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ABSTRACT
DESIGN OF IRRIGATION DROP STRUCTURES

The object of the study described herein was to exam-
ine the performance of various drop structures and to
attempt formulating a generalized design procedure. The
approach channel and flow characteristics throughout the
length of the drop structures were revicewed on the basis
of open channel hydraulics. Many useful proposed stilling
basins were also introduced and compared with each other
in terms of both length and performance. Two types
of drop structures were primarily investigated: first,

a vertical drop structure with abrupt fall; and second,
an inclined drop structure with a stilling basin.

Figures have been prepared which may be used to:

(1) determine drop structure dimensions for design purposes;
and (2) as a gquide in analyzing or predicting the flow
characteristics under given conditions. By expressing
step-by-step design procedures utilizing fiqures and suit-
able parameters as outlined in this study, the computa-

tion work is areatly simplified. In addition, generalized
design procedures provide sufficient flexibility to adopt

various types of structures to a wide variety of problems.

Soon-kuk Kwun

Agricultural Engineering Department
Colorado State University

Fort Collins, Colorado 80523
August, 1974
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CHAPTER
3 1 INTRODUCTION::

P
e 40

( Statement of the Problem

wees b T . ! . .
CUENE L ‘,,;,‘ I i) $ I S

e A JY -

In the deslgn of 1rrlgatlon dra1nage, and 5011 con-

servatlon systens, the problem of controlllng flow velo-

c1t1es suff1c1ently to minimize erosion is continually

confront 1. Under many such conditions, drop structures

have been successfully used to prevent excessive scour by

d1591pat1ng a substantial fraction of the energy within
the structure itself. Generally, the energy dissipation

is accompllshed with a hydraulic jump, a very effective

and w1dely used energy dissipation phenomena. Although

the drop itself provides a good means of dissipating

energy, the effectiveness can often be improved by addlng

a stllllng ba51n and their appropriate appurtenances.
o The need for energy dissipation is underlined by the

expense involved in most hydraullc structures, but most

experimental studies have concerned themselves only with

.the very 1arge conveyance works. In the few appllcatlons

to smaller 1rr1gatlon channels, most 1nformatlon descrlb-

‘1ng the use of drop structures in spec1f1c uses and llttle

4

general de51gn 1nformatlon is avallable. Thus, a need

exlsts for consolidating avallable experlmental and de51gn

Wdata 1nto a generallzed format for de31gn1ng small drop

o ;
e st

structures.

[REET sV R



Purpose of the Study

The purpose of this study is to develop generalized
design information for small drop structures in irrigation
channels. The drop structures must provide satisfactory
flow conditions in the downstream channel, with minimum

| erosion potential, by including the stilling basin ahd

| ts appurtenances. ”

/; To date, field observation of exlstlng drop struc-
fture installations, including many commerc1al prefabrl—
| cated structures, has indicated a general deficiency in
wiprovidlng adequate energy dissipation (Humphreys and
\Roblnson, 1971). For example, a major problem encountered
Jln designing small drop structures is that the Froude

umber of the flows at the bottom of the drop often‘
A:fall in the range between 2.0 and 4.0 where hydraullc
jumps are undular and unstable. Under these condltlons,

the eroslve potentlal of the flows leav1ng the drop

Sy

w,structure may be compounded by large surface waves.
h ‘ An 1mportant objectlve of this study is to identify

the limltatlons whlch should accompany the varlous
- de51gn alternatlves and evaluate the extenslon of the

1nformatlon to other condltlons. This goal is to be

[y -

achieved by follow1ng four prlmary work phases:

l. Identlfylng the general conditions where each

- drop geometry is best suited;

2. Predicting the flow characteristics at the bottom
of the drop structure;

3. Determining the stilling basin geometry and
appurtenances which most effectively dissipate
the energy; and



,,,,,

4. Specify the rules covering design“dimensions for
various drop situations.

Scope of the Study

The use of a single structural geometry to meet

the wide range of discharges and drop heights that may be

“+ encountered in irrigation, drainage, or soil conservation

projects is impractical. Consequently, the scope of this
study is limited to small drops being used in irrigation
conveyance systems. Such drops are of two types: (1) ver-
tical drop; and (2) inclined drop. 1In either case, the
height of the drop does not generally exceed ten feet nor
does the discharge exceed ten cubic feet per second per
foot of width.

Vertical drops, as shown schematically in Fig. 1,
provide an abrupt transistion from one elevation to
another. The flow leaves the upstream channel as a .
freely falling nappe and then impinges on the stilling
basin floor. Once the nappe strikes the floor of the
vgtilling basin it begins to dissipate the energy of
‘uéhémdrop thrqggh turbulenée as indicated by the hydraulic
jump. i

| Thg;;nCIgnédvdrép'structure is shown graphically in
Fig. 2. Rather than transferring the flow between the
upstream and downstream channels abruptly, as was the case
for the vertical drop, the flow passes along a steep

chute between upstream and downstream channels. At the -

PR IR .
Phes A T .
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Fig. 1. Schematic drawing of a typical vertical drop
structure in an irrigation system.

|
I-;"'+

nclined Section

L.
Stilling jBasin .l

R T A ETRe o BT F R T
. Fig. 2. Schematic of an inclined drop structure in an
L - irrigation system,



end of the chute, the flow enters the stilling basin where
much of its energy is dissipated by the hydraulic jump.
The flows in both the vertical and inclined drop
structures and subsequent stilling basin are affected by
a number of parameters, such as discharge, drop height,
bed roughness, side slope, and bottom width. In this
study, only rectangular cross-sections are being con-
sidered to facilitate the analysis. 1In this manner, the
author can develop the design procedure more fully for
rectangular sections, thereby providing a better basis
for later investigations by others regarding rectangular
sections, as well as other geometric sections (e.qg.,

trapezoidal, triangular, or circular).

App..ocach to the Study

" The design procedures developed in this study
‘'summarize and apply the existing experimental informa-
tion on drop structures, as well as the theory of‘opén
channel flow. The experimental data are used in conjunc-
tion with the characteristics of the flow to describe
the geometries of the drop and stilling basins necessary
to dissipate sufficient energy for a given discharge and
_drop height.
’&ﬁ}“?fhé»primary concern in the analysis of vertical drop

strictures is predicting the flow conditions in the

drop structures. In order to accomplish this evaluation,

"the’ £low entering the stilling basin is analyzed for



6

ffgiQen drop heights, discharges and channel geometries:

-The downstream flow conditions also WOﬁId be evaluated
from the viewpoint of the energy dissipation resulting
from the hydraulic jump and the nappe trajectory of the
freely falling jet. A knowledge of the flow conditions
in the stilling basins is important in order to meet the
requirements to the downstream channel. Various types of
appurtenances shall be analyzed.

The variables needed in the analysis for the inclined
drop are much more complex than that of the vertical drop.
Therefore, it is more difficult to generalize the design
procedure to'provide simple rules and graphs for accom-
plishing the necessary design. Predicting the flow
conditions in the upstream and downstream sections is
the first step in formulating the design procedure for the
inclined drop. Based on the flow conditions, theﬁs;qpe
of the inclined drop is dgtermined for a given drop .
fépndition, thereby producing a specific value of Froude
”hﬁﬁber. Once this slope is determined, the specific
features of stilling basin structures to satisfy down-
yétream channel requirements may be determined.
| Since the primary objective of this study is to
Wdevelop_general design rules for small drop struqtﬁres,
énd specifically for the rectangular section for which
the design procedure is well defined, no attempt willp

be made to verify the results by new experimental data.



Rather, efforts will be made to test various designs

against existing‘recommendations and field observations.



. .. CHAPTER II
'HYDRAULICS OF DROP STRUCTURES ...

The energy dissipation in drop structures is: a sub-
ject which has received attention from many investigators
in the past. Several factors are interrelated and serve
to make the subject much more complicated than a super-
ficial examination would indicate. To understand the
phenomenon of the hydraulic jump and the energy dissipa-
tion in the drop structure, it is essential that basic
concepts and hydraulic theories which are always associa-
ted with designs of drop structures are reviewed.

A drop structure usually includes an inlet section,
a drop section in which the lowering is made, a stilling
basin where the excess energies are dissipated, and an
outlet section through which the water is discharged. 1In
this chapter, the hydraulics of these important parts of

a drop structure will be discussed.

Review of Basic Concepts

The basic principle most often used in hydraulic
analysis is the law of conservation of energy as expressed

by the Bernoulli Equation,

v2
E=2 + cosb + o 75 T o B

lin which:

E is the total head at a section of the channel;
z is the elevation above the datum plane;

0 is the slope angle of the channel bottom;

y is the depth of the flow;

V is the average velocity;



o is the volocity distribution coefficient; and
g is the acceleration due to gravity.

Specific energy in a channel section is defined as
the energy per pound of water at any section of a channel
measured with respect to the channel bottom. Thus, accor-
ding to Eq. 1 with 2=0, the specific energy becomes,

V2
Y cosf + azg T )

E

or for a channel of small Slope and a=1,

2
E=y+¥—g_" loonnno-o'.ooo-.o (3)

which indicates that the specific energy is equal to the
sum of the depth of flow and the velocity head. Eq. 3
can be plotted on the specific energy diagram which was
introduced by Bakhmeteff (1912) . It shows that for each
value of E, two alternative depths of flow exist as
shown. in Fig. 3.

In a unit width of rectangular channel, Eq. 3
becomes,

E = Eag;— L 2 N 7))
in which q is the discharge per unit width of the channel.

Differentiating Eq. 4 with respect to the depth and
setting it equal to zero yields,

34 2

Y =".L--oaco-o-c-ocoo(5)

min g

where y in is the depth with minimum specific energy

m
which is by definition, the critical depth of the flow,

Y.- Hence,
3f 2

P S & e
Rt xwps g i BRI . (6-)§ﬂ;—=
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q=Constant

Subcritical Flow

- Critical .Flow

Supercritical Flow

v_-‘Ff‘ig,.;-;. 3. . Specific cnergy diagram., .
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The concept of critical depth is also impbftant'in describ-
ing the action of gravitational and inertial forces'

acting on the flow. Generally, the ratio of the two

forces is determined and is denoted the Froude Number, F,
defined as,

F=—1Y

I T ¢ 2
9y
‘where yh is the hydraulic depth defined as the area of
the flow cross-section divided by the surface width. 1In
the case of a rectangular channel, the depth of the flow,
Y, is identical with the hydraulic depth, Yn+ If Eq. 6
is rearranged to solve the critical velocity and substi-
tuted into Eg. 7, the value of the Froude number is shown
to be 1. Thus, for subcritical or tranquil flow, F < 1;
at criticai depth, F = 1; and for supercritical or. rapid
flow, F > 1.

Another fundamental principle which is involved in
many hydraulic problems is a change in momentum, which is
expressed by Newton's second law of motion. For the case
of steady incompressible flow, the law may be stated
in the following terms:

V_-V

M=m'——— oco-ooo-noo"o‘o‘oc- (8)

in whlch M is momentum change 1n a t1me t, whlle V and

Coeatd

Lt bt

b

-m is the mass of the volume of water flowing from section

are the velocity at sectlons a and b. ;n;Eq,“q!

a to b. Since,
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i m=gg£ - (9)

Eq, .8 becomes,..

Gl alt QY (VL = V)
 ome—2_ b (10)

where Q is the discharge; y is specific graVityuandhg is
the acceleration due to gravity.. Toudoro!vawvast amonnt
of research has been conducted to relatélrhe preceeding
.. principle directly to open channel flow, resulting in a
great deal of success in formulating empirical estimates
- describing the flow. One of the most commonly used of
the empirical formula for uniform channel flow is the

,,Manning equation, which was_.published first in 1890.

) fo 10 486 2/9 1{2 e fel ehler o e & e e ‘e e-iellie (11)
VE=m RS

) where 'S, is the slope of ‘theénergy line, n is a “rough-
i»ness coefficient, and R is' the hydraulic radius given by,
R=B oottt et e e e Y A

“A-is the cross-sectional‘area of ‘the“flow, and P is the

Awetted perimeter. “From‘Eq. 11, the slope Of the éﬁérgg
- line (which is the same' as’the’slope’ of the channel floor

. . o ; e g tee PR o by ;M'H-l’ Bl & fotalgf ibf‘f,"
when uniform flow conditions exist)’can be’ calculated as:

2¢72 O DR S S P S TR SRR PO
Se = n v / o e e o & o o e . o" . ‘:o' e o . ¢ (13)
[ L2 21R* 3 . o ‘ K
The value of n corresponding to the approx1mate boundary :

U’E:ondit:i.on of the channel can be estlmated from publlshed

sources such as Chow (1968)
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Hydraulics of Drop Inlets ..

The inlet section of a drop étructure can cohsist
of an‘approach channel having a géometry similar to irri-
_gétion canalsuor.laterals,finnwhich the water drops off
Elthg,end of the channel. Numerous drop structure inlets
lgi; irrigation systems are used as check structures,
thereby resulting in a number of possible conditions re-
garding the jet entering the stilling basin (Figs. 1 and 2).
Usually, a turnout structure will be located immediately
upstream from the check structure which is utilized to
control the upstream water level and thus regulate the
diversion through the upstream turnouts. The flow passing
over the check is usually less fhan the design discharge
for the channel, whereas the check structure might be
removed when the full discharge capacity of the channel
is to be conveyed downstream. The inlet to the drop must
also bgicopsidered a control for the upstream channel to
prevent;chéqnel scouring. The inlet should be symmetrical
about Fﬁe;éhannelgcenterline and when possible located
a suff&cient disténce downstream from horizontal bends in
order fé limit undesirable wave action due to unsymmetri-
cal flow. ‘

The flow conéition at the inlet to the drop are
shown in Figs. 4 and 5 in which the major variables are
the flow depth at the end of the channel, called the
brink depth, Yy’ Qr end depth( ye,‘and the roughness”“

coefficient,. n.



Fig. 4. Free overfalll

don w il - PO [

Fig. 5.. Constriction” (check structure) overfall
S R . . s e B

[x]
X
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For the flow condition shown in Fig. 5, critical
depth occurs in the vicinity of the constriction because
both rectangular and trapezoidal check structures are
commonly used in irrigation systems, the critical depth
and its location for their condition can be computed with
an accuracy sufficient for design purposes.

Rouse (1936) studied the discharge characteristics
of the free overfall in a channel with a mild slope. It
was found that the pressure distribution is no longer
hydrostatic as the depth of flow decreased below the
critical depth, Yor for uniform flow. From a series of
experiments, Rouse concluded that the distance between
the critical depth, Y.+ and the brink depth, Y, is equal
to approximately four times the critical depth. Numerous
measurements by Rouse give evidence that the ratio between
the brink depth, Yy, s and the critical depth, Yor is 0.715,
regardless of the ratio of discharge and the channel width.

Delleur, et al. (1956) showed that the ratio of
the brink depth to the corresponding critical depth depends
upon the relative slope of channel for a rectangular
free overfall.

Diskins (1961) deveioped equations'for the brink
depth for exponential and trapezoidal channels with zero
net pressure at the end section. Rajaratnam and Muralidhar
(1964) improved Diskins' work and have developed brink

‘depth relationships for various channel geometries such
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as rectangular‘cigcular,‘txapezoidal, triangular and para-
bolic. They defined the flow depth at the end of the
approach channel as the end depth, Yo Rajaratnam and
Muralidhar (1964) also found that the end depth ratio is
0.705 for the rectangular free overfall with an approach
channel of zero slope, which is slightly less than Rouse's
value of 0.715. The end depth ratio curves for the triang-
u;ar, parabolic, rectangular and circular channels are
shown in Fig. 6. The end depth ratio ye/yc is plotted
against the slope ratio so/sc, in which Se is the bed
slope and S, is the bed slope corresponding to critical
depth. A negative slope ratio means the bed slope has an
adverse gradient. The end depth ratio curves for trape-
zoidal channels with different values of the shape para-
meter zsyc/b, in which Zg is the side slope and b is the
bottom width, will lie between the curves for the triangu-

lar and rectangular channels.

Inclined Drops

The effective design of an inclined drop can be
possible when the variables such as design discharge,
depth at the inlet, and channel shape, slope roughness,
and length are properly treated by an adequate procedure.
The usual case for inclined drops is for the slope of
. the section to be in the steep range so that the flow
-control point will be at the inlet. The most important:

hydraulic characteristic in designing the inclined
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'}ﬁﬁgcéiénzié"thé flow depth at the ‘bottom of the inéiine,
which is also the flow depth preceeding the hydradlié'fump
in a properly designed stilling basin. Consequently, the
‘major task in designing inclined drops is to determine

‘ ‘what depth can be expected at the end of the incline.

Method of solution to predict the flow depth along

an incline. For the inclined drop section, there is no

experimental data or analysis to evaluate the conditions
at the end of the incline even with an extensive knowledge
of the flow condition at the inlet section. Consequently,
the design of such a structure depends upon computing the
" flow profile from one section to another. Although
numerous techniques have been developed to examine flow
profiles, a numerical method is probably most reasonable
because of its applicability to computers. The method
described herein was proposed by Prasad (1970) employing
a numerical solution to the trial and error procedure.

The differential equation of gradually varied flow
is used in conjunction with Manning's formula for
desp;ibing the energy slope. The gradua;ly varied flow

equatiqn can be differentiated and expressed as,

S L AR CEY dx QzT [] [ L] [} [} o 0. o 05 .9 s = . . .
l - o=
ga?

in which y is the flow depth,: x is the distance along the
channel bed, soris the slope_at,thembed,xse-is the energy

gradient, o is .the welocity head:coefficient; Q is the "


http:the.bed,.se
http:slope.at
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discharge, T is the top width of the chéﬁﬁélfééC£féh,’g
is the acceleration due to gravity,'aﬁd A is the éﬁaﬁnel
cross-sectional area. |

The term a(Q*T/gA’) in the gradually varied flow
equation represents the kinetic flow factor and equals
the Froude number squared. The coefficient o has been
assumed to be constant from section to section, and in
this study, a value of 1.00 has been used.

The evaluation of 8q when using the Manning's formula
can be expressed as,

2x72
I V . [] (] . . 3 . . . . ) . . (15)

S =
e 2,21R%/3

where n is the roughness coefficient, V is the average
flow velocity, and R is the hydraulic radius. Eq. 15
can be substituted into Eq. 14 to compute the value of
dy/dx.

The numerical solution reported by Prasad (1970)
has been written for a digital computer and the program
listing has been included in the Appendix. The procedure
is based on the following equation. The depth at a sec-
tion i + 1 can be described as,

Yi4y ¥t Ay

or

d
yi+1 yi + <a¥> Ax L] . ] . . . L} * . [} . L] L] (16)
in which the subscript i describes the ith station'along
the..channel. :The value of Ay can be computed from the

+value: obtained in:Eq.s l4:multiplied by the incremental’’
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. Qalue_of distance along the channel, Ax. If the value
HERENS T A ’ E - ' | U

.

. of Ax is very small, the value obtained in Eq. 14 can be

assumed to vary linearly between stations in the solution.

Assuming this condition, Eq. 16 can be rewritten to form

the general basis for the solution.

Yie1 =

d d
=y, + [(a¥)1+% +(a¥)i] Ax .. .. .. (17)

The éomputational procedure, then is as follows:

(1)

(2)
(3)
(4)

(5)

Compute dy/dx from Eq. 14 using the initial
value of y, or the previous value after the
initial step solution,

Assume (dy/dx)i+l = (dy/dx)i as a first approxi-
mation,

Evaluate the depth Yi+1 using the step (2)
approximation,

from Fig. 14
step (3); and

Compute a new value of (dy/dx).+l

based on the vy, obtained in 1
i+l

Repeat steps (3) through (5) until the two esti-

mates of (dy/dx).+l come within the desired

degree of accura&y, and then using the new

value of depth, repeat this process until the

last depth is obtained.

Following these five steps, a numerical solution of

the equation of gradually varied flow can be obtained by

digital computer in this study.

Effect of channel roughness, slope and length. Under

the flow condition of Fig. 2, the variables which define

the characteristic of flow are as follows:

L Plow condition = £(,q,L,5,n,F,)

-The channel roughness, n, can be varied to determine' its

effect upon flow conditions or, the optimum slopes''for' '

any value of roughness can be determined for the’‘inclined
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- section by specifying the drop height and the Froude

number, F,. The Froude number, Fl is computed from Eq. 7.

Fl=ﬁ7§—37—2"...‘............." (18)

g%y,

The length of the inclined section is expressed as,

L=gz * s s s e 4 e s e o s s e s e s e e e o (19)

where H is the inclined drop height and S is the

channel slope of the inclined section. The differential
equation for the water surface profile and the hydraulic
gradient slope is given by Egs. 14 and 15, respectively.
From these relationships, the slope of the hydraulic
gradient can be described as,

-s - (p
Se So ax (1 Fl) e s s e o s s e s s e s« (20)

If the slope of the inclined section is determined for a
given Froude number, Fl' by employing the optimization
theory in order to compute an optimum slope, then the
water profile can be determined by Prasad's (1970) method
as described in the Appendix. The slope of hydraulic
gradient, which includes the channel roughness, n term,
is calculated using Eq. 20. Consequently, it can be
recognized how the channel roughness does affect the
slope of an inclined section from these relationships.
For uniform flow, however, since dy/dx will be zero, the
slope of the channel bed and the hydraulic gradient will
be the same. In this case, the effect of the channel
roughness, n, is directly proportional to the channel

slope.
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i, Fxom the viewpoint that channel roughness determines

Shdid

» d%beﬁg}ppe of the inclined section from‘the above approach,
... it may be also possible that the length of the inclined
section can be controlled by the channel roughness of
the, inclined section for -a:given Froude number, Fis and

<.+ drop height, H.

Vertical Drops

As was pointed out for the inclined drop, basic
hydraulic information is also needed for the design of
vertical drops. The flow depth in the stilling basin
before a jump, Yy and the nappe trajectory length, L.,
are the most important parameters in determining each

" design dimension. There are a number of methods to calcu-
late these parameters. A few of the available theoretical
and experimental equations will be introduced in this
section.

Prediction of flow depth before a jump. In vertical

drops, the aerated free falling nappe will occur beginning
‘at the crest of the drop section. Rand (1955) indicated
that for vertical drop structures, the flow depth before

a jump Yy and the conjugate depth, Yo corresponding to

y, can be expressed as:

iy y\ 1.275
u,—l 0-54(§%> oo e mgns ey ee s oo (21)

S . N T 0 2 5 . :y;f;nu,:t*, oot el
y2 — 3 L) 0 7 L] * L] L ] ] L] L L L] L] L ® L] L (2 2 )
S AL (yc/ﬂ)ov465 Coseve wAdowtie as o0 anoklpno
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These equations were developed from experimental data and
therefore include energy loss.

A theoretical equation for determining the flow
depth in the stilling basin before a jump was developed
by White (1943). When a sheet of water strikes a flat
surface, the flow pattern at the floor may be shown as in
Fig. 7. From the momentum principle (Eg. 10), the change
in the horizontal momentum is %sza/(l-cose) in the upper
sheet and %szf (1 + cos6) in the lower sheet. Equating

these momentum changes gives:

YE _ 1 - cosé

T T Tt s e s s e e e e e e e e e e e (23)

ya 1l + cos®

The flow to the left into the basin, Qf, is determined in

terms of 9;

y -
Qe = yf Q=223 o L. ... (20
a l + cos6 ;

This is also the flow from the basin back into the jet.
Assuming that this return flow has negligible momentum
in the direction of the jet, the total momentum of the
jet will not change in the mixing process. This deter-

mines Vm’ the velocity after mixing. The momentum equa-

tion is:i
20 =1 v,
l-COSG\V ¢ o o o e s e s o (25)
=<§(°+° I +cosp/) ™

From Eq. (24)

¥e3

NESTIEA ' % SR e A A S ATY B R R B
Vm = 5 (l + cos ) s e o e & 5 * o ® ° ° & & » ( 6)

T
W
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Fig. 7. 1Inclined jet with standing pool on one side.
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18ince V., equals Vi5(the~outflowtvelocit9)

V = g (1 + 0089) * e o o o o -0 @ 'ot“"."‘”"'.7(':‘{:."‘;:.‘“'; “‘(‘26,a)

1
and the corresponding depth of flow is

-9 : |
Y, 1 © e e o s 4 s 4 s e e Ce .’. . (27)

The cosine of the angle 0 is the ratio of the horlzontal
velocity component, V. to the total velocit§ which is
described as:

\
- X ~
COSB - V—" s . ® ® o o o & e o . . e o * e (28)

Since in the free overfall, V =\/2gAh, where Ah equals the
sum of the specific head, E, and drop height, H. The

velocity, V, can be expressed as:

V=,2g(H+E) B X))

V=\/29(H+§yc) N 1))

The horizontal velocity component, Ver is found by equating
the horizontal force at the critical section above the
free overfall to the change in horizontal momentum

between this point and any point in the free jet.

2
.‘ztyc=§q(vx-vc) N &1 8

Becaus =V and V this 1ves A
! ecause q .y ?“zh \/gy ’ g L

Vx =5Ve o e e toe e e eneie oTe (32)

From Eq, .28,;cos6..is substituted into Eq. 32 and.Eq,,,.:

[T : ¢ 3

30 H ' " 2
. [ e [ I . R R . I ey 125
WP EE sy . ; Ll H

1.5V @t

wuggggw? = = 1.06 BRSO R T | ﬁigg)

0
v 3 [H, 3
’\/29'(1{ M L / vt 2
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TO'determine*gnegflowydepthgjqsthbelqw;theygallyeusegthe
‘s, scontinuity .equation, ,

=9 sl wetwi l
Y1 =y i
. 1l
and also, Yo = - .
wornak Faomt Sl oy Cgsy ol

Consequently,
gl Ui e b

Y |
c \/2g(H+3y /2)[1+11{/_‘15__3/2] '
- y+3/24

.= JZ_

1.06/0/y_*+3/2 . . . . T ;'. (3¢)

s i

Li'The total energy of the flow is found by spec1fic energy

it

equation as shown in Eq. 3. Then,

O ST 2
By _ - y1 ool
Yo Yo 29yc

o-
H

o

o

1, 42 ¥(1.06 +[H/y_¥3/2)% . . . (35)

8 €. 106 H/y + 3/2 -

|

® rq

vsinceWFi“= Y&c/yl 3/2, the ‘relative specific energy,"
El/yc, retained by the flow leaving the section of imbinge-
‘ment is readily calculated from the general equation

by inserting the values obtained from EQ. 4.
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By 141 Y3 | _ » : .
37;_17;[ 5()-;)](36)
}This equation agrees guite well with experimental work
by Moore (1943), as shown in Flg. 9, 1n whlch the values
of H/y versus Yo for both exper1menta1 data and theoret-
‘1ca1 values are plotted. 'In Fig. 9, a horizontal line
érawn hetween'the'initialihead and experimental curve rep-
resents the head loss of the stream due to the existence

of a basin upstream from thedinpingement of the jet.

Nappe'trajectoryrlength.‘ In a vertical drop, the
length of basin consists two parts, the nappe trajectory
length, Ld and the‘hydraulic junp length, Lj as shown
in Fig. 1. The naope‘trajectory length, Ld can be defined
as the distance from the”crest toAthe place where the jet
strikes the basin floor. }In\order to determine the nappe
trajectory length, equatiohs desoribing_the nappe of a
freely falling jet are used.yv o

For the free overfall, the napbektrajectory length
Ld can be determined using experimental data presented
by Moore (1943), Bakhmeteff and Feodoroff (1943), and
Rand (1955). They found that the flow geometry at a
straight drop spillway can be described by functions;of
the drop number, which is defined as: | |

D= o e e e e e e '-ﬁ(3k7).
o 9H R ’ S TS
where q 19 the discharge per unit width of crest of |

overfall, g is the acceleratlon due to gravity, and H

S LAV
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,*{ﬁig;fs., Energy dlssipatlon at the base of the free
RN overfall.,” o
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is the drop height. The functions which relate to the

nappe trajectory length, Ly are:

=a.300%%7 L L oL oLt @)

:ﬂlp‘l"

where the nappe trajectory length is the distandewfrom
the vertical wall to tpg position of the flow depth Yyr.
while Y, is the depth~a£ the toe of the nappe or begihning
of the hydraulic jump (Fig. 1).

Oné;df'fhexfecent investigations by Donnélly and
Blaisdell (1965)Aexéfessesvthé nappe trajectory length as

an equation for nappe trajectory. The equation for Ld is:

=L s L L (Y
in‘which xf is theyhérizontal distance from drop crest to
the upper surface of the free-falllng nappe at the eleva-
‘“tlon of the stllllng basln as shown in Fig. 10. The

equation for xf is.

«,;:_fé -0: 406 + 3,195 -'4,386 S~ ', . . .. .. (40)
Y Yo »

The equation for the upper surface of the submerged
nappe trajectory above the tailwater level is the same
as that for the free falling nappe. The point at which

the upper nappe impinges on the tailwater is:

Xe Yt
= -00406 + 3.195 - 4.386 T e e e e e 8 e » (41)
Yo Ye

in which X, is the horizontal distance from the drop

crest to the point at which the surface of the upper nappe
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plunges into the. tailwater and Y is the vertical distance
from the crest to the tailwater surface as shown in Fig.
10,
At a point where the upper surface of the submerged
nappe trajectory strikes the stilling basin floor, the
equation is;

Xg 0.691 + 0.228 (*t/¥e)2 - (H¥e)y ... (42)

Y
c 0.185 + 0.456 (xt/yc)

J;ﬁhﬁfé X is the horizontal distance from the drop crest
to the point where the upper surface of the submerged
“nappe strikes the stilling basin floor. Therefore, from
- Eq. 39, the nappe trajectory length Ly can be determined
when the discharge and height of the vertical drop are
given. This equation has been computed and plotted in
Fig. 11. It should be noted that the origin of points X
and y is at the crest of the drop.
| KRatsaitis (1966) has developed an equation to deter-
mine the nappe trajectory length from the weir condition
yqf'the vertical.drop crest. The definition sketch of flow
| 6Ver a weir (Eig; 12) can be used to describe the develop-
ment of an equation for determining Ly which is the hori-
zontal distance from the weir (or drop crest) to the
centerline of the nappe trajectory where it strikes the
stilling basin floor.
The reference point for the equation is the center-
oid of the jet cross-section where the lower nappe has

reached its highest elevation. The horizontal distance
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[}
between the reference point and the weir crest is HO/Z,
where Hé is the total head (specific energy) above the
high point of the lower nappe.

The equations of motion can be written as:
X = (Vo)xt . . . . . . . . . (] . . . . 3 3 . (43)

=V, Gt o o v e .. (44)
(45)

2
2, = (Vo)gt + 1/2 gt
Vz= (Vo)z + ng e e e o e o e o * o * e o e o (46)

in which, X is the horizontal distance from the refer-
ence point, (Vo)x is the initial horizontal velocity at
the reference point, (Vo)z is the initial vertical veloc-
ity, t is time, v, is the final vertical velocity, and

Z is the total height of fall measured from the reference
point, where

Z =H + 0.373Ho. L T ¢ ¥ D
Therefore, the availabié héad above the height Z is
0.627 H,.

The axis of the nappe may be considered perpendicu-
lar to a vertical section at a distance O.SH; from the
crest and the horizontal velocity of the filament in the
nappe axis may be computed from the relation V2/2g. In
this case,

[(0.627H°) (294 S 7T

At the reference point, the water particles have no
vertical velocity. Consequently, the theoretical vertical

velocity of the jet as it strikes the stilling basin floor

' can be obtained from Eq. 46 as;



v,= et L )
- 2 2

vi= v, S S TP €10}

t=yat? L. s

the horizontal distance traveled in this time, t can be

determined by combining Eq. 51 with Eq. 48.

]

d

1)
(th) + 0.5 H,

(0.627 Hoz)l/2 + O.SH; e e e e e e .. (52)

The above analysis is based on an aerated nappe. In
practice, if the nappe is not fully aerated, the free jet
will strike the stilling basin floor at a shorter distance
from the overflow crest. Thus, the computation of Ld

using Eq. 52 would result in a conservative design.

Hydraulic jump

The first investigatién on the hydraulic jump con-
ducted in the United States was during 1894 by Ferriday.
Additional experiments regarding the hydraulic jump have
been conducted by many investigators.

Bakhmeteff and Matzke (1936) presented the flow
characteristics of the hydraulic jump together with a
thorough discussion of the hydraulic jump in terms of
dynamic similarity. By this study, they determined the
general relationships that applied to hydraulic jumps of
every size and nature. Also, Kinney (1935) conducted a

series of experiments on the hydraulic jump.
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SERERI ™ 1954, a large number of eXperihéhfb dhléie hydraul-
“H”ic jump were performed in the hydraulic iaﬁbf&tg;y of the
iﬁjh.s; Bureau of Reclamation (USBR). A totai of 125 tests
.were run in six rectangular flumes varying in width
from 1 to 5 ft. They verified the relationship between
yz/y1 and the Froude number, Fl’ in order to show the
applicability of the momentum formula to the hydraulic
jump. In the experiments, the tailwater was varied
until the hydraulic jump formed for a given Froude number.
After completion of a series of these experiments, the
U.S. Bureau of Reclamation (1964) published their exten-
sive results on the performance of the hydraulic jump
for energy dissipation in stilling basins.

Derivation of conjugate depth. The flow depth after

the hydraulic jump, Yo+ can be determined by the sequent
depth ratio, yz/yl in which the subscripts refer to the
sections after and before the jump, respectively. The
most common technique used to describe the sequent

depth ratio is through the use of the momentum prinéiple

of the flow.
From Eq. 10, the change in momentum AM is
- Yq (vl - V2) L] L ] L] L] [ [ ] L] L] L] L . L] L (53)
g

‘8ince the change in hydrostatic pressure must equal the

change in momentum according to Newton's second law of
motion,
Ap = AM

or
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_ 'Yqvl e YqV2 Sr R T S N 4
—g—-— + pl— —g—— + p2 . . ) . o‘ . - 0 . . . [] . (5 )
For the rectangular channel, since Ap = (y; - vi),

Eq. 54 becomes,
2 _ .2 _ 29 - o
y2 yl g (Vl V2) o< [ . [} . . . . . . . . . (55)

Substituting g/y for V, and solving for Y, in terms of

Y1 iy, ¥
y2 ) -2—- + g + -4-' . . 'Y . . o . . . . . . (56)

If Fi = Vz/gyl is substituted into Eq. 56, the momentum

formula becomes,

ﬁ:%(m-l).............(57)

Y1

Experiments were conducted in 1955 by the U.S. Bureau
of Reclamation to verify Eq. 57. The agreement between
theory And experimental values is excellent over the
entire range, indicating that Eq. 57 is applicable even
when the flow enters the jump at an appreciable angle to
the horizontal. Silvester (1964) has probably presented
the most complete analysis, along with a substantial
literature review and generalization of experimental
data. Jeppson (1965) provided a useful monograph for
the solution to Eq. 57, as well as for the case involying
triangular and trapezoidal channel shapes.

Length of hydraulic jump. The length of the hydraulic

iy

jump may be defined as the distance measured from the
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front face of the Jump to a polntmon the surfaceﬁlmmedl-
ately downstream from the roller (Chow, 1959) : Thls length ,
cannot be determined easily by theory, but it has been
investigated experimentally by many hydraulicians.

Bakhmeteff and Matzke (1936) conducted an experi-

‘ment to determine the longitudial element of the hydraulic

jump. After examining the experimental results, they
proposed that the length of hydraulic jump is a function

of the Froude number and the height of jump. After

' Bakhmeteff and Matzka, numerous investigators (Aravin,

1935; Chertoussov, 1935; Ippen, 1950; Page, 1936; Posey,

1941; Woycieki, 1935; Wu 1949) proposed the formulas which

determined the length of the hydraullc Jump. Almost all

“the 1nvest1gators descrlbed the length of Jump in terms

of the flow depth before the hydraullc Jump and the

height of hydraulic jump.
After examining the experlmental results, the 1nves-

tigators proposed that the length of hydraullc jump is a

' function of the Froude number and the height of the

hydraulic jump. The experimental data on the length of

the hydraulic jump, Lj

the Froude number,'Fl, against a dimensionless ratio,

» can be plotted .conveniently with

Lj/(y2 yl)' L. /yl' or L. /YZ

From the experlmental result of the USBR,‘the plot

of F1 vs L, /yl is probably the best, for the resultlng

curve can be best defined by the data. However, for prac-

tical purposes, the plot of Fl‘VS Lj/y2 is desirable
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because the resulting curve shows a fairly flat portion
for the range of Froude number that produces a well estab-~
lished hydraulic jump. This curve was developed primarily
for the hydraulic jump occurring in rectangular channels.
This experimental result may be applied throughout this
study for determining the length of hydraulic jump in a
horizontal stilling basin. fThe conjugate depth, Y, can
be determined by Eq. 57, which is also well defined by the
experiments.

Types of jumps. There are essentially four different

forms of the hydraulic jump that may be encountered in the
design of drop structures having a horizontal floor. It

is important to note that the energy dissipation and inter-
nal characteristics of the hydraulic jump vary its per-
formance considerably with each form. The following

forms illustrated by Fig. 13 are taken from experiments
conducted by the U.S. Bureau of Reclamation.

Each form has been classified in relation to the
Froude number of the flow. When the Froude number is one,
the water is flowing at critical depth; thus a hydraulic
jump will not occur. For values of the Froude number
between'l.O and 1.7, there is only a slight difference in
the conjugate depth Y and y,- As Fl approaches 1.7,

a series of small rollers develop on the water surface.
When Fl varies from 1.7 to 2.5, the water surface is
quite smooth, and the velocity throughout the cross-

section is fairly uniform. The second form is that of the
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A. Pre-jump— Very Low Energy Loss

Oscillating Jet
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9.0 Upward
D. Effective but Rough

IR ATIE

iy Fig. 13.  Types of hydraulic jump.



41
 ,:fféégigtion'jump,;bccurring;whenﬁEi&va:iesffromb2u4.to
 4{5;9;This,typé_ofwaction is commonvin;canal“sﬁructures.
Although some success in this range can be obtained with
.the use of wave suppressors (USBR Basin IV) it is very
difficult to design a stilling basin for this form of
hydraulic jump. When Fivvaries from 4.5 to 9.0, well
stabilized jumps are formed as depicted by Fig. 13.
With values of F, exceeding 9.0, the form of the hydraulic
jump gradually changes and the effectiveness of the
hydraulic jump is good, but the water surface is so

rough it might need a specific type of stilling basin.

1

stilling Basins

l:”“-The"maih fﬁﬁéﬁibn of stillinglbésinsJié toldigéipate
tﬁé excess énergy of flowing water for downstream ¢hanne1
protection. Stilling basin designs are based primarily

on laboratory investigations, model studies, and experience.
waever, the major hydraulic phenomenon which is associated
with stilling basins is basically the hydraulic jump.

Thus, the lehgth of the hydraulic jump and the depth of
water after the jump determined the basic dimensions of
;'S£iiiing basins. Reducing the stilling basin length can
be accomplished using a number of proposed stilling basin
appurtenances, each used for particular flow conditions.

| There are many‘generalized stilliné basin designs for
énergy dissipation.k For example, Maxwell Stanley (1934)
studied a simpleyéfiliing basin in which a pool was formed

using a simple sill at the end of the basin; however, this
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ssimple%stilling?basinﬁis*larger*than more recently” "’
vsdeveloped stilling. basins. i Armin‘Schoklitsch (1937)
'~:fhas'published results of experiments performed on an
energy dissipator that was similar to Stanley'sfSimpfe'
's8tilling basin, except that ‘a'sill or ‘bucket was used at
the basin entrance.
Jacob E. Warnock (1940) has described a rectangular
»ﬂinstilling basin developed?bycheﬁBureau?dr‘Reclamation in
which?eXploratory tests indicated'that the basin is par-
ticularly:efficient and that'itsi‘size' could be reduced |
considerably. ' Do nRRITggE
A Morrls-Johnson drop structure was 1nstalled 1n the
erodable sandy clay soil for the purpose of gully control
fiﬁatuthe Uu.sS. Naval Auxlllary Alr Statlon, Whltlng Fleld,
lﬁ’Mllton, Florlda. The performance was poor, showing
excessxve scour occurrlng Just downstream of these
| structures. To improve this situation, Blaisdell and
Donnelly (1950) conducted experiments and developed
a drop spillway stilling basin. 1Its field operatlon was
as successful as the laboratory tests had lndlcated.‘_l
: As a result of the favorable experience at Whltlng Fleld,
;Egeneral design rules were developed for the stralght
| drop splllway. 4 ‘
In many proposed deslgns of stllllng ba51ns;'impor-

e

tant elements to help the performance of drop structures

-
- s‘nu-/..:- \__.' ST E

are the stralght drop spillway and d1351pat10n bars for
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oW yertical " ‘drops i “and “S{AF. 'stilling basin, -USBR {§tilling
:“"bagin III, and USBR'stilling'basin IV for inclined drops.
More recently, Humphreys and Robinson (1971) =
‘investigated the performance of drop and check structures
‘in the field, and arrived at the following conclusions:
{1). The commercial prefabricated structure did not
generally provide adequate stilling basins for
energy dissipation;
“(2). The end sill caused turbulance that affected
the downstream scour pattern and, in a small

ditch, increased the total erosion volume;

(3). Structures having relative wide basins per-
- formed better than those with narrow basin;

~(4). The coffer dam type structures gave fairly good
B - hydraulic performance when used as a check
with sufficient tailwater;
(5). With adequate tailwater depth, a trapezoidal
"'~ stilling basin gave a good hydraulic perfor-
mance; and
(6). For the relatively small structures and water
- depth in the study, a nonaerated nappe contri-
butes to good stilling within the structure.
They also concluded that laboratory studies are needed
to 1nvest1gate different methods of improving hydraulic
design by verifying the effect of flared wingwalls,
rounded corners, sills, and nonaerated nappes, etc.

Straight drop spillway. The straight drop spillway

e

718 used for erosion control in gullies, as a grade control

'stzucture in drainage ditches, as an irrigation drop and

check structure, and as a spillway for earth dams.
Donnelly and Blaisdell (1965) reported a generalized

straight drop spillway design after a series of
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- :experiments improving their previous work....The,tests were

;., performed in a channel having -an.approach section to, the

straight drop spillway that was 6 ft. wide, 10 ft. long,

-and 2 ft. deep. The resulting design specification. is

.shown in Fig. 14. All the informationvpresented in Figqg.

. 14 was carefully checked and verified by experiments

' using downstream scour as the basis for evaluation.

The resulting design procedure is listed below.

1. The minimum length of the stilling basin Lb is
given by: .

[N Ilb = Ld + Xb + Xc = Ld ;+ 2.55yc. . . . . (58)

‘ha;;;La”islfhe>happe trajectory length, which is
thewhorizontal distance from the drop crest to
3-;¢j£hewpoin£ Qhere the average of the free and
submerged upper nappe Strikes the floor ex-
hpressed by Eq. 39. Fig. lO, where y is the
critical depth of £low.
wa. The distance from the point‘et whioh the
' surface of the upper nappe strikes the
h stllllng basin floor to the upstream face of

wthe floor block, Xb is X 0.8yc.

b
“8; *The distance between the upstream face of the
floor blocks and the end of the stilling basin,
""x,i'sx > 1.75y,.
Zi#ﬁThe floor blocks are proportloned as follows.

‘E.f The height of floor blocks is 0 8 y .
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Fig. 14. straight drop spillway stilling basin.
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‘b  The width and spacing of floor blocks should

be approximately 0.4 y, but'a variation of
Oiis,yc from this limit is pexmissible.

c. The floor blocks should be square in plane
and shduld occupy between 50% and 60% of

‘. the stilling basin width.

The height of end sill is 0.4 Y-

The side wall helght above the tallwater level
should be 0.85 Yo

The wing wall should be located at an angle of
45° with the outlet centerline and should have
a top slope of 1:1.

The minimum height of the tailwater surface
above the floor of the stilling basin, Yor is
2.15 Yoo

The approach channel should have the follow1ng
qualifications.

‘a. Be level with the crest of the“drop,

p. Have the toe of the dike or the toe of the
‘; side slope intersect the approach channel
floor at the end of the spillway notch,

| the approach channel at the headwall should
héve a bottom Width equal to the spillway
notch length.

Cc. Be protected by riprap or paving for a dis-
tance upstream from the headwall equal to
two times the notch depth.

No special provision for aeration of the space

beneath the nappe is required if the approach
channel is shaped as recommended above.
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S.A.F. stilling basin. Blaisdell (1948) developed

the St. Anthony Falls (S.A.F.) stilling.basin from the
rectangular stilling basin reported by Warnock. This
stilling basin should give adequate performance for a
range of Froude numbers varying from 1.7 to 17. Nofmally,
the length of the basin is less than twice the sequent
flow depth, Yo- Thus, this particular structure is quite
small and economical compared with Stanley's simple
stilling basin. This is recommended for use on small
structures such as small spillways, outlet works, and
small canal structures.

1. The length of the stilling basin is determined by,

_ 0.38
L, = 4.5y,/F, e e e e e e e e e e e (59)

2. The height of chute blocks and floor blocks is
yl<and the width and spacing are approximately
0.75yl.

3. The distance from the upstream end of the stilling
basin to the floor blocks is Lb/3.

4. No floor blocks should be placed closer to the
sidewall than 3y1/8.

5. The floor blocks should be placed downstream from
the openings between the chute blocks.

6. The floor blocks should occupy between 40-55%
of the stilling basin width.

7. The height of the end sill is given by c = 0.07y2
in which Y, is the theoretical sequent depth

corresponding to Yy
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8. The tailwater above the stilling basin floor is

given hy; |

y; = (1.10 - F;/120)y2 for Fl f 1.7 - 5.5

y; = 0.85y, for F,=5.5-11

y; = (1.00 - Fi/8.0)32 for F, =11 -17 . . (60)

9. The height of side wall above the maximum tail-

water depth is given by;
Z = y2/3 e 4 e e e s e e s e e e e e e .. (61)

10. Wingwalls should be equal in height to the still-
ing basin side walls. The top of the wingwall
should huve a slope of 1:1. It should be placed
at an angle of 45° to the outlet center line.

11l. A cutoff wall of nominal depth should be used at
the end of the stilling basin.

Dicsipation bars. Katsaitis (1966) has developed a

vertical drop structure having two rows of dissipation
bars which are placed in the stilling basin. Dissipation
bars proved very effective in a comparison with a model
5.A.F. energy dissipator. A comparison test was made by
replacing the S.A.F. structure with a dissipation bar
structure of equal length. The result was that the
dissipation bar structure passed 50 percent more than the
design discharge without scour. The same discharge with
the S.A.F. energy dissipator produced severe scour. The
design recommendation is as follows:

1. Stilling basin length, Ly, is;
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z(}&)g‘;, ﬂl‘:&'iLb +i 28 2’{"",?;D Ca it el to‘.a.fo et le o T (62)

£ar

3.

5.

in whlch Ll is the distance from the crest to
the first row of bars, whlch is expressed by 1.5
Lgi D is 0.17/(g/v?); the width of bar, W, is
0.04/(g/v?); and L, is equal to W as depicted in
Fig. 16. V? can be determined by Eq. 48, Eq. 49,
and Eq. 50.

The height of bars, h = 2y, would be sufficient
to protect both bed and bank.

The height of bars should span the full depth

of the flow when smooth flows are necessary

for a downstream flow measuring device.

The end sill must be excluded because it destroys
the streamlined flow produced by the bars.

The longitudinal shape of the scour bed down-
stream from the dissipation structure should be
designed as shown in Fig. 17. Having found the
scour depth, the value of radius R used to form
the depression in the channel bed is found by,

R =13 Yg @ ¢ * ¢+ e e o o o o o s oo . . (63)
The scour depth downstream in a channel may be
computed by,

yg/H = 2.728 Hoﬁg/Vzﬂ -0.2177 . . . . (64)

in which H is the drop height and Ho is the

specific energy above the crest.
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The tailwater depth may vary to any degree with-

out affecting the performance of‘thé bars.

USBR stilling basin III. The USBR stilling basin III,

which is shown in Fig. 18, gives good performance for

entrance Froude numbers, Fl' greater than 4.5. The

length of this stilling basin is generally 2.75 Yoo which

is longer than the S.A.F. stilling basin, but only half

the length of the free hydraulic jump. The design

criteria developed by Peterka (1964) are listed below.

1.

3.

'5.

The stilling basin operates best at full sequent
tailwater depth, Yoo

The length of basin can be obtained by consulting
the curve sliown in Fig. 19,

Stilling basin III may be effective for values of
Froude number as low as 4.0

The height, width, and spacing of chute blocks

.8hould equal the average depth of flow entering

the basin, K The width of the blocks may

be decreased, provided spacing is reduced a like
amount. Should y, provs to be less than 8 inches,
the block should be made 8 inches in height.

The size of baffle piers and end sills can be
obtained by consulting the curves in Fig. 20.

It is recommended that a radius of reasonable
length (R > 4yl) be used at the intersection of
the chute and basin'apropvfor slopes 45° or

greater.
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Recommended geometry for USBR stilling basin III.

R Type III Basin
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USBR stilling basin IV. When Froude number is 2.5 to

4. 5, an oscilliating jump will‘occur'in“the“stilling

'basin, generating a wave that 1s d1ff1cult to dampen. The

"design criteria recommended by the USBR for th1s range: of

by

Froude number is as follows ‘ : : 2

‘

The length of the stllllng basin is made equal*to

“the length of the Jump in a horlzontal st1111ng

lfhaslnjwlthout appurtenances, which can be deter-

bwfmined'from«the curve in Fig. 19,

2.

The number of chute blocks shown in Fig. 2] is

the mlnlmum required to serve the purpose. For

better hydraulic performance, 1t is deszrable
to construct the blocks narrower than indicated,
preferably 0.75 ¥y

Noihaffle wlers are needed in the basin. The

additlon of a small trlangular sill placed at

the °nd of the apron for scour control is desir-

able. - An end 5111 of the type used on Basin III
is satlsfactory. .

Tailwater depth 5 to 10 percent greater than the

‘conjugate depth is recommended for Basin 1IV.

The basin IV is applicable to rectangular cross-

sections only.

:Appurtenances

Appurtenances such as chute ‘blocks, baffle plers and

~end sills are often- installed“to help 1mprOVe the f?i*“‘
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performance of a stilling bgsin.‘,Ip~ad§i;ipn,ﬁphey“a;e
 pe;pful in}stabilizing the flow, increasing the turbu-

lence, distributing the velocities more evenly

throughoqt the basin.

‘ Schoklitsch (1938) described many of these appur-

”:téhéﬁéés along with an energy dissipator he designed. He

gave some descriptions of the effect of end sills in

thé design of his stilling basin previouslv mentioned, but

made no attempt at evaluating the effect of floor blocks

or baffle piers.

.The USBR has made extensive studies on the appur-
tenances in connection with the hydraulic design of dams,
and has evolved several different structural arrangements

.whigh apply to the specific conditions encountered.

Douma (1939) presented a rectangular stilling pool
wh;gh he developed in the hydraulic laboratory of the
USBR. This study gave the structural requirements
necessary to produce satisfactory flow conditions at the

:»disqharge end of a stilling pool. |

For determining the size of floor blocks, Warnock
(1940) reported that the required height varied from 1/4
vto 1/8 of the downstream depth based on Douma's study.

Rusho (1948) presented a study which was more indica-

iﬁtlve of the type of work usually presented by the USBR.
More complicated studies of stilling basin appurtenances
(iwas performed by Blaisdell (1948), as previously

mentioned in designing the SAF stilling basin. His
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‘Yecommendations, insofar as they concern the ‘size and!
‘'spacing of the floor blocks, were that 'the Best ‘conditions
of flow were obtained when: |

1. The block height equaled the upstream flow depth;

2. The block width was three fourths of the block
height; and

3. The aggregate block width was between 40 and 55
percent of the total stilling pool width.

A generalized approach to the problem of controlling
the hydraulic jump is the study made by Forster and
Skrinde (1949). On the basis of experimental data and
theoretical analysis, they developed a diagram showing the
relationships among, (1) Froude number of the approaching
  f1ow, (2) the ratio between the weir height and the
approaching depth, Yy and (3) the ratio between the
distance from the tce of the jump to the weir crest and
the sequent depth, Yo+ upstream from the weir.

Weide (1951) made a special study of the use of floor
blocks and their effect on the control of the jump. He
suggested a block coefficient, Cb, dependent upon differ-

ent forces exerted on the blocks, which can be determined

by using the following equation:
2
C = H —— - 2F e o e o o & e o . s e
b (yl ) (yl ) 1 . , «(65)

| Also, Weide (1951) “wdicated that when baffles were used,

the conJugate depth can be found by:

Y
e —1 - ‘ ‘e
Y, =3 (\/l + 4Cb +r8Fl 1) . (66)
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. Harleman (1955) reported that appreciable dépth reduc-
tion due to baffle piers was possible only if the toe of
the hydraulic jump was within 20 block heights of the
~biers. It was also concluded that the depth reduction
due to the piers be considered only as insurance against
dangerous displacement of the hydraulic jump through-
changes in the Froude number or the tailwater depth.

More extensive studies were made by Bradley and
Peterka (1957) with different shapes of baffle piers and
sills to determine their efficiency as an appurtenance
in stilling basins. From this investigation, it has
been found that the best performance is given by baffle
piers with a rectangular upstream face. For structural
considerations, the downstream side may be made sloping.

Pillai and Unny (1964) investigated wedge-shaped
blocks as stilling basin appurtenances. As a result of
model tests, blocks with an upstream angle of 120° pro-
vide the best performance among the blocks tested and
help to increase the energy dissipation in a shorter
length. He also stated that the caviation damage
would be reduced by the shape of the blocks.

Zimmerman and Maniak (1967) conducted a model test
with eight types of end sills and baffle piers. They
concluded that scour was reduced by more than 50% by
the baffle piers. Furthermore, the baffle piers which

contribute towards a stable position of the surface
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g roller:withinraustilling basin has'considérable advan-
¢ uwtages; %Théibaffle piers dimensions were independent of
»the “drop height.
- ~'Rand (1965) has studied the effect of the vertical
'8ill in an open channel. He described concisely the
flow over a vertical sill by a set of five dimensionless
parameters. |
More recent investigations for appurtenances was
made by Bhowmik (1971). Laboratory investigations were
conducted for both the ordinary and forced hydraulic
jumps on a horizontal floor in the Froude number range of
2.5 to 4.5. A set of appurtenances in a stilling basin
which he called basin L (including baffle piers, blocks
and end sill ) was shown to perform satisfactorily.
Based on this investigation, he provided design criteria
of a stilling basin and appurtenance for the flow within

the Froude number range of 2.5 to 4.5,

Tailwater

The formation of the hydraulic jump at the base of a
stilling basin depends upon the relationship between the
tailwater depth of the flow and the conjugate depth, Yor
'of the hydraulic jump. The conjugate depth of the hydraulic
jump entirely depends upon the upstream condition. On the
other hand, the tailwater depth results from downstream
conditions. Therefore, in designing a stilling basin
using the hydraulic jump as an energy dissipator, both the

conditions upstream and downstream should be considered.
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There may be three alternative patterns of tailwater
depth that affect the hydraulic jump in a drop structure:
l. The case where the tailwater surface clevation
is equal to the water surface elevation of the

conjugate depth of the hydraulic jump, Yoi

2. The case where the tailwater surface elevation is
lgss than the conjugate depth water surface eleva-
tion;

3. The case where the tailwater surface elevation is
greater than the conjugate depth water surface
elevation.

When the tailwater depth, Yy is equal to the conjugate
depth, Yor the hydraulic jump will occur in the stilling
basin. For scour protection purposes, this is an ideal
case. One big objection to this condition, however, is
that a little difference between the actual and assumed
values of the pertinent hydraulic coefficients may cause
the jump to move downstream from its estimated position.
Consequently, some means for controlling the position of
the hydrauiic jump is always necessary.

When tailwater depth is less than the conjugate depth
of the hydraulic jump, the hydraulic jump will move down-
stream to a point where Eq. 57 is again satisfied. This
case must, if possible, be avoided in design, because the
turbulence of the flow acting on an unprotected downstream
channel will result in severe erosion. To prevent this
condition, the designer should use a control structure in
the channel bottom, which will increase the tailwater and

thus ensure a hydraulic jump within the protected stilling

basin. When the tailwater is nearly sufficient to cause
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the jump to form, baffles or sills may be placed on the
floor of the basin to increase the tailwat:r depth.

The next important case is the pattern in which the
tailwater depth, y,, is greater than, y,. In this case,
the hydraulic jump will be forced upstream and may finally
be drowned out at the stilling basin, becoming 2 submerged
jump. This is the safest case in decsign because the posi-
tion of the submerged jump can be most readily fixed and a
high degree of energy dissipation results. When the
vertical drop is used, high tailwater depths approaching
the level of the approach channel bed will result in the
jet moving along the water surface; thereby causing down-
stream bank erosion.

In practical design work, the designer should always
be aware of the relationship between tailwater and conju-
gate depth of the hydraulic jump, and adjust the design to

fit these conditions.



CHAPTER III

DROP STRUCTURE DESIGN

The design of both vertical and inclined drop struc-
tures involves three primary steps:
(1) Evaluation of the flow conditions at the inlet
to the drop section;
(2) Prediction of the flow conditions at the base
of the drop;
(3) Selection of a stilling basin and appurtenances
which satisfactorily dissipate energy.
In the previous chapter, the theoretical and experimental
procedures employed to accomplish each of these steps
were reviewed. This chapter is presented to summarize
the principles of the previous chapter into useful

design procedures.

Vertical Drop Structures

Vertical drops have been used in a variety of ways
to control water. For example, vertical drops are often
employed in irrigation, drainage, and erosion control
structures to provide a safe transistion between two
elevations in those systems. In addition, drops such
as the measu:ring weir is a particular case of a vertical
drop structure.

A vertical drop structure can be defined as a com-
bination of a vertical drop and a stilling basin where

the energy of flow is dissipated. The vertical drop
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structure is well-suited for small drops in irrigation
channels, such as the typical six or eight feet elevation
change in a large channel or the three and four feet
drops in small ditches.

The normal approach to the design of vertical drops
begins with the case where the nappe of the jet strikes
the floor of the stilling basin and then forms a hydraulic
jump at a downstream location as determined by the tail-
water depth. Model tests on vertical drops, as reported
in the literature, appear to deal with this case and
they generally concentrate on reducing bed scour in
the downstream channel. A great number of researchers
indicate that for effective energy dissipation in vertical
drop structures, a specific stilling basin should be
employed along with needed appurtenances.

Vertical drop section. A typical vertical drop

which is often used in irrigation channels was shown
previously in Fig. 1, indicating the various elements of
the drop and stilling basin. As indicated by the drawing,
generally given design parameters are the unit discharge,
d, and the drop height, H.

For normal flow conditions of non-weir approach
sections, a critical depth and brink depth for the
rectangular cross-section can be computed using Eq. 6
and Fig. 6. Based on the brink depth, the flow depth
before a jump can be determined by Eq. 34 as reported by
White (1943). Using these relationships, the depth at the
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base of the drop, Y, was computed for a wide range of drop
conditions. The Froude number at the base of the drop is
expressed as a function of the drop height and the unit
discharge. These relationships plot as straight lines

on logarithmic paper, as shown in Fig. 22. In addition,

a graphical relationship between Fl and Y, can be estab-
lished by Eq. 6 and Eq. 7 as shown in Fig. 23.

The two graphs showing the basic hydraulic character-
istics of the flow are important in calculating the
dimensions of the stilling basin. Using these graphs, the
design can be modified when poor drop conditions produce
low Froude numbers. These relations will be discussed
later in the stilling basin section. The steps followed
in determining the rroude number, Fl, and the flow depth
before a jump, Yy, are:

(1) Based on the possible maximum discharge of the
irrigation channel and the width of channel, the
unit discharge, q is computed;

(2) By a given drop height and a computed unit

’ discharge, the Froude number before the hydraulic
jump, Fiy is determined by using Fig. 22,

(3) 1If the Froude number does not fall within the
range 4.0 to 9.0, changes in either drop height
or the unit discharge should be taken.

(4) After selection of an adequate value of Fl to

safely transfer the flow through the given
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drop structure, the flow deﬁth'béfoﬁé;ﬁhéV 
hydraulic jump, Yy is determined by conéuiting
Fig. 23. The flow depth, Yy is used to deter-
mine the sequent depth Yy the length of stilling
bazin, and the dimensions of appurtenances.

Stilling basin design without appurtenances. The

characteristics of the stilling basin without any appur-
tenances depends entirely on the hydraulic jump which is
to occur within the stilling basin. Therefore, the impor-
tant parameters relating to the hydraulic jump need
clarification.

Once the flow depth, Yy and the Froude number, Fl'
are determined for a particular drop condition, the
computation of the sequent depth after a jump, Yoy
becomes simple procedure. From the well known momentum
equation applied to rectangular stilling basins, Eq. 57,
the dimensionless depth ratio yz/yl, can be plotted with
respect to the Froude number, Fl' as shown in Fig. 24.
The line is virtually straight except for the left lower
-end. Examination of the figure shows that the correla-
tion between the theory and the laboratory data is very
good over the entire range, indicating that Eq. 57 is
applicable when the flow enters the jump at an appreciable
angle to the horizontal.

The entire length of the stilling basin consists
of two main parts; the nappe trajectory length, Ld’ apd
the hydraulic jump length, Lj' o
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The nappe trajectory length can be determlned by Eq.
39 or Eq. 42 as 1ntroduced in: Chapter II. Using-these
equations, relatlons between the. dlmenSLOnless length
ratlo, L, /y, tnd ‘the Froude number, l’ 'can be éeveloped
.as shown in Fig. 25, For a glven helqht H and the dis-
chargp per ‘unit w15th of the crest, q, bOth the sequent U

t

depch, yz, and the nappe traJectory ;ength Ld’ can be
determlned by Figs. 24 and 25.rﬁlgf e A,LJ;

Prlmarily in Fig. 25, the relation betwéen tne Froude‘
’number and’ ‘nappe trajectory Jength is a curve hav1ng a
mzld slope (except the‘left lower end).\ IL rs recognlzed
atxhat. in thls reglon, where the Frouua number, Fi, is less
“tuan\3 0 tbe sequent &ep h, Yor exceeib the drop helght,
%H. Therefoze for thlb flow cundltlon, the cLop crest may
jbe sucnerged. Conaequentlv, the turbulence of the flow
xmay be tonve 6; for a conq1derable dlstance downstream.

‘ A miumber ox emplrlcal relatlons are available to
determlne the length Df the hydravllc jump, Lut the usual
ﬁpractlce is to use a length from 5 to 6 tlmeSvthe differ-
tence between the, conjugate depths of the. hydraullc jump
(y} - ¥, Peterka (1964) has prov1ded most of the
currently available experimental data regardlng hydraulic
Jjump length. An analysis ofuthe experimental data indi-
cate that a good relationship between the length of

the jump and the height of the jump existed. Fig. 25

The top

shows .a plot of L /y2 versus Froude number; F l'“
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“curve is recommended by the USBR in determining the

length of the hydraulic jump.

As previously mentioned in the vertical drop section,

g e F st oy
[

in order to accomplish good energy dlSSlpatlongln the
stilling basin, as well as stabilization of the hydraulic
jump, the Froude number should be within the range of

4.5 to 9.0. If possible, structures should be designed
to insure that a hydraulic jump in this category’will be
formed; To control the Froude number, dimension changes
in the vertical drop may be required.

: Generally, the flow which produces small Froude num-
bers may occur in an irrigation channel because the drop
height and unit discharge may be relatively small. For
a giren drop condition, to increase the Froude number,
the follow1ng methods can be employed: :

(19 Reduce the unit discharge by expanding the

:Li crest length,fff,' ; )

(23 Increase the droogheight by raising;the crest

r? elevation ofﬁlowering the stilling;iasin floor

i elevation, or :

(33' A combination of (l) and (2).
For the flow condition having a Froude number, Fl>9 0,
the opp051te changes can be made to decrease the Froude
number.

The advantage of method (1) is that expanding the

crest may result in erosion protection both upstream

and downstream from the drop due to the_decrease in
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- veldcity. In the sume way, some advantages of raising the
drop crest is reduced upstream velocities. In pracﬁice,
‘raising of a -rest is difficult to attain because of
the backwater effect upstream of the channel.

o - In practical design, the economies would be checked
~ between the cost of the expanded crest, or the cost of

“" raising the crest, or the cost of lowering the stilling

basin floor. The steps to determine the stilling basin
length without appurtenances in the vertical drop struc-
ture is as follows:
‘l. Determine the conjugate depth, Yoo from Fig. 24
for a given F, and y,.
2. Enter Fig. 25 which relates Ld/y2 and F) and
determine Ld. In the same way, the hydraulic
- jump length Lj can be determined by using Fig.
25, |
3. The stilling basin length will be Lb = Ld +'Lj
in which Lb is total length of the stilling basin.

- 8tilling basin with appurtenances. For the purpose

"7 'of decreasing the stilling basin length, many kinds of
appurtenances have been proposed for different flow condi-
*inns. - The important designs are the straight drop spill-
‘way and dissipation bars reported by Blaisdell (1965) and
Katsaitis (1966), respectively.
A comparison of the stilling basin length for the
natural hydraulic jump (stilling basins without appurten~

“ances), dissipation bars, and the straight drop spillway
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.,is shown. in Fig. 26 for a wide range of Eroude;numbers.

..The length of the stilling basin in this, figure.is.

the sum of nappe trajectory length, Ld,.apdgthe,hydraulic
jump length, Lj'
For the stilling basin length:-using dissipation bars,

the slope of the curve is quite steep with the stilling

. basin length increasing rapidly as Froude number increases.
In the region where Froude number is larger than 7.7,

- the length of stilling basin with dissipation bars

becomes larger than the stilling basin length for the
natural jump. This result is very surprising since the
dissipation bars are expected to be highly effective in

reducing the stilling basin length. 1In particular, the

dissipation bars should result in a stilling basin length

considerably less than the natural hydraulic jump. Thus,

Fig. 26 indicates that the design procedure using dissi-

pation bars should be modified.

An important dimension in determining the stilling

~basin length using dissipation bars is the distance "D"

as shown in Fig. 15. By the recommended design procedure

.. (Katsaitis, 1966), D is computed by using 0.17V%/g.
. The velocity of the nappe trajectory is affected a great

. -deal by the drop height. Therefore, the value of D may

become very large by increasing the height of drop. Aas

a.result, the stilling basin length using dissipation

ﬂ“bars exceeds the length of the natural jump at high , .
., Froude numbers (high velocities). Modifying the method
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of calculating D by employing the critical depth rather
than the velocity of the nappe trajectory may produce

a relation between stilling basin length and Froude

number which is more plausible and similar to the relation
for the straight drop spillway.

By comparison, the relation between stilling basin
length and Froude number for the straight drop spillway
nearly parallels the relation for the natural hydraulic
jump. In fact, the straight drop spillway has a length
slightly less than half the length of the natural hydraulic
jump (including horizontal length of the nappe trajectory)
for the entire range of Froude numbers.

The important differences in both stilling basins may
be the resulting downstream bed scour for the same stilling
basin length. Primarily, the design procedure for the
dissipation bars is based upon model tests using quali-
tative evaluations of which is a commonly employed tech-
nique for cvaluating the performance of hydraulic struc-
tures. Sincce there is no available information regarding
downstream conditions below the straight drop spillway,
and dissipation bars structure, Fig. 26 provides the
only readily available means for making a comparison.

Blaisdell (1965) recommended that the minimum tail-
water depth be 2.15 Yo is all design recommendations are
satisfied. On the other hand, for the dissipation bars
structure, no tailwater depth was recommended, primarily

because the bars should be effective at all tailwater depths.
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An end sill is specified for the straight drop
spillway, whereas Katsaitis (1966) specifically states
that an end sill should not be used. A few recent investi-
gators have indicated that the role of end sills for
effective energy dissipation was questionable. They main-
tain that end sills produce more turbulent flow leaving
the structure, thereby causing scour immediately down-
stream. An attempt to clarify the role cf end sills in
the vertical drop structure should be undertaken in the

laboratory.

Inclined Drop Structures
According to a definition of the Bureau of Recla-

mation (1942), a chute which is 15 ft. or less in vertical
height is called an inclined drop. Inclined drops have
the advantage of low excavation costs and the structure
can be installed to more readily conform with existing
topography. -

An attempt is made to prepare generalized designs for
small inclined drop structures. The basic theory of
the hydraulic jump is also used as with the vertical drop
structures.

Design of inclined section. Factors involved in

the design of an inclined drop are the height and length
of the drop, discharge, channel geometries, and surface
roughness. The method used to predict the flow conditions
at the base of the drop is a parametric application of the

simple Fibonacci Search.
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©+»'Consider the rectangular channel drop depicted earlier
by Fig. 2. For a specified drop height, H, and Froude
number, Fl’ the slope of the inclined section can be
determined to satisfy these conditions by employing
the optimization approach. The steps in accomplishing the
evaluation of slope are as follows:
(1) For a given Froude number, Fl' and the unit
discharge, g, the depth at the base of the
incline represented by y, can be calculated from

the following relationships:

. q2/3
yl -— _m—w-g 3 L) [ ] . . L[] [ ] ] L] L[] * . (67)
g F]_ '

iy,

*
.. where Y; is calculation value respect to .a given

‘F1~hnd g.
++(2) ' Assuming that the maximum slope and minimum

- slope which can occur in the inclined drop are
the slope of the Ogee Crest and critical slope,

- respectively. The value of slope for the speci-
fied conditions will be between these limits,
Smax 2nd Smin®

(3) Generate Fibonacci numbers as follows:

‘K. =1

K, =1

=Kt e o) (e

'in which K is the Fibonacci number
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(4) Determine the search interval A from the

.Fibonacci number,

K
= - n-2
A - (Smax Smin) Kn . . . L) L] . . . . [ (69)
(5) Compute Yy, With respect to Smax and Smin by

using the numerical solution of water profiles
reported by Prasad (1970) and presented in the
.freﬁious chapter.

(6) Compare Yy and yI in steps 1.

(7) Adjust the slopes by the step size A, as follows

and guess a new slope.

L] S L] + A
min min

max Smax - A ® ¢ & 82 e 6 ¢ & s s+ e e e » (70)

S

S

(8) Repeat step (5), (6), and (7) until Yy is found
to be the same as yI. At this point, the
proper slope has been calculated.

By employing the optimization theory described herein for
a wide range of drop heights, unit discharges, base
Froude numbers, the results can be graphically portrayed
as‘shown'in Figs. 27-31. From these figures, it is
noticeable that the length of inclined section may

be expressed as a function of the unit discharge, q,
height of drop, H, channel roughness, n, and Froude number

F To test this hypothesis, the conditions in Fig. 27~

10
31 were repeated for Mannings n values of 0.013, 0.017,
0.021, and 0.024 and the results plotted again. These

roughness represented the range generally associated
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with concrete channels which would be the most common
construction material for inclined drops.

| As a result of these additional analyses, an inter-
esting result was discovered. If the incline lengths

were sufficicntly long, the length of the incline for
various roughnesses could be expressed as unique functions
of the roughness. For example, the data from Figs.

27-31 calculated at an n value of 0.013 were compared to
the same data at different n values. A length ratio

is plotted against n in Fig. 32., pointing out the results
of this comparison.

If the flow approaches uniform depth, the length of
the incline for specified conditions can bc determined
from Figs. 27-31. If such is not the case, the length
must be determined for each situation. A uscful aid
in evaluating the regime for a particular design is
presented in Fig. 33, indicating the dividing point
between uniform and non-uniform flow down the incline.

Stilling basin without appurtenances. To determine

the conjugate depth of the hydraulic jump, Fig. 24 which
shows the relationship between the conjugate depth ratio,
Y2/Yl’ and the Froude number, F,, is also valid for the
inclined drop structures.

The length of hydraulic jump can aiso be determined
by using the upper curve in Fig. 24, which is a plot of

I./y2 versus Fl' for a certain range of flow conditions.
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The important thing that should be considered in
determinin; the length of stilling basin on the basis of
the Froude number is that Fy also affects the length of
inclined section. If a large Froude number is desired,
a shorter inclined section will result, but the length
of stilling basin will be increcased to compensate for
the increased e¢nerqgy. Therefore, when an inclined drop
structurc is designed, the final decision should be based
on an economical design taking into account the entire
length of the inclined drop structure.

The steps tor determining the length of inclined
drop structure is as follows:

l. For a given drop height and unit discharge,
assume a reasonable Froude nunber and the
proper channcl roughness;

2. Enter Fig. 33 and determine whether the flow is
uniform flow or non-uniform.

3. Determine the length of the inclined section
using Figs. 27-31 for uniform flow and Figs. 34-48
for non-uniform flow according to the channel
roughness and Froude number.

4. By consulting Figs 23 and 24, determine the
hydraulic jump length with respect to the
assumed Froude number in step 1.

5. Compute the total length of inclined drop
structure (horizontal length of incline plus

length of hydraulic jump);
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Fig. 45. Length of inclined section for n = 0.025 and F, =
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Fig. 47. Length of inclined section for n = 0.025 and Fl =
6.0.

Drop Height, H, ft
L

n
6}

n=0.025 'F=70 ' '

10.0

Length of
Incline, ft

6.0
- 2.0, 40

1
2.0 4.0 6.0 8.0 10.0
Unit Discharge, cfs/ft

O
o

,F%gg 48. Length of inclined section for n = 0.025 and F, =
Kis¥e L ‘7.0.

!
&



95

6. Adjust the value of F, to reduce the stilling

basin length or inclined section length.

7. Repeat steps 1 through 6 until a satisfactory

design is determined.

The control of the crest may be the same as mentioned
before in the vertical drop, or a transistion inlet can
be used to maintain a controlled head over the crest. The
use of automatic gates. or upstream checks, and flash
boards are other means for controlling the upstream head.

Stilling basins with appurtenances. In practice,

the stilling basin is secldom designed to confine the entire
length of a free hydraulic jump, because such a basin would
be too expensive. Consequently, appurtcnances are in-
stalled in the stilling basin to control the jump. The
main purpose of such control is to shorten the length of
basin where the hydraulic jump takes place and thus re-
duce the size and cost of the stilling basin.

General functions of the appurtenances which are

often used in inclined drop structures are as follows:

l. Chute blocks are placed at the entrance of the
stilling basin to stabilize the hydraulic jump.

2. For baffle piers (floor blocks), the principle
functions are to increase the turbulance in the
stilling basin and help stabilize the formation
of the hydraulic jump.

. -3 End 8ills are used primarily for scour control,

(but this may be questionable).
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The important stilling basin designs for the inclined
drop structure which will be discussed bherein are the
SAF stilling basin, USBR stilling basin IV, and
USBR stilling basin III. The appurtenances for the above
stilling basins are listed in Table 1 which shows the
dimensions of each appurtenance.

The USBR stilling basins and the SAF stilling basin
are similar in appurtenances in that chute blocks, baffle
piers and an end sill are used. The basin dimensions,
however, are considerably different in some particulars.,
These differences seem to result from the differences in
purpose of each structure. The SAF stilling basin tests
were conducted in a movable bed channel. No atctempt was
made to accomplish entire energy dissipation within the
stilling basin. On the other hand, the USBR insures that
the energy dissipation will take place almost entirely
within the stilling basin. This difference in experimental
method and philosophy has resulted in the SAF stilling
basin being shorter than the USBR stilling basin III.
However, in the SAF stilling basin, the length of the
stilling basin decreases as the Froude number increases.
This is difficult to accept because iicreasing the
Froude number will result in increased turbulence
which will require additional stilling basin length to
dissipate this excess energy in the region of Froude
number 4.0 to 7.0. As shown in Fig. 49, the stilling

basin length for the natural jump and ‘the USBR stilling
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Etgggéni;;;Jshqw‘gn;prected tendency. of increased stilling
basin length ar the Froude is increased. Since the -
length of the SAF stilling basin decreased with increased

;. Froude number, it is suggested that laboratory experi-
ment is utilized to modify the design procedure for the
SAF stilling basin.

, The location of baffle piers is 0.8y2 downstream

from the chute blocks in the USBR stilling basin III.
The. length of stilling basin between Froude numbers of

~4.0 and 9.0 are 2.,07y2 and 2.70y,, respectively. Thus,

_the baffle piers are located from 1/2.59 to 1/3.38 times

. the basin length downstream from the chute blocks. The

-corresponding distance recommended for the SAF stilling
basin 1/3, which is very close as shown in Table 1l. A
difference is that the baffle piers in basin III do not

~ have to be staggered with the chute blocks. Staggering

».the blocks is recommended for best performance of the
SAF stilling basin. Hallmark (1954) céncluded that -
the stéggering of floor blocks or baffle piers is highly
effective for energy dissipation.

In the design of the USBR stilling basin IV, baffle
piers are excluded. The Basin IV has been developed for
flow conditions wherein the Froude number is between 2.5
and 4.5. In this region of Fio it is very difficult to
contrdl the oscilliating wave. The purpose of appurten-
ances for Basin IV is to handle this wave action and to

vstabilize'the hydraulic jump. In this study, the Froude
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 pidiinumber -can be taken from 7407to”4u0ﬁinéiﬁalfﬁgﬁ‘ﬁfaﬁistruc-
tures.” Consequently, the USBR Basin IV is ‘Beyond the scope
i 'of this study, but it may be taken as a conservative
~.design, or a proper design for flow conditions which does
" not permit the desired Froude number from 4.0 to 7.0.
End sills are provided for the SAF stilling basin,
‘the USBR Basin III and the USBR Basin IV. As previously
mentioned in the vertical drop structure, end sills should
be low, since high end sills may cause turbulent flow
. downstream of the basin. In the past, the end sill was
- considered as indispensable appurtenance for controlling
:'the scour immediately downstream from the stilling basin.
‘The exact dimensions for end sills can be determined by
./ laboratory experiments.
In conclusion, the USBR stilling basin III is
‘“most reasonable for inclined 'drop structures. However,
other designs using the natural hydraulic jump and USBR
stilling basin IV'carn'‘also‘be’considered for' special

'..conditions. :
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CHAPTER 1V

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Summary
The goal of this study has been to develop generalized

design procedures for small irrigation drop structures by
employing techniques which evaluate hydraulic characteris-
tics at the inlet section, at the base of drops, and in the
stilling basin. A number of analytical methods for various
hydraulic elements were presented and developed in detail
for designing drop structures. Current concepts for
evaluating hydraulic characteristics of drops, along with
procedures for the design of stilling basins including the
behavior of the hydraulic jump, form the theoretical basis
for the design procedures. A step-by-step approach has
been proposed to allow for sufficient flexibility to adopt
methods of attack to a wide variety of problems.

Recommended design procedures for drop structures are
dealt with in Chapter III and are intended to give step-
by-step explanations of the designs. To summarize these
results, this chapter presents design procedures, thus
lending a practical viewpoint to the analytical results.
‘ 'POSSible cases for example designs’may be as follows:
For vertical drop structures: | o

"‘a.” Case I - The case where given.Arop conditions
N (H and q prodqu an‘adequate'base Froude

number (Flké 4;0 -‘9.05.

K }5;,:“‘;' 3Ed
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- Cagse II - The case where given drop conditions do

Case I -

"case II -

not produce a proper Froude number for

effective energy dissipation. (It is rec-
ommended for this case that the unit
discharge be changed by modifying the
channel bottom width, so that a proper
Froude number, F1 = 4,0 - 9,0, would be

produced.

For inclined drop structure:

The case where a given‘drop height and
unit discharge produce a uniform flow
depending upon the channel roughness
coefficient.

The case in which the flow remains entire-
ly non-uniform alqﬁgktﬂe entire length

of the incline.

' Vertical Drop Structures. Design procedures for verti-

cal drop structures are listed below when the following

design parameters are known: channel bottom width, b; and

dfop height, H; and design discharge, Q.

kil

1.

2.

"‘drop,

PERER RS

Rl

i

Qe

b.

LN

1 (e.g., Fig. 22).

Compute the unit discharge, q.

Determine the Froude number at the base Qf the

oty

Case I - Froude number is w1thin the ‘range of

9 0 to 4.0 for the given conditions.

Case II- Froude number 15 less than 4.0 or

2
’.‘ P

- A

1arger than 9 0. (It is now
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necessary to change the unit discharge or
drop height so the Froude number will
fall within the range 9.0 to 4.0 by
consulting Fig. 22.
Compute the critical depth (Eq. 6) and determine
the flow depth before the hydraulic jump, Yy (Fig.
23).
Determine the value of y2/yl (Fig. 24) and compute
the conjugate depth, Yoo
Determine the stilling basin length (Fig. 26).
a. In the case of a natural jump.
b. In the case of the stilling basin for straight
drop spillways.
If the straight drop stilling basin is adopted,
recommendations for appurtenances are as follows;
(Blaisdell (1964)):
a. The distance between the upstream face of the
floor blocks and the end of stilling basin is
X, = 1.75yc (Fig. 14).
b. The height of floor blocks is O.Byc and the
width and spacing should be approximately 0.4
Yoo but a variation 0.15y, from this limit is
permissible.
c. The floor block should be square in plane and

should occupy between 50% and 60% of the still-

ing basin width.
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.@. The gide wall height above the tailwater level

”‘qﬂfshould be 0.85yc.

..€. The wingwall should be located at an angle of
45° with the outlet centerline and should have
a top slope of 1l:1.

?ﬂ Both the conditions upstream and downstream from
the drop have considerable influence on the adequacy
of the design. Any uncertainties, particularly
with respect to the tailwater elevation, must be
provided for by lowering the stilling basin floor
so that the tailwater level is equal to, or greater
than, the conjugate depth water surface elevation,
thereby insuring that the hydraulic jump occurs in
the stilling basin.

Inclined Drop Structures. Given the same conditions

for designing inclined drop structures as fo; the vertical
‘,”drop structures noted previously, the design procedure is
as follows:

l. Assume a reasonable Froude number and the channel
roughness coefficient (e.g., 0.013 for a first
ugssumption).

éﬁ2,;vDetermine the flow regime with H and q (Fig. 33).

3. Determine the flow depth before the hydraulic

. jump, Yy for the Froude number assumed in step 1,
., (Fig. 23).
4. Determine the value of y2[¥1x(€%g' 24) and compute

the conjugate depth, Yo
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-Determine the inclined 'length.

tas ‘Case I (uniform flow) - Use Fig. 32 and Figs.

27-31.

b, Case II (non-uniform flow) - Use Figs. 34-48.

Determine the stilling basin length.

a. For the stilling basin without appurtenances.
Use the curve in Fig. 49 for the natural
hydraulic jump.

b. For USBR stilling basin III, use Fig. 49.

Repeat steps 1 through 6 for a range of possible

Froude numbers and channel roughness coefficients

in order to select the most economical design

based on the stilling basin length.

Compare'the total length of drop structure with

tailwater depth, Y, in each case.

Select the proper total inclined drop length to

satisfy tailwater conditions and economical aspects

such as earthwork costs, etc.

In the case using USBR stilling basin III, the

appurtenances are as follows:

a. The height, width and spacing of chute blocks
should equal Y- The width of the blpcks may
be decreased, provided spacing is reduced a
like amount. Should Y, prove to be 1éss than

8 inches, the blocks should be made 8 inches

high (Fig. 18).
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b. The dimensions of the baffle piers can be
obtained by using Fig. 19 and Fig. 21. It is
recommended that the baffle piers should be
staggered with the chute blocks. A half space
is recommended adjacent to the walls.

... €+ It is recommended that a radius of reasonable
length (R > 4yl) be used at the intersection
of the chute and basin apron for slopes of
45° or greater.

-11. .Check the tailwater surface elevation downstream
and adjust the design to insure that the tailwater
~elevation is equal to, or greater than, the con-

jugate depth water surface elevation.

‘Conclusions

Most information has been developed from proposed
criteria and experimental results by other investigators
fegarding various components 6f‘drop étructures. The
major contribution of this thesis is the integration of
the various criterion into a systematic step~by-step design
procedure. For vertical drop structures, many useful
design charts were presented which facilitate rapid design
and the evaluation of alternative designs. For inclined
drop structures, an analytical method was adopted which
'eﬁpldys the Froude number of the base of the inclined drop
as the criterion for evaluating the inclined section,
thereby insuring a satisfactory hydraulic jump and conse-

quent good performance in the stilling basin.
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~In-an effort to evaluateeseveralnproposed.stilliﬁg
~basins, comparisons were made for stilling basin length
~and appurtenances among various stilling basin designs
cited in the literature. This comparison showed that

the dissipation bar structure has a stilling basin length
that exceeds the length of the natural hydraulic jump at
high Froude numbers. However, a design modification has
been proposed by the author which uses critical depth in
determining stilling basin length. The length formula for
the dissipation bars stilling basin becomes Lb = 1.5Ld +
3.5yc which appears reliable, though it depends on how
conservative the designer may be.

A design modification for the SAF stilling basin
length was attempted using the Froude number as being
directly proportional to the length ratio, L/yz. Since
the height of baffle piers in the SAF stilling basin are
less than those used in the USBR stilling basin III, it is
obvious that the SAF stilling basin length should be longer

than that of USBR stilling basin III, which is approximately

1,25 F 0'38. Therefore, the proposed length of the SAF
stilling basin has been modified to become LB = 1.5F10'38.
Recommendations

The present study can still be improved in many ways.
Even though the proposed modified stilling basin length for
the dissipation bars structure appears reasonable, labora-
tory work is needed to verify this hypothesis. Also, for

the SAF stilling basin, the modified stilling basin length
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wéhould?examine;theibasis*offscéur%in*the?dbwnstréﬁm basin
using hydraulic laboratory models. Besides further investi-
gating the relevancy of the modified stilling basin length,
an experimental work should be undertaken to study the

. turbulence of the flows leaving the stilling basin, thereby
providing a more effective evaluation of the hydraulic

efficiency of various energy dissipators.
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APPENDIX

COMPUTER PROGRAM



Variables

Al, A2

ALFA

DEL
DX
EL
EN

Fl

NCD
NOPER

PLSM

SO
SOMAX
SOMIN
YB

YC
YMAX
YMIN
Yl

118

Description

Trial and error values related to solu-
tion of critical depth with a given
discharge

The value of a in velocity head items
Channel bottom width

Incremental depth clhiange to make Al = A2
Incremental chosen for computing profile
Length of inclined drop

Manning's roughness coefficient

Froude number at bottom of drop struc-
ture

Height of drop structure

Channel cross-section control

Drop type control

éomputation control

Discharge

Hydraulic radius

Slope of incline

Maximum slope of incline

Minimum slope of incline

Brink depth for free overfalls
Critical depth

Depth at the maximum slope of incline
Depth at the minimum slope of incline
Depth at bottom of drop structure

Side slope for trapezoidal case only



PROGRAM INDROP
PROGRAM INDROP (INPUT,OUTPUT, TAPES5=INPUT, TAPE6=OUTPUT)
THIS IS A PROG. FOR THE INCLINED DROP

EL=REACH LENGTH,B=CHANNEL BOTTOM WIDTH, Z=CHANNEL SIDES SLOPE
SO=CHANNEL SLOPE, EN=MANNING,S N, ALFA= VELOCITY HEAD COEFF., DX=REACH
SUBDIVISION UNIT, PLSM=1 IF COMPUTING DOWNSTREAM AND -1 IF UPSTREAM,
Q=DISCHRGE, Y(1)=STARTING DEPTH AND Y ARE THE DEPTH OF FLOW PROFILE.
SE=ENERGE GRADIENT

noanoaoanoaan

10
DIMENSION F(22)
DO 600 M=1,40
READ(5,100) Q,B,Z,EN,ALFA,DX,PLSM,Fl1,H,SOMAX,SOMIN,NCD,NOPER
100 FORMAT (8F6.2,3F6.3,2I3)
15 IF (EOF(5))800,7
7 IF (NCD.EQ.1)GO TO 700
F2=1.0
CALL TRAPC (Q,B,Z,YP,F2)
YC=YP
20 GO TO 701
700 ¥YC=(Q*Q/(B*B)/32.176)**0.3333
701 CONTINUE
% 11 CONTINUE
IF(NCD.NE.1l) GO TO 704
25 YB=0.8*YC
R=(B*YB/ (2.0*YB+B) ) **1.667
VB=Q/B/YB
i SOMIN= (VB*EN/1.486/R) **2
704 CONTINUE
EL=SQRT (H**2+ (H/SOMIN) **2)
CALL DYDOT (¥C,EL,Q,B,Z,SOMIN,ALFA,EN,DX,PLSM,YMAX)
EL=SQRT (H**2+ (H/SOMAX) **2)
CALL DYDOT (YC,EL,Q,B,Z%,SOMAX,ALFA,EN,DX,PLSM,YMIN)

61T



pats
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PROGRAM . INDROP

IF (NCD.EQ.1) GO TO 702 .

F1=F2
CALL TRAPC(Q,B,Z,YP,F2), ..
Y1=YP o
32 GO TO 703 .
o 702 Y1=(Q*Q/B/B/F1**2/32.176)**0.3333
40 . 703 CONTINUE
o » IF(Y1l.GT.YMAX) WRITE(6,101) Fl,YMAX,Yl
- IF(Y1.GT.YMAX) GO TO 600
R s 101 FORMAT (1H ,*DOWNSTREAM DEPTH UNATTAINABLE AT THIS FROUDE NUMBERY,
13F10.3)
45 IF (Y1.LT.YMIN) WRITE(6,10l1) F1,¥YMIN,Yl
IF(Y1.LT.YMIN) GO TO 600
A=SOMIN
Iz P=SOMAX
DOl I=1,22
50 IF(I.GT.2) GO TO 2
‘ F(I)=1.0
GO TO 1
4 2 F(I)=F(I-1)+F(1I-2)
1 CONTINUE
55 J=22
111 CONTINUE
=J=2
IF(K.EQ.2) GO TO 12
DEL= (P-A) *F (K) /F (J)
60 Z1=A+DEL
Z2=P-DEL
EL=SQRT (H**2+ (H/21) **2)
CALL DYDOT (YC,EL,Q,B,2,21,ALFA,EN,DX,PLSM,AZ1)
EL=SQRT (H**2+ (H/22) **2)
65 CALL DYDOT(YC,EL,Q,B,%,%2,ALFA,EN,DX,PLSM,AZ2)

IF (AZ1.GT.Yl) A=zl

02T


http:IF(AZ1.GT.YI

PROGRAM INDROP

IF(AZ2.LT.Yl) P=322
J=J-1
GO TO 111
70 12 CONTINUE
SO0=(A+P) /2.0
EL=SQRT (H**2+ (H/SO) **2)
WRITE(6,500)H,EL,S0,Q,B,Z,F1,EN
500 FORMAT(1H ,2F6.1,F8.4,4F6.1,F8.4)
15 600 CONTINUE
) 800 STOP
END
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SUBROUTINE DYDOT

SUBROUTINE DYDOT(YC,EL,Q,B,Z,S0O,ALFA,EN,DX,PLSM,¥YN)

DIMENSION Y (100)

YDOTF (B,S,EN,Z,AA,Q,YY)=(S-( (EN*Q) **2* (B+2.0*YY*SQRT (1.+Z2%2) ) **] .
133333)/(2.21*( (B+2*YY) *YY)**3,33333))/(1.-((AA*Q*Q* (B+2.*2*YY))/

10

15

202

203
201
407
302
300

2(32.17* ((B+Z*YY) *YY)*%*3)))
Y(1)=0.8*YC

DO 300 I=1,14

AU=1

DEL=AU/105.0

DX=EL*DEL

YDOTI=YDOTF (B,SO,EN,Z,ALFA,Q,Y(I))*PLSM
¥YDOTJ=YDOTI '

DO 2033=1.15

TEMP=YDOTJ

Y(I+1)=Y(I)+ (YDOTI+YDOTJ)*DX*0.5
IF(Y(I+l1)) 201,201,202
YDOTJ=YDOTF (B, SO,EN, Z,ALFA,Q,Y (I+1l)) *PLSM
IF (ABS (TEMP-YDOTJ)-.1E-06) 302,302,203
CONT INUE

WRITE(6,407) Y(I)

FORMAT (1H ,4X,F10.2)

CONTINUE

CONTINUE

YN=Y (15)

RETURN

END
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http:203J=1.15
http:133333)/(2.21

SUBROUTINE TRAPC

10

15

20

101

102

104

105

103

SUBROUTINE TRAPC (Q,B,Z,YC,F)
IX=1.0

YD=0.0

CONTINUE

A2=Q*Q* (B+2.0*Z*YD)
Al=F*(32.176* (YD* (B+Z*YD) ) **3)
IF(A1-A2)102,103,104
IF (IX.EQ.2) GO TO 105
IF (IX.EQ.3) GO TO 105
YD=YD+0.1

GO TO 101

IF (IX.EQ.3) GO TO 103
IX=2

¥YD=YD-0.01

GO TO 101

IX=3

YD=YD+0.001

GO TO 101

CONTINUE

YC=YD

RETURN

END
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