HEAD, MULTIPLY K4 BY THE SQUARE OF
THE RATIO OF THE CONDUIT AREA TO
THE GATE PASSAGE FLOW AREA E(CxE)
OF THE GATES CONCERNED.

PAEFARED BY U 3 ARMY (NOINCEA RATEARAYS EXPERIVENT STATICN VILKIRLAG MiESiSHIm®

EAST BRANCH

(1:25 MODEL)
A=23',B=8'
=12',0=10"
E=3.33, T=42.5'
Kg (TWO GATES)=0.23
Ko (ONE GATE)}=0.4%

FORT RANDALL

(PROTOTYPE)
Ko (TWO GATES)=0.44
Ko(ONE GATE)=0 73

SARDIS
(£:25 MODEL)
A=16', B=23.5'
c=12', 0=17"

E=6', T=62.5'

Ke (FOUR GATES)=0.32
Ko (GATES 1,2,%3)=0.33
Ko (GATES 1,3, 2 4)=0.37

CONCRETE CONDUITS

INTAKE LOSSES
TWO~- AND FOUR-
GATE-PASSAGE STRUCTURES

HYDRAULIC DESIGN CHART 22i-1/2
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HYDRAULIC DESIGN CRITERIA

SHEET 221-1/3
CONCRETE CONDUTTS

MIDTUNNEL CONTROL STRUCTURE LOSSES

1. Hydraulic Design Chart 221-1/3 presents head loss data for mid-
tunnel control structures with three, two, and one gate passages. Such
structures usvally have appreciable tunnel lengths upstream and downstream
from the control structure. Where applicable, head loss coefficients are
given for the condition of one gate passage inoperative as well as for the
condition of all passages operative,

2. The basic theory and procedure described in paragrephs 1, 2,
and 3 of Sheet 221-1 and in paragraphs 1 and 2 of Sheet 221-L/i for con-
duit intakes were used in the development of the loss coefficients (Ke)
presented in Chart 221-1/3. However, the energy loss for midtunnel con-
trol towers is defined as the difference in the elevation of the resist-
ance gradients at the beginning of the upstream and the end of the down-
stream transitions. The chart is only appliceble to full conduit flow.
Conduits with two gate passages are not usually designed to flow full
with one gate inoperative.

3. Basic Data, Chart 221-1/3 sumarizes the only known available
data on loss coefficients for midtunnel control structures. The following
subparagraphs briefly describe the model data and the procedures used to
obtain the coefficients presented in the chart.

a.

[{=3

Youghioghenx.l The control tower has three gate passages.
The circular conduit has & downstream L/b (length-diameter)
ratio of 64 and an upstream I/D of 34, The upstream conduit
contains a 207-ft-long horizontal bend formed by a 200-ft
radius. The model scale was 1:36. The loss coefficients
presented in the chart are based on the observed model pres-
sure gradients. The resistance coefficients computed from
these pressure gradients plot slightly above the smooth pipe
curve shown in Chart 224-1,

Abi uiu.2 The control structure has two gate passages. The
abiguiv,

circular conduit has a downstream I/b ratio of 71 and an up-
stream I/b ratio of 25. The model scale was 1:20. The ob-
served pressure gradient used to develop the coefficient
given in Chart 221-1/3 agrees closely with the theoretical
resistance gradient based on the smooth pipe curve shown in
Chart 224-1. The downstream conduit does not flow full with
one gate passage operating.

Oahe.3 The control tower has a single geate passage. The
circular conduit has a downstream L/b ratio of 60.8 and an

221-1/3
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wstream I/D ratio of 77. The upstream conduit contains a -
horizontal bend having a length of 802 ft and an R/D (curve i !
radius-conduit diameter) ratio of 108. The upstream and \_)
downstream conduits were studied independently on l:25-scale .
models. The gate passage loss coefficients given in the '
chart are based on pressure gradients observed in the model

conduits. Computations indicated that the model pressure

gradients closely approximate the theoretical resistance gra-

dient based on the smooth pipe curve shown in Chart 22h-1.

i
i
f
H
'
1
i
1
1

1 4, Results. Sketches and dimensions are given in Chart 221-1/3 for
, midtunnel control towers with three, two, and one gate passages. The Ke
values presented are in terms of the gate passage velocity head for the
i reasons stated in paragraph 2 of Sheet 221-l/l. The values presented can '
: be used as guides in the selection of loss coefficients for midtunnel con-
trol towers with all passages operative as well as with one passage in-
operative. For design convenience, the Ke values given in the chart can
be converted into terms of the conduit velocity head by multiplying the
given values by the square of the ratio of the conduit area to the effec-
tive gate passage flow ares of the passages concerned. Prototype confirma-
tion of the model lcss coefficients is desirable. ILimited data for con- !
duit intakes indicate that prototype l~sses are appreciably higher than
model losses (Chart 221-1). .

5. References.

(1) Ccarnegie Institute of Technology, Hydraulic Laboratory, Report on 2 !
Hydraulic Model Tests of Spillway and Outlet Works of Youghiogheny 5\ )

River Dam, Confluence, Pennsylvania. Pittsburgh, Pa., March 1941,

(2) U, s. Army Engineer Waterways Experiment Station, CE, Qutlet Works
for Abiguiu Dam, Rio Chama, New Mexico; Hydraulic Model Investiga-
tion, Technical Report No. 2-513, Vicksburg, Miss., June 1959.

(3) , Outlet Works, Oahe Dam, Missouri River, South Dakota;
Hydraulic Model Investigation, by D. R. Bucci and T. E. Murphy.
Technical Report No. 2-557, Vicksburg, Miss., Sepicmber 1960.
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i YOUGHIOGHNEY
; (1:36 MODEL)
; €=20', D=18"
E=4.25, T=24'
Ke(THREE GATES)=0.29
Ka(GATES 1 £3)=0.4|
PROFILE
b
5 d ABlQUIV
T | T | (1:20 MODEL)
3 c=9', D=2
2% PLAN E=s, 7,238
] . T,=45
° %—E e now = Ke(TWO GATES)=0.30
PROFILE
;
{
{
{
T——11 OAHE |
PLAN (1:25 MODEL) é
- c=22', D= 19.78¢ :

D,=18.25', E=13"
X T T T2 T Ke=0.44

PROFILE

CONTROL STRUCTURE HEAD LOSS hg

vl
he= Kof"'
WHERE:
Ke= LOSS COEFFICIENT
V' =GATE PASSAGE VELOCITY CONCRETE CONDUITS
@ = ACCELERATION, GRAVITATIONAL
T o SIMET Lo Setron STRUCTURE LOSSES
INTO [V]] ITY
HEAD, MULTIPLY K, BY THE SQUARE OF STRUCTURE LOSSES
THE RATIO OF THE CONDUIT AREA 7O " -
THE GATE PASSAGE FLOW AREA E(CXE) YORAULIC DESIGN CHART 221-1/3
OF THE GATES CONCI'RNED wes i-se

PREPARED OY U 3 AMEY ENGINETR BATEARAYS XP( RINENT $TATION, VICK}BURG, Mig HEMPBI

TR Sy -t N L L T R e B T T




N B— P g N I S R R A e R ST, ,7}52 %
BT SRR Sl R TR Y Y e R S TR R SR TR R -t«’:‘,:?:"{?',r‘/*""",’v ey

SIS L AT B T S Sl R e o A A LTI PR e
" R .;‘i"x%?.' B R AR "‘wa:"\ Rt T ’ ’ N ‘ o

HYDRAULIC DESIGN .CRITERTA

SHEETS 2?1-2 TO 221-2/2
EARTH DAM OUTLET WORKS
ENTRANCE WITH ROOF CURVE ONLY

PRESSURE~DROP COEFFICIENTS

1. General. Intake structures for earth dam outlet works are de-
signed to avoid flow separation and unsatisfactory pressure conditions.
Entrance roofs are formed to smooth curves, and the invert is approximately
level with the approach channel floor. The sidewalls are generally paral-
lel with slight flare or curvature upstream from the roof curve. The side-
walls or piers should extend approximately one conduit height into the low-
velocity flow area, with the upstream ends (noses) rounded and extending -
nesrly vertically well above the roof curve. The general entrance gecmetry ‘
is shown in Hydraulic Design Chart 221-2. In the region of the roof curve
where rapid flow acceleration occurs, the flow approaches two dimensional
and the pressure across the roof is essentially uniform at any section as
shown in Chart 221-2/1,

2. Theory. The pressure drop Hy from the reservoir surface to the K
pressure gredient for any point on the entrance boundary can be expressed
as a function of the velocity head in the uniform section of the intake
gate passage

where
Hd = pressure drop, ft
= dimensionless pressure-drop coefficient

average velocity in uniform section of gate passage, ft/sec

[

C
v
g

gravitational acceleration, ft/sec2

The magnitude of the reservoir head appears to have little effect upon the
pressure-drop coefficients as long as the entrance is submerged several
times its height.l

3. Data Sources. Tests have been made at the U. S. Army Engineer 3
Waterways Experiment Station (WES) to develop entrance shapes of minimum ,
length and cross-section area conducive to satisfactory boundary surface 3
pressure distribution and to economical construction. In addition, model ;
investigations have been made on specific projects. Applicable results ;

2212 to 221-2/2
Revised 9-70
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from selected available study reports have been analyzed and summarized in
reference 1, The three entrances developed during the Fort Randall,2
Garrison,3 and Blakely Mountain™ model investigations are basically similar
except for the geometry of the upstream face of the intake tower. The re-
sults of these model studies together with comparable data from reference 5
are presented in Chart 222-2.

4, Upstream Face Geometry. Chart 221-<2 presents pressure-drop coef-
ficients for intakes of similar entrance geometry but with appreciably dif-
ferent upstream face geometry. In each case the roof curve for all p.ac-
tical purposes is formed to the equation

X2 Y2
—-2'-+-——-~—--——§=]_
D~ (2/3D)
where
D = conduit height at the wniform section
X and Y = coordinates of an ellipse with its origin as

shown in the chart

Parallel sidewalls or piers extend upstream approximately 1D from the up-
stream end of the roof curve., Intake types 2, 3, and 4 (Blakely Mountain,

Fort Ra,nda.ll,2 and Garrison,3 respectively) have bulkhead slots immediately
upstream of the intake curve., Type 12 nhas neither bulkhead nor gate slots,

5. The pressure-drop coefficient curves in Chart 221-2 indicate that
the geometry of the upstream face of the intake has negligible effect upon
the pressure distribution along the roof curve. For entrances with roof
flare only, it is suggested that the vertical upstream face extend 0.5D
above the beginning of the roof curve. Above this elevation the most eco-
nomical structural geometry should be used.

6. Roof Curve Shape. The entrance curve shape given in Chart 221-2
is suggested for use in designing entrances curved in one direction only.
This shape should be adequate for earth daum outlet works having appreciable
tunnel length. For short tunnels with less back pressure the curve given
in Chart 221-2/1 should result in more favorable pressure conditions. The
pressure-drop coefficients are based on aerage pressures, and the local
pressure fluctuations criteria given in paragraph 4 of Sheets 534-2 and
53&-2/1 should be considered in selecting the final roof curve design.

7. Application., The pressure-drop coefficient is a function of the
velocity head in the wniform gate passage section which in turn is a func-
tion of the outlet works i-ngth, the intake and other geometric losses, anu
the total available head. Local pressure conditions as effected by gate
and bulkhead slots are discussed in HDC 212-1 to 212-1/2 and in reference 1.

8. The adequacies of the entrance geometry and the resulting

221-2 to 221-2/2
Revised 9-70
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pressure gradient are dependent to a large extent upon the tunnel length.

The optimum entrance geometry for a short tunnel is not necessarily the

same as that for a long conduit. Also, closure of one or more gates in *
multiple-passage intakes may result in unsatisfactory pressure conditions
(no back pressure). The pressure-drop coefficients in Chart 221-2 result
from studies of conduit height-width ratios of 1.36 to 2.09. Application '
of these data should be limited to reasonably simila: ratios. !

9. Chart 221-2/? is an example computation for evaluating the ade- ?
quacy of entrance geometry.

10. References.

(1) U. 8. Army Engineer Waterways Experiment Station, CE, Characteristic
Pressure Distribution in Outlet Works Inlets, by R. G. Cox and
Y. H. Chu., Miscellaneous Paper H-69-0, Vicksburg, Miss., September

1969.

(2) , Spillway and Outlet Works, Fort Randall Dam, Missouri
River, South Dakota; Hydraulic Model Investigation, by T. E. Murphy.
Technical Report No. 2-528, Vicksburg, Miss., October 1959.

(3) , Outlet Works and Spillway for Garrison Dam, Missouri
River, North Dskota; Hydraulic Model Investigation. Technical Memo-
randum No. 2-431, Vicksburg, Miss., March 1956.

. ( (4) , Flood-Control Outlet Works for Blakely Mountain Dam,
3 Ouachita River, Arkansas; Hydraulic Model Investigation. Technical
Memorandum No. 2-347, Vicksburg, Miss., June 1952.

(5) , Entrances to Conduits of Rectanguler Cross Section; In-
vestigation of Entrances Flared in Three Directions and One Direction,
by T. E. Marphy. Technical Memorandum No. 2-428, Report 2, Vicks-
burg, Miss., June 1959,
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TWO GATES FULLY OPEN
GIVEN: EL 181.0 |
Reservoir pool of = 18) ft msl :
Intcke invert ol = 100 ft msl | :
Gate passages | l
No.=2 \ E
Height (D) =23 ft \ H4 ;
Width (W) =11# \\ co i
Discharge (Q) = 20,600 cfs o
\ PRESSURE
Both gates open full l{ GRADIENT\
REQUIRED: re x> =~ ELi3 -
Roof curve ol ot L = 1,5, 10, 15, 20, and 30 f¢ . Y
Gote passage velocity head X, X _= T
Pressures on roof ot L=1,5,10,15,20,0nd30#t O (39)2 D = 23
3 FLOW -
COMPUTE: : EL 1000
* | L
Roof curve elevations
U L = 112
Basic equotien: A 1 or Y =(235~0.444 X*)
with X=23~L
Roof ol
L LD x X2 04uxr ¥ Y (1383-Y)
(1) (#) (ft) (ft msl)
1 004 22 484 215 20 4.5 133.8
5 02 18 3 144 N 9.5 128.8
10 0.44 13 169 75 160 2.7 125.¢
15 0.65 8 64 28 27 44 123.9
20 0.87 3 9 4 21 152 1231
23 100 0 0 0 235 153 123.0
3 130 -7 123.0
Gate passage velocity head e
-Q_ 20600 _ 3
v A-——-—-z*nxn-lo.”pl s
v o? .
% " awma T ;
Bressure on roof (assume conservative values of C from Chart 221-2)
2
Basic equation: H, = C%
Roof E
L.Q _C_ .H_L Pool -H;  Roof el Pressure
(f1) {ft ms) {ft msl (#)
0.04 046 17,0 164.0 133.8 30.2
022 098 252 155.8 128.8 27.0
0.44 126 324 148.6 125.6 2.0 3
0465 136 350 146.0 123.9 221 3
087 138 355 145.5 1231 2.4 3
100 136 350 146.0 123.0 23.0
130 126 324 148.6 123.0 25.6
Note: Roof pressures satisfactory 3
4
£
EARTH DAM OUTLET WORKS §
|

ENTRANCE WITH ROOF CURVE ONLY
PRESSURE -DROP COEFFICIENTS i
PRESSURE COMPUTATION :

HYDRAULIC DESIGN CHART 221-2/2
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HYDRAULIC DESIGN CRITERIA

SHEETS 221-3 AND 221-3/1
FARTH DAM OUTLET WORKS

ENTRANCE WITH ROOF CURVE AND SIDE FLARE OR CURVE

1. General. Dividing walls and piers for intake structures with
multiple flow passages vary in thickness from 4 to 10 ft depending upon
structural and foundation requirements. The design of entrances to these
structures generally requires the use of curved or flared sidewalls or
piers. When the side curve occurs at or downstream from the beginning of
the entrance roof curve, the intake should be designed as a three-
dimensional inlet rather than the two-dimensiona’ type described in
Hydraulic Design Criteria (HDC) 221-2 to 221-2/2,

2, In three-dimensional inlets, the sidewalls are curved horizon-
tally and the roof curved vertically. The invert is level. Local accel-
ergtion of the flow in a lateral direction in addition to that in the ver-
tical direction results in more rapid pressure reduction along the inlet
roof corners than along the roof center line. In most designs, the roof is
curved and the sides of the projecting pier walls are flared linearly. A
short transition curve is used to join the sidewall taper with the uniform
conduit section. When both the roof and sidewall flares are curvilinear
they are shaped to an elliptical equation of the type given in paragraph b
of Sheets 221-2 to 221-2/2. The term D of this equation is the dimension
of the conduit (height or width) in the direction concerned.

3. Linear Sidewall Flare., Entrances of inlets with mild sidewall
flare (less than 1 to 10) can be considered two-dimensional if the side-
walls are straight and extend appreciably upstream into the low-velocity
flow area. For this condition, use of the equation given in Chart 221-2
for the roof curve should result in satisfactory inlet pressures for con-
duit lengths resulting in appreciable back pressure. An ectimate of the
roof center-line and corner pressures can be obtained by using the
pressure~drop coefficient given in Chart 221-2 adjusted by the square of
the ratio of the areas at each section, as described below. Chart 221-3
presents a plot of experimentally determined pressure-drop coefficients
tor an inlet having linear sidewall flare and curved roof.l Both top
center-line and top corner data are given for the condition of all
passages operating as well as for the side passages closed. Also shown
in the chart is a pressure-drop coefficient curve for a two-dimensional
inlet having the same roof curve. The results of adjusting the two-~
dimensional inlet coefficients to the three~-dimensional case is included
in the chart.3 Reasonable agreement with the experimental data is obtained.

4. Coefficient Adjustment. The basic equations used to adjust the
two-~dimensional pressure coefficients for three-dimensional use are:

221-3 and 221-3/1
Revised 9-70
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a.

The continuity equation:
Q= AV, = A3V3 (1)
giving
Y3_ %
V2 A3
where
Q = discharge
A = cross-section area of the inlet at any section
concerned
V = average velocity at this section
The subscripts 2 and 3 refer to entrances of the same design
with and without sidewall flare, respectively, in the closed
inlet section.
The energy equation:
aoo % ,
= $o—
H=?2, F P3 e 2)
where
H = total head referenced to the point of
interest on the roof curve
P and V = pressure and velocity, respectively,
at this point
g = acceleration of gravity
The pressure-drop equation:
Hd=H"P (3)
with
n
2
Ve 2 ' 2
= L0 X =S =0 L
Hao = 2¢ = Cs 2g and Ky = 2g % g )
where

=~
]

4 pressure drop from the reservoir water surface to
the local pressure gradient elevation

]

pressure-drop coefficient

<
]

uniform counuwuit section velocity head

221-3 and 221-3/1
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5. Equations 1 through 4 can be combined to give the relation

a,¥
C3 = 02 'A-; (5)
Equation 5 can be used with Chart 221-2 or 221-2/1 to estimate roof curve
pressures for inlets with mild sidewall flare (up to 5 deg). The procedure
given above is not applicable to inlets with side curves in which flow
along the sidewall boundary has an appreciable lateral component and piers
are not extended into the low-velocity-flow area.

6. Curvilinear Sidewalls. Inlets with roof and sidewall curves usu-
ally have elliptical equations to define these curves. The flow along the
sidewalls has appreciable lateral components. Piers projecting upstream
into the low-velocity-flow area are not provided. The inlet curve geometry
and pressure-drop coefficients given in Chart 221-3/1 should result in sat-
isfactory entrance pressures for inlets with curved roof and sidewalls and
downstream conduits of appreciable length, The inlet design procedure de-
scribed in paragraphs 4 and 5 above is no. applicable to inlets of this

type.

7. Application. The pressure-drop coefficients given in Charts
221-3 and 221-3/1 are based on average pressures. The general design

philosophy discussed in Sheets 221-2 to 221-2/2 should be followed in the
design of inlets with horizontal flare., Design adequacies discussed in
paragraph 8 of that series should be considered in evaluating the final
inlet desi'gn curves.

8. References.

(1) U. 8. Army Engineer Waterways Experiment Station, CE, Flood Control
Outlet Structures for Tuttle Creek Dam, Big Blue River, Kansas; Hy-
draulic Model Investigation. Technical Memorandum No. 2-39%, Vicks-
burg, Miss., December 1954,

(2) , Entrances to Conduits of Rectangular Cross Section; In-
vestigation of Entrances Flared in Three Directions and One Direction,

by T. E. Murphy. Technical Memorandum No. 2-423, Report 2, Vicksburg,
Miss., June 1959,

(3) , Characteristic Pressure Distribution in Outlet Works
Inlets, by R. G. Cox and Y. H. Chu, Miscellaneous Paper H-69-8,
Vicksburg, Miss., September 1969.

221-3 and 221-3/1
Revised 9-70

2,

R AR,



0.2

_LOCATION
1 § CORNER GATE OPERATION
04
o e ALL OPEN(HEAD=I3IFT)
! g . ALL OPEN(HEAD=T7IFT)
“ & A SIDE GATES CLOSED(HE'AD «TIFT)
v oepd NOTE: D=DIMENSION OF RECTANGULAR ~—
) \ GATE SECTION IN DIRECTION
3 \ CONCERNED, FT
Y \ L=DISTANCE ALONG CONDUIT, FT
b
&? 0.8/
] \ | — EXPERIMENTAL
g | i o THREE = DIMENSIONAL
b \ COMPUTED
E 1o ‘- N — T
% \' “"A'-l I_&
g o1 -~
€ ol E__ EQUATION .
AL P 2
it Hy=C g_
Tt SRS S §
/ WHERE:
e Hy* PRESSURE DROP FROM POOL, FT
' PR ICIENT
rwo-owﬂvs/omt——/ cz- ESSURE-~DROP COEFFICIEN
._.v:t.ocrrv HEAD IN RECTANGULAR
29 GATE SECTION, FT
I8 | ] | |
0.0 0.2 0.4 0.6

1o
L
]

1.2 1.4 1.6 1.8 2.0

X
L

AL

7]

PRAUPARED BY U § ARWY CHGINLER SATEAGAYS EXPERIUENT STATION, VICREOLRG WissIstIney

ELEVATION

EARTH DAM OUTLET WORKS

ENTRANCE WITH TCP AND SIDES FLARED
PRESSURE -DROP COEFFICIENTS
STRAIGHT SIDEWALL FLARE

HYDRAULIC DESIGN CHART 221-3

REV 3-7)

WES §-70

e gy

's,;_#-m «‘;g'g‘ér W? :“al}.

[N e 4y oA

iRt




00 T T T
RESULTS BASED ON ES802
TEST DATA (GATE SECTION
\ HEIGHT-WIDTH RATIO=1.765)
0.2t
)
o 04p
] b
z
u \ | _-TOP €
G os
c LN
£ \
8 .. SIDE €
e os Ay et 3
Y 10 S e
=
a o
&l .
o 2 N
TOP CORNER
14
'%% 02 04 FY) 08 10 P2 14 16 18 Z0
L
0
pcl %;—-loo |#— ORIGIN
023
BT 1
fo |
2 ¥
}
e e
NOTE Ds=DIMENSION OF RECTANGUI(_)QR
GATE SECTION 1N DIRECT!
EQUATION CONCERNED, FY
ve L= DISTANCE ALONG CONDUIT, FT
H,=Cz—
d 29
WHERE

H,* PRESSURE DROP FROM POOL,FT
C =PRESSURE-DROP COEFFICIENT

2
22-- VELOCITY HEAD INRECTANGULAR
9 GATE SECTION, FT

EARTH DAM OUTLET WORKS

ENTRANCE WITH TOP AND SIDES FLARED
PRESSURE ~-DROP COEFFICIENTS
ELLIPTICAL TOP AND SIDE FLARES

HYDRAULIC DESIGN CHART 221-3/1

PALPARED 8Y U 3 ARMY ENGINEER WATENDAYS TXPERIMENT STATION VICKTBURS MisHEM PRI WES 2 70

> ]

Gein s s

-

(SN




A i ST

HYDRAULIC DESIGN CRITERIA

SHEET 22h4-1
RESISTANCE COEFFICIENTS

CONCRETE CONDUITS

1. General. The Kutter and Manning coefficiernts have been used ex-
tensively in the past by design engineers in the United States. Manning's
n has found more favor in flood-control and irrigation design work because
of its relative simplicity in the evaluation of re:istance (friction)
losses. A Manning's n value of 0,013 has been commonly used by engineers
in the design of concrete conduits since publication of an article by
Hortonl in 1916 which was subsequently published in King's Handbook of
Hydraulics., The Manning coefficient served a useful purpose for the de-
sign of conduits with Reynolds numbers that were small compared to those of
large flood-control conduits, Tests at very high Reynolds numbers on the
Oghe Dam flood-control conduit® where all Jjoints and irregularities were

ground smooth indicated a Manning's n of about 0.0098, illustrating that
the older design values of the Manning's n can result in overdesign. How-

ever, because of possible deterioration of interior surfaces with time a
Manning's n value of 0,04 is still used for capacity design by some
engineers.

2, Effect of Reynolds Number, The variation of the resistance coef-
ficient relative to the Reynolds number is expressed with the Darcy factor
"f£.," This relation is normally plotted in the form of a general resistance
diagram referred to as the Moody diagram.3 Chart 224-1 is a Moody diagram
on which have been plotted experimental data obtained on concrete conduits.
The terms involved are defined on the chart. Nikuradse's study on pipes
coated with uniform sand grains demonstrated that the resistance factor
decreases with an increase in Reynolds number, Prandtl and Von Karman
based the smooth pipe formula (Chart 224-1) upon theoretical considerations
adjusted to the Nikuradse data. The heavy dashed line on the chart repre-
sents the limit of the transition from the smooth pipe foimula to rough
pipes with full turbulence. The resistance factor then becomes independent
of Reynolds number and is only a function of the relative roughness. , The
lines in the transition recion represent the Colebrook-White functionu
based on experiments with mixed roughness contrasted to uniform sand
grains, The Colebrook-White Munction has been extrapolated considerably
beyond the limits of the basic experimental data Re = 6 X 10° . Observed
values of f for the prototype flood-control conduits at Oahe and Denison
Dams are considerably less than those computed for comparable Reynolds num-
bers using the Colebrook-White equation and field roughness measurements of
the interior surface of the conduits. However, the relation between phys-
ical measurements of surface roughness and the L. draulic effective rough-
ness has yet to be firmly established.

224.1
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_ 3. The velocity-diameter product VD for water at 60 F is included :
as a scale across the top of the graph. The VD scale is convenient for {\
most design problems in which the effect of water temperature on capacity -
is neglected. Chart 001l-1l shows the relation between kinematic viscosity
and water temperature for use when it is desired to compute the effect of
temperature.

AN

l, Effective Roughness. Available test data on concrete pipes and
conduits have been analyzed to correlate the effective roughness kg, with
construction practices in forming concrete conduits and in treatment of in-
terior surfaces. The following tabulation gives information pertinent to
the data plotted in Chart 224-1. The type of construction and the result-
ing effective roughness can be used as guides in specific design problems.
However, the kg values listed are not necessarily applicable to other
conduits of greatly different diameters.

Ref Size ks ¢
Symbol  Project No. Shape* ft ft Construction

Precast Pipe

L ] Asbestos
cement 5 c 1.2 0.00016 Steel mandril ‘
0] Asbestos |
cement 5 C 1.7 0.00008 Steel mandril )
v Neyrpic 6 C 2.82  0.00030 19.7-ft steel form — %
€  Denver #10 7 C L.5 0.00018 12-ft steel form { )
3 Umatilla p-
River 8 o 3.83 0.00031 8-ft steel form
T Prosser 8 o 2,54 0.00152 Oiled steel form
C Umatilla Dam 8 C 2.5 0.00024 L-ft sheet steel on
wood forms
4 Deer Flat 8 C 3.0 0.00043 6-ft steel form
b Victoria 8 C 3.5 0.00056 L-ft oiled steel
forms
A Denver #3 9 c 2.5 0.00011 12-ft steel form
N Denver #13 9 C 5.0 0.00016 12-ft steel form
4 Spavinaw 2 C 5.0 0.00013 12-ft steel form
Steel Form Conduits
0 Denison 10 C 20 0.00012
A Ontario 8 o} 18 0.00001 Hand rubbed
v Chelan 11 c 1k 0.00061
| Adam Beck 12 C 45 0.00018 Invert screeded and
troweled
a8 Fort Peck 13 c ok, 7 0.0001L4
(Continued) ;
¥ C = circular, 0 = oblate, R = round, and H = horseshoe. :
2241
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Ref Size kg

Symbol Project No. Shape ft ft Construction

Wood Form Conduits

] Oshe 1h C 18.3 0.00004 Joints ground

+ E?id 15 C 11 0.00160

I EE B LTI PR —
Miscellaneous

10) Quabbin 17 H 11 X 13 0.00015 Unknown

5. Design Criteria.

8.

Capacity. Conservative values should be used in designing
for conduit capacity. The kg values listed below are based
on the data presented in paragraph 4 and are recommended for
capacity design computations.,

Size kg

Type v ft
Asbestos cement pipe Under 2.0 0.0003
Concrete pipe, precast Under 5.0 0.0010
Concrete conduits (circular) 0.0020
Concrete conduits (rectangular) 0.0030

Velocity. The smooth pipe curve in Chart 224-1 should be used
for computing conduit flow velocity pertinent to the design
of energy dissipators. It should also be used for all esti-
mates for critically low pressures in transitions and bends,
as well as for the effects of boundary offsets projecting
into or away from the flow,

Model Studies. Experimental results indicate that the re-
sistance coefficients of models made of plastic closely ap-
proximate the smooth pipe curve at model flow Reynolds num-
bers in Chart 224-1. The curve should be used in computing
boundary resistance losses for models of concrete and steel
conduits in order to make any required model length
adjustment.

Conduit Shape Effects, A WES studyl9 shows that the
shape effects on resistance in noncircular conduits can
be neglected for all practical purposes in the design of
conduit shapes normally encountered in Corps of Engineers
Civil Works projects., It is suggested that the concept
of equivalent hydraulic diameter be used in the design of

224-1
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noncircular conduits unless the aspect ratio (width/height) N
is less than 0.5 or greater than 2. Where unusual shapes iﬁ J}
are involved, model testing to evaluate shape effects may -
be required.

e. Equivalent Diameter. The equivalent diameter concept
assumes that the resistance loss and flow velocity in a

noncircular conduit are equal to those in a circular con- !

duit having a hydraulic radius, boundary roughness condi-

tion, and energy head equal to those of the noncircular

conduit. The equivalent diameter is equal to four times

the hydraulic radius of the noncircular conduit. The

cross-section area of the noncircular conduit is used with

the above-~defined velocity to compute the flow discharge.

6. Acknowledgment is made to the following for permission to use the
data shown in Chart 224-1.

a. Engineering News-Record, Spavinaw Aqueduct and Denver Conduit
No. 10 data, References 2 and 7.

b. Journal, American Water Works Association, Denver Conduits
Nos. 3 and 13 data, Reference 9.

c. American Society of Civil Engineers, Quabbin and Chelan date, ;
References 11 and 17, ( ~\>

d. La Houille Blanche, Neyrpic tests, precast concrete data, -

Reference 6,

e, The Engineering Journal, Sir Adam Beck tunnel data,
Reference 12.

f. The University of New South Wales, Asbestos cement data,
Reference 5.
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HYDRAULIC DESIGN CRITERIA

SHEET 224.1/1
RESISTANCE COEFFICIENTS

STEEL CONDUITS

1. The magnitude of resistance (friction) loss in steel conduits is
an important factor in the economics of design of pipelines, tunnels, and
power penstocks, The concept of maximum and minimuwn design criteria is of
importance in the design of flood-control outlet works and of surge tanks
for power plants. It is desirable to use conservative resistance values
in the design of flood-control condults and water supply lines for hydrau-
lic capacity and in the design of surge tanks for load acceptance. Con-
versely, minimum resistance values should be used for the design of still-
ing basins and of surge tanks for load rejection. The general comments in
paragraphs 2 and 3 of HDC Sheet 224-1 apply to steel conduits.

2, Resistance Factors. Chart 22h-l/l is a plot of experimental data
from tests made on steel conduits. The data are shown in the form of a
Moody diagram where the resistance factor f 1is plotted as a function of
the Reynolds number. The plotted points were selected principally from
data compiled by the USBR.L The San CGabriel® test data were obtained from
measurements on enamel-lined steel conduits and afford information for the
higher Reynolds numbers. The Neyrpic tests,3 the Milan tests,h and the
Hoover Dam model testsd were hydraulic laboratory investigations involving
fairly large Reynolgs numbers, Corps of Engineers field tests at Fort
Randall Dam in 1956° and 19597 afforded valuable information of the effects
of surfgce treatment of 22-ft-gdiameter steel tunnels, The 1956 Fort
Randall® and the 1957 Garrison® tests on vinyl-painted steel resulted in
an average I value of 0.0075 for Rg = 1.45 X 107 and an f value of
0.0071 for Rg of 2.5 X 107 , respectively. The 1959 tests of brushed,
tar-coated surface treatment resulted in an average f value of 0.0085 for
Re = 1.01 X 108 , The pipe flow theory indicates that experimental data
should not plot below the smooth pipe curve in Chart 22&-1/1.

3. Effective Roughness, The following tabulation summarizes the
data plotted in Chart 22L4~1/1 and can be used as a guide in selecting kg
values for specific design problems. However, the kg values listed do
not necessarily apply to conduits having greatly different diameters,

Ref Diesmeter kg
Symbol Project No. ft £t Remarks
o Neyrpic 3 2,60 0.000010 Spun bitumastic coating
. Neyrpic 3 2.61 0.000135 Uncoated
° Milan L 0.33 0.000039 Zinc coated
° Milan L4 0.49 0.000026  Zinc coated

(Continued)
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Ref Diameter kg

Symbol Project No. ft ft Remarks
° Milan L 0.82 0.000071 Zinc coated
X San Gabriel 2 10.25 0.000004  Enameled
A San Gabriel 2 4,25 0.000152 Enameled
+ Hoover 5 0.83 0.000133 Galvanized pipe
v Fort Randall 9 22,00 0.000936 Tar coated
0 Fort Randall 7 22,00 0.000382 Tar coated
A Fort Randall 6 22,00 0.000008 Vinyl painted
v Garrison 8 24,00 0.000005 Vinyl painted

4, Design Criteria. The ks values listed in the tabulation below
are recommended for use in sizing cast iron and steel pipes and conduits
to assure discharge capacity. The values for large steel conduits with
treated interiors should also be useful in the design of surge tanks under
load acceptance. The recommended values result from analysis of 500 kg
computations based on the data presented in Chart 22&-1/1 and in table H
of reference 1. The data are limited to continuous interior iron and steel
pipe. The recommended values are approximately twice the average experi-
mental values for the conditions indicated. The large increase in kg
values for large size tar- and asphalt-treated conduits results from
heavy, brushed-on coatings.

Diameter kg
't Treatment ft
Under 1.0 Tar dipped 0,0001
ltoS5 Tar coated 0.0003
Over 5 Tar brushed 00,0020
Under 6 Asphalt 0,0010
Over 6 Asphalt brushed 0.0100
All Vinyl or enamel paint 0.0001

All Galvanized, zinc coated
or uncoated 0.0006

5. Velocity. The smooth pipe curve in Chart 22&-1/1 is recommended
for all design problems concerned with momentum and dynamic forces (water
hammer, surge tanks for load rejection, critical low pressures at bends,
branches, offsets, etc.).

6. Aging Effects. Interior treatment of pipes and conduits is of
importance to their service life, Chemical, organic, and inorganic de-
posits in steel pipcs and conduits can greatly affect the issistance losses
and conduit capaciiy over a period of time., Data by Moore™~ indicate that
over a 30-year period incrustation of iron bacteria up to 1 in. thick
formed in uncoated 8-in. water pipe. Similar conditions prevailed in
10-in. pipe where the bond between the pipe and the interior coal tar
enamel was poor. Computed kg values for theSflpipes were 0,03 and
0.02 ft, respectively. Data compiled by Franke~* indicate that organic
and inorganic incrustations and deposits in steel conduits up to 6 ft in

224-1/1
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diameter increased resistance losses by as much as 100 to 300 percent with
ks values increasing 100 percent. The data indicate that the interiors of
some of the conduits were originally treated with a coat of bitumen. The
changes occurred in periods of 5 to 17 years.

7. Conduit Shape Effects. (See paragraphs 5d and e, HDC Sheet o2h-1,)
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- HYDRAULIC DESIGN CRITERIA
U SHEETS 22L-1/2 TO 224-1/4

RESISTANCE COEFFICIENTS

CORRUGATED METAL PIPE

1. Known hydraulic head loss investigations for corrugated metal
pipe in the United States date back to l9ll+.l Extensive U. S. Department
of Agriculture tests at Towa® were published in 1926, The results of
more recent tests at St. Anthony Falls Hydraulic Laboratory,3 Bonneville
Hydraulic Laboratory,h the U. %. Army Engineer Waterways Experiment
Station (WES),5 and others®s75>8 have been swmarized in Charts 22l-1/2 to
22h-l/h. These data are for full-pipe flow and large length-diameter
ratios, Resistance data obtained in the Bonneville tests with paved in-
verts are also shown.

m v e e e

2, Types of Corrugated Metal Pipe. Metal pipe with annular corru- |
gations 0.5 in. deep spaced at intervals of 2.67 in. has been accepted as !
standard in the United States for many years (Chart 224-1/2). A new type

A of corrugated metal pipe having annular corrugations 1 in. deep spaced

e 3 in. apart is commercially available., Large diameter, field-assembled
jﬁ ? structural plate pipe having annular corrugations 2 in. deep spaced 6 in.
3 apart has come into general use. Also, helical corrugated metal pipe in
g sizes of 6 tn 96 in. is presently being manufactured.? The pitch and
) \ depth of the corrugations vary from 1.5 in. and 0.25 in., respectively,
fi . for the small size pipe to 3.0 in. and 1.0 in., respectively, for the
A large size pipe. Available limited test data indicate that the helical
3 j corrugated pipe is structurally superior to equivalent standard corru-

> gated pipe.l0

3. The available experimental data for standard corrugated metal
pipe are generally for full-scale tests using commercially fabricated pipe. b
Available experimental data for structural plate and the new type of cor-
rugated pipe are basically limited to large-scale model tests. The l:k4-
or quarter-scale model tests of standard 5-ft-diameter corrugated pipe at
b WES indicate somewhat higher resistance coefficients than the Bonneville
kL 5-ft-diameter prototype tests (Chart 224-1/2), This is attributed to a
3 minor difference in the relative corrugation size in the model and the pro-
totype. The full-scale Alberta structural plate pipe test data, K/D =
0.0339 (Chart 224-1/3) indicate about 10 percent higher f coefficients
3 than comgarable WES model test results adjusted 8 percent for field bolt
28 effects.

A X

SRTELTS

4, Charts 224-1/2 and 224-1/3 show values of the Darcy-Weisbach re-
sistance coefficient (f) versus Reynolds number (Re) computed from the
observed test data. The equations used for the plots are

RO Rl e (R T
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The symbols are defined in Chart 224-1/2,

5. Values of the Manning's n versus pipe diameter resulting from the
test data and recommended for design are shown in Chart 22h-l/h. The
basic Munning equation is

1.4865%/2%/3
n= v

The terms are defined in the chart. The relation between f and n is
given in Sheets 224-3 to 224-7. Recommended design curves of Manning's n
for various pipe diameters are given in Chart 22h-l/h. Also shown are
limited experimental data3 for standard corrugated pipe arches. The n
values plotted in this chart are computed from the average maximum values
of f observed on corrugated pipe. The 3-ft-diameter f vs R, curve
shape in Chart 22&-1/2 was used to extrapolate to maximum f values for
the smaller pipe sizes., A similar procecure was used to extrapolate to
the maximum values for the data curves in Chart 22&-1/3. The curves for
structural plate pipe shown in the charts are principally based on results
of WES tests on model pipe having & corrugation depth-to-pitch ratio of

1 to 3. The Bossy5 procedure was used to adjust the WES model data for
the additional resistance attributable to bolts required in field assembly
of prototype pipe.

6. Helical Corrugations. Resistance coefficients have been reported
by Chamberlain,! Garde,d and Ricel on small size helical and standard cor-
rugated pipe of comperable size. The following tabulation summarizes
their findings.

Pipe Ref
Size, in. Type K/D £ n No.
8 Helical 0.03 0.037 0,013 11

12 Helical 0.04 o0.,042 0.015 1

12 Helical 0.04 0.048 0.016 8

12 Standard 0.08 0,126 0,026 8

12 Standerd 0.08 0,117 0.026 7

12 Helical 0.04 0.040 0,015 7

All tests were made with Reynolds numbers from 105 to 106. The resistance
coefficient was found to be essentially constant for each pipe tested.

224-1/? to 224-1/k
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. 7. The tabulation above indicates that the resistance coefficient .
for small-diameter helical corrugated pipe is about 33 percent of that for
comparable standard corrugated pipe and about 58 percent in terms of
Manning's n. These percentages will be different for other size pipe de-
rending upon the corrugation pitch, depth, and inclination with the pipe
axis. Presently avaeilable dats are limited to small size pipe having cor-
rugations inclined about 65 deg to the pipe axis. For large diameter
helical corrugated pipe the n wvalues given in Chart 22&-L/h for standard
unpaved corrugated pire are recommended for design.

8. Application, The Manning's n curves presented in Chart 22h-l/h
are recommended for preliminary design purposes. The data presented in
Charts 224-1/2 and 224-1/3 permit more accurate evaluation of resistance
losses when the design Reymnolds number is significently different from that
resulting in the peak values of the resistance coefficients. Resistance
coefficients based on the model data curves in Chart 22&-1/3 should be in-
creased by 8 percent when used for field-assemblzd pipe. Caution should
be used in extrapolating the data to other types of corrugations.
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=3, EQUIVALENT PIPE DIAMETER, FT
. A | - X 3-IN. 2- X 8=IN,
f ~ K/D  CORRUGATION CORRUGATION
— 0.00783 1o 20
?{_"\_/\ 0.0158 s 1o
0.0334 28 )
NOTE CURVES ARE BASED ON MODEL DATA
CORRUGATION DETAILS AND APPLY TO NEW TYPE SHOP-
FABRICATED CORRUGATED METAL PIPE
LEGEND INCREASE MODEL ¥ BY 8 PERCENT FOR
_— FIELD~ASSEMBLED STRUCTURAL PLATE
REF MODEL PIPE.
SYMBOL ___ DATA NO_ SCALE _K/D
) WES MODEL 5 122 00334
a WES MODEL s 18 00158
0 WES MODEL 5 1'ls 000783
. ALBERTA MODEL 6 11166 00333
° ALBERTA PROT. &  1I1 0.0339
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RESISTANCE COEFFICIENTS
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A=30K
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MANNING'S ROUGHNESS COEFFICIENT, N

0.03¢
X
©.034 LY
AN
2~ X 6-IN. CORRUGATIONS
(FIELD ASSEMBLED)
0.032
\
0.030 —— —
-3
0.028
4 [ ] ) 10 2 14 18 8 20 22
NOMINAL PIPE DIAMETER D, FT
STRUCTURAL PLATE
C.030
A 1 [ f
\ 7-X 3-IN. CORRUGATIONS
(SHOP FABRICATED)
0.02¢ ~ -]
o \
\(Akcmss T ——
0.02002 & !
1 e —
° } —-~~_ k
STANDARD CORRUGATIONS
— (UNPAVED PIPES)
0.024
0.022 STANDARD CORRUGATIONS __|
/1 (25% PaveED)
0.020
STANDARD CORRUGATIONS
(50% PAVED)
0.018
0.018
i 2 3 4 ] [ ] 7 8 ® 10

NOMINAL PIPE DIAMETER D, FT
1= X 3-IN. AND STANDARD CORRUGATIONS

BASIC EQUATION

1.486 si/2R2/3
v

n=

WHERE:
N=MANN. G'S ROUGHNESS COEFFICIENT
S=SLOFY OF ENERGY GRADIENT
R=HYDRAULIC RADIVS,FT
V= AVERAGE VELOCITY,FPS

PREPARED BY U $. ARMY XNGINEER WATLRWAYS L. STAYTION, 583

DxP>®oO

LEGEND REF NO.

MINNESOTA 3
BONNEVILLE 4
WES MODELS s
ALBERTA 1
COLORADO 7,8

RESISTANCE COEFFICIENTS

CORRUGATED METAL PIPES
MANNING'S N

FULL PIPE FLOW
HYDRAULIC DESIGN CHART 224 -~1/4
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HYDRAULIC DESIGN CRITERIA

SHEETS 224-1/5 AND 224-1/6
RESISTANCE COEFFICIENTS

UNLINED ROCK TUNNELS

1. Purpose. Unlined rock tunnels have been built for flood flow
diversion and for hydropower tunnels where the rock is of sound qualit
and not greatly jointed and fractured. Hydraulic Design Charts 224-1/5
and 22&-1/6 summarize available flow resistance data for unlined rock tun-
nels and should be useful in estimating head losses resulting from bound-
ary roughness.

2. General., The decision whether to line a water-carrying tunnel
or to leave it unlined involves a number of factors thet affect the
economic aspects oi a project. It will generally be found to be more
economical to leave the tunnel unlined unless high flow velocities are
involved, considerable rock remedial treatment is required, or lining in
fractured rock zones is necessary. Operating experiences of over 60 years
have shown that unlined power tunnels are economical both in initial
construction and in maintenance.ls2,3,k4 However, the possibility of
small rock falls resulting in turbine damage and penstock abrasion re-
quires periodic tunnel inspection, especially during the first few years
of operation.

3. Tunnel invert paving may be economically justified to (a) elimi-
nate possible damage to downstream turbines or penstocks from migrating
invert muck, thereby permitting greater flow velocities, and (b) facil-
itate tunnel inspection, maintenance, and rock trap clean out. In some
cases it may be preferable to provide for tunnel invert cleanup using air
and water jetting during construction. The proper balance between de-
sign velocity, provision of rock traps, and tunnel invert paving should
be based on economic considerations.

4, Tunnel Stability and Shape, The detormination of the structural
stability of an unlined tunnel in rock and the need for partial or total
tunnel lining depends on the findings of subsurface geologic exploration
and a thorough study of the existing rock structure. The possible loss
of flow through faults and fissures as well as heavy flows into the tunnel
during construction should be investigated. Structural stability of the
tunnel will usually require a rounded roof, A flat or nearly flat invert
has been found to be advantageous for ecoriomical tunnel blasting and muck
removal operastions., The tunnel shape preferred by many contractors is the
straight-legged horseshoe or some modified horseshoe shape.5 The added
hydraulic advantage of circular or nearly circular cross section has not
generally justified the resulting increased tunneling complexity and cost.
In the present study only one of 42 tunnels investigated was found to be
circular in shape. Almost all the others were horseshoe or modified
horseshoe shaped.

224-1/5 and 224-1/6
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. 5. Overbreak. Overbreak as defined herein is the difference between
the minimum allowable and the actual average tunnel dimensions. The sketch
in Chart 224-1/6 graphically defines this terminology. The amount of over-
break determines to a great extent the tunnel roughness and thus resistance
to the flow. There are many factors that influence the amount of over-
break, such as type and quality of rock, blasting technique, direction of
driving relative to bedding planes, etc. The amount of overbreak varies
from about 10 in. in the best granites to 18 in. in very blocky or lami-
nated shales and sandstones.”’ More stringent control of overbreak usually
results in higher costs.

6. Tunnel Hydraulics. Generally, velocities in unlined tunnels
should not exceed 10 fps except during diversion flow when velocities to
about 15 fps may be acceptable. For a tunnel with downstream turbines,
penstocks, or valves, it has been recommended that velocities be limited
to 5 fps or less? to prevent damage from migration of tunnel muck fines
and rock falls. In addition, it is usually necessary to provide one or
more rock or sand traps along the tumnnel invert upstream of turbines to
collect any migrating moterial. The development of satisfactory rock
trap design and size is presented in references 6 and 7.

7. Thecry. In unlined rock tunnels the resistance coefficient is
independent of the Reynolds number because of the large relative roughness
value usually obtained. Thus the Von Karman-Prandtl equation for fully
rough flow based on the Nikuradse sand grain data should be applicable.
This equation in terms of Darcy's f, pipe diemeter Dp , and equivalent
sand grain diameter kg is

J; k

s
A measure of overbreak k (see reference 8) in unlined tunnels can be ex-

pressed as
_ - / Y/~ J .
k=D, -0, }?(N“m An) (2)

where Dj and D, are the equivalent diameters based on the areas
and A, as shown in Chart 224-1/6. The relative roughness of the tunnel
also can be expressed as

D
L =208 [B] + 1.1k (1)

D
m 1
T T (3)
Ay
Y-Ix
m

The k dimension is approximetely twice the mean overbreak thickness and,

therefore, is a parameter similar to the Nikuradse sand grain diameter kg .

224-1/5 and 224-1/6
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- 8. Resistance Coefficients. Considerable information on resistance
in unlined rock tunnels as well as field experience has been published
since 1953 (refcrences 1, 2, 4, 5, 6, 7, 9, and 10). Data published in
references 1, 2, 6, and 9-15 have been analyzed in accordance with equa-
tion 3 above, summarized in Chart 22&-1/5, and plotted in Chart 22&-Lﬂ6.
The relation between Darcy's f, Manning's n, and tunnel diameter given on
page 1 of Sheets 224-3 to 224-7 was used to convert the published resist-
ance coefficients as required for tabulating and plotting. The relation
between f , D, , and kg expressed by equation 1 above is also shown in
Chart 22&-1/5. The experimental data correlate well with the theoretical
curve and indicate that k (equation 2) is a reasonably good measure of
the tunnel roughness. The user is cautioned that the data presented in
Charts 224-1/5 and 224-1/6 are in terms of the mean driven ("as built" av-
erage) tunnel areas (4p).

9. Application.

a. Preliminary design. The average of the Manning's n values
tabulated in Chart 22&-1/5 is 0.033 and is based on the mean
driven area Ap . This value can be used in preliminary de-
sign and economic analyses for average rock and blasting
conditions,

lo

Final design. Once a preliminary mean driven area is estab-
lished, the final design can proceed, using Chart 22&-;/6.
An estimate or tunnel overbreak or relative roughness (Dm/k)
is required for estimating resistance losses. An estimate
of the overbreak depth k can be obtained from previous
tunnel experience in similar geologic areas or by studying
the date tabulated in Chart 224-1/5. Detailed studies of
the local geology as well as the blasting experience of
potential contractors are useful in estimating the expected
tunnel roughness. The area obtained in the preliminary de-
sign should be used in the first trial of the computation
to determine the required diemeter for the given discharge,
energy gradient, and surface roughness. After tunnel driv-
ing begins, the overbreak can be measured and a value of

k computed to check the final design assumptions. Low
values of f should be used in computations made to deter-
mine power tunnel surge tank stability and surge tank
levels during load rejection. High values of f should be
used to compute surge tank levels during power tunnel load
acceptance.
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% An, Nominal Apy, Mean
Ref. or Design Driven /x n ¢
e No _No Project Location Type of Rock Invert Lining JArea, ft Area, 1 ™ m m
1 1,10 Alfta Sweden Granite-gneiss Negligible 323 364 17.3  0.036  0.086
2 10 Blasjon Sweden Gneiss-mica-schist  Asphalt paved 581 615 35.9  0.028* 0.047
3 10 Donjye Sweden Gneiss Concrete aiches 1345 152} 6.8 0034% 0.070
4 1,10 Jarpstrommen Sweden Upper milurian Negligible 1130 1230 24.1 0,029 0,048
slate horizontally
stratified
5 10 Krokstroramen  Sweden Granite, with large Negligible 969 1094 17,0 0,029 0.048
amount of feldspar
6 1,10 Nissastrom Sweden Granite-gneiss Concrete arches 323 394 10,6 0.037% 0.101
7 1,10 Porjusl Sweden Granite-gneiss Negligible 539 618 14,9 0.034 0,073
8 1,10 Porjusll Sweden Granite-gneiss Negligible 538 662 10,2 0.030 0055
9 1,10 Sehfonb Sweden Black slate with NK® 753 866 14.8 0,044 0,114
granite intrusions
10 1, 10 Sillre Sweden Vein gneiss Negligible 54 n 7.7 0.034 0,102
11 1, 10 Sunnerstaholm  Sweden Granite-gneiss Minor 323 386 11,6 0,039 0,104
lZd 10 Tasan Sweden Gneiss Mincr 183 185 170,6 0,033 0 081
13 1 Torpshammar  Sweden Gneiss-gramite and  NK 646 689 31,56 0.027 0,045
some diabase
14 1 Stalon Sweden Sparagmitequartzite Negligible 645 705 23.0 0,030 00582
15 12 Tokke 1 Norway Variable-greenstone None 807 861 31,8 0.031 0,055
quartzite schist and
metamorphic quartz
sandstone
L4 16 12 Innset Norway NK None 366 384 41.7 0,030  0,059°
1712 Tunnsjo Norway Phyllite and mica None 398 435 25.5 0.031 0,062°
schist
18 12 Tunnsjodal Norway Groenstone, granite  None 484 508 41,7 0030  0,055%
gabbro, Also phyilite
H and naca schist
ussa orway one 89 1.7 0032 0,085
19 12 T N NK N 81 2 2
H w0 12 Mykstufoss Norway  Quartz, mica, and None 592 870 197 0031 0.058
|3 Head Race feldspar both
é granitic and gneiseic
: 20 12 Mykstufoss Norway Gneiss, quartzite, None 592 639 26,9 0,035 0,074%
E Tai} Race and somo micaceout
; amphibolite
’ sz 12 Langv;nmg Norwa Silicates with lime- None 1507 1510 877 0,033 0.060%
y
B stone and dolomite
/ sills
3 ( 2y 6 Eucumbene- Australia  36% granite, 64% Concrete, paved 196 445 176 0,029 0,05
Tumut metamorphized flat
4 scdimentary
: 24 6 Tooma-Tumut  Australia Gramte Corncrete, paved 125 153 16,4 0,031 0074
flat
H
H 25 6 Murrumbidgee- Australia 10% grante, 90% Smoothed muck 100 127 8.9 0,036 0,104
N Eucumbenc® metamorphized
: sedimentary
i 26 1 Fucumbene« Australia  94% gramte, 6% Concrete, paved 350 425 10.8 0,033 0,072
5 Snowyl metamorphized flat
¥ sedimentary
27 N Kiewa No, 3 Austrahia  Granodiorite Mick not stuiced 200 255 8.7 0,038 0.02%
28 14 Kiewa No, 4 Australia  Gneiss-intruded by Concrete 200 238 12,0 0.038 0,103
granodiorite
3 29 14 Lower West Australia  Gneiss-intruded by Muck not sluiced, ['3] 7% 12,0 0,037 o ns?
z Kiewa granodiorite track leftn
i 30 14 Kiewa No, 1 Australia  Gneiss-intruded by Sluiced muck 150 200 7.5 0.041 01222
! granodiorite
3 3t 1 Telom Malaysie  Closely-jointed ompacted muck, 87 10% 110 0030 0081
H granite track removed
K 2 9 Cresta California  Granite NK 578 656 16,3 0035 0,075
! 33 9 West Point Califormia  Gramte NK 180 222 10,0 0,033 0,080
' 349 Bear River Califorma Gramte hY S 82 93 16,4 0028 0086
3% 9 Balch Califorma  Gramte NK 144 169 13,0 0,032 0,079
6 9 Haas Cal'forma Granite NK 151 184 0.6 0030 0.068
i_ 317 9 Cherry Califormia  Gramte NK 133 150 171 0034 0090
i 38 9 Jaybird Caltforma  Granste NK 177 195 210 Q032 0.0/17
i 39 2 Pag Creek 3 Califorma Granite Unlined 434 515 12,2 0035 o077t
£
it 9 2 Big Creek 4 Califorma  Granite Concrete paved 409 462 16,9 0,030 0.057*
41 2,13 Mammoth Faol  Califorma  Granmte Concrete paved 336 367 230 0029 U se*
12 1%, 16 Apalachia Tennessee Quarteite and slate Smoothed muc\n”l Hbl 405‘ 13,9 003 0,096
Notes 185 n‘
Computed from § = -—rn—m
" l)“)
b Crossesection shape not constant
€ N not known RESISTANCE COEFFICIENTS
4 1ot plotted on HDC 224-1/6
€ Tests may have been for free surface flow R
f Average of 20+ and J2-ft diameters UN L'| NED ROCK TUNNEL‘S
& Cross-section area and hydraulic measurements
( N are believed to be in error BAS‘ C DATA
Muck (except for large rocks) cleaned out by flow , -
,’ i hscharge measurements may be 1n etror Data HYDRAULIC DESIGN CHART 224-1/5
. being reanalyzed by contributor wEes 1 es
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HYDRAULIC DESIGN CRITERIA
SHEET 224-2

CONDUIT SECTIONS
HYDRAULTC ELEMENTS

PRESSURE FLOW

1. The Darcy resistance factor, being expressed in terms of conduit
diameter, is theoretically applicable only to conduits of circular cross
section., However, the concept of equivalent hydraulic diameter has been
devised by Schiller and Nikuradse* to make the Darcy f applicable to
noncircular sections. This concept assumes that the resistance losses in
a noncircular conduit are the same as those in a cirzular conduit having
an equivalent hydraulic radius and boundary roughness. A WES study¥*¥* has
shown that the equivalent hydraulic diameter concept is applicable to all
conduit shapes normally encountered in hydraulic structure design.

2. The equivalent diameter is derived from

. - 4R = M
D= D= IR =5

where R 1is the hydraulic radius of the noncircular conduit, A is the
cross-sectional area, WP is the wetted perimeter, and D is the diameter
of a circular conduit having the same hydraulic radius. Hydraulic Design
Chart 224-2 is presented as an aid in the computation of equivalent
hydraulic diameter for various common conduit shapes.

¥ Schlichting, H., Boundary Layer Theory, English translation by
J. Kestin, McGraw-Hill Book Co., Inc., New York, 1960.
¥% U, S. Army ¥ngineer Waterways Experiment Station, CE, Resistance Losses

in Noncircular Flood Control Conduits and Sluices, by R. G. Cox.
Miscellaneous Paper H-73-1, Vicksburg, Miss. January 1973.
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WETTED HYDRAULIC

AREA PERIMETER RADIUS
SECTION (A) (WP) (R)
I BH
_1_ BH 2(B+H) T
ja—B—s
2
'l D L
4 4
& . mR2
7R BH + ?
:{ BH+—'2—- B+2H +7R m
be—p—s
2 Bi+mR?
HI BH + 7R 2H +7R) RS
le—p—od|
2
7R? H(B+AB)+-7’-;—
H(B+AB) + = B+2(H2+(AB)2)% + R
H L— B+20H2+(A8)%) 24 R
le-B-f fe—AB

ﬁ% 33172 R 6.533 R 0.5077 R
QI—

HYDRAULIC ELEMENTS

CONDUIT SECTIONS
PRESSURE FLOW

RYDRAULIC DESIGN CHART 224-2
WES 8-78
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HYDRAULIC DESIGN CRITERIA

SHEETS 224-3 TO 224-7

STRAIGHT CIRCULAR CONDUIT DISCHARGE

1. The basic equation for discharge in an outlet works tunnel or

conduit is:
1 [""‘
Q'ACVK+Kf+1.O 2l

Where K 1is an intake coefficient which includes entrance losses, gate
slot losses, and transition losses. The value Ky can be expressed in
terms of the Darcy-Weisbach friction factor as follows:

No simple equation is available for direct solution of the diameter re-
duired to pass a given discharge in view of the fact that the area of
the conduit (A.) and the friction coefficient (K¢) are both dependent
upon the diameter (D). The design then requires successive approxima-
tions by computing the discharge for assumed values of diameter.

2. Hydraulic Design Chart 22L4-3 is a design aid for reducing the
computation effort in determining the diameter required for passing a
given discharge through a straight conduit. The Darcy-Weisbach friction
factor "f" is used as the ordinate rather than Manning's "n" for simplic-
ity in application. The £ factor varies as the first power of the diame
eter whereas in Manning's formula, n varies as the two-thirds power of
the diameter. The chart is prepared for an assumed K value of 0,10.

3. Many design engineers still prefer to use Manning's n instead
of the Darcy-Weisbach friction factor f . Therefore, Hydrsulic Design
Chart 224-4 is included as an alternate design aid for reducing the
computation effort in determining the diameter required for passing a
givE7 discharge. This chart presents a family of curves of various
L/D 3 ratios plotted to show the relationship between Manning's n
and the discharge coefficlent K'.

4, Hydraulic Design Chart 224-5 is in the form of the Moody diagram
with families of lines drawn to show the comparison of the Darcy-Weisbach
f with the Manning's n for verious values of the velocity-diameter
ratio. The equation which relates £ to n 1is expressed:

_ 185n2

vy

224-3 to 224-7
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This equation can be evaluated in terms of the VD product if the
velocity is defined as so many diameters per second. The velocity-
diageger product as used corresponds to a Reynolds number with water
at 60° F.

5. A sample computation employing Charts 224-3 and 22L-5 is given
on Chart 224-6. An assumed diameter together with the required discharge
fixes the velocity-diameter ratio and the velocity-diameter product. '
An alternate sample computation employing Chart 224-4 is given on Chart
224-7., The design aids presented facilitate an estimate of the required
diameter, although it may be desirable to make the final determination
of the discharge-head relationship analytically,

()
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Ac = AREA OF CONDUIT IN $Q FT
K' = DISCHARGE COEFFICIENT
H = AVAILABLE HEAD

STRAIGHT CIRCULAR CONDUITS
DISCHARGE COEFFICIENTS

HYDRAULIC DESIGN CHART 224-3
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HYDRAULIC DESIGN CRITERIA

SHEETS 224-3/1 TO 224-3/k
STRAIGHT CIRCULAR CONDUIT DISCHARGE

Hydraulic Design Charts 224.3/1 to 224-3/4 are design aids for
reducing computation effort in determining the diameter required for
a glven discharge through a straight conduit., These charts are pre-
sented as supplements to Chart 224-3., Chart 224-3 presents various
L/D ratios as a function of the Darcy-Weisbach friction factor "f"
and a discharge coefficient "K'." Chart 224-3 was prepared for a com-
bined loss coefficient other than friction of 0,10. Charts 224-3/1
to 224-3/l are based on combined loss coefficients of 0.20, 0.30,
0.%0, and 0.50.

22h-3/1 to 224-3/U
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WHERE
Q = DISCHARGE IN CFS
A& = AREA OF CONBUIT UM SQ FT
+ KU x DISCHARGE CQEFFICIENT
H = AVAIL. DLT HEAD

STRAIGHT

K=0.,10

CIRCULAR CONDUITS

DISCHARGE COEFFICIENTS
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WATERWAYS EXPERIMENT STATION
COMPUTATION SHEET

Jos: CW 804 Prosect:__ JOHN DOE DAM . susasect:  CIRCULAR CONDUITS
COMPUTATIONS: REQUIRED DIAMETER FOR DESIGN DISCHARGE
comruted By: RGC oate:  10/22/52 cueckeo sy: AAMC Dpate:  10-27-52

PR e LoD e,

DESIGN REQUIREMENTS DESIGN ASSUMPTIONS

Discharge (Q) = 20,000 cfs Composite coefficient (K) = 0.10
Length of conduit (L) = 1,000 ft Manning's *n® = 0,012

Avajlable head {H) = 100 ft

Required conduit diameter (D) to be determined

TRIAL COMPUTATIONS « Charts 224~3 and 224~5
Assume 0 = 20 ft
Then:
Area of conduit (Ac) = 314 sq f¢

20,000
Velocity (V) = = = 63.7 ft/sec
3

v 3.7

- ratio ® ——— = 3,18

0 20

VO product = 63,7 x 20 = 1274
L 1000

- ratio ® e = 50

0 20

Enter Hydraulic Design Chart 22u4-5 on Ordinate VD = 1274 locating V/0D ratio
value = 3,18 between 1ine V/D =3 and V/D =4 having *n* value = 0.012. Read
friction factor (f) value of 0.010 on scale at left side of chart, Enter Hydrau-
Yic Design Chart 224-3 from left side at friction factor value (f) = 0.010., Fol~
Tow this *f" value across chart to L/D value of 50 between lines L/D = 80 and
L/0 = ¢0. Read discharge coefficient value of (K*) = 6.35 on scale at dottom of
chart. Use discharge formula on chart to compute conduit discharge.

) -ACK'VF'
Q= 314 x 6.35 V100 = 19,900 cfs

NOTE: It the computed discharge does not spproximate the required design discharge,
successive trial computations are required varyfng 0 wuntil the design dis-
charge is obtained,

STRAIGHT CIRCULAR CONCUITS
SAMPLE D ISCHARGE COMPUTATION
HYORAULIC DESIGN CHART 22/.¢
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WATERWAYS EXPERIMENT STATION
COMPUTATION SHEET

Jos:__CW 804 Prosect: JOHN DOE DAM Sussect:__CIRCULAR CONDUITS
COMPUTATIONS: REQU{RED DIAMETER FOR DESIGN DISCHARGE
Comrureo B8v:_ RGC  Dave: 1/23/53 Cueckeo sy:_ AAMC Date: 2/3/53

DESIGN REQUIREMENTS DESIGN ASSUMPTIONS

Composite coefficient (K} = 0.10
Manning’s "n* = 0,012

Ofscharge (Q) = 20,000 cfs
Length of conduit (L) = 1000 ft
Available head (H) = 100 ft
Required conduit diameter (D) to be determined

TRIAL COMPUTATION — Chart 224~y
Assume D = 20 ft
Then:
Area of conduit (A.) = 314
K = 0.10

0*/3 = (20)M3 « su.3
L 1000
PUE )

Enter Hydraulic Deslgn Chart 224-4 at left slde with *n* value of 0.012, Traverse
. . i 5 h
chart to polnt -373 = 18.4 between iines -173 = 10 and 3;75 = 20, Read discharge

coefficient (K’) = 6.4 on scale at bottom of chart, Use dischargn formula on Chart
224-% to compute conduit discharge.

0= AK\H
0 = 318 X 6.8 x\/xoo = 20,100 cfs

NOTE: if computed discharge does not approximate the required design discharge suc-
cessive trial computations are required varying 0 until the design discharge
Is obtalned.

STRAIGHT CIRCULAR CONDUITS

SAMPLE DISCHARGE COMPUTATION
MANNING'S "N" METHOD
HYDRAULIC DESIGN CHART 224-7
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HYDRAULIC DESIGN CRITERTA i
SHEETS 224-8 AND 224-9
CIRCULAR SECTIONS

FREE-SURFACE FLOW

1. Hydraulic Design Charts 224-8 and 224-9 are aids for reducing
the computation effort in design of channels of circular section. Chart
228 is designed for use with Charts 610-1 and 610-1/1. Chart 22k-9 is
complete within itself. These charts can be used in conjunction with the
method for nonuniform flow presented on Chart 010-2.

2. Basic Equation. Chart 224-8 can be used to determine normal
depths (y ) for any circular section. The curves on Chart 22l-8 were de-
veloped using the equations stated in paragraph 2 of Sheets 610-1 to
610-7. Functions of the area and hydraulic radius, necessary for the
solution of the equations, were obtained from published tables(1),

DRARRCADS

3. Chart 224-9 can be used to determine the critical depth-diameter
ratio from which the critical depth can be computed; these curves are
based on the critical depth formula(2)

L q - /2 ?

L. Application. The ratio of normal-depth to diameter (yo/D)
for various sections cun be determined from Chart 224-8 in the manner
described in paragraph 3a, b, aud c, Sheets 610-1 to 610-7. The ratio
j of critical depth to diameter can be determined directly from Chsart
v 224-9 for a given discharge and diameter.

T SRS S e
g D AR T R T T S R |

AR, B4 ¢ e

|
_5, %
3

224-8 and 22h-9

b (1)

9 H. W. King, Handbook of Hydraulics, 31 ed., New York, N. Y., McGraw-
. Hill Book Company (1939}, tables 1CO and 101, p 299.

() (2) Ipid., Table 130, p bb1.
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» HYDRAULIC DESIGN CRITERIA :
&) SHEET 224-10 :

HORSESHOE CONDUITS

HYDRAULIC ELEMENTS

Sy R I R I R e R

1. Hydraulic Design Chart 224-10 presents curves of hydraulic
elements as computed by the United States Bureau of Reclamation® for )
a standard horseshoe tunnel cross section. This conduit shape is identi- é
cal with that presented at the bottom of Hydraulic Design Chart 224-2.

2. The flow cross-sectional area (A), water surface width (T), and
wetted perimeter (P) can be expressed in terms of y/H, in which y is
the central flow depth and H 1is the central height and width or in terms
of the angle 6 , which is the slope angle of the lower side arc radius
line at the water surface intercept on the lower side arc. Angle 6
equals sin=l (0.5 - y/H). The flow section can be studied in three separate
portions:

a. Value y varies from the bottom to the intersection of the
lower side arcs, O < y/H < 0.0885.

() 2o (o) (-G -5)

]

,,.‘W,WW,.,,‘...,,‘,,,,.,Wk
o3
#
n
B
TN
n
]
<
~—

2 cos-l (l - %)

f b. Value y varies from the intersection of the lower side !
arcs to half full, 0.0885 < y/H < 0.5 or 0 < 8 < 0.4242 rad.

g
]

_-‘_;J— S

A 0.4366 - 9 + L ne 1—\/1 + 8 sin® -} sin2 0
H2 2 2

¥ Hu, Walter W., "Hydraulic Elements for the USBR Standard Horseshoe
Tunnel," Transportation Engineering Journal of ASCE, Vol 99, No. TEk,
Nov. 1973.

M e e

224-10
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T .28 . 2
-ﬁ-=\ll+8sm —Q--hsm ] {ﬁ\)

P _
i 1.6962 - 26

c. Value y varies from half full to full, 0.5 < y/H < 1,0.

A__ 0.8293 - %— cos™t (2%- 1)+(1- o.s) L (1 - 1)

2 H H H
T_ x( _x)

- 24F \' " H

§=3.2670-cos"1 (2% -1)

3. Other hydraulic elements included in Chart 224-10 are the hydraulic
radius, R = A/P ; hydraulic depth, D = A/T ; section factor, Z = AVD ;
conveyance of Manning's formula, K = 1.486 AR2/3 ; and the critical slope —
for a given normal depth, S,, . All are expressed as dimensionless ( )
ratios with respect to H except Scn , Which is expressed in the form -

| Scn/n2 = lh.S7Ph/3/Al/3T , where n is the Manning's roughness.

224-10

R
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HYDRAULIC DESIGN CRITERIA

SHEET 225-1
CIRCULAR EXIT PORTAL

PRESSURE GRADTENTS

1. The elevation of the intersection of the pressure gradient with
the plane of the exit portal is a factor in the computation of the dis-
charge capacity of a flood-control conduit. The use of the center of the
portal as the position of the pressure gradient yields falrly accurate dis-
charge determination for unconstricted flow where the conduit is relatively
small in relation to the design head. However, a closer determination of
the pressure gradient intersection is pertinent to the discharge-capacity
design where the conduit size is large in relation to the head.

2. Theory. A number of investigations have been made of velocity
and pressure distribution in the vicinity of exit portals. Each investi-
gator concluded that the intersection of the pressure gradient with the
plene of the exit portal did not coincide wit? ghe center of the portal
for a free discharging jet. D, Rueda-~Briceno 2) determined the location
of the pressure gradient as a function of Froude's number.

3. Basic Data. HDC 225-1 shows the relative position of the pres-
sure gradient at an exit portal of circular section (Y,/D) with respect
to Froude's number (F). The plotted data show that the position of the
pressure gradient varies with the support of the jet downstream from the
portal plane as well as with Froude's number. The geometry of the jet
support for the various investigations is summarized below:

a. State University of Iowa (Rueda-Briceno).(a) Jet discharging
into air.

b. Denison model.(h) Jet discharging into transition having
level invert and sidewalls flared 1 on 5.

Denison prototype.(ﬁ) Jet discharging into transition having
level invert and parallel sidewalls for 50 ft followed by
1l-on-5 flared walls.

d. Garrison model.(6) Jet discharging into transition having
parabolic invert and sidewalls flared 8 on 35.

Youghiogheny model.(l) Jet discharging into transition
having l-on-2¢ :loping invert and sidewalls flared 2 on 3
followed by e:.liptical curves.

o

o

f. Enid prototype,(7) Jet discharging into transition having

225-1 )
Revised 3-46
Revised 1-64
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parabolic invert and sidewalls flared with 100-ft radius
for 20 ft followed by flare of 1 on 4.5. —_.

Fort Randall model and prototype.(8’9) Jet discharging into {-M)
primaxy stilling basin having level invert and sidewalls

flared 1 on 6. The 500-ft-long primary basin is separated

from the secondary basin by a 25-ft-high ogee weir.

fioe!

h. Oshe prototype.(3) Jet discharging into transition having
parabolic invert and sidewalls flared 1 on T7.k42,

L, Application. The suggested design curve in HDC 225-1 applies to
circular conduits with some form of jet support below the exit portal. The 1
solid-line curve is applicable only to exit portals having e free-falling
Jet.

5. References.
(1) Carnegie Institute of Technology, Report on Hydraulic Model Tests of

I
Spillway and Outlet Works of Youghiogheny River Dam, Confluence, ?
Pemnnsylvania. Hydraulic Laboratory, Pittsburgh, Pa., March 1941. ]
|
!
|

(2) Rueda-Briceno, D., Pressure Conditions at the Outlet of a Pipe.
State University of Iowe Master's Thesis, February 1954.

(3) U. S. Army Engineer District, Omaha, Oshe Outlet Tunnel Prototype ;
Tests. (Unpublished data.) -
(%) U. s. Army Engineer Vaterways Experiment Station, CE, Hydraulic Model (;::>

Studies of the Control Structures for the Denison Dam, Red River.
Technical Memorandum No. 161-1, Vicksburg, Miss., April 194O0. ;

(5) , Pressure and Air Demand Tests in Flood-Control Conduit,
Denison Dam, Red River, Oklahoma and Texas. Miscellaneous Paper No.
2-31, Vicksburg, Miss., April 1953.

(6) , Outlet Works and Spillway for Garrison Dam, Missouri
River, North Dakota; Hydraulic Model Investigation. Technical
Memorandum No. 2-431, Vicksburg, Miss., March 1956.

(7) , Prototype Hydraulic Tests of Flood-Control Conduit, Enid
Dam, Yocona River, Mississippi. Technical Report No. 2-510, Vicksburg,
Miss., June 1959.

(8) , Spillway and Outlet Works, Fort Randall Dam, Missouri
River, South Dakota; Hydraulic Model Investigation. Technical
Report No. 2-528, Vicksburg, Miss., October 1959.

(9) , Flow Characteristics in Flood-Control Tunnel 10, Fort
Rendall Dam, Missouri River, South Dakota; Hydraulic Prototype Tests.
Technical Report No. 2-626, Vicksburg, Miss., June 1963.
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HYDRAULIC DESIGN CRITERIA
SHEET 228-1
BEND LOSS COEFFICIENTS

1. The purpose of this chart is for use in the design of flood-
control conduits and tunnels, Most of the research work which has been
conducted on bend loss is based on right-angle bends and is epplicable
principally to the problems of mechanical engineering design. Flood-
control conduits are usually designed with a defl cgion angle (o) much
smaller than 90 degrees. The work of Wasielewski 1) at Munich was ap-
plicable to a wide range of deflection angles and ratio of bend radii
to pipe diameters (r/D). These experiments formed the basis of the
curves on the attached chart,

2. The broken lines are suggested design curves formulated from
the Waslelewski curves shown as solid lines. The bend loss coefficient i
(Ky) represents the loss in terms of velocity head caused by the bend
only, excluding the friction loss within the bend, The experiments of
wasielewski employed approximately 55 diemeters of pipe and should
represent nearly complete decay of the turbulence caused hv the bend.

The Reynolds number for these tests was 225,000. ?
h ) 3+ The maximum angle tested by Waaie%eweki vag T5 degrees. His
graph includes the date obtained by Hofmann(2) for losscs caused by

90° bends. The design curves were adjusted by the use of the 900 curve
shown in the upper right-hand corner of the chart. This curve also
serves as an interpolation curve for the design curves on the chart,
Although the coefficient K, approaches zero very slowly as the r/D ratio
becomes large, it was suggested by Professor J. S. McNown of State
University of Iowa that a logarithmic function may fit the data. The
equation shown produces a good fit for 900 with = used in the constants
a8 indicated.

(1) Rudolph Wasielewski, "Loss in Smooth Pipe Bends with Bend Angles
Less than 90°" (In Germen), Proceedings of the Hydraulic Institute of
the Technical College of Munich, Issue 5 (1932), pp. 53-67.

(2) A. Hofmann, "Lose in 90 Degree Pipe Bends of Constant Circular Cross-
Section," Transactions of the Hydraulic Institute of the Munich Tech-
nical University, Bulletin 3 (1929). Published in 1935 by the
( ) American Society of Mechanical Engineers, pp. 29-41,

~ 228-1




. 4., The interpolation curvé for 90° was developed independently on
the basis of the Wasielewak% ta and was then compared with Anderson's
and Straub's adjusted curve\d/, The two curves show a {ﬁ r agreemeut.

A careful analysis of Waterways Experiment Station data for r/D = 1.5
and 0 = 900 gives a good verification of the design curve for that ratio.
The experimentas data by Bei] 5) has been included on the grara. Dr. Bel]
has informed the Office, Chief of Engineers, that he considers his data
applicable to rough pipe.

5. It was found further that the introduction of @ in the equation
as indicated, produced a family of curves which embraces the Wasielewski
data fairly well. More experimental information ie needed for the range
of r/D greater than 4 and Q less than 45°. These data indicate the bend
loss only and estimated friction for the length of bend should be added.

6. The data from the various experimenters on 900 bends show wide
discrepancies, However, bend losses are usually small compared to
friction losses in tunnels or conduits of substantial length. In the
interest of conservatism, it is recommended that safety factors be applied
to the dashed curves. The values on the graph should be increased 25% to
50% in the design for hydraulic capacity. The values indicated on the
graph should be decreased by a comparable percentege in determining the
maximum velocity entering a stilling basin at the downstream end of a
tunnel, The selection of the actual percentage between the range given

would depend upon the relative importance of hydraulic capacity and the
effect upon cost.

(3) A. G. Anderson and L. G. Straub, "Hydraulics of Conduit Bends," St.
Anthony Falle Hydraulic Laboratory Bulletin No. 1 (Minneapolis, Minne-
sota, December 1948),

(4) "Experiments to Determine the Pressure Loss in Pipe Bends," Waterways

Experiment Station, Technical Memorandum No. 21-1 (Vicksburg, Miss.,
January 1932).

(5) K. Hilding Beij, "Pressure Losses for Fluid Flow in 90° Pipe Bends,"
Research Paper RP 1110, Journal of Research, National Bureau of
Standards, Vol. 21 (July 1938).
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HYDRAULIC DESIGN CRITERIA

SHEETS 228-2 TO 228-2/1
MITER BENDS
BEND 10SS COEFFICIENTS

1. Hydraulic Design Chart 228-2 and 228-2/1 show bend loss
coefficients (KB ) versus Reynolds number and deflection angle, respec-
tively. %’be charts are based on laboratory tests ma3~ at Munich,
Germany(l ) 2.:1 tests made on 90-degree bends &t iue Waterways Experi-
ment Station(2), The broken lines on Chart 228 -2 are suggested design
curves and are not the experimenters' interpretations. The bend loss
coefficient (KB) represents the loss in terms of velocity head caused
by the bend only, excluding the friction loss within the bend.

2. Chart 228-2/1 is a plot of bend loss coefficients and de-
flection angles for three Reynolds numbers. The curves on this chart
were used to establish the suggested design curves on Chart 228-2,
The curves have been extended to assist the engineer in determining
loss coefficients for smaller deflection angles.

(1) Hans Kirchbach, "Loss of Energy in Miter Bends," and Werner Schubart,
"Energy loss in Smooth and Rough Surfaced Bends and Curves in Pipe
Lines," Transactions of the Hydraulic Institute of the Munich Tech.
Univ. Bulletin 3, translation published by ASME, 1935.

(2) “Experiments To Determine the Pressure Loss in Pipe Bends," Water-
ways Experimert Station, Technical Memorandum No. 21-1, Vicksburg,
Miss., January 1932.

228-2 to 228-2/1
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WHERE Kg= 8END LOSS COEFFICIENT
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HYDRAULIC DESIGN CRTTERIA

SHEET 228-3
PRESSURE FLOW
PIPE EENDS

MINIMUM PRESSURE

1. Flow around pipe bends results in a velocity acceleration a.ong
the inside of the bend accompanied by a local pressure reduction. This
pressure reduction may be sufficient to result in cavitation in low flow
and water supply pipes conducting discharges from reservoirs. IHydraulic
Design Chart 228-3 should serve for estimating minimum vressures in
standard pipe bends.

2. Basic Data. Available experimental date on minimum pressures
in pipe bends are limited to those on 6-in. pipe bends of 45 to 180 deg by
Yernell.l These data show that the minimum pressure occurs 22,5 deg [rom
the point of curvature compared with its occurrence 45 deg from the point
of curvature for rectangular section conduits (HDC Sheets and Charts 534-2
and 534-2/1). The analytical procedure suggested by McPherson and
Strausseré for determining the magnitude of the minimum pressure in a cir-
cular bend of rectangular conduits has been applied to pipe bends. The
theoretical curve, Yarnell's data, and points computed from elbow meter
date compiled by Taylor and McPherson3 are shown iﬂ Chart 228-3. The
elbow meter data are based on studies by Lansford,* Addison,’ and Taylor
and McPherson3 (lehigh data). Yarnell'sl study showed that the pressure
45 deg from the point of curvature is only slightly higher than the
minimum pressure that occurs at the 22.5-deg point, This is confirmed
by the Lehigh data points in Char: 228-3, Daca for both the 22.5- and
ks-deg points correlate with tne t.cvnretical curve as shown in the chart.
The data cover a range of pipe diam:teys rrom 4 to 12 in. and indicate
a range of Reynolds numbers (Rg) of 10% o 109,

3. Application. The minimum bend pressure can be computed from the
equation

The terms in the equation are defined in Chart 228-3., The equation for the
theoretical curve shown in Chart 228-3 is given in Sheet 534-2,

4, The curve in Chart 228-3 can be used to estimate the minimum
steady pressure in standard pipe bends of 45 to 180 deg. Cavitation oc-
curs when the instantaneous pressure at any point in a flowing liquid
drops to vapor pressure. Turbulence in flow causes local pressure

228-3
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fluctuation from the minimum computed steady pressure. A procedure for
estimeting the necessary average pressure or the permissible average veloc-
ity to prevent cavitation is given in paragraph 4 of Sheets 534-2 and
534-2/1. The sample computation shown in Chart 534-2/1 for rectangular
conduits is also applicable to pipe bends.

fluctuation. Therefore, an estimate should be made of the maximum expected {\n;)

5. References.

(1) U. S. Department of Agriculture, Flow of Water Through 6-Inch Pipe
Bends, by D. L. Yarnell. Technical Bulletin No. 577, Washington, D. C.
October 1937.

(2) McPherson, M. B., and Strausser, H. S., "Minimum pressures in rec-
iangular bends." Proceedings, ASCE, vol 81, Separate Paper No. Th7 k
(July 1955). ;

(3) Teylor, D. C., and McPherson, M. B., "Elbow meter performance."
American Water Works Association Journal, vol 46, No. 11 (November
1954), pp 1087-1095. (Copyrighted by the American Water Works ‘
Association, Inc., N. Y.) i
!

(4) Iansford, W. M., The Use of an Elbow in a Pipe Line for Determining
the Rate of Flow in the Pipe. Bulletin No. 289, Engineering Experi-
mental Station, University of Illinois, Urbana, December 1936.

(5) Addison, H., "The use of bends as flow meters." Engineering, vol 145 {i::)
(4 March 1938), pp 227-229 (25 March 1938), p 32k. -
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HYDRAULIC DESIGN CRITERIA

SHEET 228-4
IN-LINE CONICAL TRANSITIONS

LOSS COEFFICIENTS

1. Purpose. Hydraulic Design Chart (HDC) 228-4 presents coeffi-
cients for computing head losses through in-line expanding and contract-
ing conical transitions frequently used in penstock and water supply
design. This chart can also be used as a guide in estimating coeffi-
cients for computing head losses in flood control tumnel interior
, transitions.

' 2. Background.

a. Expansions. Extensive data on energy losses in conical
expansions were published by Gibsont in 1912, Although
additional data were pubiished by Peters? in 1934, design
guidance given in Rouse” was limited to the earlier work
by Gibson. Kalinske™ and Robertson and Ross? also have
investigated flow characteristics in conical diffusers.
However, it was 1964 before additional data for head loss

3 coefficients were published by Huang.® His study included

2 ( , both smooth and artificially roughened pipe. Reynolds

5 SN numbers tested were from 0.3 to 1.5 x 107. Huang found

very little difference in loss coefficients for smooth and
rough pipe flow and no effect of Reynolds number on losses
for in-line transitions.

1

i b. Contractions. Coefficient data for head losses in conical

f contractions are appreciably more limited than for expa$-
sions. The only known availsble study is that by Levin
in 1970. Levin's data are for diameter ratios of Do/D;
of 1.2 to 2.1 and were made at Reynolds numbers of

f 1 x 107 to 1 x 10,

¢. Other shapes., Loss coefficient curves for expansion
transitions of many other cross-section shapes and én—
stallation locations have been published by Miller.

3. Theory. Loss coefficient curves for conical expansions
published by Rouse3 are based on Gibson's data and described by
equation 1.

QgHL !

K= (1) s
1

K\—/j 228-4

(v, - v,)°
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Comparable loss coefficients. published by Huang, based on Gibson's,
Peter's, and his own date are described by equation 2.

QgHL
= —= (2)

vy

Ke

Loss coefficients published by Levin for conical contractions are also
described by equation 2. In these equations, K and K, are loss co-
efficients, Hy, is the head loss effected by the transitions, Vy 1is
the average velocity in the smaller conduit (either upstream or down-
stream, respectively, depending upon whether the flow is expanding or
contracting), Vp is the average velocity in the larger conduit, and
g 1is the acceleration of gravity.

L, Coefficient values from Rouse's plots of Gibson's data were
transposed into terms comparable to Huang's by use of the following
equation:

2

2
D,
K, =K|1 -( 5—;) (3)

where Dy dis the smaller conduit diameter and Dp 1s the larger con-
duit diameter.

5. Design Criteria,

&. Expansion coefficients. Comparable plots of expansion
loss coefficlents based on tests by Gibson, Peters, and
Huang are given in HDC 228-ha.

lo

Contraction coefficients. Contraction loss coefficients
reproduced from Levin's plots are given in HDC 228kb,

6. References,

(1) Gibson, A. H., "The conversion of kinetic to potential energy in
the flow of water through passages having divergent boundaries."

Engineering, vol 93 (1912), p 205.

(2) Peters, H., Conversion of Energy in Cross-Sectional Divergences
Under Different Conditions of Inflow. Technical Memorandum
No. 737 (Translation), National Advisory Committee for Aeronautics,
Washington, D. C., March 1934,

(3) Rouse, H., Engineering Hydraulics. John Wiley and Sons, Inc.,
New York, N. Y., 1950, p 418.
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Kalinske, A. A., "Conversion of kinetic to potential energy in flow
expansions." Transactions, American Society of Civil Engineers,

vol 111 (1946), pp 355-37h.

Robertson, J. M. and Ross, D., Water Tunnel Diffuser Flow Studies.
Parts I and II, Ordnance Research Laboratory, Pennsylvania State
College, State College, Pa., 1949,

Huang, T. T., Energy Losses_in Pipe Expansions. Master of Science
Dissertation, State University of Iowa, Iowa City, Iowa, 196k,

U. S. Army Engineer Waterways Experiment Station, CE, Study of
Peculiar Head Losses in Conical Convergences, by L. Levin.

Translation No. 73-3, Vicksburg, Miss., January 1973.

Miller, D. S., Internal Flow, A Guide to Losses in Pipes and Duct

Systems. British Hydromechanics Research Association, Cranfield,

Bedford, England, 1971.
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b. CONTRACTIONS

BASIC EQUATION
Ke = 2gH /V,2
cTean Y,

WHERE:
Hy =HEAD LOSS, FT

g = ACCELERATION OF GRAVITY, FT/SEC2

Vi = AVERAGE VELOCITY IN THE SMALLER
CONDUIT, FPS

CONICAL TRANSITIONS
LOSS COEFFICIENTS

HYDRAULIC DESIGN CHART 228-4
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HYDRAULIC DESIGN CRITERTA

SHEET 228-5
PRESSURE CHANGE COEFFICIENTS
AND JUNCTION BOX HEAD LOSSES

FOR IN-LINE CIRCULAR CONDUITS

1. Purpose. Junction boxes are used extensively in the design of
pressure storm drain systems where lateral drains flow into main-line
drains. They are also included in long, continuous drains to provide
ready access for condult inspection and maintenance. In small, flow-
control outlet works they have been used as wet wells for control gates.
Hydraulic Design Chart (HDC) 228-5 presents design information on pres-
sure change coefficients for Junction boxes with in-line circular con-
duits. HDC 228-5a gives pressure change coefficients for junction boxes
effecting expansions and contractions. HDC 228-5b shows the effects of
box geometry on pressure change coefficlent. A procedure for using these
pressure change coefficlents to compute junction box head losses is
given in paragraph 5 below.

2. Background. Arbitrary loss coefficients were used for the
design of junction boxes in storm drain systems for many years. In 1958
Sangster, et al.,l published the results of the first comprehensive hy-
draulic study on junction boxes for storm drain gystems. In 1959 they
published a selected summary of the basic tests.® The published reports
also give design criteria applicable to multiple inflow Junction boxes
and to storm drain inlets.

3. Theory. Sangster applied the momentum theory to flows through
Junction boxes and developed the following equations describing pressure
changes across a junction box with in-line conduits.

a. Expansions.

VID1
K=2|[1- \iT') (1)

L
D 2
(@) ) e

b. Contractions.

228-5
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where
K = pressure change coefficient
Dy = downstream conduit diameter, ft
Do = upstream conduit diameter, ft
Co = downstream coefficient valuge for abrupt con-

traction according to Rouse3

L. PExperimental Results. Experimental studies were undertaken
by Sangster to evaluate the effects of junction box geometry on the
pressure change coefficient K . In each test the upstream and down-
stream friction pressure gradients were extended to the center of the
junetion box. The difference between the extended pressure gradients
was dlvided by the velocity head in the downstream conduit to obtain
the pressure change coefficient XK . HDC 228<5a shows that XK is a
function of ratio of the diameters of the upstream and downstream con-
duits and that the junction box width has little effect on the co-
efficient value. HDC 228-5b shows the effects of Jjunction box shape
on pressure changes for in-line conduits of equal size, These plotted
data show that for large ratios of b/b2 y Pressure change coefficients
up to 0.25 were obtained.

5. Application. The pressure change H across the junction box
can be computed using the following equation:

2
vl)
H= K<§E (3)

downstream conduit velocity, fps
acceleration of gravity, ft/sec?

where

vy
g

The head loss Hj across the junction box can be computed by use of the
Bernoulli equation as follows:

H = H+ =2t ()

where
Vo = velocity in the upstrear conduit, fps
6. References.

(1) Sangster, W. M. et al., Pressure Changes at Storm Drain Junctions.

Engireering Series Bulletin No. 41, vol 59, No. 35, University of
Missouri, Columbia, Mo., 1958.
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RECTANGULAR CONDUITS

TRIPLE BEND LOSS COEFFICIENTS
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1. Purpose. Multiple conduit berds are encountered in water sup-
ply and air venting systems and to some extent in lock culvert systems.
Appreciable data are available for head losses for circular and rectan-
gular conduits with single bends.1’2s3’u Composite head loss coefficients
for mtiple bends have been investigated and reported by Sprengerd for
a rectangular condult with an aspect ratio of two in the plane of the
bend. Hydraulic Design Chart (HDC) 2286 reproduces Sprenger's coeffi-

; cients for triple bend systems with intermediate straight conduit lengths
b from zero to five times the equivalent hydraulic diameter of the conduit.
%; Sprenger's data from tests on a single 90-deg bend are shown for compar-
k- ison. The basic report”? also contains head loss coefficients for many
90-deg bends of various cross sections for aspect ratios of 0.5 and 2.0

e in the plane of the bend. Interaction coefficient factors for bends

5; separated by short tangent lengths have also been published by Miller.6
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2. Theory. The head loss associated with a single or multiple
bend is defined as the difference in elevation between the uniform up-
stream and downstream pressure gradients when extended on the longitudi-
nal axis of the conduit to the middle of the bend or bend system. This
procedure assumes that normal resistance loss exists throughout the bend
system and is computed independently of the geometric head loss. The
observed pressure differences (head losses) were divided by the velocity
head in the conduit flow to obtain a dimensionless coefficient:

(1)

BI5o]e

where

K = dimensionless head loss coefficient
Hj, = observed pressure difference, ft

V = velocity of the conduit flow, fgs

g = acceleration of gravity, ft/sec

3. The bend loss coefficient is similar to other form resistance
coefficients and is a function of the flow Reynolds numoer:

VDh

T (2)
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Re = Reynolds number 8
Dy = equivalent hydraulic diameter of the conduit, ft

v = kinematic viscosity of the fluid, ft2/sec
and V and g are &s defined above.

4. The head loss coefficient decreases rapidly until it reaches a
minimum value at a Reynolds number of about 2 X 102. From this point it
increases in value until the Reynolds number reaches about 209, beyond
which the coefficient probably remains fairly constant.

5. Application. The head loss in a 90-deg rectangular bend with
a large aspect ratio in the plane of the bend can be computed using
equation 1 and the data given in HDC 228-6, Sprenger's experimental
date on single 90-deg bends in rectangular conduits having aspect ratios §
of 0.5 in the plane of the bend indicate that head loss coeffi:ients for ;
this low aspect ratio are from 0.1 to 0.2 less than comparable values
with high aspect ratios in the plane of the bend. It is recommended that
the coefficient values given in HDC 2286 be used for all rectangular
condults with multiple bends when designing for discharge.
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BASIC EQUATION
2
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WHERE ! RECTANGULAR CONDUITS
H=HEAD LOSS, FT <
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