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Lecture — 31
Hydraulic Design of Drop Spillway

Hello students. So, I am Dr. B. Sahu I am associate professor of School of Water
Resources IIT, Kharagpur. So, in this lecture we will be talking about the Hydraulic
Design of Drop Spillway, the hydraulic design of drop spillway. You know that the drop
spillway 1s one erosion control structure which is specifically used for the stabilization of
the gullies; it is a gully control structure. And it is mostly used for the elevation

difference of or drop of around 3 meter; maximum we can use go for 3 meter of drop.

So, today we will discuss that; what are the components of this head wall this drop

structure.
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You can see this figure. So, the different components of this drop structure you can see
there is head wall; this is head wall, apron, wing wall, longitudinal sills, end sills, toe
walls, cut off wall, side wall, head wall, extension and the flow direction coming from

this side ok.



So, the main function of this head wall is that the front wall against runoff flow in the
drop spillway constructed occurs the gully or channel width. Second is your head wall
extension so, this is your head wall extension. So, this is one head wall extension as well
as this is another head wall extension. So, it is the extended portion of head wall into the

gully sides that provides stability and a means against piping failure.

Then third is your wing wall you can see this is my wing wall. So, there are two wing
walls this side and this side. So, these are the walls constructed at the rear end of the
structure with usually at 45 degree from the vertical they provide stability to the soil field
and protect the gully banks. Fourth one is the cutoff walls; you can see this is your cutoff

wall. So, this side one cutoff wall on this side also there is cut off wall.

So, these walls provide structural strength against sliding of the drop structure prevent
piping failure and reduce uplift pressure. Then toe walls you can see this is my toe wall.
So, these toe walls they prevent under contain of apron due to erosion. Then we have

sidewalls these are sidewalls. So, this is one side wall and this is another side wall.

So, these walls confine the water flow within the apron then there are end sills you can
see this is the longitudinal end sill and these are the end sills this is longitudinal sill this
is the end sill and these are the longitudinal sills. The end sills are the elevated sills of the
Apron up to obstruct is usually mostly used to offer the water from directly moving into
the channel below on raised the tail water level to create hydraulic jump for dissipation

of energy of the flowing water.

The longitudinal sills are constructed lengthwise parallel to side walls to make the apron
stable and this is the apron. It is constructed for dissipating the maximum kinetic energy
of falling water by creating hiding job. So, that the velocity of tail water is significantly

reduced.
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Showing the section of center line and in the left side there is downstream elevation or
side view and also plumb. You can see the different comments head wall, wing wall,
head wall, extension transversal sill, sidewall, wing wall, downstream elevation, footing.

So, all these components will discuss in the next slides in detail.
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HEADWALL L = Length of weir.

EXTENSION h = Depth of weir.

F = Drop through spillway from
crest of weir to top of transverse
sill.
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E = Length of headwall extension.
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So, this is the section on central line specifically downstream front view. We can see here
L is the length of the weir; specifically we use here rectangular type of weir. So, the

length of L is generally selected based on the width of the approach channel in which



that is the width of the gully. So, approximately we consider how much would be the
length of the weir; small h is the depth of weir it is including the freeboard capital F is
the drop through spillway from crest of weir to top of transverse sill S is the height of

transverse sill and E is the length of head wall extension.
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From the plan b we can see there are footings there is longitudinal sill and there is apron.
So, on the apron there is longitudinally sill then there are transverse sill and along the
transverse sill that is called as also end sill on these are footings and these are footings

are mostly constructed at 45 degree angle to the vertical.
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This is the downstream elevation or side view you can see this small h is the depth of
weir, capital F is the drop through spillway from crest weir to top of transverse sill, S is
the height of transverse sill, C is the depth of cut off wall below top of apron. L b is the
length of apron, t is the depth of two wall below top of apron and j is the height of wing

wall and sidewall junction.
And we provide also fillets to the cutoff wall.
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1. Hydrologic determinations
v Peak rate of runoff
v Inflow hydrograph of runoff

2. Frequency or return period of the design flood flow, selected on the
basis of:
v Intended life of the drop structure
v Probable extent of damage if the spillway fails due to lack of discharge
capacity
v Relative size and cost of structure
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For the hydraulic design we generally consider two types of criteria one is your
hydrologic determinations it is based on the peak of runoff in the gully or in the channel
then inflow hydrograph of runoff. Second is the frequency or return period of the design
flow selected on the basis of internal life of the drop structure probably extent of damage
if the spillway fails due to lack of discharge capacity and relative size and cost of
structure. The frequency or return period generally we can use for these the extreme
value type of distribution functions are probably distribution functions to get the design

flow at a specific return period.
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R BN RN N N

DESIGN APPROACH — -
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/Known: Discharge capacity, Q and v Known: F, L, h
total drop, F

“To find: Q of the spillway, operating
¥To find: length, L, and depth, h of the | | with adequate freeboard or at

weir to provide adequate discharge maximum capacity

capacity, and freeboard (f)

v In either case, flow may be free or submerged
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Then coming to the design approach; so, for the design approach there are two possible
cases it can be either free flow condition or maybe submerge flow condition. For free
flow condition generally the water should be freely flowing there is no disturbance are
the tailwater on in case of submerged generally the tailwater height is above the crest
level of the rectangular weir. So, this could be of two possible cases one is first is the
known thing that the discharge capacity Q which is known before or estimated before
and total drop is capital F.

So, these two things are known and we have to find; what is the length depth h of the
weir to provide adequate discharge capacity and freeboard small h. In the second case it
is the known values are capital F capital L or small h and we have to find the discharge

capacity of the spillway operating with adequate free board or at maximum capacity.
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So, this is a picture showing the free and submerged flow you can see this picture. The
tailwater is much below than that of the crest level. Here the velocity of approach of the
flow above the crest level is capital H 1 and the tail water is not obstructing the flow of
the water which is approaching to the crest. So that means there is no disturbance of tail

water to the upstream flow.

So, free flow occurs when the tail water surface is at or below the crest of the weir
consequently the discharge over the weir is independent of the tailwater elevation and the
depth are the weir and in this case the depth of weir is generally considered as the

calculated as the critical depth of flowing water. So, that is h equal to d c.
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In case of submerged flow condition the submerged weir flow occurs when tailwater
surface is above the crest of the weir the difference in the downstream water surface
elevation on the crest of the weir is the depth of submergence that is capital H 2 we can
see in this figure. So, it is capital H 2 it is the depth of submergence; for submerge flow

the discharge may or may not be independent of the tailwater elevation.
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FREE DISCHARGE

QO The discharge capacity of an aerated, rectangular weir without submergence

is given by 2 15
Q=CL (H o 2_9‘) | §
Q = Discharge (cumec); L . 1”":;
L = Length of weir (m); I TN F—— Emin X
H = Water head on weir (m); L} e
V= Mean velocity of approach (m/s); . fathfil  Hesdal
g= Acceleration due to gravity (9.81 m/st); Ly e

C = Discharge coefficient (=1.84,for rectangular weir)
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For free discharge the discharge capacity of an aerated rectangular weir without

submergence can be given by this formula which is Q equal to C L H plus V a square



divided 2 g whole to the power 3 by 2. The factor V a square by 2 g is the kinetic energy
head which is nothing, but H v and capital H if you will see this figure capital H is the

water height above the crest.

So, we can calculate Q equal to C L that is the weir formula general we use Q equal to C
L H plus V a square divided 2 g whole to the power 3 by 2; your Q is the discharge in
cumec, L is the length of weir, capital H is the water head on weir, V a is the mean
velocity of approach, g is the acceleration due to gravity which is 9.81 meters per second
square and C is the discharge coefficient which is usually 1.84 taken for rectangular

Welirs.
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For estimating the velocity of approach the specific energy head causing the flow on the
weir is given by you will see this figure H is equal to small m plus capital H plus H V
that is V a square divided by 2 g. Here capital H is the depth of flow on the crest and
small m is the elevation difference between the bottom profile of approach channel and
that of the crest elevation. Usually m is remain remains at the level of the bottom profile
of approach channel, but many times m also little bit is negative in that case the bottom
profile of approach channel is just above the crest level, but it generally kept at the same

level of the crest elevation.

So, in that case many times m is equal to 0 and all these heads like velocity and all these

heads they are generally measured at distance 3 H 3 capital H you will see this figure the



green line 3 H or more from this weir. This is two over the fluctuations in the heads; it
should not be so, for upstream that the energy losses between the chosen section and weir
will affect the design. And the velocity of approach can be computed as V a equal to
discharge divided by the area of the approach channel. So, here A is the cross sectional
area of the chosen sections chosen section means it is the cross section of the approach

channel ok.
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U Free flow occurs when the weir is adequately aerated

0 A completely aerated weir is one in which unlimited quantities of air have
free access to the space between the nappe and the headwall

O Under such conditions, the nappe will be subject to atmospheric pressure
on both upper and under surfaces
U Complete aeration, however, is seldom attained, and therefore,
there should be a provision to air to the un_d_er-sig_lﬂlgggppe
by.air vents x
v This will avoid formation of excessive negative s
pressure (below atmosphere) under the nappe,
which otherwise may cause fluctuation of head,
instability of flow, and increased pressure on the headwall
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Now, we will talk about aeration. So, the free flow occurs when the weir is adequately
aerated a completely aerated weir is one in which unlimited quantities of air have free
access to the space between the nappe and the head wall. You can see this figure this is
the nappe; we call it nappe. So, the discharge occurring from the crest and you will get

this portion as some negative pressure is created in this portion.

So, if some negative pressure he created in this person what happens generally this nappe
gets sawed towards this negative pressure so, to prevent that we generally provide some
holes here or aerated holes. So, that this negative pressure is minimized and we get the

atmospheric pressure in this region this will not obstruct the flowing of water.

So, for this the nappe will be subject to atmospheric pressure on both upper and under
surfaces. For complete aeration however, is seldom attained and therefore, there should
be a provision to air to the underside of the nappe by air vents. This will our formation of

excessive negative pressure below atmosphere under the nappe; which otherwise may



cause fluctuation of head instability of flow on increased pressure on the head wall. So,
where to design provide designs. So, that are you have to choose appropriate holes for

this which is generally provided at are the sidewalls. So, two holes are two side walls.
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Now, how to design the size of air vent? So, this can be estimated by the equation a equal
to 0.121 L into H e to the power 3.64 divided by p to the power 1.64 here a is the
required area of aeration in centimeter square L is the length of weir meter H e the
specific energy head causing flow through the weir in meter and small p the differential
pressure between atmosphere and pressure under nappe in meter of water ok. So, if you
will see this figure. So, this is the aeration hole and this has to be designed and this A
whatever the area we are getting that is for the aeration hole of the air vents for two side

walls. So that means, for each side wall you will get the value as a divided by two.
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DETERMINATION OF SIZE OF AERATION HOLE
EXAMPLE-1

Given:L=9.2m,H,=1.2m

Find:

1. Area of aeration hole required to limit the I
differential pressure ‘o’ to a maximum of 0.06 m o
of water at the design discharge o |

2. Diameter of aeration hole required in each T

sidewall to satisfy this condition. * o h
aeration hole

' NPTEL ONLINE Dr. B. Sahoo
ITKHARAGPUR CERTIFICATION COURSES School of Water Resources
IIT KHARAGPUR

Now, coming to determination size of aeration hole; so, this is one problem example is
given. So, in this case the value of L is given 9.2 H e equal to 1.2 meter. And you have to
find the area of aeration of hole required to limit the differential pressure p we maximum
of 0.6 meter so; that means, here small p equal to 0.6 meter then the diameter of aeration

hole required in each side wall to satisfy the condition.

(Refer Slide Time: 17:08)
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Solution:

r_t'_.'._!_.
Given,L=9.2m;H,=1.2m;p=0.06 m " || Sroas
r (1] Jp ~)I(‘WJ.!E%%
3.64 | | o | —
The size of air vent is givenby 4 = 0. 1211 (_‘;‘M ) s e s Tr
“‘2]3.64

Putting the known values of L, He and p, weget, A =0121x
Thus, the area of aerationhole = 218.08 sq. cm

(0.06)16% X9.2=218.08 sqcm

Sincetherewill a hole in eachsidewall, the area of a hole = 218.08/2 = 109.04 sq cm

T 109.04
—d*=109.04 or d*={4x——|=13878 or d=1178m=12cm
4 3.1416 4

Thus, the diameter of aerationholein eachsidewall = 12 cm=0.12 m
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For this these are the given values L equal 9.2, H equal to 1.2, p equal to 0.06. So, the
size of the vent air vent is given by A equal to 0.121 L into H e to the power 3.64 divided
by p to the power 1.64.

Now, if will put the values of L 9.2 H e 1.2 and p 0.06 you will get A equal to 218.08
square centimeter. So, the area of the aeration hole or the air vents equal to 218.08 square
centimeter. Since there are two holes in two side walls so, it will be divided by two as I
was talking before. So, if you will divide by two then you will get 109.04 square
centimeter and the that is equal to pi d square pi by 4 d square and this pi by 4 d square.
Where d is the diameter of the hole and pi by 4 d square will be equal to 109.04. So,

from this you will get d equal to 11.78 centimeter or approximately it is 12 or 0.12 meter.
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- HEADWALL
4 EXTENSION

Qd Given: ¢ HEADWALL
* Channel dimensions at section AA: _ H
bottom width, b 12‘1f1rn;sideslopesz:_1., | R SR
orz=2;m=-0.02 1 (i.e., bottom of
approach channel is above crest)

= Weir dimensions: L= 9.14 m; h = 0.46 m
® Discharge, Q = 25.63 cumec_” oy oAl e A I T
= Coefficient of discharge, C= 1.4 WHDESERED
[- Bk Crest elevation
O Find:
* Velocity head at section AA, h =7

» Stage of water surface above crest of weir
at section AA, H=7 g

3H or mare

Earth fill Headwall

Bottom profile of approach channel
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In the second example the given values are channel dimensions are section A bottom
width b is given as 12.19 meter side slope that is 2 is to 1 that is your z is to 1. So, z
equal to 2 and m equal to minus 0.3 meter that is the bottom it is the difference between
the bottom of this profile and the crest level and you can see it is minus 0.3 means this
level is actually elevated so that means, this distance the difference here is 0.03 meter
and weir dimensions are like L the length of the weir. So, this lequal to 9.14 meter small
h this one that equal to 0.496 meter and the design discharge given 25.63 cumec and you

know that for a return weir C equal to 1.8 you have to find the velocity head h v are this



section A. So, what is the value of the velocity head and stage a water surface above crest

of weir at section A that is capital H.
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m=-0.03m
SOLUTION S ha?
Sﬁu Vz 15 h=0.46m H=?
From @=CL (H +—a) Q = 25.63 cumec
29 C=1.84
(H+ 29) - (CL) - (134)-:9.14) =1324m ]
Step 2 J—
. n'.'" " Iulngdﬂlhu .E |
From Figure, F T v | g
; = * Watersurface profile ¢ 5 I3
F | Crest elevation 2
H, —m+H+5=.003+1324=129m & | :
g ; g Gathfil Headwall
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Now, for the solution you can use the weir formula that Q equal to CL H plus V a square

divided by 2 g whole to the power 3 by 2 here the values are given m L H Q and C. So,

by putting that you can get what is the value of capital H plus V a square divided by two

g and that equal to Q divided by C L whole to the power 2 by 3. So, we will get 1.324. In

step 2 from this figure you can get H e equal to m plus capital H plus V a square by 2 g

and m is minus 0.03 on in the first step 1 you have already obtained capital H plus V a

square by 2 g equal to 1.324. So, that will be equal to 1.294.
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SOLUTION T
Step3

2 2
From Figure, it is clear that we know H,, m, (H + l';ig ) and we need to find H and %

For this, we need to compute d,, i.e., depth of flow in the approach channel, which can
be found by trial —and - error.

Peireebond

s
1
0 s '-!.p, i i
The calculation can be done ina tabular %" e 1y g
. . A 5 ’:u
form by assuming a trial value of 1] N sermtaaprome & 2 L
d,and for each such assumed value, by % s ] S -

computing a,, vg, (Va?/2g), and
Hgand comparing with actual value of
Hobtained in step 2. Once dis
known, the velocity head is computed \
as (Va?/2g)=H,- d,,. Once velocity g , Approach channel
head is known, H can be found z

i

Earth fil Headwall

n E|
f .
DATUM .,

Bottomprofibe of appioach chisnel
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And in the step 3 from this figure we know that we know the value of h e in the previous
slide we have already seen what is the value of h e m and capital H plus V a square 2 g
and we need to find the value of capital H plus V a square by 2 g for this we need to
compute the value of d a you can see this figure the value of d a equal to small m plus
capital H. So, that is the depth of flow in the approach channel which can be found by

trial and error method.

So, the calculation can be done in a tabular form by assuming a trial value of d a and for
each such assumed value by computing the area of approach channel approach velocity
V a 'V asquare by 2 g and the specific energy head that is H e and comparing with actual
value of H e obtained in step 2. Once d a is known the velocity head is computed as V a
square by 2 g that equal to H e minus d a once velocity head is known so, H can be found
out. You will see this figure the bottom figure the approach channel is a trapezoidal type
of channel and the depth of water is here d a where d a equal to m plus capital H and

small b is the bottom width and the side slope is z is to 1.
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SOLUTION
O Step-3:
Trial value 1_,a=£ He = d, + (Va?/2g)
of d;, m fa
1.0 1419 181 0.166 :l..lﬁﬁ Low
110 1583 162 0.134 1.234 Low
1.16 16.83 152 0.118 1.278 Low
118 17.17 149 0.114 1.294 Match
The approach channel is trapezoidal, Hence, o, = bxd +2d * | i /
Known, b =12.19m; z =2; Q =25.63 cumec, H, = 1.294 N
I

b
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So, for the solution you can see this table for different trial values we have taken starting
value d a equal to one then we are getting a a v a and finally, we will get what is the
value of H e that is 1.166. So, by this many trials in this case we have obtained if you are
putting d a equal to 1.18. So, we are getting the value of H e equal to 1.294 and that is
matching with whatever the trial value have computed in the step 1. So, in this case d a

equal to 1.18. So, you can get H equal to 1.294 here.
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SOLUTION
O Hence, d, = 1.18  (From Table)
s (‘;L;) =H,-d,=1294-118=0.114 m
Hence, Velocity Head =0.114 m (h,)

Step4 ) i

".'."' A Energygrade line HE
) A _ ] oL 1= COF
snoe (39 = 132m - A s
H=1324-0114=121m tF

Farth fill Headwall

. :‘,‘
i = Bottom profileof approach channel
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Hence d a equal 1.18 from this the table previous table and in this case you will get V a

squared 2 is equal to H e minus d a. So, that equal to 1.294 minus 1.18 that equal to

0.114 meter. So, velocity head will be 0.114 meter and you can get the capital H value

equal to 1.3 to 4 minus V a square by 2 g. So, that equal to 1.21 meter.

(Refer Slide Time: 23:52)
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FREEBOARD

O It is the vertical distance from the maximum water surface elevation on

upstream of head wall to the top of headwall extension

QIt is a factor provided
against possible occurrence "
of conditions, not 4
anticipated during design g
and protection against 3
overtopping by wave E

action nie

i
Total weir depth, — h=[+H + e
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| K1
= Tatal weir depth

Headwall
Battom profile of approach channel
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For free board it is the vertical distance from the maximum water surface elevation on

upstream of head wall to the top of head wall extension it is a factor provided against

possible occurrence of conditions not anticipated during design and protection against

overtopping by wave action. The total weir depth is given by that equal to small h that

equal to the free board plus capital H plus V a square by 2 g you can see this from the

figure.
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FREEBOARD

Ot is convenient and logical to consider freeboard in terms of increased weir
discharge capacity

Ot also seems logical to assume that the required freeboard should be some
function of the overfall through the drop spillway, F, since the possible damage
due to failure increases with an increase in F

OFollowing this line of reasoning, let the maximum discharge capacity of the

weir with freeboard be Q (1+6)
2 3/2
Qtherefore,  Q(1+8) = CLRY/2 = CL(f + H + ";‘—g)

where,d = Increase in discharge capacity of weir, expressed as a decimal, due
to an increase in head on the weir equal to f

I NPTELONLINE Dr. B. Sahoo
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So, it is convenient and logical to consider free board in terms of increased weir
discharge capacity it also seems logical to assume that the required free board should be
some function of the overflow through the drop spillway that is the capital F it is in the
possible damage due to failure increases with an increase in capital A value. Following
this line of reasoning that the maximum district capacity of the weir with freeboard be Q

into 1 plus delta

So, you will get Q into 1 plus delta that equal to C L to the 3 by 2. So, that equal to C L
and you can replace the small h value as small f plus capital H plus V a square by 2 g and
raise to the power 3 by 2. The delta is the increasing discharge capacity weir expressed

as a decimal due to an increase in head on the weir equal to f.
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FREEBOARD

UA study of various functional relationships between & and F led to the
selection of the following reasonable equation

0=0.1+0.03F tnsiuit

e — -
—

We know that; Q(l + 6) - CLh3/2
Q(1.1+0.03F) = CLh®*?

L= (%) (1.1+0.03F)—‘ (=
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If you will for the freeboard calculation we use this relationship that equal to delta equal
to 0.1 plus 0.03 capital F. Which is empirical relationship in SI unit and by solving you
can get L equal to Q divided by C h to the power 3 by 2 into 1.1 plus 0.03 capital F.

(Refer Slide Time: 25:35)
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WAVE FREEBOARD

0 As described earlier, drop spillways may also be used as an outlet
structure of a reservoir. Since wave action occurs in reservoirs, the
freeboard must take into account the anticipated wave height, i.e,,
wave freeboard need to be considered

OWave Freeboard (f,,) is defined as the difference in elevation between
the reservoir water-surface elevation at design discharge and the top
of the wall extension

UWave height is related to wind velocity and the length of water surface
subject to wind action, called length of exposure or fetch
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Next is the wave free board the wave free board is mostly provided in many cases. We
use the drop spillway for reservoir also and in the reservoir will get the wave heights. So,
for that our protection against these wave heights sometimes wave free boards are also

provided.
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WAVE FREEBOARD

Q Stephenson’s equation for wave freeboard (fyy) is
fu = 0.0206DY2 +0.117D4 + 2.5

where,
fw=Wave freeboard, m

D = Length of fetch, m
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So, for this we generally use the Stephenson’s equation which is given by f W equal to
0.0206 D to the power 1 D to the 0.05 plus 0.117 D to the power 0.25 plus 2.5 and here
capital D is the length of fetch or the length of exposure from weir the wind is flowing

and small £ W is the wave freeboard in meter.

(Refer Slide Time: 26:23)

EXAMPLE

Given: D=1800m

OFind: Required wave freeboard, fiy

Solution
Putting D=1800 min fiy = 0.0206D*/% +0.117DY* + 2.5

fiy = 0.0206(1800)/2+0.117(1800)/4+2.5 = 4.14m

Hence, Wave Freeboard =4.14 m
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To solve one example so, D is given 1800 meter we have to find out what is the value of
f W. So, by using the Stephenson formula we can put the value of directly D equal to

1800 and we will get the wave freeboard as 4.14 meter.



Thank you.



