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ABSTRACT: 

.
CHECK-DROP-ENERGY DISSIPATOR STRUCTURES'

INIRRIGATION SYSTEMSi
 

There is a large volume of available literature regarding "small
 

energy dissipator structures. Existing publications present basic
 

information for particular types of structures. This information has
 

been compiled in order to present present-day available design informatio
 

Also, research topics are delineated which would further assist the
 

development of adequate design,criteria.
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:,GENERAL NOMENCLATURE 

Symbol Definition 

A Cross-sectional flow,,area in 2t,,, 
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n. Manning's roughnessvcoefficient 
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R hydraulic radius in ft 
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Chapter 1
 

INfRODUCTION
 

The Irrigation and Drainage Research Conference (American Socity
 

of Civil Engineers, 1964) conducted in 1964 delineated many of the
 

research needs regarding "Small Low-Cost Hydraulic Structures for
 

Conveyenace and Distribution Systems." This topic was one of six
 

considered at the conference. Much literature exists throughout the
 

world regarding small water management structures; however, much of 

the literature is concerned with particular structures for special
 

uses rather than general information. The material of a general nature
 

is scattered in numerous laboratory and project reports or design 

manuals. Because of the cost of an individual small 3tructure, 

general rules-of-thumb and large factors of safety have been used 

in design and construction rather than to develop specific design 

information based on labocatory tests. Laboratory design information 

has been developed by various organizations when they have had to 

construct a large number of the same type of structure. Additional 

research efforts regarding small irrigation structures can be expected 

to reduce the cost of constructing such structures. When taken in 

the aggregate, the small saving on a iarge number of structures can 

amount to a significant total saving. Furthermore, better design 

information can result in structures which operate more nearly as 

intended by the designer. 

The intent of an earlier report (Skogerboe, Walker, Hacking,
 

and Austin, 1969) was to sort through the large volume of literature 

in an attempt to define the specific research needs regarding small
 

water management structures used in irrigation distribution systems.
 



1-2
 

One of the more important topics frequently encountered in designing
 

irrigation structures is the dissipation of energy.
 

There is a large amount of available literature regarding small
 

energy dissipator structures. Existing publications present basic
 

hydraulic relationships, as well as specific design information for
 

particular types of structures. The problem, then, is to evaluate
 

existing information to determine what research is necessary in order
 

to develop generalized design procedures. If basic information is
 

still needed, then experimental programs can be designed which will
 

provide this information. Once the necessary basic research is
 

available, various types of structures can be designed, but it will 

be desirable a+ 1a@ *n viv i4v th-A desions by laboratory model , 

st:uales. 

Thethree structural components of combination check-drop-energy 

dissipator,structures are: (1) the inlet or approach section; (2) 

'the still nl basin; and (3) the outlet channel. Each of the components 

are described below, including design procedures for various,types 

of structures. 
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Chapter 2
 

CHECKS AND DROPS
 

in order:tO control the flow of the water in a canalt'or ditch, 

ch cks and drops'are used. The flow characteristics of speci'l.
 

'interest are the slope and elevation of the water surface':
 

A check is any structure used to maintain or increase the level
 

of flow (water surface elevation) in an open channel. The check must
 

be designed so that flow needed downstream can pass over or through
 

the structure while maintaining a constant upstream depth. The check
 

should operate like an overflow weir, an orifice, or a combination
 

of both. The-basic criteria for design of a check are: sufficient

height of the check to maintain the proper water surface for distri

bution of the-water; and an energy dissipating structure to prevent
 

erosion of the downstream area. Example of typical check structures
 

are-shown in Figure 2-1.
 

The flow capacity of the overflow weir can be: calculated from
 

the following relationships:
 

CLh3/ 2  Q (2-1) 

or' 

n
;Q=CdLh (2gh) . "Lh (2-2) 

'Q.=_i'dischargiin ft /sec
 

L'=.-width across crest of check'inft
 

h = upstream depth in.ft
 



A-

PLACE A STONE RIP RAP ON THE %U.LS AND
 
APRON, EXTENDMO DOWNSTREAMA 09STANCE
 
TWICE THE HEIGHT IF THE CHECK
 
FORM GROOVES AT EITHERSIDE OF
 
SPILLWAYAS GUIDES FORFLASIIBOARDS
 

-- _ -IF).-

E-

I,-H-,I
 

A D E [F H 

d-" -0" 1 [-6" 1 - o-" '- 6"8 

' -o**d-o" /1-Co'-8* 1V-] 3-o" 

* I 

Figure 2-1. Typical check structures.' 
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Cd = coefficient of discharge, dimensionless
 

C = Cd(2g) /2 = coefficient of discharge in ft /2/sec 

L = overflow crest length in ft
 

h = head or water depth above the crest measured upstream from
 

the check in ft.
 

The value of the exponent n for most overflow type checks is
 

approximately 1.5. When the crest length L is large, variations
 

in discharge result in relatively small changes in the upstream water'
 

level.
 

For earth lined canals, it is common to use some form of portable
 

prefabricated check dam such as plastic, canvas, steel, cinder blocks,
 

or precast concrete slabs. Where there is erosive soil, :it will be
 

necessary to provide the downstream side with an apron, wing wall,
 

cut off, or riprap. In concrete lined canals, precast grooves can
 

be used as gate guides. Another effective check that can be used is a 

portable steel gate which is held in place by hydrostatic pressure.
 

Flow through a sluice gate acting as a check is represented by
 

the orifice equation:
 

=CA(2gAh)l/
C CA(Ah) 1 (1-3) 

in which 

A-i,:is the area of the opening in ft2 

Ah is the difference in water surface elevation upstream
 

. .lowthroughT verficall ne'edles :act.ing-;, as-,checks, is. flow74through:.: 

a vofictaPr, s' otwhi'ch hb's,1 nirl-lritibese t6 bOth a weir zan an, ori'die. 
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Equation 2-3 can be used to measure the flow in which
 

Ah i. the difference in upstream and downsteam water 

surface elevation 

A is the area of the flow section in the slot. 

When a check is used the velocity of flow is increased and the.,.
 

excess velocity must be dissipated downstream. The following chapters,
 

explain the design of both rigid and alluvialstilling basins.
 

Drops
 

Drops are used for gully control mid for changing steep slopes to 

mild slopes. This change is accomplished by a vertical or inclined 

drop and an energy dissipating 'device. Drops are used to prevent 

erosion where the natural foilage will not grow, and to fill in gullies
 

by slowing the flow and allowing the sediment to settle. The location
 

of a drop should be upstream of those areas that have erosion problems.
 

Checks are usually placed just above the drops, in order to raise the
 

water surface sufficient for distribution to the fields.
 

The flow over the top of the drop is given by the weir formula,.
 

Q = CLh 3 '2 (2-4) 

The length L iS the sum of-,the, lengths of the three sides of a box: 

inlet, :the circumference of an arch-inlet, or the crest length of a 

straight'.iJnlet. 

In loose boundary alluvial channels, vertical faiis of 12 to 24 

inches are commonly,, used.,,Ri prap $s.usual ly: placed on thepdownstroam 

side toi prevent erosion. In, both, rigid: andy alluvial boundary: channels, i 
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a stilling pool or an energy dissipating structure should be used,
 

The design of the stilling pool or energy dissipator is dependent
 

upon the height of fall and the unit discharge. In field ditches,
 

the maximum drop should be 6 inches with the grade being 1/2 inch
 

per 100 feet to maintain proper control. Examples of typical drop
 

structures and combination check and drop structures are shown in
 

Figure 2-2.
 

Simple sheet piling drops can be effective and yet inexpensive.
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Figure 2-2. Typical drop structures and combination check-drop structures. 
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Chapter 3
 

APPROACH 'SECTION,
 

The inlet section of a drop structure can consist of an approach,,
 

:hannel which has the same geometry as theirrigation canal or lateral,
 

in which the'water drops off the end of the channel, see Figure 3-1.
 

Numerous drop structure inlets in irrigation systems are used as-check
 

structures, thereby resulting in a number of possible flow conditions
 

regarding the jet entering the stilling basin. For example,.the flow.
 

may pass over the check structure as shown in Figure 3-lb. Usually, a.
 

turnout structurels) will be located imediately:upstream fro the check
 
structure. Thus' the flow passing over the.cek is usually less thani
 

the design discharge for the channel, whereas-the check.structurejmight.
 

be removed when the full discharge capacity.'of the canal is.to'be !.
 

conveyed downstream, thereby'-resulting in the flow condition shown in
 

Figure 3-1a.
 

For the flow-.condition shown in Figure 3-la, the flow depth at:lhe
 

end of the channel ii called the brink :depth Yb * Rouse (1936)'has: 

determined that "hebrink depth for rectangular channels is equal to 

0.715 Y finlwht'ch Y i the critical depth),.provided the channel
 

slope S0 is.ee's than the riticarslopz.c 'ijaratnam and
 

Muralidhar (1964) have developed brink depth relationships for various
 

channel geometries such as circular (pipes or culverts), trapezoidal'
 

triangular, and parabolic. Thus, the brink-depth can be determined
 

for afy,type of commonly used channelIshape.
 

For the flow condition shown in Figure 3-lb, critical depth .'occurs 

in'.the6i*vcinjty,pf'the",constriction ioth redtingiilir fand,itrapezidal 
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check structures are commonly used in irrigation systems. For either
 

shape, the critical depth and its location can be computed with an,
 

accuracy sufficient for design p-,rposes.
 

A more general solution to determining: the flow depth at the inlet:
 

is obtained letting the approach channel have any bed slope S0 

Rajaratnam and Muralidhar (1964) define the flow depth at the end of the ': 

approach channel the end depth Ye Thus, the brink depth Yb 'has, 'the 

same value as the end depth when the approachchannel is horizontal 

(So = 0). A definition sketch for the ,generdl- :ase is shown in Figure.

3-2.
 

The end depth'.ratio curves for triangular, 'paraol.c, rectangular, 

_nd circular channels are shown in Figure 3.3. Ihe end depth ratio 

Ye/y is plotted against the slop i ir-whitdiS is the 

bed sIope,,and S is the critical slope (slope,. at which the normal 

flow depth is equal to critical depth). A negative slope ratio means" 

that the bed slope has an adverse gradient. The end depth ratio curves 

for the trapezoidal channels with different values of'the shape parametei 

myc/b , in which m is the side slope-and b is the bottom width, will 

lie between the curves -for the triangular and rectangular channels. 



Figure.,3-2:, Definition sketch for end 'depth 
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Chapter 4
 

INCLINED DROPS
 

An inclined drop structure is shown in Figure 4-1. Knowing a
 

control point in the approach channel (critical depth, brink depth, or
 

end depth), the design dis-harge, slope of the chute, and cross

sectional geometry of the chute section, the flow depth at the bottom
 

of the chute yl can be computed. Then, using the hydraulic jump
 

equation, the sequent flow depth Y2 can be computed. A number of
 

designs for stilling basin structures have been developed in the past,
 

including the St. Anthony Falls (SAP) stilling basin (Blaisdeil, 1948),
 

Stilling Basin II of the'USBR (Peterka, 1964), Stilling Basin III of the
 

USBR CPeterkai 1964), and the baffled apron developed by the USBR
 

(Peterka, 1964). A general description of these structures is given
 

In addition, there are numerous studies regarding appurtenances,
below. 


such as sills and blocks, in controlling the hydraulic jump (Blaisdell,
 

1948; Donnelly and Blaisdell, 1965; Forster and 'Skrinde, 1950; Katsaitis,
 

1966; Peterka, 1964; and Rand, 1965,1966).
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yI y 

Figure" 4-1. Inclined, dropS structure 



4-3
 

Water Surface Profiles
 

The effective design of an inclined drop is based on the design
 

discharge, depth at the inlet, and channel shape, slope, roughness,
 

and length. The usual case for inclined drops is for the sloie of the
 

section to be in the steep range so that the flow control point will
 

be at the inlet. From information concerning these variables either
 

measured or evaluated from the preceeding sections, the next design step
 

is to compute the water surface profile from the inlet to the bottom of
 

the structure or the location of the energy dissipation system.
 

Starting with the conditions at the control point, the flow profile
 

down the incline can be computed using numerous methods described by
 

most texts on open channel hydraulics. The method described herein
 

was proposed by Prasad (1970) employing a numerical solution to the trial

and error procedure. The differential eguation of gradually varied flow
 

is used in conjunction with Manning's formula for describingth'e enerIgy
 

slope. The gradually varied flow equation can be differentiated a'd
 

expressed as:
 

dy d S00 : See 2 (4-1) 

gA
3 

in whihl. 

Vi- Is- the.. dpth 

ix 1is- the. distancet along the,, cl.e 


St'h is the bed slope

0 

S is the energy gradient
 

a. is the velocity hea €oefficient-


Q - is the .dischire
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is the top width of the channel
T 


is the acceleration of gravity
4g 


and
 

A is the cross-sectiona1l area of the channel.
 

when using the Manning formulacan be exprosO
The evaluation of Se 

as:
 

2 V2 ,n (42) 
1 'R4 /

3 
2.22 

in which. 

n is-Manning's roughness coefficient
 

R ' is the hydraulic radius for the section 

an4, 

V s the flow velocity. 

Thenumrical solution proposed by Prasad (1970) has been 
written 

and the program listing has been included in the:for adigital computer 

'Appendix. The procedure is based on the following 
equation
 

(4-3)Yi+l = 4YAy 

the distance increment along the 
in which the.subscript i describes 

ay can be computed from the value obtained
 channel.. Tne vaiue or 


Equation 4-1 multiplied by the incremental value 
of distance along.


in 

aX is very small,. . value ootained
AX . .If the value othe channel 

in the 
can be assumed't6v8v liin-rlv.beteenstationsin Equation 4-1 


Assuming znis condition. Equation-'4 - 3 -ean be rewiritten to
 
,solution. 

fo*m the general: basis, for the solution: 

(4-4)
- AX y + ,= Yi'L
Y~+I 
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The computational procedure, then, is as follows:
 

(1) Compute dy/dx from Equation 4-1 using the,initial value,,of
 

y or the previous value after the initial step solution;
 

(2) 	 'Assume (dy/dx)i+l =( dydi)i ; 

(3) 	Evaluate the depth' yi+l using the step (2) approximati",.;:.
 

(4) 	Compute a new value of ,dO.dx)l based on the value of-_
 

? 	 ,,,obtained in step (3); and 

(5) 	 Repeat steps (3)through (5) until,,,ne.-cwo ,eszim tes oz 

(dy/dx)i+1 come within the desired degree of accuracy and 

then using the new value of depth, repeat this process until 

the last depth is obtained. 

It should be noted that the preceeding technique is unstable when 

the depth approaches critical depth ,and consequently the problem occurring 

with critical depth at the inlet should be avoided. ! Studies.haY 

indicated that the .inlet depth, ,the depth at the downstream-end :f the 

approach channel, will vary with apprqach condition and ,nature of ;the 
drop. .The inlet depth will approach depth when the incline,,slop,
Acritica 


is in the very small value of ,the steep slope... For. the, general .,case, of 

the mide approach channel and the very steep incline, a value of, 

between 0.715 times the critical, depth- y_. and 0.8 ,.y..,.will, yield 

good 	results.
 

Free 	Hydraulic Jump
 

The efficient design of any drop structure employing the hydraulic
 

jump as the means of energy dissipation must rely heavily on the
 

evaluation of the sequent depth ratio Y /y, in which the subscripts
 

refer to t1e sections after and before the jump respectively. The most
 

common technique used to describe this depth ratio in either the
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jthusehorizontal or the sloping channel is through of thei-force

momentum flux principal,
 

A1'K y.l AA2 K'1,yK A'g (4,5) 

in whici 

Ais the cross-sectional areas. 

K'is .the portion of the*depth 'to the center of gravity..or 

thWchannel shape 

Q''I'he 'discax'ge 

and : 

g is the acceleration of gravity.
 

tne norizon-In thi's'section only the solution to equation 4-5 concerning 

Ul channels wili be presentd. Equation 4-S has been evaluated by 

.numerous authors for the rectangular, 'triangular, trapezolaai, circular, 

and idarabolic channel shapes. Experimental data have also been 'gathered
 

to substantiate these equations. Silvester '(1964)''has probably presented
 

the most complete analysis, along witn a substantial literature review 

and 'generation of 'experimental data. "ne following is 'a'partial 

summary of 'Ithis''publication. 

o
Rectangular channels." So1ution"td"Equation4-54t r tne rectangular 

case results in, 

Y /Y 1)'4-6(,V1+8 

is .the Proude number at section 1 described by the
in which 


equation:
 

2  (4-7)
 

A. 
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Jeppson (1965) provided useful nomographs for the solution to
 

Equation 4-6 as well as for the cases involving triangular and
 

trapezoidal shapes. These nomographs are presented in Figures 4-2 and
 

4-3.
 

Trapezoidal channels. With the addition of the side slope as a
 

variable, the analysis of the trapezoidal cross-section is somewhat
 

more complicated than the rectangular. Using the equivalent width, b',
 

Equation 4-5 reduces to:
 

K' ( b(''K=F2 

Massey (1961) repiesenteda shape factor •K'iafter aiebraic manipulation 
(4n 11Fl.
fly 1
 

as 
 z=.. 
.
 
9
 

hes de _slope a nd ,!:b _ *is the ::bott om7'w idthi.. Us lng,t i 

nyYl
rel tio nishiii.,th'e-,.Pto uide 'i nuber ido#',-,be',.writte n,as' 

. ng),Y !K + 1 

.Triangular"'channels.e The triang larchannel is a'special" case"of 

the trapezoidal channel in which b'= 01;. Further, it'is somewhat
 

2 

simplified,. by"the fact that K' = K = 1/3 and thusi A = y/y'22 

resulting I 

13 1 F 

Circular. channels. Hydraulic iumvs in circular chann~is must be
 

divided into' tw parts: Y D.:and
(1)when is less than;the,diameterV 


(2)when y2 is. reater than''the'channel diameter. For the first case,
 



y 
0.25 
0.3 

m 
0.4 4 O 

-0.4 -0.5 

, 

0.5 
-0.6 

0.7 
0.8 
0.9 
1.0. E 

-0.6 

-o.7 
0.8 

'-0.9 

L 
-

0 1 A

67 

5 

. .5 F t) 
04. 

tU 

6.0 

8.0 
9.0 
'0.0 

-
3.0 

27.00 

-4.0 

I 
I 

U -
.. 

, - 2 

O.01 

I *II II I I t 

0.2. 0.3 0.40.5 

0.05N, 0. 0.5 1 5 tO 
( Froude NJumber 2 

. 
velocity, V ( feet per second 

I*III*..............................'l................................... 

1 - 2 3 4 5 110t 20 30 

20 

40 50' 

SO too ,00 s00 

J'l*.................. 

00 200 300 

0.9 
-0.8 

20.7 
0.6 

;. 

-0.5 

-2 

0.3 

025 0.3....II , 0.4, .0.5i,, , 06 0.7 0.8.9' -I :, I , . ,1". , , , . . 1 .. &j. .. . . . 

Depth ot flow,.y * j feet) 

Figure 4-2. Nomogram for the solution of hydrolic jump in rectangular and 
triangular channels. (Taken from Jeppson, 1965) 



1

0 

100000 

10 .10 
9 .9 v 

.7 7111 Mil I I I 

6 6 100 

•~-- A Z 

-
4 

,. 
L4 

o :_00 
J30 

-- . -20 I 

01 

w 

cc 0 om UEII 

o .a. e 

-2 

9 _9 

.a5 -o --

4 -- 4-f 

65 - 6 Fioe4-.Nmgrmfr sltono y.rl m0intaeoia - chnes 

-.4 ; 

3.2 .05 .1 .15 .2 .3 A 5.6 7 S1 2 3 456 78 10O1 
3 3Ratio of Conjugate Depth y. /,A 

.25 -25 1701 

Figure 4-3. Nomogram for 'solution of hydroic',-jump in trapezoidal1 chIanne1l 
(Taken from Jeppson, 1965) 

9 




---

4-10
 

Equation 4-5 is
 

y-_
 

in which M is the multiplying factor.w1'ich gives the area of,4 

segment of the circle (A = MD) and is either evaluated from tables or 

In the second case, Equation 4-5 \becomes.geometry. 


M M2"'l
2 

"o1p thafi se.:..:.1i., 
For.both of these cases, it is betterto comutea\ than iouse a
 

figure. However, the second'case is as yet relatkvely,undefinable so
 

jcare should be exercised when working with this cir'umstance.
 

Parabolic channels. The sequent depth ratio fo anyarabolc
 

shape can be expressed as;
 

Fo6i.convenience, Equation 4-12 'has been plotted in Figure',,\4-4. 

Equation limitations. Although fairly good agreement "\ias.been, 

found C?;6r~ment ally with the pr'eceeding .equatibns, somecation should 

be exercisd wn. .. o.. at"- ""Or....Att r'"the .. pg than 


side slops in the; trangular, trapezoidal and.parabolic.cha sape.
 

'SAP Stilling Basin
 

The St. Anthony Falls (SAF)stilling basini!s shoWn in Figure,,A4-5.
 

This structure .should kive adequate'performance for a range of Froude
 

,numlers, at section 1 varying,'frm.7'. to 17. Normally, the 1ngth
 
ofbsin is less, than ftwice which isVery
the sequent flow,.depth ' 


shor'.. Thus. this particular structure is quite eco&omical. Blaifdell.
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(1948) has listed the criteria for designing the SAF stilling basin:
 

1. 	The length L. of the stilling basin for Froude numbers between
 

4.5Y2/F0176
= 1.7 and F1 =:17 is determined by LB = F1 


2. 	The height of the chute blocks and floor blocks is yl , and the 

width and spacing are approximately 0.7SyI 

3. 	The distance from the upstream end 'ofthe stilling basin to'the
 

floor blocks is LB/3 

4:. No floor blocks should be ulaced; closer' the -side wall than 

3yl/8.
 

S. 	The floor blocks should be placed downstream from the openings
 

between the chute blocks.
 

6. 	The floor blocks should occupy between 40 and 55% of the stilling
 

basin width.
 

7,. 	 The widths .and spacings of the -floor blocks for diverging 

stilling basins should be increased in proportion to the
 

increase in stilling-basin width at the floor-block location.
 

8. 	 ,Theheight of end sill is given by c= O.07y 2 ,,in which 

is the theoretical sequent depth corresponding.to y1 , 

9. 	The depth of tailwater above the stilling basin floor is.given
 

by y,1 = (1.10 - F /120) y 2 , for FI= 1.7 to 5.S.,;.,by 

y'=0.8Sv1-2 2 , for F=.. 1.. S.S to . .. . y'2 =Cl.00,- F111; and by. 2/800) 

=Y2 	 , for F1 11 to 17. 

16. 	 The height of the side wall above the maximum tailwater depth to 

be expected during the life of the structure .is given by 

Z-F 	Y12/1,.
 

11. 	 ,Wing walls should be ,eaual in height to the stilling-basin side 

walls.' The top of the wing wall shouldhave a slope of 1 on*.1. 

http:corresponding.to
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12. 	 The 'wing wall should be placed at an angle, of, 45: to the,, 

outlet center line. 

13. 	The stilling-basin sidewalls may be parallel .(as ina rectangular, 

stilling basin) or they may diverge as ai extension of the,
 

transition side walls (as in a trapezoidal stilling basin).
 

14. 	A cutoff wall of nominal depth should be used at the end of the

stilling basin.
 

I$. The effect of ektrainedair should be neglected,in the.design
 

of the stilling basin.
 

USBR StIlling 
Basin Ir
 

The U.S. Bureau of Reclamation (Peterka, 1964)has developed design 

crfiTia for numerous.stilling basin's under varying hydraulic conditions.
 

Stilling Basin II has been developed as an energy dissipator for spillways
 

and large canal structures. A definition sketch for this stilling basin
 

is shown un Figure 4-6. The design criteria are listed bli:
 

1'. Set apron eievation to utilize full sequent tailwater aepth,
 

plus -'n 'added'factoratof safetysonra if needed. An "ddi..
flu an;add' 	 iil 

fador 'of'saet ii aidvisable 'forbothlowand higlfvaiues of 

' e Figure 4-7). A minimum arginiof safety 

o6f 	'Spercent of y' is recommended.
 

2 : I be effective doi to Froude nube of 4 but theBasin may 	 a 

lower values should not be taken for granted. 

3, T ijlength odf basin can be obtained'fromtd iit' edlitecirve 

o-n~igire '4..8 

4. 	The height of chute blocks is equal to the depth 6f fow entering
 

Vte basin, or "(Figure 6).'" '".d ' "and pac'i-'shddld " 

be equal to approximaitely y" ; however, 'thismay be variea to 
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eliminate fractional blocks. A space equal to iy/2 isl
 

r
preferable along each wall to relt-A qniwv-and maintain desirable 

pressures. 

5. 	The height of the dentated sill is equal to 0.2y" and the.2 

maximum width and spacing recommended is approximately. 0.15Y2 

On the sill, a dentate is recommended adjacent to each side wall 

(Figure 4-6). The slope of the continuous portion of the end 

sill is 2:1. For narrow basins, which contain only a few dentates 

according'to the above rule, it is advisable to reduce the width 

and the spacing. Howevor, widths and spaces should remain equal. 

Reducing the width and spacing actually improves the performance 

in ,narrow basins; thus, the minimum width and spac-ing of the 

.dentates is governed only,by structural considerations. 

6. 	 •It is not necessary to stagger the chute blocks'with.respect to 

In fact, this practice is usually inadvisable.,the sill'dentates. 


frbm a construction,standpoint.
 

7, 	The.verification tests on Basin II indicated no perceptible
 

change in the stilling bas iii actibn i h respect to the slope of
 

the,chute preceding the basin. The slope of chute varied from
 

0..6:1 to 2:1 in the verification tests. Actually, the slope .
 

of the chute does have an effect on -thehydraulic jump when the
 

chute is nearly horizontal. It is recommended that the sharp 

intersection between chute and basin apron, Figure 4-6, be 

replaced with a curve ofreasonable radius -R , 4 y1 ) when the 

slope of the chute is 1:1 or greater. Chute blocks can be 

incorporated on the curved face as readily as on the plane 

surfaces. 
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Following-the above rules will result in a safe,-conservative.
 

stilling basin for spillways up to 200 feet high and for flows up to 500
 

"
cfs per foot of basin width, provided the jet entering the basin is,
 

reasonably uniform both as to velocityand depth. For greater falls,
 

larger unit discharges, or possible.."asymmetry, a model study of the 

specific design is recommended-.'
 

USBR Stilling Basin III
 

The USBR Stilling Basin III, which is shoi' in Figure 4-9i gives 

good performance for entrance Froude numbers F2 greater than'44,-5.*" _The! 

length of this stilling basin is generally 2.75y2 ,h i1 iderably.h 

longer than the SAF stilling basin, but only'half the length'ofthe free 

hydraulic jump. The design criteria developed by the U.S. Bureau'of' 

Reclamation (Peterka, 1964) are listed below:
 

1. 	The stilling basin operates best at full sequent tailwater depth*
 

x2 .... A reasonable factor of safety is inherent in'the sequent 

depth for all values of the Froude number (Figure 4-7)and it is 

recommended that this margin of..safety not be reduce,
 
' 4 ' . • , . 

2.*,The length of basin, which is less than one-half the length rf.
 

the natural; jump, can be obtained by consulting the'curve for
 

Basin III in Figure 4-8;:.,As a reminder, an excess of tailwater 

"depth does not substitute for pool length, or vice versa. 

3. 	 Stilling Basin III may be effective for values-qf the Froude 

number :as- Iow as 4.0,but this cannot be staied for certain. 

"4"Theheight,width, and spacing ofchhteblocksshouldicqualthe 

averagedepth'of flow-entering the basin..or-y 1 .. The wdth 

of the blocks may be decreased,-provided spacing is reduced a 
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3 .:like amount. Should yl prove to be less than 8 inches, the
 

blocks should be made 8 inches high.
 

.
5S-,	The height of the baffle piers varies with the Froude number
 

and is given in Figure 4-10. The blocks may be cubes or they
 

may be constructed as shown in Figure 4-9; the upstream face
 

should be vertical and in one plane.. The vertical face is>
 

important. The width and spacing of baffle piers are also
 

shown in Figure 4-9. In narrow structures where the specified,
 

width and spacing of blocks do not appear practical, block
 

width and spacing may be reduced, provided both are reduced a
 

like amount. A half space is recommended adjacent to the walls.
 

6. 	The upstream face of the baffle piers 3hould be set at a distance
 

of 0.8y2 from the downstream face of the chute blocks (Figure
 

4-9). This dimension is also important
 

7. :..The height of the solid sill at-the end of the basin is eiven
 

inFigure 4-10. The slope is 2:1 upward in thedirection of the
 

flow. 

8. 	 It is undesirable to round or streamline the edges of the chute 

blocks, end sill, or baffle piers. Streamlining of baffle piers 

may result in loss of half of their effectiveness. Small 

chambers to prevent'chipping of the edges may be used. Rounding 

may be necessary for high velocities (greater than 40 fps) which
 

may cause cavitation.
 

9. 	It is recommended that a radius of reasonable length (R'> 4y,)
 

be used at the intersection of.the chute and basin apron for
 

slopes of 45- or greater.
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10. 	As a general rule, the slope of the chute has little effect on
 

the jump unless long flat slopes are involved.
 

Since Basin III is a short and compact structure, the above rules
 

should be followed closely for its proportioning. If the proportioning
 

is to 	be varied from that recommended, or if the limits given below are
 

exceeded, a model study is advisable. Arbitrary limits for the USBR
 

Stilling Basin III are set at 200 cfs per foot of basin width and 50 to
 

60 feet per second entrance velocity until experience demonstrates
 

otherwise (Peterka, 1964).;
 

Baffled Apron
 

The baffled apron shown in Figure 4-11 is a very effective energy.
 

dissipator. This structure has been used successfully on many irrigation
 

projects to dissipate the energy at a drop 
structure in acanal or waste

way. The allowable discharge is 60 cfs per foot of chute width, with
 

the performance improving as the unit discharge is decreased. The approach
 

velocity to the apron should be less than critical velocity to ensure.
 

adequate performance. The design criteria for the baffled apron have;
 

been developed by Peterka (1964):
 

1. 	The design should be based on the maximum expected discharge Q 

2. 	 The design discharge per unit width q may be as high as 60 

.cfs/ft of chute width W. The lower this unit discharge
 

becomes,, the less severe are the flow conditions at the base
 

ofthe chute.
 

"$. The~entrance velocity V1 should be as low as possible and
 

less "thancritical velocity. A desirable entFrance velocity is
a 


1 =(gq) .5 ,which is Curve D.in Figure 4-12. Flow 
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conditions are not acceptable when V . = (gq) ., which is 

Curve :(4in Figure 4-12;
 

,4. The Vi rtical offset between the- approach channel ,.floor and the 

chute can be used for a"stilling basin to-create the desired,.
 

appro ch velocity_ VI . Use of a.short radius curve'to provid 

a crekt ,on the sloping 'chute, and placing-the-first row of
 

baffle piers close to the top of the chute, no more than 12
 

inches in elevation below the crest .are 	important coisiderations.
 

5. 	The.baffle pier height H should,be about :o c , which:is
 

Carve B in Figure 4-12.
 

6. 	Baffle pier widths and spaces should be equal to _about 1l.5 H.
 
but.not less than: H . artial'blocks,1/3 H to 2/3.H ,
 

should be placed against the,training walls .in:rows 3.I5' 7:
 
etc, ,.alternating with spaces of the -samewidth.in rows 2, 4, 6,
 

etc.nrw,24 

7. The maximum slope should not ,exceed :1 but' may belatter. •The,
 

siope: aCstance (along a 2:1 slope) between rows of'baffle:piers
 

should.be about. 2H and: not.greater than 6 feet.
 

The 'bafle piers may.have upstream,faces normal to the apron;-

floor or in a vertical plane.
 

Four rows are required to .establish full control of the flow,
 

although fewer will work. The chute should be.extended below,
 

the normal downstream channel and at.least 1-row of baffles
 

should be buried in the back fill.
 

10. 	The:chute training walls should be about 3H normal to the
 

chute flor. 

11. 	 Six to tw6lve-inch riprap should be placed at 'the downstream 

end of'.the training walls toprevent erosion behind the chute. 

http:width.in
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ED C'ONDUIT.TO OPEN CHANNLSTILLING'BASINS, 

'iosed"%.conduits (pipelines),'are frequently used in £rzigation" 

systems.- Pipelines may be- used :-to convey. water down a hil11Ide,,.rather

than using a drop structure or series of drop structures. iAlso,' closed 

conduits are used for outlet works froml'dams, inverted syphons, culverts,
 

and water distribution systems. In many cases, the flow-velocity
 

leaving the pipe outlet is eXcessivo-and would cause' considerable scour 

in the open channel immediately downstream. In order to prevent 

excessive downstream scour, which might also result in scouring of the
 

bed material underlying the closed conduit.and'consequent,failure of
 

the system,-a number-of energy dissipator structures have been developed 

for' the Outlets of closed conduits... Typical examples of .generalized 

closed conduit to open channel stilling basinsare 'theContra Costa 

energy-digsiLtor, the USBR impact stilling basin VI., the manifold, 

stilling basin, and the USU'(Utah State University) stilling basin. 

Contra Costa Energy-Dissipator
 

The.Contra Costa energy dissipator ( im, 1962) is a device for
 

pipe obutlets flowing partly.,full. A schematic diagram of ;the Contra
 

Costa energy dissipator, along with its basic dimensions dre shown in 

Figure 5-1. The design procedure for thisistructure, which is also 

shown in Pigure 5-1. ,s as follows: 

1. 	Determine-the width W such that D.< W 3D fin which D iis
 

theinlet-pipe diameter, or preferably, make W equal to the
WC
 

Width .of the downstream" chan~nel'providing-'i't--.sL's ithin-the 

limits mentioned.

http:C'ONDUIT.TO
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2. Letting LA/h2 be approximately, 3;5, determineI h2 / 1 i and 

solve for LA.
 

3. 	Determine a Value of
 
- t 

4. 	Determine a value of z,"
 

5. 	 Compute the, value for the sillheight, hs , within the range 

(0.6- O.9)y 2 

Manifold Stilling Basin-


The manifold stilling basin (Figure 5-2) is an effective energy
 

dissipation device for closed conduit transitions to open channels
 

using the vertical jet--diffusion principle. The manifold structure
 

itself has two primary .functions: 

1. 	 To divide the flow,into a numberi of jets having a length equal.1. 

to the manifold width; and 
2. To.& ect the'se jets vertically upward.
 

The dissipation of the -kinetic energy takes-,placelin the water above
 

the manifold as the ri'sing jets are steadi;, convarted,.Into turbulence, 

with the turbulence decaying through viscous" shear ,(Fiala-and Albertson, 

1961).
 

.,The 	general desig equation is 

___ .	 (5-i
1 v2g b/B

* 0 
in which, 

a 	 is the boil height,
 

V1 	 is the initial velocity of the jet
 

g 	 is the acceleration of gravity
 

C * is a constant 
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Figure 5-2 ,Schematic drawing of manifold stilling basin



h 	 is the tailwater depth, and
 

B0is the effective width of the jet.
0 

Knowing the discharge Q tailwater level b ;and the inlet-'Velocfty 

V 	 the manifold stilling basin design procedure is as follows:
 

1. 	Compute the inlet area A using the continuity equation.

0
 

2. 	Knowing the area, compute B and H,
 

B= 	H= /" (-2) 

in which B is the manifold width and H is the manifold height'!
 

at the inlet.
 

3. 	Knowing B, compute, the length Lto with 

ratio L/B. of 8. 

I 4 .r Assume: a: standard "w/s ratioi,.5, 0, or. 2.O in,,which s 

is..the-width of the manifold:.cross-bars, 

S.•': a V-:i/Vo and! compute thel; value of:f V,,-' based,IObtain valuerof 

uponrthe .relationships: (a)' for. w/s, = Vi/vo--'Vi, _

for w/s., 0= 1,='l':d24; and = 0lOV /V (c) for wis 2,V 1 /V ='i.13. 

6..--" Compute ,the,: open area, of the. j ets! : BT B; using the'contifiuity 'I 

i equation'. 

(7.'Compute the:.totali! open!farea' of the i manifo Id'C BW.. dividethe '..: 

,value obtained lin., stepi 6 by:-the :-totalt open.: area' of; the: manifold 

toget the .:pecentageo',bf area'i occupied"bytheJets ad. 

,finally,imultiply .this percentage by.' Iw , get*al Value 'for :B;. 

s:8' Comliite. b/B .,: entef' Figurei5.3. to, obtafh a.value' for a. 
0V 2/2g 

and knowing V./2g., solv'e' r'aboil height a. 

9. ' aiitte design i'f - a.-;is not reasonably close' to' 0.10Y. 	(tg, . 

http:1/V='i.13
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The loser this value, the less erosive energy will be left in
 

the jets.
 

10. Determine the value for the wave height h from Fire 5-4. 

USBR Stilling Basin VI
 

The USBR stilling basin VI, shown in Figure 5-5, is an impact type
 

energy dissipator which has been developed by the U.S. Bureau of
 

Reclamation for use on pipe outlets, but it can be modified for open
 

channel transitions. The basic dimension' for this structure along with
 

the range of flows is given in Table 5-1.
 

USU Stilling Basin
 

an impact .type:energy; dissipator designed
:The,USU stilling basin is 


The major
as a transition from pipe;-flow to open: channel flow. 

mechanisms in dissipating the excess energy in the flow: are shear drag,
 

pressure drag,,and vertical diffusion. The energy dissipation results
 

from thel submerged jet impinging upon a short-pipeenergy,dissipator and

then'ibeingturned on itself along with part of thejet being.turned
 

doniward through the slot in the bottom of the dissipator pipe. The
 

energy of the flowing water is dissipated by diffusion: of.the jet from
 

theO: inlet,pipe-into.the stilling basin andthe shearing-:between the jet
 

itself and the'surrounding water (Weii 1968)-.:'The-basic dimensions of
 

the USU stilling basin, along withithe design curves :are,shown in
 

Weii. andiRasheed, 1970).' The designFiguIe-5-6. (Flammer, Skogerboe, 

procedure can be described as follows:
 

1. The'dimensions of the short-pipe energy dissipator are a
 

function of the inlet pipediamieter D according to the
 

following ratios:
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Table 5-1. Dimensions of USBR Stilling Basin VI
 

"
 
Suggested Max. Feet and Inches
 

:i "
Pipe size dis-
charge 

DiA. Area Q W H L ta b c d e f .g 

) (4) (5) " (6). ) ( ) (10) (11) (12) 

(1) ( F 


18 1.77 21c 5-64-3 7-C '.3-3 4-1 2-4 0-11 0-6 1-6 2-1
 

24'. 3.14 38 6-9 5-39-0 3-11 5-1 2-10 1-2 ''0-6 2-0 2-6
 

0' .4.9, 59 8-0 6-310-8 4-7 6-1 3-41 1-4 0-8 2-6 3-0
 

0-10 r3-0" 3-11,
'5 : -9-7 3- '3-6
7-1:" 3-10 0-8
36, 95 -9-3"i7-3.2-4 6 0..8- 4"
• 15- -10 - - 0 '4 0 
42 - 9.62 ,.1.: 

9-0 15-8 6-9 8-11 4-11 270 0- 0 3-3-11
4811 12.57 151 11-9 


54 15.90 191 13-0 9-9 17-4 Y'.-4,10-0K'5-5 2-2 1-0_3-0, 4-11
 

60 19.63 236 14w-3 
 10-9 19-0 8-0 11-0 5-11"2-5 1-0 3 -0e 5-4
 

72 28.27 339 16-6'12-3 22-0 9-3 12-9: 6-11 2-0 1.3 3-0 6-2,
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(a) D2/D1 = 2.0, in which D2 .is the diameter of the short.

pipe energy dissipator. 

(b) L/D = 1.0, in which L is the length of the shortpipe 

energy dissipator. 

(c) W/D1 = 0.5, in which W is the width,of the -lot in the
 

dissipator pipe.
 

(d) Y1/D1 = 1.5, in which Y isthe elevation of the center 

line of the inlet pipe above the bottom.of the stilling. 

basin. 

2. Compute the Froude number,
 

F1 =V 1/g_1 (5,3) 

in which F1 ,is tIie irroude number andV •s :the mean flow
 

velocity in ,the inlet pipe."
 

The design of theistia!±ng,basin is',as, f61lows:
 
Assume a/value of m,
S(a) 


in whici", m /is an assumed ni..e..and y- is the tailwatr'.'flW 

depth in/the open channel, and comptOte a value for .y2 ,. 

(bj iK6wing m .and FI, enter Figure 5-6 aid determine a 

,value for the expression, 
, .(2 + (5-5) 

IYc) .FromFigure 5-6: determine theofeeboard ratio .(fb/D1 

compute thei,!freeboard .b but using,a minimum.of six 

.inches 

(d) Compute the length of the stilling.basin. Lb usingthe 

equation,
 

http:bottom.of
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Lb/D = 2.5 (D2/D1 - 1) + 1.0 (5-6). 

(e) From Figure 5-6, determine the stilling basin width Wb
 

from the Wb/Dl ratio.
 

4. The yalue of m is completely arbitrary and should be tried
 

at various values in order to arrive at the most economical
 

design. As the value of m is decreased, the flow in the
 

stilling basin and the outlet channel will become less
 

turbulent with a consequent decrease in the scour potential.
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Chapter 6
 

VERTICAL DROPS
 

A definition sketch for a vertical drop structure is shown in
 

Figure 6-1. In order to determine the length of basin L.,-at which
 
U 

the :Jet strikes the basin floor, equations reported by Blaisdell(1954)..
 

desc'ribing the nappe of the freely falling jet are used., These equa

tions are listed under the following section, "Straight Drop Spillways."
 

White (1943) developed from application"of momentum, the theoretical
 

equation listed below which yieids 'the flow',depth yl
 

. 
 06 + .. 

c
 

This,'eqgatzon agrees quite well with experimental work bv:NMoore (1943) 

The ;specific energy,at section 1 is ootanea,-rom tne equation 

E 
 2
l\- 1Yc-
 (6-2)
 

C >c 2y 

Curves"represent'ing the above eauations are shown in Figure 6-2 l'along'
 

*ith the experimental work by Moore.. The length 'ofLthe hydraulic iumt 

L. is+approximately six times tne sequent ±iow aevtft y2 but can be
 

'determinedfrom ,the curve for ,the free :ydraulic ,jumpshown in Figure
 

When -'designing a-drop structure, the- discharge Q an&dth 

geometry of th! approach section would be known., Consequently, the 
critical depth yc 'can be computed, which allows the computation of 

4-8 



.6-2
 

yc 

h 

Yd 

-L-

Figure 6-1 Basic type of vertical drop structure.
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from Equation 6-1. The sequent flow depth Y2 can be obtained
 

from nomographs (Figs. 4-2 and 4-3). The length of the hydraulic
 

jump L can be obtained from Figure 4-8 and Ld the horizontal
 

lngthf thd "napie trajectory, can be c6mputed from"equations listed
 

in the section to follow.
 

Various types of appurtenances have been proposed for vertical
 

drop structures in order to shorten the length of the basin, thereby
 

Three types of vertical structures are
 

Y 	 f 


reducing construction costs. 


described below, which include the straigh drop spiliway, USBR alter

native stilling basin IV, and dissipation bars.
 

Straight Drop spiliway
 

The straight drop spillway shown in Figure 6-3 is used 'commonly
 

for low cost structures in small discharge channels and the design
 

One of the more recent investigations
parameters are well defined. 


by Donnelly and Blaisdell (1965),expresses the design in terms oftan
 

equation for the nappe trajectory. The resulting design procedure
 

is listed below:
 

1. 	The total length of the basin Lb "'is given by the relation, 

(6-3)"
Lb = 	Xa + 2.55 Yc 


in which 

Xa 	is the horizontal distance from 'the spillway crest to the
 

point where the average of the upper and lower nappe
 

strikes the floor, and
 

'i1l the" critical'depth "of"flow
 
c
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Figure; 6-3 Straight drop spillway stilling basin.
 



The value of X can be determined by the equation
 

X +x
 

a7 2
 

in which 

Xf/y' *, 406"+ ](3:.195 ,-;4;.386 h/y'e O. (6,-5). 

X y' (64Y0 

and 

0 269 )0.228 (X(yc)c(
X " ]:S".,: ...' .. (6 '6) 

0.185 + 0.456 X /y
 

In these equations Xf is the point where the upper nappe
 

strikes the floor,. X is the point where the lower nappe
 

strikes the floor, and Yc isthe value obtained from
 

Equation 6-S~by substituting Xt (for the point where the
 

upper nappe strikes the tailwater) for Xf and yt (the
 

distance below the crest to the surface of the tailwater)
 

for h . This equation has been computed and plotted for 

design convenience in Figure 6-4. It should be noted that 

the,origin of ,oints IX and y is at the crest of the 

spiIway. 

2. The.distance..fFonrth"poi.iiLtat.,which.,.the ,surface of the
 

uppernappe strikes the"sti1ling floor o the uostream
 

=
of the floor blocks. xr is
 

b,0 ,. ,y (6-7). 
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3.; 	The ldistance between the upstream face of 'the floor blocks 

Pndlthe end of the stilling basin Xc is: 

X 1.75 y 	 (6
 

Floor blocks. Sufficient distance is,,required between the point" 

at which the upper nappe strikes the basin floor and the floor blocks 

to permit the st'ream to become approximately parallel to the floor 

before it reaches the blocks. When the distance between the upper 

nappe and the floor blocks xb is less than 0.5 ' the blocks are 

largely ineffective. When, *Cb is increased to 0.8 yc the appearance, 

of the water surface is satisfactory (Donnelly and Blaisdell, 1965). 

The floorblocks are proportioned as follows: (a) the height 

of the floor blocks is 0.8 yc ; (b) the-width and spacing of the 

floor blocks should be approximately 0.4 yc , but a Variation of 

S0.5.yc from this ,limit is permissible; (c) ,the floor blocks
 

should be square in plan; and (d) .the floor blocks should occupy
 

between 50 percent and 60 percent of the stilling basin width.
 

Tailwater depth. A sufficient depth of,.:tailwater is required
 

so that..the water leaving the stilling basinhas nol,
opportunity:to'
 

plunge and scour a hole in the stream bed; therefore, water
'ithe 


surface (tailwater level) in the downstream channel should be at'
 

proximately the/'same level as the water surface in the stilling 

basin. This requires the _determination of a minimum required tail

water depth for the stilling basin., With the end sill at 0.4 yc ' 

the 	minimum desirable depth y2 above the floor of the stilling basin
 

is,2 15 y~'. Mnything '6es than"this depth can"cause hi.ghe' velocities 

over the sill which will in turn cause excessive scour.
 



6-9 

Distance to end sill. If the distance between the floor blocks
 

and the end sill is too short, neither the blocks nor the end sill is
 

fully effective. The minimum distance between the floor blocks and
 

the end sill' xc that prevents excessive scour is 1.75c .. Distances
 

greater than 1.75 y jhave little beneficial effect,on.the,scour
 

pattern.
 

Sidewall height. An additional height of sidewall is requipred., 

above the nominal tailwater level to prevent overtopping of the-side

walls as a result of natural water surface fluctuations, turbulence>: 

within the stilling basin caused by the floor blocks, .and boils 1and =, 

standing waves resulting from the floor blocksa,-1 end si1l. Donnelly, 

and Blaisdell (1965) recommended that the top of the sidewallsbe 

located a minimum distance of 0.85 yc above the tailwater level. 

This will give a freeboard above the maximum boil height of 025 y 

Wingwalls. Wingwalls located at an angle of 450 with the
 

stilling basin center line and having a top slope of 1 on 1 are
 

recommended. This is the same design found suitable in hydraulic model
 

tests of the box inlet drop spil1wyay outlet and the St. Anthony Falls
 

(SAP) stilling basin (Donnelly and Blaisdell, 1965).
 

Approach channel. The shape of the approach channel does affect
 

the stilling basin performance. It is important, theefore, that
 

certain minimum conditions be met with regard to hape of the
 

approach channel. The approach channel should have the.followipg
 

qualifications:; (a) be level,with the crest of the spillway;,..(b)
 

haehe toe.of the dike or,the toe,of the side slopeintersect.:th
 

approach channe0l floor at the,-ends of the; spillway notch,, the approachi
 

channel at the headwall should have a bottom width. equal .tothe
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spillway notch length w ; and (c)be protected by riprap or paving
 

for a distance upstream from the headwall equal to two times the
 

notch depth.
 

USBR Alternative Basin IV
 

The characteristics of a hydraulic jump for Froude numbers 

between 2.5 and 4.5 results in inefficient energy dissipation for 

most stilling basins. In this range of Froude numbers, the jump is 

not fully developed and undular waves occur. The USBR Alternative 

Stilling Basin IV (Peterka, 1964), shown in Figure 6-5,' is an 

efficient method for dissipating energy and avoiding waves for many' 

of the small drops encountered in irrigation canals., The designis 

based primarily on the equation,'
 

L Q T f,' 

CSN (2gy) 

innwhich 

,L is the length of the beams
 

Q is the total discharge in cfs 

C is an experimental coefficient (approx. 0.245) 

S is the.width of a space in feet,
 

N 
, 
is the number of spaces, andS .. ,-

y is the depth of flow in the upstream canal,
 

Dissipatidnh Basrs 

Katsaitisi (1966) has developed a-vert'ica drop' structure-having

two rows of dissipation bars a e piaceai iil the stilling basin. as, shown

' 
in Figure 6-6. : Thi design inforimation'described below has;been taken 

from :the"jper by:Katsaitisl' 



- - Width of slats equals 
2/3with of. beams 

..=-1 ::1-. J,\ __ --- -- -. "-, 


Figure.6-5 USBRI Alternative Stillins Basin.IV
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Figure 6-6 DroD structure with'dissipation bars. 
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Flow conditions. The definition sketch of flow over a weir as
 

shown in Figure 6-7 can be used to describe the development of an
 

equation for determining the length which is the horizontal
L2 


distance from the weir (or drop structure) crest to the centerline of
 

the nappe trajectory where it strikes the stilling basin floor. The
 

reference point for the equations of rectilinear motion, which are
 

listed below, is the-centroid of the jet cross-section where the
 

lower nappe has reached it's highest elevation (Figure 6-7). The
 

horizontal distance between the reference point and the weir crest
 

is H'/2, where H' is the total head (specific energy) above the
 

highest point of the lower nappe.
 

The equations of motion. can be written as, 

X = (VO) t (6.10) 

VZ (Vo) +gt (6-41) 

Z = o t2 + 2gZ (6-13): 
Z 

in i 'whidi.j 

X is the horizontal distance from the reference point, 
(VO) is the initial horizontal.v6lc yt.,,theyrefeence point 

(Vo) is the initial vertical velocity 

-t is time 

N is the final verticalvelocity, and 

Z is the total height of fall measured, from *thereference, 

POWint VFigurez.44.71 

http:VFigurez.44.71
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Use of,,the,abov .equations, along with knowing the horizontal
 

location of the reference point, will yiel4 a relationship for
 

determining the vertical location of thp'reference point.
 

Z= h +' 0.373H (6-44) 

Therefore, the'avilable head',('cifi' nergy) 'ab~iethe height: Z 

is fl.627H. 

,The.iaxis,,of ,te,nappe:maybe° considered perpendicu1#r ,,to Ia 

vert cal Aection at .a ,distance, 0:,SH froM: the cd the horizontal, 
velocity o thef.lament in ,Ohe nappenpaois may beicomputed ,from the 

relation, V g , Inthis case 

(6-15)Vx (0,.627H (2g)) 1/ 2 

At the eferenoe point, ,the, water'particles, have no .,er tical.velocit,.4 

ithe jet as it* 

strikes the stilling basin floor.?can beiobtained from, quation.6-l.3 

as 

Consequntly.,' the theoretical vertical veloc.i.ty,,of

= O2gZ)11  (6-) 

Therefore, the.resultant.velocity of.the jet ,as it strikes the'floor'
 

will be"
 

V2 =v 2+V2 (6-17) 

A relationship for the tiv~e of travel can-'be-obtained--from- -

Equation' 6-12' 

.. t:.;=_-(2Z'/R) 1/2 (6-18) 

http:veloc.i.ty
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The horizontal distance traveled in this time cantibe determind by
 

•combining Equation 6-18 with Equation .6-15.
 

L2, X 	+ 0.SH,
 

x 0.511
V)t 4 

S,(O.627H C2g))1 (2Z/g) . 0.511' 

1/2 	 (-9
2(0.627HZ) +,0.SC 

The iobonve'aoii is 	 ",In-(Eq.1 6 '-'9) based 'up n;.an""aeratednappe: 

' e fuii aerated'the 

at"a shortet distance from the overflow 

paai cf ,;'if thei'iappe;'l'sot ly Wfreo jet will strike 

the sti 1in.i. basitfo 


(weir) crest. Thus, the computation of L2 using-Equatih:6"-19
 

would result in a conservative design.
 

Based upon-observations of scour immediately-downstream from the
 

drop ,structure,"Katsaitis C1966) foundthat when was less than
 

1.4L2 ,-a small increase in bed scour occurred. :Sa consequence,
 

:the follbwing equation can be'u'sed to detemine" 1
 

L= 1.SL2 	 (6-20)
 

Also, the length D has been determined from model studies to give
 

satisfactory pe .formance,when
 

S0.17 	 W.21)
D=Cgl2 	 (..
 

(g/V ) 

Design-of the structure., The designs for numerous vertical drop
 

structures with dissipation bars are listed-in Tables 6-1,,6-2,,and 

6-3 for the usual range of discharges and drop heights encountered in 

irriiatibn systems. Interpolation may be used for interte'diate drop 

and other than those
conditions. Structures having values of .h H 




tablc 6-1. Design of Vertical Drop Structures with Dissivation Bars for Drop Heights of 1, , and 3 feet 

TQta I (11) i-f- -ead~ 0-5 10 1-5 2z 

Crest L..hiqht-f .. ft. 2 ft. 3 ft.' 

h-+ r!2- 0.37311 0.1865 0.3730 0.1865 0.3730 0.5595 0.1865 0.3730 0.5595 0.'7460
 

Z =h + 0.373H 4 1.1865 1.3730 2.1865 2.3730 2.5595 3.1865 3.3730 3.5595 3.7460-


Vx =-0.62711(2g) 40.379H 1 20.190 40.379 20.190 40.379 60.569 20.190 40.379 60.569 80.758 
Vz '-= 2gZ 64.4Z- 76.411 88.421 140.811 152.821 164.832 205.211 217.221 229.232 241.242 
a
V = Vx + Vz2 96.601 128.800 161.001 193.200 225.401 225.401 257.600 289.801 322.000 

g/V . 0.333310.2500 0.2000 10.1667 0.1429 0.1429 0.1250 0.1111 0.1000 

(10/2) = 0.435H 0.2175 0.435G 0.2175 0.4350 0.6525 0.2175 0.4350 0.6525 0.8700 

0 2Z/g.= .0622Z 0.0738 0.0854 0.1360 0.1476 0.1592 0.1982 0.2098 0.2214 0.2330 

t ... 0.2717 0.2922 0.3688 0.3842 0.3990 0.4452 0.4580 0.4705 0.4827-

V 4.493 6.355 4.493 6.355 :7.785 4.493 6.355 7.785 8.987 

x = Vxt 1.221 1.857 1.657 2.442 3.106 2.000 2.911 3.663 4.338 

L, =(11'/2) + x 1.439 2.292 .1.875 2.877 3.759 2.218 3.346 4.316 5.208 

L, = 1.512 2.16 3.44 2.81 4.32 5.64 3.33 5.02 6.47 7.81 

L,= W 0.04/(g/V 2) 0.12 0.16 0.20 0.24 0.28 0.28 0.32 0.36 0.40 

D-= 0.17/(g/V)2 0.50 0.68 0.85 1.02 1.19 1.19 1.36 1.53 1.70 

M = 2.728H (g/V2) 0.4546 0.6828 0.2728 0.4548 0.5847 0.1949 0.3410 0.4545 0.5456 

ft- 0.218 0.237 0.465 0.055 0.237 0.367 0 0.123 0.237 0.328
 

Vs = I1(y 'l ) .0. 0.5 0 0.2 0.6 0 0.I 0.4 0.7 

*lake- 1) 1:0.50 0.68 0.85 1.02 1.19 0.85 1. 1.53 !1.70 

s
 

11 .36 



Table -2. Design of Vertical Drop Structures with Dissipation Bars for Drop Heights of 4 feet and S -fet 

1- 1-1-5I 2o 2-5 0-5 1-0 I 1-s T2-o 3-0 

5 ft. 

Total Read (,) in ft. -5 '.o 
Height of, Crest (hr-) 	 4 ft. 

h + T/2 0.13H n..1865 10.3730 f0.5595,0.7460 0.9325 0 .1 86 5 r0 .3730 0.5595 0.7460 0.9325-' i'.190 

Z = hi + 0.373H - 4.1865 4.3730 14.5595 4.7460 4.9325 5.1865 5.3730 5.5595 5.7460 5.9325 6.1190 

60.569 80.758 100.948 20.190 40.379 60.569 80.758 100.948 121.137
V = 0.627H(2g) = 40.379H 20.190 40.379 

334.011 346.021 358.032 370.042 382.053 394.064
"z2 = 2gZ = 64.4Z 269.611 281.621 293.632 305.642 317.653 


2 289.801 322.000 354.201 386.400 418.601 354.201 386.400 418.6011450.800 483.001 515.201
V = Vx2 + Vz 


g/V2 0.1111 0.1000 0.0909 0.0833 0.0769 	 0.0909 0.C833 0.0169 0.0714 0.0666 0.0625
 

0.2175 0.4350 0.6525 0.8700 1.0875 1.3050
(11'/2) = 0.435H1 0.2175 0.4350 0.6525 0.87.00 1.0875 

2 0.2720 0.2836 0.2952 0.3068 0.3226 0.3342 0.3458 0.3574 0.3690 0.3806t = 2Z/g = .0622Z 0.2604 


t 0.5103 0.5215 0.5325 0.5433 0.5539 0.5680 0.5781 0.5880 0.5978 0.6075 0.6169
 

10.047 11.006

8.987 10.047 4.493 6.355 7.785 8.987


4.493 6.355 7.785
Vx 


2.552 3.674 4.578 5.372 6.104 6.790
 x = Vxt 	 2.293 3.314 4.146 4.883 5.565 


4.109 5.321 6.242 7.192 8.095
L2 = (H'-/2) + x 2.511 3.749 4.799 5.753 6.652 	 2.770 

9.98 4.16 6.16 7.85 9.36 10.79 12.14

L= 1.5L 2 	 3.77 5.62 7.20 8.63 


0.64
L3 = W = 0.04/(g/V2 ) 0.36 0.40 0.44 0.48 0.52 0.44 0.48 0.52 0.56 0.60 


- 1.87 2.04 2.21 2.38 2.55 2.72
D = 0.17/(g/V 2) 1.53 1.70 1.87 2.04 2.21 


-4= 2.72811 (g/V2) 0.1515 0.2728 0.3720 0.4545 0.5245 	 0.1240 0.2272 0.3147 0.3896 0.4542 0.5115
 

0.172 0.236 0.294
 
Ys//H = M - 0.218 0 0.055 0.154 0.237 0.307 0 0.009 0.096 

= 0 0.1 0.3 0.6 0.9 
Ys If (Ys/H) 0 0.1 0.2 0.5 0.8 	 0 

2.21 1.53 1.70 2.21 2.38 12.55 2.72
;ike 1 	 1.19 1.70 1.87 2.04 
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in the tables are solved by substituting the desired values in the
 

proper equations, which are also listed in the tables.. The design..


procedure developed by Katsaitis (1966) is described below.
 

1. 	If the scour depth ys is found to be zero, then the
 

resulting Value of D 'maybe more than necessary. The
 

size of D to be usedin such cases is that given,by ;he.i
 

1ower,'-weir with zero scour at the same discharge., The e

fore, tai final row is provided in Tables 6-1, 6-2,: and 6-3
 

which is entitled 'Make D,.showing how-much D could be 

made, 

'2. Theheight of bars, :if.a'de :iequai to twice.the :critical 

depth "'of maximum fl Ow would,be Isufficient to protect both 

-bed and banks. 

3. 	The propagated waves in these structures are usually of
 

small wave-length and dissipate themselves within.a short
 

distance. However, Very strong surface waves are generated
 

when the tailwater is near the crest level, thereby .resulting
 

in severe bank scour.' This,condition is not frequently
 

encountered with drop structures iand would normally be
 

avoided. If such a condition exists, the waves could be
 

dissipated by one row of inverted bars hanging from,a beam
 

as-well as the two rows -of floor bars.':'However,- this
 

application has not yet been investigated systematically
 

(Katsaitis, -1966).
 

4. The height of bars 'shouldspan the full depth of flow .when
 

smooth flows are necessary for a-downstrbam floi measuring
 

device.
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~;~The~al~~ o~' thoe:dOwstrem end.' tstilling basins 

nwst 'be excluded because it, destroys; the streamlined flow 

produced by. the bars. The longitudinal'sha4po of the scour 

bed downstream from the dissipation strudture should be 

designed as shownvin Figure 6-8. Having found y (see 

Step 9), the value,of/lradius R used to -form the epression 

in the:,channel bedr isfi ound by 

R - (6-22)13ys 

_6. ThLexoension walliS formed by drawing:'a .straight, iline on 

the wall (side(Fig. 6-6),, such that it touches .the;,top of 

the second row of bars and has the slope of the banks. CorN

iparison tests of this triangular;.extension wall with a 

rectangular extension wall of equal length have shown equal 

attributed &velocities,-performance, ,which.,can be to 1having ,high 

occur in this structure ,near:thebed where the triangular
 

walls have tl pir maximum length. The extension walls con

stitute -asimple transition between the rectangular section
 

of floww.;within the-,structure,!and t-e z-zpezoidal section of 

an earthen channel. They extend 4-o a d-stance where the 

velocity becomes low and thus eliminate separation of flow
 

whickt.croateps eddies ,and tends' cause scour aroundthem.
 

The, dissipation -barsf greatly reduce: the~velocityjof f~ow, 

exiting ifrom the ,structure,,thereby,: Shortening the required....
 

ilength;of the extension,wa.lls
 

7. The tailwater depth may' vary to any degreeithut. affectingR. 

the performance of the bars.
 



-rThehigher the drop the. mor6e 	efficient this .structur 4 becomes 

for; the same -discharge. -'This can be -seen in thb wo ked 

exampleswlisted:in Tables 6-l, 6-2 and-6-3.' tAlthough the 

enerngyincreases with drop height, :the parabolic trajectory 

of the nappe results in the jet hitting the floor at an 

for full impact.angle closer to 90, which is the ideal anglo 

On the other hand, in low drops with large flows, the impact 

anIgle is much smaller than 900 and most of the energy dis

sipation occurs because of the dissipation bars, with the
 

floor assisting very little in the energy dissipation process.
 

Consequently, the designer should attempt to construct high 

drop structures. 

while the9. '. Th6elength, L1 is determined from Equation 6-20, 

value 	 of 'is obtained from Equation,6-19 and,:D' from 

made; equal W'.'; -The scourEquation 6-21. Also, -L' is to 


depth >" maybe computed from,:
 

(6-23).
ys/h = 2.728(H(g/V2)) - 0.2177 

The wi Ithof'the .bars'i W:',may .be obtained- 'from:

(6-24)
.W(g/v ) = o.04 

U?:the .bar width resulting f'from Equatioh 6- 24isnot:,Sarisfactory, 

case,-I any: percentage variation! from the 
it maiy".be hanged,' In such' a 

also change the value, of'iy,/H by
value ,'O4 irn Equati0n 6-24:!will 

the same percentage multiplied byf 1.2.!" Hence7, the scour' depth ys must 

bladjuft6d 'acordiingly-.' 

http:maiy".be
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Performance. Dissipation bars proved very effective in a model
 

with a St. Anthony Falls (SAF) type of energy dissipator (Katsaitis,
 

1966). Comparison tests were made by replacing the SAF structure
 

with a dissipation bars structure of equal length. The result was
 

that the dissipation bars structure passed 50 percent more than the
 

design discharge without scour. The same discharge with the SAF
 

energy dissipator produced severe scour.
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Chapter 7
 

LOOSE OUNDARY STILLING BASINS
 

Although reinforced concrete is usually used in the construction 

of stilling basins for energy dissipation structures, it frequently' 

becomes desirable from an economic standpoint to place loose .rock as. 

a lining for the stilling basin. The use of rock, or riprap,,can.be. 

particularly advantageous forsmall .drop heights, h. 

Flow Parameters
 

The problem of designing a riprapped stilling basin for vertical
 

drop structures has been recently investigated by Smith and Strang
 

(1967), A definition sketch for the flow 'situation studied by Smith 

and Strang is shown in Figure 7-1. The stabilized scour depth, Ys "was 

evaluated using as variables the head H "the drop heighti h the tail

water.flow depth Y2, and the mean stone'diameter Ds. These variables
 

can be combined into the following dimensionless ratios:
 

Ys/h = 'f(H/h, Y2/h, Ds/h) (7-1) 

The experiments were conducted in a flume 1 foot wide and 37 .fe;?t 

long.,':The three stone sizes used in these studies had an average size 

of 0.021 feet, 0.041 feet, and 0.089 feet,,. 

Data on scour hole depth has been. pfotted. by Smith and Strang 

(19671 .in the form of dimensionless curves as. shomn in Figure 33. The 

value of Ysih repreentsthe-stabili ed scour depth below an initially 

horizontal bed. The data!on scour depth was collected under steady flow
 

operation at the specified values of H/h, Y2 ,h,and Ih/Ds.
 

Theivolume of stono 'scoured from below the initial bed level must 

be deposited above the initial bed level. The actual:depth of the 

deposit-iimi.-"be more or-less -than the ddpth of scour;'depending-upon the 

http:riprap,,can.be


Energy.JLine 

H . 

h V. :I 

/ Orqi!,l:., Btd:.. 

'Tailwo~ter 

Scour Hole 

Figured2.7-1-: Definition. sketcl-,for-Tloose bounday 
basin

stillng
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tailwater condition. The top of the deposit must always be below the 

tailwater level at design flow. When the tailwater is relati.vely deep, 

the depth of the deposit may exceed the scour depth. If the'tailwater 

is shallow, the fiow. over :the top:of :the. .pile.nay.,beTsupercritical, 

which in turn will limit the height to which the ,deposit can rise. 

Between these conditions, Atis possible It&have the scour depth equal 

to:.the deposit depth,. 

The maximum sdour"depth.calculated from Figure 7-2 need, not 

correspond to th'& nqaximum discharge.. Ifithe- Overflow crest is partially 

submerged at maximum discharge, the maximum calculated scour may occur 

for a smaller discharge.. -The condition.corresponding to maximum scour 

cafi be determined, iy using Figure 7-2.iii conjunction with a tailwater 

rating curve. For.this case,"hydrograph tests-bY Smith ana Strang (19 67) 

showed that the actualscourdepth-will exceed .the calculated scour. 
When Y2 exceeds ha flatjet trajectory is produced which erodes the' 

,top of the previously.,stabillzed pile and moves some'ofthe stone 

ftirther downstream;,thereby resulting XT, a deepended scour hole on the 

subsequent hydrograph when the pile is reformed. 

Design Procedure7
 

The hydrograph tests raised considerable doubt ab~ut the long term
 
pstability of the.,r rapped.stilling basin. ifbased. ona deep scour depth 

and a corresponding,';deep pileup-on the downstream channel. The pileup
 

is an. integral part of the ultimate stable shape. eShould any stone be 

removed from the pile for any reason, the size of the scour hole will
 

increase accordingly. With the stone bed placed at the level of the.
 

downstream channel andI Y = 0.5 h, performance .was marginal. Although 

http:rapped.st


= l-0.81 

0 A.24 
0.8 6 Q	 0. 

1.0 

0.6 
h

- ' 

0.2 

080.2 	 0.4 0.2 0.4 06 0 0.2 0.4 0.6 

H/h 

Figur~e 7-2 	 Scour depth re-aiopnsps lo, vertia drop' 

structures withi loose boundary Kstilling basidn. 



not tested under,hydrograph conditions;Snith and Strang (l9,7).believe .
 

that 'the scbihr 'depth Y shoiuld not"exceed half the dropheight f(O;,5h),
 

A 'deep'--scour"depth will result .in a high downstream deposit-with ,super-p
 

critical flow occurring over the' t6p of the rock .deposit. 'This flow
 

condition wouid 'require greate length,'of side protectin,- otherwi se
 
sidereddie:s could 'further erode 'the rock :deposit,- ,The -chances.;of:stone.
 

removal of "eeddes - debris, animals; orman7 L.efar greater when ,th

deposit 'i relatively high 'bove the channer bed.',' 

Sii'itl'ad St'r~ag (1967)' reasoned that "ifthe.'stone bed.was loweed ', 

relati-4e'to,the doc'istream chaniel,"and if the.design; scour depthwasJ 
rded, the peformance "under hydrograph.conditions would be :consider. 

ably improved. -.- ,
The'i'proposed,'design is shoin.in Figure.7-3.iA. 

depression of :2ys/3'", was selected 'so that the'.topiof the,deposit wouldo' 

not form as high abo,e th'e-Aownistream'channel bed- Thedat'in.Figure,-!-2 
canstill be"applied t9.this.case,,except that'the'dro height and>,ta.

water "depth mst be".'takei 'relative t-o th-original, stone bed and,'not, the 

channel 'be: 'Hence' i and- Y2' ikiust bell substituted' for ho andO.-2, 

in using Figure 7-2.
 

'The-'method 'butli"ediabove'eS'iint'ended to ,eliminate .the.occurrence 

of supercriticai flw over the pile,' giving a more- stable. design, tand,,. 

alowing'the' length of-side 'protection, tol be.reduced (Smith and-Strang#. 
* 
 ,Y2lh.,
1967)%I 1s6;"inc6,! 'HiNh, ".H/ ": -d - / ,!the,scour,,,'depth,: tiI.1

be reduced'andthe v'o'lume ,of stone- necessary Ito; 'construct.,the basin will 
aAai iy'be legs': hau'.ta elevation.i; the' gohe 'were .placed':at( the higher 

In or~der~ "tosere -an adequatfe'cutoff,:the .depth .oftth'e-,vertical. 

wal''must:exteid below ,the.bot.tomidf the excavation for theistone.-',,..' 

lklthat bewoldTheref6ri&" 'it, i s , un it be economcal',.to exceed a:design 

http:economcal',.to
http:shoin.in
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depth bf 0.31: h' for Y At this, value;, a.total wall height,, of at least. 

2h would be required.. In: order to meet:this limitation in the field, 

it may be necessary to increase Ds, decrease h (by using more drops), 

or decrease H (by using a wider structure). . 

. The surface of the stone should be placed level, and the scour 

hole should be allowed to develop by natural means. This is simpler 

than,attemptingto preform the hole. In any case, the shape of the 

scour hold will vary slightly as the head changes. Smith and Strang
 

(1967) recommend that the depth of stone placed in the stilling basin be
 

1-1/2 times the maximum scour depth obtained from Figure 7-2. This
 

recommendation'wil provide ample margin of safety as long as the tail

water level at maximum discharge remains at, or below, the overflow
 

crest. In case of a low weir on a natural watercourse, which may become
 

submerged at maximum flow, an initial stone depth of at least 2Ys ...
 

should be provided. The tests by Smith and Strang showed that a base
 

lengthiof 4H + h/4 will safely accommodate any scour hole regardless
 
of thevalue of Y2, since 2 isthe variable having the least effect 

on scour hole position. 

The.riprappedstilling-basin design shown in Figure 7-3 was sub

jected to hydrograph tests using h' 0.5ft., h /Ds = 12,, and 

The surface of the stone bed was depressed 0.2h! below theYs/h' = 0.3'. 

doiginal downstream channel bed,'so;O.2P. was added to each tailwater,
 

depth to'determine the 7tailwaterodepth.:, Y2 above the stone .bed. 

The performance of the design,was highly satisfactory, The depth 

of the pile became stabilized in:one hydrograph, supercritical flow
 

downstreamsfrom the scour hole was eliminated and wave action was,reduced. 

..This design .isrecommended-.for field.use (Smith!and Strang, 196/),. *. 



h' 

Orig. Channel Bed i 

Orig. Stone Bed 	 2.3 Ys 

44H + h'/4 

Figure 7-3 	 Recommended design-of loose boundary stilling
basins for vertical drop structures 



7-8 

Since the data reported by Smith and Strang is valid only for two

dimensional flow, they recommend that third dimension effects at the
 

ends of the overflow be eliminated by constructing vertical abutment
 

walls. Also, the sidewalls would have.to extend downstream about twice
 

the base length of the stone bed. 

In order to prevent migrati,1 of foundation material under the 

stone bed, a filter layer should be placed at the boundary of the
 

This is particularly important
excavation line (Smith and Strang, 1967). 


The criterior for
if the underlying material contains fine sand or ,ilt. 

designing such a filter layer will be described in the following section. 

filter layer is similar to the graded rip-rap explained in theThe 

next chapter as determined by Hallmark.
 



Chapter 8
 

BED D-BANK.PROTECTION
 

,The use of natural open channels for the transportation of water 

presents the possibility of scour. Loose boundary channels are 

constantly shifting alignment due to this phenomenon while man

made channels through natural earth must be ca-efully designed so as 

to either keep local velocities below that causing scour (critical) 

or to maintain an equilibrium between deposition and entrainment at 

any one point. Where the discharge cannot be controlled so as to
 

keep velocities below critical, some means of channel protection must
 

be employed.
 

Rock has been used for lining floodway channels, river improvements,
 

and below hydraulic structures as a means of protection against the
 

scouring action of flowing water. It isusually believed that very
 

large boulders would prevent scour, but in order to reduce costs,
 

it is desirable to know the smallest size rock that can safely be used
 

in a particular design situation. The problem then is to establish
 

the laws and relationships that will allow prediction of the flow
 

conditions under which a given size particle will be moved from its
 

p"sition.
 



Incipient.Motion
 

Rubey (1938) discussesithree-theories regarding incipient motion.
 

The first, reported by Leslie in 1829, is the "sixth-power law" which
 

states that'the weight of the largest particles that can be moved by
 

a stream varies as the sixth power of the stream velocity. A second
 

theory is that of a critical tractive force such that the diameter of
 

the largest particle moved by a stream varies as the depth of flow
 

times the slope of the energy gradient. The third theory reported by
 

Rubey is thrit incipient motion is caused by lift forces due to velocity
 

gradients acting on the particle.
 

Many investigators have reported velocities, often referred to as
 

competent velocities, required to move various diameters of sand and
 

gravel particles. Some of the earliest investigators were DuBuat in
 

1786, Bouniceau in 1845, Blackwell in 1857, Sainjon in 1871, Suchier
 

in 1874, and Gilbert in 1914 as summarized in Figure 8-1 by Qazi (1958).
 

Primarily, these studies related the average velocity of flow to the
 

diameter of particle that could be expected to be moved by the flow.
 

Isbash (1936), investigated the stability of stones inplace on
 

a rock fill. The stability equation developed by Isbash is
 

U =.y2g(Ss-1) (Ds)h (cos *) (8-1) 

inwhich
 

Umc = mean velocity that will just move the stone, ft/sec
 

Yi = coefficient
 
2
 

gravitational acceleration,ft/sec
g = 


Ss = specific gravity of stone
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D. i f1t etei of stone, ft
 

* = angle of inclination of plane that sone lies on 

Gr.im'M ,'and Leupold (1939) utilized the stability equation developed
 

by-Isbash'in analyzing experimental work of the Corps 
of Engineers on.
 

the incipient motion of stones up to 5.5-inches 
in diameter. They
 

foundla'two-fold variation of the coefficient yi 
(1.21 to 2.39).
 

An anonymous (1936) Russian 'articlelisted 
(Table 8-1) competent
 

mean velocities for natural roughness elements 
from 0.005 to 200
 

The most significant aspect of this publication 
was,'the


millimeters. 


inclusion of the depth of flow as a parameter 
describing the particle:
 

size that could be moved by the flow.
 

Resuflts of investigations by Jakobson in 1945, 
Meyer-Peter 'and.'
 

Muller in 1948, Sundborg in 1956,'and Hedar in 1962, 
are rep'orted by
 

The equations -developed-
Andersson (1964) and compared in'FIgure 8-2. 


in form to that developed by Isbast
 by these investigators are simil& 


i that the depth of flow is'taken into account. Both Sundborg

except


of the material as an added
 and Heda include the angle of repos6 


variable.
 



Table 8-1. 	 USSR data on peri-issible0velOcities forinoncohesive
 
particles.
 

Particle 	 ,Mean-,.,
 
Material diameter velocity
 

mm ft/sec
 

Silt 	 0.005 
 0.49
 

Fine Sand 0.05 0.66
 

Medium Sand 0 .25 0.98
 

Coarse Sand 1.00 1.80
 

Fine Gravel 2.50 2 13
 

Medium 'Gravel 5.00: 2,62
 

Coarse Gravel 10.00 3.28
 

Fine Pebbles -l50O 3.94
 

Medium Pebbles 25.0. 4.59.
 

Coarse Pebbles- 40.0 5.91.
 

Large Pebbles 75.0 7.87
 

Large Pebbles 100.00 86
 

Large Pebbles.- 15010, 10.83"
 

200.0 	 12.80,
 

USSR corrections of permissible velocity for depth for noncohesive
 
materials.
 

Average Depth
 

Meters 0.30 0.60 1.00 1.50 2.00 2.50 3.00
 

Feet 0.98 1.97 3.28 4.92 6.56 8.20 9.84
 

Correction Factor 0.81 .0.9 1.00 1.1 1.15 1.20 1.25
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White (1940) hasalso studied the problem of incipient motion. 

Like Rubey, he understood the necessity for studying the flow conditions
 

surrounding a particle rather than jst the bulk flow d~nditions, The•
 

following excerpt illustrates White's thinking.
 

-Like-any solid boundary, the loose granular bed exerts a
 
dtrag upon the fluid, and the accompanying shear stress is
 
transmitted from bed to fluid almost wholly by the more
 
prominent grains in the uppermost layer. Each such grain
 
transmits a small force, and the manner inwhich itdoes so
 
again depends upon the type of motion, though it is now the
 
local motion which is concerned, rather than that of the main
 
stream.
 

Einstein and El Samni (1949) investigated the pressure fluctuations
 

about a bed of hemispheres having a diameter of 0.225°feet. The
 

significant results of their research was that, (a):the ffective
 

location of airough boundary was found to be at 0.2 diameters below the
 

top )fthe hemispheres as shown,in Figure 8-3, and (b): the coefficient
 

of lift for te hemispheres was constant when the flow:velocity at a
 

particular point above the bed was used in computing the lift forces.
 

Xppen and Verma, (1953) studied the incipient motio&Aof plastic and
 

glass spheras varying in diameter from 2 to 4 millimeters and having
 

speciIEic gravities of 1.28 and 2.38, respectively. The use of edge
 

velocity; U'U (the velocity at the top edge of the particle), was
 *ec
 

introduced into their analysis of lift and drag forces, although edge
 

velocity, lift, and drag were not measured directly. -Also, the fall
 

velocity w for spheres was used in the analysis.
 

Roberge and Peixotto (1956) extended the work of Ippen and Verma
 

by.studying natural roughness elements of stone and coal varying in
 

diameter from 0.0125 to 0.0333 feet and'having specific gravities of
 

2.65 and 1.30, respectively. The concept of edge velocity was used
 

in describing the surface resistance, form drag, and lift, as shown
 



2.10- Diameter of Ihemisphere -0.?25 feet 

co 

1.70 

v.,,,." ' ' .,0 :Oi 

o 

.0. .06 0.10 

Distance, z-, in I 

0225. 50 1 

Figure 8-3 Ve4tical-, velocity 'distributionfor hemispherical 

bed as reported by Einstein and El Samni (1949) 
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Surface F.. 2,
 
resistance: , (8721
 

Form,,
 
8-3drag: F AA 

Lift: F CLA-ec (8 4) 

in:which
 

F = .surface,resistance' drag- Ib. 

FD = form.drag, lb 

FL lift, lb. 

Cs = coefficientof ,Srfa.ceresistance" 

cD' oefficient-of :form drag I 

CL = coefficient of lift; 

" odensityOf slugs/ft.,3water, 

I,A = area exposed to flow, ft.2

Uec =competent edge'velocity;-f,t./sec
 

The-edge .velocity-was taken as the velocity measured 0.07 inches 

above'the particle.. Actual 'drag and ift forces were .not measured. 

For large R-eynolds numbers, the equation developed by Roberge and 

Peixotto for incipient motion 'is
 

gD- (Ss-!) -1/2 
(8-)


ec 0.96 

A,comparison of Equation 8-5 with results reported by other investigators
 

for particles having a specific gravity of 2.65 is shown in Figure 8-4.
 

Yalin (1965) has applied dimensional Inalysis to the 'problem of
 

sediment transport to arrive at four dimengionless parameters.
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f - (8'6) 

inwhich
 

Uc = competent shear velocity
 

y; - submerged specific weight of roughness element
 

= pg(Ss-1) 

Tc = competent bed shear stress
 

v = kinematic viscosity of fluid
 

d = depth of flow
 

PS = denisty of roughness element
 

The classic diagram developed by Shields (1936) plots T6/(ys Ds) 

against U*CD /Y as shown in Figure 8-5., 

Neill (1967) has substituted Umc for U*C' in Equation 8-6. 

P2 F%~ D 
mc U D s P 

y D = --d - (8-7) 

In the analysis reported by Neill, the Reynolds number was ignored
 

since ...."the Reynolds number is irrelevant for normal-density
 

Ss =2.65 material if the grain-size exceeds approximately 3mm."
 

Also, Neill ignored the density ratio since the particles used
 

inhis 'experimentalprogram were of comparable density. The results
 

of Neills investigation is shown in Figure 8-6 which can be described
 

by the equation
 

mc 2.0 (8-8)
 
. . ]-yl,DS 
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Anderson, Paintal, and Davenport (1968) have developed a design
 

procedure for riprap lined channels. Manning's equation can be
 

written as
 

1.49 	 AR2/3 l/ 2 (8-9) 
n al e 

in whi'h
 

n is a flow resistance coefficienti
 

.A is the cross-sectional area of flow
 

R is the hydraulic radius (where R,=A/P and P is the
 

wetted perimeter)
 

S is'the slope of the energy line
e 

Ifuniform flow exists ina channel,,' S;, is equal to the slope of the
 
-e;
 

channel bed Sb . Anderson, Paintal,/,and/Davenport (1968) use the 

follbwing'equation for computing n 

n 	= 0.0395 D5 0 
1 6 (8-10) 

The,'effective size of the riprap mixture DS0 is that size of which
 

50 percbnt of the material is finer by weight and is,measured in feet.
 

The other equations utilized by Anderson, Paintal, and Davenport
 

(1968) in developing a design'procedure for riprap lining of open
 

channels are
 

Tc =4 D5 0  	 (811) 

and
 

To ax) Y.5 	 (8-12)= YRSb0 
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inwhich 3.,, isthe critical boundary shear for which the riprap will
 

be stable, and "Co(Max) is the maximum boundary shear occurring on
 

periphery of a channel. The coefficient of 1.5 in Equation 8-12 is
 

and estimated ratio of the maximum boundary shear to the mean boundary
 

shear for a trapezoidal channel.
 

The value of the 3hields function ./(y' Ds) commonly used in
 

checking the stability of a channel bed is 0.06. An interesting
 

comparison can be made between the criterion of Equation 8-11 used
 

by Anderson, ?aintal, and Davenport (1968) and the Shields function.
 

If it is assumed thit D50 =Ds , then Equation 8-11 can be substituted 

into the Shields function and if the specific gravity of the riprap is
 

assumed to be 2.65, a numerical value of the Shields function is obtained,
 

which is 0.039. Interestingly, Neill (1968) states that a value of 0.03
 

for the Shields function is necessary to insure that orly a very small
 

amount of bed material will be moved by the flowing water,. Therefore,
 

itwould appear that the design procedure developed by Anderson, Paintal,
 

and Davenport (1968) should be valid, since it is a compromise between
 

the usual value of 0.06 and the results,of Neill's work.
 

Design Procedure
 

The following design procedure and design charts have been developed
 

by Anderson, Paintal, and Davenport (1968). Experimental data have been
 

used in €onjunction with fiow characteristics to describe the character

istics of the riprap lining and the channel'dimensions necessary to convey
 

agiven discharge on a given slope. Based upon these relationships,
 

Ancerson, Paintil, and Davenport (1968)'have assumed that, for purposes
 

of design, the following conditions are'applicable.
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1.' 	The channel to be designed will be essentially straight and
 

"Of trapezoidal cross-section. The effect of bends in the
 

alignment of the channel on the resulting design will be
 

treated as a corrective factor that will be applied to the
 

design.
 

2. 	The flow will be essentially uniform and can be'described by
 

the Manning flow formula:
 

V 1.49 R 2/3 Sb1/2
 
n b
 

in which the symbols are as previously defined. Certain
 

precautions must be taken at the entrance and outlet of the
 

channel and consideration given to these regions of possible
 

nonuniform flow.
 

3. 	Since it is'presumed that the riprap used in the channel will
 

be stable and that the channel alignment is essentially
 

n , the roughness coefficient, will depend
straight, Mannings 


only upon the effective size of the rock fragments that make'
 

up the riprap and can be expressed as
 

(8-10)
n = 	0.0395 V501/6 


D is that size
The effective size of the riprap mixture 

o;f which 50 per cent of the material is finer by weight and 

is measured in feet. 

T which represents the maximum4.. The critical boundary shear 


shear for which the riprap will be stable is directly
 

or
proportional to the effective size D50 


(8-11)
Tc 	=4Ds 
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The,boundary shear stress isnot'uniformly distributed around
 

the wetted perimeter of the channel. The magnitude and location
 

of-the maximum shear on the boundary depends upon the shape of
 

the cross section. For the wider trapezoidal channels, the
 

maximum ,shearoccurs atthe center of the bed with lesser maxima 

on 	the side slopes. For narrow trapezoidal channels, the
 

maximum shear occurs on the side slope. The excess of the
 

maximum boundary shear over the mean shear varies somewhat
 

with the width-depth ratio. In order to simplify the
 

computation and design charts the ratio of the maximum
 

,boundary shear stress-is taken to be 1.5 times the mean for
 

all 	trapezoidal channels (Anderson, Paintal, and Davenport, 1968).
 

To(max) 1.5YRSb 	 (8-12)
 

6. 	Because of the component of the force of gravity acting,on the
 

riprap:in the direction of the-side slope, the critical boundary
 

shear stress for the riprap on the sloping side is'less than
 

that for riprap on the bed. The ratio of the.critical boundary
 

shear on the-s,'oping, side to the critical boundary shear acting
 

on 	a similar particle on the bed is
 

K = " si 	 (8-14)
Tcb. sin e 

7. 	The discharge to be conveyed in the channel and the topographic
 

slope upon which it is to be constructed are prescribed by
 

external conditions; that is, they are independent variable.
 

I!'der certain :circumstances thesize,of the riprap thut may:i
 



%aisobe !considered an ,independentvariable: and':the channels 

(designedto-take this into account. 

,TIe,ratio'ofwidth to depth,,for trapezoidal charnels must be 

.,limited:to practical values.' This may be done 'arbitrarily 

.within certain limits. The;ratio .P/R ; where P :is the 

wetted perimeter and R is the hydraulic radius, is a 

minimum for a triangular channel. For channels 'withside slopes 

of 2.5:1 P/R (min)equals 11.6; for 3:1 P/R (min),equals 13.3;
 

and for-side slopes of 4:1 P/R (min) equals 17. Since
 

trapezoidal channels with side.slopes 'of 4:1 or less are
 

-relativelyrare, the minimum P/R ratio is taken as 13.3. The
 

upper limit of P/R is set at 30, since wider channels become
 

uneconomical. In practice, the ultimate design will probably
 

be between these limits.
 

The development,of design charts for-trapezoidal channels by,
 

Anderson,. Paintal, and ,Davenport (1968) is founded upon the basic
 

equations described above. .Thecombination of these equations with
 

the continuity-equation results"in a-,relationship between :tIe principal
 

variables- of discharge,, slope, shape of channel, and size, of'riprap 

material.
 

Starting with the basic Maining f6iula (Equation 8-13), the 

roughness coefficient defined by Equation 8-10 maybe introduced with
 

.that result, that: 

S1S i /2 (8-15) 

D- 1/6 b,. 

Further vsinqeithe stability of-.',the. riprapudepends. upon.,the'.,bbundary 

shear not exceeding the critical boundary shear for the riprap, the
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condition.,for-,stability,-is!thatI
 

(8-16)
 

The-,combination of' Equations; 841 and 1-12 ,resultsi4in ai expression-..for
 

RV.'invthe form
 

R = 0.0428 (8-17) 

When iEquation 8=-17.for the, hydraulic radius is substituted into Equation 

8-15ithe mean velocity can be expressed,'-in terms,lof .,the;size of the 

riprap:and .the longitudinal slope, of the 'channel, as,,, 
s
V = D /24. 1 

V14.60 50 (8-18) 

Introducing the continuity equation defined as
 

Q - VA VPR = R R (8-19) 

into Equation 8-18 and using Equation 8-17, results in an equation
 

relating the discharge, the longitudinal slope of the channel, the size
 

of the riprap, and the shape of the channel as defined by' P/R in the
 

form
 

__ DS0.5/2 P (8-20)Q "=118 S 13/6 ' R'--- 0 

This equation shows that, for a given discharge and slope, the size
 

of riprap that is needed to protect the channel depends also upon the
 

channel shape. For given values of P/R, Equation 8-20 can be plotted
 

with the discharge Q as a function of the slope S with D as a
 

parameter. The values of P/R to be used can be taken as the upper and
 

lower limits of practical channels. These limits have been taken as
 



P/R = 13.3 and P/R = 30 for the reasons given-,freviously.: Figures8-7:. 

and 8-8 represent Equation 8-20 for P/R - 13.3 and P/R = 30, respectively. 

For these values of P/R, the charts give the size of riprap required to 

line a channel having :.the given discharge' QtT.and slope ;Sb -such'that':the 

riprap is stable. The determination of D50 from each chart provides
 

two limits within which the actual size must fall. Once the size of 

riprap between these two limits has been chosen, the velocity and the 

hydraulic radius :can be determined from Figures 8-9 -and8-10, which are 

graphical, representation- of Equations 8-17 and 8-18 and give ,,V and R; 

in terms of the known values od Dso ,and 'Sb. Obtaining the 'mean
 

velocity from Figure 8-9, the required cross sectional area is obtained
 

from Figure 8-10, which is a graphical representation of the continuity
 

equation.
 

The required side slopes are obtained from Figures 8-12 and 8-13,
 

which are obtained by combining Equation 8-14 with the following equation
 

Tb (max) 

Equation 8-21 states that the riprap on the side slopes should have.
 

a resistance to movement which is 0.8 times the.movement resistance 
of the riprap placed on 'the channel bed. Thusi. the shearing stress 

on the sloping sides is appreciably less than that on the bottom. At
 

the same time, the critical shear stress for riprap on the side of the
 

trapezoidal channel is also less than that for the same size on the bed.
 

Now, if the side slopes are adjusted so that the ratio of critical shear
 

on the sAide to that on the bed is equal to the ratio of the boundary
 

shears on the side to that on the bottom, then the riprap will be
 

equally stable on the side and on the bottom. The result is given in
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Figures 8-12 and 8-43. Given the size of riprap D5O and its
 

Using this
angularity, the angle of reposc is taken from Figure 8-12. 


anglb of repose, the side slope is determined from Figure 8-13. 
The
 

curve in Figure 8-13 represents the actual variation between ang16 f
 

repose and side slope, but for practical reasons the range of side
 

slopes was divided into three groups and each assigned a Value (Anderso',
 

Paintal, and Davenport, 1968)
 

Having chosen the side slope and having determined the cross
 

sectional area and the hydraulic radius, the channel geometry Is obtained
 

In
directly from the appropriate chart of Figures 8-14 ahrough 8-18. 


these design charts, the side slope is established so that the riprap on
 

the side is as stable as that on the bottom and the size of the riprap is
 

a minimum consistent with the superimposed discharge and slope. If, for
 

any reason, it is desirable to make the side slopes steeper than what
 

is given by the design charts, the size of the riprap can be increased
 

to accommodate the increased side slope at the cost of some loss of
 

efficiency on the channel bottom. Assuming that the angle of repose
 

K in Figure 8-19 can be determined for
is a constant, the value of 


both th' design slope and the desired steeper slope. Assuming further
 

that the riprap on the bottom remains unchanged, K becomes proportional
 

to the critical boundary'shear stress of the side riprap, and therefore
 

thvnih Pnint Rn-21. K is also proVortional to D,; . Therefore,
 

(8-22)
50 D50, K 


in which D1 -'islth requiired'size of.riprap on the steeper side slope.
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Nonuniform Flows
 

In designing an energy dissipator:structure, one of the problems
 

is to determine the riprap requirements immediately-dowastream from the
 

structure when the outlet channel has a loose boundary. Usually,
 

considerable judgement is necessary in making this evaluation. A minimum
 

size-of:-riprap can be determined-by assumingruniform flowand'computing
 

the necessary riprap size using the procedure developed by Anderson,
 

Paintal, and Davenport (1968). Thi requized riprap-sfze would
 

definitely be larger than .the size determined by assuming uniform flow.
 

The U.S. Bureau of Reclamation (Peterka, 1964) has developed a
 

curve relating bottom velocitV, which is the flow velocity in the vicinity
 

of the particle, to riprap size. This curve was.,developed from numerous
 

C.ase studjesiof success and failure of riprap immediately downstream.
 

from 3nergy dissipator structures. The USBR,curve, which is'shown in
 

Figure-8-14, .shouldprovidei 'validevaluation of the minimum required
 

riprapisize under nonuniform flow conditions immediately downstream from
 

e ,gy"
dissipator'structures.
 

Filiers'
 

When the required size of riprap-is considerably larger than the
 

base material'iinderlying'the riprap blanket, a filter layer of~material
 
I, 

may be required between the base material and the riprap in order to
 

prevent leaching. Leaching is the process by which the finer material
 

underlying the riprap is picked up and carried away by turbulent eddies,
 

waves, jets. and surges.that penetrat.the,.riprpblanket -through the
 

interstices of the rock particles. Leaching can be minimized if the
 

riprap blanket is thick enough, the interstices are closed or reduced
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in size, a protective layer of intermediate sized material is interposed
 

between the base material and the riprap, or the base material is suffi

ciently cohesive to prevent unraveling and erosion of.the individual
 

particles.
 

The criteria which are frequently used in determiningwhether or
 

not a filter layer is required can be defined as
 

D Riprap

s< 5 
 (8-23)
D85,.ase.
 

DisRiprap 4
5 < D ae < 40(824
 
D1Base (8-24) 

15 ' 

D5Ri :rap 40 

D Base (8-25) 

in which D15  D5 0, and D85 are the sizes of riprap andbasei material' of
 

which 15, 50, and 85 percent arefiner..If these criteria-(Equations-8

23, 8-24, and 8-25) ar6notmet,thinafilter layer As necessary In
 

fact, the possibility exists'that more than one fiiter layer may be;
 

required, the above criteria must be ijet by each successive filter layer.
 

°If, for example, a filter layer is reuired,'then the criteria
 

given by Equations 8-23,8"24; and 8-25 must be modified accrding to the
 

foliwing equations:
 

D Riprap.
i l t e r (8'-26)
D85 _F <5 

< D1 < 40 (8-27)
 

D1Filter
 

S t er < 40 (8-28)
D:'D - Riprap4-


D'S *Filter_ 4
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D1i5 Filter 5( 
- 9

-DS''Ease 

Di Filter 
<5 Filer< 40 r8-301 
D5 Base
 

DO Filter
 

D Base
D50 Bs <40(831)
 

Ifmonly one filter layer is required, then the use of Equations 8-26
 

through 8-31 will yield a range of particle size distributions that will
 

be satisfactory for the fiY.ter material.
 

Recor.endations regarding the thickness of the riprap blanket or
 

filter layer vary (Anderson, Paintal, and Davenport, 1968)i, The range
 

is about 1.3 to 2 times the D50 size of the material. Other reccommend

ations state that the thickness of the material should be equal to the
 

maximum Particle size or 1.5 times the maximum particle size.
 

A natural, built-in series of filter layers is graded riprap which
 

varies,in size from the.maximum required by the foregoing criteria down
 

tothe maximum size in significant quantity in the base material. All
 

intermediate sizes also need to be present so that the riprap is well
 

graded and maximum density ,Such material is.usually available at the
 

lowest price as pit-run sand, gravel, cobbles, and boulders pit, or as.
 

crushei-run material from a rock crusher plant.
 

-The importance of graded riprap is shown in Figure 8'20 from
 

Hallmark and Smith (1965) in which the depth of scour base material
 

(maximum size 1/4 inch) is reduced to some extent by Irinch to. 2-inch
 

riprap, reduced even more by 1/4-inch to 1/2-inch riprapandieduced
 

the most by the graded riprap ranging in size from 1/4-inch to::2- inches.
 

This also shows it is more important tohave the size6oftiprap (1/4-1/2)
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immediately larger than the base material than the much larger (1-2) 

material which leaves a gap in size with openings in the riprap (since 

it is not maximum density) through which the base material can be eroded 

by jets, waves, and surges. Frequently, designers have the misconceptior 

'that "the larger the riprap the better,". but Figure 8-20 shows why this,, 

is not true with.alluvial ibase material!.
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Chapter. 9 

WAVE SUPPRESSORS
 

In some cases, a problem may develop in the outlet channel from an
 

energy dissipator structure due to wave action. The effect of the wave
 

action may be detrimental because of bank scour or periodic,overtopping
 

of the,banks or because a measuring device may be downstream. Usually,

this problem is not anticipated. Thus, corrective measures are required
 

after construction is completed which might consist 'of placing riprap
 

along the banks, raising the height-of the banks, or constructing a
 

structure for suppressing wave action. A wave suppressor structure may
 

also be desirable in order to improve the approach flow conditions
 

if a flow measurement station or flow measuring device is,located a
 

short distance downstream -- thereby improving the accuracy of the flow,
 

measurement.
 

A raft-type wave suppressor is shown -in Figure 9-1. This structure
 

consists of two or more perforated slabs held rigidlyin'place.: In thee
 

"
 
design of a raft-type wave suppressor, the following considerations must
 

be taken into account:
 

I. 	The rafts should be perforated in a regular pattern.
 

2. 	The rafts must be thick onough to prevent the wave troughs from
 

breaking free from the underside.
 

3. At least..two rafts ,should be ,used. ssearatedby.,at least 3 times 

the raft width. 

4. 	The rafts should be rigid and held stationary. Where it is
 

desirable to suppress waves at -lessthan maximum discharge,
 

some means of adjustment should be made.
 



-Wi.I~W ~ 

'Fire"9L'1 +:Schematic drawing of-a ritft-t"e lwave
 

suppressor
 



5. The ratio of the hole area to the total area of the raft may 

be 	'from 1:6 to 1:8. 

6 . The top surface of the raft is usually placed at the mean water 

surface elevation. 

The underpass-type waVe suppressor shown in Figure 9-2 is effective
 

for wave suppression. Essentially, 'itconsists of a horizontal roof
 

placed in the channel with a head wall high enough to cause all flow to
 

pass beneath the roof. General design criteria include:
 

1. 	The roof will produce the greatest wave reduction when the
 

underside is submerged (h''/y2) to 33 percent of the maximum
 

flow depth. The greatest wave reduction is for waves of short
 

wave- length. 

2. 	 The length of the underpass should be 1.0 Y2 ito 1.5 y2 for, 

,60 to 75 percent wave height reduction...-2 Y2 to 2.5 Y2 ror 

*values-up-to 88"percent, and-for values up to 93 percent 

reduction in wave height the length should be from 3.5. Y2 to 

4Y , where is the downstream water elevation. Included2 y2 


in the length for the 3.5 y to 4 '2 suppressors isa 4:1
 

sloping roof extending from the underpass roof elevation to the
 

tailwater surface which acts as a draft tube.
 

3. 	The backwater effect of the underpass is shown in Figure 9-2
 

for the range of lengths. The basic flow equation for the
 

structure is,
 

Q = CA12g (h+h v ) 	 (9-1) 

in which
 

Q is the discharge,
 

is the constant determined from Figure 9-2,
C 
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A- is the cross-sectional flow area in the underpass,
 

g, is the acceleration of gravity,
 

h 	 is the head through the constriction, and 

is the upstream velocity head. 
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Chapter 10
 

SMWARY 

The three structural components of combination check-drop-energy
 
C. . 

dissipator structures are: (1)the inlet or appraoch section; (2) the
 

stilling basin; and (3)the outlet channel. The hydraulic design of
 

each component has been discussed in this report.
 

At the inlet or approach section, two different structural conditions
 

can occur, with consequent effects on flow conditions. For the situation
 

in which the geometry of the approach section is constant with the flow
 

dropping off the end of the approach section, or entering a chute having
 

a slope greater than critical slope, the flow conditions at the end of
 

the approach section are known.
 

If the flow entering the stilling basin passes over a check
 

structure (weir or orifice), then the flow characteristics of the free
 

jet are known if the overflow crest is sharp-crested (thin-plate weir)
 

or has a curvilinear shape (ogee crest) conforming to the lower nappe
 

of a free jet passing over a sharp-crested weir or the control gate has
 

a sharp edge and large upstream section. The overflow crest of most
 

check structures are neither sharp-crested (edged) nor do they have an
 

ogee crest. Thus, there is a problem in predicting the flow character

the free jet passing over or through most check structures.
istics of 

In many cases, check structures are also used for flow regulation
 

in that a portion of the discharge is allowed to flow over the check
 

flashboards, Consequently, it becomes desirable to determine the
 

relationship between depth and discharge for the check flashboards to
 

allow accurate stream regulation, as well as evaluating the free jet
 

characteristics of the overflow in order to properly design the stilling
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basin located immediately downstream. Also., the corners of flashboards
 

become rounded with time, which affects the flow characteristics of the.
 

overflow. A laboratory experimental design to collect the necessary
 

Sinformation' would have to include such variables as thickness of flash

boards, rounding of flashboard edges, height of overflow crest above 

the approach channel floor, geometry of check structure, andgeometry 6f 

approach channel.
 

Numerous investigators have reported specific design information
 

for particular geometries of energy dissipator .structures. The variety
 

in types of energy dissipator structures does allow the designer
 

considerable latitude in meeting most field situations. Of particular
 

importance is the more general work of Moore (1943) and White (1943),
 

which provides sufficient information for designing small rigid-boundary
 

stilling basins.
 

A considerable amount of research has been accompilshed regarding
 

appurtenances in stilling basins. For vertical drop structures, a
 

systematic study would appear to be in'order to evaluate the'effective

ness of end sills, floor blocks, and dissipation bars. Such an evalu

ation would have to cover a wide range of unit discharge and height of
 

drop to be of any value in systematizing the hydraulic design of
 

stilling basins, including appurtenances, for vertical drop structures.
 

The design of loose-bo ndary, or riprap, stilling basins below
 

vertical drop structures has been reported by Smith and Strang (1967).
 

Their studies should yield good results for small drop heights. Because
 

the .rocess of scour and sediment transportation is so complicated,
 

there is a real need to duplicate the general experimental design of
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Smith and Strang, but using much larger drop heights, discharge, and
 

particle sizes.
 

Determining the required size of riprap to be placed in a loose

boundary outlet channel immediately downstream from a stilling basin is
 

very difficult. First of all, our present criterion for sizing riprap
 

is a function of mean velocity or shearing stress, neither of which take
 

into account the effects of turbulence and eddy size upon the movement
 

of particles. The flow immediately downstream from a stilling basin
 

may be highly turbulent. Thus, using the mean velocity in the outlet
 

channel to arrive at a required size of riprap would yield a diameter
 

much toq small. At the present time, the USBR curve is probably the
 

best criterion for this situation, since it is based on numerous case
 

studies of riprap failures and successes below energy dissipator
 

structures. Better design information is needed for riprap sizing near
 

stilling basins. The simplest type of information would be relations
 

between mean velocity and bottom velocity (velocity near the top of
 

the particle) for movement of various sizes of riprap placed downstream
 

from various types of energy dissipator structures. Another unknown
 

which should be incorporated in this experimental design is the
 

variation of bottom velocity with distance downstream in order to
 

determine the channel length for which riprap is required.
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C,CHECK-DROP-ENERGY DISSIPATOR STRUCTURES
 

IN IRRIGATION SYSTEMS 

ANNOTATED BIBLIOGRAPHY
 

Ackermann, N. L.: and Undan, R. 1970. Forces from submerged
 
jets., Proceedings of the ASCE, Journal of the Hydraulics
 
Division, Vol. 96, No. HYll, Paper No. 7675, Nov., pp. 2231
2240.
 

The force on rigid surface produced by an impinging jet

is a function of the physical characteristics of the fluid in
 
which the jet is submerged. In the present experimental in
vestigation, flow conditions are considered where a submerged
 
circular jet impinges upon a disk whose diameter and distance
 
from the origin of the jet are variable. For such conditions,
 
the force produced by the impinging jet is found to depend
 
upon the nozzle and disk diameters, and the momentum flux of
 
the disk in the incident flow field. A stagnation pressure
 
model was developed relating these variables when the disk
 
was smaller than the local diameter of the spreading jet.
 

Advani, R. M. 1967. Energy dissipation through hydraulic
 
jump. 12th Congress, IAHR, Fort Collins, Colorado, Vol. .3,
 
C29, pp. 249-251.
 

The subject of energy dissipation below spillways and
 
other hydraulic structures is Of vital importance to irrigation
 
and hydraulic engineers particularly in view of the increased
 
tempo of construction of such structures these days all over
 
the world. There are several devices through which the desired
 
energy dissipation may be accomplished, but the most effective
 
one seems to be through the formation of hydraulic jump below
 
such structures. The usual practice is to have a channel of
 
rectangular shape for the hydraulic jump device, perhaDs for
 
ease of computation. By expressing the basic equations in
 
terms o' suitable nondimensional parameters as outlined in
 
this paper, the computation work is greatly simplified.
 



1950.
Albertson, M. L., Dai, Y. B., Jensen, R. A. and Rouse, H. 

Diffusion-of submerged jets. ;Transactions of the ASCE, Vol. 115, 
Paper No. 2409, pp. 1571 - 1594. 

As the direct result of turbulence generated at the borders
 
of a submerged jet, the fluid within the jet will undergo both
 
lateral diffusion and deceleration, and at the same time fluid
 
from the surrounding region will be brought into motion. The
 
approximate characteristics of the corresponding mean flow
 
pattern are derived analytically, with the exception of a single
 
experimental constant, through assumptions that : (1)the pres

(2) the
sure is hydrostatically distributed throughout the flow; 

diffusion process is dynamically similar under all conditions;
 
and (3) the longitudinal component of velocity within the
 
diffusion region varies according to the normal probability
 
function at each cross section. Experimental data are presented
 
which justify the analysis and provide the necessary coefficients
 
for flow from both slots and orifices. All results are reduced
 
to a form immediately useful for design purposes.
 

Anderson, A. G., Paintal, A. S. and Davenport, J. T. 1968.
 
Tentative design procedure for riprap lined channels. St.
 
Anthony Falls Hydraulic Laboratory, Project Report No. 96,
 
Project No. HR 15-2, Minneapolis, Minnesota, June, pp. 1-67.
 

This report describes the interrelationships and develops
 
design criteria by which a riprap lined drainage channel can be
 
proportioned and the riprap lining specified for a given dis
charge and longitudinal slope. These relationships so developed
 
have been reduced to design charts, the use of which permits
 
rapid and simple establishment of channel shape and size as well
 
as the properties of the riprap lining. Limited experimental
 
data are presented which serve to verify the design procedure,
 
to test the efficacy of channels designed according to this
 
procedure, and to examine somewhat more closely the phenomenon.;
 
of leaching of base material through the riprap interstices.
 
These experiments, while preliminary in character, indicate that
 
the'design procedures are suitable and incorporate sufficiently
 
large factors of safety to provide stable channels.
 

Andersson, S. 1964. Stability of armour layer of uniform stones
 

in running water. Swedish Geotechnical Institute, Reprints and
 
Preliminary Reports No. 6, pp. 21-25; Stockholm.
 

Equations describing the beginning of movement for coarse
 
granular particles are summarized. These equations have been
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developedby numerous.investigators 'andAre basedon ,,hypo eseiS
 
of shearing stressor velocity.
 

Anonymous. 1936. The maximum permissible mean velocity in open
 
channels. Gedrotekhnecheskoe Stroitelstov...
 

For particle diameters up to 200 mm, the maximum mean velocity
 
allowable in an open channel without moving the particles is given.

Adjustment factors for the allowable mean velocity are given which
 
take into account the effects of flow depth.
 

Argyropoulos, P. A., Advani, R. M., Leutheusser, H. J., Campbell,

F. B., and Smith P. M. 1964. End depth for circular channels.
 
Proceedings of the ASCE, Journal of the Hydraulics Division, Vol.
 
90, No. HY3, Paper No. 4050, Sept. pp. 261-283.
 

The recent supplementary theoretical attempts and experi
mental tests examined by the authors concerning the solution of'
 
the end depth problem in open channels are reported and the
 
practical significance of brink depth is explained.
 

Austin, L. H., Skogerboe, G. V., and Bennett, R. S. 1970.
 
Subcritical flow at open channel structures: open channel
 
expansions. OWRR Project No. B-018-Utah, Utah Center for
 
Water Resources Research, Utah State University, Logan,

Utah - 84321. Aug., pp. 1-71.
 

The intent of the writers is to develop a basis for the
 
design of open channel expansions utilizing the techniques

previously developed for flow measuring flumes and weirs. This
 
method for analysis would employ the use of specific energy

rather than flow depth, but this substitution has been found
 
valid through previous analysis of data from other research.
 

Bakmeteff, B. A., and Matzke, A. E. 1938. The hydraulic jump'

in sloped channels. Transactions of the ASME, Feb. pp. 1111-18.
 

The discussion of a previous paper on the hydraulic jump

in sloped :channels made it evident that the existing literature
 
carried ino clear exposition of the subject, and moreover that'nh 



sysatic p~ was leh.h Qupermtxperimental, evidence avai 

an engineer to dare practical conclusions paper- is.an:
.Thi* 

attempt to clarify this situation.
 

Biiashevsky, N. N. 1965.: The mechanism . of thei ocal scour behind 
the spillway structures with aprons and the influence of the
 
macroturbulence upon,the scour..llth Congress of-the Inter
,national Association of Hydraulic -Research, Leningrad. pp. C301!-

C: 30.6. 

The authors wide range experimental study on the velocity
 
pattern and on the bottom scour holes behind spillway structures
 
shows that the scour ability of a flow depends on the magnitude
 
ofthe maximum actual near-bottom velocities.
 

Blaisdell, F. W. 1948. Development and hydraulic design, St. 
Anthony Falls stilling,,basin. Transactions of the ASCE, Vol. 113, 
Pappr.N0. 2342, "pp.- 483-561. 

Tests made to develop: rules for'the design,_of a stilling
 
basin to dissipate hydrodynamic energy are described in this
 
paper. The energy dissipator has been named the SAP stilling
 
basin, SAF (denoting St. Anthony Falls) being a coined word
 
used to differentiate this design from other stilling basin de
signs. The objective in presenting this paper is to present
 
data in sufficient detail to permit an independent analysis by
 
the reader so that he can arrive at his own conclusions. The
 
results are summarized for convenience of reference so that,
 
after evaluating the design, the reader can obtain all the
 
equations and information essential to the hydraulic design of
 
the SAP stilling basin, without "thumbing" through the entire.
 
paper.
 

Blaisdell, F. W., Donelly, C. A., and Yalamanchiii, K. 1969.
 
Abrupt transition from,a circular pipe to a rectangular open
 
channel. St. Anthony Falls Hydraulic Laboratory, University of
 
Minnesota, Technical Paper No. 53, Series B, July..
 

The development of criteria and a generalized procedure for
 
the design of an abrupt, transition from a circular pipe to a rec
tangular open channel are presented. The equations developed.
 
describe the locations of thewater surface elements to within
 
an average of 0.11 pipe diameters of their correct locations.
 

http:Pappr.N0
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The maximum anti6iated 0cation error is ± 1.4 pipe diameters.
 
The equaticns for the envelope6 curves covering the crests of the
 
sidewall waves, which determine the channel sidewall height, pro
vide an average freeboard of 0.08 pipe diameters and a maximum
 
freeboard of 0.31pipe diameters. When the envelope equations
 
are used only 2% of the wall waves will overtop the sidewalls,
 
the-maximum overtopping being*0.04 pipe diameters.
 

Blaisdell, F. W. 1954. Equation of the free falling nappe.
 
Journal of the Hydraulics Division, ASCE, Separate No. 482,
 
Vol. 80,'Aug.,-pp. 1-46.
 

A general equation for the form of the nappe is developed
 
in this paper. The equation is not valid close to the crest,
 
but applies to that portion of the nappe that is free-falling,
 
where pressures within the nappe are atmospheric. The constants
 
in the equation have been evaluated for the vertical sharp
crested weir having approach channel-depths ranging from deep to
 
zero (the free overfall); that is, over the entire range of sub
critical approach velocities. The evaluation is made using nappe
 
coordinates obtained by others. The equation is checked by com
paring its predictions with a number of published profiles. The
 
comparison is shown to be excellent for the lower approach
 
velocities and good at the higher approach velocities.
 

Butcher, A. D., and Atkinson, J. D. 1932. The cause and pre
vention of bed erosion with special reference to the protection
 
of structures controlling rivers and canals. Minutes of the
 
Proceedings of the Institution of Civil Engineers, London,
 
Vol. 235, pp. 175-193.
 

The experiments described in this paper were started in
 
connection with certain problems of erosion which had arisen at
 
the Sennar dam controlling the Blue Nile, about 200 miles South
 
of Khartoum. The continuance of the erosion rendered necessary
 
the provision of some form of protection and a start was made
 
by designing horizontal aprons for the first twenty sluices
 
which were screened by an island from the main river channel.
 

Chang, F. M. and Karim, M. 1970. Erosion protection for the out
let of 'small and medium culverts,. South Dakota University, Brokings, 

'
 South Dakota , -Report PB190565, Feb., pp. 1-52.
 

This is a pilot study to investigate and evaluate the
 
feasibility of an erosion control work for the outlet of small
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and.medium culverts. The proposed control work consists of a
 
recessed'stilling basin armored with gravel and a tranverse im 

pact wall. The primary objectives of this investigation were to
 
find the dimensions of the stilling basin and a proper location
 
of the impact wall for the design flow discharge for two tail
water condition simulating a discharge into a receiving channel.
 
Two things were considered important in regard to the satisfactory

functioning of this control 'work: (1) stabilization of the stilling

basin, and (2)minimization'of the scour below the impact wall.
 

Chitale, S. S. 1959. Energy dissipation in hydraulic jump below
 
weirs and falls. Irrigation and Power, Vol. 16, No. 4, Oct.
 
pp. 465-477.
 

Both the Indian as well as American practices of design of
 
hydraulic jump type horizontal cisterns for energy dissipation

below weirs and barrages are examined. The length of the cistern
 
according to Indian practice is based on the height of jump while
 
American designs correlate it with downstream depth of flow.
 
Using experimental data, a relation between length and height of
 
jump is first established and on this basis the length of cistern
 
according to the Indian practice in terms of downstream depth is
 
obtained.
 

Curtis, D. D., Martinez, J. E., and Vasquez, V. 1956. Coefficient
 
of contraction for a submerged jet. Proceedings of the ASCE,

Journal of the Hydraulics Division, Vol. 81, No. HY4, Paper No.
 
1038, August, pp. 17-19.
 

In computing the rate of discharge for a submerged orifice,

it is customary to assume that the coefficient of jet contraction
 
is the same as it would be if the jet were free. This experi
ment is undertaken to compare both the geometric and the kine
matic characteristics of a free and a submerged jet issuing

from the same orifice under the same differential head.
 

Diskin, M. H. 1961. Hydraulic jump~in trapezoidal channels. Water
 
Power, January., pp. 12-17.
 

Reports.of eperinAnts on the hydraulic jump in non-rectangular
channels indicate that he conjugate depths of the jump, as measured, 
agree quite closely wi h theoretical values derived by the momentum 
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equation. The computation of the theoretical conjugate depths,
 
however, is a tedious process which involves a graphical
 
solution or successive approximations. The method presented in
 
this article is based on an equation similar to that proposed
 
by Elevatorski but derived in a different way.
 

Diskin, M. H. 1961. End depth at a drop in trapezoidal channels.
 
Proceedings of the ASCE, Journal of the Hydraulics Division, Vol.
 
86, No. HY4, Paper 2851, July, pp. 11-32.
 

The momentum equation is used to derive a general equation
 
for the end depth in prismatic channels in mild slopes at an
 
abrupt drop. The equation is solved directly for exponential
 
channels and in a tabular form for trapezoidal channels. Experi
ments on two trapezoidal channels are reported and the results
 
are compared with the theoretical values of end depth derived
 
by use of the momentum equation.
 

Doddiah, D. D. 1949. Comparison of scour caused by hollow and
 
solid jets of water. M.S. Thesis, Colorado Agricultural and
 
Mechanical College, Fort Collins, Colorado, Dec.
 

The problem for which this thesis seeks to furnish an
 
answer may be stated as follows: What is the scouring capacity of
 
a hollow jet of water and how does it compare with that of a
 
solid jet? An attempt to further analyze this problem in a
 
search for its solution will be much facilitated by a review of
 
the work that other investigators have already done in this field.
 

Doddiah, D. D., Albertson, M. L. and Thomas, R. A. 1953. Scour
 
from jets. Proceedings, Minnesota, International Hydraulics
 
Convention, Minneapolis, Minnesota, September, pp. 161-169.
 

Scour from jets of water which might be found under naturai
 
conditions was given rather detailed treatment by Schoklitsh in
 
1935. In this work, Schoklitsch describes a variety of condi
tions under which scour might occur and gives data for design of
 
certain structures involving scour. Doddiah, in 1949, made a
 
study of scour resulting from circular jets issuing vertically
 
downward onto a bed of alluvial material covered .by a pool of
 
water having various depths. More recently, Thomas has studied
 
the scour resulting from a two-dimensional jet or sheet of water
 
issuing from a free overfall and impinging on an alluvial bed
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also covered by a pool of water having various depths. This
 
paper reports the studies made by Doddiah and Thomas and compares
 
the study of Thomas with the equation of Schoklitsch.
 

Donnelly, C. A., and Blaisdell, F. W. 1965. Straight drop spill
way stilling basin. Proceedings of the ASCE, Journal of the
 
Hydraulics Division, Vol. 91, No. HY3, Paper No. 4328, May,
 
pp. 101-131.
 

The development of generalized design rules for a straight
 
drop spillway stilling basin is described in'this paper. This
 
stilling basin was developed because experience had shown that
 
there was no satisfactory stilling basin for the stiaight drop
 
spillway. The stilling basin can be used for a wide range of
 
discharge, head on the crest, crest length, height of drop, and
 
downstream tailwater level. A method of computing the stilling
 
basin length for all tailwater levels is presented. The design
 
rules developed as a result of the laboratory tests were care
fully checked and verified. An example shows how these rules
 
can be applied to the design of a field structure.
 

Einstein, H. A., and E. A. El Samni, 1949. Hydrodynamic forces
 
on a rough wall. Review of Modern Physics, Vol. 21, pp. 520-524.
 

The dynamic forces which a turbulent flow exerts on the
 
individual protrusions of a rough wall have been measured. it
 
was found that even in the case of an extremely high relative
 
roughness, the drag force on the protrusions may be determined
 
from the logarithmic friction laws. The lift force, which was
 
measured, was divided into a constant average value and a random
 
fluctuation superimposed over the average. Statistical analysis
 
showed that the frequency of lift forces followed the normal
 
error law. This fact seems to indicate that in the description
 
of turbulence near a rough wall, the pressures must be regarded
 
as the primary influence, not the velocities.
 

Elevatorski, E. A. 1959. Hydraulic energy dissipators. Engi
neering Societies Monographs, McGraw-Hill Book Company, Inc.,
 
New York.
 

This book draws upon many sources of material in presenting
 
experimental as well as design data to serve both research and
 
design engineers. A partial list of references to such litera
ture is given at the end of each chapter.
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Fiala,G.R., and Albertson, M. IL. 1961. Manifold stilling
 
basin. Proceedings of the ASCE, Journal of the Hydraulics
 
Division, Vol. 86, No. HY4, Paper 2863, July, pp. 55-81.
 

This paper presents the manifold stilling basin as a device
 
for dissipating excess kinetic energy. This device has certain
 
important advantages for some conditions. Two successful field
 
installations of the manifold stilling basin have already been
 
made. Both installations were made at the outlet ends of the
 
pipe drops in canals in which the vertical drop of the water
 
surface was several tens of feet.
 

Flammer, G. H., Skogerboe, G. V., Wei, C., and Rasheed, H. 1970.
 
Closed conduit to open channel stilling basin. Proceedings of the
 
American Society of Civil Engineers, Journal of Irrigation and
 
Drainage, Vol. 96, No. IRI, Paper No. 7124, March, pp. 1-11.
 

Criterion have been developed for designing a stilling basin
 
to serve as a transition from closed conduit flow to open channel
 
flow for a fully submerged pipe outlet. The unique feature of the
 
stilling basin is the short-pipe energy dissipator for the basin
 
configuration. The expanding characteristics of a submerged jet
 
were used in establishing the length of the stilling basin. The
 
unsteadiness of the water surface and the relative boil height
 
in the model basin were used as the criteria for evaluating the
 
effectiveness of the structure for energy dissipation. Relations
 
between the tailwater depth, the outlet flume floor elevation, the
 
height of boil in the stilling basin, the width of the stilling
 
basin, and the amount of freeboard have been studied. The
 
interrelationship among these variables have been shown graphi
cally.
 

Forster, J. W. and Skrinde, R. A. 1950. Control of the hydraulic
 
jump by sills. Transactions, ASCE, Vol. 115, pp. 973-1022.
 

The object of the study described herein was to investigate
 
the performance of such sills in level rectangular channels, and
 
to attempt to formulate a general method of design. The experi
mental results are shown to compare favorably with a theoretical
 
analysis and data of general application are presented dimension
lessly. Two types of sills were investigated. First, a vertical
 
nonaerated weir with a sharp crest and second, an abrupt rise in
 
the channel bottom. Charts have been prepared which may be used
 
to determine sill dimensions for preliminary design purposes and as
 
a guide in analysing or predicting the effect of such sills under
 
given conditions.
 



A-il
 

Foss, W. L. 1959. Experiences with canal d.ops of various
 
designs. Proceedings of the 8th General Meeting of IAHR, Vol.,
 
21, August, pp. 1-24.
 

The development of the design of special drop structures
 
for canals on the St. Mary Irrigation Project in Southern
 
Alberta is described. This included large scale model experi
ments carried out in the open, beside a fall on an irrigation
 

Equations for the hydraulic design of structures of
canal. 

any size and capacity are proposed, the design being in terms
 
of canal dimensions. Criteria are developed by which the
 

performance of any structure can be compared with that of the
 

model. The main principle involved in the design is the
 

spreading of the stream within the structure back to the
 
average canal width before and during the hydraulic jump.
 

Grimm, C. I., and Leupold, N. 1939. Hydraulic data pertaining
 
to the design of rock revetment. U.S. Army, Corps of Engineers,
 

North Pacific Division.
 

Discusses current revetment practices. Tabulates and plots
 

available laboratory data of movement of solids by flowing water.
 

Evaluates Bonneville, Passamaquoddy, Isbash, WES, Groat, and
 

Hooker data. Includes observed prototype data on Columbia
 
River, Zuider Zee, and in the Los Angeles District.
 

Gyorke, 0. 1961. Energy dissipation in protected beds down

stream of river barrages in the case of shallow stilling pools.
 

9th Congress IAHR, Dubrovnik, Yugoslavia, pp. 184-196.
 

Principles for the design of an effective energy dissipating
 
It can be seen from the
system are summarized in four points. 


typical flow-patterns, that the stilling pools of shallow depths
 

and with high terminal sills are impracticable. Theoretical
 

conclusions are supported by the results of experiments with
 

tailwater apron designs according to an apron test of a river
 

barrage to be built into a river-bed consisting of fine soil.
 

Influence of particle size gradation on
Hallmark, D. E. 1955. 

scour'at base of free overfall. M. S. Thesis, Colorado Agri

cultural and Mechanical College, Colorado, Aug.
 

The objective of this study is to obtain information that.
 

will ultimately lead to the use of gravel for amorplating stilling
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basins., The subject for immediate investigation is the effect
 
of size gradation of bed material on scour at the base of a free
 
overfall. This investigation has been limited to a maximum
 
steady flow discharge of 0.5 cfs per linear foot of crest width.
 
The maximum height of drop has been four feet. The sizes of
 
the bed material have been limited to in. mean diameter and
 
1/32-in. mean diameter. Armorplating gravels have been tested
 
on the 1/32-in. bed material only. A constant channel width
 
has been used to maintain two-dimensional flow.
 

Hallmark, D. E. and Albertson, M. L. 1956. Recent developments.,
 
in the design of a simple overfall structure. Proceedings of the
 
Four States Irrigation Council, Fifth Annual Meeting, Denver,
 
Colorado, January.
 

This paper describes the work carried out at Colorado A & M Coll.
 
in an attempt to develop design criteria for a simple, economical
 
and effective drop structure for canals and conveyance systems.
 

Hallmark, D. E., and Smith, G. L. 1965. Stability of channels
 
by armorplating. Proceedings, ASCE, Journal of t1re Waterways and
 
Harbors Division, Vol. 91, No. WW3, Paper 4452, Aug., pp. 117-135.
 

The results of experimental and theoretical investigations
 
are presented for certain sediment characteristics found pertinent
 
to the control of localized scour in alluvial channels. The
 
relationship between fall velocity of the sediment particle,
 
velocity at the beginning cF sediment motion, tractive force, and
 
bed shear velocity is developed in terms of the nominal particle
 
diameter.
 

Hickox,PG. H. 1944. Aeration of spillways. Transactions of the
 
American Society of Civil Engineers, Vol. 109, Paper 2215, pp. 537-566.
 

*Amethod of computing the size of air vent needed for aeration
 
of spillways, based on all the available data, is presented in
 
the paper. The effect of insufficient aeration on the reduction
 
of pressure beneath the nappe and on the discharge is discussed.
 
Formulas and diagrams for calculation of these effects are in
cluded.
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Ingram, Le F., Ottmanf R. E. and Tracy, H. J. : 1956. Surface
"
 

profiles at a submerged overfal1. Proceedings ofthe.ASCE,
 
Journal of the Hydraulics Division, Vol. 81, No. HY4, PaperNo.
 
1038, August, pp. 12-16.
 

Depending upon the interrelationship of a number of variables,
 

the free surface at a submerged overfall will assume one of several
 
In addition to the coordinate position,
basically different forms. 


the pertinent variables include the velocity and depth of the on

coming flow; the depth of the tailwater in the forebay; the channel
 

slope, roughness, and cross-sectional dimension; and the dimensions
 

of the forebay. For the purpose of this exploratory study, the
 

channel was made smooth and horizontal and the drop as great as
 

possible, changes in boundary alignment were limited to the verti

cal, and the surface configuration-was observed in the crest
 
vacinity only.
 

The motion of discrete
Ippen, A. T., and R. P. Verma. 1953. 

particles along the bed of a turbulent stream. Proceedings,
 
Minnesota International Hydraulics Convention, pp. 7-20.
 

The movement of glass and plastic spheres having diameters
 

between 2mm and 4mm were observed on a flume bed roughened with
 

sand particles. The bed roughness was described by an effective
 
roughness computed from the Karman logarithmic laws. The en

trainment function of Shields was checked and found untenable
 
where the bed load and bed consist of different particle sizes.
 

A new entrainment function was derived that was more generally
 

valid for the range of experimental results.
 

Isbash, S. V. 1936. Construction of dams by depositing rock
 

in running water. Transactions, Second Congress on Large Dams.
 

Summarizes experiments for construction of dams by depositing
 
Author briefly reviews theory resulting
rock in running water. 


frcm small-scale experiments and gives equations applicable to
 to 500-lb
various stages of construction. Riprap composed of 15-

No basic data given in report. A


rock. Large rock not moved. 

tentatively recommended curve for riprap design is given.
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Ishihairf T.,Iwasa, Y.,' and Ihda, K. 1960. Basic studies on
 
hydraulic performances of overflow spillways and diversion
 
weirs. Disaster Prevention Research Institute, Kyoto University,
 
Bulletin No. 33, March, pp. 1-29.
 

This paper describes the theoretical characteristics of
 
round crested weirs which are one of the controlling devices for
 
released discharge from a reservoir or a main stream and the
 
verification of the theory by experimental research. The head
discharge relationship of a round crested weir is theoretically
 
estimated through the hydraulic characteristics of control
 
section mathematically obtained by the geometric properties of
 
the basic dynamic equation. The theory described in this paper
 
can also be applied to the control structures of overflow spill
ways. Some contributions to the design procedures for control
 
structures are also presented.
 

Jeppson, R. W. 1965. Graphical solutions to frequently en
countered fluid flow problems. Utah Water Research Laboratory,
 
Utah State University, Logan, Utah, June, pp. 1-27.
 

This publication presents nomograms and charts which
 
solve the hydraulic equations most frequently used for both
 
open channel and pipe flow problems. This method of solution
 
should be of considerable practical value over "cut and try"
 
approaches usually applied to these kinds of problems. The
 
use of the nomograms and charts is described briefly and
 
illustrated by example problems.
 

Kandaswamy, P. K. 1957. Characteristics of flow over terminal
 
weirs and sills. Proceedings of the ASCE, Journal of the
 
Hydraulics Division, Vol. 82, No. HY4, Paper No. 1345, Aug.,
 
pp. I-ii.
 

Generalized experimental results are presented to show the
 
variations in both the discharge coefficient and the nappe profile
 
for two-dimensional flow over a vertical sharp-crested weir as
 
the ratio of head to depth of flow changes continuously from
 
zero to unity.
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Katsaitis, G. Do'966. The use of-dissipationbars in channel
 
drop structures. The Journal of the Institution of-Engineers,
 
Australia, Paper No. 2005, Jan-Feb., pp. 9-18.
 

A systematic investigation of the use of dissipation bars
 
in stilling basins for vertical drop structures is presented.
 
The dissipation bars were found to be effective energy dissipators.
 
Design equations have been derived which express the efficiency,
 
of these bars in terms of scour in the outlet channel. Example
 
designs are listed.
 

Keim, R. S. 1962. The Contra Costa energy dissipator.. Pro
ceedings of the ASCE, Journal of the Hydraulics Division, Vol.87,
 
No. HY2, Paper 3077, March, pp. 109-122.
 

The laboratory development of the Contra Costa energy
 
dissipator is described. The dissipator is used in the re
establishment of natural channel flow conditions at culvert out
falls where uncontrolled, excessively high effluent velocities
 
at depths less than half the culvert diameter otherwise would
 
cause undesirable damage.
 

Kindsvater, C. E., and Carter, R. W. 1957. Discharge charac
teristics of rectangular thin-plate weirs. Proceedings of the
 
ASCE, Journal of the Hydraulics Division, Vol. 82, No. HY6,
 
Paper No. 1453, Dec., pp. 1-35.
 

The flow pattern for rectangular, thin plate weirs is not
 
subject to complete mathematical analysis and experiment is
 
presented which provides a simple, direct soluti3n for the
 
discharge and a convenient method of compensating for the in
fluence of viscosity and surface tension. The effects of
 
viscosity and surface tension are related to an increase in
 
the effective head and a decrease in the effective notch width.
 
Thus, the combined effects of the fluid properties are accounted
 
for with adjustment coefficients which are applied to measured
 
values of the head and width. Consequently, the coefficient
 
of discharge is defined as a function of the width contraction
 
ratio and the head weir-height ratio, only.
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E i942 sping channls..Kindsvater;;:, C - :], . The uhyraUlic Jump 'in. 

Transactions:,of the ASCE, Vol. 67, Paper No. 2228, Nov. pp.
 
1107-1154.
 

Common forms of the hydraulic jump in sloping channels have
 
been classified into three general cases, and an analysis is
 
presented which leads to a practical method of computing the
 
dimensions of the jump. Satisfactory agreement between analysis
 
and experiment was obtained from laboratory tests on a channel.
 
with a 1 on 6 sloping floor. Conclusions drawn from this in
vestigation indicate that experiments on other slopes might
 
eventually yield a satisfactory treatment for hydraulic jumps on
 
any slope within the practical range.
 

Lane, E. W. 1942. Spillways and stream-bed protection works.
 
Tiandbook of appliod hydraulics. Edited by Davis. McGraw-Hill
 
Book Co., New York, Section 9, pp. 333-357.
 

The design procedures for various types of spillways is
 
given, along with requirements for scour protection in natural
 
river channels below stilling basins for spillway structures.
 

Luthra, S. D. 1950. Dissipation of energy below overfall dam-.
 
The Central Board of Irrigation Journal, November. pp. 660-665.
 

The paper presents a method of dissipation of energy of
 
water flowing over a spillway dam which has been developed as a
 
result of a large series of experiments. The existing methods
 
such as hydraulic jump or an upturned bucket were tested for
 
securing protection against scour below an overfall spillway.
 

Massey, B. S. 1961. Hydraulic jump in trapezoidal channels,
 
an improved method. Water Power, June,, pp. 232-233.
 

The author presents a simple and exact solution of the
 
equations, in.preference to approximate methods,:in solving
 
the problem relating to the hydraulic jump occurring in
 
trapezoidal channels.
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MooreiW. L., and Morgan, C, W. 1957., The hydraulic jump at
 
"
 an,abrupt drop. Proceedings of the ASCE, Journal of the Hydraulics
 

Division, Vol. 82, No. HY6, Paper 1449, Dec., pp. 1-21.
 

The hydraulic jump may form at various locations relative
 
to a low abrupt drop in a rectangular channel. The role of the
 
drop in determining the form of the jump and in stabilizing its
 
position is clarified by analysisand experiment. An example
 
illustrates the application of the results to the analysis of
 
stilling basin design.
 

Moore, W. L. 1943. Energy loss at the base of a free overfall.'
 
Transactions of the ASCE, Vol.,108, Paper No. 2204, pp. 1697-1714.
 

Experimental studies were made of a free overfall with a
 
view to obtaining information that would be of value to designers
 
of hydraulic structures. Detailed laboratory measurements
 
showed that the energy losses at the base of a fall were of
 
appreciable magnitude. These measured energy losses were applied
 
in the development of a rational formula for calculating the
 
height of the hydraulic jump below a fall. Limited information
 
was also obtained on the length characteristics of the jump and,
 
on the effect of the submergence of the jump on energy dissi
pation. The presence of standing water behind the fall is ex
plained and its height is calculated by application of the
 
momentum equation..
 

Morris, B. T., and Johnson, D. C. 1943. Hydraulic design'of
 
drop structures for gully control. Transactions of the ASCE,
 
Vol. 108, Paper No. 2198, pp. 887-940.
 

In the stabilization of gullies, small overflow dams are
 
used to retain silt and to control the stream grade. These
 
dams are simple drop structures similar to those used in irri
gation canals. in this paper, the development of rules for the
 
proportioning of such dams is described in terms of the hydrau
lic requirements for structure performance. The formulas in
cluded in the design rules are presented graphically for con
venience in application. These rules are based on the accumulated
 
experience of engineers in irrigation and soil conservation work'
 
and on the results of a series of laboratory test programs.
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Murley K. A. 1970. Iirrigation channel structures' Victoria,
'
Australia.. :Proceedings of the American Society of Civil .
 

Engineers :Journal of the Irrigation and Drainage Division,.
 
Vol. 96, No. IR2, Paper No. 7371, June, pp. 131-150.
 

The basic-types of structures used in irrigation channels
 
at Victoria are overflow drops (check regulators, measuring ,
 
weirs:and vertical drops), gate operated regulators undershot_
 
flow, access crossings and pipe structures used for culverts,
 
siphons, and, chutes, scouring tendencies and scour control
 
arrangements of the structures used as observed in the field
 
and as studies in model tests are considered in this paper

measuring structures have been covered separately but some
 
comments are given on hydraulic design for pipe structures and
 
orifice measurement with submerged flow.
 

Nakagawa, H. 1969. Flow behavior near the brink of free overfall.
 
Disaster Prevention Research Institute, Kyoto University, Vol. 18i
 
Part 4, Bull. No. 149, March, pp. 65-76.
 

As for the free overfall, the boundary conditions can be-,
 
determinative only at the terminal section, so that the flow
 
behaviors in this case have been confirmed only by the experi
mental procedure, or the theoretical solution of the flow to be
 
obtained would be restricted by the terminal section. The author
 
tries to clarify the controlling mechanism of free overfall by
 
one-dimensional analysis with the aid of experimental research
 
and to develop a more exact method of analysis of the flow
 
characteristics of free overfall, based on universal laws
 
obtained by experimental investigation.
 

Neill, C. R. 1967. Mean-velocity criterion for scour of coarse.
 
uniform bed-material. Proceedings, XII, Congress, IAHR, Vol. 3,
 
Paper C6, pp. 46-54.
 

,New experimental data is presented on -incipient motion of
 
uniform bed materials ranging from 6mm to 30mm in diameter. ;The.
 
data have been correlated with comparable data by previous in
vestigators to develop a dimensionless expression for scour of
 
coarse uniform material. A design nomogram is presented relating
 
competent mean velocity to grain size, specific gravity, anddepth

of flow. Predictions of the formula are compared with those of
earlier design curves and formulas.
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Neill:,iC. iR. 1968. . re-examination of ,the beginning of move- , 

ment for coarse granularlbed materials. ,Report Int. 68, 
Hydraulics Research Station, Wallingford, Berkshire, England. June.
 

Flume experiments on low movement rates of uniform coal
 
grains, glass spheres, and coal mixtures are described and,
 
analyzed. Reasonably consistent results were obtained using a'
 
numerical criterion for beginning of movement. A 3-parameter
 
relationship is proposed expressing a dimensionless grain dis
placement rate as a function of the original Shields parameters.
 
Empirically, the beginning of movement for uni-model mixtures
 
of moderate dispersion can be estimated by inserting the D5 0
 
size by weight into the expression for uniform materials.
 

Opie, T. R. 1968. Scour at culvert outlets. M. S. Thesis,
 
Colorado State University, Fort Collins, Colorado, March.
 

The procedures used in, and the results of, experiments
 
to determine the size and geometry of scour holes in flat,
 
loose rock beds at culvert outlets are given. A review of four
 
recent approaches to the problem is also included. From a
 
dimensional analysis, the depth of scour at such an outlet is-.
 
related to the discharge and bed characteristics. The depth of.
 

.
scour has been related to the length, width, and volume of 

scour. The relations are severely restricted in their appli
cation to the range of outlet conditions. Practical examples
 
are given. Results are presented in graphic form.
 

Peterka, A. J. 1964. Hydraulic design of stilling basins and
 
energy dissipators. Engineering Monogram No. 25, U.S. Dept. of
 
the Interior, Bureau of Reclamation, Denver, Colorado, Sept.
 
pp. 1-222.
 

Generalized designs are given for stilling basins and
energy dissipators of several kinds, as well as associated
 
appurtenances. General design rules are presented so that the
 
necessary dimensions for a particular structure may be easily
 
and quickly determined, and the selected values checked by
 
others without the need for exceptional judgment or extensive.
 
previous experience. 'Proper use of the material in this
 
monograph will eliminate the need for hydraulic model tests on
 
many individual structures, particularly the smaller ones.
 
Designs of structures obtained by following the recommendations
 
will be conservative in that they will provide a desirable
 
factor of safety.
 



Pillai, N. N.°,and Unny, T. E.,1964. Shapes -for appurtenences
 
in stilling basins. Proceedings of td ASCE, -Journalof the
 
Hydraulics Division, Vol. 92, No. H.Y3, Paper No- 3888, May,
 
pp. 1-21.
 

New shapes for stilling basin appurtenances in the form of
 
wedge'blocks with an apex angle of 120 0 are proposed based on
 
detailed analysis of the existing literature on the subject and
 
by further experimentation. The new type recommended causes
 
greater energy dissipation in a shorter length than the
 
comrtnly adopted rectangular blocks. Also, the modified shape
 
is expected to be free from cavitation danger at the large
 
velocities encountered in'high dams. The overfall arrangement,
 
of the stilling basin shows an appreciable reduction in the
 
size of the basin.
 

Prasad, R. 1970. Numerical method of computing flow profiles.
 
Proceedings of the ASCE, Journal of the Hydraulics Division,
 
Vol., 96., No. HYl, Paper No. 7005, Jan.,.:pp. 75-86.
 

A general method of computing flow profiles based on
 
numerical integration is presented. The differential equation
 
of gradually varied flow may be numerically integrated using
 
Manning's (or any other) formula for energy slope by the
 
method described in this paper.
 

Qazi, N. A. 1958. Stability of canal linings. M.S. Thesis,
 
University of Toronto, Ontario.
 

Presents historical data reported by previous investigators
 
on incipient motion. In addition, laboratory experiments were
 
conducted using particles ranging in size from 0.25 to 1.5 inches.
 

Rajaratnam, N. 1963. Method of hydraulic equivalents for
 
critical-flow computations. Water Power, Feb. pp. 79-80.
 

A modifiedmethod-of hydraulic equivalents for critical
flow computations in open channels is presented.
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, Submekged hydraulic jump. Proceedings of
Rajaratnam, N. 1965. 

the ASCE, Journal'of the Hydraulics Division, Vol. 91, No. HY4,
 
Paper No. 4463 July, pp. 71-94.
 

The writer has attempted to solve the submerged hydraulic
 
jump as the case of a plane turbulents wall jet under an adverse
 
pressure gradient over which a backward flow has been placed.
 
Using the writer's results, an analysis is presented of the
 

forward flow in the submerged jump as a plane wall jet.
 

Rajaratnam, N. 1967. Diffusion of submerged sluice gate flow
 

over a drop. 12th Congress IAHR, Fort Collins, Colorado, Vol. 4,
 
Paper No. 17, pp. 156-163.
 

The paper presents an experimental study of the diffusion
 
of a supercritical stream emerging under a submerged sluice gate
 

The length of the eddying region,
situated over an abrupt drop. 

the characteristics of the velocity profile, and bed shear
 

It has been found that
stress after reattachment are studied. 

after a certain distance downstream of the reattachment line,
 

the supercritical stream could be treated as a reattached plane
 

turbulent wall jet which behaves very much like the corresponding
 
classical wall jet. The variation of the bed shear stress is
 

expressed in the form of a dimensionless similarity plot.
 

Rajaratnam, N., and Muralidhar, D. 1964. End depth for ex

ponential channels. Proceedings of the ASCE, Journal of the
 

Irrigation and Drainage Division, Vol. 90., No. IRI, Paper No.
 

3819, March, pp. 17-39.
 

An extensive investigation of the end depth problem for
 
General theoretical equations
exponential channels is presented. 

From a large number of carehave been developed for all cases. 


fully conducted experiments, the end depth ratio for horizontal
 

free overfalls has been found to 0.795 for the triangular shape
 

and 0.772 for the parabolic shape. For sloping channels, the
 

end depth ratio has been found 1 be a function of the relative
 
found that
slope. For the rectangular free overfall, it was 


the already available results for the confined case could be
 

used with little error for the un-onfined case.
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Rajaratnam, N., and Subramanya, K. 1968. Hydraulic jumps
 
below abrupt symmetrical expansions. Proceedings of the ASCE,
 
Journal of the Hydraulics Division, Vol. 94, No. HY2, Paper No.
 
5860, March, pp. 481-503.
 

An experimental study has been made of the R-jump and S
jump ccurring below abrupt symmetrical expansions in rectangular
 
channels. A new characteristic length has been developed to
 
correlate the mean flow characteristics of the S-jump. The
 
S-jump has been treated as a three-dimensional turbulent wall jet.
 

Rand, W. 1955. Flow geometry at straight drop spillways.
 
Proceedings of the ASCE, Journal of the gydraulics Division,
 
Vol. 81, Paper No. 791, Sept., 13 pp.
 

The flow pattern at a straight drop spillway can be des
cribed by a number of characteristic length terms: the drop
 
length, that is the distance from the vertical drop wall to
 
the toe of the non-submerged nappe, the length of the hydraulic
 
jump if it begins at the toe of the nappe, the depth of flow
 
downstream from this jump, and the depth of the under-nappe
 
pool between the drop wall and the nappe. All these values
 
are represented as functions of the discharge and of the height
 
of the drop. The results are given by a collective plot of
 
dimensionless terms. wo geometrical properties of the flow
 
pattern are established, consisting in practically constant
 
relationships between some of the terms. The determination of
 
flow geometry is important for the design of straight drop
 
stilling basins.
 

Rand, W. 1970. Sill-controlled flow transitions and extent of
 
erosion. Proceedings of the ASCE, Journal of the Hydraulics

Division, Vol. 96, No. HY4, Paper No. 7212, April, pp. 927-939.
 

Sill-controlled flow transitions in open channels, dependent
 
on the geometry of a rigid (fixed-bed) boundary, have been des
cribed earlier. This investigation deals with the same flow
 
transitions where the channel downstream.i of the sill is erodible.
 
A similarity concept for erosion, to be confirmed by experimental
 
evidence, will be established as an extension to the similarity
 
criteria valid for a rigia boundary. As a result, prediction of
 
the extent of erosion is expected to become possible for a wide
 
variety of sill -controlled flow transitions, including the
 
natural hydraulic jump, and flow transitions present in the hy
draulic jump stilling basins.
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Rao, G. N. S., Seetharamaiah, K., and Swamy Chandrasekhara, N. V.
 
1960. Dissipation of energy of a circular jet submerged in water.
 
La Houille Blanche, No. 6, Nov. pp. 704-713.
 

This paper deals with the study of the dissipation of
 
energy of a high velocity flow into a standing mass of water. At
 
the instant when the jet enters the standing pool of water, the
 
jet possesses the maximum energy, which is gradually dissipated

along its passage in the surrounding medium. Some studies were
 
undertaken with a view of studying the mechanism by which the
 
energy of the jet is reduced to a minimum. Studies are also
 
reported regarding various conditions of flow.
 

Rao, G. N. S. and Rajaratnam, N. 1963. The submerged hydraulic

jump. Proceedings of the ASCE, Journal of the Hydraulics Div
ision, Vol. 89, No. HY1, Paper No. 3404, January, pp. 139-410.
 

An inyestigation on the submerged hydraulic jump is presented.

The submerged jump has been defined with the introduction of a
 
definition sketch and a submergence factor. Theoretical and ex
perimental equations have been developed for the main flow para
meters. A general equation has been derived for the energy loss
 
in the submerged jump. All the theoretical developments have
 
been experimentally verified for the range of supercritical

Froude numbers from 2.94 to 10.0 and for the submergence factor
 
to values of approximately 4. It has also been established
 
that, in a submerged jump, high velocities continue along

the bottom for considerable distances, thereby causing scour.
 

Roberge, R. A., and Peixotto, E. D. 1956. Similitude of in
cipient motion. Unpublished M.S. Thesis, Massachusetts Institute
 
of Technology, Cambridge, Mass.
 

This is a laboratory investigation of conditions controlling

incipient motion of graded rock particles composing the bed of a
 
turbulent stream. A resistance coefficient was obtained for
 
various sized material and plotted against Reynolds number.
 

Rouse, H. 1936. Discharge characteristics of the free overfall.
 
Civil Engineering, Vol. 6, No. 4, April, pp. 257-260.
 

The free overfall can be used as a flow meter without cali
bration. Although the flow at the overfall is not parallel, the
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crest section is that of true minimum energy and hence is the
 
actual control section. The crest depth is a constant percentage
 
of the computed critical depth for parallel flow.
 

Rouse, H. 1958. Turbulence characteristics of the hydraulic
 
jump. Proceedings of the ASCE, Journal of the Hydraulics
 
Division, Vol. 83, No. HYl, Paper No. 1528, Feb., pp. 1-30.
 

Hot wire measurements of the turbulence in an air-flow
 
model of the hydraulic jump are described for Froude numbers 2,
 
4, and 6. Results are analyzed and interpreted in the light of
 
the momentum and energy. In an initial analytical section, the
 
modeling method is justified and the differential and integral
 
forms of the momentum and energy equations pertinent to the
 
investigation are explained.
 

Rube, W. W. 1938. The force required to move particles on a
 
stream bed. U. S. Geological Survey, Professional paper 189-E,
 
pp. 121-141.
 

Three theories regarding the movement of particles from a
 
stream bed are discussed: (1) the impact theory, which states
 
that the weight of the largest particle moved by a stream varies
 
as the sixth power of the velocity; (2) critical tractive force
 
theory; and (3) hydraulic lift theory, which is concerned with
 
the difference in pressure above and below the particle. The
 
laboratory data of Gilbert has been used to test these theories.
 

Shields, A. 1936. Application of similarity principles and
 
turbulence research to bed-load movement. Translated from
 
German by W. P. Ott and J. C. van Vchelen for California Institute
 
of Technology, Pasadena, California.
 

This is a translation of the original German report which
 
deals with general problems of bed load movement with particular
 
reference to the influence of weight and shape. By using parti
cles of barite, granite, coal, and amber, a range of particle

weights could be studied. Investigation of grain shape covered
 
rounded, angular, and sharp-edged grains. The development of
 
the Shields function is explained, along with its physical
 
importance.
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Shih, C. C. and Parson, D. F. 1967. Some hydraulic character

istics of trapezoidal drop,structures. Proceedings of the 12th
 
Congress, IAHR, Fort Collins, Colorado, Vol. 3, pp. 249-260.
 

This study is concerned with some of the hydraulic charac
teristics of flow over drop structures connecting two trape
zoidal channels at different elevations. The drop structures
 
are formed by an abrupt drop in the horizontal channel bottom,
 
and are equipped with or without a weir. The dimensional
 
analysis, which was based on theoretical considerations of the
 
flow problem, resulted in a set of dimensionless parameters,
 
namely the relative depth, the drop number, and geometric para

meters of the drop structure. Experimental results are pre
sented in graphical form through dimensionless parameters for
 
various trapezoidal drop structures.
 

Shihmen Reservoir Project. 1963. Hydraulic model studies on
 
the overflow section and stilling basin of Shihmen Afterbay
 
Weir. Engineering Department, Shihmen Development Commission
 
in Cooperation with Taipei Hydraulic Laboratory, National Taiwan
 
University, Technical Monograph No. 3, Taipei, Taiwan, Republic
 
of China, August., pp. 1-28.
 

The results of tests involving the hydraulic performances
 
of the ogee crest, the sloping apron, the stilling basin, and
 
the downstream river bed including pressures, water surfaces
 

The tests also included
and scour measurements are reported. 

a study of the hydraulic performance under conditions of tail
water levels progressively lower than those assumed in the
 
basic design.
 

Shukry, Ahmed, M. 1957. The efficacy of floor sills under
 
drowned hydraulic jumps. Proceedings of the ASCE, Journal of
 
the Hydraulic Research, Vol. 82, No. HY3, Paper 1260, June,
 
pp. 1-9.
 

The results of hydraulic tests on the performance of various
 
types of floor sills are presented. The study is mainly con
cerned with low-head river barrages which are generally operated
 

The distribution of velocity
under conditions of drowned jumps. 

for various types and location of sills was recorded by a Pitot
static tube. The efficiency of any sill against bed scour is
 
indicated by the rate of adjustments of the flow to the normal
 
distribution in the downstream channel.
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Silvester:.R. -'1964. Hydraulic jump in all shapes of horizontal
 
channels. Proceedings of the ASCE, Journal of the Hydraulics
 
Division, Vol. 92, No. HYI, Paper No. 3754, Jan., pp. 23-55.
 

Exact solutions are provided for the conjugate depths and
 
energy loss for hydraulic jumps in rectangular, triangular,
 
parabolic, circular, and trapezoidal channels in terms of the
 
upstream Froude number. These agree with previous solutions
 
derived in terms of other dimensionless parameters and are
 
verified by published data and local tests. The equation for
 
the length of the jump for the various shapes of channel is
 
obtained in terms of the upstream depth and Froude number.
 
However, the constant in the relationship must be determined
 
experimentally because it is dependent on the general pro
portions of any given channel shape.
 

Simons, D. B., Stevens, M. A., and Watts, F. J. 1970. Flood
 
protection at culvert outlets. Colorado State University, Civil
 
Engineering Dept., Report CER 69-70 DBS-MAS-FJ W4, 211 pp.
 

In this study, several classes of information concerning
 
flood protection at culvert outlets are presented. The information
 
is related to the flow conditions at culvert outfalls and to the
 
hydraulics of rigid basins and outlet basins stabilized with
 
rock riprap. In addition, the characteristics of high tailwater
 
and non-scouring, low tailwater basins are covered.
 

Skogerboe, G. V., and Hyatt, L. M. 1967. Analysis of submergence
 
in flow measurement flumes. Proceedings of the ASCE, Journal of
 
the Hydraulics Division, Vol. 92, No. HY4, Paper No. 5348, July,
 
pp. 183-200.
 

The calibration curves which describe submergence in flow
 
measuring flumes are developed by a combination of dimensional
 
analysis and empiricism. The parameters developed in this
 
manner are further verified by the theoretical submerged flow
 
equation developed from momentum relationships. A flat-bottomed
 
rectangular measuring flume was used to generate data necessary
 
for establishing the parameters describing submerged flow. The
 
resulting form of the discharge equation has been verified for a
 
trapezoidal flat-bottomed flume and a Parshall flume. For any
 
particular flume geometry, both the free flow and submerged
 
flow equations can be placed on a single graph.
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Skogerboe, G. V., Walker, W., Hacking, B. B. and Austin, L. H.
 
1970. Research topics for small Irrigation structures. Pro
ceedings of the ASCE, Journal of the Irrigation and Drainage
 
Division, Vol. 96, No. IR3, Paper No. 7542, Sept., pp. 309-318.
 

The primary purpose of this effort has been to delineate
 
specific research topics which could be accomplished as a thesis
 
by graduate student at the master of science level. In most cases,
 
pursuit of the suggested topics requires the collection of labora
tory data regarding discharge, flow depths, and consequent energy
 
losses.
 

Smith, C. D. 1959. The effect of sidewall height on the hy
draulic jump on a continuously sloping chute. 8th Congress of
 
the International Association For Hydraulic Researbh, Montreal,
 
August, pp. 65.
 

In three-dimensional tests of the hydraulic jump on a
 
sloping chute, it was shown that the height of the sidewall had
 
an important effect on the performance. The results of these
 
studies and the consequent design criteria are presented.
 

Smith, C. D. 1962. Brink depth for a circular channel. Pro
ceedings of the ASCE, Journal of the Hydraulics Division,-Vol. 87,
 
No. HY6, Paper No. 3327, November, pp. 125-134.
 

The relationship between the discharge and the depth at the
 
brink of a freely discharging circular section is investigated.
 
Through application of the momentum equation between a section
 
upstream from the brink and a section downstream from the brink,
 
the limits for the brink depth are established from theory.
 
Experimental test points are found to lie between the limits
 
so delineated. A dimensionless plot is provided, from which
 
the discharge versus brink depth can be calculated for design
 
purposes for any size of pipe.
 

Smith, C. D., and Strang, D. K. 1967. Scour in stone beds. Pro
ceedings of the 12th Congress, IAHR, Fort Collins, Colorado, Vol. 3,
 
pp. 65-73.
 

'The problem of scour due to nappe impingement in a stone bed
 
The stone
downstream from a vertical drop structure is reported. 


size and areal extent necessary for a dependable design was de
termined. The data is presented in dimensionless charts.
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Smith-#G' . V e 1957. ... Scour and energy dissipation below culvert, 
outlets. Colorado Agricultural and Mechanical College, Fort-

Collins, Colorado, Report CER 57 GLS 16, April.
 

The first section of this material introduces the concept
 
of kinetic energy dissipation as a function of the effects of
 
viscosity fluid motion. The second section, which considers
 
the concentration of excessive kinetic energy as learned from
 
engineering experience, consists of the general classifications:
 
(a) eroding velocities in conveyance systems; (b) control
 
structures installed in conveyance systems; and (c) outlet
 
structures such as culverts and tunnels used to by-pass water
 
between conveyance systems. The third and final section re
views the various types of energy dissipation structures which
 
have been developed on the basis of knowledge gained from
 
experience, experiment, and theoretical analysis.
 

Smith, G. L. 1961. Scour and scour control below cantilevered
 
culvert outlets. Colorado State University, Civil Engineering
 
Dept., Report CER 61 GLS 14, 109 pp.
 

An investigation of the phenomenon of scour and scour
 
control below a cantilevered culvert outlet under steady, uniform
 
flow conditions was investigated. Primary consideration was
 
given to the kinematics of the jet causing scour,, the outlet
 
boundary geometry, and the characteristics of both the bed
 
material of the alluvial channel and the graded-gravel (armor
plate) used for scour control.
 

Stevens, M. A. 1969. Scour in riprap at culvert outlets. Ph. D.
 
Dissertation, Colorado State University, Fort Collins, Colorado, Jan.
 

The obiect of this study was to develop design criteria for
 
riprapped stilling basins at circular culvert outlets. The data
 
for the design aids were collected from models of culverts and
 
rock basins; model pipe diameters ranged from 6 inches to 36
 
inches and rock riprap from 0.5 inches to 7 inches. For the type

of flow encountered at culvert outlets, the Froude model law was
 
tested in various sized models and found to be sufficient for
 
scaling results to prototype installations. The important variables
 
in the hydraulic design were the discharge, pipe diameter, brink
 
depth, tailwater level, and representative rock diameter. Since
 
such large riprap was required to prevent scour at culvert outlets,
 
emphasis was placed on rock basins in which scour was allowed. Ex
amples of the design riprapped basins are solved in detail.
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Task Force,on Energy,Dissipators for Spillways and Outlet Works.
 
1964. Energy dissipators for spillways and outlet workb. Pro
ceedings, ASCE, Journal of the Hydraulics Division, Vol. 92,
 
No. HYl, Jan., pp. 121-147.
 

The history and development of hydraulic jump and roller
 
bucket stilling basins are given, as well as the present (1963)
 
state of knowledge for design of these basin types. Criteria for
 
the selection of basin type and the need for basin appurtenance
 
are given in the light of some often overlooked considerations.
 
The primary conclusions of the report are summarized as follows:
 
Many factors other than established empirical or model relation
ships must be considered in the design of such basins, such as
 
the absolute size of the structure, frequency of operation, and
 
durability of river bed downstream. However, extensive use of
 
hydraulic models over the past 25 years has done more to establish
 
correct design criteria for such basins than any other single

procedure. Future progress in improving the performance of such
 
stilling basins will be assured with further laboratory tests
 
and testing and reporting the findings of tests made on the re
sulting full size structures. An extensive bibliography on all
 
types of energy dissipators for spillways and outlet works,
 
believed to be essentially complete through 1962, is included.
 

Thomas, R. A. 1953. Scour in a gravel bed at the base of a
 
free overfall. M.S. Thesis, Colorado Agricultural and Mechanical
 
College, Fort Collins, Colorado, May, 117 pp.
 

Extensive erosion or sedimentation in localized areas has
 
often resulted from the conveyance of water in irrigation systems

in the Western United States. The most widespread occurrence
 
of excessive erosion is in irrigation canals and open drains
 
which were constructed too steep and whose grades have not been
 
corrected. The experiments reported in this thesis were con
ducted in a glass-walled flume in the Hydraulics laboratory at
 
Colorado A & M College. Emperical formulae for the depth of
 
scour were developed for each size of gravel.
 

Watts, F. J. 1968. Hydraulics of rigid boundary basins. Ph. D.
 
Dissertation, CSU, Fort Collins, Colorado, Aug. 237 pp.
 

The object of the study was to develop design criteria for
 
three classes (A, B & C) of rigid boundary energy dissipating
 
structures. Design aids developed during this study include:
 
dimensionless coefficients for the energy and momentum equations
 



which correct for'nonhydrostatic pressure distribution and non
uniform velocity distribution at the outfall sections of circular
 
and rectangular conduits; dimensionless water surface contours
 
and velocity vectors for freely expanding jets supported on the
 
bottom, downstream of circular and rectangular abrupt expansions;
 
drag coefficients for roughness elements of known size and spacing;
 
and other minor criteria. Design procedures based on continuity
 
of flow and the balance of impulse and momentum from station to.:
 
station are presented for the three classes of basins.
 

White, C. M. 1940. The equilibrium of grains on the bed of a
 
stream. Proceedings, Royal Society of London, Series A, Vol. 174,
 
pp. 322-338.
 

The discussion focuses upon the fluid flow in the vicinity
 
of the particles rather than just the bulk flow parameters which
 
might bring about movement of a particle. The forces required
 
to move an individual particle, the shearing stress at the
 
stream bed, and the effects of turbulence are discussed.
 

Whittington, R. B. 1969. Convergent stilling basins. Institution
 
of Civil Engineers, Proceedings, Vol. 43, pp. 157-173.
 

The paper deals with the operation of convergent stilling
 
basins in the "drowned jump" condition. Particular attention
 
is paid to the occurrence of "sweep-out". A momentum equation
 
is given for the calculation of the "backing-up" depth at the
 
entrance to the basin; this yields good agreement with experi
mental results. The paper attempts to relate the observed
 
phenomena to the fundamental work of Ippen on oblique shock waves.
 

Yalin, M. S. 1965. Similarity in sediment transport by currents.
 
Hydraulics Research Paper No. 6, Hydraulics Research Station,
 
Wallingford.
 

Dimensional analysis has been applied to the problem of in
cipient motion of bed particles. The criterion developed by this
 
technique are verified by hydraulic experiments.
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Scour behind stilling basins
Zimmerman, F., and Maniak, U. 1967. 

with end sills of baffle-piers.: 12thCongress IAHR, Fort Collins,
 
Colorado, Paper C14, Vol. 3,' Sept. pp. 117-124.
 

The nature of scour in the movable bed of a river downstream
 
from a stilling basin of a weir permits a judgment to be made
 
on the rate of the dissipation of energy in the 'stilling basin.
 
Scour is an important criterion in determining adequate dimen
sions for stilling basins. In this paper, two rows of baffle
 
piers are used in the stilling basin and design formulas are
 
developed with 'regardto minimizing scour. The results of
 
the model tests are confirmed by field observations.
 



APPENDIX B-

EXPLANATION AND LISTING OF
 

COMPUTER PROGRAM TO EVALUATE
 

FIOW CONDITION AT THE BASE
 

OF SMAlL IRRIGATION DROP STRUCTURES
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.The following computer program can be used to evaluate 
thehydraulic flow conditions a't .the base of small irrigation 
drop structures. Basically,#the program handles the following 
cases as describedin-an earlier 'section: 

() -Rectangular shaped drop'str, .*ures which include
 
straight'drop spillways of varying height and dis
charge, and inclined drops of varying horizontal
 
,length,°-"height, and discharae.
 

(2) Trapezoidal shaped drops such as.the straight drop
 
spillway and inclined drops. In addition to the
 
parameters varied for the rectangular case, side 
slope and bottom width can be varied. 

The lscope of the program is~toinitialize with the flow condi
tions.,of the inlet and compute the conditions at the base of 
the drop. These conditions include the depth, Froude number and 
conjugate depth for the flow. Before using the program, several 
limitations should be observed: 

(1) Inclined dropsT-finismall; irrigation -systems are often
 
steep,_so that the application of the gralually, 
varied flow equation to compute the flow profile is
 
not entirely justified.
 

(2) The depth at the inlet has not been experimentally
 
evaluated, consequently an assumption must be made
 
between .7 times the critical depth and the critical
 
depth.
 

(3) For the case-of the straight drop spillway, the
 
approach channel has been assumed to be horizontal.
 
If such is not the case, adjustment can be made.
 



Provision has been made-in the -progr'amito-varvthe channel.
 

roughness,If desired, ilwel. as dthe':iV-elocity distribution
 

coefficient.
 

To better facilitate the ssible use of the tprogram, *a
 
list of variables ard their d ;!nitions have beenincluded be

low-* Als6 the functionsof.0fhe program subroutine have been
 

tabulated.
 

ProgramDefinitibns 

A Velocity head coefficient 

AN Mannings roughness coefficient 

AT Froude number 

B Bottom width of channel# always equal to 1 for 
rectangular channel 

DL. I.ncremental division in incline length for 
,surface profile computations 

EL Length of incline 

H Height of drop structure 

S Side slope of the channel sides: 

SO Slope of the incline 

UQ Unit discharge for rectangul r channels and total 
discharge for the trapezoidal channel 

X Horizontal length of the dkop structure 

Y1 Depth at the base of the/drop 

Y2 Conjugate depth at base/or the drop 

Yc Critical depth 
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-Pubr iQtine Desoiptipnsi
 

Subroutine-YDOTZ 	 This subroutinp is the numerical solu
tion to the differential equation des
cribing gradually varied flow. Used
 

exclusively in the incline evaluation.
 

Subroutine TRAPC 	 Solution to the critical depth in
 
trapezoidal channel.
 

Subroutine TRAPZ 	 Solution to the conjugate depth iL&
 

trapezoidal channels.
 

Subroutine PUTOUT 	 Output of computations.
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IF(mCD.EO.I) 60( Tit 600 
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3 33
 

604 C(""ITTINUE
 

Y)*A*YC (J)
 
IFCNtOPFPE'),O),O To c;55
 

q50H(!)/X (K)
 

CALL ynlOTZ(Y-p13%--I#-4PVQIpAN-pA ,SO9UL9EL)

1,=??l
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Yr)nT7 FOPTRAN EXTENDEO VCOS104 20
 

SUeROUTIM YO).()TZ*(YeL94,pl.;909AN-PAL.tSOoDLPEL).. 
FX*71(89-%'*A j-oSO*ALtr)-tY)=(Sn-((AN*Q)**2*(B+29*Y*SORT(I**S*S))** 103
 
13 )-/(P.Pl*(0i+S*Y)*Y)** 3o333 ))/(].-((AL40*01 '(B+2.*S*.Y.))/(32.176
 

Ynl)Tl=.FXTzt 4959AN*c;O*AL-iO-,Y, 
Yn0T?=Y00T)
 
1=0
 

.101 TF"P=Yf)(IT2 

Y2=Y +(Yb6TI4YonT2i/?e4nL*EL
 
L=I
 

TF (ToGT990) Y=OeO
 
IF(ToGT*50) 60 TO III
 
TF(V'-Iot T,0,0) Y?=-Y2
 
Y0(J P=iX T I H 9 9 9AN,* SM 9AL 90 -PY2)
 
TF(A-5(fFm0-YDoT2),GT.0.000D GO TO 101
 
Y=Y?
 

III 	 CorlTINUF 
kFTIjPf\, 
FNII 
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PUTrUT FORTRAN EXTENDED VERSION 2.0
 

S(JRROUTINE, PTOUT(NH9NGOKNSNBoIIIJNCDNOPER)
 
COMMON H(20),DV(?O),UQ(0),YC(20),Y1(2020),AL2Op2z0)y2(20,2,0),BD
 
l(0,920) ,AT(20,2f),AW(20920),X(20)t(12)oS(IO)
 
TF(NCD.EO.I) GO TO 200
 
WPTTE(6,?0))
 

?01 FOPMAT(IHlo/////,47X.*DESIGN OF TRAPEZOIDAL DROP'STRUCTURES*/.)
 
GO TO ?02
 

200 CONTINUE
 
WRITE(6,1)
 

I FORMAT(1H1,/////,47X,*DESIGN OF RECTANGULAR DROPSTRUCTURES*///)
 
202 	CONTINUE
 

IF(NOPER.EO.O) GO TO 203
 
WPITE(6976) X(K)
 

76 FOPMAT(IHO,*LENGTH OF DROP SRTUCTURE*,F6*2)
 
203 	CONTINUE
 

IF(NCD.EQ.1) GO TO 204
 
ARITE(69205) B(II),S(IJ)
 

205 FOPMAT(IHO,*BOTTOM WIDTH*,F6,291OX9*SIDE SLOPE*,F6,2//)
 
204 CONTINUE
 

WRITE(6,3)
 
3 FORMAT(IH ,*HEIGHT*,5OX9*UNIT DISCHARGt/CRITICAL DEPTH*)
 

LK=1
 
WRITE(6,57) (UQ(J)gJ=19NQ)
 

57 FOPMAT(IH 9//91OX920F6.1)
WPITE(6,44)(YC(J),J=LKNQ) 

44 FOPMAT(IH ,1OX,20F6.3/) 
WRTTE(6109) 

109 FOPMAT(IH0,65X,*Fl / Yl / Y2*) 
DO 108 I=19NH 
WRITE(6,5)H(T),(AT(IJ) J=LKNQ) 

5 FOPMAT(1HO,F5.1,5X,20F6,2) 
WPITE(6,56)(Yl(IJ)J=LKNQ) 
WRITE(6,56) (Y2(IJ),J=LKgNQ) 

56 FOPMAT(1H ,1OX,2OF6.3) 
10 CONTINUE 
106 CONTINUE 

RETURN
 
END
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TPAPC F-lQTkAkl FXTENDED VFRSTON 2oO
 

SIV-,w)OTINE TPAPC(JoljolloY)
CO W 	 ) -PYI 20)980IN HJL 9P_U20) 	 9lJQ QO) 9 YC (20.
 

lt?'A9 '64AT (i6946 .9'kW.46-p -') P9001) 413.1 1 4
 
r'F[..X=l .0,
 
y"Zooo" , 

101 MIT TNI W; 

AI=32*116*tYn*(FI(IT)+YO*S(IJ)'))**3
 
A?=l 10 (J) **2 *A 
JF(AJ-A?)10>.ol03q10,
 

)0? 	IF 
(nEi-XFl).3.0 6n tn' 105

Yf)=YD*n*l
 
60 T3 101
 

104 IF (I)FL Y.kO.30)AO 'TO 101 
riFLX=?.C 

Yt)=YO-0001
 
60 ro 101 

l0q OFL.X=3,U 
yo=yn+nooj
 
Gn T1 11) 1
 

10 -4 	CO-NIT lkl(JF 
YC (J) =YU 
xr=%( I ..)) *yc ( j) i(i ( I I 
AF'r=6*()*(I.O' 7.0*xc*xc*xc)/(9.0+20,0*xlC+1000*XC*XC)
 
AC4;)=YC(.))/6(11)*S(1J)*(YC(J)/A(11))**2
 
ARH2=Ar4p*AEC*H(lT)*P(1D
 
Y=-"(TT)/e./c;(IJ)+SgqT((4(11)/S(IJ))**2+4,*AB.82/S(IJ))/2e
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TPAP2 FORTRAN EXTENDED VERSION 2;0
 

SUP-ROUTINE TRAP2(JIJtfIY3,I)
COMMAON' H(M0 obv(26) I(Q(04 4YC(20) tYi(20,20) 9AL20i20),YM209O20),90D 
1(20,20),AT(20'2O).AW'(20.20itk,( )'981 1)*S i l') 

T=fi(II)/(S( 1J)*Y1 (Tj))
 
AT(IJ)=UQ(J)/UB(1)S(IJ)*YI(J))*YI(1,J))/SQRT(D1*32.1'761
 

101 cONTINUE
 
Z=P**4 ,(2*5*T+190)*R**3~ +(19S*T,1*0)*(T,1.90)*R;**2 *(O.5*T**2
 

1,(T-3.*AT(1,J)**2 )*(T+l.) )*R-3.*AT(19J)**2 *(T*10.)**2'
 
IF(Z) 102,103,104
 

102 	IF(ZTPoEQo2o0)GO0 TO 105,
 
IF(ZIP.EO.3*0)lGO TO 105
 
R=p+,l
 
GO TO 101
 

104 	IF(ZIP.EQ.3o0) GO TO1103
 
Z1P2*0
 
Rk-0.01
 
GiO TO 101
 

10r, 71P=3*0
 
P=P.0. 001
 
GO TO 101
 

103 	Y3=ROY1(IoJl 
RETURN 
ENPl 
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APPENDIX C
 

DESIGN EXAMPLES
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DESIGN C-i
 

INCLINED DROP
 

WITH USBR STILLING BASIN II
 

References
 

(a) 	Chapter 4, Pages 3-5.
 

(b) 	Chapter 4, Pages 14-19.
 

(c) 	Peterka, 1964.
 

(d) Prasad, 1970.
 

Problem Description
 

A 10 foot drop (h = 10 ft, Figure A-i) between two 10 foot wide rec

tangular channels carrying 100 cfs is to be accomplished by an inclined
 

drop with an USBR Stilling Basin II to dissipate excess energy and thus
 

protect the downstream channel. The tailwater depth is 3 feet (Y2) and
 

the horizontal length of the drop is to be 30 feet (x = 30 ft, Figure
 

4-1). 

Design Assumptions
 

(a) Based upon the study results cited in Ref. (c), the following
 

design criteria are recommended for the USBR Stilling Basin II. Refer to
 

Figure 4-1 and Figure 4-6.
 

1. 	The stilling basin should Include a 5% safety factor for
 

tailwater. Thus, the elevation of the apron should be
 

0.05 Y2 below the floor elevation determined from the
 

tailwater depth and flow depth after the hydraulic jump.
 

2. 	The Froude munber of the flow entering the basin should
 

exceed 4.
 

3. 	The height of chute blocks and the width and-spacing of
 

these blocks equals the depth entering the basin, Y1 , A
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space equal to Y1/2isto-be allowed adjacent to the wells.
 

4. The height of dentating sill equals 0.2 timas the tailwater
 

depth$ Y2 . The maximum width and spacing of dentates is 

0.11Y2. Slope of continuous part of sill is 2:1. 

(b) In order to determine the depth, Yl, it is necessary to compute 

the water surface profile down the incline. The method chosen 

was that described in Ref. (d). The assumption is made that 

the brink depth is 0.8 times the critical depth, Yc" A 

Manning roughness factor n of 0.018 will be used. 

(a) Computation of water surface profile. For a unit discharge of
 

10 cfs/ft, Y = 1.459 feet, and thus the brink depth is 1.17 

feet. Using the computer program listed inAppendix B, an end
 

depth Y1 of 0.535 feet is derived.
 

(b) Basic stilling basin dimensions. The inlet Froude number can 

be computed as 4.50 and thus from.Figure 4-8, 

1!Y2,= 3.8 or L, = 11.4 feet. 

Chute block height, width, and spacing is 0.535 feet.
 

The other basic dimensions and the number of chute blocks and
 

dentates is the end sill follow from the earlier assumptions.
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DESIGN-C-2
 

INCLINED DROP
 

WITH USBR STILLING BASIN III
 

References
 

(a) 	Chapter 4, pages 3-5
 

(b) 	Chapter 4, pages 19-22
 

(c) 	Peterka, 1964
 

(d) Prasad, 1970
 

Problem Description
 

A 10 foot drop between two 10 feet wiae rectangular channels carry

ing 200 cfs is to be accomplished by an inclined drop with an USBR
 

Stilling Basin II to dissipate excess energy for downstream protection.
 

The expected tailwater depth is 5 feet, the horizontal length of the
 

incline is 30 feet, and the channel roughness coefficient (Manning's
 

N) is 0.018.
 

Design Assumptions
 

(a) 	Based on study results cited in Ref. (c), the following design
 

criteria are suggested for the USBR-Stilling Basin III. Refer
 

to Figures 4-1, 4-9 and 4-10.
 

1. 	The apron flow should be set 0.05 Y2 feet below the floor
 

elevation determined by subtracting the flow depth after
 

the hydraulic jump from the tailwater elevation. This will
 

allow a 5% safety factor for tailwater depth Y2 "
 

2. 	The Froude number entering the basin should exceed 4.
 

3. 	The height, width and spacing of chute blocks should equal
 

the flow depth entering the basin Y1 . Chute blocks should
 

be at least 8 inches high, but width and spacing may be
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Design Assumptions (cont.:
 

reduced proportionately to accomodate smaller values of YI.
 

4. 	The upstream face of the baffle Diers should be 0L8 Y2
 

feet downstream from the chute block faces.
 

S. 	Slope of end sill is 2:1.
 

6. 	Stilling Basin appurtenances should not be streamiined.
 

7. 	The transition between chute and stilling basin should be 

rounded for chute slopes greater than 450 rR ) 4 Y.). 

(b) The computation of the water surface profile down the chute
 

necessary to determine Y1 was preformed using the method out

lined in Ref. (d). As such, the brink depth is- assumed-to be 

0..8 Yc' when Y is the critical depth of flow.
 

Design
 

(a) Computation of water surface profile. For a unit -ischarge of
 

20 cfs/ft Yc = 2.315 feet and the corresponding brink Idepth
 

is 1.85 feet. Using the computer program used in Appendix-,
 

B, and end depth 1 was found to be 0.8555 feet. This deptb
 

would correspond to a Proude number of 4.46.
 

Cb) 	 Stilling basin dimensions.
 

Fr6m Fiuke 4-8, the total length of the basin "c"' be found 

as 11 feet. 

From Figure 4-10, the height of the baffle piers'h3 is found 

to be 1.37 feet and the height odthe end'sill h'is also equal
 

to1 7*f et. 

3ther basic dimensions, including the distribution of chute
 

locks and baffle piers, follow from the design assumptions 

and information shown in Figure 4-P. 
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DESIGN C63
 

CONTRA :COSTA ENERGY DISSIPATOR,
 

References
 

(4) Chapter 5 Pages 1-3
 

(b) Keim, 1962
 

Problem Description
 

A transition is to be made from'qthree foot-wide rectangular
 

conduct carrying 100 cfs to an open channel with an expected tailwater
 

depth of 3.0 feet. Design a Contra Costa Energy Dissipator that will
 

provide sufficient downstream protection.
 

Design Assumptions
 

(a) the inlet pipe is flowing partly full with an assumed flow
 

depth at the culvert outlet of Y1 - 2.'0 feet.
 

(b) D<W < 3D
 

(c) LA/h = 3.5
 

(d) 0.6 Y<
2..-<. 0.9 Y22 

Design,
 

(a) Compute L.
 

4.32
Y - (32.176)(2.0) 

.frm.Figure,,5-1., ,h2 /Y 1 =1.3. Thus, h 2.6 feet and 

1 .2
 

L = 9.1 feet.
a
 

(O) Compute Lb
 

hk/L==1/3.5 = 0.2855.
 

From Figure 5-1, Lb/La 1.6. Thus, Lb - 14.55 feet.
 



(c) Determine Z. 

From Figure 5-1 at L A/h2
a.2. 

S ',S Z/hJ2. C4.* /h .4 

So, Z = 5.31 feet. 

(d) Compute h . 

h = 0.6 Y' = 1.8 feet. 
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DESIGN C-4
 

MANIFOLD STILLING BASIN
 

References
 

(a) Chapter 5, pages 3-6.
 

(b) Fiala and Albertson, 1961
 

Problem Description
 

A transition is to be made from a two foot diameter pipe carrying
 

60 cfs to an open channel with an expected tailwater depth of 6.0 feet.
 

Design the Manifold Stilling Basin which will provide sufficient energy
 

dissipation to insure adequate downstream protection.
 

Design Assumptions
 

The basic geometry of the basin is illustrated in Figure 5-2g page 

5-4. From Ref. (d), the suggested dimensional ratios include: 

L/B = 8 

W/s = 0.5, 1.0 or 2.0 

a must be close to 0.10
 

V1
22g
 

for Ws = O.S V1/V = 1.37
 

W/s = 1.0 V1/V0 = 1.24
 

W/s = 2.0 V1/V0 = 1.13
 

Design
 

(a) Basic manifold dimensions.
 

inlet area, A1 = B2 = = ---- = 3.14 Ft2
 

inlet velocity, V = Q/D = 19.1 Ft/Sec
 

manifold width and height, B and H = 1.37 Ft. *.L = 10.95 Ft.
 

The number of cross-bars is assumed to be 11 and a W/s ratio
 

of 2.0 is initially assumed. Then, W = 0.333 Ft and S = 0.167 Ft.
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(bl 	 Basic jet geometry.
 

When W/s = 2.0,.V_/V 1.13, soV 1 * 2.16 Ft/Sbc.
 

2
 
From 	continuity, A 0o 2.78 t

1 V1 
The total open area of the mainfldl is':(L) (B)(O.5)'-- (L)'(B) 

(0.167) = 5.83 Ft 2 

The: percentage of area actually 'occupiedby the jets is. thus 

47.3%. Now, Bo can be computed, 

B = 	.473 (0.333) = 0.157S Ft2
 
0
 

and finally, b/B = 38.1
 

(c) 	Boil height.
 

V1 
2 /2g.- 7.25 and from Figure 5-3,wheh b/B 0 38.1, a 

0.15. Thus, a * 1.09 feet. 

Comments 

Best 	results are expectea when' a is reasonably ' close to 0.10. 
V 2/2g 

As a result, if the firs ! trial differs somewhat from this value, another
 

iteration should be made.
 

In actual construction, it is difficult to construct a device such
 

as this in terms of the dimension arrived of above. Consequently, the
 

designer should use standard dimensions commonly encountered with const

ruction materials.
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DESIGN C-S 

USBR STILLING BASIN VI 

References 

(a), Chapter 5, pages, 6,- 9,, and 10. 

Problem Description
 

A transition is to be made from a four foot diameter pipe carrying
 

151 cfs to an open channel. Design a USBR Stilling Basin VI to accomo

date this condition and protect downstream channels and appurtenances.
 

Design
 

From Table S-1, all pertinent dimensions can be found.
 

W,=,,-11 Ft.,. 9 in.- , 4 .Ft.,.ll in.. 

H  9 Ft. 0 in. i 2 Ft. 0 in. 

L a 1S Ft. 8 in. e= 0 Ft. 10 in. 

a,. 6.. Ft..9 in. .. 3 Ft.. 0.in. 

b = 8 Ft .. 11 in. g. 3 Ft. llin. 
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DESIGNC-6 

USU STILLING BASIN 

References 

.( ) Chapter S, pages 6. 11-13. 

(b) Wei, 1968..
 

.c) Flammer, Skogerboe WeL. .,and- Rusheed, 1970.
 

Problem Description
 

A transition is to be made!from , one foot diameter pipe carrying 

20 cfs to an open channel with an.,expected tailwater.depth of 1.5 feet.
 

Design the USU Stilling Basin which will provide sufficient energy
 

dissipation to insure adequate downstream protection.
 

Design Assumptions
 

The basic geometry of the basin is shown in Figure 5-6, page 5-11. 

From Ref. (c), optimal dimensional ratios wore noted during testing of 

the basin, these include: 

(a) D2 /D1 = 2.0 (c) W/D1 = 0.5 

(b) L/D = 1.0 (d)Y1/DI= 1.5
 

In addition, the freeboard, fb' should not be less than 0.5 feet,.
 

Desin
 

(a) Incorporating tshe basic design.asspptions suggested in Ref.,
 

2,, feet W=, O.S feet
 

L =1.0 feet Y1 = 1.S feet
 

(b) Froude Number F, may be computed as follows
 

FI V1I/VDg [5-3] 

20=
M-41/-V'32-.176 4.49 
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(c) Basic basin dimensions not, already known may be detei mined 

as follows:
 

1. assume M = 3 whereY2 D+Y t (54] 
m 21D]1 [= 

= then Y2 2.5 feet 

2. Knowing ni and Fl, enter Figure 5-6 and get a value of 

A where,
 

A =
~-[~2 YA)/Dl W-0.75
 

Therefore,$ Yb '4.75 feet
 

and'f/D 1 -'0.6
 

Therefore, 'b -0.6 feet
 

3. Compute length of stilling basin, Lb, 

Lb'= 2.5 (D2/D1 -1)+ 1.0 [5-6] 

Therefore, Lb = 3.5 feet 

4. Determine stilling basin width Wb from Figure 5-6, 

Wb/Dl = 4.6 

Therefore, Wb = 4.6 feet 

Comments 

Repetition of the preceding steps should be made with various values of
 

m to arrive at the most economical design. As the value of m is de

creased, the flow will become less turbulent and thus a resulting
 

decrease in scour potential will exist in the downstream channel.
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DESIGN'C-7
 

STRAIGHT DROP SPILLWAY,
 

References
 

(a) Chapter 6, pages 4-10.
 

(b) Donnelly and Blaisdell, 1965.
 

Problem Description
 

A drop of ten feet is to be designed between two rectangular channels
 

carrying 20 cfs/Ft. Design a Straight Drop Sillway to facilitate this
 

drop in a manner safe to existing downstream conditions.
 

Design Assun tions
 

(a) Lb = Xa+ 2.55Y
 

(b) Xb = 0.8),c 

(c) Xc = 1.75 Yc 

(d) Floor, Blocks are proportionedi as follows: 

height = 0.8 Yc
 

width and spacing = 0.4 Y
 

square in plan should occupy 50-60% of basin width
 

(e) Y2 = 2.15 Y 

(f) sidewall height - 0.85 Yc above tailwater 

(g) low slope spillway crest
 

Design
 

(a) Critical depth, Y
 c=
Yc (q2/g)Z/3 =2.31s
 

h/Y = 10.10 = 4.32 

(b) Computation of Xa. 

From Figure 6-4, Xa/Yc = 4.6 when h/Yc = 4.32 and Y = 5 feet. 
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Thus, Xa 4.6. (2.315).= 10.75 feet 

and Lb =l1075,+ 95.95. . 116:,70..feet. 

(e) Other basic dimensions
 

= 1.87 feet
 

X= 4.1 feet
c 

floor blocks: height = 1.87 feet 

width-spacing,0.9 feet 

and sill! =: 09; feet 

side wall height- from floor ,r 7,feet,. 

Comments 

Both the conditions upstream and downstream from the drop have 

considerable influence on the adequacy of the design. Any uncertainties, 

particnlarly with respect to the tailwater depth, must be provided for 

by lowering the stilling basin. floor, to.,insure that the hydraulic jump 

occurs in the stilling basin.
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VERTiCAL DRO STRUCTURE
 

WITH DISSIPATION BARS
 

References
 

(a) Chapter 6, pages .10, 12-22.
 

(b) Katsaitisi 1966;:
 

Problem Description
 

A drop in elevation of six,feet is to be designed for the trans

ition between two rectangular channels carrying 10 cfs/Ft. Design a
 

vertical drop structure with dissipation bars to accomplish this drop
 

ina manner which will protect all downstream facilities. Note that
 

the crest is not in weir form. (See Figure 6-6).
 

Design AsSumptions
 

(a) From elementary principles of dynamics, the following relatic
 

ships can be developed. (Refer to Figure 6-7 and Equations
 

6-10 through 6-24.)
 

Design
 

(a) Total specific energy above crest is
 

H = Yc + VC2/2g - 2.19 feet
 

hI a drop height = 6 feet
 

(b) Basic flow geometry
 

6-14
Z=h + 0.373H = 6.0 + .815 = 6.815 feet 

VX2 0.672H(2g) = 40.379H = 88.4 Vx u 7.64 fps 6-15. 

z 2gZ = 64.42 = 439, Vz = 20.95 fps 6-16 

V2 = VX2 + Vz2 - 479.379, V - 21.9 fps 6-17 

g/V2 = .0671 

('1/2) * 0,435 H = 0.95 
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tz. (2Z/g) =.0622Z,.,F.424, t , .651 sec 6-18
 

x = Vxtu"4.96" feet
 

L ('i/2) + X= 591 feet 6-19
 

L1 =SL 2 * 8.85 feet 620
 

-W O.04/(g/V 2)'=; 'O.596fet 6-24
 

D . - 2.53,feet 6-21
017/(g/V2) 


= 2.738H (g/V2) = .409 60-23
 

Ys/H = M-0.2177 = .1913 6-23
 

.419 feet 623
s 

Coment
 

the designer should 'notei that the preceding design is based ontra 

step-by-step procedure outlined ,in Tables 6-1," and 63. 

http:Vxtu"4.96
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DESIGN C-9
 

RIPRAP FILTER MATERIAL
 

References
 

(a) Chapter 8/ pages 8-33 to 8-36.
 

Problem Description
 

The range of allowable size distributions for a filter material is
 

to be determined. A sample of a local source of riprap was run through
 

a series of sieves and the weight of sampie retained on each sieve is
 

listed below. A respresentative sample of the soil through which the'
 

channel is to be excavated yielded the size distribution listed below.
 

Channel Excavation Riprap
 

Sieve Opening Weight Retained Sieve Opening Weight Retained
 

in inches in Grams 
 in inches in Pounds
 

0.50 	 68 18 77 

1080.25 	 141 15 

12 1240.125 	 182 


9 67
0.08 	 217 


6 34
0.03 	 161 


21
0.02 	 133 3 


2 10
0.01 	 90 


Total-Weight 	 992 1 4
 

Total Weight 445
 



C-18
 

Desie: Assumptions
 

(a), For a eiven oven channel, it was determined that theiequired
 

riprap size at the design discharge have a minimum value of
 

of ll.5 Inches. First of all, a determination mist be
C50 


made&,if a filter 'layer is required. Then, if a filter is
 

required, the gradation requirements for the filter layer must
 

be'established to insure that the base material will not be
 

eroded.
 

(b) The criteria which are frequently-used in determining whether
 

a filter layer is required can be defined as
 

Di5 Riprap
 
',Equation8-23
 

D Base

85
 

<D': 	Riprap
 
. .... .Equation 8-24
< 40 

Base
 

D50o Riprap

0 iap<,40 Ecuation 8-25
 
D5 Base
 
so 

Where D15 , D50 , and D85 are the sizes of riprap and-base
 

materialof which 15, 50, and 85 percent are finer. If these
 

criteria (Equations 8-23, 8-24, and 8-25) are not met, then
 

a filter layer is required.
 

-(c) If a filter layer is reauired. the followine equations can
 

be used to determine the size distribution of the particles
 

for the filter material.
 

s Riprap Equation,8-26
 

D85 Filter
 



ki
Rirap

<5 ip .<, 40 Equationb 8-27
 

D15 Filter
 

D0 Siprap
,o <40 Equation 8-28 

DlsFilter 

i< 5 EOuation 8-29
 

D8".Base
 

D Filtur
 
S < < 40 -Equation"8-30
 

Dis Base
 

DSO Filter0 <40 Equation .8-31
 
D Base
 

Design
 

From the data obtained by the sieve analysis,, the values,of,D 
DSO, and D8 were calculated. 

Channel Excavation Riprap
 

D = 0.0245 inches D15 = 8.8 inches
 

D = 0.11 inches Dso = 14.0 inches
 

D85= 0.335 inches 
 D85= 18.3 inches
 

These values are then used in equatios8-23, .8-24. and 8-25 to deter

mineif a filter is needed.
 
15 Riprap 
 8.8 inches
Eq. 8-23: <5 . '26.3 which is not,'ss than 5
D85 Base 0.335 inches 

EqD8-24 5 < Riprap < 40 8.8 inches = 359 which :'is noteless than 40 

15as 0.0245jnches 

Dso Riprap 14 inches 
Eq. 8-25 0 Base < 40 01 inches = I.27 which is not less thaf 40' 
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Therefore, it can be concluded that filter is required
 

Knowing that a filter is required, the next step is to determine
 

the Values of D15 , D50 , and D85 for a suitable filter material. By
 

using equations 8-26 through 8-31, these gradation values can be cal

culated. 

D Riprap 
D85 Filter 

Solving for D85 filter, this becomes 

Dis Riprap 
D85 filter > 5 p Therefore, 

D85 filter > 8.8 inches > 1.76 inches 

85 5 

S .gt:-fi-tei must be greater than 1.76 inches. 

D1 Riprap 

Eq. 8-27: 5< 15 <40.D1 5 filter 

Solvii l gfor D1S filter this becomes: 

D filter < 5 ipr and
 

v
D1 15 Rpa
filter > D Riprap 
1 40 . Therefore,
 

3. 1.76 inchesiand
DnJfilter-15 < 8.8 inches = 

:D( *fil.er > 
15iflti1I 8.8 inches 

4040 -

-0.22' inches. 

D s Riprap 

DgO Filter < 40. 

Solvin2 for D50 filter, 

D50 Riprap 
D Filter > 
5o 

440o 
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'flD50 filter > 70'in,ches 0.35tinches:-D ,14.0 

Therefore, the filter that will work with the riprap is described as,
 

follows';~
 

0.22 inches < Dis filter < l.76.inches, D50 filter >. 0.35.inches, 

and 85 filter > 1.76 inches. 

Eq. 8-29: D15 filter
 
D85 Base
 

Solving for D filter,
 

Di5 filter < 5 CD85 Base).
 

Therefore,
 

D filter < 5 (0.335 inches).= 1.63 inches
 

.
D15 filter
 
Eq. 8-30: S i Base
D15 40.
 

Solving f.or D1 filter this becomes:
 

D filter > 5 Ds Base)
 

and
 

D filter < 40 (D15 Base)
 

Therefore, 

D filter > 5 (0.0245) * 0.123 inches 

Dis filter < 40 (0.0245) u 0.98 inches 

D5-. ,filter 

Eq. 8-31: D50 ..te .. 40 
D50.Base
 

Solving for D50 filter
 

D filter < 40 (D50 Base)
 

so,
 

Ds0 filter < 40 (0.11) a 4.4 inches
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Therefore, the filter. a1o st be used wLththe bse is.described as 

0.123 inches < D filter < 0.98 inches and D filter < 4.4 inq)jes 

In ofder to obtain .abetter feeling for how all o the numbers ari 

related to each other, they are plotted as shown in Figure C-L. Here, 

the upper and lower limits of D15, DS0, and D8S that were calculated 

are plotted and smooth curves are drawn through the points. The area 

between the highest minimum size curve and the lowest maximum size 

curve (cross hatched area) is the range through which the values for
 

the filter material may vary.
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DESIGN C-10
 

RIPRAP REQUIREMENTS 

Reference
 

(a) Chapter 8, pages 17-19.
 

Problem Description
 

It is necessary to determine the size of riprap required for the
 

following trapezoidal channel. Flow rate.= 50 cfs; Bottom width = 

5 feet, and side slope = 2.5:1. Twobed slopes will be investigated; 

namely, 0.001 and 0.01.
 

The design has to be divided, into two parts; namely, the size:of 

riprap required for the channel bed and that required for the sloping
 

For tho bed slope, Sb, of 0.001, the design proceeas as
side Walls. 


follows : 

To fi=iA the value ofD 50 required, Equation,8-20 is used
 

D505/2
 

S 1 3 /6118 R 

Solving for D50 yields 

2/5DSO=[ 118 Sb1 3/ 6 I 

so 0 P/R
0 


The value of P/R has been.-f'und to vary from a value of 13.3 to 30.
 

Using!these two values as upper and lower limits, the corresponding
 

values of DSO are obtained.
 

D' 50 ft3/sec (118)(1 x 10"3) 13= 0.0282 ft, or
 
13.3 

8.6 mm'.
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DS [50 ft3/sec (118)(1x 10"5)13/6 12/5 0.0022 ft, or 
50 30.0 

:6.7 mm. 

Since 'both'alues of D are reasonably close together, "the upper 

value would be selected. The reason for this is to provide a margin 

of safety. Therefore, the value of D50 for use on the bed of the channel
 

would be selected as 9 nm, which corresponds to a value of approximately
 

0.03 	feet.
 

Since the riprap on the side of the channel also has a force due
 

to gravity acting in such a way as to cause it to move down to slope,
 

the stones must be larger in order to have an equal resistance to move

ment 	as those on the channel bed. Equation 8-14 is used to calculated
 

a proportionality constant K which relates the value of D50 for the bed
 

to Ds of the side, where:
 

K 	 cs _/. n
Tcb S i 2 9
 

The values of 8 ando are obtained from Figs. 8-12 and 8-13, respectively.
 

Therefore, assutming that crushed rock is to be used, the value of
 

D s for the sides is calculated as follows:
 

390
0 = 


0 = 	220
 

Solving for K,
 

S
fin2 220)
K--- 2 2 =0.799, say 0.8
 
5 in2 (390)
 

Then,
 

D SOS	 = DSOb
 

K
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So$
 

0.03 ftD 0 03 0.0375-fti or11.4 mm;

SS 0.8 1 . 

Therefore, since this is the minimum value for Dsos, the riprap for use
 

on the sides would be s.lected as having a D of at least 12 mm.
 

For a value of bed slope equal to0.01, the proceedure wouldbe,
 

the same and proceed as follows:
 

31 2/5.

DS0 0so 13J = 0.21 ft. 64 m.
= ft3/sec (118)(0.01)13/6] = 

13.3 

2/
 

o t3/sec (118)0.01)13/6i /
 

50 0.j0 0.15 ft. = 46 mm.
 

Therefore, to be conservative, a DS0 of 64 mm. could be used, although
 

a riprap size between 46 mm and 64 nmn could be used, depending on the
 

value of P/R actually used.
 

From Tables 8-12 and 8-13, we find that e= 41.50 and 4 = 23.50 

for crushed rock. 

Therefore, 

K 5 in23. ) = 0.799, say 0.8
S in2 (41.6)
 

Then,
 

D 0.21 ft 0.262 ft, or 81 mm.
SOS 0.8
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DESIGN C-11 

DESIGN OF RIPRAP LINED CHANNEL
 

Reference
 

(a) Chapter 8, pages 14-32.
 

Problem Description
 

A riprap lined trapezoidal channel is required to carry 50 cfs 

with a bed slope Sb of 0.001. 

Design 

The limiting values of P/R for trapezoidal channedls are 13.3
 

and 30.0. The riprap requirement for each is computed using Equation'
 

8-20.
 

1 (D50)512 P/R 
118 (Sb013T6
 

Solvingfr ODf 


:Ds =r(118)(Sb)!361S/
 

L P/R
 

The flow velocity is then calculated using Equation 8-18, where
D50 

V=*4.60 -6
 

Knowing the flow rate Q and the flow velocityF, .the,cross7,.
 

sectional area of flow is calculated from.the continuity ,equation.
 

A - Q/V
 

For a P/R value, Of 13.3,
 

_ 13/61 2/S
r 
x'10-)D150(118)(1 


50 L 13.3"
 

'.2.84 - 2ft, or 8,66 an.,10 , 


This same value can be,obtained using Fig. 8-7.
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-
2 ft, or 8 m, would
 
Therefore, 	a value for D50 of.about 2.5 x 10


be selected. 

The allowable velocity in the channel would be, 

V= 4.6 (2.5 x 10-2 

3) 
(1x 

10 

=;2.3jfeet per-1second j, 

,,determinedusingThe value-of the hydraulic radius R can nowbe 


keig. 8-10.
 

flow VelocityV- the.cross-,sectiona .
(nowing.thpt flow: rate Q. and theb 

area can be calculated.
 

= 21.7 ft
2 

A 50 ft3/sec

2.3 ft/sec
 

For use with the figures, this can be rounded to 22 ft".
 

The geometry of the channel cannow be determined using 
Figs. 8-14,
 

Since these graphs each repr.esent a'different value 
of
 

8-15, or 8-17. 


It
 
side slope Z. three different channel geometries will 

be obtained. 


should also be noted that these graphs are prepared 
in such a way as
 

as stable
 
to produce 	geometries such that the material on the sides 

is 


as that 6n' 	the bottom.
 
~ 1, B= 17 ft, Y 1.3ft (Fig."8-14)'
Channe~l~~1. 


1.35 ft (Fig. 8-15)
=Channel 2: Z = 2.0, B 16 ft, Y = 

1.5 ft (ig. 8-17)"
= 11 ft, Y 	= =Channel 3: Z 3.0, B 


The value of Y obtained fok each, channel is the 
actual water depth
 

and does not contain any allowance tor channel 
.freeboara. To obtain
 

For
 
channel depth required, thie'freeboard would 

have to be added. 

the 


t;

this problem, the freebbord 'shouldbie' dt 'le'ast 0.5 



