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1. Purpose. This manual provides guidance for the hydraulic design of
spillways for flood control or multipurpose dans.

2. Applicability. This manual applies to all Headquarter US Arny Corps of
Engineers (HQUSACE) elenents and all field operating activities (FDA
having responsibility for the design of Cvil Wrk projects.

3. Ceneral. Procedures recomended herein are considered appropriate for
design of features which are usable under nost field conditions encountered
in Corps of Engineers projects. Basic theory is present& as required to
clarify presentation and where the state of the art, as found in standard
textbooks, is limted. 1In the desi?n gui dance, wherepossible, both

| aboratory and prototype experinental test results have been correlated with
current theory.
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CHAPTER 1
| NTRODUCTI ON
Section I. Ceneral
I-1. Purpose. This manual presents guidance for the hydraulic design of
spillways for flood control or nultipurpose dans. Procedures recomended are
consi dered appropriate for structures suitable to nost of the field conditions
encountered in Corps of Engineer projects. Basic theory is presented as
required to clarify presentation and where the state of the art is limted in

t extbooks. Both laboratory and prototype experinental test results have been
correlated with current theory in the design guidance where possible.

l-2. licability. This manual applies to all Headquarters, US Arny Corps
of Engineers elements and all field operating activities having
responsibilities for the design of Gvil Wrks projects.

|-3. References.

a. National Environmental Policy Act (NEPA), PL 9-190, Sec-
tion 102(2)(c), 1 Jan 1970, 83 Stat 853.

b. ER 1110-1-8100, Laboratory Investigations and Mterials Testing.

c. ER 1110-2-1402, Hydrologic Investigation Requirenents for Water
Quality Control.

d. ER 1110-2-2901, Construction of Cofferdans.

e. EM 1110-2-1405, Flood Hydrograph Analyses and Conputations.

f. EM 1110-2-1601, Hydraulic Design of Fl ood Control Channels.

g. EM 1110-2-1602, Hydraulic Design of Reservoir Qutlet Wrks.

h. EM 1110-2-1605, Hydraulic Design of Navigation Dans.

i. EM 1110-2-1612, Ice Engineering.

j. EM 1110-2-2400, Structural Design of Spillways and Qutlet Works.

k. EM 1110-2-3600, Managenent of Water Control Systens.

1. Hydraulic Design Criteria (HDC) sheets and charts. Available from
Technical Information Division, US Arny Engineer \terways Experiment Station

(VES), PO Box 631, Vicksburg, M5 39181-0631.

m Conversationally Oiented Real -Time Program Generating system
(CORPS) conputer programs. Available from VES Information Technol ogy
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Laboratory Conputer Program Library (WESLIB), US Arny Engi neer Waterways
Experiment Station, PO Box 631, Vicksburg, M5 39181-0631, and from several US
Arny Corps of Engineers (CE) conputer systens.

Wiere the above-listed references and this manual do not agree, the provisions
of this manual shall govern insofar as spillways and energy dissipators for
spillways are concerned.

-4, Bibliography. Bibliographic items are indicated throughout the manua
by numbers (i1tens 1, 2, etc.) that correspond to simlarly nunbered references
in Appendix A These references are available for loan by request to the
Technical Information Division Library, US Arny Engi neer \Wterways Experiment
Station, PO Box 631, Vicksburg, M5 39181-0631

-5, Synbols. A list of synbols is included as Appendix B, and as far as
practical, agrees with the Anerican Standard Letter Symbols for Hydraulics
(item4).

|-6. Qher Cuidance and Design Aids. Extensive use has been made of the
HDC, prepared by WS and USACE. Data and information from Engi neer Technica
Letters and special reports have also been used. References to the HDC are by
HDC chart nunber. Since HDC charts are continuously being revised, the user
should verify that the information used is the nmpbst up-to-date guidance.
Appl i cabl e HDC charts and other illustrations are included in Appendix Cto
aid the designer. References to specific project designs and nodel studies
have been used to illustrate the structure type; however, the dinensions are
not necessarily the reconmended di mensions for new projects. WESLIB provides
time-sharing conmputer services to CE Divisions and Districts. One such ser-
vice is the Conversationally Oiented Real -Tine Program Generating System
(CORPS) that-provides the nonconputer-oriented or nonconputer-expert engineer
a set of proven engineering applications programs, which can be accessed on
several different conputer systems with l[ittle or no training. See item45
for instructions on use of the systemand a partial |ist of available pro-
grams. Updated lists of progranms can be obtained through the CORPS system
Ref erences to available programs that are applicable to the design of spill-
ways are noted in this manual by the CORPS program nunbers.

[-7.  WES Capabilities and Services. WES has capabilities and furnishes ser-
vices In the tields of hydraulic nodeling, analysis, design, and prototype
testing. Expertise also exists at WES in the areas of water quality studies,
mat hematical nodeling, and conputer programmng. Procedures necessary to
arrange for WES participation in hydraulic studies of all types are covered in
ER 1110-1-8100. WES has the responsibility for coordinating the CE hydraulic
prototype test program Assistance during planning and making the tests is
included in this program

| -8. Design Menorandum Presentation. Ceneral and feature design menoranda
shoul d contain sufficient Information to assure that the reviewer is able to
reach an independent conclusion as to the design adequacy. For convenience
the hydraulic information, factors, studies, and logic used to establish such
basic spillway features as type, location, alignment, elevation, size, and

1-2
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di scharge shoul d be sunmarized at the beginning of the hydraulic design sec-
tion. Basic assunptions, equations, coefficients, and alternative designs,
etc., should be conplete and given in appropriate places in the hydraulic
presentation. Qperating characteristics and restrictions over the full range
of potential discharge should be presented for all release facilities

provi ded.

Section Il. Spillway Function, Cassification, and Related Studies

[-9. General. Project functions and their overall social, environnental, and
economc effects may influence the hydraulic design of the spillway. Optim-
zation of the hydraulic design and operation requires an awareness by the
designer of the reliability, accuracy, sensitivity, and possible variances of
the data used. The ever-increasing inportance of environnental considerations
requires that the designer maintain close |iaison with other disciplines to
assure environmental and other objectives are satisfied in the design. GCen-
eral spillway functions, type of spillways, and related design considerations
are briefly discussed in the follow ng paragraphs.

[-10. Spillway Function. The basic purpose of the spillway is to provide a
means of controlling the flow and providing conveyance fromreservoir to tail-
water for all flood discharges up to the spillway design flood (SDF). The
spi I lway can be used to provide flood-control regulation for floods either in
conmbi nation with flood-control sluices or outlet works, or in sone cases, as
the only flood-control facility. A powerhouse should not be considered as a
reliable discharge facility when considering the safe conveyance of the spill-
way design flood past the dam A termnal structure to provide energy dissi-
pation is usually provided at the downstream end of the spillway. The degree
of energy dissipation provided i s dependent upon the anticipated use of the
spillway and the extent of damage that will occur if the terminal structure
capacity is exceeded. The standard project flood is a mnimm value used for
termnal structure design discharge. The designer nust keep in mind that dam
age to the damstructure that conprom ses the structural integrity of the dam
is not acceptable. Acceptance of other damages shoul d be based on an economic
eval uation of the extent of damage considering the extremely infrequent flood
causing the damage.

[-11. Spillway Cassification. Spillways are classified into four separate
categories, each of which wll serve satisfactorily for specific site
conditions when designed for the anticipated function and discharge

a. Overflow Spillway. This type of spillway is normally used in con-
junction wth a concrete gravity dam The overflow spillway is either gated
or ungated and is an integral part of the concrete dam structure. See
Figure |-1I.

h. Chute Spillway. This type of spillway is usually used in conjunc-
tion with an earth- or rock-filled dam however, concrete gravity dans al so
enploy chute spillways. In these cases the damis usually located in a narrow
canyon with insufficient room for an overflow spillway. The chute spillway is
general ly located through the abutnment adjacent to the dam however, it coul d
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Figure I-1. Chief Joseph Dam overflow spillway

be located in a saddle away fromthe dam structure. Exanples of chute
spillways are shown in Figure I-2.

R o3 |
Mud Mountain Dam Wnoochee Dam

Figure |-2. Chute spillways

c.  Side Channel Spillway. This type of spillway is used in circum
stances simlar to those of the chute spillway. Due to its unique shape, a
side channel spillway can be sited on a narrow dam abutnment. Side channel
spillways generally are ungated; however, there is no reason that gates cannot
be employed. Figure |-3 shows a side channel spillway.

d Limted Service Spillway. The limted service spillway is designed
with the know edge that spillway operation will be extremely infrequent, and
when operation occurs, damage nmay well result. Damage cannot be to the extent
that it would cause a catastrophic release of reservoir water.

|-4
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Figure I-3. Townshend Dam si de channel spillway
1-12. Related Studies.
a. Environnental. The general philosophy and gui dance for preserva-

tion, mtigation, and/or enhancenent of the natural environment have been set
forth. Many scientific and engineering disciplines are involved in the envi-
ronmental aspects of hydraulic structures. Sone studies influencing the
spillway design are briefly discussed below. Pertinent data fromthese stud-
ies should be presented in the design nemorandum  The designer is expected to
have a working know edge of these data and their linitations

(1) Fish and Wldlife. Spillway design and operation may result in
damage to downstream fish and wildlife. Flow releases not conpatible with
natural |y seasonabl e stream quantity and quality can drastically change
aquatic life. These changes can result from adverse tenperatures and/ or
nitrogen supersaturation (item 36). The water quality presentation shoul d
include information on the expected water quality resulting from spillway use.

(2) Recreation. Recreation needs include fishing, canping, boat-
ing, and swinmng facilities, scenic outlooks, etc.; and shoul d be considered
in the design of spillways, terminal structures, and exit channels. These
requirements are usually fornulated by the planning discipline in cooperation
with local interests. Special consideration should be given to facilities for

the handi capped, such as wheel chair ranps to fishing sites below stilling
basins. Safety fences are inportant for the protection of facilities and the
public. Appreciable damage to stilling basins has resulted fromrocks thrown

into the basin by the public. The hydraulic engineer should consider the need
for handrails and nonskid wal kways, |andscaping, and erosion prevention. Rock
used for erosion prevention and |andscapi ng shoul d be of a size considerably

| arger than can be moved by hand.

b. Foundations. The hydraulic design of the spillway and term na
structure can be appreciably affected by the foundation conditions. The
spillway and terminal structure type, location, and configuration are usually
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fixed primarily by foundation and topographic constraints with due considera-
tion within these constraints given to the hydraulic and structural require-
nments. Foundation information of interest to the hydraulic designer includes
conmposition and depth of overburden, quality of underlying rock, and quality
of exposed rock. In addition, side slope stability is of considerable inpor-
tance in the design of riprap protection. Qutflow stage change rates are
required for bank stability design. Sufficient foundation data and/or refer-
ence to its source should be included or referred to in the hydraulic presen-
tation to substantiate the termnal structure and exit channel design

c.  Environnmental Inpact Statements. Section 102(2)(c) of the Nationa
Environmental Policy Act requires detalled docunentation in the project design
menoranda on the inpact of the planned project on the environment. The
hydraul i ¢ engineer is expected to have an active part in the preparation of
i mpact statements. An analysis of 234 CE environnental inpact statements on
various projects is given in itemb52. This report can be used as a guide to
the type of material needed and format to be used in devel oping the state-
nents. Basic to the environmental statements are studies to define the pre-
project and project functions and their effects on the environment. In nost
cases the effect of each project function nust be set forth in detail. A
recent publication by Otolano (item 37) summarizes the concepts involved and
presents exanples relative to water resources inpact assessments. Presenta-
tion of the hydraulic design in design nenoranda nust identify environmenta
requi rements and denonstrate how these are satisfied by the hydraulic
facility

d. Downstream Channel Aggradation and Degradation. Tailwater |eve
changes resulting from either aggradation or degradation can adversely affect
the termnal structure performance. The effects of tailwater |evel changes
shoul d be thoroughly investigated to denonstrate that the proposed design wll
function as intended throughout the project life. The determ nation of the
dom nant factors causing riverbed degradation and aggradation is difficult.
Changes in the hydrol ogic characteristics caused by a dammay result in unde-
sirable changes in the elevation of the riverbed. Degradation, or |owering of
the riverbed, inmediately downstream of a dam may threaten the integrity of
the structure. Renoval of all or part of the sedinent by deposition in the
reservoir may induce active bank erosion downstream Simlarly, although the
total annual sedinment transport capacity of the river will drop significantly
the sedi ment supplied by downstreamtributaries will be unaltered and there
may be a tendency for the riverbed to rise. This channel aggradation can
increase the flood stages.
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CHAPTER 2
HYDRAULI C THECRY
Section I. Introduction
2-1.  Ceneral. This section presents hydraulic design theory, available

experinental data and coefficients, and discussions of analysis and problens
related to spillway design. Cenerally, the presentations assunme that the
design engineer is acquainted with the hydraulic theories involved in uniform
flow, gradually and rapidly varied flow, steady and unsteady flow, energy and
monentum principles, and other aspects such as energy |osses, cavitation,

etc., related to hydraulic design. These matters are nornally covered in
hydraul i ¢ handbooks and texts such as those by King and Brater (item 24),
Rouse (items 49 and 50), and Chow (item 10). This manual is presented as
guidance in the application of textbook material and as additional information
not readily available in general reference material. The application of the
theory of flow through spillways is based largely upon enpirical coefficients
so the designer should deal with nmaxi mum and mninum values as well as aver-
ages, depending upon the design objective. To be conservative, the designer
shoul d generally use maximum loss factors in conputing discharge capacity, and
mnimum | oss factors in conputing velocities for the design of energy dissi-
pators. As nore nodel and prototype data become available, the range between
maxi mum and m ni mum coefficients used in design should be narrowed. An
exanmpl e in which the hydraulic design procedures and gui dance di scussed in
this manual are applied to the conputation required to design a typical reser-
voir spillway is shown in Appendix D.

2-2. Basic Considerations. A spillway is sized to provide the required
capacity, usually the entire spillway design flood, at a specific reservoir
elevation. This elevation is normally at the maxi numoperating |evel or at a
surcharge elevation greater than the maxi mum operating level. Hydraulic
analysis of a spillway usually involves four conditions of flow

a. Subcritical flowin the spillway approach, initially at a |ow
velocity, accelerating, however, as it approaches the crest.

b. Critical flow as the water passes over the spillway crest.
c. Supercritical flowin the chute bel ow the crest.

d. Transitional flow at or near the termnus of the chute where the
flow must transition back to subcritical.

Wien a relatively |arge storage capacity can be obtained above the norma
maxi mum reservoir el evation by increasing the dam height, a portion of the
flood volume can be stored in this reservoir surcharge space and the size of
the spillway can be reduced. The use of a surcharge pool for passing the
spillway design flood involves an econom c analysis that considers the added
cost of a dam height conpared to the cost of a wder and/or deeper spillway.
Wien a gated spillway is considered, the added cost of higher and/or addi-
tional gates and piers nust be conpared to the cost of additional dam height.

2-1
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Wien an ungated spillway is considered, the cost of reduced flood-control
benefits due to a reduction in reservoir storage must be conpared to the cost
of additional dam height. The transition of flow from supercritical on the
chute to subcritical usually involves considerable energy dissipation. Dis-
sipation of hydraulic energy is acconplished by various methods such as the
hydraulic junp, inpact, dispersion, etc. The type of energy dissipator used
i s dependent upon factors that include site geol ogy, the type of dam struc-
ture, and the magnitude of the energy to be dissipated. The design discharge
for effective energy dissipation is frequently set at the standard project
flood rate; however, each facility nust be evaluated, and the design discharge
used shoul d be dependent upon the damage consequences when the design

di scharge is exceeded.

Section Il. Spillway Discharge
2-3.  Ceneral.
a. The ogee crest spillway is basically a sharp-crested weir with the
space below the |ower nappe filled with concrete. The discharge over a spill-

way crest is limted by the same parameters as the weir, and determ ned by the
fol | ow ng:

1.5
Q= CLeHe (2-1)
wher e
Q = rate of discharge, cubic feet per second (ft% sec)
C = coefficient of discharge
Le = effective length of the crest, feet
He = total specific energy above the crest, feet

Extensive investigations of spillway crest shapes, pressures, and coefficients
have provided empirical data that will allow the designer to develop a spill-
way that minimizes the structural size required for the design discharge.
Minimization of the structure size is achieved by underdesigning the spillway
crest within limits discussed in Chapter 3,

b. An underdesigned crest is defined when the following relationship is
true:

H
£

Hy

> 1

where H, is the crest design head, feet. The design head is a mgjor
paranmeter of the ogee crest shape equation and is discussed in Section Il of
Chapter 3. Underdesigning the crest results in increasing the discharge coef-
ficient significantly above that of the sharp-crested weir; however, the

under desi gned crest results in a reduction of the hydrodynam c pressures on
the crest surface. Depending on the degree of underdesigning, the crest pres-
sures can be significantly less than atnospheric.

2-2
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2-4.  Abutnent and Piers. Al spillways include abutnents of sone type, and
many include intermediate piers. The effect that the abutnents and piers have
on the discharge nust be accounted for; this is acconplished by nodifying the
crest length using the follow ng equation to deternmine the effective crest
length L, :

Le =L- 2(nK; + Ka)He (2-2)
wher e
L = net length of crest
n = nunmber of piers
K = pier contraction coefficient
Kg = abutment contraction coefficient

2-5. Effect of Approach Flow.  Another factor influencing the discharge coef-
ficient of a spillway crest 1's the depth in the approach channel relative to
the design head defined as the ratio P/H, , where P equals the crest eleva-

tion mnus the approach channel invert elevation. As the depth of the
approach channel P decreases relative to the design head, the effect of
approach velocity becones nore significant; and at P/H, < 1.0, this effect

shoul d not be neglected. The slope of the upstreamspillway face also influ-
ences the coefficient of discharge. As an exanple, for PPH, > 1, the

flatter upstreamface slopes tend to produce an increase in the discharge
coefficient. Several investigators have provided data on approach depth and
spillway face slope effects. The nost recent work has been done by WES

(item 28). Data fromthis work have been used extensively in this mnual

The pl anform of the approach channel can significantly influence the spillway
di scharge characteristics. The influence of the planformcan be eval uated
thoroughly only by the use of a site-specific physical nodel. |n sone cases a
t wo- di mensi onal nunerical nodel will be entirely adequate. In the case of a
sinple spillway approach, analysis of the water surface profile by a standard
step nethod would be sufficient. Spillway approach channels and slope of the
upstream spillway face are further discussed in Chapter 3.

Section Ill. Gadients

2-6. CGeneral. The basic principle used to analyze steady inconpressible flow
through a spillway is the law of conservation of energy expressed by the
Bernoul Ii (energy) equation. The energy equation, generalized to apply to the
entire cross section of flow, expresses the energy at any point on the cross
section in feet of water by equation 2-3:

r4

H=z+R+q %E (2-3)

wher e

total energy head in feet of water above the datum plane
hei ght above a datum plane, feet

H
Z
p = pressure at the point, pounds per square foot (Ib/ft%

2-3
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y = specific weight of water, pounds per cubic foot (Ib/ft®>
o = energy correction coefficient
V = average flow velocity, feet per second (ft/sec)
g = acceleration due to gravity, ft/sec’

For nost practical problems involving regul ar-shaped channels, the energy
correction coefficient may be taken as unity wthout serious error.

2-7. Hydraulic and Energy Grade Lines. The hydraulic grade line, also re-
ferred to as the mean pressure gradient, may be above, below, or at the free
water surface. Defining Z as the invert elevation of a point on the chute,
then Z + p/y defines the elevation of the hydraulic grade line at that
point. The locus of values of Z + p/y along the spillway describes the mean
pressure gradient. The mean pressure gradient at any point along the spillway
is always lower than the energy grade line by the value of the mean velocity
head at that point. The mean pressure gradient is useful in determining pres-
sures acting on the spillway surface and in determining cavitation potential.
For most open channel flow the p/y term can be replaced by Y1 cos 8 where

Y1 is the flow depth normal to the channel bottom and 6 1is the slope of the

channel bottom. Therefore, the sum Z + Y. cos 6 will be equal to the eleva-
tion of the water surface at the point and the free surface is the hydraulic
grade line for all points on the cross section. For this substitution to be
valid, the assumption must be made that the pressure distribution at the point
must be hydrostatic, a condition that will occur if conditions are such that
vertical acceleration of the flow is negligible and the bed slope is mild., A
nonhydrostatic pressure distribution will occur whenever the value of cos™ 6
departs materially from unity, such as with steep spillway chutes. The depar-
ture of the pressure distribution from hydrostatic due to a steep bed slope
does not mean the energy equation cannot be used on steep spillway chutes as a
design tool. It means that the designer must recognize that the values

derived become increasingly inaccurate as the cos2 & value departs further
from unity, This condition describes one of the basic reasons that physical
model studies may be required when designing a spillway.

2-8. Mean Spillway Pressure Conputation. The nean pressure at any |ocation
along a chute 1s determned using the principle of conservation of energy as
expressed by the energy equation. Conservation of energy requires that the
energy at one location on the spillway be equal to the energy at any down-
stream location plus all intervening energy |osses. Expressed in equation
formand in units of feet of water

2 2
Py ! Py V)
z, + ' + o, i z, + 7 + a, e + H (2 - 4a)
or for the hydraulic assunption
v v
Z1 + Y1 cos 8 + oy T = 22 + Y2 cos & + a, T + HL (2 - 4b)
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Information on the determnation of energy losses, H , associated with flow
over spillways is given in appropriate sections of this engineering manual

Section IV.  Spillway Energy Loss

2-9. Ceneral. The determnation of hydraulic energy |oss associated wth
flow through a spillway systemis inportant to the design of the training
wall's, piers, and termnal structure. Energy loss is the direct result of
three conditions: boundary roughness (friction), turbulence resulting from
boundary alignnent changes (form loss), and boundary |ayer devel opment.  Suf-
ficient data and procedures are available to make a reasonably accurate deter-
m nation of the energy |oss during devel opment of the turbul ent boundary |ayer
and for fully turbulent flow. Formlosses are usually mninal for most spill-
ways; however, when the configuration of a spillway is such that formlosses
outside the range of experience are encountered, nodel studies are required
Met hods and data necessary for spillway energy |oss conputations are provided
in the followi ng paragraphs.

2-10. Energy Loss for Fully Developed Turbulent Boundary Layer Flow.

a. Ceneral. Methods for determning the energy |loss related to bound-
ary roughness (friction) have been devel oped by various investigators. The
most notable and wi dely used nethods are the Darcy-Wisbach equation, the
Chezy equation, and the Manning equation. The Darcy- Wi shach equation
invol ves the direct use of a known effective roughness value, k , from which
a boundary resistance (friction) coefficient, f , can be derived for use in
the energy loss conputation. The Darcy-Wisbach equation is applicable to al
fully turbulent flow conditions. The Chezy equation is essentially simlar to
t he Darcy- Wi sbach equation in that it involves the direct use of a known
effective roughness value and is applicable to all flow conditions. The
Manni ng equation, probably the most conmonly used, involves use of an enpiri-
cally derived resistance coefficient, n, and is considered only applicable
to fully turbulent flow  Some investigators such as Strickler have attenpted
to correlate the Manning's n value to a neasured effective roughness val ue
ot hers have equated the Manning equation to the Darcy-Wisbach equation and to
the Chezy equation in order to take advantage of the effective roughness
paraneter used in those equations. These nodifications to the Mnning equa-
tion have all been acconplished in order to establish some degree of confi-
dence for an otherwi se enpirically derived roughness coefficient.

b. Darcy-\Weisbach Equation. The Darcy-Wisbach equation expresses the
energy loss due to boundary roughness in terns of a resistance coefficient,
f, as:

2
_ L (V™ -
he = 7R <.'Zg> (2-5)

where h; is the energy loss due to friction through a length of channel L
having an average hydraulic radius R and an average velocity V . The
energy loss has a length dinension (ft-1b/lb) and is usually expressed in feet
of water. The resistance coefficient, f , is a dinensionless paranmeter which
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can be determned for fully turbulent flow conditions by a formof the
Col ebrook-Wite equation

or by the Strickler-Mnning equation

K 1/3
£ =0.113 <§> (2-7)

whi ch may nore accurately derive the resistance coefficient for R k > 100 .
In both equations 2-6 and 2-7, k is the effective roughness value and Ris
the hydraulic radius. Both equations 2-6 and 2-7 are valid only for fully
turbulent flow defined by the relationship:

200 (4R
Re > 1172 (‘E) (2-8)

where R, is the Reynolds nunber. The actual Reynol ds nunber of the flow
condition is defined as:

R = — (2-9)

where v 1is the kinematic viscosity of the water. Resistance coefficients
throughout the entire range of flow conditions can be obtained through the use
of Plate 2-1.

C Chezy Equation. The Chezy equation defines velocity in ternms of the
hydraulic radius, the slope S, and the Chezy resistance coefficient C in
the form of

V= C(RS)I/Z (2-10)

By equating Sto h/L and rearranging terms in equation 2-10, the Chezy
equation expresses the energy |oss due to boundary roughness as

N

(2-11)

=

I
bl
o |<:
-]

The resistance coefficient, C, is dependent upon the Reynolds nunber and the
effective roughness value. The C value can be determ ned through the use of
Plate 2-1 or by equation 2-12

12.2R> (2-12)

C=32.6 log ( .

for fully turbulent flow conditions as defined by the relationship:
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R > 50 &R (2-13)

Chezy's C can also be determned through the use of the Darcy-Wisbach
resi stance coefficient, f , by equation 2-14:

1/2
c = <§§> (2-14)

The characteristics of f in circular pipe flow have been thoroughly investi-
gated by N kuradse and Col ebrook and Wite; however, a simlar conplete
investigation of the characteristics of C in open channel flow have not been
made due to the extra variables and wide range of surface roughness involved
However, reasonably accurate results should be obtained through the use of the
Chezy equation.

d.  Manning Equation. The Manning equation 2-15 defines velocity in
terms of the hydraulic radius and slope, in a simlar nmanner to the Chezy
equation; however, the resistance coefficient is defined by the Manning's n
val ue.

_ /3 1/2
v = 1.486 nR2 S (2-15)

The constant 1.486 converts the netric equation to foot-second units. By
equating S = h/L and rearranging terms in equation 2-15, the Manning
equation expresses the energy loss due to boundary roughness as

2
hy = \/2”—'—/3 (2-16)
2.21 R

The Manning's resistance coefficient n , reported in nunmerous hydraulic
publications, is founded on enpiricism It does not address the degree of
turbul ence or the interaction between the flow and boundary. The enpiricism
of this coefficient limts its accuracy when applied to conditions somewhat
different fromthose fromwhich it is derived. However, Manning's nethod is
wi dely used due mainly to the large volume of reference data available to
correlate resistance coefficients with boundary conditions and the ease in
which the nethod can be used. \Wen the design involves a significant anmount
of surface roughness energy loss resulting from fully turbulent flow, such as
with a long spillway chute, the Manning' s resistance coefficient my be
calculated to account for the relative roughness effect by the use of

f1/2R1/6

S T (2:17)
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or

rL/6
n = 1.486—6—— (2-18)

and the procedures described for equation 2-6 or 2-7. A review of energy |oss
conputation using the Manning equation 2-16 nodified to account for relative
roughness by equations 2-6 or 2-7 and 2-17 or 2-18 will show that, if the
effect of relative roughness is required, the Darcy-Wisbach or the Chezy

met hod provides a nore direct and sinpler procedure.

e. Roughness Values. Values of effective roughness k normally are
based on prototype neasurements of flow over various boundary materials rather
than physically neasured values. Essentially all hydraulic textbooks provide
extensive data of Chezy's C and Manning's n val ues; however, data are
somewhat limted on effective roughness values k . Some suggested roughness
val ues for various spillway surfaces are provided in the follow ng tabul ation:

Ef fective Roughness

Surface k, feet

Concrete

For discharge design 0. 007

For velocity design 0.002
Excavat ed rock

Smooth and uniform 0.025-0. 25

Jagged and irregular 0.15 -0.55
Natural vegetation

Short grass 0.025-0. 15

Long grass 0.10 -0.55

Scattered brush and weeds 0.15 -1.0

Due to the inability to predict the roughness that will be constructed, the
desi gner shoul d use maxi mum values in conputing flow profiles and m ni num
val ues in conputing energy |osses required for termnal structure design

2-11.  Turbulent Boundary Layer Devel opment Energy Loss. The surface rough-
ness energy loss associated wth free flow (ungated) on an overflow crest
spillway with a P/H, ratio greater than one is dependent upon the devel op-
ment of the turbulent boundary layer thickness. Boundary |ayer devel opnent is
inportant to the designer because the principles of energy | oss based upon the
met hods appropriate for fully turbulent flow are not valid until the boundary
layer is fully devel oped. However, the use of the follow ng procedure is
dependent upon the spillway flow approach conditions confornmng to the
fol l owing assunptions:

a. The flow approaching the spillway must have potential flow velocity
distribution (constant velocity throughout the flow depth).

b. The flow depth is large so that the depth of approach flow can be
consi dered constant.
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C. No restrictions exist at the spillway entrance that would cause an
abrupt disturbance of the water and velocity distribution

The turbulent boundary layer thickness 6 (all values in feet) is a function
of the length, L , along the spillway fromthe start of the crest curve and
the effective roughness, k , described as

-0.233
§ L
2 - 0.08<E> (2.19)

The decrease in energy flux in the turbulent boundary layer caused by friction
is by definition the energy thickness &, . The decrease injthe volume of flow
in the boundary layer caused by friction is by definition the displacement

thickness 51 . Based on experimental data the relationship between the dis-

placement thickness . , the energy thickness 63 , and the turbulent bound-
ary layer thickness is:

%

85

The potential flow velocity at any location T investigated on the spillway
is determined from equation 2-22, using a trial procedure

0.186 (2-20)

0.226 (2-21)

2
u
hy = d, cos 6 + 7z (2-22)
wher e

h; = reservoir elevation mnus spillway elevation at location T , feet
dg = potential flow depth at location T , feet

g = interior angle between spillway face at location T and

horizontal, degrees
u = potential flow velocity, ft/sec

The spillway energy loss, H , in terns of feet of head, is defined by the
fol | owing equation:

3
) 63u

iy 2gq

(2-23)

where q is the unit discharge in cubic feet per second per foot

(ft* /sec/ft). The actual depth of flow, d , at the location under investiga-
tion is equal to the potential flow depth determned from equation 2-23 plus
the displacenment thickness from equation 2-20

d =d, + 8, (2- 24)

The critical point is defined as the location where the turbul ent boundary
| ayer intersects the free surface flow, which is the location where the
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turbul ent boundary layer thickness becomes equal to the actual flow depth.
Downstream from the critical point, energy loss conputations are based on
fully turbulent flow, as discussed in paragraph 2-10, are appropriate. Refer-
ence is nmade to HDC Sheets and Charts 111-18 to 111-18/5 for additional infor-
mation on procedures involved in determ nation of boundary |ayer devel opnent
energy | oss.

Section V. Hydraulic Junp Energy Dissipator
2-12.  Ceneral

a. Types of Energy Dissipators. Spillway energy dissipators are
required to operate safely and effectively throughout a wide range of dis-
charges, for extended periods of time, wthout having to shut down for ener-
gency repairs. Energy dissipators normally used at CE danms are the hydraulic
jump stilling basin, the roller bucket, and the flip bucket. Discussion on
the selection and nerits of each of these dissipators is presented in
Chapter 7

b. Unit Horsepower. \Wen designing an energy dissipator, the horse-
power per foot of wdth entering the dissipator should be determned. Unit
hor sepower, which provides an index of the severity of the entering energy
condi tions, can be expressed as

qy(d; + h,)
bp = —=50 (2-25)
wher e
q = discharge per unit width of3spillway, ft3/sec/ft
Y = unit weight of water, 1b/ft
d1 = depth of flow at entrance to dissipator, feet
h = velocity head = V2/2g where V, = mean velocity of flow at

€ entrance to dissipator, ft/sec

Plate 2-2 depicts the unit horsepower for a nunmber of existing large spill-
ways. This plate is presented to permt the designer to investigate operating
experience with energy dissipators subjected to unit horsepower of a magnitude
conparable to the projected design.

2-13.  Hydraulic Junp Type Energy Dissipator. The hydraulic jump energy dis-
sipator, defined as a stilling basin, Is used to dissipate kinetic energy by
the formation of a hydraulic junp. The hydraulic junp involves the principle
of conservation of nmomentum This principle states that the pressure plus
monentum of the entering flow nust equal the pressure plus monentum of the
exiting flow plus the sum of the applied external forces in the basin. The
hydraulic junp will formwhen the entering Froude nunber F, , the entering
flow depth d, , and the sequent flow depth d, satisfy the following
equation
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d 1/2

2205 (1 +8F? -1 (2-26)

d, 1

wher e
Y

Fi = ~—73 (2-27)

(sdl)

The energy losses within the basin and the forns of a hydraulic junp are
dependent upon the entering Froude number. Wth Froude nunbers F, |less than
4.0, the junp is somewhat inefficient in energy dissipation and is hydrauli-
cally unstable. The entering flow oscillates between the bottom of the basin
and the water surface, resulting in irregular period waves which wll propa-
gate downstream EM 1110-2-1605 presents a discussion on the design of
hydraulic junp stilling basins with entering Froude nunmbers less than 4.0. A
wel | -stabilized and efficient junmp will occur with Froude nunbers F  between
4.5 and 9.0. Junps with Froude numbers F  greater than 9.0 are highly effi-
cient in energy dissipation; however, a rough surface will exist that wll
propagate waves downstream The energy |10SS AE resulting in a hydraulic
jump is equal to the difference in specific energies before, E , and after,
E, the junp which can be estimated by the follow ng equation:

2 1
AE = El - EZ - 4d1d2 (2-28)

The length L  of a hydraulic junp on a flat floor without baffles, end sill,

or runout slope (not necessarily the stilling basin |ength) can be estinated
by the follow ng equations:
I_j = 8. 0d| F| for F| > 5 (2' 293.)
1.5

Lj = 3.5d,F,' for 2 <F <5 (2-29b)

The presence of baffles and/or end sills In the basin will shorten the junp
length and reduce the d, depth required to produce the junp. The analysis

of a hydraulic junp can be acconplished using the principle of conservation of
moment um which requires that the rate of change of nonentum entering and

| eaving the junp be equal to the summation of forces acting upon the fluid.
The forces include the hydrostatic pressure force at each end of the junp

which is expressed as

Ydf
P, == (2-30)
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p. o 14 (2-31)
T
the force exerted by the baffles, expressed as
VZh 2-32
PB = CDp [__32_] ( )

and the force exerted by the face of the end sill which is expressed as:

Pg = 1h, [13 . 5}] (2-33)

wher e

P, = hydrostatic pressure of the entering flow [Ib/ft

P, = hydrostatic pressure of the exiting flow [b/ft

d, = depth of flow above the end sill, feet

P, = force exerted by the baffles, Ib/ft

C, = baffle drag coefficient

p = mass density of water pounds-seconds squared per feet to the fourth

power (Ib-sec’/ft*

V; = average velocity at face of the baffle, ft/sec

h = height of the baffle, feet

p, = force exerted by the end sill, Ib/ft

hy = height of end sill, feet
Equation 2-33 assumes hydrostatic pressure distribution on the end sill. This
assunption is considered valid unless the baffle piers are located too near
the sill, resulting in a reduced pressure on the face of the end sill. The

pressure reduction would require a theoretical increase in the downstream
depth to provide the necessary force for junp stabilization. A friction force
also exists along the basin wetted perineter but is small enough to be

negl ected. Therefore, assum ng two-dinensional flow, the nonentum equation
for a hydraulic junp which includes baffle piers and an end sill can be
expressed as

pqVy ~ pqV3 = P3 - Py + Py + Pg (2-34)

where V; s the nean velocity at exit of dissipator or restated as

2 2 2
P _ )., (B4 Vs h h, (2-35)
" (5% - 5] ’[7 E Mt A

Solution of this equation for the required depth d; can be acconplished by
successive trials for any specific baffle pier and end sill arrangenent pro-
vided information is available to evaluate the baffle force. The baffle force

i s dependent upon the drag coefficient corresponding to the type of baffle
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used and the velocity in the vicinity of the baffle. The appropriate velocity
can be estimated from Plate 2-3, which shows the distribution of velocity in a
hydraulic junp. The baffle drag coefficient is a function of baffle shape and
spacing. Linited information available on baffle drag coefficients indicates
that the follow ng values should be reasonable: 0.6 for a single row of baf-
fles and 0.4 for a double row  Further discussion on baffles and end sills is
found in Chapter 7.

2-14.  Sidewal | Dynamic Load. The turbulence created by the hydraulic junp
i mposes forces on the stilTing basin sidewalls. The nagnitude of the dynanic
load is inportant in the structural design of the walls. Tests to determne
sidewal | forces were conducted at WES with an instrumented sidewall in a
stilling basin that did not contain baffles or an end sill (item 19). These
tests were conducted with Froude numbers F; that varied between 2.7 and 8.7
and resulted in the devel opnment of the followi ng enpirical equation:

1.05 -1.42

R = 3.75H PV, qF; (2. 36)

wher e

R, = average mnimum static plus dynamc unit force at the toe of
the hydraulic junp, Ib/ft

H = spillway height, crest elevation mnus stilling basin apron
el evation, feet

The magnitude of the unit force on the sidewal|l varies along the length of the
stilling basin. Plate 2-4 defines the variation in unit force by use of the
normalizing functions, described by equations 2-37 through 2-39, versus the

di stance ratio x/L, .

R - Rm
T -r - C (2-37)
s m
(R,) - R
+ m
T % (2-38)
s m
(R) -R
— m _ -
- RrR - C_ (2-39)
s
where
x = distance measured from the point of intersection of the spill-
way slope and the basin apron to the center line of the wall
unit being analyzed
Lb = length of the stilling basin, feet
R,R ,R_ = average unit resultant force, maximum instantaneous unit

resultant force, and minimum instantaneous unit resultant
force, respectively, acting on the sidewall when the actual
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depth of tailwater dy is less than or equal to d2 or the

basin wall height, Ib/ft
R. " static unit force on the sidewall unit due to the theoretica
S sequent depth for a hydraulic junp, Ib/ft

When dw > d, , R, R, and R nust be adjusted as shown by equation

2-40 through 2-42 to account for the increased force resulting fromthe dif-
ference between dy, and d, :

_ Y (42 Y
Ra = R + 5 (éTw d%) (2-40)
_ Y (42 Y )
Ra+ = R+ + 5 (%Tw d2> (2-41)
_ Y (42 _ 42 )
Ra_ =R_+ 2 (éTW d2> (2-42)
where Ra , Ra , and Ra are the adjusted average unit resultant force, the

+ -—
adjusted maximum instantaneous unit resultant force, and the adjusted minimum
unit resultant force, respectively. The distance above the stilling basin
apron, Y , to the resultant of the unit force acting on the basin wall is
determined by the use of Plate 2-5, which defines the relationship between
Y/dTw and X/Lb . Appendix E includes an example problem illustrating the

recommended application for estimating the magnitude and locations of the
resultant dynamic forces acting on a stilling basin sidewall.

Section VI. Cavitation

2-15.  Ceneral. Cavitation is defined as the formation of a gas and water
vapor phase within a liquid resulting fromexcessively |ow |ocalized pres-
sures. Wen associated with the design of spillways, cavitation is inportant
because the vaporization occurs on or near the nonfluid boundary (spillway
surface) resulting from localized boundary shape conditions. Cavitation
damage results when the gas and water vapor-filled void is swept fromthe

| ow pressure zone into an adjacent higher pressure zone which will not support
cavitation, causing the void to collapse. The collapse of the void results in
extremely high pressures, and when they occur at or near the nonfluid bound-
ary, will forma small pit. Wen given sufficient time, nunerous void col-

| apses result in numerous small pits which eventually overlap, leading to

| arger holes. This damage, in turn, aggravates the localized |ow pressure
zone, thereby creating a self-breeding continuation of the damage. The exis-
tence and extent of cavitation damage are dependent upon the boundary shape,

t he damage resistance characteristics of the boundary, the flow velocity, the
flow depth, the elevation of the structure above sea level, and the length of
time the cavitation occurs. Cavitation damage can be detected at one or nore
| ocations in essentially all high-velocity flow structures; however, and for-
tunately, nost damage is minor and results fromcavitation conditions at or
very near the incipient damage level. Wen incipient levels are exceeded,
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serious damage will occur. At Libby Dam a construction-related msalignnent
of the parabolic-shaped invert of the open channel flow sluices resulted in
cavitation danage that renoved concrete and reinforcing steel throughout an
area 54 feet in length, up to 7 feet wide, and up to 2.5 feet deep on both the
floor and the right wall (item47). At Hoover, Yellowail, and G en Canyon
Dans, severe cavitation damage occurred in tunnel spillways near the tangent
point of the vertical curve which decreases the slope of the spillway. The
spillways at these dams are tunnel-type structures which were operating at
open channel flow conditions with average flow velocities in excess of

100 ft/sec when the damage occurred. Simlar flow conditions can exist on a
spillway chute. Damage to concrete surfaces can occur at velocities signifi-
cantly less than 100 ft/sec provided the correct conbination of cavitation
paraneters exists. As a rule of thunb, cavitation should be investigated
whenever flow velocities are in excess of 35 ft/sec.

2-16. Cavitation Damage. The damage potential resulting from cavitation is
dependent upon the boundary shape, the damage resistance characteristics of
the boundary, the flow velocity and depth, the elevation of the structure
above mean sea level, and the length of time cavitation occurs. The boundary
shape, velocity, and elevation are related by the cavitation index, ¢ , which
is derived from the energy equation:

Yo % vioP
7a + T + Zy = % + 7 +2, (2-43)

where P is the absolute pressure, Ib/ft>. Wth H = P/y the comparable
equation is

]
—
!
|
+

(2-44)

For high velocities the elevation termin equation 2-44 can be ignored. The
di mensi onl ess paraneter on the left side of the equation is known as the pres-
sure paraneter. Replacing H, with the absolute head required for vaporiza-
tion of water at the elevation of the structure above sea |evel and rearrang-
ing terms in order that o will be positive, the flow cavitation index is

0= — (2-45)

wher e

H,

HV

Various investigators have experimentally determined the o-incipient

reference head, feet
vapor head of water, feet

2-15



EM 1110-2-1603
16 Jan 90

cavitation relationship for a nunber of specific boundary shapes. These
experimental |y derived data have been reduced to curves describing the incipi-
ent cavitation level for specific boundary shapes (Plates 2-6 through 2-9).
Cavitation damage can be expected if a specific u-boundary shape rel ationship
can be plotted on or to the right side of the curve. Wen this condition is
evident, a design change must be made that either increases the o value,
snmoot hes the boundary shape, or both. As o decreases below the incipient
cavitation level, the cavitation damage potential increases very rapidly.
Investigations (item 14) have found that the cavitation energy absorbed by the
nonfluid boundary increases by the eleventh power of the velocity.

2-17. Cavitation Damage Prevention. Cavitation-induced danmage can be pre-
vented by a nunber of methods. As shown in paragraph 2-16, damage can be
prevented by increasing the cavitation index and/or by providing a snoother
boundary shape. However, changes of this type are usually inpractical or at
best difficult to acconplish due to the physical limtations inposed by the
required design and construction practices. Changing the damage resistance
characteristics of the boundary will inhibit the damage produced over-a finite
period of time. As an exanple, structural concrete exposed to cavitation
resulting froma flow velocity of 98 ft/sec for 3 hours resulted in a hole

0.5 inch deep. Under the same conditions with polynmerized concrete, the sane
size hole resulted after 6,000 hours. The use of hardened boundaries also has
physical limtations, and results only in resisting the cavitation forces for
a given period of time. A vrelatively new and very effective nmethod of pre-
venting cavitation-induced damage is to disperse a quantity of air along the
fl ow boundary. This is achieved by passing the water over an aeration slot
specially designed to entrain air along the boundary. This method has been
used to prevent cavitation damage at various high-velocity flow facilities
including Libby Dam sluices (item 46). Prototype tests of boundary pressures
were obtained at identical |ocations and hydraulic conditions for pre- and
post-boundary aeration. These tests showed that aeration of the boundary
resulted in raising instantaneous pressures that were very close to absolute
zero to pressures near atmospheric. Data collected from these tests were used
to derive the cavitation index. The post-boundary aeration cavitation index
showed an average increase of about 50 percent above the preaeration condi-
tion. The aeration slot geometry and |ocation nust be designed for the
specific application. Some design guidance has been developed (item 13) to
assist in aeration slot design and should be used to develop an initia

design. Until significantly nore experience, data, and design guidance are
devel oped, nodel studies of aeration slot design are recomended.
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CHAPTER 3
SPI LLWAY CREST
Section |. Introduction
3-1.  Ceneral.

a. Al spillways discussed in this manual require a spillway crest
design. The crest and/or gates |located near the crest provide the flow con-
trol through the spillway system The capacity of the spillway is dependent
upon the crest shape, crest length, and the hydraulic head. The hydraulic
head is modified by approach conditions, pier and/or abutnment effects, and
subnergence.  The basic purpose of a spillway is to convey large floods
through a project wthout incurring unacceptabl e damage either upstream or
downstream from the spillway. The spillway design is acconplished in a manner
that will mininize cost subject to providing:

(1) Sufficient crest length to convey the design discharge.
(2) Acceptabl e mninum pressures acting on the crest boundary.
(3) Acceptabl e maxi num energy head on the spillway crest.

(4) Acceptable velocities and flow characteristics through the
spillway system

(5) Acceptable environmental and aesthetic conditions.

b.  Engi neering-econom c investigations will usually show that a narrow
spillway with high unit discharge is nore economcal than a wide spillway wth
nmoderate unit discharge. Thus, the nost econom c design will produce a spill-
way that includes a |arge energy head on the crest, a noderate design head,
and a large unit discharge. H gher head spillways can create excessive abut-
ment and pier contractions, cause energy dissipation problenms, increase the
possibilities of cavitation or pulsating nappe on the spillway crest, and
create poor flow characteristics through the spillway system The demand
pl aced on the designer for econom cal designs requires the use of high head,
hi gh-efficiency spillways which, in turn, requires a sound design methodol ogy
The objective of this chapter is to assist in providing this nethodol ogy.

Section Il. Crest Characteristics

3-2. Ceneral. To provide a high-efficiency spillway and yet produce a safe,

| ow- mal ntenance structure, the crest shape nust provide a high discharge coef-
ficient and fairly uniform and predictable pressures on the crest boundary.
These constraints can best be net if the shape of the overflow spillway
closely approximates that of a fully ventilated nappe of water flow ng over a
sharp-crested weir. The shape of the nappe is affected by the relative head
on the weir, the approach depth and velocity, and the upstream slope of the
weir. Experimental data gathered throughout a suitable range of these vari-
abl es have led to the devel opnent of a spillway design methodol ogy. The
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earliest attenpts at fitting equations to | ower nappe surfaces utilized the
data of Bazin (item 6). Data devel oped by the US Bureau of Reclamation
(USBR) (item 76) have served as a basis for nmost CE crest design procedures
Recent spillway investigations at WES (itens 28, 32, and 33) have added
consi derably to the USBR data

3-3.  Crest Shape.

a. The conplete shape of the |ower nappe, which is also the spillway
cestsurface, is described by separating it into two quadrants upstream and
downstream from the high point (apex) of the |ower nappe. The apex is nor-
mally defined as the crest axis. The spillway crest shape is proportionally

based on the design head H; (see Chapter 2, Section II, for detailed defini-
tion of synbols used. The energy head H can be greater than, equal to, or
less than H, . The equation for the do&stream quadrant of the

crest for all spillways can be expressed as

x" = k'y (3-1)
wher e
X = horizontal coordinate positive to the right, feet
n = variable, however usually set equal to 1.85
K= variabl e dependent upon P/ H,

Y - vertical coordinate positive downward, feet

Equation 3-1 can be used to define the downstream crest shape for any P/H,
ratio by a systematic variation of K from2.0 for a deep approach to 2.2 for
a very shallow approach. See Plates 3-1 and 3-2.

b. Difficulties existed when a single equation was fit to the upstream
quadrant. The efficiency of the spillway is highly dependent on the curvature
of the crest inmmediately upstreamof the crest axis (itenms 32 and 51). A sud-
den change in curvature or a discontinuity not only disrupts the boundary
| ayer but can also lead to flow separation and cavitation. Mirphy (item 33)
reported a three percent increase in the discharge coefficient when a smal
discontinuity between the upstream face and upstream quadrant was renoved

c. A general design procedure was advanced by Mirphy (item 33) by which
a sloping face spillway and a vertical face spillway can be designed in the
same manner. For the upstream quadrant Mirphy found that, by systematically
varying the axes of an ellipse with depth of approach, he could closely
approxi mate the lower nappe surfaces generated by USBR  Furthermore, any
sl oping upstreamface could be used with little loss of accuracy if the slope
became tangent to the ellipse calculated for a vertical upstream face

d. The equation of the upstreamelliptical shape is expressed as

2 3 -1
—_— e C—— = ]_ 3'2
2 2 (3-2)
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wher e

X = horizontal coordinate origin at crest axis positive to the right
A= one-half horizontal axis of ellipse, feet

B= one-half vertical axis of ellipse, feet

Y = vertical coordinate origin at the crest axis positive downward

These three parameters (A B, and K) then fully define the crest shape. Their
variation with relative approach depth is given in Plate 3-2. This plate also
includes a definition sketch.

3-4, Crest Discharge Coefficient. Discharge over a spillway crest is clas-
sified as elther free flow or submerged flow. Free flow inplies that the

val ue of the discharge coefficient is not influenced by conditions downstream
fromthe crest. Subnerged flow occurs either when the tailwater is suffi-
ciently high that a reduction in the discharge coefficient occurs, or when
there is a change in the crest profile so close to the crest axis that the
full benefits of the crest shape cannot be obtained. Flow over a spillway is
governed by the relationship

1.5
Q = CLeHe (3' 3)

where Q is the rate of discharge and C is the discharge coefficient which
is a neasure of the efficiency of the spillway system The discharge coeffi-
cient is a variable dependent upon generalized and site-specific factors. The
factors which have been accounted for in generalized |aboratory studies are
the effect of relative approach depth P/H, , the slope of the upstream face,
the relative head on the crest H/H; , crest subnmergence, and selected crest

and abutment shapes. Site-specific factors such as flow angularity resulting
from conpl ex approach flow geometry or unusually shaped piers, for exanple,
can be significant and nust be investigated by a site-specific nodel study.

a. Free Discharge. Laboratory studies acconplished at WES (itens 28
and 33) have defined spillway coefficients for free flow over a w de range of
the follow ng generalized factors: wupstream slope, P/ , and H /Hj Di s-
charge coefficients reflecting these factors are given in Plates 3-3 gnd 3-4.
Due to possible scale effects, discharges were not measured below H /H

= 0.4 . However, prototype experience has shown that spillway crest$ ag very
low heads exhibit the same discharge characteristics as a broad-crested weir.
Therefore, for extrapolation purposes, the discharge coefficient should be
equal to 3.08 as H /H approaches zero. As the P/H, values decrease, and
particularly for higher values of H _/H, , control of ghe flow begins to shift
upstream, efficiency 1is lost, the discharge coefficient decreases, and the
value of C again approaches that of a broad-crested weir (in this case a
free overfall). Also to be noted is the characteristic increase in discharge
coefficient for heads greater than design head. This is the concept of under-
designing the spillway crest to obtain greater efficiency. Underdesigning
does not result in increased discharge coefficients with P/H, < 0,5 . The
limitations of underdesigning the crest are dependent on the extent of nega-
tive pressure developed on the spillway crest. See Section 1V, Crest Pres-
sures, of this chapter.
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b. Subrmerged Discharge. Subnmerged flow resulting fromeither excessive
tailwater or changes in the crest profile will effectively reduce the free
crest discharge coefficient. The reduction in the coefficient is dependent
upon the degree of subnergence. Due to the variance in the discharge coeffi-
cient, the effect of subnergence cannot be described by a single relationship
over the full range of the dependent variable. HDC 111-4 provides a discus-
sion on tailwater subnergency and provides a chart which defines a percent
decrease in the unsubmerged crest coefficient for a full range of submergence.
This chart is reproduced as Plate 3-5 for convenience. The curves shown on
Plate 3-5 were based on three different test conditions: the approach and
apron floors at the same constant elevation; both floors at the same el evation
but varied with respect to the crest elevation; and the approach floor eleva-
tion held constant and the apron elevation varied. The percent decrease in
t he di scharge coefficient was based on the unsubnerged di scharge coefficient
for each condition tested. EM 1110-2-1605 provides additional information on
the effect of tailwater submergence on broad-crested spillways that are often
used in conjunction with navigation dams. The reduction in the discharge
coefficient resulting fromcrest geonetry subnergence is not as well defined
as that for tailwater subnergence. Abecasis (item 1) has acconplished sone
experinents that show when the chute tangent intersects the crest curve close
to crest, a reduction in the discharge coefficient of two to eight percent
will occur. The amount of reduction is dependent upon the |ocation of the
point of tangent intersection and the crest. \Wen designs of this type are
used and the discharge coefficient is critical, nodel studies wll be neces-
sary to verify the design.

Section Il1l. Spillway Piers, Abutments, and Approach

3-5.  Ceneral. Crest piers, abutnents, and approach configurations of a
variety of shapes and sizes have been used in conjunction with spillways. Al
of the variations in design were apparently used for good reasons. Not all of
the designs have produced the intended results. Inproper designs have led to
cavitation danage, drastic reduction in the discharge capacity, unacceptable
waves in the spillway chute, and harmonic surges in the spillway bays upstream
fromthe gates. Maintaining the high efficiency of a spillway requires care-
ful design of the spillway crest, the approach configuration, and the piers
and abutments. For this reason, when design considerations require departure
from established design data, nodel studies of the spillway system should be
acconpl i shed.

3-6. Contraction Coefficients. Crest piers and abutments effectively reduce
the rate of discharge over the crest. The reduction in discharge is deter-

m ned by the use of a contraction coefficient which, when applied in equa-
tion 2-2, defines the effective length of spillway crest. Conversely, addi-
tional crest length must be provided to offset the crest |ength reduction
resulting from piers and abutnents. Pier contraction coefficients have been
determned from generalized nmodel studies. Plate 3-6 shows plots of these
contraction coefficients for five different pier nose shapes having the pier
nose located in the sane vertical plane as the spillway face and with

P/H, > 1 . Plate 3-7 shows a plot of the contraction coefficient for a trun-
cated elliptical pier nose that includes a bul khead slot. This pier nose
shape has been used on a nunber of the Colunbia and Snake River projects. The
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contraction coefficients for the type 2 pier nose with piers extending
upstream from the spillway face and P/H > 1 are shown in Plate 3-8, The
contraction coefficients for P/Hd < 1 for the type 2 pier nose are shown in

Plate 3-9. The contraction coefficients for the type 3 pier with an
elliptical-shaped upstream crest with vertical or 1:1 upstream spillway slope
and various P/H, ratios are shown in Plate 3-10. The contraction coeffi-
cients for the variety of shapes and conditions show significant variation
throughout a range of -0.075 to 0.10, thus the reason for careful considera-
tion of the pier shape. Although some of these pier contraction coefficients
show an increase in the efficiency of the spillway, it may be at the expense
of lower pressures on the crest or undesirable flow conditions in the chute.
As an example, the type 4 pier shown in Plate 3-6 provides increased effi-
ciency throughout a wide range of He/Hd ; however, the flow conditions in the

chute may be undesirable. Abutment contraction coefficients are not as avail-
able, as abutments are somewhat more site-specific. Plates 3-11 and 3-12 pro-
vide some basic information pertinent to abutments with adjacent concrete or
embankment sections. (See paragraph 3-8 for additional information on
abutment effects.)

3-7.  Spillway Bay Surge. Surging of the water surface upstream from tainter
gat es has been observed during nodel studies of gated spillway crests on both
high and |ow spillway crest. Mddel measurements indicate that water surface
fluctuations as great as 10 feet with periods |less than 10 seconds woul d occur
in alternate bays of the prototype for certain conbinations of gate bay wi dth,
w, ; gate opening, % ; pier length, P defined as the distance from the

b
upstream nost point of the gate face to the pier nose; and head on the crest,
n, o Mobdel studies have shown that decreasing P, , increasing W , or both,

will effectively elinmnate periodic surge. Excessive surging can be prevented
by applying the follow ng guidelines on spillway pier and gate bay design

a. Low head spillways, P/H <1

wb Ed l.ch for PL < O.3wb
or
wb 2 1.25Hc for 0.3wb < PL < O.4wb
b. High head spillways, P/Hd > 1
wb 2 0.8HC for PL < O.3wb
or

Wz 1.2H for 0.3 <P < 0.4W

where H  is the maxi num head on the crest where the gate controls the

di scharge. The maxi num gate opening for which tainter gates will control the
di scharge should be taken as 0.625 times the head on the weir crest. By
utilizing the spillway discharge curves for various gate openings, the maximm
head on the weir crest for which the gates will control the discharge can be
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determned. These guidelines apply to all gated spillways regardl ess of the
gate size. Due to the limted nodel tests used to develop the guidelines,
model tests should be considered on those spillways which woul d operate with
G > 20 feet and H. > 40 feet. Conditions may dictate a design that is

within the above limts, such as the increase in dam height which occurred at
Chief Joseph Dam At this project the nodel studies showed approximately five
feet of surge alternating across the 19-bay spillway. Changing the dinensions
of W or P_ was constrained by the existing structure so nodel studies
were undertaken to evaluate surge suppressor designs. A sinple design of two
triangular concrete protrusions on the side of the pier upstream from the gate
reduced the surge to well within acceptable limts wthout reducing the dis-
charge characteristics of the spillway. See item 56 for detailed information

3-8.  Spillway Approach. Spillway approach configuration wll influence the
abutment contraction coefficient, the nappe profile, and possibly the flow
characteristics throughout the spillway chute and stilling basin. There are
three general configurations for the spillway approach, each of which requires
a different treatnent at the abutnents in order to provide acceptable spillway
characteristics.

a. Deep Approach. First, there is the high spillway where approach
velocities are negligible. This condition usually exists at a spillway in the
main river channel flanked by concrete nonoverflow sections. The P/H; ratio
for a deep approach spillway is defined as being greater than 1.0. The shape
of the abutment adjoining concrete sections of a high head damis a mgjor
factor influencing the abutment contraction coefficient. For this type of
structure, the extension of the abutment upstream from the dam face to devel op
a larger abutment radius has provided inproved flow characteristics in the end
bays of the spillway (item 41). The abutment contraction coefficient curve
shown in Plate 3-11 is applicable to this type of approach condition.

b. Shallow Approach. Second, there is the broad but relatively shallow
approach that results 1n strong lateral currents at the abutments. This con-
dition frequently is found at spillways in the river valley flanked by enbank-
ment sections. The P/H; ratio for the shallow approach spillway is defined
as being equal to or less than 1.0. Wen a spillway includes adjacent enbank-
ment sections, and particularly where approach velocities are appreciable, the
configuration of the abutnments and adjoining topography, the depth of approach
flow, and the angularity of approach flow have significant influence on abut-
ment contraction coefficients and flow characteristics. The enmbankment shoul d
not be carried at full height to the spillway training walls. Enmbanknent
wraparounds with concrete nonoverflow sections joining the top of the enbank-
ment to the spillway training walls should be considered. Abutnent pier noses
shoul d not extend upstream of the face of the nonoverflow sections as this
configuration has been noted to cause surging at the abutments. Rock dikes
extending into the reservoir have been used to inprove flow conditions at the
abutments (item 66); however, optinmm configurations are essential and can be
devel oped only in a nodel study. An abutnment contraction coefficient curve
recormended for approach depths that are at |east one-half of the design head
and approach flow relatively perpendicular to the spillway are provided in
Plate 3-12. Abutnment contraction coefficients as large as 0.75 have been

3-6



EM 1110-2-1603
16 Jan 90

measured in nodel studies with very shallow approach (P/H; < 0.2) and a curved
approach channel (item 69).

c. Confined Approach. The third configuration results when the spill-
way is remote fromthe main damand an excavated approach channel is required.
In this type of approach, velocities may be high and flow distribution may be
unequal but there will not be strong lateral currents at the abutments. When
conditions require an excavated approach channel to the spillway, friction
| osses in the channel should be considered in determ nation of spillway
capacity. Quidance for conputing friction |osses is given in Chapter 2. For
confined channel s the abutnent contraction coefficient curve shown in
Plate 3-11 may be used to account for abutnent effects.

Section IV. Spillway Crest Pressures

3-9. General. Free discharge over a spillway crest designed to the shape
discussed in paragraph 3-3 will develop pressures on the concrete boundary
somewhat inversely proportional to the He/Hd ratio. When He/Hd is nearly

one, the pressures on the crest are essentially atmospheric. As H _/H
increases, crest pressures drop below atmospheric. These negative pressures
are the reason for the increase in the discharge coefficient over that of a
ventilated sharp-crested weir. A reasonable approximation of the crest pres-
sures will provide the data necessary for structural stability analysis for
certain design cases. Crest pressure calculations will also provide the
hydraulic design guidance on the limiting pressures that crest underdesigning
yields prior to reaching pressures where cavitation damage occurs. Previous
recommendations (item 77) have stated that H /R should not exceed 1.33 when
underdesigning a spillway crest. Bauer and Béck (item 5) and Abecasis

(item 2) have shown that the actual minimum pressure fluctuation level in
relation to local atmospheric pressure is what leads to cavitation. Vacuum
tank observations by Abecasis (item 1) indicated that cavitation on the crest
would be incipient at an average pressure of about -25 feet. Fluctuations and
duration of actual pressures at or near absolute, not the average pressure on
the crest boundary, are the cause of cavitation damage. A spillway crest
should be designed so that the maximum expected head will result in average
pressures on the crest no lower than ~15 feet of water at sea level and
40-degree Fahrenheit temperature. The -15 feet of water must be adjusted to
account for elevation and water temperature at the spillway crest site.

HDC 000-2 and 001-2 will provide data to assist in this adjustment. For
spillways with and without piers, Plates 3-13 and 3-14, respectively, show a
relationship between H and H, defining the maximum limit of underdesign
allowed based on the reSommended’minimum crest pressure of ~-15 feet of water.
The curves for -25 feet and -20 feet of water are also shown on these plates
for comparison.

3-10. Controlled and Uncontrolled Crests. A controlled crest is one that
includes gates which are used to control the flow the uncontrolled crest is
one unencunbered by gates. Pressures on controlled and uncontrolled crests
with vertical 1:1 upstream sloped faces with P/H; values of 0.25, 0.5, and
1.0 were investigated at WES (item 28). At P/H; = 0.25 , pressures were nmea-
sured for H/H; = 0.5 and 1.0 only. Use of an underdesigned crest with a
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P/H, value as low as 0.25 does not result in a significant increase in the
di scharge coefficient above H/H, = 1.0 . WES investigations included two

piers placed on a nodel crest. The pier nose used for all crests was the

type 3 shown on Plate 3-6. The pier nose was |ocated in the same plane as the
upstream face for the vertical spillway. For the 1V:1H upstream slope, the
pier nose location was determ ned by maintaining the same distance from pier
nose to crest axis as used in the vertical upstream faced crest. See item 28
for detailed information on crest pressure distribution for various P/H

ratio spillways, with and without a sloping upstreamface, and various H_/H
ratios. For spillways that include piers, the mninum pressure along the pier
limts the amount of underdesigning permssible. Wen a crest with piers is
designed for negative pressures, the piers must be extended downstream beyond
the negative pressure zone in order to prevent aeration of the nappe, nappe
separation or undulation, and loss of the underdesign efficiency advantage.

For prelimnary design purposes, the approxinmate range of the dinensionless
hori zontal distance fromthe crest axis (X' H;) where pressures were found to
return to positive, are as follows:

H/ H, LI
1.17 0.1-0.4
1.33 0.7-0.9
1.5 1.1-1.5

Section V. Upper Nappe Profile

3-11. Ceneral. The upper nappe profile or the water surface profile for free
flow over a spillway crest with or without piers is of acute interest in the
design of sidewalls adjacent to the spillway crest, equipnent bridges over the
spillway crest, and spillway gate trunnion location. The nappe profile unen-
cumbered by crest piers is somewhat different fromone with piers. The upper
nappe profile will also be nodified by the direction of the approach flow with
respect to the crest axis. Procedures to determne nappe profiles have been
derived from experinental work based on specific conditions involving P/H
and H/H, ratios, spillways with and without piers, and approach flow per-
pendicular to the crest axis. These procedures provide a sound basis for
design of nappe profile-related features. Wien hydraulic conditions vary
somewhat from the experinental conditions, or the upper nappe profile is
critical to the design, nodel studies to accurately determne the profile are
r ecormended.

3-12.  Nappe Profile. The design procedure used to determ ne the upper nappe
profile I's based on generalized experinental data. Upper nappe profile data
for two spillway conditions are presented. The first is for high spillways
with negligible approach velocities as discussed in paragraph 3-8a. The
second condition is for low spillways wth appreciable approach velocities as
di scussed in paragraphs 3-8b and c.

a. Hgh Spillways. Plate 3-15 shows generalized data in the form of
di nensi onl ess coordi nates of the upper nappe profile in terms of the design
head for H/H; ratios of 0.50, 1.00 and 1.33 without the influence of crest
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piers. Plates 3-16 and 3-17 show the dinensionless coordinates for the same
conditions with the influence of crest piers.

b. Low Spillways. Plates 3-18 through 3-20 show generalized data in
the form of dinmensionless coordinates of the upper nappe profile along the
center line and along the edge of a crest pier in terns of the design head.
These data are presented for HJ/H, ratios of 0.05 1.0, and 1.5 for P/H,
ratios of 1.0, 0.50, and 0.25.
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CHAPTER 4
SPILLWAY CHUTE
Section |. Basic Considerations
4-1.  Ceneral

a. The chute is that portion of the spillway which connects the crest
curve to the termnal structure. The termchute when used in conjunction with
a spillway inplies that the velocity is supercritical; thus the Froude nunber
is greater than one. Wen the spillway is an integral part of a concrete
gravity nonolith, the chute is usually very steep. Chutes as steep as 1.0
vertical on 0.7 horizontal are not uncommon. The steepness thus mnimzes the
chute length. Chutes used in conjunction with enbanknent dams often nust be
long with a slope slightly steeper than the critical slope. This long, prom -
nent structure is termed a chute spillway. The designs for long spillway
chutes and steep chutes on concrete dam nonoliths involve many of the sane
geonetric and hydraulic considerations. Due to the extreme slope and short
length of a steep chute, many of the hydraulic characteristics that becone
promnent in spillway chutes have insufficient time to develop prior to
reaching the ternminal structure.

b. Hydraulic characteristics that nust be considered in the design of a
chute are the velocity and depth of flow, air entrainnment of the flow pier
and abutment waves, floor and wall pressures, cavitation indices, supereleva-
tion of the flow surface at curves, and standing waves due to the geonetry of
the chute. Obtaining acceptable hydraulic characteristics is dependent upon
devel opi ng proper georetric conditions that include chute floor slope changes,
hori zontal alignment changes (curves), and sidewal| convergence. This chapter
presents data to assist the designer in obtaining an acceptable chute design
A nodel study is recomrended to confirmany design that involves conplex
georetric considerations and/or large discharges and velocities.

4-2. Sidewalls. The height of a chute sidewall should be designed to contain
the flow of the spillway design flood. The flow profile of the spillway
design flood can be conputed using the methods discussed in Chapters 2 and 3.
The conputed profile may require adjustnent to account for the effects of pier
end waves, slug flow or roll waves, and air entrainnment. Sidewall freeboard

i s added above the adjusted profile; as a mmnmm tw feet of freeboard is
recommended. A conservative, enpirical freeboard criterion recommended by
USBR (item 77) is as follows:

Freeboard = 2.0 + 0.025vd!/3 (4-1)

where V and d are the nmean velocity and mean depth in feet, respectively,
in the chute reach under consideration.

a. Pier End Waves. Supercritical flow expands after flow ng past the
downstream end of a spillway pier. The expanding flow from each side of a
pier will intersect and form a disturbance which is ternmed a pier end wave
These waves travel laterally as they nove downstream Miltiple piers will
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cause the formation of a dianond pattern of waves within the chute. The
inpact at the intersection of the flow can be so severe that a rooster tail-
like plune of water will form A large plunme was noted during the Libby Dam
model studies (item58) and was of sufficient concern to require the design of
a streamined pier end to elimnate it. Referring to Figure 4-1, the location
on the sidewal | where the wave fromthe first pier intersects the wall can be
estimated by the equation:

X

2= 1777 (4-2)
tan [sin-l —(—gZ—L—]

\Y
s

wher e

z = distance from downstream end of pier to wave and wall intersection
f eet

x = distance fromfirst pier to the wall
y = depth of flow

v - surface velocity of flow ft/sec

S

Equation 4-2 is qualified by the following conditions: The wave height at the
end of the pier should be relatively snall conpared to the depth of flow and
the velocity should be taken as the surface velocity which can be approxi mated
by twi ce the average velocity. Flow disturbances from pier ends should be
contained within the chute. The magnitude of the pier end wave height is dif-
ficult to determine without a nodel study. For a design wthout the benefit

of a model study, an additional 25 percent of the depth of flow should be
included in the sidewal| height to account for pier end waves.
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Figure 4-1. Pier end waves downstream of

spillway piers

b. Slug Flow. Slug flow or roll waves may formin long chutes and
shoul d be considered in sidewall height determinations. Chservations of

4-2



EM 1110-2-1603
16 Jan 90

existing chutes indicate that these waves can reach a maxi num height of
approximately five percent above the nean depth. Know edge of this type of
instability is linmted; therefore, further study of the phenonenon in the
prototype is suggested when the condition is known to exist.

c. Air Entrainment. Wen air is entrained in supercritical flow, there
Is an increase In volune, sonetimes called bulking, which will result in a
greater depth of flow This effect is noticeable in flow with Froude nunbers
greater than 1.5. Ar entrainment nust be considered in the design of chute
sidewal | s, bridges, or other features dependent upon the water surface pro-
file. EM 1110-2-1601, provides the designer with a basis for increasing the
flow depth due to bulking. Plate 4-1, reprinted from EM 1110-2-1601, defines
the ratio of flow depth with and without air to the Froude nunber.

4-3. Convergent and Divergent Chutes.

a. Convergent Chute. Laboratory and field evaluation by Cox (item 11)
has resulted 1n design criteria and gui dance applicable to spillway chutes
havi ng convergence affected by horizontal curves of long radii. Optinum chute
flow conditions prevail when the following criteria are satisfied, and a
design that meets these criteria should perform adequately. The design flow
Froude nunber should gradually increase continuously throughout the conver-
gence. Optinmum flow conditions occur with a crest fornmed by the break in
invert grade or by a low sill formed as an integral part of the chute slope
However, for structural or economc reasons, the use of a spillway crest wth
a toe curve may be required, and less favorable flow conditions in the chute
will result. CQurving the chute crest in the formof a horizontal arc is noted
not to appreciably affect flow conditions in the converging chute. Straight-
lined converging walls in the vicinity of the crest are desirable to effect
the initial convergence of the flow Parallel walls in this vicinity should
be avoided. The straight-lined walls should extend upstream beyond the crest
into the subcritical flow area. These straight-lined walls should not extend
downst ream beyond the point where the Froude nunmber exceeds 1.5. Straight-
lined walls should have a convergence factor of AL/AW > 5.0 , where AL 1is
the change in center-line length and AW is the change in width for center-
line length increment AL ., Chute walls curved horizontally with long radi
shoul d be used when the local Froude nunber exceeds 1.5. These curved walls
shoul d be designed so that the convergence factor down the chute conplies with
the relationship:

LAL 1
TAW = 0.382 - 0.116F (4-3)
wher e
ZAL = center-line station distance from the intersection of the crest
axis and sidewall
LAW = accumulated sidewall convergence beginning at the intersection of

the sidewall with the spillway crest
F = local design flow Froude number at the station ZAL for the
design flow
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The minimum recommended design value of IAL/IZIAW is 5,0, When the Froude
number exceeds approximately 3.25, parallel walls are considered necessary.
Vertical chute walls in the converging section are preferable to sloping walls
due to the adverse effects sloping walls have on the |ocal Froude nunber

Wien sloping walls are used, these walls should be sloped normal to the chute
invert slope rather than normal to the horizontal. Hydraulic nodel studies
are usually conducted to verify the design of a convergent chute spillway.

bh. Divergent Chute. Wen site or econonic conditions indicate that a
short crest Iength and a widened termnal structure are desirable, diverging
chute walls will be required. Mdel studies conducted by USBR (item 77) pro-
vide exanples of designs required for chute type of spillways. USBR uses a
straight crest and recommends a maximum sidewall flare angle, o , of

tan a = (4-4)

<
3F1
where F, is the average Froude nunber of the flow at the location in the
reach where the flare originates.

Section Il. Chute Spillways

4-4, CGeneral. Chute spillways are normally designed to mininze excavation.
This is acconplished by setting the invert profile to approximte the profile
of the natural ground. Profile changes in both the vertical and horizonta
alignment may be involved when obtaining a mninmum excavation design. The
chute spillway is essentially a high-velocity channel, the design of which is
discussed in detail in EM 1110-2-1601. The primary concerns for the design of
the chute spillway are to provide an invert slope that will ensure supercriti-
cal flow throughout the chute for all discharges, and to provide a design of
piers, abutments, and sidewall transitions and bends that will mninize wave
di sturbances.

4-5.  Invert and Water Surface Profile. Flow characteristics near critica
depth are unstable, and excessive wave action or undul ations of the water
surface can occur. To avoid these instabilities, supercritical flow depth
less than 0.9 of the critical depth or a Froude nunmber greater than 1.13 is
necessary. Conputations of depth, velocity, and Froude nunber should consider
t he boundary | ayer devel opment over the crest and downstreamto the critica
point where fully turbulent flow is devel oped. The renainder of the chute
shoul d be anal yzed by an open channel flow nmethod for determning energy |oss
for fully turbulent flow, A relatively large roughness val ue shoul d be used
for the determnation of flow stability and water surface profiles. To assess
flow stability for all operating conditions, velocity and depth conputations
for the full range of discharge are suggested. A second analysis of velocity
and depth throughout the chute should be undertaken with a relatively snal
roughness value. The data derived fromthe second set of analyses are for
consi deration in the design of the sidewal| alignment, sidewall height, and
termnal structure design

4-6. Invert Pressure. Details of the chute floor slabs deserve careful
attention In the interest of structural safety and econonmy. Structura
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aspects are discussed in EM 1110-2-2400. In addition to the static uplift
pressures fromreservoir or tailwater seepage, there are two conditions of
hydrodynam ¢ uplift that must be considered. The first consideration is at
vertical curves froma steep slope to a flatter slope. Transmssion of high
boundary pressure through construction joints is possible and shoul d be
analyzed in determning uplift on chute slabs. Construction joints should be
excluded fromlocations that include vertical curves froma steep to flatter
slope. Theoretical studies and nodel and prototype data indicate that the
pressures resulting fromthe change in direction of the flow are changi ng con-
tinuously throughout the curve and are influenced by the curve radius, flow
velocity, and discharge. Pressures inmmediately upstreamand downstream of the
curve are influenced by the invert curvature but reduce rapidly to hydrostatic
pressures a short distance away from the curve. These pressures can best be
evaluated by neans of a flow net or nodel study. An estinmate of the pressures
can be obtained by extrapolating the pressure pattern of the curve. Flip
bucket pressures discussed in paragraph 7-21 are applicable in this analysis.
The second consideration is at vertical curves froma flatter slope to a
steeper slope. Negative pressures can occur unless the vertical curve is
properly designed. The design of this type of vertical curve is simlar to a
parabolic drop froma tunnel exit portal to a stilling basin floor. The floor
profile should be based on the theoretical equation for a free trajectory:

2
y = -x tan ¢ - 3’2‘ 5 (4~5)
2(1.25V)" cos” ¢
wher e
x and y = horizontal and vertical coordinates neasured fromthe
begi nning of the curve, feet
¢ = angl e between the horizontal and the floor at the beginning of

the trajectory, degrees

To prevent flow separation from the floor, the average velocity used should be
derived from flow conputations using a relatively small roughness value. As a
conservative neasure this velocity as used in equation 4-5 has been increased
by 25 percent. If site conditions require a design whose trajectory is
steeper than that described by equation 4-5, nodel studies are reconmended;
and special construction practices nust be specified to obtain surface toler-
ances and ot her provisions such as boundary aeration, so that the chute floor
surface is conpatible with low boundary pressure design.
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CHAPTER 5
SPECI ALI ZED SPI LLWAYS
Section |. Side Channel Spillways
5-1. CGeneral. The side channel spillway has certain advantages which nake it

adapt abl'e to topography where the overflow is nost economically returned to
the original streanbed by a deep, narrow channel or by open channel flow
through a tunnel. The conventional side channel spillway consists of an over-
flow weir discharging into a narrow channel in which the direction of flowis
approximately parallel to the weir crest. A typical side channel spillway
configuration is shown in Plate 5-la. A nodification to the conventional side
channel spillway crest includes the addition of a short crest |ength perpen-
dicular to the channel at the upstream end resulting in an L-shaped crest as
illustrated in Plate 5-1b. Prelimnary design of side channel spillways can
be acconplished using the follow ng procedures. In view of the conplex nature
of the flow, hydraulic nodel studies are normally required to ensure adequate
and economcal details for the final design

5-2.  Crest Design. Crest shape design and discharge determnation for side
channel spillways are acconplished using the procedures discussed in

Chapters 2 and 3. Two crest sections have been connected with a circular arc
of radius equal to 0.4H, to formthe L-shaped crest (item 65). The crest
length in the discharge equation 2-1 nust be corrected for the loss in effec-
tive crest length caused by angularity of flow at the junction of the crest
sections. Plate 5-2 gives the loss of effective length as a function of

head on the crest and design head. These data are considered suitable for
prelimnary designs even though some variation would occur wth various
approach depths and junction configurations.

5-3.  Channel Design. The theory of flow in the channel of a conventiona

side channel spillway was devel oped by Hnds (item 22) and is based on the |aw
of conservation of linear monmentum  The assunption is made that the energy of
flow over the crest is dissipated by turbulence as it turns and mxes with the
side channel flow and that the only force producing |ongitudinal motion in the
side channel results from gravitation. This theory also assunes that the
frictional resistance of the channel is sufficiently small enough to be
neglected without seriously affecting the accuracy of the conputations. The
soundness of this theory has been denonstrated by nodel investigations and
prototype experience. Application of the theory to practical design of such a
structure was illustrated by MCormmach (item 30). Hydraulic nodel studies
have denonstrated that the energy of flow over the end section of an L-shaped
crest helps in noving water down the side channel. Farney and Markus

(item 16) devel oped a generalization of the Hnds theory to permt considera-
tion of nonuniform velocity distribution and corresponding changes in momentum
in the channel caused by flow over the L-shaped crest end section. Design of
the channel (chute) downstream from the crest sections should follow proce-
dures outlined in Chapter 4.
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Section Il. Limted Service Spillways
5-4,  Ceneral.

a. Alimted service spillway is designed to operate very infrequently,
and with the know edge that some degree of damage or erosion will occur during
operation. The decision to include a limted service spillway nmust be based
on the premse that the risk of future repair and/or reconstruction is accept-
able; however, the risk of sudden, uncontrolled, catastrophic release of water
is unacceptable. Limted service spillways include structures classified as
emergency and/or auxiliary spillways. Normally, limted service spillways are
designed to take every possible advantage of |ocal topography. There is no
restriction on alignnment and consideration shoul d be given to designing
unpaved spillways to blend in with the natural environment; however, topog-
raphy, geology, and hydrology nust be carefully evaluated in order to assure
that when the facility does operate, the following conditions wll be
attained.

(1) The spillway flow and/or resulting erosion will not endanger
the dam or dam foundati on.

(2) The control of the discharge will remain at the predeterm ned
control section and will not be lost due to erosion.

(3) There will be sufficient time available after a spillway use
event to evaluate the resultant conditions and performrepairs or reconstruc-
tion prior to the next event.

b. Gates are not normally included with a limted service spillway.
Topogr aphi cal and geol ogi cal conditions nmust be extrenely favorable if this
type of design is to be used, because gates pernit greater spillway capacity
with a snaller structure, thus increasing the unit discharge and consequently
the erodibility of the spillway channel

5-5. D'schar?e. I nfrequent, short-duration operation of a limted service
spillway is highly desirable. Projects on watersheds with relatively short
duration floods are the best candidates for this type of spillway; however,
projects with a large flood control storage volune to runoff ratio and those
with outlet works that have capacity to control floods up to the standard
project flood should also be considered. The limted service spillway shoul d
not be considered for |ong-duration use, defined as many days or weeks, unless
extreme confidence can be placed in the damage and/ or erosion resistance of
the facility. The deternination of discharge through the linmted service
spillway will involve the hydraulic theory of open channel flow. Wen |ow
ogee crest discharge characteristics are involved, the procedures discussed in
Chapters 2 and 3 are applicable. Wen backwater or drawdown conputations are
performed to anal yze the discharge capacity and flow profiles, section-to-
section velocity changes should be Iimted to no nmore than 10 percent of the
velocity near the control section and no nore than 20 percent at remaining
sections. Two sets of discharge conputations are suggested. The first set of
conputations is to assure that the spillway will have an adequate capacity

for passage of the design flood; for this set, the maximum probable energy
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| osses should be assunmed. The second set, involving mninum probable energy
| osses, is used for determnation of depths and velocities for the eval uation
of erosion and the design of erosion protection

5-6. Erosion. Evaluation of expected erosion will be the nost difficult and
critical problem encountered in the design of linited service spillways. The
desi gner nust not only deci de whether the channel naterials will be eroded but
al so make reasonabl e estimates pertaining to the rate at which erosion wll
progress. Extensive exploration, testing of encountered materials, and geo-

| ogical profiles to a depth in excess of any anticipated scour are required to
assist in the erosion estimtes. Quidance on erosion progression is limted.
Suggested pernmissible velocities for nonscouring channels are given in

EM 1110-2-1601. The flow depth and turbul ence are other inportant factors of
incipient novement and rate of novenent of channel materials; these factors
shoul d not be overlooked. Study of the history of erosion in the project area
and research of erosion experiences at projects with simlar facilities should
be undertaken as part of the evaluation of expected erosion. Some additiona

i nformation on erosion downstream from energency spillways is given in

item 21. VES has investigated scour downstream from energency spillways and
has produced a video report on this subject (item 18).

5-7.  Control Section. A positive discharge control section is required for
the limted service spillway. This section should be permanently fixed either
in a rock cut or by construction of a concrete structure. The sinplest type
of control structure is a flat concrete slab with sidewalls, placed at a break
in grade that will result in critical depth on the slab. A | ow ogee spillway
crest will provide a nore positive relation between reservoir elevation and

di scharge, a reduction in approach channel velocities, and an increase in the
efficiency of the spillway. Nornally a concrete apron is included downstream
fromthe ogee crest in order to protect the toe of the crest and to align the
flow with the erodible exit channel. The location of the control section is
usual Iy near the edge of the reservoir and well away from the dam structure.

At sites where the channel is located in erodible material, three solutions
exi st

a. The control section may be |located to provide a long spillway chan-
nel with a large portion of the channel at a subcritical slope. This is done
in order to ensure that the erosion, or head cutting, will start downstream
fromthe subcritical slope and that the channel length is maximzed, in order
to maxi mze the material to be eroded and the tine that will be required for
the erosion to reach the control section

b. The control section may be |ocated at the downstreamend of a cut or
draw in order to maintain subcritical velocities through most of the spillway
system  This configuration requires that side slopes of the cut or draw be
sufficiently high to contain the design flow at the maximum reservoir eleva-
tion, and that the remaining in situ material be sufficiently conpetent to act
as dam structure.

c. The control section |ocated near the center of the channel length is
sonetines preferred. At this position the control section is less likely to
be | ost due to scour than one at the downstream end. Wen the spillway is
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sited in a bedrock structure, the most economical configuration may result by
placing the control section at the upstream end of the channel and allow ng
supercritical velocities through most of the channel

Section Ill. Shaft Spillways

5-8. Ceneral. Shaft spillways include various configurations of crest
designs, wth or without gates, all of which transition into a closed conduit
(tunnel) system imrediately downstream from the crest. The closed conduit
system on a shaft spillway is in lieu of the open channel chute used on
conventional spillways. Al configurations of shaft spillways have many of
the same disadvantages. This section will present the disadvantages and the
design problens involved in designing shaft spillways, one of which is the
morning-glory spillway. This spillway may be designed to operate with crest
control for a range of reservoir elevations imediately above the crest apex
el evation and then conduit control as the reservoir elevation continues to
increase. A shaft spillway should be designed in a manner that will prevent
flow control shift fromthe crest to the conduit or outlet when the discharge
is greater than 50 percent of the design flow. This recomendation is based
on preventing the followi ng hydraulic conditions from occurring when the
reservoir is at or near full pool

a. Unstable flow characteristics during the transition from crest to
conduit control, which would occur over an extended period of tine, resulting
in unacceptable noise, rapid pressure fluctuations, and vibrations.

b. The undesirable change in reservoir elevation-to-discharge relation-
ship associated with conduit or outlet control , wherein the reservoir eleva-
tion increases rapidly with conparatively small increases in discharge. This
condition could lead to a rapid and unpreventable overtopping of the dam
during the peak of a large flood.

Ideal |y, a shaft spillway should be designed to operate with crest contro
throughout the entire expected range of discharge. However, the range of
expected discharge is based on the current hydrologic data. Spillway design
flood flow rates may change due to updated probable maxinmum precipitation
quantities; changes in the basin runoff characteristics could vary signifi-
cantly with tine; and the project operation may be revised at a future date
which may result in an increase to the spillway design flood. Any of these
factors, separately or in conbination, could be sufficient to cause a spillway
designed for crest control to shift to conduit control in the upper range of
expected discharge. Another condition that could cause the control shift at
essentially any discharge is partial plugging of the conduit. Plugging could
occur either by external debris (logs and ice) or an internal problem result-
ing from cavitation damage. Projects incorporating a shaft spillway should
consider this feature an outlet works, to be used in conjunction with another
form of open channel auxiliary spillway.

5-9. Mrning-Gory Qutlet. The norning-glory outlet utilizes a crest cir-
cular in plan, with outflow conveyed by a vertical or sloping shaft, usually
to a horizontal tunnel at approximately streanbed elevation. This type
structure is especially adaptable to dansites where a portion of the diversion
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tunnel can be used as the horizontal tunnel. Plate 5-3 shows typical |ayouts
of vertical and sloping shaft designs. Hydraulic design data for the morning-
glory outlet are presented in HDC 140-1 to 140-1/2. Problems frequently
encountered in this type of structure involve vortex action, unstable flow,
and cavitation. Local topography may initiate vortex trends in the approach
flow to the spillway, resulting in reduced capacity, flow instability, and
surges in the spillway shaft and tunnel, as revealed by the USBR studies
(items 7, 29, and 75). Posey and Hsu (item 42) perforned |aboratory studies
that indicated the vortex over a submerged circular orifice can reduce the

di scharge by as nuch as 75 percent. Piers, fins, vanes, and curtain walls
have been used to suppress vortex action. However, nodel studies are inpera-
tive to verify the effectiveness of this type of feature. \Wen the flow con-
trol shifts fromthe crest to the conduit and vice versa, violent surging
originating in the shaft, can cause severe pressure and flow pul sations
throughout the structure. Deflectors and vents in the shaft have been used to
prevent these surges and pul sations (itenms 29 and 39). The need for deflec-
tors and vents and verification of their design nust be established by a
hydraulic nodel study. The likelihood of cavitation near the point of tan-
gency of the curve connecting the shaft to the horizontal tunnel should be
consi der ed.

Section IV. Labyrinth Spillway

5-10. CGeneral. The labyrinth spillway is characterized by a broken axis in
plan in order to create a greater length of crest conpared to a conventiona
spillway crest occupying the sane lateral space. The broken axis forns a
series of interconnected V-shaped weirs (see Plate 5-4). Each of the V-shapes
is termed a cycle. The spillway shown in Plate 5-4 is a | o-cycle labyrinth
spillway. The labyrinth spillway is particularly well-suited for rehabilita-
tion of existing spillways and for providing a |arge-capacity spillway in a
site with restricted width. This is due to significant increase in crest
length for a given width. The free-overflow labyrinth spillway can be
designed to allow reservoir storage capacity equal to that provided when using
a gated spillway, but wthout increasing the maxinum reservoir elevation.

This is achieved by the extrenely large increase in discharge with a rela-
tively small increase in reservoir stage. The labyrinth spillway hydraulic
characteristics are extrenely sensitive to approach flow conditions. This
requires siting the crest configuration as far upstreaminto the reservoir as
possible in order to achieve approach flow nearly perpendicular to the axis
For additional information on labyrinth spillways, see items 12, 20, and 26.
Serious consideration of this type of spillway will require verification of
the design by a physical nodel study.

Section V. Box Inlet Drop Spillways
5-11.  General
a. For small dans, where topographic and foundation conditions permt,
the box inlet drop spillway provides an econom cal nmeans of passing |arge

flows through the damwith relatively small head increases. The concept is
simlar to that of a labyrinth spillway (Chapter 5, Section IV), in that a
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folded crest is used to increase crest length within a relatively confined
space

b. Mny configurations of box drop inlet spillways have been studied by
the USDA (item9). Two particularly useful types, which are not covered in
item9 are the flush-approach box drop devel oped by WES for the Tennessee-
Tonbi gbee Waterway (Plate 5-5 and item 3), and the elevated box drop studied
by the Agricultural Research Service (ARS) (Plate 5-6 and item 44)

(1) Design Guidance for the Flush-Approach Box Drop Spillway.
Al though a straight-on flow approach to the box drop (parallel to the stream
and at right angles to the damj is a nmobre common configuration (see item9),
t he Tenn-Tom fl ush-approach box drop is useful in situations where flow
approaches the drop laterally rather than straight on. The dinensions of the
box inlet drop spillway upstreamof a steep chute can be determned froma
known di scharge and al | owabl e head H or width of chute W, using the cali-
bration data in Plate 5-7. For this data set, with drop length B to chute
width ratios BBWrange 1 to 4, and drop depth D to chute width ratios DW
range 0 to 1, the abutment radius is equal to three tines the width of the
chute. If it becomes necessary to increase the radius of the abutments to
all ow nore space for water to approach the box drop fromthe sides, as will be
the case for smaller chutes, the curve in Plate 5-7 labelled "D = 0" should be
used for design. This design without a drop will provide a conservative esti-
mate of the discharge rating curve, and the change in the radius of abutnents
will have little effect on the discharge. A variation on this design, devel-
oped by the Nashville District, allows direct determnation of chute width for
a known discharge and head (see Plate 5-8) when DW= 0.6 and DW= 3.0 .
This guidance applies to box drop inlet spillways upstream from steep chutes.
The slope of the chute will have little effect on the drop structure discharge
capacity as long as supercritical flow occurs within the chute; however, the
hori zontal channel shown in Plate 5-5 could be |ong enough to cause a back-
water effect on the head on the structure during high discharges. Note that
the Tenn-Tom box drops were used as drainage structures and not spillways.

(2) Design Quidance for the Elevated Box Drop Spillway. In this
spillway type, the drop box protrudes above the surrounding approach el eva-
tion. Controlled storage can thus be maintained up to the lip of the box, and
a sinple gated outlet can be placed through the wall of the box at the stream
invert. A generalized elevated drop box spillway is shown in Plate 5-6.

Item 44 contains a nodel study by the ARS of three different drop box
configurations.
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CHAPTER 6
CREST GATES
6-1. General

a. The value of an uncontrolled fixed crest spillway in providing an
extremely reliable operation and a very low cost maintenance facility is
undeni abl e.  Topographi cal, geol ogical, economcal, and political considera-
tions at many dansites may restrict the use of an uncontrolled fixed crest
spillway. The solution to these problems is usually the inclusion of crest
gates; however, the uncontrolled fixed crest spillway should be used regard-
|l ess of these considerations when the time of concentration of the basin run-
off into the reservoir is less than 12 hours. Wen the time of concentration
is between 12 and 24 hours, an uncontrolled fixed crest spillway should be
given preference over a gated spillway. Basically, the inclusion of crest
gates allows the spillway crest to be placed significantly bel ow the maxi mum
operating reservoir level, in turn permtting the entire reservoir to be used
for normal operating purposes; and results in a much narrower spillway facil-
ity, avoiding the problens associated with high unit discharge/high-velocity
flow and increased operation and maintenance costs. A gated spillway nust
include, as a mninmum two or preferably three spillway gates in order to
satisfy safety concerns. Two common types of crest gates used extensively by
the CE are the tainter (radial) gate and the vertical lift gate. These and
other types of crest gates have been used throughout the world. This manua
di scusses only the tainter and vertical lift gates. A good discussion of al
types of gates can be found in item 27.

h. The hydraulic design of crest gates involves the determnation of
the hydrostatic and hydrodynamic forces acting on the gate and crest in the
immediate vicinity of the gate; the design and evaluation of gate seals,
seats, and slots with respect to flowinduced vibrations and cavitation-
related problems; the determnation of the rate of flow from partially open
gates; and the evaluation of gate seat locations, the trunnion elevation, and
other hydraulics-related structural features.

6-2. Tainter Cates. Recent controlled crest spillway designs tend to favor
use of the tainter gate alnost exclusively over any other type of crest gate
This is due to the relatively inexpensive first cost and the ease and | ow

cost of operation and maintenance. The conventional tainter gate consists of
a skin plate and a framework of horizontal and vertical menbers all of which
are formed to a segnent of a cylinder. This cylindrical segnent is held in
place by radial struts that converge downstream to a central location called
the trunnion. The cylindrical skin plate structure is concentric to the trun-
nion which causes the resultant of the hydrostatic force to pass through the
trunnion; thus, there is no nonent resulting fromthis force to be overcone by
the gate hoist. The gate lip is essentially sharp-edged, which results in
mnimzing downpull forces as well as vibration-inducing forces. The main

| oad that the hoist nust accommodate is a portion of the gate weight, side
seal friction, and trunnion friction. The tainter gate does not require slots
inthe pier. This type of gate is noted for good discharge characteristics
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a. Gate Size and Trunnion Location. The tainter gate height is depend-
ent upon the required damm ng hel ght between the gate seat elevation and the
maxi num operating elevation. The gate width is related to the spillway
monol ith width because spillway piers are normally located in the center of
the monolith with the gate spanning the space between the piers and the
monolith joint. The gate trunnion is |ocated above the water surface of the
maxi mum uncontrol | ed di scharge (see Chapters 2 and 3 for water surface profile
determnation). Usually the water surface |ocation and gate geonetry are such
that the trunnion can be |ocated at the optimmstructural |ocation of
one-third the vertical distance above the lip of the gate. The horizonta
| ocation of the trunnion is dependent upon the gate seat location and the gate
radius. Table 6-1 shows the major dimensions of some of the |arge tainter
gates used on the Columbia River Basin Projects. There appears to be no rea-
son that gates significantly larger than those listed in Table 6-1 could not
be used. The only constraints on gate size are econonmcs and safety. Safety
consi derations require that at a mninumtwo spillway gates should be pro-
vided. Three gates are preferred to satisfy safety concerns

TABLE 6-

Maj or Tainter Gate D nensions, Feet

Hori zont al Vertica

D stance Di stance

Gate Seat To Trunni on
Proj ect Hei ght Wdt h Radi us Crest To Seat
Lower Monunent al 60. 6 50.0 60.0 11.2 18.6
John Day 60.0 50.0 60.0 10.2 20.0
Li bby 56.0 48.0 55.0 15.6 18.1
Chi ef Joseph 58.2 36.0 55.0 10.7 20. 2
Dwor shak 56. 7 50.0 55.0 7.0 18.0

b. Gate Seat Location. The location of the gate seat affects the
hei ght of the gate, the Tocal crest pressures, and the discharge coefficients
at partial gate openings. The coefficient effect is relatively uninportant
from a design standpoint, as the gate opening can be adjusted to obtain the
desired discharge. The gate seat should not be |ocated upstream of the crest
axis, as the jet issuing under the gate would tend to spring away fromthe
crest boundary, resulting in negative pressures and possible cavitation damage
on the crest. The gate seat can be |ocated either on or downstreamfromthe
crest apex. The location of the gate seat is usually dictated by structura
requirements such as the spillway bridge, hoist equipnent location, etc. The
gate seat location influences the trunnion |ocation and the height that the
gate nmust be raised to clear the water surface at the maxi mum uncontrol | ed
discharge. Gate and trunnion clearance above the maxi mum uncontrolled dis-
charge profile should include considerations for floating debris and ice and
inaccuracies in the flow profile. Inpact to the gate and trunnion by debris,
ice, or high-velocity flow should be avoided.
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c. Discharge Coefficient. The devel opnent of the rating curve for a
partly open unsubnerged tainter gate, mounted on a spillway crest, is based on
the followi ng high head orifice equation:

0 = OWG (2gH '!2 (6-1)

wher e

W

b gate width, feet

%, gate opening, mninmmdistance fromgate lip to crest
boundary, feet
H= distance fromreservoir surface to center of G , feet

Plate 6-1 shows suggested design discharge coefficient curves for various gate
seat |ocations. The data points were conputed from nmodel and prototype data
for several crest shapes and tainter gate designs wth nonsubnerged flow.

Data shown are based principally on tests with three or nore bays in opera-
tion. Discharge coefficients for a single bay would tend to be | ower because
of side contractions. The discharge coefficient C shown in Plate 6-1 is
plotted as a function of the angle B8 formed by the tangent to the gate 1lip
and the tangent to the crest curve location intersected by the mninum dis-
tance line fromthe gate lip to the crest (see sketch in Plate 6-1). The
comput ation of discharge under a partially open spillway crest tainter gate is
conplicated by the geonetry involved in determning the gate opening, G ,

and the B angle the gate 1lip makes with the crest. HDC 311-1 through 311-5
describe a method for the nunerical solution of G and B . The CORPS pro-
gram H3106 wi Il performthe numerical solution for the gate opening and the
di scharge

d. Crest Pressure. Flow characteristics at a control section gate are
conducive to Tow pressures. Depending upon the situation, the pressure may be
| ow enough to result in cavitation. Upstreamfroma gated spillway crest the
flow velocity and resulting turbul ence along the crest boundary are of a very
| ow magnitude. At the control section a very rapid acceleration of the flow
occurs wthout extensive turbulent boundary |ayer developnent. Thus, the
velocity imediately adjacent to the crest boundary is essentially the poten-
tial velocity. As the turbulent boundary devel ops, the velocity imediately
against the crest boundary becones |ess than the average velocity. Because of
the lack of a turbulent boundary |ayer near the control section, cavitation is
much more likely to be tripped by surface irregularities here than further
downstream  The pressure regine on the spillway crest boundary resulting from
flow under a partially open tainter gate is a function of gate opening, gate
radius, trunnion location, and hydraulic head on the gate. Lenbs' results
(item 25) indicate that the effects of radius and trunnion location are smal
and can be neglected. Dinensionless crest pressure profiles for snall
medium and large gate openings for the design head and for 1.33 times the
design head are given in Plates 6-2 and 6-3, respectively. These data indi-
cate that with the gate seat on the crest axis, a mninum pressure of about
-0.2H, can be expected on the spillway crest with a gate partially open and

with the reservoir pool at 1.33H,. The data also show that the pressures
are somewhat higher with the gate seat |ocated downstream from the crest axis
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As an exanple, for a spillway with gates operating under a 53-foot head on a
crest designed for a 40-foot head, a mnimum pressure on the crest surface of
-8 feet can be expected and a potential velocity of about 58 ft/sec. A
pressure-velocity conmbination of the magnitude in the exanple has the same
potential for cavitation at surface irregularities as a pressure of zero and
velocity of 73 ft/sec. WWere cavitation damage has occurred at control sec-
tions in the field, with pressures at about zero, velocities have been in
excess of 100 ft/sec. The magnitude of surface irregularities (tolerances)
that can be allowed in the vicinity of the tainter gate should be devel oped
using the potential velocity and the procedures discussed in Section VI of
Chapter 2. Pressure fluctuations on the spillway crest boundary have been
investigated at both Chief Joseph Dam and Table Rock Dam (itens 64 and 68).
These investigations have shown that pressures as low as -3.2 feet of water
occurred at Chief Joseph Dam at a large gate opening. The pressure fluctua-
tions recorded were random and are considered to be caused by the devel opnent
of the turbulent boundary |ayer

e. Cate Seals. Tainter gates included on spillways for multipurpose
reservoir projects normally include rubber seals on both the sides and bottom
of the gate. The design and construction of the sealing systemnust be pre-
cise for the seal to function as planned. The design of the bottom seal is
critical because an incorrectly designed bottom seal can become the cause of
fl owinduced vibrations that coul d damage the gate. Figure 6-1 shows a typi-
cal detail for both the side and the bottom seal. EM 1110-2-1605 is refer-
enced as a source of additional information on tainter gate seals

AN AR RMARRARRARY =
1...314‘ _______ H e e [ — = —
—————————— Ul o= |—— = P 3 ®
D O 3|
Y 1023
l rp"na"' —
[ 14

4-3/4° I | 3-3/4" 3-1/4"

2-1/2"
Bott om seal Side sea
Figure 6-1. Typical details for tainter gate seals

In the northern latitudes where freezing tenperatures can occur, seal heaters
are usually provided. The nost comon type of heater is a system that circu-
lates heated fluid through tubes attached to the concrete side of the sea
plates. Studies should be made to determine if heating the seals of every
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gate is required. Studies showed that at Chief Joseph Dam side seal heaters
were required for only 9 of the 19 gates.

6-3. Vertical Lift Gates. The vertical |ift gate is rectangular in shape and
consists of a structural frame to which a flat skin plate is attached, nor-
mally on the upstream face. The hydrostatic |oad on-the gate is transferred
to the concrete structure through surfaces located in slots formed into the
sides of the piers. The gate noves vertically within these slots in its own
plane on a type of sliding bearing which characterizes the gate as a slide
gate, Wheel gate, tractor gate, etc. The hoisting system frequently consists
of a track-nounted gantry crane which can be noved fromgate to gate for open-
ing and closing operations. This procedure |leads to an expensive operation
due to its labor intensiveness. For this reason, sone projects have been
designed or nodified to include individual hoists for each gate. The princi-
pal hydraulic design aspects of the vertical |ift gate are the shape of the
bottom lip, the shape of the gate slots, and the determination of the
hydraul i ¢ capacity.

a. CGate Bottom Shape. Hi gh-velocity flow under the vertical lift gate
has a substantial 1nfluence on the hydraulic downpull (increased hoist |oad)
or upthrust. The hydrodynanics of the flow under a gate may cause vertica
oscillations (vibrations). Both of these conditions are dependent upon shape
of the geonetry of the gate bottom Discussion, data, and references that
woul d be useful for hydrodynam c |oad analysis on vertical |ift gates can be
found in HDC 320-2 to 320-2/3. Vibrations of the vertical lift spillway gates
at Bonneville Damwere elimnated by a change in the gate bottom geonetry
(item 15)

b. Gate Slots. Flow past a discontinuity such as a gate slot will
result in Towering the |ocalized pressure i mediately downstream fromthe
discontinuity. Mdel and prototype data have shown that |ow pressures exi st
in and downstreamfromgate slots formed into the sides of spillway piers, and
that with specific slot geonetry and flow conditions, these pressures can be
| ow enough to result in cavitation-induced damage. This is especially signif-
icant with projects that operate at heads greater than 40 feet with small gate
openings. Proper geonetric proportions of the slot will assist in maintaining
hi gher boundary pressures in the vicinity of the slot. Details of various
slot geonetry and resulting pressure regimes are described in HDC 212-1
through 212-1/2. Spillways for hydroelectric projects usually provide for use
of spillway bay bul kheads upstream from the spillway service gate. Normally
t hese bul kheads are vertical lift type which require slots in the pier to hold
the bul khead. These slots are usually located at or upstreamfromthe crest
and sonetines extend into the pier nose geonetry. Mdel studies for John Day
Dam (item 38) included detailed studies of various bul khead sl ot |ocations and
shape. These studies led to the present use of the 90-degree upstream edge on
the slot. Mdel studies for Chief Joseph Dam (item 57) included the John Day
Damtype slot and investigated the shape of the downstreamreturn to the pier
face. The results of these studies can be applied to vertical lift gate slot
design equally as well

c. Discharge Coefficients. The discharge under a vertical |ift gate
can be derived using the basic orifice equation described in equation 6-1.
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The coefficient of discharge used nmust be based on vertical |ift gates on
spillway crests. WES (item 70) has devel oped a concept of relating vertica
lift gate controlled discharge to free discharge. This procedure requires the
determ nation of the head-discharge relationship for free flow See Chap-
ters 2 and 3 and the determ nation of gate opening to head on the crest ratio
as described in Plate 6-4. See HDC 312 for additional information on vertica
lift gate discharge coefficients.

6-4. Ice and Wave Forces on Gates. Horizontal forces acting on gates can be
caused by both wind waves and ice or a conbination of both. The periodic
force of-waves on the gate should be considered when there is sufficient
reservoir fetch to generate substantial waves. There is adequate theory
presented in various texts including the CE "Shore Protection Mnual "

(item 74) to develop these wave forces. Forces against a gate can be caused
by ice in various forms. Expanding sheet ice has been the subject of consid-
erable study. A large force can also be induced by either current- or wind-
driven floe ice. The possibility also exists for local inpact forces to occur
from bl ocks of ice inpelled by breaking waves. Design of spillway gates in
the northern latitudes and/or at high elevations should include studies to
determne ice loads. EM 1110-2-1612 should be consulted for additional infor-
mation on ice forces.
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CHAPTER 7
ENERGY DI SSI PATCRS
Section |. Basic Considerations
7-1.  CGeneral. The design of the energy dissipator probably includes nore

options than any other phase of spillway design. The selection of the type
and design details of the dissipator is largely dependent upon the pertinent
characteristics of the site, the magnitude of energy to be dissipated, and to
a lesser extent upon the duration and frequency of spillway use. Good
judgment is inperative to assure that all requirements of the particular
project are net. Regardless of the type of dissipator selected, any spillway
energy dissipator nust operate safely at high discharges for extended periods
of time without having to be shut down for energency repairs. An energency
shut down of the spillway facility during a large flood could cause overtopping
of the dam and/or create unacceptable upstream flooding. The three nost com
mon types of energy dissipator used at CE projects are as foll ows:

a. The stilling basin which enploys the hydraulic junp for energy
di ssi pati on.

b. The roller bucket which achieves energy dissipation in surface
rollers over the bucket and ground rollers downstream of the bucket.

Cc. The flip bucket which deflects the flow downstream thereby trans-
ferring the energy to a position where inpact, turbulence, and resulting ero-
sion will not jeopardize safety of the dam or appurtenant structures.

7-2. Design Discharge. The design discharge for a given spillway energy dis-
sipator nust be uniquely determned for each facility and should be dependent
upon the damage consequences when the design discharge is exceeded. As a gen-
eral rule, a spillway energy dissipator should be designed to operate at maxi-
mum efficiency and essentially damage-free with discharges at |east equal to
the magnitude of the standard project flood. The Chief Joseph Dam stilling
basin is designed to contain the full spillway design flood (SDF) because
failure to do so would conpromise the integrity of the project's powerhouse
which is located downstream of the basin. The dissipator need not be designed
for the spillway design flood if operation with the spillway design flood does
not create conditions endangering the dam or causing unacceptable economc
damages. Libby Damis an exanple where the stilling basin is designed to
fully contain the standard project flood while the junp is allowed to entirely
sweep out of the basin with a discharge equal to 70 percent of the spillway
design flood. A flood that will cause sweepout of this basin would be an
extremely renote possibility and would result in damage to the tailrace chan-
nel, tailrace channel bridge, and a power transmission tower. However, an
econom ¢ anal ysis showed that the cost to dissipate the SDF energy within the
stilling basin significantly exceeded the cost to repair and/or replace the
damaged features.

7-3.  Qperation. Optinum energy dissipation will occur when the flow enters
the dissipator uniformy. The hydraulic designer is responsible to ensure
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that project operating schedules are devel oped to maintain bal anced flow
operation of a gated, multiple-bay spillway at equal gate openings. The
designer must realize, however, that conditions may occur that require unbal -
anced operation, e.g., developnment of fish attraction flows, operator error,
or energencies. Such conditions should be considered during eval uation of
energy dissipation and stilling basin performance under conditions of nonuni-
form flow distribution.

Section Il. Stilling Basins

7-4, Ceneral. The stilling basin enploys the hydraulic junp for energy dis-
sipation and is the nost effective nethod of dissipating energy in flow over
spillways. The theory of the hydraulic junp is discussed in paragraph 2-13 of
this manual. The two basic paraneters to be determned for design of a still-
ing basin are the apron elevation and length. Effective energy dissipation
can be attained with a stilling basin having either a horizontal or sl oping
apron. The use of a sloping or horizontal apron is based solely upon
econom cs in order to provide the |east costly basin.

7-5.  Horizontal Apron Basin.

a. Apron Length. The optimumstilling basin design would have an apron
of sufficient lTength to confine the entire hydraulic junp. The junp length is
a function of entering Froude nunber and entering depth, d . The

F
approximate length of a hydraulic jump on a flat floor is 3.5le%‘5 for F1
less than five and 8.Od1F1 for F1 greater than five (item 40). However, a

basin of such length is normally not cost~effective. Appurtenances such as
baffle blocks and end sills on the apron can be used to decrease the length of
the jump without compromising the efficiency of energy dissipation. A limited
review of stilling basins for high and low head spillway structures has shown
that a stilling basin length can be reasonably defined by the equation:

i 1.5
L, = K4, F) (7-1)

where K is the stilling basin length coefficient from Table 7-1. Equa-
tion 7-1 is considered applicable in the range of Froude numbers, F,6 ,
between 2 and 20, and will provide a basin length that is adequate for feasi-
bility level designs and the basic basin length necessary to proceed into
model verification. The coefficient K in equation 7-1 has been found to
vary between 1.4 and 2.0 dependent upon the use of baffles and end sill. This
coefficient is also dependent on the basin use, such as single gate or other
unbalanced spillway flow conditions commonly found with low head navigation
structures, Table 7-1 gives values for various conditions.

b. Apron Elevation. The optinumdesign for a stilling basin wthout
baf fl es woul d have an apron el evation such that the junp curve defining the
required d, depth would superinpose on the tailwater curve for the ful
range of discharge. However, only in extremely rare circunstances will site
and hydraulic conditions coexist that result in the junp curve superinposing
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TABLE 7-1
Val ues of K for Various Types of Stilling Basins
Type of Stilling Basin K Renar ks
Stilling basin with a 1.4 ltems 41, 53, 54,
vertical, stepped, or 67, and 72
sloping end sill and one Suggest ed upper
or two rows of baffles limt of F, is
approximately eight
Stilling basin with a 1.7 Items 38, 58, 60, and
vertical, stepped, or 62
sloping end sill only
Stilling basin for |ow 2.0 See EM 1110-2-1605

head broad-crested weir
navi gati on dam spillways
with one or two rows

of baffles and a sl oping
end sill

on the tailwater curve. Experience indicates that if |ess than optinum energy
di ssipation can be tolerated, satisfactory performance can be maintained wth
a stilling basin that includes baffles and end sill when the apron el evation
is set at full d, depth at the stilling basin design discharge and not |ess

than 0.85d, depth at the spillway design flood. |f optinum energy dissipa-
tion is required, the basin apron should be set to provide for full d, depth
with the spillway design flood. Excessive tailwater tends to hold the spill-
way jet against the apron resulting in high velocity flow exiting over the end
sill which may cause damage in the exit channel. Baffles located on the apron
will deflect the jet upward through the tailwater to assist in energy dissipa-
tion even when tailwater depth is excessive. \Wen deternining the apron ele-
vation, the hydraulic designer nust evaluate the potential for tailwater
changes resul ting from downstream channel aggradation or degradation during
the life of the project and design the basin accordingly.

7-6. Sloping Aprons. Depending on site foundation conditions, some degree of
econony may be realized if the stilling basin is designed with a downstream
sloping apron rather than horizontal apron. The hydraulic junp is allowed to
formon a portion, or all, of the sloping apron. Plates 7-1 and 7-2, which
were devel oped from tests by USBR (item 40), can be used to determne the junp
length and tailwater depth required to evaluate the hydraulic junp on aprons
of various slopes. In design of a basin, either with a continuous or a
noncont i nuous slope, baffles and an end sill should be considered. The basin
apron can be considered horizontal when the slope is flatter than 1V.6H
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7-7. Baffles

a. CGeneral. Baffles aefrequently used to aid in formation of the
hydraulic junp.  Their use can significantly reduce the length of the junp
decrease the required d, depth for a given discharge condition, and provide

stability to the junp. Baffle location, shape, size, and spacing are the
important parameters to be considered in design of a baffle-aided stilling
basin. Cavitation damage on baffles and surrounding surfaces will occur when
baffl es are used in conjunction with high Froude nunber flow. The stilling
basin design discharge, Froude nunber and the expected frequency and duration
of use are major factors that must be included in the decision to include
baffl e blocks on a stilling basin apron. The USBR (item 40) recomrends the
upper Froude number be limted to about 5.8 for a baffled basin when the basin
is to be used frequently for such structures ascanals, outlet works, and
smal | spillways. Baffles have been used in the Chief Joseph Dam stilling
basin (item53) which has a design discharge Froude nunber of about five and
is designed for frequent use over |long-duration flood events. The baffles at
Chi ef Joseph Dam have experienced significant cavitation damage. G een Peter
Dam (item 54) has two rows of baffles with a relatively high design discharge
Froude nunber of 8.5. The spillway of Geen Peter Damis expected to be used
quite infrequently and for relatively short duration events;however, this
stilling basin also provides energy dissipation for flow through the sluices
whi ch operate frequently for relatively short periods of tinme.

b. Shape. The standard CE baffle (Plate 7-3) with a rectangul ar
upstream face and sloping downstream face is the preferred shape. A though a
6-inch bevel on all edges is acceptable, streamined baffles are not recom
mended. Streamining the baffles does not provide as effective energy dis-
sipation as the standard baffle, and contrary to belief, is nore likely to
cause cavitation damage to the stilling basin floor and to the baffle.

c. Location. The first (upstreamj row of baffles plays a dom nant role
in establishing the type of hydraulic action that the stilling basin will dis-
play. Baffles located too far downstream reduce the basin's effective Iength,
mhiYe baffles located too far upstreamw |l result in spray originating from
the baffle faces. Tests acconplished at WES (item 35) indicate that the opti-
mum | ocation of the baffles is a function of entering Froude nunber. Data in
Plate 7-4a define the location of the upstream face of the first row of baf-
fles. Mdel studies for which qualitative scour tests were conducted indicate
that the second row of baffles assists in decreasing scour downstream from the
stilling basin. A second row of baffles should be considered where downstream
channel scour is expected to be a problem \Wen a second row of baffles is
used, the upstream face of this row should be located about two and one-hal f
baffl e heights downstream from the upstream face of the first row and stag-
gered with respect to baffles in the first row. Mninum spacing between the
basin sidewall and a baffle is that required for fornming purposes, with the
maxi mum spaci ng being about one-half baffle width

d. Size. The baffle height is a function of the entering Froude nunber
as shown in Plate 7-4b. Wth Froude nunbers less than 4.6, the baffle height
should be d,/6 . The baffle width is essentially equal to the height
al though any reasonable width less than the height is satisfactory.
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7-8. End Sills. Anend sill is comonly used as the ternminal wall of a
stilling basin and forms a step or rise to channel bed elevation. The end
sill deflects the higher velocity filaments which exist near the basin apron
away from the channel bed. Results of qualitative scour tests with stilling
basins containing baffles indicate that mnimmexit channel scour results
when the end sill has a height of d/2 or d,/12 , whichever is |ower.

H gher end sills result in deeper scour near the end sill while lowsills
result in longer and deeper scour holes. The shape of the end sill does not
affect its performance. A 1V on 1H sloping face end sill has the advantage of
mnimzing the potential for debris to be trapped in the stilling basin.

7-9. Sidewalls. Vertical stilling basin walls are preferred over battered
wal | s because of unacceptabl e eddy conditions which occur with battered walls.
Wien battered walls are required, the width at mdheight of the stilling basin
shoul d equal the spillway width to mninze expansion and contraction of flow
at the design discharge. Sidewalls should extend at least to maxi numtail -
water elevation, since return flow over stilling basin walls may create unsat-
isfactory basin performance, such as drowning of the junp, excessive turbu-

| ence, and |ocalized scour downstream from the basin. Mdel studies are
recomended when stilling basin design includes battered or |ow sidewalls.
Conput ation of hydrodynam ¢ forces acting on stilling basin sidewalls is

di scussed in paragraph 2-13.

7-10. Wng Wlls. A design with free-standing sidewalls is preferable to one
incorporating wng walls. Wng walls tend to reflect waves, resulting in a
more severe attack on the exit channel side slope than that resulting when the
basin sidewal|s are terninated at the end sill. Wen wing walls are required
for structural reasons, a wall rotated 90 degrees fromthe sidewall is prefer-
able to other alignnments

7-11. Exit Channel

a. Ceneral. Except in sone unusual conditions, an exit channel is
required to transition between the stilling basin and the main channel of the
river. Since dissipation of the entire spillway discharge energy within the
stilling basin is not normally acconplished, enlarging the channel width
i mredi ately downstream fromthe basin will assist in dissipating the residua
energy. Due to the erosive nature of the highly turbulent flow exiting froma

stilling basin, protection of the exit channel bed and side slopes is usually
required to prevent channel scour and potential undermning of the stilling
basi n.

b. Size and Shape. The toe of the exit channel should be offset away
from the sidewall a distance of 0.,15d, or at least five feet. The invert
elevation of the exit channel immediateély downstream of the end sill should be
set 0.25-0.5 times the 100 percent diameter of stone, leO , used for channel

protection below the top of the end sill., The setting of the channel invert
lower than the end sill is beneficial in reducing the hydrodynamic 1ift and
drag on the stones, Mild invert slopes are recommended to transition the exit
channel to the river bottom. At Libby Dam, the originally designed 1V on 6H
sloping runout proved to be unstable during prototype operation and was
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subsequently nodified to 1V on 10H  In some instances, sloping depressions or
| evel areas inmmediately downstreamfromthe end sill have been used to mni-
mze potential for material to migrate down the runout slope and enter the
stilling basin. Exit channel designs which abruptly contract the flow down-
stream from the basin tend to induce lateral eddies and should be avoided

c. Protection. Unless sited in high-quality rock, the exit channe

will require protection to prevent scour and potential damage to the stilling
basin. Flow leaving a stilling basin is highly turbulent and as such has a

| arger erosive force than that due to sinmilar velocities in a |ow turbul ence
area. Quidance for design of rock protection adjacent to stilling basins is

given in HDC 712-1. Protection based upon this guidance shoul d extend a

di stance of 10d, downstreamfromthe stilling basin end sill and transition

to the natural channel using gradually varying gradations as necessary to pre-
vent mjor changes in adjacent rock sizes. The designer should be aware that
i nadequately sized rock or spalls could potentially be transported back into
the stilling basin and causesignificant damage. Mdel studies nay be neces-
sary to confirm design of the exit channel protection measures

7-12. Abrasion and Cavitation. Stilling basin damage can occur as a result
of abrasion, cavitation, or a combination of both. As discussed in Chapter 2,
cavitation is possible wherever boundary irregularities cause a separation of
flow with resultant localized pressure drops. In stilling basins, |ocations
where irregularities mayexist are at and around baffles, atm saligned
joints, and at other irregularities. Cavitation damage is distinguished by
its ragged, angular appearance. Abrasion danage, on the other hand, has a
smoot h and rounded appearance and can be attributed to rock and debris noving
through or being trapped in the basin. Depressions which are initially
caused by abrasion can formboundary irregularities sufficient to initiate
cavitation damage. Rock, gravel, scrap netal, and other hard material nay
find their way into the energy dissipator by various means. Rock may be car-

ried into a stilling basin by diversion configurations and project operation
during the project's construction or by eddies transporting debris in fromthe
downstream channel. In sone cases, contractors may fail to clean out all hard

material after construction, or rocks may be thrown into a basin by the pub-
lic. Unbal anced gate operation in a nultibay, gated spillway can create
strong eddy conditions which draw material fromthe downstream channel into
the basin. Mjor stilling basin damage requiring dewatering and costly
repairs occurred at Libby and Dworshak Dams (item47) as a result of abrasion
following three years of operation (Figure 7-1). Practical neasures which can
be taken during design, construction, and operation of a project to reduce the
possibility of damage to stilling basins are as follows:

a. Use wider exit channels with mld upward sloping runouts to transi-
tion fromthe basin apron to the river channel

b. Specify close tolerances at construction joints and ensure that con-
struction inspection enforces those tolerances

c. Avoid baffles in high Froude nunber basins and never join baffles to
basin sidewal | s.
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Figure 7-1. Damage to Dworshak Dam stilling basin

d. Require that all channel excavations and erosion protection measures
downstream and adj acent to basins be conplete prior to operation of the basin.

e. Provide barriers around and above basins to prevent construction
material from falling into the basin.

f. Plan diversions to reduce potential for depositing material adjacent
to basins.

g. Require inspections and cleanup of basins at end of construction.
h. Require basins to be operated with bal anced flow conditions
i. Require regular nonitoring of basins

j. Wen material is known to be in the basin, inmediately remove the
material either by flushing with a uniform distribution of water, if possible
or by shutdown and renoval by other neans.

Hydraulic nodels may be used to plan and design diversions and operation dur-
ing construction, to determne flow conditions substantial enough to flush
material out of a basin, and to evaluate the effect of nonuniform flow

di stribution on eddy conditions in basins

Section Il1l. Roller Buckets

7-13.  General. A roller bucket energy dissipator consists of a circular arc
bucket tangent to the spillway face ternminating with an upward slope. This
geonetry when located at an appropriate depth below tailwater will produce
hydraulic conditions consisting of a back roller having a horizontal axis
above the bucket and a surge immediately downstream from the bucket. Solid
and slotted buckets have been used successfully. The boundary geometry of a
solid roller bucket is simlar to that for a flip bucket except that the

rol ler bucket is located well below the tailwater elevation. The geonetry of
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a slotted bucket is variable; however, it is simlar to the solid bucket

except for the addition of dentates on the downstream quadrant and a down-
stream apron. A roller bucket can be used where excessive tailwater depths
exi st either fromhydraulic characteristics of the river channel or foundation
conditions that require siting an energy dissipator well below the depth
necessary for adequate hydraulic junp energy dissipation. For adequate energy
di ssipation to occur with a roller bucket, the tailwater depth nust be within
defined limts. These linmts are dependent upon the inflow energy and the
bucket radius. Insufficient tailwater depth will result in the flow sweeping
out of the bucket and formng a jet, typical of a flip bucket. A nore unde-
sirable condition can occur just prior to sweepout when an instability

devel ops which could result in excessive erosion and undesirable wave condi -
tions in the tailrace and downstream channel. Excessive tailwater depth will
cause the flowto dive fromthe bucket lip resulting in the devel opment of a
roller and surging downstream from the bucket. This action will cause erosion
and novenent of |arge volumes of bed material resulting in hydraulic instabil-
ities, inadequate energy dissipation, and bucket erosion. Because the bucket
is located i mediately adjacent to the toe of the spillway, the roller bucket
shoul d be designed to efficiently dissipate the energy of the spillway design
di scharge to ensure against conpromsing the integrity of the damstructure
proper. Appendix F contains an exanple problemfor the design of a roller
bucket .

7-14. Bucket Depth and Radius. The hydraulic design of the roller bucket is
derived strictly from enpirical data, the mgjority of which is from nodel

studies (item 35). The mnimumradius for a roller bucket, ry, , is defined
as
f
5.19 d1 + o
Tmin 1.64 (7-2)
F
1
wher e
d1 = depth of flow entering the bucket, feet
V1 = velocity of flow entering the bucket, ft/sec
F1 = Froude number of the entering flow

The bucket invert elevation limits, maximum tailwater depth h _max , and mini-
mum tailwater depth hzmin , are related to the bucket radius “r , F1 s d1 s

and the specific energy of the entering flow d1 + Vi/Zg . These relation-

ships are provided in Plates 7-5 and 7-6. The roller height hb and the

surge height h_  are related to the difference in reservoir and bucket invert
elevations hl ? the tailwater height h2 , and the parameter

(q x 103)/(31/2 . h3/2) as shown in Plates 7-7 and 7-8. The important char-
acteristics which must be evaluated in design of the roller bucket include the
minimum tailwater depth which does not result in bucket sweepout, the maximum
tailwater depth at which diving of the jet does not occur, and the maximum
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surge hei ght downstream of the bucket and the height of the back roller above
the bucket. Hydraulic nodel tests to verify the design of roller buckets are
recormended under the follow ng conditions

a. Sustained operation near the limting conditions is expected.
b. Discharges exceed 500 ft3 sec per foot of width,

C. Velocities entering the bucket exceed 75 ft/sec

d. Eddies appear possible.

e. \Waves in the channel downstreamfromthe structure would be a
probl em

7-15. Slotted Buckets. A disadvantage of the solid roller bucket is that the
downst ream surge can nove | oose material fromthe channel bed back into the
bucket where the action of the back roller can result in serious abrasion
damage to the bucket surfaces. For this reason, USBR (item 40) devel oped a
slotted bucket design which reduces the possibility of extraneous materia
being drawn back into the back roller. The slotted bucket also exhibits
better self-cleaning properties. The slotted bucket disperses and distributes
flow into the downstream surge over a greater depth resulting in less violent
fl ow concentrations than does the solid bucket (item 34). The slotted bucket
devel oped by USBR consists of upward rounded teeth with vertical sides and a
rounded top. This slotted bucket configuration also includes a 16-degree
upwar d- sl opi ng, 20-foot-1ong apron downstream from the teeth. Mdel studies
of the Little Coose Damspillway (item 23) were nade to devel op a design hav-
ing nore easily constructed, plane surface teeth rather than the curved sur-
face design devel oped by USBR  The Little Goose Damstudies resulted in a
design (Plate 7-9) which consisted of teeth trapezoidal -shaped in cross sec-
tion with an apron configuration downstream from the teeth identical to that
of the USBR design. In addition to the less conplicated geonetrical shape,
the Little Goose bucket teeth exhibited nore acceptable pressures than the
curved- shaped desi gn.

7-16. Exit Channel. Because of the roller bucket's tendency to nove | oose
material fromthe downstream channel into the bucket itself, design of the
exit channel is relatively critical to acceptable performance of the struc-

ture. As previously discussed for the hydraulic junp stilling basin, gently
sloped well-protected runout slopes should be used to transition from the
roller bucket to the river channel. Roller bucket surging will result in the

propagation of waves throughout the tailrace and in the downstream channel.
The effect of these conditions on the river banks and other structures must be
considered. Hydraulic nodels are necessary to evaluate, at |east qualita-
tively, the performance of the exit channel

Section IV. Flip Buckets
7-17.  CGeneral. The flip bucket itself is not an energy dissipator; however
it is an integral part of an energy dissipation system The purpose of the
flip bucket is to direct high-velocity flow (the jet) well away from the dam
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power house, spillway, and/or other appurtenances. A small anount of energy is
di ssipated by friction through the bucket. During the jet's trajectory to its
i mpact location, extremely turbulent flow exists and the jet spreads and

frays. The extreme turbulence of the jet entrains a large volune of air. A
portion of the jet's energy is dissipated by the interaction of the water and
the air boundary resulting in considerable spray. The effect of heavy spray
on adjacent structures, especially in cold regions, should be considered. The
impact of the jet and the interaction of the turbulent flow and the boundary
at the inpact area account for the major portion of energy dissipation. The
inmpact will alnost certainly cause adjustnent to the riverbed even if the bed
material is rock. For this reason, use of a flip bucket should be considered
only where bed scour caused by the inpact of the water jet cannot endanger the
dam power plant, or other structures (including the flip bucket itself) or
cause unacceptable environnental damage. \Were the flip bucket can be appro-
priately used, it offers an attractive economcal alternative to a stilling
basin or roller bucket structure; however, the flip bucket includes more
uncertainties as to adequacy than do stilling basins or roller buckets

The paraneters of prine inportance to the hydraulic designer are the bucket
geometry, pressures acting on the bucket boundaries, and the jet trajectory
characteristics. Flip bucket design is based on enpiricism essentially
derived from nodel studies. For this reason, any deviations fromthe flip
bucket design parameters and guidelines discussed in this manual should be
verified by hydraulic nodel studies. Appendix F contains an exanple probl em
for the design of a flip bucket.

7-18.  Bucket Ceonetry.

a. CGeneral. The geonetric paranmeters required for design of a flip
bucket incTude the bucket radius, r , the nininum height of the bucket Iip,
hmin , the trajectory angle at the end of the bucket, 6 , the bucket invert
elevation, and the planinetric alignment of the bucket. The paraneters r,

h and 6 are closely related and may require trial-and-error adjustment

ifi'Order to obtain a satisfactory design. The planinetric alignment can be
devel oped to direct the location of the jet inpact area. Figure 7-2 depicts
the various terns used for the flip bucket design process

Figure 7-2. Paraneters used in the design of a flip bucket
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b. Radius. The minimum radius, rmin , 1is a function of the allowable

theoretical unit load on the bucket invert PT s, the velocity of flow, V1 s

and the depth of flow, d1 , entering the bucket defined as

pVid1
T 7Y (73

As a general design guide, previous experience suggests that a bucket radius
at least equal to four tines the maxi numflow depth will turn nost of the
water before it |eaves the bucket.

c. Mnimum Height. The height of the bucket Iip must be sufficient to
prevent the water fromnerely overriding the bucket lip in lieu of being
turned and flipped out of the bucket. To effectively turn the flow, the
bucket hei ght nust be at |east high enough to intersect the forward-projected
sl ope of the water surface at the point of curvature of the spillway and the
bucket curve. The m ni num bucket height described by equation 7-4 wi ||
ensure that the floww !l follow the bucket curve and not override the
downstream i p.

_ -1
hmin =r -1 cos (¢ - tan = S) (7-4)

wher e

_1’[d1(2r - dl)]l/z

r - d1

¢ = tan

describes the minimum deflection angle and S 1is the slope of the spillway
chute adjacent to the bucket.

When ¢ > 1:ahls , the mninum height of the bucket becones zero. The height
of the bucket is then defined by the required trajectory angle 6 . Atrial-
and-error adjustment of the bucket radius and/or bucket flip angle may be
necessary to meet or exceed the mninum bucket height as defined in equation
7-4.

d. Trajectory Angle. The trajectory angle is the angle the bucket lip
makes with respect to the horizontal. The trajectory angle is a factor in
determning the length of the jet trajectory distance and the general hydrau-
lic characteristics in the inpact area. Steeper angles increase the trajec-
tory length and provide better dissipation than flatter angles as they cause
the jet to inpact in a nore vertical direction with |ess violent side eddies.
A 45-degree flip angle will result in the maximum trajectory distance. The
required height of the bucket lip, h , above the bucket invert necessary to
satisfy the desired trajectory angle 6 can be determined by the following
equati on:

h=1r-r cos 6 (7-5)
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e. Bucket Elevation. For optinum performance, the flip bucket cannot
operate under subnerged conditions. Depending on the shape of the tailwater
curve, raising of the bucket invert elevation or the |ip of the bucket may be
required. In evaluating tailwater conditions, the designer should consider
that the ejector action of the jet as it exits the bucket may tend to cause a
drawdown in the tailwater elevation depending on downstream channel geonetry
Such drawdown may adversely inpact the operation of adjacent structures such
as powerhouses, etc. The amount of drawdown which may occur with any given
design can best be deternmined from hydraulic nodels. For prelimnary design
purposes, a nethod of estimating drawdown can be found in item 40.

f. Bucket Termination. The bucket should termnate with a 90-degree
cut from the bucket Tip, and the sidewalls should termnate at the lip to
allow sufficient air to be drawn bel ow the point of the trajectory separation
fromthe bucket lip. Failure to allow sufficient air to the underside of the
jet will cause jet flutter with resultant pressure fluctuations and possible
cavitation damage. The original design of the flip buckets on the Wnoochee
Damoutlets (itemb55) termnated in a 20-degree cut which resulted in cavita-
tion damage to the concrete surfaces downstream from the lip. Extending the
bucket length to allow a 90-degree termnation cut has elininated this damage.

. Aignment. The flip bucket can be aligned to direct the trajectory
inpact to a preselected |ocation by curving or adding appurtenances to the
bucket. An exanple of such a directional design is the spillway for the East
Branch Reservoir spillway (item 63). Mdel studies are required to confirm
the final design of a directional flip bucket. A bucket alignnent which
spreads the flow at the inpact area across as much of the river channel as
possi bl e mnimzes riverbed adjustment and return flow fromthe downstream
tailwater

7-19. Discharge Considerations. Flip buckets perform best when the entering
flowis at high velocity and low unit discharge as such conditions result in
considerable fraying of the jet by air resistance. Mderately high unit

di scharges, however, should not be a problem if downstream channel adjustnment
is not of prime consideration. The flip buckets at VWnoochee Dam (item 55)
have operated satisfactorily for extended periods with unit discharges of

approximately 350 ft3/sec/ft. The Appl egate Dam spillway flip bucket was
devel oped through nodel studies (item61) and is designed for a unit discharge

of 850 ft* sec/ft. Flip buckets exist where design unit discharges are well

in excess of 1,000 ft* sec/ft; these designs are extrenely critical with
respect to cavitation danage due to the extrenely high velocities, deep flow
depths, and subatmospheric pressures which exist. Mdel studies are recom
mended for flip buckets designed with unit discharges in excess of

250 ft% sec/ft.

7-20. Trajectory Distance. The jet trajectory distance is dependent upon the
velocity of flow entering the flip bucket, the trajectory angle, and the
vertical distance fromthe bucket lip to the inpact area. The trajectory

di stance, X, which is the horizontal distance fromthe bucket lip to the

impact location, is determned by the equation:
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_ 2 1/2
X, = he sin 20 + 2 cos GIthe(he sin” 6 + Yl)] (7-6)
where
he= velocity head at the bucket |ip, feet
Y, = vertical distance below the bucket lip to the impact area, feet

Wien the Y, value is equal to zero, then equation 7-6 reduces to:

v2
Xy = 75 Sin 26 (7-7)

The angle at which the jet strikes the impact location, 6' , is described by
the follow ng equation:

1/2
-1 2. .4
g' = tan sec 6[sin” 6 + = (7-8)
e
Equation 7-8 reduces to 6' = 6 when Y, is equal to zero. Trajectory

| engths based on equations 7-6 and 7-7 have been sinulated reasonably well in
hydraulic nodels. Prototype trajectories are sonewhat shorter and have
steeper inpact angles than the nodel or theoretical jet due to the greater air
resi stance encountered in the prototype

7-21. Bucket Pressures. Pressures on the invert of the bucket vary through-
out the curve and are influenced by the curve radius, the total head on the
invert, and the unit discharge. A WES study (item 71) indicated that, for
relatively high danms, bucket pressures could be expressed as

hy = £ | =75 > o (7-9)

1/2
r(ZgHT) T
where
hP = pressure head against boundary, feet
= total head (point to energy gradient), feet
& = angle of rotation from beginning of curve, degrees
ap = total deflection angle, degrees

The term a/a defines the relative position along the curve. The pressure

T
distribution throughout the length of the flip bucket can be estimated using
the data provided in Plate 7-10. This curve has been developed from model
data although some prototype data at a small discharge has been included.

This curve is essentially the same as HDC Chart 112-7 plotted in a different
form. The term q/[?(ZgHT)l/Z] has been replaced by di/Z/r for the usual

case where d is small when compared to V2/Zg .. See HDC Chart 112-7 for a
more detailed discussion on the data used for Plate 7-10.
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7-22. Exit Channel. Optinum performance will occur when the jet trajectory
at inpact spreads approximately across the entire width of the river channel.
Unless the jet inpact area is located in extremely durable rock, a scour hole
can be expected to occur at the inpact point. The material scoured in devel-
oprment of the hole will be deposited downstreamwhere it may adversely inpact
satisfactory operation of the flip bucket. A preformed scour hole at the

i npact area can be used to nininze deposition in the downstream channel .
Violent wave action can be expected in the inpact area, and wave and hi gh-
velocity turbulence will likely extend laterally and downstream fromthe
inpact. These conditions can |ead to streambank damage unless the banks are
adequately protected. A nodel study is recommended to qualitatively eval uate
the extent of bed scour and hydraulic conditions existing with operation of a
flip bucket.

7-23. M scel | aneous.

a. Drainage. The bucket nust be adequately drained to prevent water
i npoundment Tn the bucket. Due to potential for cavitation damage, floor
drains shoul d be avoided and the bucket should be drained |aterally through
the sidewalls.

b. Low Flow Qperation. At low flows, water may pond in the bucket and
spill over the Tip. FErosion may be caused by these |ow flows which do not
flip and shoul d be considered in the design. A concrete slab, cutoff wall, or
| arge stone may be needed at the toe of the structure to protect the structure
from undermning. A double-flip bucket design was devel oped for the Applegate
Dam spillway (item61) to prevent damage which would result with operation of
| ow, nonflipping discharges.

Section V. Specialized Energy Dissipators

7-24.  Inpact Basin. An inpact hydraulic junp-type energy dissipator was
devel oped by Blaisdell (item9) for small drainage structures. The USBR uses
a simlar dissipator which they designate as a Type Il Basin (item40).
Tests at VES on the Rend Lake (item 17) and QCakley (items 31 and 73) projects
showed this type basin to be very effective in the Froude nunber range of 2.5
to 4.5. Preferred dimensions of the basin and its elenents for use in this
range of Froude nunbers are given in Plate 7-11. This type dissipator is not
recomended where velocity entering the basin exceeds 60 ft/sec as the chute
bl ocks woul d be subject to danage by cavitation. An apron length equal to at
least 3d, for flows up to the standard project flood, and 2d, for the

spillway design flood is considered adequate. The basin elevation should pro-
vide a depth on the apron of d, for the standard project flood and at |east
0.85d, for the spillway design flood.

7-25. Baffled Chute. The baffled chute spillway relies upon multiple rows of
baffles to ard 1n dissemnation of energy flowi ng down a spillway chute. The
USBR (item 40) has devel oped a set of design guidance which can be used in
prelimnary design of such a structure. Large baffled chute spillways have
been used on the Tennessee- Tonbi gbhee Waterway divide cut to convey the flow of
streanms intercepted by the canal down the cut slope into the canal (item 3).
Model studies are recomrended for design verification when the design
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di scharge exceeds 50 ft% sec and/or the slope is steeper than 1V on 2H A
baf fl ed chute design was devel oped via nmodel study (item59) for the proposed
Li bby Reregul ati ng Dam whi ch was effective not only in energy dissipation, but
also in aerating the flow and reducing nitrogen supersaturation. The spe-
cially designed baffle (Plate 7-12) for this structure exhibited good aeration

characteristics for discharges up to 180 ft% sec/ft and adequate energy dis-
sipation for discharges as high as 900 ft% seclft.
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APPENDI X B
NOTATI ON

Synmbol Term Units
A ngéhalf the horizontal axis of an ellipse ¥;2
B One-hal f the vertical axis of an ellipse ft
C Di scharge coefficient

Chezy's resistance coefficient
¢y Baffle drag coefficient
d Depth of flow ft
d, Depth of flow at entrance to energy dissipator ft
d, Hydraulic junp sequent flow depth ft
dg Depth of flow above top of stilling basin end sill ft
dry Depth of tailwater ft
dp Potential flow depth ft
D Conduit di anet er ft
E Specific energy ft
£ Dar cy- Wi sbach' s resistance coefficient
F Froude nunber -
F) Froude nunber of entering flow
g Accel eration due to gravity ft/sec’
G, Gate opening ft
h Hei ght of stilling basin baffle ft
Height of flip bucket lip ft

hy Rol I er hei ght ft
he Velocity head at flip bucket lip ft
g Energy loss due to friction ft-1b/1b
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Synbol Term Units
hp Hor sepower ft-1b/set
Pressure head agai nst the boundary of a flip bucket ft
hy Height of stilling basin end sill ft
b Hei ght of reservoir surface above a |ocation on ft
the spillway surface
h, Difference in reservoir and bucket invert elevations ft
h, Tai | water hei ght ft
h oo M ni num hei ght of flip bucket lip ft
B Total energy head ft
Di stance fromreservoir surface to center ft
of gate opening height
H Head relative to the energy grade line at the exit ft
¢ portal of two-way drop inlet spillway
Maxi mum head on the spillway weir crest for which the ft
gate controls discharge
Hy Spillway crest design head ft
H Total specific energy above spillway crest ft
e Vel ocity head ft
H Spi Il way energy |oss ft
H, Ref erence head ft
H Spillway height, crest elevation nmnus stilling ft
s basin apron el evation
Hy Total head ft
Hy Vapor head of water ft
k and k_ Ef fective roughness height ft
K Spillway crest shape coefficient T
Stilling basin length coefficient a-
K, Spi | I way abutment contraction coefficient
K, Conduit friction loss coefficient

for two-way drop inlet spillway
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Synbol Term Units
K Entrance | oss coefficient for two-way
€ drop inlet spillway
K Qutlet velocity head | oss coefficient for
° two-way drop inlet spillway
KP Spillway pier contraction coefficient
Ky Total loss coefficient for two-way drop
inlet spillway
L Net |ength of spillway crest ft
Length along spillway fromstart of the crest curve ft
Crest length for two-way drop inlet spillway ft
L, Length of stilling basin ft
L, Effective length of spillway crest ft
Lj Length of hydraulic junp ft
Ly Length of tangent fromthe spillway tangent point to ft
the spillway toe
M Maxi mum unit rmonent
n Nunber of spillway piers = 1/3
Manni ng' s resistance coefficient sec/ft
Spillway crest shape coefficient -
P Pressure l‘b/ft2
P Absol ute pressure 1b/ft2
Depth of spillway approach channel bel ow the ft
spillway crest
Py Hydrostatic pressure exerted on stilling basin | b/ ft
baffle unit width
P M ni mum di stance fromgate face to pier nose ft
Py Hydrostatic pressure exerted on stilling basin ft
end sill unit width
Pr Theoretical unit load on flip bucket surface | b/ ft?
P Hydrostatic pressure exerted by a unit width I b/ ft

of flow entering a stilling basin
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Synbol Term Units
P, Hydrostatic pressure exerted by a unit wdth | b/ ft
of flow exiting a stilling basin
q Unit width rate of discharge ft3 sec/ft
Q Rate of discharge ft3 sec
r Flip bucket radius ft
r Rol I er bucket mi ni num radi us ft
min
R Hydraul i ¢ radius ft
Average unit resultant force acting on stilling I'b
basi n si dewal |
R Adj usted average resultant unit force acting on | b/ ft
a stilling basin sidewal l
R, Reynol ds nunber
R Average mininum static plus dynamc unit force | bl ft
n at toe of hydraulic junp
R Static unit force on stilling basin sidewall | b/ ft
s resulting fromthe sequent depth of the
hydraulic junp
R Adj usted maxi num resul tant instantaneous unit force | b/ ft
a; acting on stilling basin sidewall
R Adjusted mnimumresultant unit force acting on I b/ ft
a_ stilling basin sidewal
R, Maxi mum i nst ant aneous resultant unit force acting I b/ ft
on stilling basin sidewal
R M ni mum i nstant aneous resultant unit force acting
on stilling basin sidewall | b/ ft
s Sl ope ft/ft
Sl ope of energy gradient ft/ft
S Sl ope of the spillway chute adjacent to the bucket ft/ft
u Potential flow velocity ft/sec
v Mean vel ocity ft/sec
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Synbol Term Units
Vp Mean vel ocity at face of a stilling basin baffle ft/sec
Vg Vel ocity of surface flow ft/sec
vy Mean velocity at entrance to energy dissipation ft/sec
W, Wdth of spillway gatebay ft
Wy Wdth of stilling basin baffle ft
X Di stance parallel to the horizontal coordinate ft
Xy Hori zontal distance fromflip bucket lip to jet ft
i mpact | ocation
Y Di stance parallel to the vertical coordinate ft
Distance fromstilling basin apron to resultant of ft
unit force acting on basin wal
Y, Fl ow depth normal to channel bottom ft
Vertical distance fromflip bucket lip ft
to jet inpact |ocation
z Di stance from downstreamend of pier to wave ft
and spillway wall intersection
Z Hei ght above a datum pl ane ft
a Energy correction coefficient T
Angl e of pier end wave degr ees
Flare angle degr ees
Angle of rotation fromstart of flip bucket curve degrees
o Total deflection angle fromstart of flip bucket degr ees
to the lip
B Tainter gate opening angle (see Plate 6-1) degr ees
y Specific weight of water I b/ ft?
S Turbul ent boundary |ayer thickness ft
8, Di spl acenent thi ckness ft
85 Energy thickness ft
AE Energy loss resulting froma hydraulic junp ft
AL Change in spillway chute length ft
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Symbol Term Units
AW Change in spillway chute wdth ft
8 Sl ope of channel invert ft/ft
Interior angle between spillway face at a | ocation degr ees
and the horizonta
Jet trajectory angle at the lip of a flip bucket degr ees
8 Jet trajectory inpact angle degr ees
v Kinematic viscosity of water ft sec
0 Mass density of water | b-sec?/ft’
o Cavitation index
é Angl e between horizontal and flip bucket lip degr ees
Angl e between the horizontal and the floor at the degr ees

beginning of the trajectory
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APPENDI X C
PLATES
Par agr aphs in Which
Plate No. Title Plate is Mentioned
2-1 Open Channel Fl ow Resi stance Coefficients 2-10b
2-2 Unit Horsepower in Stilling Basins 2-12b
2-3 Hydraulic Junp Velocity Distribution 2-13
2-4 Force Acting on Stilling Basin Sidewall 2-14
2-5 Stilling Basin Force Monment Arm 2-14
2-6 Cavitation Characteristics 2-16
Square Edge Ofset into Flow
2-7 Cavitation Characteristics 2-16
O fsets Anay from Fl ow
2-8 Cavitation Characteristics 2-16
Rounded Corners into Fl ow
2-9 Cavitation Characteristics 2-16
Into Flow Chanfers
3-1 Weir Profiles Downstream from 3-3a
Crest Line
3-2 Elliptical Crest Spillway Coordinates 3-3a,d
Coordinate Coefficients
3-3 Elliptical Crest Spillway 3-4a
Di scharge Coefficients
1:1 Upstream Face
3-4 Elliptical Crest Spillway 3-4a
Di scharge Coefficients
Vertical Upstream Face
3-5 Subnerged Crest Coefficients 3-4b
Overflow Crests
3-6 H gh Gated Overflow Crests 3-6, 3-10
Pier Contraction Coefficients
3-7 H gh Gated Overflow Crests 3-6

Pier Contraction Coefficients |
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Paragraphs in Wich
Pl ate No. Title Plate is Mentioned

3-8 H gh Gated Overflow Crests 3-6
Pier Contraction Coefficients I1I

3-9 Low Gated Ogee Crests 3-6
Pier Contraction Coefficients

3-10 Elliptical Crest Spillway 3-6
Pier Contraction Coefficients
Type 3-Pier

3-11 Overflow Spillway Crest with 3-6, 3-8a,
Adj acent Concrete Sections 3-8c
Abut ment Contraction Coefficient

3-12 Overflow Spfllway Crest with 3-6, 3-8b
Adj acent Enbanknent Sections
Abut ment Contraction Coefficient

3-13 Elliptical Crest Spillway 3-9
Cavitation Safety Curves
Wth Piers

3-14 Elliptical Crest Spillway 3-9
Cavitation Safety Curves
No Piers

3-15 Overflow Spillway Crest 3-12a
Upper Nappe Profiles
Wthout Piers

3-16 Overflow Spillway Crest 3-12a
Upper Nappe Profiles
Center Line of Pier Bay

3-17 Overflow Spillway Crest 3-12a
Upper Nappe Profiles
Along Piers

3-18 Water Surface Profiles 3-12b
Controlled Crest
PPHy = 1.0

3-19 Water Surface Profiles 3-12b
Controlled Crest
P/H; = 0.50

3-20 Water Surface Profiles 3-12b
Controlled Crest
PIH; = 0.25
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Paragraphs in Which

Pl ate No. Title Plate is Mentioned
4-| Air  Entrainnment 4-2¢
5-1 Si de Channel Spillways 5-1
5-2 Side Channel Spillways 5-2

L- Shaped Crests
Ef fective Length

5-3 Morning-dory Spillways 5-9
5-4 Labyrinth Weir Spillway 5-10
5-5 Box Inlet Drop Spillway 5-11a
5-6 El evat ed Box Drop Spillway 5-11b
5-7 Box Inlet Drop Spillway 5-11b
Calibration Curves
5-8 Box Inlet Drop Spillway 5-11b
Chute Wdth vs Discharge
6-1 Tainter CGates on Spillway Crests 6- 2¢
Di scharge Coefficients
6-2 Tainter Gates on Spillway Crests 6- 2d
Effect of Gate Seat Location on
Crest Pressures for H = 1.00H,
6-3 Tainter Gates on Spillway Crests 6- 2d

Ef fect of Gate Seat Location on
Crest Pressures for H, = 1. 3H

6-4 Vertical Lift Gates on Spillways 6- 3c
Di scharge Coefficients

7-1 Sloping Floor Stilling Basins 7-6
Conti nuous Sl ope
Length of Hydraulic Junp

7-2 Sloping Floor Stilling Basins 7-6
Noncontinuous Sl ope
Junp Length on Slope

7-3 St andar d- Shape Baffle 7-7b

7-4 Baffl e Height and Location 7-7c, 7-7d
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Paragraphs in Wich
Pl ate No. Title Plate is Mentioned
7-5 Rol | er Bucket 7-14
Maxi mum Tai | wat er Depth
7-6 Rol | er Bucket 7-14
M ni num Tai | wat er Dept h
7-7 High Overflow Dans 7-14
Bucket - Type Energy Di ssi pator
Rol I er Depth
7-8 H gh Overflow Dans 7-14
Bucket - Type Energy Di ssi pator
Surge Hei ght
7-9 Little Goose Dam 7-15
Slotted Bucket
7-10 Flip Bucket Pressure 7-21
7-11 | mpact Basin 7-24
7-12 (Proposed) Libby Reregulating Dam 7-25



40 T P17 T
! | | ‘ | HEE rrkg=2 | 1 1T] ~0-140
! ! ! g 2 0.120
N I ‘ P 1
50 | \I ] : - Ho.100
\< | : ; i : ]
N ' 4
—— ] : ! 5 il H0.080
60 ] { \w i : 16 -1
i + ~ ! ! | | i
~ ! ~ : : 18 40.060
rr\‘* i 1 ! i /10 ! o
* b
- 3 - ; b : -
70 P~ PO I N [{ Re’C_ '~ ' o | ~0.050
[ e Nt 25 =50 (ROUGH FLOW LiMiIT) | ! . )
\ | A NE S Iy 11 | I 20 20
NN l b | - : do.040
°° NN 4 N - I ‘ P
, ti;tit Ry I N —‘\L——C=32.6LOGN (12.2 R/kgD L oy B &l
- T : e
; FULLY ROUGH FLOW) ——1 t qa0 «|>
90 \\\k \.:‘\TL"“&A +\ [N I ¢ UIL[; 1 ({ 1 50 P ©
; ] f ) < - = i "
@ 5 \\‘\\‘ g .\l{\ , | | { | Heo 003 !
> ' N It~ | i P4 x
NN H ! Al 1 | 100 L L 1% . o
& 1o N - " 3 . = — =100 T« 5
> ' \§\ Bt -t l* MUl —C=-32.6 L06,, (C/52 R +k,/12.2R) ! <
W N TR ITION ZONE. i z
: | \Q\\ ~ L LN (TRANS ) 200 oo 5
1o ! N J ¥ 74 RN R 5
i NG 4 i . ; o020 Y
| ~\\\ I~ AT N ., L F
' ' N N o H N H ~
sc iC=32.6 LOG,, (5.2 Re/C)+—t \ka ' N LELEN ! 400 Jo.o18
‘ S| (SMOOTH FLOW) N §T 500 Vemligl] 4
! N0 T T T ’\V\ i . ;:\ 3600 o016
H ' . A ; M
130 i | LEGEND ! %\l \\\\\ [] A 4 \\ B . idgoo N
: ¢ ~J 1
SHAPE DATA SOURCE FROUDE NO. ; \\\\ N l ﬁ-ﬁ“‘“ AN 1000 | —{ 1000 doora
, +RECT.  WES TR 2-2364 <1.0 : ANNRED i A N 3
140 |t YRECT.  WES TR 2-429 <1.0 : NN \\-\ l N = -
i DORECT.  SCOBEY USDA TB 393 <10 i AN o e -4\ _2000 H2000
| ®TRAP.  SCOBEY USDA TB 652 <1.0 N NN o A AR )
' WMRECT  FORT RANDALL CHUTE 42 ) \{\ Ny . < i ~0012
© A TRAP.  FORT PECK CHUTE 5.2 h o % N &
ISOF—— A TRAP.  USBR CANALS <1.0 : AN &
| X TRAP.  CIMENA CANAL <1.0 | \ n{\“~~.....4\, \J.\.SOOO 4000 A
i T : : ; N 1~ N P =
160 l ‘I IHHH I l lll“l ; ] N_® Jﬁ X i NIII 8000 Jooio s
103 2 4 & 8 104 2 4 6 8 10° 2 4 6 8105 2 4 6 8107 2 4 6 8100 }':
NOTE: R = MYDRAULIC RADIUS,FT Re= 4RV =
g = ACCELERATION OF GRAVITY, FT/SEC? v [e) W)
v = KINEMATIC VISCOSITY, FTYSEC .. OPEN CHANNEL FLOW o xl)
Xs= EFFECTIVE ROUGHNESS MEIGHT, FT
V= VELOCITY, FT/SEC RESISTANCE COEFFICIENTS gL
S = ENERGY GRADIENT SLOPE
Re = REYNOLDS NUMBER FROM HDC 631 0 g
[ V)

1-¢ 3J1vd




EM 1110-2-1603

16 Jan 90

70

60

50

40

as

N

N

N

AN

NANLINN

° KAMSINGER BLUFF \JREr \
BARTLETT . N \ AMISTAD \ FOLSOM
ICE HARBOR CHIEF A
E Hi . JOSEPH \ \ \ l
RED ROCK (21 N
WEST POINT
N GueAnser®
CHIEF \ N
\ Josern N RELE
N KEYSTONE 085)(2)®
\ CENTER HILL
N EUFALA ¢
N\ %
O
-]
\ =]

N\

DEFINITION S

KETCH

FT 550 8.8

HORS
STILL

OETROIT
NORFORKy GCHEROKEE NORRIS !
l. (4) \
JOMN GRAND
- MARTIN ALLEGHENY  MARSHALL FORD (3)q COULEE
w 30 \ — ],k
3 COMCHAS
b4 ] * /]
MADOEN \ PHILPOTT NWA”“ sm\:u
MAHONING o -
&
PENSACOLA e
23 v -
®paLE
HOLLow
..
CONOWINGD \
o N
PENSACOLAG
(085) (g
WHEELER
“‘o
cO
. N\
60 80 100 200 300 400 300
Hy, FT
{1) NO HEAVY FLOWS OBSERVED
(2) SEVERE BASIN DAMAGE (REF 31 & 32)
{ — (3) SEVERE BUCKET DAMAGE (REF 30 & 32)
M (4) BASIN DAMACE
I \ (3) SEVERE EROSION DOWNSTREAM FROM APRON

UNIT
EPOWER IN
ING BASINS

PLATE 2-2



EM 1110-2-1603

16 Jan 90

L/Z-211 OaH WOYd

NOILNGIY1SIa ALIDOT3A

dWNr JINNVYYHAAH

HOL3NUS

NOILINI33a
1

o1‘e ‘e Q31VIOdHILN] = e —
6 73G0R ONINOH YN v
9‘v2 NYNLVYYOYN OVIS ‘ISN0Y e
('3} ON 30n043 35808 SGERAS
CEEER)
nummm NOILVLS .o.uNIVMv NOILV1S ; nmlx_w NOILYLS
w0 90 NM Z0 00 €0 90 M z0 g0 @0 90 .W.o Zo oo
\ _ N‘! V LT
A7 x ‘
r
\ [ il \ ! AN |
Il TN X ~ ro
_ / /1 YN
\ :w | 7 //, / /7/ ///
11\ W\ RYERRY
¢ ~
’ —” f/ /// \ /[//// > z0 -2
SN ™~ 3
i RIRAN INERNES
\\
) —. ’ f—l / / /w , // // / .
[ AN [ AT Y >N <o
..4_ g © S N
< ..,__ / ,_,,, VAN 8 ,/ NS
\ DR \ ]
, /: RV \ N //
, , | AR \ N .
Ve -

PLATE 2-3



EM 1110-2-1603

16 Jan 90

08

06

0.4 }—

CORC.ORC4+=(RORR.ORR,-R_)+R,-Ry

0.2 |

FORCE (R+)

AVERAGE UNIT
FORCE (R)

MAXIMUM UNIT

MINIMUM UNIT FORCE (R-)

1 ] J 1 I

0.2 0.4 0.6 0.8 1.0 1.2
X/Lp
VARIATION IN UNIT RESULTANT FORCE WITH DISTANCE FROM

Pl WHEN TAILWATER DEPTH IS EQUAL TO OR LESS THAN THE
THEORETICAL SEQUENT DEPTH AND WALL HEIGHT’

PLATE 2-4



-2 3Lvd

0.8

0.6

1.0

MOMENT ARM VS DISTANCE FROM PI

- STILLING BASIN FORCE
MOMENT ARM

€09T-2~0TTT W&

06 uer 91




EM 1110-2-1603
16 Jan 90

MO14 OLNI 1L3S440 3903
JHVNDS - SOILSIHILIOVHVHO NOILVLIAVD

1d4°0 - 135440 40 HLd3a

L0 100

1000
(AL
\\ $'0
90
\ 80
\\ o'l
NOILVLIAVD \
A Fal}
\\ NOILVLIAVD ON
\\ vl
g1
\ / \\*\\,\\\\\k I
) 4 90000977 MK
\ *I — o¢
A L | 1.
\ = D — V'
S O I I oz

X3ANI NOILVLIAYD

PLATE 2-6



(-2 3LVd

CAVITATION INDEX

0.8

08

0.7

0.6

0.5

0.4

‘NO CAVITATION

/ CAVITATION

0.3

0.2

0.1

0.001

0.01

DEPTH OF OFFSET - D, FT

0.1 1

CAVITATION CHARACTERISTICS - OFFSETS
AWAY FROM FLOW

€09T-C-0TTT W

06 el 91



8-¢ 31vid

20

1.9

1.8

1.6

1.5

1.4

1.3

1.2

09

0.8

v v /
4
= 'y —_ /
ROUNDED 14
CORNER——~—|_ -
\ \‘
~ 4
x. 1, = y4
R =RADIUS "~ FISE 7
IN INCHES //
NO CAVITATION
/r
CAVITATION
0.1 0.2 0.6 0.8 1.0

1 - (RADIUS/RISE) + RISE

CAVITATION CHARACTERISTICS - ROUNDED
- CORNERS INTO FLOW

06 uer 9T
€09T-Z-0TTIT W




CAVITATION INDEX

6-2 31vd

20

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

NO CAVITATION

2 4 6 8 10 20 40
THETA, DEGREES

CAVITATION CHARACTERISTICS - INTO FLOW CHAMFERS

€09T-2-0TTT W

06 uer 91




16 Jan 90

EM 1110-2-1603

3NITT LS34D WOHd4 WV IHLSNMOQd
S3N4048d "IaM

PH av3n NoIS3q

X 3JNVLISIG IVLINOZIHOH

9l ] Al € zl i o'l 60 g0 L0 00 S0 $0 £0 20 o_.
T T T =T T T T T T T T T T T et
1
= —{ 0’|
\ p
A geo HM = X
3ivild 1 NO | 2220 = PHrd
- ) —~ 60
34¥7d IVOILU3A ‘9020 = PH/d
31v7d WwDILH3A ‘016 = PH/d
= anN3oai —t o0
v
<
- 1o o3
74° sl3
wla
al>»
el
~ —490 x9
My
g3
00c =N z
o
- —~s0 & ™
<
912 =N
- — vo
- — €0
- ~z0
— —to
1 | | L ! 1 ! L 1 | ! ! { L o

e,

PLATE 3-1



EM 1110-2-1603

16 Jan 90
10.0
8.0
6.0
4.0
T 20
[
alo
ol
6 I
b3 2
R / /
a|w y Wi
a.|lQ / 1 D
< o8p— — \
0.6 ~ \\
y /
0.4 // / \
/ //
0.2 7A ’
0.15
0.21 0.23 025 027 029 gi2 0.4 0.16 018 190 210 230
A/H B/Hy K
DESIGN POOL COORDINATE
b‘i_,cf";”/_:, ORIGIN
TyA? B2
] +X
b X185 = KH 085 y
PT PT
a
Q
!
DEFINITION SKETCH
ELLIPTICAL CREST SPILLWAY
COORDINATES
COORDINATE COEFFICIENTS
FROM HDC 111-20

PLATE 3-2



<\a..w;. )

M 1110-2-1603

16 Jan 90
18 —
10
9
8 -
7
6
5 16—
4 S ~ ol ™ SN w >
o IS ]S Js_ s ievid .. W
P iS5 — e — y | 3.4
2 [T [T | T |TEEx T AR A
L] _;- LS :' g Fal I. I. :' I. E 0.5 1.0 20,
2 1T [ 1.4 A l/'
!
amni
i : ‘ '
08 ¥ # \ / / /
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V4
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s
7
02 /7
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FROM HDC 111-21

PLATE 3-4



16 Jan 90

EM 1110-2-1603

AN3D ¥3d NI 3DUVHOISIO 40 LN3IDIJ430D NI 3Sv3YDI3a

o
a2 — T - — . ¥ 17
Zo ® N9 . i =+ T & S ~
83 1 e sane -+ AR nEan 2
+ “an o Il } 1 ! : 1 *

3% 9 b4 ISR ; - R )
Jl.u_meU hA Y Y - 1 Y o R —
11|nwnmu 7i IR b e H . T Q
1T L2 . e i =
2 & Rl saos ; eaS Rl um HHa T

100 - ™ : ; b H < w

JeV+|r I 1 M ] 7}

(o N It ! M i M L

jaos ° ! ; TR HES B o w <

NS = d it Y M
B ) ] ° a e~ T 4 H — ' T 1 (&) & -
$LNI1DI34303 4O NOILINGIY INID W3d - e R 8N T+ : v - [ & I

2 AN i I A W ; 1 ¥ ; I | [8)

T . . L1 - = H 2 w2 3

4 H i : { M —y Ll

ﬁmua } Q © ~ gt ; HOH-—0 2R SH worTI
< 2 ] g 1 = i L e 8
Tor ~.. I OIT WV T = L “J o 2
HHAmmm 1 oFF A nys ~ T T T ouw o
SRR ] e Sl oS ! ] M iy t LB Al ; r o
4 LEE2 G P ! ; e Y T i ) w
HMANru t T + 8 AT ' B L T EE
98 - s X IS EHEEAN ) O L 1} T H b4 >
i 2 INBRE e A nw P e ' ot B} G
e s 21 . IBEEE \ : 13 A e T T @)
s ! - —Hy - 1S RERAR Y =11 T o
: T o ) A . Q T mmama: T -t w
m 3 © 4v o T ————t / ,: + m ¥ i } 1 M
$1N3I1214330D JO NOILDNA3Y IN3D Hld u\” T m N I N _5 1 M \ « - o
(s nes : - R e X \ 398NN YT o4l D
S T , e sy Ty =t Ll
RGN B i T\ 1 H £
1 T T i i ST 3 NASES 0
T RS SR i T .30 SRS 3K M RREER S I Y
T t B S N I U BEE 3 110 A0 AV
I =3 . ! sues! e Site Sl ma
o . W + o _l: 4.\_;
V W bl - LSRR 0
3 P § S S N A N
I T I
A L IR 11
19 ) 4E R BRET AN |
RS AR EaEt —
AR DA INE SN
Ty T I
{ 474 manvamamnan -
: :
V4 b ' ™
T T '
+
e e aamiianaaass At
t !
fe
A AL D S I 4
V.S BN AR 1 ¥R
ASR: S4RE7 DRASE RN "y Al
[ P, ¥ 4 P p AN
12 i V4 ' eI
I —+ O D4 A ;0-
4 ; -~ 1 Tia X . 0
K H I R MR P28 B R 4E BEV
1 : n $a ! VAP P’ 194
T : H t I T > Pa1
T ST T . = e fas faad 0
Ht HH L e = o= ST = SN ON- SIILID0TIA_ FLVIGINYIL N YT TS T
B It H T 1 1B S B qrT ST T TAQ R o
2 = ° 2 ] N e o < " N 5 o
- - - [+ O Z3 (=) [=] (o] o ] o ]
@
N
Py

PLATE 3-5




9-¢ 3ivid

RATIO OF HEAD ON CREST TO DESIGN HEAD- H%‘

1.é T T ™7 T
1.4
N o % J
- b‘ *. -
- \ ‘ —
1.2 ﬁ; X
I v\ ]
\
- d =
5 \ ]
DESIGN HEAD |
1o
P
= ] 4
1
- ‘ -4
s | |
1
0.8 |
i
5 | \ J
i ol ¥ 1
- { H -4
e o\
L \ 1 . .
i rvee 4—\ | l\
0 . .
v
i \ i
0.4 \
- \ B
B o i
- . —
0.2
N 1 1 1 1 ] 1 P | 1 1 i 1 11 1
Z0.10 -0.05 0.0 0.05 0.10

COEFFICIENT OF PIER CONTRACTION-K,

oo ol

TYPES 3 AND 3A

0.033 Hy RAD . !
x
]
~ 0./133 Hy RAD
! o )
0.267 H, CREST AXIS 0.267 H,
+ +
TYPE | TYPE 2
W)
(P | Y
i X N
SR 3 .
SIS N o
10.20H, S
0.267 Hy
RAD
0.267 H, CREST AXIS 0.267 Hy
(0.20Hy) i
+ +

TYPE 4

PIER NOSE SHAPES

NOTE: PIER NOSE LOCATED IN SAME PLANE
AS UPSTREAM FACE OF SPILLWAY.

DIMENSIONS IN PARENTHESES ARE FOR

TYPE

3A.

HIGH GATED OVERFLOW CRESTS
PIER CONTRACTION COEFFICIENTSI

FROM HDC 111-5

06 uer 9T
€09T-¢-0TTT Wd
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RATIO OF HEAD ON CREST TO DESIGN HEAD ~ Hg/H

LEC s S s I A N T R O A |
- -
- -
1.4
1.2
= i
10 \
08
el —
0.6
l— —
0.4
= -
- _
0.2
L _
co Lttt vl er iy
-0.10 -0.05 0 0.05 0.10 0.15

COEFFICIENT OF PIER CONTRACTION - Kp

1.2817°
w
N
b

XIS ‘

3
T
I

CREST| A

1 AR =033

/

PIER NOSE SHAPES

NOTE: PIER NOSE LOCATED IN SAME PLANE
AS UPSTREAM FACE OF SPILLWAY.

REFERENCE JOHN DAY DAM (ITEM 33)
HIGH GATED OVERFLOW CRESTS
PIER CONTRACTION COEFFICIENTS Ii

06 uer 91

€09T-2-0TTT W



EM 1110-2-1603
16 Jan 90

d3ld 2 3dA

oI f

9-111L OQH WOH4

IIT SLN3IDI44300 NOILOVHINOO H3id
S1S34D MOT4H3IAO A3LvD HOHIH

QY3H NDISI0Q Ol IDONVYISIQ TYINOZIHOH 40 Ollvy

oe [N [vM] S0 0'0 S0~ 0°1-
T — i _ H ﬂ T _ 1 _ 1 _ T
— } —
N 1S3Y¥5 AYMIIIdS T
40 SIXV— —

- N

7

i
i L9270

_

I
ory i ecro0

”
oM Z Zogy X

ary "H g0

1
ovy "wZo

¥31d 2 u%ﬁﬁ
YIld VT IdAL
1}

¥3/d

¥3id 82 wq\:ﬁ
32 3oL

N\

[
]
T

bl

S-

e~

02-

S-

o=

S0~

00

S0

s

oz

QGY3H NOIS3IQ OL 3IDONVISIG TVYIILYIA 340 Ollvy

W = NOILDVHINOD ¥3Id 30 UIN3IIDI13430D

oro So'0 00 S0'0- o1ro-
| T T T 11 [T I T[T T T 1T 1T T TT%
- L
o © 20
— \ —
-
— L ] \ \ \\f —
\
- \ \ . n 2
\ el o vo %
\ 1Y °3
— K ’ — o
- n 43
1 -
- -] >
Z FdAL- \ _w °
o, 90 9
| ! 4
YZ 3941 m 82344 Y
— R ™
3 .ls.
- — =
o]
80 o
m
— — v
(4]
— 1 z
I
— - m
>
o
P [oM] _H
YN NOISIC
B 1 X
— 1 o
- .
2"
-

1

PLATE 3-8



16 Jan 90

EM 1110-2-1603

Z-ZZ! OGH WOH4d

SIN3IDI3430D NOILDOVYHLNOD d3id
S1S3¥D 3390 A31v9O MOT

M -NOILDOVYLNOD Y3ld 40 LN31DII430D

oro

$00

00 G00-

T

1 LI

T L L

o

20

10020

v0

L— 2990

90

fueeco

@0

m.' av3IH N9/S3Q

o'l

SI'oc
1]
GV3H N9IS30 04 IDNVLSIG TVLINOZIHOH 4O Ollvd =
oe St [42] S0 00 S°0- 0'l- Sl~
LI L L L L L L
— -4 G2~ -
b —0Z- W -
i 1S3HD AVMTUDS 1 3
— - e~ L
mw_n_ N MQ>._- 40 SIXY ' Sl m
B Priecet T < -
- dor- 3 -
s 4 © =
LD 1 3«#%& T S
Y ¥ - r
f‘ewo = ory \znsN PH 2990 {50~ -
o ] I -
i — Pneeco 3
» P —o0o Z -
avd “weero | Ageo™HZ =geX v 0020 a2
B T -
‘ - ' —so m =
N OV3H N9is3a=PH i m _
— — °._ w —
- ” i m
= H3ld 2 3dAl -1 © -
I | i i
| oz .
P NS S KRN S S N U NN S A A | 1

e

"H/,H-OV’BH NOIS30 OL LS3¥D NO QV3H 40 Ollvd

PLATE 3-9



EM 1110-2-1603
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He/Hd

0.8

0.6

0.4

0.2

0.0

--0.15 -0.1 -0.05

VCREST AXIS

i

.rl {os

' I 0.8

DEFINITION SKETCH

TYPE 3 PIERS
SEE PLATE 3-6

ELLIPTICAL CREST
SPILLWAY

PIER CONTRACTION COEFFICIENTS
TYPE 3PIER
FROM HDC 111-22

PLATE 3-10
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He/R

16 Jan 90
120
o BASIC EQUATION
Q=cl'- 2(NKp+ Ka)He)He 2
100 . WHERE :
Q =DISCHARGE , CFS.
SUGGESTED .
C =DISCHARGE COEFFICIENT.
DESIGN CURVE\j U =NET LENGTH OF CREST, FT.
N =NUMBER OF PIERS.
a Ks = PIER CONTRACTION COEFFICIENT.
oy Ka= ABUTMENT CONTRACTION COEFFICIENT.
6.0 . He = TOTAL HEAD ON CREST, FT.
o)
a o
§
. Ao
™ s ©
®
6.0 v 4 LEGEND
o0 7 s srmeoL PROJECT R w/L  WH
%) | ° o CW 80! 4 1.55 0.96
%o O . FOLSOM 8 2.10 3.77
5 o PHILPOTT 5 2.67 1.42
. o » PINE FLATX 4 2.12 1.77
06 o s CENTER HILL¥* 5 383 9.48
40
o ¥GATED SPILLWAY WITH PIERS
s o
1
v . o—0/
® o ° 08/ g
A o o -
° NOTE: R =RADIUS OF ABUTMENT, FT.
2012 0 0 W=WIDTH OF APPROACH REPRODUCED IN
: o MODEL , FT.
o ® L =GROSS WIDTH OF SPILLWAY, FT,
. o® H *DEPTH OF APPROACH IN MODEL , FT.
0.0
<0.2 0.0 0.2
Ka
%\& <<< Q L D1 JL T »))//4]
Moo [l i
il 11t |
TRIRE
TRERY
RN © e oo o
ARIRE
(AR

o)
O
O

OVERFLOW SPILLWAY CREST WITH
ADJACENT CONCRETE SECTIONS

ABUTMENT CONTRACTION COEFFICIENT
FROM HDC 111-3/1

PLATE 3-11
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16 Jan 90
1.4 4
o]
°
o + BASIC EQUATION
1.2 { Q=C[L-2(NKp + Ka)He]He 2
»
o4 s WHERE *
Q =DISCHARGE, CFS
C =DISCHARGE COEFFICIENT
SUGGESTED
DESION CURVE —] o/ U =NET LENGTH OF CREST, FT
0 N = NUMBER OF PIERS
1.0 Kp = PIER CONTRACTION COEFFICIENT
Ka= ABUTMENT CONTRACTION COEFFICIENT
Mg = ENERGY HEAD ON CREST, FT
.
o] o a
o8 | i
He () /
Ha ) / LEGEND
o|® 14 o SYMBOL PROJECT R w/L W/H
0.6 | o DORENA 2 5.60 10.7
] DORENA 4 5.60 10.7
g o} RED ROCK™ 7.8 342 16.5
A . CARLYLE ™ 9 8.44 75.5
s 8] Iy WALTER F. GEORGE * 4 544 553
.
*GATED SPILLWAY WITH PIERS
0.4
) [
/ a
NOTE: R =RADIUS OF ABUTMENT, FT
o W 3WIDTH OF APPROACH REPRODUCED IN
MODEL, FT
oz L =GROSS WIDTH OF SPILLWAY, FT
o H =DEPTH OF APPROACH IN MODEL, FT
H,*DESIGN HEAD ON CREST, FT
00
-0.2 0.0 0.2 0.4

Ka

ey o

[ ¢

28804

UUTUoouruogguuuoruT

OVERFLOW SPILLWAY CREST WITH
ADJACENT EMBANKMENT SECTIONS

ABUTMENT CONTRACTION COEFFICIENT

FROM HDC 111-3/2

PLATE 3-12
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16 _Ian. 9

90

80

70

60

50

40

30

20

CAVITATION ZONE

NO CAVITATION
ZONE

1.1

1.2

NOTE: Hy = DESIGN TOTAL HEAD, FT

e = ACTUAL TOTAL HEAD, FT

ELLIPTICAL CREST SPILLWAY
CAVITATION SAFETY CURVES

WITH PIERS
FROM HDC 111-25/1

PLATE 3-13
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Q0
80 \
\ CAVITATION ZONE
70
60 \ \
1)
Iv (53
>
-
\
=)
50 A\
N
N
™
psy
w \ N
NO CAVITATION \
ZONE \
30 \\\
NG
20
1.1 1.3 1.5
Hq/Hy
NOTE: Hd = DESIGN TOTAL HEAD, FT

Ho = ACTUAL TOTAL HEAD, FT

ELLIPTICAL CREST SPILLWAY

CAVITATION SAFETY CURVES
NO PIERS
FROM HDC 111-25

PLATE 3-14
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L

CREST AXIS

ORIGIN OF COORDINATES

x85= 2018 y—

NO PIERS

COORDINATES FOR UPPER NAPPE WITH NO PIERS*

H/Hd=0.50 H/Hd:i.OO H/Hd= 1.33
X/Hy Y/Hd X/Hy Y/Hy X/Hd Y/Hd
=1.0 =0.490 -1.0 -0.933 -1.0 «1.210
0.8 =0.484 -0.8 -0.918 «0.8 -1.188
«0.6 «0.475 0.6 -0.893 -0.6 -1.151
-0.4 -0.460 =0.4 -0.865 0.4 -1.110
-0.2 «0.42% =-0.2 ~0.821 «0.2 -1.060

0.0 -0.371 0.0 -0.785 0.0 -1,000

0.2 -0.300 0.2 ~0.681 0.2 -0.919

0.4 ~0.200 0.4 -0.586 0.4 -0.821

0.6 «0.078 0.6 -0.465 0.6 -0.705

0.8 0.075 c.8 -0.320 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 0.705 1.4 0.294 1.4 -0.002

1.6 0.972 1.6 0.563 1.6 0.243

1.8 - 1.269 1.8 0.857 1.8 0.531

NOTE: H = He

*BASED ON ES 801 TESTS FOR
NEGLIGIBLE VELOCITY OF APPROACH

OVERFLOW SPILLWAY CREST
UPPER NAPPE PROFILES

WITHOUT PIERS
FROM HDC 111-11

PLATE 3-15
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16 Jan 90

X/Hyg

-1
-0.
-0.
-0
-0,

WO BMNOD®CORINONRKOC®O

e b e = O OO QO

H/Hg4 = 0.50

Y/Hy

-0.
-0.
.472

-0

-0.
-0.
.384

-0

-0.
-0.
-0.
.075
257
.462
.705
9117
.278

NOTE: H=H,

482
480

457
431

313
220
088

CREST AXIS

*BASED ON CW 80! TESTS FOR
NEGLIGIBLE VELOCITY OF APPROACH

<
3
8

TYPE 2 PIER

LEGEND
¢ OF BAY
—_———— Q WITHOUT PIERS

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

H/Hy = 1.00 H/Hg4 = 1.33
X/Hq Y/Hy X/Hgq Y/Hq
-1.0  -0.941 -1.0  -1.230
-0.8  -0.932 -0.8  -1.215
-0.6 -0.913 -0.6  -1.194
-0.4 -0.890 -0.4 -1.165
-0.2  -0.855 -0.2  -1.122
0.0 -0.805 0.0 -1.071
0.2 -0.735 0.2 -1.015
0.4 -0.647 0.4 -0.944
0.6 -0.539 0.6 -0.847
0.8 -0.389 0.8 -0.725
1.0 -0.202 1.0 -0.564
1.2 0.015 1.2 -0.356
1.4 0.266 1.4 -0.102
1.6 0.521 1.6 0.172
1.8 0.860 1.8 0.465

OVERFLOW SPILLWAY CREST

UPPER NAPPE PROFILES
CENTER LINE OF PIER BAY

FROM HDC 111-12

PLATE 3-16
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EM 1110-2-1603

CREST AXIS

COORDINATES FOR UPPER NAPPE ALONG PIERS*

H/H, = 0.5 H/H, = 1.00 H/H, =1.33
X/H, Y/H, X/H, Y/H, X/M, Y/H,
1.0 -0.495 1.0 -0.950 -0 -1.235
08 -0.492 08 -0.940 £.8 -1.22)
0.6 -0.490 0.6 0929 06 -1.209
0.4 -0.482 0.4 -0.930 0.4 -1.218
0.2 -0.440 0.2 -0.925 0.2 -1.244
0.0 -0.383 0.0 -0.779 0.0 -1.103
0.2 -0.265 0.2 0.8 0.2 -0.950
0.4 -0.185 0.4 -0.545 0.4 -0.02)
0.6 -0.076 0.6 -0.425 0.8 -0.689
0.8 0.060 0.8 0285 0.8 -0.509
1.0 0.240 1.0 -0.12t 1.0 -0.389
12 0.445 12 0.067 12 -0.218
14 0678 1.4 0.286 14 0.01)
16 0.928 15 052 16 0.208
18 L7 12 0778 18 0.438
NOTE: H = H,

*BASED ON ES 80! TESTS FOR
NEGLIGIBLE YELOCITY OF APPROACH

OVERFLOW SPILLWAY CR
UPPER NAPPE PROFI
ALONG PIERS

FROM HDC 111-12/1

16 Jan 90
I ~+ /
~.v
T TYPE 2 PIER
——
LEGEND
ALONG PIERS

— e e & OF BAY

EST
LES

PLATE 3-17




N

1110
J

an

—2-
- on
V)

1603

CENTER LINE OF GATE BAY

ALONG PIERS

He He
H, 0.50. 1.0 15 H, 0.50 1.0 15
X Y X Y
Hd Hy Hd Hd
-1.0 -0.494 -0.939 -1.311 -1.0 -0.489 -0.933 -1.311
-0.8 -0.488 -0.925 -1.300 -0.8 -0.483 -0.925 -1.300
-0.6 -0.483 -0.913 -1.275 -g-g ‘g-zgg :g-g;? ~: ';2,?3
-0.4 -0.476 -0.888 -1.248 -0. = : -1
-0.2 0,445 -0.855 -1.210 -0.2 -0.463 -0.935 -1.375
-0.15 | -0.438 -0.915 -1.383
0.0 -0.403 -0.808 -1.162 0.0 0.369 “0.829 1318
04 | -0240 | -0666 | -1.029 04 | -0170 | -0571 | -1.023
06 | -0.116 | -0.573 -0.938 0.6 -0.063 -0.441 -0.882
0.8 +0.029 ~0.454 -0.833 0.8 0.069 -0.298 -0.730
1.0 0.201 -0.291 -0.707 1.0 0.234 -0.128 -0.555
1.2 0.403 -0.086 -0.562 1.2 0.431 0.065 -0.362
1.4 0.626 +0.150 -0.395 14 0.651 0.278 -0.140

UPPER NAPPE

'DEFINITION SKETCH

WATER SURFACE PROFILES

CONTROLLED CREST

P/Hy=1.0

PLATE 3-18
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16 Jan 90
CENTER LINE OF GATE BAY ALONG PIERS
De He
H, 0.50 1.0 15 H, 0.50 1.0 15
x Y X Y
H, H, H, Hy
-1.0 -0.483 -0.894 -1.254 -1.0 -0.483 -0.889 _1.257
-0.8 -0.479 -0.886 -1.244 -0.8 -0.481. -0.880 -1.248
-0.6 -0.471 -0.871 -1.229 -0.6 -0.477 -0.869 -1.233
-0.2 -0.429 -0.824 1183 -0.2 -0.467 -0.917 -1.338
0.0 | -0.388 | -0783 | -1.149 -0.15 1 -0.450 1 -0910 | -1.373
‘ : -~ o 0.0 -0.356 -0.825 -1.324
0.2 -0.329 -0.728 -1.099 0.2 -0.252 0677 1176
0.4 -0.241 -0.655 -1.034 0.4 -0.159 0541 1029
0.6 -0.123 -0.570 -0.951 = 0.6 -0.055 -0.414 ‘0.885
0.8 +0.019 -0.458 -0.856 0.8 0.081 -0.258 -0.735
1.0 +0.198 -0.300 -0.753 1.0 0.256 -0.089 -0.566
1.2 +0.394 -0.104 -0.631 1.2 0.477 0.105 -0.383
1.4 +0.613 +0.119 -0.426 1.4 0.672 0.319 -0.188
He UPPER NAPPE
& AN R
'R “ YOS x 185 - gy 083y
", rr
P " € CREST

DEFINITION SKETCH

WATER SURFACE PROFILES

CONTROLLED CREST
P/Hy = 0.50

PLATE 3-19
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CENTER LINE OF
GATE BAY ALONG PIERS

H H
& e
Hd 0.50 1.0 Hd 0.50 1.0
x N X N
Hd Hd Hd Hd
-1.0 -0.469 -0.850 -1.0 -0.469 -0.838
-0.8 -0.469 -0.848 -0.8 -0.469. -0.835
-0.6 -0.464 -0.839 -0.6 -0.466 -0.833
-0.4 -0.454 -0.823 -0.4 -0.469 -0.835
-0.2 -0.438 -0.796 -0.2 -0.488 ~-0.894
0.0 -0.405 -0.758 0.0 -0.414 -0.900
0.2 -0.358 -0.715 0.2 -0.286 -0.756
0.4 -0.260 -0.640 0.4 -0.175 -0.615
0.6 -0.151 -0.553 0.6 -0.066 -0.471
0.8 -0.018 -0.448 0.8 +0.061 -0.311
1.0 0.135 -0.303 1.0 +0.209 -0.139
1.2 0.315 -0.135 1.2 +0.378 +0.044
1.4 0.528 +0.045 1.4 +0.577- +0.250

-

UPPER NAPPE
He

Y

0 '4,]1 Y”,' 1.85 _ KHS'BS v

P . & CREST ' \

DEFINITION SKETCH
WATER SURFACE PROFILES
CONTROLLED CREST
P/Hd = 0.25

PLATE 3-20
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4
LEGEND 8
1@ MINNESOTA DATA
® KITTITAS DATA
s
dm
d
1 Q
2
et
L SEE DESIGN - H
HCURVE BELOW 4
oy
. 1 1
) 4 ) 12 16
= M
vod
a. EXPERIMENTAL DATA
1.2
BRES H
-
- ﬂ;._‘.—
SUGGESTED DESIGN CURVE
in 1.1
d
1.0
1 2 3 a 5
= M_
hod

b. DESIGN CURVE

NOTE: dm = DEPTH OF WATER AND AIR MIXTURE
d = COMPUTED DEPTH FOR NON-
AERATED FLOW

V =COMPUTED VELOCITY FOR NON-
AERATED FLOW

§ = GRAVITATIONAL ACCELERATION

F 3 FROUDE NUMBER FOR NONAERATED
FLOW

AIR ENTRAINMENT

PLATE 4-1
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-
.
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a. CONVENTIONAL SIDE CHANNEL SPILLWAY

i
1

Ol
P (o =
F—g—t
>—-—-

1 |
g—-
~—-1

2w

|

b. L- SHAPED SIDE CHANNEL SPILLWAY

SIDE CHANNEL SPILLWAYS

PLATE 5-1
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[
.3 /
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Ll
%“:; ,—5 = ass .
1.0 74
/ o
09 /
[ J /
oe /
o7 //
ﬂ'-u 1.8 1.8 20 22 2.4 26 28
Le
Hd
NOTE: H =HEAD ON CREST,
H, = DESIGN HEAD,
L_=LOSS OF EFFECTIVE CREST LENGTH.
P = APPROACH DEPTH.
SIDE CHANNEL SPILLWAYS
L-SHAPED CRESTS
EFFECTIVE LENGTH

PLATE 5-2
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=—— VERTICAL SHAFT

VERTICAL BEND

oo t HORIZONTAL (DIVERSION) TUNNEL
D FLOW

S ] A

VERTICAL SHAFT SPILLWAY

SLOPING SHAFT

VERTICAL BEND

t

SLOPING SHAFT SPILLWAY

MORNING GLORY SPILLWAYS

PLATE 5-3
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a=20

b= 39.4' SECTION A-A
a=275°
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_ 434 | CONCRETE LINED CHANNEL —— \
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< Ve \ &
A\
k) \\ 3 2 g
° 2 v v v
LABYRINTH i
WEIR

~1020

PLAN OF AVON SPILLWAY

\

'/ DRAINAGE HOLE

R 1001.95

\

LABYRINTH WEIR
SPILLWAY
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A | A
t DY S N N
|
=T
<4 [
1V:2H
PLAN
CHUTE CHANNEL
2
S 3 1L~ 8
T B
| 7 s
APPROACH INVERT Y/ N/
SECTION A-A
LEGEND:

B8 = LENGTH OF DROP FEET

D = DEPTH OF DROP FEET

W= CHUTE WIDTH, FEET

H=UPSTREAM, HEADWATER DEPTH, FT.

: : BOX INLET
= DIS RGE, CFS
@ = DISCHARGE DROP SPILLWAY

FROM HDC CHART 625-1

PLATE 5-5
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>

PLAN

APPROACH INVERT

SECTION A-A

ELEVATED BOX
DROP SPILLWAY

PLATE 5-6
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1 : vrvvl ] 1 g ,,,,! T T ]
: D=0 : : B/W=1 1
5 ; 5 : P
o 1 ) i 1 1
ot 2 }
L | ] ] 4‘ |
- i /fddnoa i
. | w |
ERRN: 13 1t — *
g SIEC / J 1
5 | ] 5 [ ; ]
- L n L |
o = |
1 L R s 1 N ) A
1 5
10-1 ! 10° ! 1071 ! 10° 5
H/W H/W
1 T . T T m—.
C B/W =2 ] r B/W=3 ]
5 5 | o ]
c"c_> L S L /{ )
0 / « /
T 1r {1 & 1t 1
5] N 1 d r ]
5 ] 5 |- ]
o | .
1 bl 12 4 1 A, L 1. AL 1 1 1 1 i AL A .
1 5
10-1 109 ! 1071 ! 10° !
H/W H/W
1 T ——T—TrTTm
- B/w=4 ] LEGEND
5 P —
o
° - "l.r b a D=0
= L R a4 D/W=0.2
L i O D/W=0.4
" ® D/W=086
dg ; O DW=1.0
st/ z
i ]
PR 1
- BOX INLET DROP
SPILLWAY
‘l A 1 i,
1 ) 5 1 CALIBRATION CURVES
1071 W 10 FROM HDC CHART 625-1/1

PLATE 5-7
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1o
-+ -t 444+t 14+
L A HTEEH
TR T
T3 T r TTT 1T
100 H 11T
1 LT SUGGESTED DESIGN CURVE
FOR X/Hy=0.l TO 0.3
-
s O
25
] {3 dd-4 4
117 J many I HA:
20 . sRuRSEASSS
4-§-4-t-4+ 14— 411 -+ 11 -4 RS - [
. 11 LT3 JYIITIT 14 ] 4TI
] 993 I
11 O T 1T ys s
85 HH Bs
[ 1 1 11
B ERE A
[/} I -t
w -4
w ot -4 -4 4. 4+ 4 .
8 eor 1] 1A TI7F 1] 1 n e
z 1 T R » i
° ¥ 1
j_':: L 4 H
7517 T ] . l‘ GATE SEAT 1
—— I s o e o — - -4~ 444 —+
u H
7o HH A A S H
13 Hratr A DEFINITION SKETCH H
TATIT
65 a H
anpan LEGEND .
SYMBOL TEST GATE SEAT (X/Ha) 13
I3 11T MODEL DATA T
s0 HH BEuSEbEN . = v CW 801, AVERAGE 0.000 H
1H I CW 80I, AVERAGE 0.167 .
EANRSRSENDESNESS v WHITNEY DAM, AVERAGE o.127 s
= PROTOTYPE DATA H
55 ] CENTER HILL, AVERAGE c.ln hn
ENNGPE ] FORT GIBSON, AVERAGE 0.137 1]
14 t1te 1 ° WOODS RESERVOIR DAM 0.3% H
K
1
50
0.55 0.60 0.65 0.70 075 0.80 0.85 0.90 0.95

DISCHARGE COEFFICIENT (C)

FORMULA TAINTER GATES ON

WHERE:

Q=CGBVZgH SPILLWAY CRESTS
Go=NET GATE OPENING DISCHARGE COEFFICIENTS

B=GATE WIDTH
H=HEAD TO CENTER OF GATE OPENING FROM HDC 311-1

PLATE 6-1
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1.2
0]Co _ 0])6Go _ 0)Go
.} Hg =0033{wEs) \ a 0]".4 =0.200{wES) .};; =0.500{wES)
Go Go Go "
10 LI 0.025(LEMOS) —] 1.0 a "—dso.zoo(u:uos)—~ 1.0 T8 g m0.500{LEMOS)"
G [
' -"—‘jsovoco(\.:uos) ' ﬁ-o.loo(u:uos) A %Q-o.nouwos)
d
G
os L] O 2. guewm — o8 \ 5 S . 0.091 cID 0.8 N B % INTERPOLATED
Hy A Hy G
G o = 0.375 CJD
° [] [ ] H—° - 0.195 CID [»] w,
Llx d
~ o6}l— - — 06 It EEEE 08—\ —N-N— } o - -
o
[WIR
x|w
a I
a2
[=

v L hin
x 2 a == Q‘ o "_—‘&‘ > et T
‘ 4 s or %
-02 -0.2 -0.2 -
-02 [+ 02 0.4 0.6 o8 1.0 ~0.2 0 02 0.4 o8 o8 1.0 -02 o 0.2 0.4 0.6 o8 10
X X X
Hy Hy Hy
LEGEND
SYMBOL TEST GATE SEAT ()UH‘) R/H, B/H¢ HIHG
CW 801{M) 0.000 1.27 0.385 133
CW 801(M) 0.167 1.27 0.367 1.33
LEMOS (M) 0.000 1.2% 0.560 1.25
LEMOS (M) 0.400 125 0.520 125
CH JOSEPH DAM 0.258 1.00 0.444 1.33
cJo
o
»
4 L1855 51083 TAINTER GATES ON SPILLWAY CRESTS
—_——— - ¢ o
g EFFECT OF GATE SEAT LOCATION ON
(v

CREST PRESSURES FOR H, = 1 3H
FROM HDC 311-6/1

S~
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i.0
0.9 ;”/
b
LI ﬁ
i+ +
-
0s s
o nc
s *Y'5
L
A
« 3 °
-
L
0.6 o tLa
b
* a
o * L4
Qg )
Qq °° & 7o+
by op '\ SUGGESTED DES/IGN CURVE
[» C,
—A» (EQUATION 3, Z2-=1)
-4
o
0.4 +
. + - o
a
-
o o <
220
0.3 kR
(]
S
"
0.2 5 LEGEND
y + FLAMING GORGE
a FALCON
K 0 GORGE HIGH
o @ MAHONING: UPSTREAM GATE LOCATION
0.1 © MAHONING: DOWNSTREAM GATE LOCATION
o BLUESTONE
0
) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
/2
HZ/Z Hll/a
HJ/!
NOTE: Q=FREE-FLOW DISCHARGE AT
HEAD H
_PootL EL__ Qqe=DISCHARGE AT HEAD M AND
= GATE CPENING Gg
GATE LIP EL Hy=Hp = Gg
Ha
CREST EL_§ Go

GATE SEAT EL

VERTICAL LIFT GATES
DEFINITION SKETCH ON SPILLWAYS

DISCHARGE COEFFICIENTS
FROM HDC 312

PLATE 6-4
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RN AV VAR
LAY SRV
// / ]/ //l I
~AVAN,
N1/ |
s l//{, / /
[T/
y N/SNAY;
e V/iVAVAW4
. /[ )/ '
/,//I/F |
Sl A
7/,//4/ |
Y44
T
7
1.0 !
| |

S s

NOTE: CURVES DEVELOPED BY BRADLEY AND
PETERKA FROM EXPERIMENTAL DATA.

CURVE FOR $%0.33 EXTRAPOLATED

SLOPING FLOOR
STILLING BASINS
NONCONTINUOUS SLOPE
JUMP LENGTH ON SLOPE

DEFINITION SKETCH FROM HDC 124-1/1

PLATE 7-1
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7.6 1
33—
B |
1.2 — |
/ 0.25 l
A |
6.8 / // o% '
’ / // ) f
7 / 0.1 |
6.4 /L/ /// 0.10 — .
—~——] l
’//1////f 0.08 1 \\
== '
6.0 //( / ////‘/ \\Q
f ////A// i
2 !
/ / 0.3
5.6 / // / 0.30 _ - E—-— )
/1] |
0.25 b —
W : L1
52 W 0.20 : ]
il : 4uE
5 0.15 A :
f // 0.10 / ' ]
4.8 / 0.05 ]
000 e 18 22 26 30 34—
d'2
4"‘2 4 6 le : |lo l IIZ 4
NOTE: CURVES DEVELOPED BY BRAOLEY
St (fiver-) OATA OATA POINTS OMITTED T

DEFINITION SKETCH

SIMPLIFY CHART.
CURVE FOR S$=0.33 EXTRAPOLATED

SLOPING FLOOR
STILLING BASINS

CONTINUOUS SLOPE
LENGTH OF HYDRAULIC JUMP

FROM HDC 124-1

PLATE 7-2



EM 1110-2-1603
16 Jan 90

NOTE: CHAMFER ALL EDGES

STANDARD-SHAPE BAFFLE

PLATE 7-3
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2 -
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. ] ] 1 ] I 1 1
2 3 4 5 6 7 8 g
Fi
BAFFLE LOCATION

20
- 15 [

10 h=dy/6WHENF, <4.6

BAFFLE HEIGHT

DEFINITION SKETCH BAFFLE HEIGHT
AND
LOCATION

PLATE 7-L
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SLOTTED AND SOLID BUCKETS

10

LI

!

BED SLOPES UP

N\ Wi

R NN

Tt

N |

N

I |

LI

l
|
7

777
_
Z

Lt 41

V1
ng1
rr1Ti

611

Frid

|

I |

Trirryrriui

|

. FOR CHANNEL BED ELEVATION 0.05r BELOW APRON LIP OR LOWER

W

J

MAXIMUM TAILWATER

L USE COORDINATES FOR BED APPROX 0.05r BELOW LIP. ~
2. FOR CHANNEL BED ELEVATION HIGHER THAN 0.05r BELOW APRON e
s LIP USE COORDINATES FOR BED SLOPING UP FROM APRON.
1 | W N I T O T T T O T (N I T T T O T O O T L1 i1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
BED APPROXI!MATELY 0.05r BELOW LIP
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
BED SLOPES UP FROM APRON
r
d, +Vv2/2q ROLLER BUCKET
1

DEPTH

PLATE 7-5
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10

HYDRAULIC DESIGN OF STILLING BASINS AND ENERGY DISSIPATORS

L] T TN T T T TT1 L 1T l_
- N —

N N 75\
B 14 —
: \\\\‘\\\\‘ ‘\\\“~ _

13 e
~ \ _
— \70 \.._ —
- ~ ‘ \ :
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: e em— :
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|— — 5 —d
- 4 ’
- 3 -
| hy min/d, -
RN bbb bt
0.1 0.2 0.3 0.4 0.5 0.6
__ri_ ROLLER BUCKET
d1+V1/Zg

MINIMUM TAILWATER
DEPTH

PLATE 7-6
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DEFINITION SKETCH
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a WHITNEY (TYPE 1) 877 243.0 60 26 e /i A AL
T v WOLF CREEX (TYPE 1) 1147 4045 50 2s | /T ) /F’. /'.'4 | v /06
T T A
08 T T I T T T R T T T F ] 1T Ty, 74"
R R R
LT IFIGURES SHOWN ARE VALUES 1A / (»/;(4
of —3—x10% 4 ]/ %
ST A Gs by
05 RAENSNONERSREAY SN LA VARPEL B
/4/ /] i l/ao '
hy A VA
o T i AT TR T
T A WA 47 4 43 ¥
ELELE /6/4 AR
04 -4~ EEE . - - // // / l f{ ' H - +E
+ $-4 -4 » ’J7 -
SR G D
T A S
| - V1
r / /X Al 94’ “
03 20 i
: A T T
I e A A, T B L . g8
THIT TTATTY i / a71 o
FITELY AT 1 LI
T (L / P Ihl 1’ { 1
0.2 +5 /4 t
% |/ AL RERE
L . //'. . /ﬂa 1 A
T S A T AT TV - RN ERSEELERYS T
TUA T AT ) C . L.
or [ Tttt ] R R ]| =0 te i
5 ) ———
T T T T S T AT
// itle 2 _‘Lb BEPS s
" L] w1 —y DL T )  FREE
T A T T Lt Liiy JET
4 T B - . - .- 4 .
T T H : L
00 o7} 02 03 04 Q.5 06 07 08
hs
by

-
|

———— T —

AND KARR FROM EXPERIMENTAL DATA THESE
DATA OMITTED TO SIMPLIFY CHART

o ~ROLLER
SURGE
4
-
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ohe ns h2
1

N
.rl
1

DEFINITION SKETCH

el

NOTE: DESIGN CURVES SHOWN DEVELOPED BY McPHERSON

RANGES OF VARIABLES

McPHERSON

WES _AND KARR
SPILLWAY SLOPE 141-167:1 il
LIP ANGLE 45° 45°
H/h 068-093 >075
h/R SEE LEGEND
a/vgh/2x 103 SEE LEGEND
HIGH OVERFLOW DAMS

BUCKET-TYPE ENERGY DISSIPATOR
SURGE HEIGHT
FROM HDC 112-6/1

PLATE 7-8
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APPENDI X D
COMPUTATI ONS FOR DESI GN OF SPI LLWAY
D-l. Introduction. The following example will illustrate sone of the proce-

dures and gui dance provided in this manual for the design of a gated ellipti-
cal crest spillway. This exanple will show the follow ng:

a. The devel opment of the spillway and gage sizes.
b. The conputation of the spillway discharge rating curve.

c. The devel opment of the spillway crest equations and upper nappe
profile.

d. The deternmination of the gate trunnion |ocation.

e. The deternmination of hydrostatic pressures that can be expected on
the spillway crest surface.

D-2. Conmputer Programs. The follow ng CORPS system conputer programs were
used for this exanple:

a. H1107, Stage-discharge relation for an elliptical crest spillway
b. H1108, Crest and upper nappe profiles for elliptical crest spillway
c. H1109, Pressure distribution for an elliptical crest spillway

The design engi neer should periodically check the list of available CORPS pro-
grans to determine if additional prograns have been added to the system

D-3. Design Conditions. The follow ng information describes the design
criteria and assunptions for this exanple:

Maxi mum reservoir el evation 1,500 feet*
Spillway design flood (SDF) 66,200 ft*/ sec
Spillway piers, type 3 12 feet thick
Spillway upstream face slope IH IV

Spillway crest tangent to chute at IH TV

Spillway crest elevation 1,458 feet
Tainter gate radius 45 feet

Overflow crest to conformto elliptical upstream crest shape with an H/H,
ratio of 1.33 and a P/H; ratio of 0.5.

* All elevations cited herein are in feet referred to the National Geodetic
Vertical Datum (NGVD).

DI
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D-4. Conputations.

a. The initial step is to determne the size of the spillway bays and
the tainter gates
(1) Spillway bay width
1.5

Q CLe(He)

L L - 2(nK_ + K )H
e P a’e

Pier loss coefficient Kp = -0.025 from Plate 3-10

Abutment loss coefficient Ka = (0.2 from Plate 3-12

He = max pool elevation - crest elevation
He = 1,500 ~ 1,458 = 42 feet
Hd = 42(1.33) = 31.57 feet
P = 31.57(0.5) = 15.78 feet
Le =1L -2 [1(-0.025) + 0.2] 42
Le =1L - 14.8

Spillway discharge coefficient C = 3,98 from Plate 3-3

66,200 = 3.98(L - 14.8) (42)1"°
L =75.9 feet, use 76.0 feet.

Two spillway bays should be used.
Spillway bay width Wy L/2 = 76/2
38 feet

(2) Approximate height of spillway tainter gate
H (max) = 42 feet
Freeboard = 2 feet
Gate seat location, vertical distance below crest apex
= 0.5 feet approximately.

Height of gate He + freeboard + 0.5

L]

42 + 2 + 0.5 = 44.5 feet

Gate height to width ratio is approximately 1.2, which conforms to the height
to width ratios of the gates described in Table 6-I

b. Computation of the spillway discharge rating curve for uncontrolled
flow over an elliptical-shaped spillway crest will be acconplished using CORPS
conputer program H1107. This conputer programutilizes equations 2-1 and
2-2 and data from the following plates and design assunptions

(1) Plate 3-3 or 3-4 for spillway discharge coefficients
(2) Plate 3-6 for pier contraction coefficients, and

(3) Plate 3-11 or 3-12 for abutnent contraction coefficients

D2
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(4) Hd = 31.57

(5) P =15.78
I nput and output for H1107 is found at the end of this appendi x.

c. The equations that define the shape of the spillway crest curves and
the water surface profile over the crest are devel oped by use of the data
provi ded by CORPS program H1108. Input and output for H1108 is found at the
end of this appendix

(1) The downstream curve equation

X" = KHf;_1 Y (Equation 3-1)
n=1,85

K = 2.05 from H1108

Hy = 31.57

x1-8 2.05(31.57)0‘85Y

Y = x°87/35.56

(2) The upstream curve equation

2 2
X ,GG -8 _ 1 (Equation 3-2)
A2 B2

A=7.692 , B = 4,514 from H1108
x2 L - 4.51)2
2 2
7.692 4,514

X = (-2.9Y2 + 26.2197) /2

d. The gate trunnion is now | ocated using the conputed crest coordinate
and upper nappe surface data. The trunnion is located to clear the water
surface of the maxi mum uncontrol | ed di scharge (paragraph 6-2a) and to prevent
surging of the water surface upstreamfromthe gates with gate-controlled
conditions (paragraph 3-7)

(1) Use gate radius r = 45 feet

(2) Gate radius to gate height ratio = 1.01, which conforns to data
presented in Table 6-1I

(3) Determine gate seat |ocation from downstream curve equation:

D-3
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v = x1+8 /35,56
Y = 0.5 foot (assumed, paragraph D-4a(2))
X = 4,95 feet

(4) Determine trunnion |ocation:

(a) Vertical location: Optimumlocation for structural purposes is
one-third vertical dammng height above gate seat.

Maxi mum damming height = 1,500 - 1,457.5 = 42.5 feet
Optinmum trunnion elevation = 1,457.5 + 42.5/3 = 1,471.7 feet
Set trunnion elevation = 1,472 feet

(b) Horizontal location: The trunnion is located at the center of
acircle having a radius r of 45 feet. Therefore, the locus of points
describing the circle (gate face) can be described by:

@ -ml+ @ -wn?=r?

with the origin of coordinates |located at the crest axis where

>

X and Y = points on the gate face
h = horizontal distance fromthe crest axis to the trunnion
v = vertical distance of the trunnion above the crest
Therefore

X = horizontal distance fromaxis to gate seat = 4.95 feet
Y - vertical distance fromcrest to gate seat = -0.5 foot
V = trunnion elevation - crest elevation = 1,472 - 1,458 = 14 feet

(4.95 - h)2 + (-0.5 - 14)% = 45

h? - 9.9h - 1,790.25 = 0

h = 47.55 feet downstream from crest axis

(c) Check upper nappe profile from CORPS program H1108 to deternmine
if the trunnion is located above the flow profile.

The profile data for the upper nappe al ongside the pier (output H1108) shows
that the water surface will be 7.6 feet above the spillway crest (water sur-
face elevation = 1,458 + 7.6 = 1,465.6) at a horizontal distance downstream

fromthe crest axis of 44.2 feet.

Since the trunnion is |ocated at elevation 1,472 at a horizontal distance of
47.55 feet downstream from the crest axis, it is obvious that the trunnion is
| ocated well above the flow profile.
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(d) Check pool surging criteria (paragraph 3-7). Pier nose to be
| ocated at the point where the upstreamcrest beconmes tangent with the dam
face.

P. = distance from upstreammost face of tainter gate to piler nose

L

PL = Crest axis to trunnion center-line distance + crest axis to
upstream crest tangent polnt distance (from CORPS Program H1108)
- gate radius

PL = 47,55 + 6.63 - 45.0 = 9,18 feet

Hc = Maximum head on crest where the gate controls the discharge

Hc = 0.625(1,500 - 1,458) = 26.25 feet

Use guideline (a), paragraph 3-7, because P/Hd <1
PL/wb = 9,18/38 = 0,24

Therefore, Wb 2 1.1Hc is required to control surging

wb/Hc = 38/26.25 = 1.45 > 1.1
Pool surging should not occur.

e. The spillway crest shape developed for this example is now checked
to determine the pressure regime that would exist on the crest surface during
the design flood. The CORPS program H1109 is used for this purpose, The
input and output for H1109 is found at the end of this appendix. A review of
the output from H1109 shows that for an He/H ratio of 1.33, minimum crest
pressure is -10,7 feet of water, which should be sufficient to preclude
cavitation damage.
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2222222222222 R RRRRRR R 22
* CORPS PROGRAM # H1107 %

x* MICRO VERSION # 84/10/23 x
R e R e e 22222222202

txxxx CORPS PROGRAM H1107 xxxx%
H1107 WILL PRODUCE A RATING CURVE FOR AN ELLIPTICAL
SPILLWAY CREST DESIGN.

I NPUTS ARE: FACE SLOPE CODE, APPROACH DEPTH, DESI CN HEAD,
CREST ELEVATI ON, ABUTMENT CONTRACTI ON  COEF., NUMBER AND CONT.
CCEF. OF PIERS, AND NUMBER AND ELEVATIONS TO BE USED FCOR
CALCULATING THE CURVE

H1107 GRAPHICS WILL FIT A SPLINE TO THE POINT INPUT.

TO INSURE AN ACCURATE REPRESENTATION OF THE RATING CURVE
MAKE SURE POINTS ARE EVENLY SPACED OVER THE RANGE NEEDED.

DO YOU WANT GRAPH CS? (Y CR N)
N
I NPUT HL107

AA-ENTER UPSTREAM FACE SLOPE CCDE:
I=IV:IH OR FLATTER ~ 2=ALL OTHERS
1
AB- ENTER THE APPROACH CHANNEL ELEVATION (FT-NGVD) (PELE)
1442, 22
AC-ENTER THE DESIGN HEAD IN FT. ABOVE CREST AXI S(HD)
31.57
AD-ENTER THE NET SPILLVWAY LENGTH IN FT.tW
(GROSS LENGTH SUM CF PIER W DTHS)
76
AE-ENTER THE SPILLWAY CREST ELEVATION IN FT, NGVD. (ELEV)
1458,
AF-ENTER ABUTMENT CONTRACTI ON' COEFFI Cl ENT
SUGGEST: Q| -CONCRETE OR 0.2- EARTH EMBANKMENT, BOTH WTH SYMVETRI C FLOW
INCREASE FOR FLOW ANGULARI TY. SEE HDC 111-3/1 AND 111-3/2. (ABUT)
0.2
ACSENTER THE NUMBER OF PIERS. (Pl ERNO)

AH ENTER THE PIER CONTRACTI ON CCEFFI Cl ENT

SEE HDC CHARTS 111-5,111-6, AND 111-22 FOR GUJ DANCE

-.020

Al - ENTER THE NUMBER OF HEAD ELEVS TO BE USED. NOT TO EXCEED 100. (NOHE)
8

AJ-ENTER THE DESIRED HEAD ELEVS IN FT,NGVD, SEPARATED BY COWAS. (HE)
NOT TO EXCEED THE ABOVE NUMBER

INSURE HEAD ON CREST IS LESS THAN TWCE DESIGN HEAD FOR

ALL VALUES CHOSEN. (DUE TO EXTRAPOLATION LIMTS.)

1500, 1495, 1490, 1485, 1480, 1475, 1470, 1466
AK- 1 NPUT PRQJECT NAME

EXAMPLE 1

HARDCCPY | F DESIRED - THEN RETURN

D-6



QUTPUT FOR EXAMPLE 1

SPI LLWAY CREST ELEV = 1458.00 FT.
SPI LLWAY DESI GN HEAD = 31.57 FT.
SPI LLWAY UPSTREAM FACE SLOPE = 1
SPI LLWAY APPROACH DEPTH = 15.8 FT.

ABUTMENT CONTRACTI ON COEFFFI CIENT = . 200

NET SPILLWAY LENGTH =  76.00 FT.

NUVBER OF CREST PIERS = !

PIER CONTRACTION COEFFICIENT = -.020

SPI LLWAY BAY WDTH = 38.00 FT.

NUVBER HEAD ELEVS SELECTED = 8.

HEAD ELEVS SELECTED (SEE BELOW.

HEAD HEAD DI SCHARGE

(FT, NGVD) (FT)  PER BAY(CFS)
1500. 00 42.00 33093.
1495. 00 37.00 27912.
1490. 00 32.00 22764.
1485. 00 27.00 17780.
1480. 00 22.00 13094.
1475. 00 17.00 8845.
1470. 00. 12.00 5178.
1465. 00 7.00 2259.

D7

DI SCHARGE

TOTAL( CFS)
66186.
55825.
45529 .
35560.
26188.
17689.
10355.
4517.

EM L110-2-16U3
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EXEXXEXLLAXLRREXZIRLXLXLELRLEXRES
5 CORPS PROGRAM # H1108 X

t MICRO VERSION # 84/10/14 %
EESTEXELXNTERSXRIIRLLERERRTLARNLLR

H1108 WLL DESIGN AN ELLIPTICAL UPSTREAM QUADRANT SPILLWAY AND
PROVIDE BOTH UP- AND DOANSTREAM CREST COORDI NATES. THE RE-
QURED INPUT |IS: AVG APPROACH DEPTH (AB), DESIGN HEAD (AC)
UP- AND DOWNSTREAM FACE SLOPES (AD AND AE),
X INCREMENT (AF), WHETHER OR NOT PIERS ARB PRESENT (AG),
AND THE ACTUAL HEAD ON THE CREST (AH).

H1108 WLL ALSO PROVI DE COORDI NATES FOR THE UPPER NAPPE SURFACE

OF SPILLWAYS DESIGNED USING THE ELLIPTI CAL UPSTREAM QUADRANT

DESI GN PROCEDURE.

EXPERI MENTAL VALUES WERE DETERM NED AT P/ HD=0.26,0.5, AND 1.0

AND HHD VALUES OF 0.5,1.0 AND 1.5. NO 1.5 VALUE IS AVAI LABLE FOR P/ HD
LESS THAN 0. 6,

H1108 WLL | NTERPOLATE AND EXTRAPOLATE LINEARLY FOR OTHER VALUES
O PFHD AND HE/ HD

LIMTS ARE: 0.2<P/HD AND 0.25<HE/ HD<2.0
EXCEPT WHEN P/ HD<O. S HE/ HD MUST BE LESS THAN 1. 34
AND WHEN HE/HD>l . O P/HD MJUST BE GREATER THAN 0. 33

- - - - - - - - - - - - e e . - -

DO YOU WANT GRAPHICS? (Y OR N)
N
WANT GRID OR TIC AXES? (G OR T)

T

AA-INPUT THE NAVE OF THE SPILLWAY DESI GN

EXAMPLE

AB-1NPUT AVG CHANNEL APPROACH DEPTH- P (FT)

(DI FFERENCE BETWEEN CREST ELEV. AND APPROACH CHANNEL ELEV.)
15.78

AC I NPUT DESI GN HEAD-HD (FT)

31.57
AD-1 NPUT THE UPSTREAM FACE SLOPE (V,H) (I, 0=VERT)
1,1

AE-INPUT THE DOWNSTREAM FACE SLOPR (V,H)

1,1

AF-INPUT THE X (HORIZONTAL) INCREMENT-XINC (FT)

2
AG-DOES THE SPILLWAY HAVE PIERS? (Y OR N)

Y

AH-ACTUAL HEAD ON CREST-HE(FT)
42

HARDCOPY IF DESIRED-THEN RETURN

D-8



QUTPUT FOR EXAVPLE
FOR CREST COCRDI NATES: +X TO THE RIGHT AND +Y DOMMWARD

APPROACH DEPTH (FT)= 15.78

DESI GN HEAD (FT)='31.57

UPSTREAM FACE SLOPE= 1.00V: |.00H
DOMNSTREAM FACE SLOPE= |.00V: |.0O0H

A AND B IN ELLIPSE EQUATION=  7.692 4.514
KIN DS EQNe 2060

COCRDI NATES OF UPSTREAM TANGENT PANT (X Y)= -6.63, 2.23

COORDI NATES  FOR DOMNSTREAM TANGENT PO NT (X, Y)= 35.61, 19. 25

UPSTREAM  COORDI NATES

X Y
. 000 . 000
-2.000 155
-4.000 : 658
-6.000 1. 689
-6.636 2.229
-8.000 3.595
-10. 000 5.595
-12. 000 7.596
-14.000 9.595

-16.000 11.595
-18.000 13.595
-20.000 15.595
-20.186 15.780

DOMSTREAM  COCRDI NATBS

X Y

. 000 . 000

2. 000 . 094

4. 000 . 337

6. 000 .714

8. 000 1.215

10. 000 1. 836
12. 000 2.573
14. 000 3.422
16. 000 4.381
18. 000 5. 447
20. 000 6. 620
22.000 7.896
24.000 9.275
26.000 10.756
28.000 12.336
30.000 14.016
32.000 15.793
34.000 17.668

35.615 19.251

- ——— > - — - — - - - ——————— g " = - - —— - = -

D-9
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UPPER NAPPE QUTPUT

DESI GN HEAD (FT)= 31.570
ACTUAL HEAD (FT)= 42.000
APPROACH DEPTH (FT)= 15.780
P/ HD= . 4998

HE/H )= 1.330

THE CRIRGN OF THE WATER- SURFACE ELEVATI ON COORDI NATES |S LOCATED
AT THE CREST WTH +X TO THE RIGHT AND +Y UPWARD.

UPPER NAPPE ELEVATIONS WTH Pl ERS(FT)
BAY C. L. ALONG PI ERS

X Y Y
-31.57 33.478 35.732
-25.26 33.214 35. 437
-18.94  32.604 34.964
-12.63 31.761 34. 312

-6.31 30.564 33.501

.00 28.840 32. 353
6.31 26.808 30.721

12.63 24.030 28.583

18.94 20.871 25.942

25.26  16.659 22.761

31.57 11.533 18. 920

37.88 5. 627 14.275

44. 20 -. 890 7.612

ENTER END OR RERWN
END

stop - Program terninated.
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13222 2223222222222 22222 R 0

% CORPS PROGRAM ¢ H1109 x
* MICRO VERSION # 84/10/23 x
EXREELXREEABSLLRRTLASTEIRERELLLLR

x32x%3% CORPS H1109 xxx%%x
H1109 WLL CALCULATE PRESSURES ON CRESTS DESIGNED USING THE ELLIPTI CAL
CREST SPILLWAY DESI GN PROCEDURE. PRESSURE DI STRIBUTIONS WERE MEASURED
OVER ARANCGE OF XYHD FROM -0.22 TO 1.0, P/HD FROM 0.25 TO 3.4, HE/HD
FROM 0.5 TO |.5, AND FOR VERTI CAL AND 1:| UPSTREAM FACE SLOPES.
NO 1:1 VALUES ARE AVAILABLE FCR P/HD CF 3.4.

DUE TO THE IRREGULAR NATURE OF PRESSURE VARIATION WITH P/HD AND HE/HD
H1109 WILL NOT INTERPOLATE FOR INTERMEDIATE VALUES. INTERMEDIATE
VALUES CAN BE ESTIMATED BY RUNNING H1109 SEVERAL TIMES FOR

THE VALUES DESIRED AND THEN EITHER VISUALLY OR MATHEMATICALLY

INTERPOLATING.

- —————_———— -~ —— — ——————— — ———— - - -~ - - - - — - - -

DO YOU WANT GRAPHI CS? (Y CR N)

N

I NPUT H |09

AA-ENTER DESI GN HEAD, FT.

31. 57

AB-P/HD RATIC0.25,0.5,1.0,CR 3.4

0.5

AC-DCES THE SPILLWAY HAVE PIERS? (Y OR N
Y

AD-WANT VERTICAL OR 1:1 UPSTREAM FACE SLCOPE (I =VERT,2=l:1)?

2
AF-ENTER NAME OF DESIGN PRCBLEM
EXAMPLE

HARDCCPY | F DESIRED - THEN RETURN

D-11
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QUTPUT FCR  EXAMPLE

DESI GN HEAD (FT)= 31.570
APPROACH DEPTH (FT)= 15. 785
P/ HD= . 5000

1x223225%% 1:1 UPSTREAM FACE X:3%3%x533%

THE ORIG@ N OF THE CREST PRESSURE COORDI NATES |S LOCATED
AT THE CREST WTH +X TO THE RIGHT AND +Y UPWARD

CREST PRESSURES- CENTER LI NE- ( FT)

X H HD=0. 50 H HD=I . 00 H HD=1. 17 H HD=1. 33 H HD=1. 50

6. 95 15.78 18.31 15.78 20. 84 20. 84
-6.31 14.62 16.73 14.52 18. 94 15.78
-5.68 13. 89 15.78 13. 89 17.99 11.68
-4.74 11.05 12.63 9.79 7.58 3.16
-3.16 9.16 8.52 6.31 3.16 2.21
1.58 8.84 5.68 3.16 -.32 6. 00
.00 8.52 7.89 4.74 .3 -4.74
3.16 7.58 6.31 3.16 000 5.37
6.31 6. 63 5.37 2.21 -.63 -6.31
9. 47 6.31 5. 37 2.53 .00 -6.31
15.78 5.05 4.10 2.53 -.32 -4.74
22.10 3.79 2.84 1.26 -1. 26 -5.05
31. 57 3. 47 2.84 1.58 -.32 -3.16

CREST PRESSURES- ALONG Pl ER- (FT)

X H HD=0. 50 H HD=I . 00 H HD=1. 17 H HD=1. 33 H/ HD=I . 50

6. 95 17. 05 28. 41 25. 26 24.31 23.68
-6.31 16. 10 24.94 22.10 20. 84 22.10
5.68 14. 84 22.10 18. 94 17.36 18.94
-4.74 12. 63 16. 42 15.78 12.63 12.63
-3.16 9.47 6.63 3.16 -.95 -6.31
-1.58 6. 95 .95 5.05 -10.73 -19. 89
.00 6.31 .95 -3. 47 -9.47 -17.99
3.16 6. 00 2.84 -1.26 -6.31 -13. 26
6.31 5.37 3. 47 .32 -4.42 -10. 10
9. 47 5.05 4.10 1.89 -2.21 -7.26
15.78 4.10 4.10 2.84 00 -4.42
22.10 3.16 3.16 1.58 -:32 -3.47
31. 57 2.84 2.21 1.26 -.63 -2.21

ENTER END OR RERWN
END

stop - Program terninated.
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APPENDI X E
COWPUTATI ONS FOR THE DESI GN OF
A STI LLI NG BASI N
E-1. Introduction. This exanple is used to illustrate the procedures and

gui dance provided by this engineering manual for the design of a hydraulic
junp-type stilling basin energy dissipator. This stilling basin to be
designed for this example is for the spillway crest design exanple described
in Appendix D. This stilling basin design exanple will include the follow ng:

a. The determnation of energy loss fromthe reservoir to the entrance
of the basin.

b. The stilling basin design

c, The conputation of dynam c |oads inposed on the stilling basin
wal | s,

d. The exit channel design.

E-2. Conputer Prograns. The CORPS conputer progranms are used where applica-
ble for this exanple and are noted throughout. The design engi neer shoul d
periodically check the available CORPS prograns to determne if additiona
prograns have been added to the system

E-3. Design Considerations. Site topography and geol ogic considerations
require a 500-foot-long chute between the intersection of spillway face and
the drop into the stilling basin (Figure E-1). The site geology will allow
the spillway, chute, and stilling basin to be founded on sound rock. Ero-
sional damage to the river banks downstream from the basin is unacceptable.
The following data are required for the exanple

Spi |l Iway design flood tailwater elevation 1,330 feet*

El evation of the intersection of the spillway 1,400 feet
face and chute

El evation of river channel at the stilling 1,290 feet
basin location

Concrete surface roughness
For velocity conputations 0.002 foot
For depth conputations 0. 007 foot

E-4. Conput ations.

a. Determine the energy loss on the spillway face and the depth of flow

* AIl elevations cited herein are in feet referred to the National Geodetic
Vertical Datum (NGVD).

=
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at the intersection of
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the spillway face and the spillway chute using the

procedures described in paragraph 2-11.

(1)
(a)

spillway crest can be

The longitudinal length L

Boundary geonetry conputations

of the curved portion of the
determined using HDE 111-18/1

X = horizontal distance from crest axis to downstream point
of tangent from data derived for Appendix D
x = 35.61 feet
Hd = 31,57 feet (from Appendix D)
X/Hd = 35.61/31.57 = 1.13
L /By = 1.65 (from HDC 111-18/1)
Lc = 1,65(31.57) = 52.1 feet
(b) Length of tangent LT , from the spillway tangent point to the
spillwvay toe
L, = (A elev change)/sin o
a = t:an-1 1 = 45 degrees
elev = elev of tangent point - elev of toe
= 1,458 - 19,25 - 1,400
= 38.75 feet
L, = 38.75/0.707 = 54,8 feet
(c) Total crest length
L= Lc + LT = 52.1 + 54.8 = 106.9 feet
(2) Hydraulic computation
(a) Boundary layer thickness
L 106.9 5
—E - m 0.535 x 10
5 L -0.233
I =0.08|¢ (Equation 2-19)
- 0.08 (0.535 x 10°)0+233
= 0,0063
8§ = 0.0063(106.9) = 0.68 foot
(b) Energy thickness 63
63 = 0.22 (Equation 2-21)

= 0.22(0.68) = 0.15 foot
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(c) Unit discharge q
= Q/L
q Q g
Lg = gross spillway width
= 76 + 12 = 88 feet
q = 66,200/88 = 752 ft>/sec

(d) Potential depth d_ and potential velocity u at toe

P

2

u
hT - dp cos 6 + EE (Equation 2-22)

cos 6 = 0,707

h,, = 1,500 - 1,400 = 100 feet

T
By trial:
hp = u2/23
u u?/2g h, - u’/2¢ % T T 0.707 1,5
ft/sec feet feet feet ft”/sec
75 87.3 12,7 17.9 1,342 > 752
79 96.9 3.1 4.4 348 < 752
77.4 93.0 7.0 9.9 763 = 752
(e) Spillway energy |oss
63u3 .
H = T (Equation 2-23)
0.15(77.4)3

3032.2)(752) - L4 feet

(f) Energy head at toe of spillway Htoe

= 98.6 feet
(g) Depth of flow at toe of spillway d

d = dP + 6 (Equation 2-24)

1

51 = 0,186
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(0.18)(0.68) = 0.12 foot

[a N
It

9.9 + 0.12

10.0 feet

b. Calculate Flow Characteristics Throughout the Spillway Chute

(1) Compute flow characteristics (depth, velocity, etc.) throughout
the 500-foot-1ong constant slope portion of the chute using CORPS program
H6209, and conpute the flow characteristics throughout the trajectory portion
of the chute, which inmmediately precedes the stilling basin. At present there
is no CORPS program available for the computation of the flow characteristics
on the trajectory slope; however, a nunber of standard step drawdown prograns
are available which will handle a variable-sloped channel. The conputations
for this exanple were made using the Seattle District program G3722040. Two
sets of flow conputations for each portion of the chute nust be made: the
first set, incorporating a relatively |ow resistance coefficient, will be used
to deternmine design velocities and depths necessary for sizing the stilling
basin and the chute floor trajectory shape. The second set, incorporating a
relatively high resistance coefficient, will be used for chute wall height
design. For brevity, only the first set of conputations is included for this
exanple and is found at the end of this appendix.

(2) Resistance Coefficients for Spillway Chute Floor. Para-
graph 2-10e reconmends effective roughness values of 0.002 foot and 0.007 foot
for velocity design and discharge design, respectively. Converting these
values to resistance coefficients for use in any of the these energy |oss
met hods described in paragraph 2-10 requires that the hydraulic radius be
known. However, since the resistance coefficient is not highly sensitive to
the hydraulic radius, a conputation of the flow characteristics using a rea-
sonably close approxinmation of the resistance coefficient will provide a suf-
ficiently accurate hydraulic radius from which to conpute the design resis-
tance coefficients. Minning's method (see paragraph 2-10d) was selected to
determne the energy loss through the chute, and the first approximtion of n
value was 0.011. This value resulted in a depth of flow on the 500-foot por-
tion of the chute which ranged between 9 and 10 feet and on the trajectory
portion between 6 and 9 feet. A reasonable average hydraulic radius for these
depths on the 88-foot-wide chute is

R

it

A/wetted parameter

- 88(9.5) -
55_1_5?7737 7.8 for the chute

- 88(7.5)
88 + 2(7.5)

= 6.4 for the trajectory

Using the Col ebrook-Wite equation 2-6

E-5



EN 1110-2- 1603
16 Jan 90 -

1
f =
2 log <13£8R>

7.8 : f =0.011

When k = 0.002 and R

Wen k= 0.002 and R 6.4 : f = 0.012

Usi ng equation 2-17

. f1/2 R1/6
10.8
When f = 0,011 and R=7.8 : n = 0.014
When f = 0.012 and R =6.4: n = 0,014

(3) Parabolic Shape for Chute Invert. The transition for a flatter
slope to a steeper slope is discussed in paragraph 4-6 and the equation 4-5is
recommended for this transition. The parabolic invert shape will be used for
the entire short portion of the chute between the end of the 500-foot-Iong
constant slope chute and the stilling basin. The equation for the invert is

gx*
2(1.25V)2 cos2 ¢

-

Y = -X tan ¢ -

with

Y 78.8 ft/sec

Y = -0.0875X - 0.00167%%

(4) Stilling Basin Design

. (a) Floor Elevation. The basin floor (apron) elevation will be set
to develop 100 percent of the conjugate depth d2 at the spillway design

flood discharge of 66,200 ft3/sec. By a trial procedure which involves
assuming a basin elevation and the flow characteristic computations for the
trajectory portion of the chute, the entering depth dl and velocity V1
be determined, from which the entering Froude number F1 and required tail-
water depth d, can be determined by equations 2-27 and 2-26, respectively.
The required tailwater elevation is then compared to the actual tailwater ele-
vation; when the required and actual elevations coincide, the basin apron ele-
vation is set. Table E-1 illustrates the procedure.

can

(b) Basin length. The entering Froude number F of 7.7 is suffi-
ciently high to indicate potential cavitation problems around baffles (see
paragraph 7-7a); therefore, baffles will not be used in this design.

E-6
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TABLE E-
Apron El evation Conputation
Required

Apron Y X d, 1) F1 d2 D W
Elevation feet feet feet ft/sec feet feét feat
(1) (2) (3) (4) (5) (6) (7) (8)
1,250.0 125.0 248.6 6.5 115. 4 8.0 70.4 80.0
1,258.0 117.0 239.8 6.6 113.6 7.8 69. 8 72.0
1,260.5 114.5 237.0 6.7 113.0 7.7 69.7 69.5

Notes: (1) Assune apron el evation.
(2) Elevation of Y = 0 at start of parabolic drop
(1,375) - apron elevation. ,
(3) Fromtrajectory equation: Y = -0.0875X - 0.00167X.
(4)(5) From flow characteristics conputation page.

Y1

1/2 °
(8d1)

(7) d2 = 0.5d1 @.+~8 Fl) - .
(8) Tailwater depth (1,330.0) - apron elevation (1).

(6) F1 =

Lb = Klei'5 (Equation 7-~1 and Table 7-1)

1.7¢6.7) (7.1)1*°

243 feet

(c) End Sill

(1) Height = d1/2 or d2/12 ,» whichever (paragraph 7-8) is less
d1/2 = 6.7/2 = 3.4 feet
d2/12 = 69.7/12 = 5.8 feet
use height = 3.5 feet

(2) Top of end sill elev = 1,260.5 + 1,264.0

(3) Shape - upstream face to be sloped
1V:IH to mninize potential for debris trapping

(d) Determine basin wall pressures at X = 100 feet downstream from
intersection of chute and basin apron (see paragraph 2-14)

E-7
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(1) Determine average mnimmunit force

~-1.05 ~1.42
Rm = 3.75Hs leqF1 (Equation 2-36)

3.750200) 7192 (1.94) (113) (752.3) (7.7) "1+ 42

130.9 pounds per foot (1b/ft) of wall

(2) Determine static unit force due to d2

_ 2
RS = 0.5yd2

0.5(62.4)(69.2)2

149,400 1b/ft
Assuming the junp length equal to basin Iength,
X/Lb = 100/243 = 0.41

(3) Average Unit Force R

R -R
g - 0-42 (fromPlate 2-4)
S m

R= 0.42 (149,400 - 131) + 131
= 62,800 Ib/ft
(4) Minimum Unit Force R_

- R
m
—R—_—R;-=0.19 (fromPlate 2-4)

"
]

0.19 (149,400 - 131) + 131

28,500 1b/ft
(5) Maximum Unit Force R+

R, - R
-R_Tf{:= 0.68 (fromPlate 2-4)

-]
]

0.68 (149,400 - 131) + 131

101,600 1b/ft
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(6) Maximum Unit Moment M
Y/dpy, = 0.34 (fromPlate 2-5)
dTw = 1,330 - 1,260.5 = 69.5 feet
Y = 0.34 (69.5) = 23.6 feet
M = 101,600(23.6) = 2.4 x 10° ££/1b

(e) Exit channel design.
(1) Wdth

W Wb + 5 feet on each side, or Wb + (0.15)(d2) on each

side, whichever is larger (paragraph 7-11b)

W= 88 + 2(5) or 88 + 2 (0.15)(69.5)

= 98 or 108.8
W = 110 feet

(2) Length

Slope = 1V:10H
The channel elevation adjacent to the basin end sill will
be set at elevation 1,263.3 or 0.7 foot below top of end
sill
L = 10 (natural channel elevation - 1,263.3)

= 10 (1,290 - 1,263.3)

= 267 feet

(3) Erosion Protection
Velocity over end sill = q/depth
= 752,3/(1,330 - 1,264)
= 11,4 ft/sec

dso(min) = 1,8 feet (HDC 712-1)
Assuming specific stone weight (Ys) = 155 lb/ft3
W50 (min) = 500 pounds
W range = 2W to 5SW

100 50 50
E-9
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1,000 to 2,500 pounds

6w 1/3
T

2.3 - 3.2 feet

D100 range

Thickness t = 2d50 or 1'5d100 » whichever 1is greater

2d = 2(1.8) 3.6 feet

50
1.5d

100 = 1.5(3.2) = 4.8 feet

Riprap thickness = 5.0 feet

E-10
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EXXEXXXXEXIELLELAEXTXLERAEEIRRERLS
* CORPS PROGRAM # H6209 ]

* MICRO VERSION # 83/10/01 4
EXSXEEIEEXEEXAIAREIERITRLRRTSESER

I NPUT H6209- FLOW PRCFI LES | N PRI SMATI C CHANNEL.
AA-ENTER DESI RED RES|I STANCE LAW AS: MANN=MANNING CHEZ=CHEZY, OR

COLE=COLEBROOK- WHI TE.

MANN
AC-ENTER DI SCHARGE IN CFS.

66200.
AD-ENTER VALUE OF RESI STANCE CCEFFI Cl ENT.

0.014
AE- ENTER CHANNEL | NVERT SLOPE IN FT/FT.

0.05

AF-ENTER CHANNEL BOTTOM WDTH IN FT. ENTER 0.0 IF TRIA CROSS SECTI ON

88.0
AC-ENTER CHANNEL SIDE SLOPE AS COTANGENT COF ACUTE ANGLE WTH

HORI ZONTAL. ENTER 0.0 |F RECTANGULAR SECTI ON

0.0
AH ENTER CHANNEL LENGTH IN FT.

500.0

Al -ENTER | NTERVAL FOR WHI CH DEPTHS ARE TO BE COWPUTED IN FT.
NOTE: CHANNEL LENGTH | NTERVAL CANNOT EXCEED 500. FURTHERMORE
THE INTERVAL |S AUTOVATI CALLY ADJUSTED SMALLER TO OBTAIN
ACCURACY OF 0.01 FT. IN COWUTED DEPTH.

50.0
AJ-ENTER THE INITIAL DEPTH IN FT.

10.0
AK-ENTER | NITIAL DEPTH STATION NUMBER IN FT FROM PO NT COF BEG NN NG

35.61
AL- ENTER DI RECTI ON STATI ON NUMBERS | NCREASING AS DS = DOMNNSTREAM

us = UPSTREAM

DS /
AM ENTER ELEVATION OF CHANNEL | NVERT AT INITIAL DEPTH STATION

IN FT ABOVE MBL.

1400.0

AN- ENTER ENERGY COEFFI Cl ENT ( ALPHA).

1.0

AO STORE QUTPUT FOR GRAPH CS ANDY OR OTHER USE?
ENTER Y OR N

N

CHANGE ANY | NPUT BEFORE RUN?

E-11
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ENTER Y OR N
N
QUTPUT- H6209

FLON PROFILE IN RECT CHARNEL USING MANN RESI STANCE LAW WTH THE
FOLLONNG G VEN DESI GN DATA

DI SCHARCE: 66200. 00 CFS
CHANNEL W DTH: 88.00 FT.

| NVERT SLOPE: . 05000 FT/FT.
SI DE SLOPE: .00H. |V

RESI STANCE CCEF: . 01400
CHARNEL LENGTH: 500. 00 FT.

ALPHA: 1.00

FLON PROFILE WTH FOLLOAN NG CHARACTER STI CS:

CHANNEL SLOPE CLASSI FI CATI O\ STEEP
ZONE DESI GNATION: 52

CURVE TYPE:  DRAVDN

FLON TYPE:  SUPERC

NORVAL DEPTH: 8.54 FT.
CRITI CAL DEPTH: 26.00 FT.
CRITICAL SLOPE: . 001782 FT/FT.

STATION | NVERT WATER  WATER SURF FLOW VELOCI TY SPECIFIC

NO. ELEV DEPTH ELEVATION VELOOTY HEAD ENERGY
(MSL) (FT) (MsL) (FPS) (FT) (FT)

0+35.61 1400.000 10.000 1410. 000 75.227 87.875 97. 875
0+85.61 1397.500 9.942 1407. 443 75. 663 88. 895 98. 838
1421.22 1395.719 9.903 1405. 623 75. 964 89. 603 99. 507
1+71.22 1393.219 9. 850 1403. 069 78. 374 $0. 573 100. 423
2+421.22 1390.719 9.799 1400. 519 76. 769 91.515 101.314
2+71.22 1388.219 9.751 1397. 970 77.152 92.428 102.179
3+21.22 1385.719 9.704 1395. 424 77.521 93.315 103. 019
3+71.22 1383.219 9. 660 1392. 879 77.878 94.176 103. 836
4+21.22 1380.719 9.617 1390. 337 78. 222 95.011 104. 628
4+71.22 1378.219 9.576 1387. 796 78. 555 95. 822 105. 398
5+421.22 1375.719 9. 537 1385. 257 78. 877 96. 608 106. 145
5+435.61 1375.000 9.526 1384. 526 78. 967 96. 830 106. 356

ENTER END OR RERUN

END _
stop - Program terninated.

E-12
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EXAMPLE PROBLEM

DI SCHARGE= 66200.
DEPTH SUPPLI ED
STATI ON BOTTOM ELEVATI ON

0. 1375.
BOTTOM CHAN BED SLOPE N- COEF
W DTH S.S. ROUGH
88. 00 0.00 0. 050000 0.014
DEPTH VELCCI TY FRI (SLOPE ENERGY G L.

9. 50000 79.18660 0.035902 1481. 87

STA WSEL CBE DEPTH SLOPE VEL F SLOPE

25. 1381.24 1371.77 9.39 0.12920 80.15 0.

)

0373

51. 1375.63 1366.24 9.17 0.21280 82.02 0.0400

75. 1368.44 1359.12 8.91 0.29640 84.47 0.
100. 1359.77 1350.63 8.62 0.33960 87.30 O.
125. 1347.33 1338.05 8.23 0.50320 91.45 O.
150. 1333.41 1324.38 7.86 0.54680 95.68 0.
175. 1317.56 1308.62 7.50 0.63040100. 30 O.
200. 1299.66 1290.81 7.15 0.71240105. 27 0.
225. 1279.67 1270.88 6.82 0.79720110. 37 0.
250. 1257.60 1248.86 6.50 0.88080115.70 0.

275. 1233.45 1224.75 6.21 0.96440121.13 O.

E-13
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APPENDI X F
COWMPUTATI ON FOR DESIGN OF FLI P BUCKET
AND ROLLER BUCKET
F-1.  Introduction. The following exanple will illustrate sone of the proce-

dures and gui dance provided by this manual for the design of flip buckets and
roll er buckets. The exanple will show

a. Conputations for design of flip bucket geonetry.
h. Conputation of pressure acting on the invert of the flip bucket.
c. Conputation of the flip bucket jet trajectory.
d. Conputations for design of a roller bucket.
F-Z. Design Considerations. Alternative designs for a flip bucket at the
downstream end of the chute spillway described in Appendix E and a roller

bucket at the toe of an overflow spillway simlar to that described in
Appendix D are required. Design criteria and geonetric conditions are:

Spillway face slope 1V:IH

Chute slope S 0.05 ft/ft
Chute and flip bucket wdth 88 feet

Di schar ge 66,200 ft°/ sec
Depth of flow entering bucket d, 9.5 feet
Bucket invert elevation 1,375 feet*
Spillway design flood tailwater elevation 1,330 fees

Al | owabl e foundation bearing pressure 2 kips/ft

F-3.  Conputations.

a. Flip Bucket Geometry. See Paragraph 7-18.

(1) Bucket radius.

pV% d1
r = — (Equation 7-3)

T 1

66,200 _
=3 = T§§7T§T§7 = 79,2 ft/sec

.- 1.94(79.2)% (9.5)

min - 2,000 - 62.4(9.5) ~ 82 feet

Use r = 100 feet

* Al elevations cited herein are in feet referred to the National Geodetic
Vertical Datum (NGVD).

F-
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(2) M ninum bucket height.
-1 :
hmin =r - r cos (¢ - tan = S) (Equation 7-4)
wher e

. [dl(Zr - dl)]l/2

$ = tan r - d1
" { 9.5 &2)(100) - 9.%”1/2
= tan 100 - 9.5
= 25 2
h ., = 100 - 100 cos (25.2 - tan™ ! 0.05)
min

7.48 feet
Use h = 7.5 feet
and elevation = 1,375 + 7.5 = 1,382.5

(3) Trajectory angle resulting fromthe mininumflip bucket height.
Angl es greater than the mininmmcan be used by increasing the bucket height.

h

r - r cos & (Equation 7-5)

-1 (f - h>
cos —
r

- cog-l (100 = 7.5
100

(o}

= 22.3

b. Flip Bucket Jet Trajectory Characteristics

(1) Horizontal distance, lip to inmpact area

Xy

h sin 26 + 2 cos 0 [h (h sin” 6 + Y )]1/2
e e e 1

217.3 feet

(2) Inpact angle

1/2
2 S

8' = tan-1 sec 6 \sin~ 8 + T (Equation 7-8)
e

= 41.8°



C.

Rol | er Bucket Design.

(1) Assunptions:

Pool el evation 1,500 feet
Spillway toe elevation 1,245 feet
Spillway energy |oss from 5 feet

boundary | ayer conputation
as illustrated in Appendix E
Spillway unit discharge q 752.3 ft% sec

(2) Bucket radius

V%

5.19 \d, + =

. - 1 2z
min F1.64

1

V2
H= 1,500 - 1,245 -~ 5 = 250 feet = d +-—!'-'—
1 2g

EM 1110-2-1603

By trial V., = 125.3 ft/sec , dl’= 6 feet , F

1

_ 5.19(250)

Tmin 91.64

= 35.3 feet
Use r = 40 feet
(3) Bucket invert elevation limts
(a) Maxi mum depth invert elevation
F = 9.0

> = ggo = 0.16
d + V1/2g1

Maxi mum t ai | wat er dept h h,( max)

15d,

= 15(6)
90 feet = 1,330 - 90

El evati on

1, 240 feet

F-3
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(b) Mninmm depth elevation (Plate 7-6)
M nimum tailwater depth hy(mn)

13. 7d

13.7(6)

82 feet

El evation = 1,330 - 82

1,248 feet

Bucket invert elevation of 1,245 feet is acceptable

(4) Roller depth (Plate 7-7)

h2 = 1,330 - 1,245 = 85 feet

h1 = 1,500 = 1,245 = 255 feet

hz/h1 = 85/255 = 0.33

q x 10° 752 x 10°

g1/2 hi/Z (5.67) (4,082)

= 32.6

hb/h1 = 0.2 where h_ 1is the roller height

b
hb = (0.2(255) = 51 feet
Elevation of roller = 1,245 + 51 = 1,296 feet

(5) Surge height (Plate 7-8)
hb/h1 = 51/255 = 0.2
hs/h1 = 0.44
hs = 0.44(255) = 112 feet

Elevation of surge = 1,245 + 112 = 1,257 feet

F-4
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