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SYNOPSIS 

The design of side channel spillways has been discussed 

in detail by a number of investigators. In this thesis the most 

important works have been swmnarised, discussed and in some cases 

expanded in an attempt to give a concise account of the existing' 

theor1es. 

Model tests were carried out on a side channel spillway of 

general type_as well as on the proposed Mtata dam spillway and the 

results are presented and discussed. 

Charts were drawn up and a procedure was recommended for the 

design of side channel spillways in an.attempt to provide a 

designer with a simple method of design which he can use with 

confidence. 
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1 • l NT RO DUCT I ON 

The side channel spillway is a type of hydraulic structure which has 

many applications, especially with earth wall dams. The most obvious 

difference from other spillways is that the spillway crest is usually per-

pendicular to the dam wall. Water flowing over the spillway crest is 

collected in a channel running along its length which carries the water 

away. 

The depth. of flow in this .receiving channel cannot be calculated in 

the usual way as the flow is not constant along its length. Indeed, water 

is added continuously along its -length. This is an example of what is 

known as spatially varied flow. 
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Spatially varied flow occurs in a large variety of hydraulic structures 

and the discharge may. increase or decrease in the direction of flow. 

Decreasing discharge is found mainly with side-weirs where water flowing 

along a pipe or channel is lost along its.length due to spilling over a 

weir in its side. Increasing discharge is found in wash-water troughs 

in filters, effluent channels round sewage tanks, roof gutters, and side 

channel spillways. This thesis will deal mainly with the flow of water 

in the receiving channel of a side channel spillway. 

This type of structure is particularly .useful with earth wall dams 

where a conventional spillway .cannot be used because of settlement of 

the wall. To be able to use a conventional free overfall spillway, the 

wall below the entire crest must be constructed in concrete. .In most 

dams, the spillway is of considerable length and the use of the earth wall 

is thus negated . Another solution is the use of a bellmouth spillway . 

. but these are of limited capacity and for large dams, the only alternative 

is the side channel spillway. 

Side channel spillways.must be classified into two types, single sided 

and double sided spillways. Typical examples of each of these are shown 

in figures l and 2. 

Traditionally, these structures were of the single sided type as 

shown in figure 1. The spillway is built at one end of the dam wall, 

running approximately along a contour of the hillside where the water is 
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shallow. The receiving channel is excavated into the hillside.and a 

relatively small amount of concrete is required. Usually a discharging 

channel or chute is required to carry the water back to the riverbed. 

More recently, the double sided spillways.have become popular. 

The main advantage of this type is that for the same length of spillway 

crest, the receiving channel is only half the length. The disadvantage 

of this type is that in order to allow the water to flow over both sides, 

the structure must be moved into deeper water resulting in a higher 

concrete structure, or else the approacihes must be excavated out on the 

upper side. Either of these configurations results in increased cost 

which must be compared with the cost of the single sided type before 

deciding which to construct • 

. A list. follows of. some of the better known side channel spillways 

together with their dates of construction and capacities where these are 

available. 

·Solingen, Germauy . 
Quielle, France 
New Croton, New York·C.ity, 
Wachusett, Boston, Mass. 
Rochebut, France 
Cold Springs, Oregon 
Conconully, Washington 
.Croton Falls, New York City· 
Sweetwater, Siln Diego, .Calif~ 
Ashokan, New .York City 
Mauer, Germany. 
Oakley, Idaho 
Moehne, Germany 
Klingenberg, Bohemia 
Cedar Lake, Seattle, Wash. 
Morena, San Diego, Calif. 
Arrowrock, Idaho 
Don Pedro, California 
Burrinjuck, N.S.Wales. 
Teiton, Washington 
McKay, Oregon 

1902 
. 1904 
1906 
1906 
1909 
1910 
1910 
1910 
1911 
1912 
1912 
1913 
1913 
1914 
1914 
1915 
1915 

1916 

Nooitgedacht, Carolina, E. Tvl. 1962 
Nuane, Lobatsi, Botswana 1965 
Mtata, Transkei, under construction 

· 1133 cumecs 

1586 cumecs. 
850 cumecs 

2430 cumecs 

3 



4 

2. SYMBt'LS 

All symbols used are defined in the text where they first appear but 

are listed below for easy reference. It should be noted that where material 

has been quoted from other published works symbols sometimes have different 

meanings but these are clearly defined in the text. 

A cross-sectional area of flow 

b base width of a trapezoidal or rectangular channel 

B -wiith of water surface 

d water depth 

de critical depth 

d
0 

normal depth 

f Darcy-Weisbach friction factor 

F frictional drag per unit area of channel wall 

Fr Froude Number 

g acceleration due to gravity 

H water depth at upstream end of channel 
0 

IM hydraulically mild slope with lateral inf'LObJ along its length 

IS hydraulically steep slope.with lateral injlObJ along its length 

L ·horizontal length of receiving channel 

M momentum 

n Manning's friction factor 

p wetted perimeter 

P static pressure 

q lateral inflow per unit length of channel 

Q ·total discharge at any point x, ·= ·qx 

R hydraulic radius a A/p 

S uniform invert slope of channel 
0 

sf head lost by friction per unit length 

V horizontal velocity of water 

w specific weight of water 

x horizontal distance from upstream end 

xc horiz0ntal distance to the cont.rol point 

y vertical distance of water surf ace from a horizontal datum 

a energy coefficient 

amn accelerating force on water prism mn 

a momentum correction factor 

a angle of side wall of channel to vertical 



3. HYDRAULIC THEORY 

3.1 The Basic Equation 

Although a number of semi-empirical equations had been used pre­

viously, the first correct theoretical analysis of this problem was done 
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in 1926 by Hinds 1 who made use of the principle·of conservation of linear 

momentum to find a differential equation .which described the. water surface · 

profile in a side channel spillway.. In this analysis, the effect of 

friction was neglected, but this was later remedied by Faure 3 and Camp 5 

who derived equations including this effect. 

Camp's equation .was derived as follows:. For a rectangular flume 

of width b (figure 3), consider two.vertical cross-sections at sections 

m and n, a distance 8x apart. 

per second, is 

The momentum at section m, for the mass 

M 
m 

QwV = --g 

in which Q, the discharge at section m, equals qx; . q is the constant 

increment of inflow per unit length; . ·W is the unit weight ·of water; g 

is the acceleration due to gravity; a,nd V is the horizontal component 

of the mean .·velocity at section m. The momentum at section n for the 

mass per second is . 

(Q + q8x)w(V + 8V) 
. S 

The change in momentum in the distance Ax is 

6M = .! [QAV + qllx(V + AV)] . g ' 
. . 

..... 

or, neglecting the product 8x8V and expressing equation 3 in terms of 

differentials 

dM w = - (QdV + qVdx) g 

since 

dM dM dx dM 
at. = dx dt = v-, dx 

dM .!, (VQ dV + qV2) dt = g dx 
. ~ ... 

in which dM is the change in momentum in the time dt. 

(1) 

(2) 

(3) 

(4) 

(5) 



, 

H 
0 

x b 

m n 

Figure 3 

Equation (5) gives the time rate of change of li~ear momentum at any 

section, m, for the mass of water flowing per second. This is equal to 

the net force in the direction of x producing the change. The net force 

in the direction of x acting upon the volume of water between sections m 

and n is the difference between .the static pr·essures less the friction 

force. The static pressures at sections m and n are 

bwd 2 
= -2-

p = bw (d - 6y + S 6x) 2 
n 2 o = ·~ (d 2 - 2d6y + 2dS 6x) 2 0 

in which ·S = the slope of the bottom. .The horizontal component of the 
0 

static pressure on the bottom is 

= wbdS 6x 
0 

The net static pressure on the water prism mn is the sunmation of 

equations (6), (7) and (8), or 

P - P + Pb • wbd6y m n 

6 

(6) 

(7) 

(8) 

(9) 

It will be noted that the slope of the bottom has no effect upon the 

·value of the net pressure. It may be shown also that a changing width b · 

has no influence on the value of this force. 



The friction drag is 

PF = F(b + 2d)6x = Fbd6x 
R 

in which F = frictional drag per unit area of channel wall, and R = the 

hydraulic radius at section m. The equivalent water head on the area 

bd corresponding to the friction drag PF is 

Head = = Fbd6x 
wbdR 

F6x 
= wR 

and from the Darcy-Weisbach formula, this lost head is also given by 

Lost head 
·f6xV2 

= 2Rg 

Hence, from equation (11), 

F 
wfV2 

- zg 

in which f = the Darcy-Weisbach friction factor. 

From equations (10) and (12) 

..... 

7 

(10) 

(lla) 

(llb) 

(12) 

P = wfv
2 

bd 6x (l3) 
F 2g R 

fpe net accelerating force on the water prism mn, from equation (9) and ~ 
(13), I 

·a = wbd6y 
.mn 

wfV2 bd 
-2grllx 

and since the volume of water between sections m and n is 

· 6x 
bd6x = - Q v 

The accelerating force on the ~ater flowing per second (that is, Q) is 

v 7ii. (wbc:lAy 
wfV2 bd 

- 2g 'R 6x) • 6y . wQfV 2 

wQ Xi - 2gR 

Expressing equation (16) in terms of differentials.and equating to 

equation (5): 

~ _ fV 2 = 
dx 2gR 

1 (V dV + 
g. dx 

. ..... 

This equation is general-for any shape of channel, and it is 

identical with Hinds' original equation except for the friction term. 

(15) 

(16) 

(17) 



It should be noted. that.the friction factor used in the original 

publication is the American friction factor .which is four times that 

used here. The friction term in Camp's paper therefore read: 

This equation can be written in a more familiar and convenient form 

if a number of substitutions are made. 

v 

dV 
dx 

= 

= 

= 

= 

Q 
A 

s -A 

s -A 

s -A 

~ 
dA 
di 

p. dA dd acr • dx'" 

QB dd 
di A2 

where A is the cross-sectional area and B the width of the water surface 

at a distan~e x from the upstream end.... The water depth measured from 

the bottom of the channel is d and the depth at the upstre~m end is H
0

, 

the?"ef ore 

~ = dx 

If equations (18), (21) and (23) are substituted into equation (17) 

s 
'o . d

dxd = .!. [9. (S - ~ dd) + .9.9.J . + 
g A A A2 di'·· A2 

. This can be rearranged to give 

dd 
dx = 

s .-
0 

f Q2 
.2gA2R 

' 2 

1-~ 
gA 

f Q2 
2gRA2 

...... 

It can be recognised that fQ 2 /2gA2R = Sf, the friction slope or the head 

lost per unit length, and Q2 B/gA3 = Fr2 where Fr is the well known Froude 

number.· 

8 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 
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The equation can therefore be written as 

So - Sf - ~ dd gA (26) 
= di 

.1 - Fr2 

This equation is based on the assumptions that the incoming water 

has no momentum. component in the direction parallel to the channel, and 

that the effect of unequal velocity distribution in the channel is 

negligible. 

In Hinds' example, these were reasonable assumptions, but Farney and 

Markus11 studied a side channel spillway with an L-shaped crest where the 

water entered over the upstream section.as well as along the length of the 

channel. In this case the incoming water had appreciable momentum in 

the direction of flow and the veloci~y variations near the upstream end 

were pronounced. Hinds' assumptions CO\.lld therefore not be made. This 

was remedied by the inclusion of a momentum correction factor, e. This 

factor varied from near unity at the downstream end to a maximum at t~e 

upstream end, and was found empirically.. Although it may be necessary to 

include this.factor with spillways of .this type, it is usually ignored 

where there is no inflow over· the upstream end, as e is then, for practical 

purposes, equal to unity along the whole channel. 

The general equation, including the momentum correction factor, is 

dd 
clx. = 

s Sf. _ 2g!xe . _ ~ d8 
0- ~gA g dx 

,. 

If 8 is assumed to be unity, then this equation obviously reduces to 

the one above. The derivation of this equation has appeared in a 

nU1Jlber of references, for example Chow, 20 and.will not be given here~ 

K Smith15 used the energy principle (see figure 4) to derive a very 

similar equation, namely 

dd 
q2x2 Bcx 1 _ _. ___ _ 

gA3 

where a is the energy coefficient. 

(27) 

(28) 
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1Sf8x 
Cl.Q2 TOTAL ENERGY Sl.Cf'E 7 - .e:Ax 

2gA2 d.t! 
d )( 

e:=~+e 
H 

2gA:.! 

d ~~ 

So 
Ax ~ ~ 

horizontal 
datum 

Figure 4 

Although this is very similar to the equation above, it does not 

have a. term accounting for the variation of a with x. In a discussion 

on Smith's paper, Babb and Ross15 gave a more rigorous analysis to get 

dd - = 
s - s - l q

2

~cx. - a 
0 f 2 gA . 

v2 d<J 
- 2g di 

dx 
1 -

where e represents the dissipated energy. To determine e it is 

necessary to compare this equation with.the momentum equation above. 

If a and ~ are unity, then a = q2x/2gA2 

(29) 

Babb and Ross also presented some experimental values for et and B 
which they obtained from velocity patterns measured at three cross-sections 

of their model channel. These results are shown in figure 5. 

x 

Figure 5 



They used these values of ex and S to calculate the water surf ace profile 

and compared this to that obtained by assuming both coefficients equal 

11 

to unity. From the relatively small differences between the two profiles, 

they concluded that this is.a satisfactory approximation in most 

applkations. These coefficients will therefore be ignored in the 

following discussion. 

Equation (26), in whatever form.it is written, can not be solved 

directly but must be integrated numerically for a particular case, 

starting from some known point. 

3.2 The Control Point 

If,· for a certain flow condition, the channel slope is mild 

(to be defined later), then the known point will be at the end of the 

channel and will depend on downstream conditions. If there is a free 

outfall or if the invert slope becomes steep at the end of the spillway, 

and the channel is not drowned, then the depth.at the downstream end, will 

be critical. This is the usual case. 

However, if the channel is "steep", then supercllitical flow will 

occur in the lower section of .the receiving.channel and the control 

point will move to where the water surface crosses the critical depth 

line. This point can be found and can.be used as the starting point for 
' 

the numerical integration of the equation. 

At this point, the depth is equal to the critical depth so the 

Froude number is equal to unity. 

equation (26) equal to zero. As 

How~ver, this wakes. the denominator .of 

dd/dx cannot be infinite, the 

numerator must also be zero at this point. 

Keulegan, 9 studied the possibility of this slope being infinite but 

showed that it would have to occur in the form of a negative hydraulic 

jump. However, just as in a normal hydraulic jump energy is lost, so in 

a negative hydraulic jump, energy is gained. This is impossible in a 

real channel so one can conclude that the slope must be finite and .to 

solve for the critical po'int, one must solve the simultaneous equations 



) 

1 - Fr 2 = 0 

s - s 
0 f 

2q 2x _ 
gA2 - O 

i.e. one must find th.e point where the lines described by these two 

equations cross. 

1:.:'. 

(30) 

(31) 

The first is the well known critical depth line and is calculated in 

the same way as with conventional channel flow except that the flow varies 

along the channel.. The critical depth therefore also varies from zero 

at the upstream end (if there is no flow over the upstream end) to a 

maximum at the end of the spillway. 

Fox and Goodwill 18 called the line described by equation (31) the 

"energy balance line", but Professor Kilner prefers to talk of the 

"pseudo normal depth li~e" because of the similarity in ·behaviour to the 

normal depth line in non-spatially varied flow. 

Fox and· Goodwill claim that the concept of normal depth is meaningless 

in spatially varied flow, but this is only true if one limits the definition 

of normal depth. to being the depth to which. the water will tend in a long 

uniform channel. However, as described below, the interaction of this 

line with the water surface and with the critical depth line, is very 

similar to that found in non~spatially varied flow. As the latter is 

simply a special case of spatially varied flow with zero inflow (q = 0) 

it seems reasonable to extend the idea of the normal depth line to the 

general case. For the purposes of this thesis, therefore, the line 

defined by equation (3:1.) will be called the normal depth line. The inter-

action of these _lines as shown in figure 6, can be easily seen. 

equation (30), for rectangular channels, 

1 
q2x2 

gbZd 3 
c 

= 0 

where d is the critical depth. c . It can therefore be seen that 

Similarly, from equation (31), neglecting friction, 

= 0 

From 

(32) 

(33) 

(34) 
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where· d l.S the normal depth 
0 

d = k2) 
0 

(35) 

thus d k2x~ 1 0 0:: = 
kixJ 

-:t: d c lCG 

(36) 

As x tends to zero, d /d becomes very large. It can thus be 
0 c 

concluded that the normal depth is always greater than the critical depth 

near the upstream end. Further downstream, however, the difference in 

powers has a progressively increasing effect until the two lines eventually 

cross and the normal depth is. thereafter below the critical cj.epth line. 

The crossing point of these two. lines .is found for rectangular 

channels, ignoring friction, by equating equations (33) and (35). 

Ig~oring the solution at x = O, only one solution can be found, namely 

= " 

It can therefore be concluded that suggestions which have been made, that 

these two lines could cross again, are unfounded in the case of prismatic 

·channels. Only with severe changes of cross section and invert slope, is 

·more than one control point possible. 

,-

In short channels, these curves are often terminated before they 

cross. Beyond the spillway, in the discharging channel, these curves 

can be represented by two straight lines, being the critical depth line and 

the normal depth line as defined in conventional channel flow. 

Even if there is a change in slope at the end of the receiving 

channel, the critical.depth line is contin~s, having only an abrupt change 

in the gradient at the end of the spillway. v--The normal depth line, 

however, is dependent on both the invert slope and on the lateral inflow 

so it consists of two discrete lines with a definite vertical shift 

at the end of the spillway. If these two sections are joined by a 

vertical line at this point, then in the case of a steep discharging 

channel, the water surface, the critical depth line, and the normal depth 

line once again all intersect at this, the control point. 



--- _;:::-::=::--- -d - --
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/_...... ......... cl 
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Figure 6a A Natural Control Point. 

control 
point 

----- ---- --------/--de ·-

Figure 6b An Artificial Control Point. 

--- --

I 

control 
point 
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We can thus define two types of control point. 

(i) A.Natural Control Point is.one .at which the normal depth 

line and the critical depth line intersect, and are con­

tinuous. (Figure 6a). 

(ii) An Artificial Control Point is one at which the normal depth 

line and the critical depth line intersect due to a vertical 

shift in the normal depth line. This shift may be due to a 
sudden:cessation of lateral inflow or due to .a discontinuity 

in the channel •. (Figure 6b). 

3.3 Surface Profiles 

Before any calculations of water ·surface profiles are done, it is 

possible, as in the case of conventional channel flow, to cotmnent on 

their general form and to identify various shapes. 

Looking at equation (25) it can be seen that: 

(i) 

(ii) 

If d tends to infinity, dd/dx tends to S and. the water surface 
0 

is horizontal. 

If d tends to d , the critical depth, dd/dx tends to infinity, c . 
thus profiles tend to cross the critical depth line at a very 

large angle. (This is not true at a natural control point 

where d
0 

=de). 

(iii) If d tends to d , the normal depth, dd/dx tends to zero (except 
0 

where d
0 

=de). It should be noted that this will not result 

in a profile asymptotic .to the normal depth line as in con-

ventional channel flow. 

(iv) If x tends to zero, dd/dx tends to 8
0

• 

·thus horizontal at the upstream end. 

The water surf ace is 

Because of the importance of the critical and normal depths in the 

dd/dx equation, channel slopes are classified, as in conventional channel 

flow, in the following manner. 

If the normal depth is less than the critical depth, the channel 

is STEEP. If the normal depth is greater than the critical depth, the 

channel is MILD. 

15 
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To differentiate from conventional flow; these slopes are referred to by 

the syrnbo"ls IM and IS respectively.· It should be remembered that the criterion 

for slope classification is a hydraulic one and all slopes, whatever their 

gradient, are mild near their upstream ·end. Because side channel spillways are 

relatively short, only this upstream sec.tion usually exists, and steep 

slopes are rare. It should also be noted, that because of the extra term 

of equation (25), the normal depth is raised in spatially 

thus many slopes which would be steep in conventional flow, 

in the numerator 

varied flow, and 

become mild. 

For both mild and steep slopes, there are three zones as in conventional 

channel flow. 

Zone 1 : The water surface is above both the critical and the 

normal depth lines. 

·zone 2 

Zone 3 

The water surface is between the critical and the 

normal depth lines. 

The water surface is below.both the critical and the 

normal depth lines. 

As in conventional channel flow,. only one particular type of water surface 

profile is possible in each zone for each type of slope. Each profile has 

a code consisting of a letter denoting the type of slope and a number 

denoting the zone in which the water surface occurs. The sign of dd/dx 

in each zone can be calculated and,combined with the limiting co_g_ditions 

given earlier, gives the general shape of each of the six possible 

profiles which are shown in figure 7. 

can occur are shown in figure 8. 

Practical examples of how they 

Horizontal and adverse slopes are a particular case of the mild 

slope and have the same.profiles but because the normal depth is infinite 

in these cases, there can be no Ml profile. 
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3.4 Solution of the Differential Equation 

Once the control point has been found, it is possible to find 

numerically, the solution of the differential equation (25). However, 

a problem arises in the fact that the control point is a singular point 

where the water surface slope dd/dx, cannot be easily evaluated. 

At an artificial control po.int, the denominator of equation (25) is 

zero, while at a natural control point, both the denominator and numerator 

are zero. It is therefore often necessary. to make some sort of 

approximation at this point. This will be discussed in more detail later. 

Finding the control point and s.olving the equation, if done without 

the use of a computer, is a long and tedious process, and numerous 

attempts have been made at finding a quick solution. Some of the methods 

proposed will be discussed below. 

Hinds 1 rewrote equation (17)to make it applicable, approximately, 

to finite values of L\x in the form . 

L\y = .Qi_ (V1+V2) [L\V + 9V2L\x] 
g (Q1+Q2) Ql 

or fly = Q-i (V1:+V2) . [L\V + qV1luc:] 
g (Q1+Q2) Q2 

where Q1 and Q2 are the flows at either end of L\x and L\ V = V2- V1 • He 

(37) 

(38) 

suggested also a method of locating. the contro.1 point. 

method by means of the following example. 

He illustrated his 

L = 400ft~ b = lOft, side slopes • 2:1, q c: 40 cub. ft./sec, 

S = o,.15. The critical velocities and discharges corresponding to a 
0 

number of depths are calculated as shown. in table I. Hydraulic radii are 

computed at the same time for use in.estimating friction losses. From 

table I, values of the critical. depths and velocities may be taken and used 

in table II, which' gives in column (13) the drop in water surf ace necessary 

to maintain flow at the critical depth throughout the full length of the 

channel. Starting from an arbitrary water surface elevation at some 

station, a profile of the channel, for critical flow at all points, can 

be plotted, as shown in figure 9. A tangent parallel to the bottom of 

the actual channel may then be drawn to the resulting bottom line of the 
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TAULE 1.-·COMPUTATIONS ~·on Cut'l'!CAL D~;P'fns. 

Foa Cu&"INEL IN :f'm. 9-. 
(Bottom width, 10 ft.; side slopes, l : 1) 

Area, In 
square feet, 

A. 

Top width, 
In feet, 

T. 
· A tty, In feet ec rge, 

in;· per second. Q. 

Hydraulic 
radius, 
in feet. 

Velocltyhead~C:i~;~RI v.eloc-,1 DI -ha ·- -· 

_____ , ______ , _____ , _____ ------ ------- -----
II 22' Jll r..92 7.68 169 1.52 

' 48 14 l. 71 10.49 r•l4 2.5.1 
I 711 Jtl 2.44 12.52 ll7H 3.83 
8 ltll 18 8.11 14.15 t r,sa 4.01 

10 lr>O 20 ll.711 15.53 II 880 4.MI 
Ill 192 2~ ' 4)16 16.75 s 2l6 5.2'l 
14 238 114 4.00 17.811 4 2r.2 r).io 
11 288 211 11.fi.l tS.88 !i 441J 6.~g 

18 342 28 6.11 19.82 ll'iM 6.~~ 
~ 400 so 6.67 l!O. 71 8 211; 7.81 
~ 462 ll:4 7.2'~ 21.G.'I 9 MO 7.l!J 
2l 528 84 7.;u 22.M 11 HOO t<.f9 
ll6 598 36 8.SI l:l,12 J~ 820 h.77 
28 6711 88 8.84 llS.84 16 O:IO 9,llO 

TABLE 2.-COMPUTATJONS roa LooATUlG CONTROL. 

Foa CHANNEL IN Fm. 9·: 

(Bottom width, 10 ft.; side Rlopes, t: 1.) 

I I I b V2 Ac I bV2,+.A:&/ / 1·--· 
., .le Q Q1+Q2• d. v. Y1+v.1 Av --Qi--l"v+ Qt j A Y I "'~ iA11+11, 

"' ,., '" "' '" I "' '" / cai ••> '"' I "" ; '"' I "" 
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1
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.,., 110 16 ooo :10 ooo 28.o 1 ~-8 4i.O 1 o.6 1 s.~ I •.o ~-•~ ; o.1s i ::.11.~ .. : . ' ·. ,~-1·---i'--1~-- . :~-:------

..... '. ·-·~. ·.·~~::J_·~::~J: ::~. • • :: l.: • • • ::~_:_~:~_:_j~;:_: ~J: ~~~·;~-·.: ~:>~~: ~ I: :.L:·4~:o . 
•ht= friction los•. computation not ,1~0:-·11. 
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'l'ABLJ:: 3.-COMl'U'I'A'fIONS ron flACK-WATER CURVE. 

J.'on C11.D•NTL IN Frn. 9. 

(Bottom width, 10 ft.; side slot>cs, ~ : 1.) 
·---·-· ---·--- ---

~~-r~ -~ 
~~ i t r7l-i ~ ~ 

---·-:-----· ---------·--------·--
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~ ~I~ ~16 I • + l .:. ... 
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: j 

z. I ~.c. 
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<I 
(la) ha> (14) (18) (16) '(17) 

-----
I 

---
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-·-'-·-------·-----· __ . -----
J6' I 149.10 /· .... 66.M ·n.ro S.'J.'1.6 6 nr.o 19.'l'O, ...... .. .... 
100 · ~ . :1M. 70 . r,0.1 'i'·I. 70 lfl.•lO 211!-l.O . 4 OtiO lS.89 10 riOO O,OU8 

1 ' ' · 1 •r.10 1a.90 1r .. w U.7 ,;, 1 14.!lG ....... i ..... . 

I I f 7.:!7 74 •. 07 • JG.87· ~ • .'71.li ..... 14.721 ...... , ..... . 
llO ~,/l 1110,l!O 1 f1,t.n1 7\1.07 12.~7' 211.~ ~ ()1)1) 9.41i .', 6 (X~I 0,0104 

I 

I
. ' u ·o 1• 12 ~- ''I" • or · · 

::: , ~:. u9.(15 !:>lo im:n5 11:00 i•;.1:5 1 ouo 5:11iN ·3·000 I o:oi04 
2.li'J 81.21 11.2!0 176.0 6,6,.;,,,l ...... • ..... 

ltl · 15 l 7'2.20 O.W !!I.SO iUlO 142.1 400 2.1!·~ ·; l 400 O.OIJH\l 
, I n.'~ ~~.118 11.!;lj 147.ti . .... 2.11~1 ...... I '"'" I 

(J ! W [,~~:.".. J.~:~J t!2.ll1 8.61 .1 v assumed = 2 h. at z = 10 . 

Q1 1 l"1 + v~ > { b v~ 4 x t · 
• 4 11 = 1 l Qi +"Q,) .1 V + -Q-

1
- I = Column (11) X Column (121 X C~luDUI (Ill) ...... \24) 

'!'ABLE 3.-(Co1itin11ecl.) 

~ ·~ if I ~ I ~t i t 1~ i.: t .,1,~-~ ~. ~. ~l& ~1~ I ~ ~ t 
=~ I iS a~ i::i < g ~ o: tr ~I + 1 ; 

I c. t:.. I I· 4 

~-(:t)l-c~l~~--~--~6)-·~-~~~~~ (1,l) _(14) (15) . 1~~~Jl8~ 1~.~ .. -':~-
164 49.10 • .... ,

1 
!lB.&l , ... ;(} 833.R' 6 &60 J9. 70 ,. .. .... I .. .. .. .. . . . .. .. . .. .. I . .. . .. . . .. .. 

900 86 48,70 4.10 G:J.':O 19.tl\l 870.5 8 00.l 21.5!1 4 liOO 0.0171 41.llll 1.1;9 8.65 ll.44 8.82 0.12 8.114 0.111 
4.W llll.30 18.tiO ll59.0 ...... 22.27 ...... 41.117 2.57 . 6.lll I' 4.40 4.tl!l O.l~J 
VIZ 62.l'.S 111.65 &:0.4 J·.o.· ·.ooo· .. •• • 1 22.:111'· . ..... o'.'0'1"79" 41.\JO 11.Nl ..... j 6.00 4.84 4,46 0,(11 0. K. 

1151) r.o 86.00 6.15 I JIUIO 00.00 400.0 25.CO i Jll 000 47.20 2.80 4.4• I 7.24 6.92 0.18 6.10 0.115 

!iOll 60 28.W U~ I :l:~ ~:~~ ~:~ ::~ 22'ooo o:Oiro :u: :J~ ..... ~:: 1
1 ~:~ o:e4 ::~~ g:~ o. K. 
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r..at1 49.'i'~ 21.CM.. 481.1 w..79' ...... li2.9'J 2.eG •

8 
... ;.;.

1 

11.su u.16 &.4o 0.01 o. K. 
S!'A> 50 i ~l.llO 11.M 43,28 2'J.Ol:I 468.0 i4'ooo 10.2-1 I 2G (JO() ·o:oif.S 58.93 2.45 ~· G,42 16.24 o:so 6.N 0.03 

l 
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400 I 60 13.50 6. 73 :Jtl.53 !!3.0:! ' .;!)5,1; 16 [JOO : 8'2.2\i 30 000 0.0100 6:}.47 2. ll s 7d ,. 6.i!9 6.10 I 0.85 6.411 OJli! I ' 6.\l'J I 8ll.ll4 22.8}'1 4li\l.2 ...... I 8~.'i'l ~ ...... 112.811 2.58 .. :.. 6.81 6.5S ll.911 0.01 0. K. 
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A £' "' ---Q-+··n-· 1 4 V + --Q-·-.. I = Column (11) X Column (12) X (Jt>lum11 (lll) ...... (21;) 
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critical depth channel, and the control point will be located at this 

point of tangency. The back water curve may then be calculated both 

ways as illustrated in table III and plotted as shown in figure 9. 

Equation (37) is used in the upper part of table.III, and equation (38) 

in the lower part, in order to take advantage· of as many constant terms 

as possible. 

--- ______ ....__,_. ·--·---- ---- ····-- -
i; laoharge in Cubic Feet per Seoond 

4000 8000 12000 

0 ' 200 
Dl•lanoe 11long Crest In Feet 

-----·-····----------·-- ·----------·-··- -.-----------'-----

Figure 9 

Binds' method is long and tedious, and a quicker solution was 

necessary. Camp5 did some useful work towards this end. 

Equation (25) was solved approximately, for rectangular channels, 

to g~ve 

= 
fx 3 

- 24Rd 

where H
0 

is the value of d at x = 0 ·and R and d are, respectively, the 

average hydraulic radius and the.average depth throughout the distance x. 

This equation can be rewritten in the form 

22 

(39) 



= 2S xd + 
0 

f xQ2 

i2gb2R<I 

23 

(40) 

This equation can be used to solve for the depth at the upstream end if the 

depth at any other point is known. Equation (39) can be rearranged to 

read 

where 

A = fHo~ 
24Rd 

- ~d -1 
H 2· 

0 

The solution of equation: (41) may be obtained graphically from figure 10. 

Equation (40) may be written in terms of the critical depth as follows: 

I. fxed~ 3 
H = ·v 3d 2 - 2S x d + .,.,........,_..:"""" 

0 ' c 0 c i21Cfgb2 

For this case, the coefficients of equation (41) are: 

= 

.-i:t• 
- 1.0~~~~.-:=:-l~ol..· .f~'"k--~~~~'k-T--T--'lr~r--+--+--\-~-"' 
0 .. 
• 
" ;o.a~;j'o;~~,~~ft"-ft"~-tt-t::Jl:l::=-~:f.:::±'::i::--t--+--t--+--i~t--t 

• . •. • ~ '. . ' • 'I • 

u " o.a u u u u 
Y•luu of B IEquUlon ·UJ. 

_);' _ _:..:,QILU'B JIOR TJUI 8oLtmlOX tW EQ11A'l'IOJI 41, 

Fi111re 10 

L8 

(41) 

(42) 

(43) 

(44) 

(45) 

(46) 



This chart provides a relatively simple method of finding the water 

surface profile in a rectangular channel and it is unfortunate that a 

similar analysis cannot be done for trapezoidal channels. 

A further limitation of this chart, as drawn by Camp, is that 

it is applicable only to channels of mild invert slope. The chart is 

not extended below the critical depth line to include supercritical flow, 

and the limiting values of A and B limit d /H to values smaller than . c 0 

unity. However, with sloping channels, this value is often exceeded, 

and thus a severe and unnecessary limitation is imposed. 

Looking at equations (23) and (24) it can be seen that the upstream 

end (x = 0) of·all channels is represented by the point A= -1, 

B = 0. If friction is ignored, all horizontal channels are represented 

by the line A= -1. As the invert slope is increased, the control point 

moves from the A = -1 line, up the critical depth line and e~en for mild 

slopes, moves off the chart as drawn by Camp. All water surface profiles 

are thus represented by a curved line.extending from the point A= -1, 

B = 0 to the critical depth line and, ~n the case of steep s_lopes, crossing 

it. Camp's chart has thus been redrawn in figure 11 with extended limits. 

To avoid compressing that section represented by Camp's chart into an 

insign~ficant and useless corner of the larger chart, it has been 

necessary to use log scales. 

Although this method appears to give a simple solution to the 

problem, its accuracy is greatly dependent on the accuracy of the 

assumed value of din the second term of equation (44). This value is 

not easily estimated with accuracy when the depth is known at only one 

point, especially with relatively steep invert slopes, where the water 

surface is deepest in the centre and becomes shallower towards each end. 

It is therefore necessary to use an it,erative procedure. An initial " 

estimate of d must be made so that a value of H can be calculated. 0 . 

This is then used together with the chart to obtain the depths at a 

number of points. These depths are then used to obtain a better 

estimate of d and the process is repeated till a sufficiently accurate 

result has been obtained. A quicker method, however, might be 

Qe discussed), and then proceding to . l 
first to 

find H using Li's method (to 
0 

Camp's charts. 
Q_. 
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Wen-Hsiung Li, 10 presented an interesting paper which was devoted 

mainly to the development ·of methods of finding the depth at the upstream 

end of the channel. This is usually the most important depth for 

design purposes as here the water surface level is highest, even though 

the water is deeper downstream. 

Two shortcomings of this work are that the effects of friction have 

been ignored throughout, and that his graphs are applicable only to 

channels of a particular shape. He has presented charts for rectangular 

and triangular channels only, but he has for other shaped channels, 

presented an empirical equation which combines the results from these 

two charts. 

An advantage of this work is that it is not limited to channels with 

free outfall at the downstream end but allows for submergence and the 

formation of hydraulic jumps. Li has isolated four different flow con-

ditions which are shown in figure 12. Each type is represented by a 

26 

particular section of his chart on which he plots F , the Froude number at · 
0 

the downstream end, against G, which is equal to S L/Y for rectangular 
0 0 

channels and equal to 2S0 L/Y
0 

for triangular channels. Y
0 

is the water 

depth at the downstream end. Detailed versions of this chart are shown 

in figures 13 and 14, where a set of curves has been drawn with Y /Y u 0 

as parameter. Y is the depth at the upstream end. However, before u . 

looking at these charts, the general sketch in figure 12 will be 

discussed in more detail. Section A and figure 12a represent channels 

of mild slope where the Froude number increases along the channel. 

Horizontal channels are represented by the line G = 0 and channels with 

free outfall by the line F = 1. (If G < 2). Their intersection 
0 

therefore represents all horizontal channels with free outfall. 

Section B represents channels which are submerged to a greater 

depth so that the Froude number, according to Li, first increases and 

then decreases. The boundary between these two sections is given as 

G = ~ (1 + 2F 2
) for rectangular channels and G = ~ (1 + -2

3 F 2
) for 

0 0 

triangular channels. 

Section C represents steep channels (i.e. with supercritical flow) 

which are submerged to such an extent that a hydraulic jump occurs within 



(a) 

G -. 

Figure 12 d • L • lo Types of flow accor ing to i. 

the channel so that F is less than unity. The boundary between 
0 

sections B and C is given as G = 1 + F
0 

for rectangular channels and 

the vertical line, G = 2, for triangular channels. 

Section D represents steep channels which are submerged to a lesser 

extent, so that the hydraulic jump forms at the end of the channel. 

The flow is thus supercritical at the downstream end so one would not 

expect this case to be represented by this section where F < 1. 
0 

However, if the depth downstream of the jump is used to calculate F
0 

27 

and G, then the resulting point will fall into this region, and the correct 

value for Y will be obtained. However, it is possible to obtain a 
u 

value of F
0 

greater than unity so· it is obvious that Li's chart in 

figure 6 is incomplete and should be extended upwards. This has been 

done and is shown in figure 13. 



Section E is similar to section D but represents the case where 

the downstream end of the channel is drowned to a level less than the 

critical depth at that point. The upper boundary of this section is 

the line representing the case where the outiet is not drowned at all and 

can be shown empirically to be represented approximately by the lines 

G = t F
0 

+ 1,65 for rectangular channels and G = 4F
0 

- 2 for triangular 

channels. 

Figure 13 

Section I represents the case where, at the end of the channel, 

the depth suddenly decreases in a sort of negative jump where F , 
0 

already greater than one, suddenly increases. As this phenomenon can-

not occur in practice, section I does not represent a real solution to 

the problem. 

The boundary lines all intersect at the point F = 1, G = 2. 
0 

It is interesting to note that this point represents the case in which 

the natural and artificial control points coincide. 

Moving around this point through the different sections, a number 

of interesting observations can be made. The boundary between 

sections I and E represents free outflow from a steep channel. 

Moving downwards represents an increasing level of submergence of 

the downstream end of the channel. At the F = 1 line, the submergence 
0 

28 

is to the critical depth, while at the boundary between sections C and D, 



the level of submergence is such that the downstream reaches of the 

channel start being flooded. Moving across section C repre~ents 

increasing the level of submergence still further,causing the hydraulic 

jump to move upstream until at the boundary between B and C, the super­

critical flow has been completely flooded. Moving into section B 

represents submerging to an even higher level so that the whole channel 
~ 

is flooded. The level of submergence now 'ffects the entire water 

surface profile, even at the extreme upstream end. Looking at figure 

12b it is not inunediately obvious that this is in fact a steep slope. 

However, if the downstream flooding was removed, supercritical flow 

would indeed develop in any channel falling into section B. 

It is impossible to move into section A by increasing the level of 

submergence. Indeed, the boundary between sections A and B represents 

infinite submergence. Moving from this.line into section B represents 

decreasing submergence for steep slopes,· and moving from this line into 

section A represents decreasing submergence for mild slopes. This 

continues as one moves up through section A to the line F = 1 which 
0 

represents free outfall. 

The two boundaries of section I (i.e. with sections A and E) thus 

both represent zero flooding and free outflow from the channel. Moving 

into section F from either of these boundaries, represents an increasing 

degree of negative submergence, for mild slopes on the one side and steep 

slopes on the other. It therefore seems reasonable to postulate 

that section I is divided by some line which, similar to the boundary 

between. sections A and B, represents infinite negative submergence and 

the boundary between mild and steep slopes. This large negative sub~ 

mergence would involve negative water depths., and the Froude number would 

involve the square root of a negative number. The line is therefore 

imaginery and of no practical interest to engineers. Finding its exact 

equation will therefore be left to any mathematician who might find 

interest in such an exercise. 

In order that this chart be of any use, it must be drawn in detail 

for a particular case. Li presented charts drawn for rectangular and 

triangular channels and these are reproduced in figures 14 and 15. It is 

unfortunate that these charts are drawn only for sections A and B as a 

clearer understanding is often obtained when a picture can be seen as 
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a whole. However, the charts presented are perfectly satisfactory in 

practice as the curves in sections C, D and E can be approximated closely 

by straight lines. These lines were given by Li only for section C 

but can easily be shown .to be equally valid for sections D and E. 

They are 

for rectangular channels 

= 1,24 

and for triangular channels 

For trapezoidal channel, results from figures 14 and 15 (or equations 

47 and 48) can be combined by the empirical equation: 

where E = 

ai is the area removed from the bottom of a triangular channel 

to make the required trapezoidal channel. 

Figure 16 
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(47) 

(48) 

(49) 

(Yu) (Yu) - and -
Yo r Yo t 

are those values obtained from the charts for rectangular 

and triangular charts respectively, using the values of F as calculated 
0 

for a trapezoidal channel. 
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The methods discussed above give the water depth at the upstream end 

of the channel. The downstream depth is also known in many cases, but not 

in the case of a freely discharging steep channel. To find that depth Li 

produced a chart which is reproduced in figure 17. This chart is self-

explanatory and gives not only the downstream depth, but the complete 

surface profile in the supercritical region. The curve is not completely 

accurate as it does not show the variation with E (see equation 49). 

However, this difference is small and has not been included here. 
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•/ 
v 

,,/ ·-
/ ·-

/ 
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1 
1 3 5 7 9 

Ratio of-?; 

SuaPACE PnoFILE IN SUPERCRITICAL SEcrioNs 

Figure 17 

This curve is represented in figure 13 by the boundary line between 

sections E and I, but is not easily used in that form. With super-

critica.1 flow, the downstream depth is not known so a trial and error 

process must be used till a depth is found which gives a point exactly 

on the curve. This is very tedious and for practical purposes, 

figure 17 is far more useful. 
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3.5 Solution by Computer 

The ha~d methods· of analysis discussed in this thesis are useful 

if a small amount of work is .to be done on this problem, but would be 

extremely slow and tedious if a large number of water surface profiles 

were to be calculated. In this case, it would be far more sensible to 

solve the problem by computer. 

The necessary program is relatively simple and can again be 

divided into two distinct problems, namely finding the control point and 

numerically integrating the differential equation from this point. 

Finding the control point has been discussed in a number of papers, 

including one by K. Smith15 but the whole problem is discussed and made 

very clear by Humpidge and Moss. 19 

To find the control point one simply equates the numerator and 

denominator of equation(25) to zero as before. This is usually done by 

the Newton-Raphson method. Care must be taken with the choice of the 

initial estimate as too small an estimate could lead to the alternative 

solution at the upstream end where x = 0 and d = 0 and the equations also 

hold. However, if a reasonable initial estimate is made, no problems 

should be encountered. 

Humpidge and Moss also considered the possibility of a number of 

control points existing and showed how to find which is dominant. 

However, this is not a likely problem in practical side channel spillways 

and the only complication which normally needs to be accounted for, is 

that the natural control point found abGve is usually beyond the end of 

the receiving channel. The starting point for the calculation is then 

at the downstream end of the channel where the depth depends on downstream 

conditions. When the control point has been found, the full profile 

'is calculated by numerical integration, usually using a Runge-Kutta 

method. 

A problem arises in calculating dd/dx at the control point. At a 

natural control point, dd/dx = 0/0 and can not be easily calculated, 

while at an artificial control point, dd/dx is infinite and the integration 

is not possible. This was overcome by Humpidge and Moss by using a 

starting value of d of 1,05 times de when working upstream and 0,95 times 
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d when working downstream and it was claimed that this strategem had c 
little effect on the profile since the specific energy, E, varies little 

with d for values riear de. 

The effect was indeed found to be small and it can be seen in figure 

36 

19 that a smooth curve can be drawn through the discontinuity at the control 

point. It was found, however, that the figure of 1,05 used by Humpidge 

was not universally applicable and that in some cases, the curve diverged 

from the correct solution as seen in the lowest curve of figure 18. 

These curves were calculated in.dimensionless form using equation (68) 

rather than equation (25) and are therefore applicable to all channels of 

the same geometric shape. The different curves represent different values 

of the dimensionless lateral inflow QS = q2 /gb 3
• For low flows (i.e. 

for small values of de) it was found that the value of 1,05 was not suitable. 

Figure 19 was therefore drawn starting with a value of d * + 0,1 when d * c c 
was smaller than 2 and de* + 0,.15 when it was larger than 2. This worked· 

satisfactor~ly in this casebut·other cases were found where it did not 

work. Although no universally applicable value has been found it is a 

simple matter to adjust the factor if a particular value does not 

work in a particular case. 

It should be noted that this problem arises only in the case of a 

natural control point. With an artifiCial control, the value of d = 1,05 

d was found to be satisfactory in all cases. c 

Although the above method appears to have been used by all previous 

investigators, some doubt existed as to the accuracy of the results 

obtained by making such a large approximation at the control point . 

. It was therefore necessary to solve accurately for dd/dx at a natural 

control point. 

Equation (25) can be written as 

2 2 2 .!!. 
q x_n p3 

A.,--
which can be differentiated with respect to x to give 

(SO) 



[ 2q 2xB + q 2x 2dB " dAJ 'd2d [ 1 - q2x2BJ dd dx 3q x.B dx ~ - dx gA4 + dx2 gA3 gA3 gA2 

_ 4q2x dA 2xp~ 
- dp ~ 

+ q2n2 + 4x2Ei dx 10x2EJ dx 
f) 

gA 3 dx Ai2 3A~ 3A~ 
.... 

·1 

At the control point the Froude number is equal to unity so the t·erm 

including the second derivative of the depth disappears, and the above 

equation can be solved if the dimensions of the channel are known. 

For trapezoidal channels, 

A = bd + d2tan8 

dA (b +. 
dd 

dx = 2d tan8)dx 

B = b + 2d tan8 

dB 2 dd 
dx = tan8 dx 

p = b + 2d sec8 

§.p_ 2 
dd = sec8 d dx . x 

These can be substituted into the equation at the control point to 

give: 

[dd 12 
[ 3 (b + 2d tan8) 

2 

dx c bd + d 2.tan8 2 tane] 
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(51) 

-f~t [6(b + 
2d tan8) 
x 

n2g sec8 [ S(b + 2d 

(bd + d2tan8)i 3 
sec8)! 20(b +.2d sec8)!J] 

3(bd + d2tan8) 

(52) + 
2(bd + d2tan8) + 2n2(b + 2d sec8)! = 0 x2 x (bd + d 2 tan8) i 

This equation is a quadratic in dd/dx and could be solved but the resulting 

equation would be very complicated and it is simpler to first substitute 

in the values for a particular channel and then to solve. 



Equation (52) can be considerably simplified by neglecting the 

effect of friction to give 

. [ ddJ 
2 

[ 3 (b + 2d tan8) 2 
· ~x c bd + d2tan8 

+ 2(bd + d2tan8) 
x = 0 

For rectangular channels, again neglecting friction, this can be 

greatly simplified to give 

[
dd] • 2d + 
dx c . x 

which can be solved to give 

d 
x + d 

x/3 

2d 2 

-- = 3x2 0 

It can be seen that both solutions are positive but it would appear 

from studies of practical examples, that it is always the smaller which 
is appliCable. 

Therefore, for rectangular channels, neglecting friction 

0,42d 
x 

If for Hind"'sl e~ample given on page 18, [~~Jc is calculated from 

equation (52), a value of 0,0300 is obtained. Equation (53) gives a 

value of 0,0296. The effect of friction is thus only 1,33% in this 
case. 

Any of equations (52) to (56) can thus be used to calculate dd/dx 

at the control point, after which the equation can' be solved numerically 

in the usual way. 
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(54) 

(55) 

(56) 

,. . 



INPUT: cross sectional shape, length of channel, 
lateral inflow, slope. 

Using Newton-Raphson, solve 

· 2q 2x. s0 - sf - gxr- = o 

1 - Fr2 = 0 

to get x , d • 
c c ·~ 

vPi:: I is x « L? I --------11 C I 

natural control 
at x , d • c c 

--------
rin 

is discharging 
,..v..__e:s __ -.channel steep and .no 

discharging freely 

x = L.' 
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c 
For de, solve 

~-gA3 - 1 

find d at x = L 
frcim downstream 
conditions 

Figure 20 

Using Runge-Kutta, integrate 
over the whole channel 

2q 2x 
dd So - Sf - gA2 
dx = 1 - Fr2 

tabulate results 
x,d 

I 

Simplified fiow diagram for the calculation of the water 
surface profile in a prismatic side channel spillway of 
uniform slope. 
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3.6 The Effect of Friction 

Although there has not been much work done on this subject, it has 

been noticed that the law of resistance for spatially varied flow is at 

variance with laws ordinarily ascribed to constant flow in open channels. 

This has been discussed in papers by Keulegan, 9 and Fox and Goodwill. 18 

Their results, however, are not very conclusive, and constants used in the 

formulae have been evaluated only for special cases. Their work is there­

fore of little practical use. The total effect of friction in side 

channel spillways is not .large, so small differences in its method of calcu-

lation are not important. For the purposes of this thesis, the effect of 

friction has therefore been calculated according to the laws for constant 

flow in open channels, e.g. Manning's equation. 

In much of the work previously discussed, the effect of friction has 

been completely neglected, and Li10 attempted to quantify the effect of 
I 

this simplification. In sloping canals, the effect of friction is usually 

considered to be cancelled. by the momentum of the incoming water, which, 

entering downwards, has a small component along the channel. In horizontal 

channels however, this is not so, .and for this case, Li drew a graph which 

is reproduced here as figure 21. For the purpose of this graph, hf is the 

.·friction head lost as calculated by ·the Chezy or Manning formulae, using 

the total discharge and the depth as at the downstream.end. If this is 

done with practical examples of side channel spillways this graph shows 

that the increase in the depth at the upstream end is very small, usually 

less than 1%. However, for effluent channels around sewage-treatment 

tanks, this value can become as high as 10%. 

It should not be thought that these figures are applicable along 

the whole channel. Friction has a cumulative effect and the error 

introduced by ignoring it dec.reases from this maximum at the upstream 

end, to. a minimtim at the control point. 
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3.7 Inflow over the Upstream End 

When the spillway crest is L or U shaped so that water enters over 

the upstream end, two complications are introduced. 

The first is that equations (25) and (26) are no longer directly 

applicable as these are derived from equation (17) using the assumption 

that Q, the flow at any point, is equal to qx. However, the flow in 

this case is equal to Q + qx where Q is the flow over the upstream end. 
0 0 

This can be substituted into the relevant equation if this is to be solved 

directly. However, if any of the design charts are to be used, this· 

cannot be done and a differe~t stratfgem must be used. If the receiving 

channel is extended in the upstream direction by a fictitious length of 

41 



x' = Q/q and the lateral inflow, q, is considered to enter along the 

whole of this .new extended length, then the conditions in the lower 

section of this channel will be equivalent to conditions in the original 

channel with flow over the upstream end. Equations (25) and (26) are 

therefore applicable if x is measured from a point x' above the upstream 

end. 

This method was used to calculate the water surf ace profile for the 

side channel spillway studied by Farney and Markus 11 and the results are 

42 

compared in figure 22. It can be seen that Hind'Jmethod gives a very • 

bad result. The authors did not show exactly how they obtained this curve 

but it is presumed that equation (37) was used and that the inaccuracy was 

caused by the theoretically~ slope at the control point. This 

shows that this equation should~ used only with great caution. 

~ i:..~~ 
The computer solution was obtained from equation (25) by the methods 

described in the previous cha pt.er. As the curves in figure 31 are obtained 

from the same computer program, they would have resulted in exactly the 

same curve •. It can be seen that this result.compares well with observed 

deP,ths near the downstream end but at the upstream end, the observed depths 

are much lower. 

This is due to the second complication, which is the fact that the 

water entering over the. upstream end has considerable momentum in the 

direction of flow. Farney and Markus. calculated values of S, the momentum 

correction coefficient, which could be used to bring the calculated values 

down to the observed depths. However, as these apply only to that 

particular channel they are not presented here. There is at present~ 

no known method of calculating this factor and model tests must be used 

if it is to be found. 

Designers can use the method described above with confidence, knowing 

that it is conservative at the upstream end. However, if in large 

channels, this depth reduction could result in appreciable economic 

savings, then model tests must be used to be able to achieve optimum 

design. 
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4. THE DEVELOPMENT OF NEW DESIGN CHARTS 

4.1 The Control Point 

The water surface profile in a side channel· spillway cannot be found 

by any method unless the control point is known. As discussed earlier, 

this is calculated by equating the numerator and the denominator of 

equation (25) to zero. 

If friction is neglected, it is possible to draw a simple chart from 

which the control point can be easily found. Equations (30) and (31) 

are put in terms of the dimensions of a trapezoidal channel to give 

S g(bd + d2tan8) 3 - 2q 2x(bd +d 2tan8) = 0 
0 

g(bd +d2tan8) 3 - q2x2(b + 2d tan8) = 0 

From equation (58) 

x2 = g(bd +d2tan8) 3 
q2(b +2d tane) 

This can be.substituted in equation (57) to give 

4·o 2 
= ~ (bd + d2tan8) (b +2d tan8) s 2g 

0 

if d* = d/b 

then 4q2 
s 2gb3 

0 

= (d* +'d* 2tan8) (i + 2d*tan8) 

From this equation, d* can be plotted, for particular values of 8, against 

4q2 
s 2gb3 

0 

Similarly, from equation (59) 

= (d* + d*2tan8) 
1 + 2d*tane 

x2q2 
and from this equation, d* can.be plotted against~ for particular 

values of e. 
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Equations (57) and (58) represent conditions at the control point 

where d = d and x = x • With these substitutions, these equations can c c 
be plotted as follows: 

(!...... 

'?<-c2q2 
gbS 

Figure 23 

For any trap\zoidal channel, one can calculate 4q 2/S
0

2gb 3 all 

terms will be known. d /band thus d can thus be read off. c c 
the lower chart one can then read off the value of x 2q2/gb 5 , 

c 
xc can be calculated as the other factors are known. 

J\,___J_· 
of w!}Ps-e · 

From 

from which 

In the case of a channel with mild slope and known critical depth at 

the end (due to free outfall or a steep discharging channel), one can 

put xc· = 

value of 

affected 

Land thus calculate x 2q2/gb 5 from which one can read off the c 
d • In this case theanswer is exact as this relationship is not c 
by the neglected friction. 

Alternatively, 4q2/S0
2gb 3 can be plotted against xc 2q2/gb 5 with 

d /b as parameter. As this gives a much neater chart, this method c 

has been preferred in the drawing of figure 32 at the end of this 
chapter. 

For rectangular channels, a much simpler analysis can be done. 

Once again neglecting friction, equation (25) reduces to 
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]. DESIGN PROCEDURE 

This thesis is concerned with the calculation of the water surface 

profile in the receiving channel of a side-channel spillway. However, 

before this can be done, it is necessary to know the dimensions of the 

structure. The aim of the designer is to choose these dimensions so 

that the cost of the structure is as low .as possible, while ensuring 

that it has the required capacity. The required procedure can be 

summarised in the following steps. 

1. From the design flow and maximum allowable head, choose the 

shape of the spillway .crest and the length of the spillway. 

2. Choose reasonable dimensions for the receiving channel, i.e. 

general configuration with respect to spillway, cross-section, 

invert slope, etc. 

3. Decide on the of the discharging channel. 

4. Find the position of the control point (e.g. from Figure 32). 

5. Ca lculate the water surface profile to ensure that the 

channel is running at capacity . It is usually considered 

acceptable that the spillway be drowned to a depth of half 

the head. An initial can be done by using figures 

14 or 15 to find the upstream depth. If this gives a 

satisfactory value, the complete profile should be calculated 

from figure 31 or by computer. 

6. Make a rough estimation of quantities and cost. 

7. Return to step 2 above and using ·different dimensions repeat 

steps 2 to 6. 

8. Having found the most economical side channel spillway, compare 

its cost with that of other types of structures. 

9. Complete the detailed design of the chosen structure. 
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APPENDIX A 

TABULATED RESULTS OF MODEL TESTS 
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TEST NO. la 

Flow Measurement: 

top 5,85 5,84 5,86 5,85 
bottom 0,55 0,59 0,54 0,56 h 

difference 5,30 5,25 5,32 5,29 5' 291 

Q = 0,0391/h = 0,0899 cumecs. 

Water Depths: 

Readings Water Depths 

No base b b x level a c a c 

l 22;-.s :;· 280 625 615 - 345 335 -
2 305 280 655 - 650 .375 - 370 
3 605 280 630 625 640 350 345 360 
4 905 280 615 605 630 335 325 350 
5 1205 280 585 550 606 305 270 325 
6 1495 280 375 330 450 95 50 170 
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TEST NO. lb 

Flow Measurement: 

top 5,89 5,90 5,90 5,91 
bottom 77 76 75 76 -

h 

difference 5,12 5,14 5,15 5,15 5,14 I 
Q • 0,0391/h = 0,0886 cumecs. 

Water Depths: 

Readings Water Depths 
' 

No base 
b b x level a c a c 

1 22,5 280 625 615 - 345 335 -
2 305 280 650 - 655 . 370 - 375 
3 605 280 630 620 640 350 340 360 
4 905 280 615 590 625 335 310 345 
5 1205 280 580 550 600 300 270 320 
6 1495 280 385 335 460 105 55 180 
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TEST NO. le 

Flow Measurement: 

top 6,04 6,06 6,03 6,04 -
bottom 1,74 1,70 1, 72 1,73 h 

difference 4,30 4,36 4,31 4, 71 4,42 I 
I 

Q = 0,0391/h = 0,0822 cumecs. 

Water Depths: 

Readings Water Depths 

No 
base b b x level 

a c a c 

1 22,5 280 615 590 - 335 310 -
2 305 280 600 - 635 320 - 355 

3 605 280 615 595 625 335 315 345 

4 905 280 585 580 615 305 300 335 

5 1205 280 .'555 520 600 275 240 320 

6 1495 280 370 335 455 90 55 175 



TEST NO. ld 

Flow Measurement: 

Water Depths: 

No x 

1 22,5 
2 305 
3 605 
4 905 
5 1205 
6 1495 

top 
bottom 

difference 

base 
level 

a 

280 545 
280 560 
280 555 
280 545 
280 510 
280 365 

5,88 
3,63 

2,25 

5,89 
3,62 

2,27 

Q = 0,0391.lh 

Readings 

b c 

530 -
- 600 

530 580 
510 565 
470 555 
335 425 

5,85 
3,64 

2,21 

5,89 
3,62 

2,27 

h 

2, 25 1 

0,0587 cumecs. 

Water Depths 

a b c 

265 250 -
280 - 320 
275 250 300 
265 230 285 
230 190 275 
85 55 145 
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TEST NO. le 

Flow Measurement: 

top 5,580 5,590 5,586 5,585 -bottom 4,795 4,782 4,786 4,783 h 

difference 0,785 0,808 0,800 0,802 0,799 I 
Q = 0,0391/h = 0,0350 cumecs. 

Water Depths: 

Readings Water Depth 

No base b b x level a c a c 

1 22,5 280 470 455 - 190 175 -
2 305 280 490 - 515 210 - 235 
3 605 280 490 450 520 210 170 240 
4 905 280 480 435 505 200 155 225 
5 1205 280 465 410 495 185 130 215 
6 1495 280 355 320 370 75 40 90 
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TEST NO. 1f 

Flow Measurement: 

top 4,14 4,13 4,13 4,12 
bottom 2,92 2,91 2,92 2,91 h 

difference 1,22 1,.22 1,21 1,21 1, 215 I 
Q = 0,0391/h = 0,0136 cumecs. 

Water Depths 

Readings Water Depths 

No base x level a b c a b c 

1 22,5 280 380 376 - 100 96 -
2 305 280 385 - 398 105 - 118 
3 605 280 381 367 391 101 87 111 
4 905 280 376 362 387 96 82 107 
5 1205 280 365 350 373 85 70 93 
6 1495 280 308 303 311 28 23 31 
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TEST NO. 2a 

Flow Measurement: 

top 6,120 6~115 6,121 6,103 
bol:tom 0,770 0,840 0,815 0,810 h 

difference 5,350 5, 275 5,306 5,293 5,306 l 
Q = 0,0391./h = 0,090 cumecs. 

Water Depths: 

Readings Water Depths 

No 
base b b x level 

a c a c 

1 22,5 300 633 626 624 333 326 324 
2 305 294 650 645 665 366 351 371 
3 605 288 635 635 650 347 347 360 

4 905 282 620 600 640 340 318 360 

5 1205 276 580 545 61Q 300 270 330 

6 1495 270 375 335 455 105 65 185 

7 1500 - - - - 210 190 160 
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TEST NO. 2b 

Flow Measurement: 

top 6,200 6,200 6,230 6,200 
bottom 2,980 2,968 2,975 2,955 h 

difference 3,220 3,232 3,255 3,245 3,238 I 
Q 0,0391/h = 0,0704 cumecs. 

Water Depths: 

Readings Water Depths 

No base b b x level a c a c 

1 22,5 300 568 573 570 268 273 270 
2 305 294 615 585 630 321 291 336 
3 605 288 586 565 620 298 277 332 
4 905 282 560 545 605 278 263 323 
5 1205 276 550 505 675 274 229 399 
6 1495" 270 365 330 440 95 60 170 
7 1500 - - - - 190 170 140 
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TEST NO. 2c 

Flow Measurement: 

top 5,827 5,825 5,82 5 5,826 
bottom 4,615 4,626 4,61 8 4,620 h 

difference 1,212 1,199 1,20 7 1,206 1 ,206 

Q = 0,0391/h = 0,0429 cumecs. 

Water Depths: 

Readings Water Depths 

No x 
base 
level a b c a b c 

1 22,5 300 515 483 502 21 5 183 202 
2 305 294 528 484 550 23 4 190 256 
3 605 288 521 477 542 23 3 189 254 
4 905 282 510 456 533 22 8 174 251 
5 1205 276 483 427 515 20 7 151 239 
6 1495 270 350 316 490 8 0 46 220 
7 1500 - - - - 15 0 130 100 
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TEST NO. 2d 

Flow Measurement: 

top 6,586 6,587 6,586 6,586 
bottom 6,310 6,311 6,310 6,310 h 

difference 0,276 0,276 0,276 O, 276 0,2761 

Q = 0,0391/h = 0,0205 cumecs. 

Water Depths: 

Readings Water Depths 

No base b b x level a c a c 

1 22,5 300 417 407 424 117 107 124 
2 305 294 424 402 450 130 108 156 
3 605 288 424 394 446 136 106 158 
4 905 282 416 384 435 134 102 153 
5 1205 276 395 368 425 119 92 149 
6 1495 270 314 311 326 44 41 56 
7 1500 - - - - 80 65 60 
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TEST NO. 2e 

Flow Measurement: 

top 6,518 6,518 6,518 
bottom 6,475 6,475 6,475 ' h 
difference 0,043 0,043 0,043 0,043 I 

Q = 0,0391/h 0,0081 cumecs. 

Water Depths: 

Readings Water Depths 

No x base 
level a b c a b c 

1 22,5 300 358 354 338 58 54 38 
2 305 294 357 351 348 63 57 54 
3 605 288 351 346 349 63 58 61 
4 905 282 344 337 336 62 55 54 
5 1205 276 331 328 334 55 52 58 
6 1495 270 296 292 294 26 22 24 
7 1500 - - - - 44 33 36 
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TEST NO. 3a 

Flow Measurement: 

top 5,610 5,600 5,615 5,590 
bottom 0,339 0,3400 0,375 0,362 h 

difference 5,271 5,260 5' 230· 5,228 5,247 l 
Q = 0,0391/h = 0,090 cumecs. 

Water Depths: 

Readings Water Depths 

No base b b x level a c a c 

1 22 447 600 585 ' - 153 138 -
2 301 405 650 585 660 245 180 255 
3 597 361 630 575 635 269 214 274 
4 894 316 590 545 605 274 229 289 
5 1191 272 545 485 580 273 213 308 
6 1477 229 335 290 420 106 61 191 
7 1500.- - - - - 220 210 160 
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TEST NO. 3b 

Flow Measurement: 

top 5,855 5,830 5,850 5,840 
bottom 1,765 1, 779 1, 772 1,795 h 

difference 4,090 4,051 4,078 4,045 4,066 I 
Q = 0,0391./h = 0,079 cumecs. 

Water Depths: 

Readings Water Depths 

No base b b x level a c a c 

1 22 447 570 560 - 123 114 -
2 301 405 615 544 655 210 139 250 
3 597 361 602 530 630 241 169 269 
4 894 316 570 510 605 254 194 259 
5 1191 272 530 460 550 258 188 278 
6 1477 229 335 285 400 106 560 171 
7 1500 - - - - 210 190 150 
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TEST NO. 3c 

Flow Measurement: 

top 5,820 5,810 5,820 5,826 
bottom 2,629 2,635 2,652 2,605 ii 

difference 3,191 3,175 3,168 3,221 3,189 I 
Q = 0,039llh = 0,070 cumecs. 

Water Depths: 

Readings Water Depths 

No 
base b b x level a c a c 

1 22 447 540 542 - 93 95 -
2 301 405 585 518 640 180 113 235 
3 597 361 575 505 610 214 144 249 
4 894 316 550 475 570 234 159 254 
5 1191 272 500 435 550 228 163 278 
6 1477 229 330 280 390 101 51 161 
7 1500 - - - - 200 170 120 
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TEST NO. 3d 

Flow Measurement: 

top 6,290 6,295 6,300 6,290 
bottom 4,075 4,068 4,070 4,082 h 

difference 2,215 2,227 2,230 2,208 2,220 I 
Q = 0,039llii = · 0,058 cumecs. 

Water Depths: 

Readings Water Depths 

No 
base 

b b x 
level a c a c 

1 22 447 518 516 - 71 69 -
2 301 405 558 490 610 153 85 205 
3 597 361 538 475 590 177 114 229 
4 894 316 520 442 555 204 126 239 
5 1191 272 475 400 535 203 128 263 
6 1477 229 318 270 380 89 41 151 
7 1500 - - - - 160 140 120 
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TEST NO. 3e 

Flow Measurement: 

top 6,040 6,030 . 6,030 6,025 
bottom 4,875 4,880 4,886 4,894 h 
difference 1,165 1,150 1,144 1, 131 1, 148 l 

Q = 0,0391/h = 0,042 cumecs. 

Water Depths: 

Readings Water Depths 

No base b b x level a c a c 

1 22 447 488 487 - 41 40 -
2 301 405 500 463 550 95 58 145 
3 597 361 482 435 520 121 74 159 
4 894 . 316 460 402 505 144 86 189 
5 1191 272 422 365 473 150 93 201 
6 1477 229 303 265 325 74 36 96 
7 1500 - - - - 130 110 80 
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TEST NO. 3f 

Flow Measurement: 

top 5,765 5,765 5,765 
bottom 5,525 5,525 5,525 h 

difference 0,240 0,240 0,240 0,240 
., 

Q = 0,0391/h = 0,019 cumecs. 

Water Depths: 

Readings Water Depths 

No 
base b b x level 

a c a c 

1 22 447 464 460 - 17 13 -
2 301 405 448 437 431 43 32 26 
3 597 361 410 395 394 49 34 33 
4 894 316 376 355 358 60 39 42 
5 1191 272 338 317 336 66 45 64 
6 1477 229 267 260 265 38 31 36 
7 1500 - - - - 70 50 60 



APPENDIX B 

TABULATED RESULTS OF MTATA DAM TESTS 





TEST 3 With tower and 3 splitters for bridge supports 

Flow Measurement (m, m3 /s) Deep pool (nnn) Prototype values 

h1 h2 8h h Q gauge head h(m) Q(m3 Is) 

5,436 5,260 0,176 0,176 0,0164 250,9 23,4 1,498 538 

5, 715 4,433 1,282 
5,708 4,435 1,273 
5,708 4,440 1,268 1,274 0,0440 279,4 51,9 3,322 1446 

5,945 3,460 2,485 
5,960 3,425 2,535 
5,950 3,400 2,550 2,523 0,0621 292,7 65,2 4,173 2035 

6,070 2,399 3,671 
6,080 2,405 3,675 
6,065 2,425 3,640 3,662 0,0748 300,9 73,4 4,698 2451 

TEST 4 With Tower, 3 bridge supports, and a splitter on the opposite 
side at chainage 155. 

Flow Measurement (m, m /s) Deep pool (nm) Prototype values 

h1 h2 8h h Q gauge head h(m) Q(m3 /s) 

6,150 2,539 3,611 300,2 
6,142 2,520 3,622 299,5 
6,120 2,555 3,565 299,6 
6,120 2,549 3,571 3,592 0,0741 299,0 72,1 4,614 2428 
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TEST 5 Depths measured along centre line of receiving and discharging channels 

Chainage 155 175 200 250 300 350 400 450 500 

- Qm .. 0,0074 125 100 90 75 70 70 70 70 39 Depth in model (mm) 
Cl) -- Q = 243 8,00 6,40 5,76 4,80 4,48 4,48 4,48 4,48 2,50 Prototype equivalent 

"' a ·p 
.._, 

:t ~= 0,0742 350 360 320 300 255 240 200 130 70 Depth in model (mm) 
0 

..-l Qp = 2430 22,40 23,04 20,48 19,20 16,32 15,36 12,80 8,32 4,48 Prototype equivalent rr.. 

SUPPLEMENTARY TESTS The splitter configuration in test la was as in test 1, in 2a as in 2 and in 
3a as in test 3. 

Flow Measurement (m, m3 /s) Deep pool (nm) L.H.S. (mm) R.H.S. (mm) 
No 

h1 h2 ~h Q gauge head gauge head gauge head 

la 6,035 2,483 3,552 
6,055 2,450 3,605 
6,070 2,435 3,635 0,0742 300,6 73,1 425,2 62,9 434,5 69,5 

2a 6,040 2,430 3,610 
6,050 2,415 3,635 
6,050 2,423 3,627 0,0744 296,7 69,2 420,5 58,2 428,2 63,2 

3a 6,035 2,483 3,552 
6,055 2,450 3,605 
6,070 2,435 3,635 0,0742 300,6 73,1 424,0 61,7 433,3 68,3 

(m) 

(m} 

"""' 0 
0 
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