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ABSTRACT 

FACULTY OF ENGINEERING AND APPLIED SCIENCE 

CIVIL ENGINEERING 

Doctor of Philosophy 

HYDRAULICS OF FLO'r,! OVER SIDE V^IRS 

by Ahmed Moustafa Mohamed El Khashab 

This thesis reviews the present state of knowledge of the 

hydraulics of flow over side weirs, and describes an experimental 

investigation into the flow of water over side weirs using a 

laboratory flume. 

A detailed exeimination is made of the assumption conventionally 

used by many investigators that the total energy of the flow 

remaining in the channel does not vary along the length of the 

side weir (excluding friction loss), and following consideration 

of oarlier warke in this subject. Some new conclusions are 

suggested concerning the weir coefficient, the variation of the 

velocity sind pressure distribution coefficients and the end 

controls. 

The secondary flow observed along the side weirs in the 

experimental work and the changes it underwent on progressing 

along the side weir are described in detail. Some degree of 

confirmation of the analysis was achieved for the exact way 

in which the flow moves along the side weir as it leaves the 

channel section and enters the side weir section. 

The background of the side weir theory is given in detail, 

preceding an examination of the predictions of this theory in 

terms of the results of the present and other experimental 



investigations. It has been found that even when the energy of 

the secondary flow and the non-uniform velocity distribution are 

allowed for, the observed Total Energy Line along the weir length 

falls considerably below the horizontal. From observations it 

could be seen that the longitudinal component of velocity of 

water flowing over the side weir is usually considerably higher 

than the average velocity of the water remaining in the channel. 

In this situation it was found necessary to use a momentum approach, 

taking into account the momentum of the water flowing over the side 

weir. 

The derived equation for the water surface profile along the 

side weir based on the momentum principle has been discussed in 

detail, some relationships for different cases are derived 

depending on the ratio between the spill flow over the side weir 

to the flow in the main channel upstream of the side weir, and 

also on the type of flow along the side weir. 

A computer programme based on the derived momentum equation 

predicted water surface profiles which compared well with the 

observed profiles. Also, a satisfactory comparison was made 

between the observed water surface profiles obtained by some 

earlier researchers and the computed water surface profile based 

on the technique developed in this thesis. 
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NOTATION 

The following symbols are used in this thesis; 

A cross-sectional area of the flow 

B bed width 

C height of weir sill above channel invert 

C weir discharge coefficient 
w 

d depth of flow at any section along the side weir length 

d^ depth of flow at weir entrance 

dg depth of flow at weir end 

d critical deioth 
c 

d normal deioth 
n 

d% added discharge between sections along the channel 

D mean depth 

sloiae of water surface dZ 

e depth of the centroid of flow area "A" below the surface 
of flow 

F Froude number 

F^ Froude number at side weir beginning 

Fp Froude number at aide weir end 

g gravitational acceleration 

6^ & Gg functions in gradually varied flov/ equation 

h head of flow over side v/eir crest at any section along 
the weir length 

h^ head of flow over side weir crest at entry to weir section 

h head of flow over side weir crest at end of weir section 

H total energy of flow 

H total energy of flow with respect to weir level as a datum 



(iii) 

L weir length 

L distance from the beginning of the weir to any section 
defined along the weir 

n frictional coefficient 

P pressure intensity 

PPM pressure plus momentum at any section along the channel 

(PPM)^ pressure plus momentum at side weir entrance 

(PPM)2 pressure plus momentum at side weir end 

q discharge per unit length of weir 

Q discharge in channel 

Q discharge in the main channel before tne beginning of the 
side weir 

discharge in the main channel after the end of the 
" side weir 

discharge spill over the side weir 

R hydraulic mean radius 

8 slope of line defining equal areas of cross-section 

friction slope 

S invert slope 

8^^ strength of secondary flow 

T water surface width 

U the mean velocity component of the lateral flow in the 
channel 

V velocity vector at any point in the flow cross-section 

V velocity component in the lateral direction at any point 
in the flow cross-section 

v,̂  velocity component in the vertical direction at any point 
^ in the flow cross-section 

V velocity vector projected on the plane of the cross-section 
xy 

V velocity component in the forward direction at any point 
in the flow cross-section 



(iv) 

V mean velocity in a given section 

V mean forward velocity in the main channel direction 
z 

velocity vector of the lateral flow over the side weir 

z height of invert above datum 

boundary shear stress along z direction 

(x: energy coefficient 

^ momentum coefficient 

f fluid density 

fluid dynamic viscosity 

surface tension 

^ angle of inclination of the velocity vector to the 
longitudinal axis of the channel 

^ a horizontal angle between the meridian plane and the 
plane of the velocity vector 

^ angle of deviation of the flow from the main cheinnel 
direc tion. 

A Z increment in longitudinal distance along the side weir. 



1. 

GSAPTER 1 

INTROpncriON 

Open channel flow can be classified into a number of 

types with which it is necessary to be conversant in order to 

determine the limits of siny theory devised for solution of a 

problem in open channel hydraulics. The classification usually 

adopted depends on how the water changes in depth with time and 

distance. 

Steady and unsteady flow: If the depth at any given 

point in a channel is invariant with time, then the flow is 

said to be steady, and conversely if the depth at any given 

point varies with time, then the flow is said to be unsteady. 

Fniform and varied flow: Uniform flow is said to occur 

when the water surface is paralle1 to the channel bed. In 

practice this only occurs in long channels unaffected by entry 

and exit conditions. Varied flow implies that the depth 

changes with distance. This may be rapidly or gradually varied 

flow. Rapidly varied flow is characterised by having stream-

lines of considerable curvature. In the extreme case the flow 

profile is discontinuous, an example of this being the hydraulic 

jump. 

Conversely, gradually varied flow has streeimlines of 

small curvature and is much more amenable to mathematical 

analysis. 

Spatially varied flow: This occurs when the flow varies 

along the length of the channel; it may be an increasing or 

decreasing flow. These types of flow may be combined; for 
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example, it is possible to have spatially varied, unsteady 

flow. This particular phenomenon would occur if a flood wave 

travelled along a stream with overbank inflow or outflow. 

This thesis is wholly concerned with spatially varied, 

steady flow. This type of flow can be divided into two parts: 

a. Spatially varied flow with increasing discharge: 

Examples of this type of flow are run-off from highways, 

run-off from roofs into gutters, side channel spillways and 

flow in land drains. 

The first real understanding of the problem of spatially 

varied flow with increasing discharge came with the publication 

of a paper by Hinds (30), concerned with the design of side 

channel spillways for dams. 

The analysis of spatially varied flow with increasing 

discharge involves certain hydraulic factors not normsilly 

present in other types of open channel flow. The principal 

one of these is the disturbance created by the inflowing water 

which causes high internal friction and impact losses. The 

losses vary with the quantity of side flow and also the mode 

and velocity of entry. Considerable secondary currents are 

set up which further complicate the analysis. The previous 

effects render an analysis by the principle of conservation 

of energy of limited value. 

b. Spatially varied flow with decreasing discharge: 

This case occurs when water enters a chsinnel upstream, and is 

then drawn off laterally along the whole, or part of the 

length of the channel. This type of flow will be the main 

concern of this thesis, the common example of this flow being 
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the side weir, which is a standard device for the removal of 

excess water from a channel. Because of its practical importance 

some work has been written on the subject of the side weir which 

tends to overshadow other aspects of spatially varied flow. 

Not only have side weirs been used extensively for water level 

control in irrigation and drainage canal systems, but also they 

are a common method for decanting flow in sewerage systems. 

The danger of errors in the design of side weirs are 

obvious. In the case of open aqueducts, over-topping will cause 

flooding and may, by scour, damage the aqueduct. In sewers, 

where side weirs are used to a great extent, surcharging of 

the downstream section can, and often does, occur, and the 

pressure so developed may cause damage to the sewer itself. 

The hydraulic behaviour of side weirs has received 

considerable attention since the beginning of this century. 

However, a large number of these studies are empirical, in nature, 

and based upon experimental work of limited nature. Others are 

of a rational form, based on theoretical, considerations and 

backed by more detailed experimental work. Probably the first 

rational approach was made by Nimmo (44), 1928 and De Marchi (l6), 

1934. 

All the previous studies concerned with the hydraulics 

of flow along a side weir (which is a case of spatially varied 

flow with d.ecreasing discharge) suffer from deficiencies. For 

example, the assumption conventionally used is that the total 

energy of the flow remaining in the channel does not vary along 

the length of the side weir, although this assumption has never 

been completely verified experimentally. Moreover, for highly 



4. 

non-uniform flow, the assumption is made that hydrostatic 

pressure and uniform velocity distribution exists across the 

channel (that is, the pressure and velocity distribution 

coefficients are taken as unity) and resistajice coefficients 

are often questionable. 

Although the flow over the side weir makes a considerable 

angle with the direction normal to the weir, a conventional weir 

discharge equation of the form q = C (d - c)^'^ is used by 

all the authors, q being the discharge per unit length of weir, 

0 a discharge coefficient, d the water depth and c the weir height, 

No definite value was given to the value of C ; Ackers (1), 

Collinge (1$), and Subrameinga and Awasthy (64) suggested different 

values for sharp-edged weir coefficient "C ". 

For flow behaviour along the side weir, for supercritical 

flow on a mild slope, it is usually assumed that the flow will 

draw down to critical depth at the beginning of the weir. 

However, the exact way in which the flow moves as it leaves 

the channel section and enters the side weir section, is not 

really understood. The precise location of the critical depth 

point is therefore not exactly at the beginning of the weir. 

Further, experimental work is necessary to clarify this point. 

Hence, further fundamental considerations on spatially 

varied open-channel flow equations from the viewpoint of side 

weirs appear to be appropriate and timely, especially in view 

of today's increasing sophistication in engineering design 

and stringency in available money to support such projects. 

However, with the recent rapid progress in computer 

capability and numerical techniques, the possibility of solving 



more accurately open, channel flow problems Is increasingly 

promising. Consequently, there is a renewed, interest by the 

author in critically examining the approximations involved due 

to the assumptions made, so that the accuracy of the numerical 

solution will be satisfactory. 

The present study is an attempt to formulate the 

continuity, momentum and energy equations for a steady spatially 

varied flow equation with decreasing discharge in channels of 

constant cross-section, i.e. equations for the flow along the 

side weir. By careful examination of the previously developed 

equations, the restrictions involved in the conventionally used 

flow equations, the physical significamce of certain terms 

usually neglected, and the difference between the momentum and 

energy approach may be investigated. 

The existence of various "resistance" coefficients is 

also discussed. Also, numerical methods are used to obtain 

solutions of the derived equations with any specified initial 

and boundary conditions. 

Hopefully, through the formulation and discussion of 

the flow equations the present study will provide some new 

information on the behaviour of the flow in open channels with 

side weirs. 
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CSAPTEE 2 

RELATED PEEVIOUS 8IUDIE8 

SPATIAILY VARIED FLOW IN OPEN CEAmELS 

1. INTROPnCTION 

All the early inTestigations on formulation of flow 

equations related to the present subject were for incompressible 

homogeneous fluid in two-dimensional or prismatic channels and 

can be grouped in two categories: 

a) Derivation of one-dimensional equations for open channel 

flow without lateral discharge by integration of equations 

of motion; and 

b) One-dimensional formulation for spatially varied flow. 

To the knowledge of the writer no derivation of the one-

dimensional equations for non-homogeneous fluids has been 

published. 

In the first category of open-channel flow without lateraJ. 

discharge, much has been done on formulation of the flow equations 

for incompressible homogeneous fluids. European hydraulicians, 

by using the non-dimensional approach, derived various forms of 

open channel flow equations before the turn of the century (11)*. 

Eeulegan (37) was probably the first one to formally report a 

fundamental derivation of one-dimensional flow equations by 

integrating the equations of hydrodyneimics over a control volume 

for a steady flow. Ee also showed that the one-dimensional 

* Numerals in parentheses refer to corresponding items in 
References* 



7. 

dynamic equations can be derived by using either the momentum 

or the energy approaches. Rouse and KcHown (48) vividly 

explained the difference between these two approaches. 

In the second category of formulation of spatially 

varied flow equations from the viewpoints of side channel 

spillways or weirs, the existing formulae giving the relations 

between quantity, depth of flow and length of side weirs may 

be divided into two distinctive classes: 

a) Those produced before the concept of specific energy, 

which, when coupled with principle of equating forces to 

rate of change of momentum, gave a satisfactory explanation 

of local phenomena in channel flow; and 

b) Those making use of the concepts. 

The former are generally empirical, or even based on 

incorrect assumptions, whilst the latter, although dimensionally 

correct, are supported by insufficient experimental work, and 

the variability of experimental coefficients with the weir 

dimensions and flow conditions has not been adequately studied. 

Hinds (30) investigated the steady flow of water from side-

channel spillways by neglecting frictional resistance. Faver 

(21) and Camp (10) each included frictional resistance in their 

studies. Beij (5) investigated the case of flow in roof gutters. 

Keulegan (37) extended the problem to include certain unsteadiness 

effects in two-dimensional flow. Li (4 o ) analysed the case of 

steady flow in a trapezoidal channel with uniform lateral 

inflow, first neglecting the friction resistance and then 

including it by using Chezy's formula with constant resistance 

coefficient. Ackers (1) and Frazer (25) investigated the flow 
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in rectangular channels over side weirs (channel with lateral 

outflow), neglecting the frictional resistance. Only recently 

Smith (60) introduced a computer program to calculate the 

water surface profile along side weirs. Traditionally, as 

in all the previously mentioned studies on lateral inflow 

the momentum approach is adopted, whereas for the case of 

lateral outflow the energy approach is used. Forchheimer (22) 

and De Marchi (I6) are believed to be among the first to adopt 

the energy approach to derive one-dimensional flow equations 

with obtaining assumptions on the total head or its gradient 

for the case of steady flow with decreasing discharge. Other 

early studies have been cited by Chow (11). 

Later Iwagaki (3)) adopted the one-dimensional approach 

by expressing velocities in integrals over the depth to 

formulate the unsteady two-dimensional continuity and momentum 

equations. He then assumed the flow to be laminar and neglected 

the effect on momentum flux due to lateral inflow to solve for 

the water surface profile. Stoker (62) following strictly the 

one-dimensional approach, derived a more elaborate momentum 

equation for unsteady spatially varied flow, allowing variation 

of channel cross sections, and carefully avoided discussion on 

its application to lateral inflow or outflow cases. 

Another school of researchers investigated the problem 

of spatially varied flow from the viewpoint of rainfall-runoff 

relationships, see for example Chen and Chow (12). In this 

case the problem is further complicated by the discrete nature 

of the lateral input. However, most of these studies considered 

the uns teady flow case. 
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Only recently, Strelkoff (63) has given admirable 

derivation by integrating the equation of motion and the 

corresponding energy and continuity equations over a control 

volume bounded by two cross sections. However, instead of 

expressing each of the terms involved explicitly he lumped 

certain terms into a turbulent correction coefficient and a 

pressure correction coefficient in his resulting one-dimensional 

equations. 

In the following section an attempt is made to review 

previous work on spatially varied flow from the viewpoint of 

side channel spillways or weirs for the case of decreasing 

channel discharge. 

2. 8PAT1,..' VARIED FLOW WITH DECEEA8ING DISCHARGE 

2.1. Fruling 

This formula is unsupported by experimental work, but is 

still quoted in text books; 

^ 2 

Qg = 0.707 yr L (H - c/ (2.1) 

No indication is given as to how E (Head over weir) is 

to be determined. 

2.2. Parmley 

By assuming a constant velocity, V, in the channel 

direction and a discharge formula of the Francis type for the 

elements of length of the weir section, Parmley (190$) arrived 

at the following expression: 

L = 0.106/g- B V ( ^ a ) (2.2) 
X d ^ - C ) " ^ ( d ^ - c f 
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= depth at upstream end of the weir and d^ = depth at 

the weir end. 

The formula is dimensionally correct, but is unsupported 

by experimental work. As will be shown, the assumption of 

constant velocity is wrong and no indication is given as to 

how its value is to be found. 1 is only positive if d^. 

2 .3. En,,, ?jr-_.ila 

In 1917 Engels published the results of extensive tests 

he had carried out on a large scale model. Using a rectanguleir 

channel, he conducted tests with the following limits: 

Channel width = 0.21 to 2.00 m 

Length of crest = 0.5 to 0.97 m 

Main channel velocity = 0.5 to 0.57 iq/sec 

From his experiments, Engels derived a formula based on 

the assumption of constant specific energy of flow: 

Qg = 3.32 (d^ - (2.3) 

Engels also carried out some work on the discharge over 

side weirs when the channel width is gradually reduced along the 

length of the weir profile A, Fig. 2.1. From these tests he 

obtained the formula: 

Qg = 3.32 1°'^ (d^ - c)^'^° (2.4) 

where Q = discharge over the side weir, I, = length of weir 

crest in feet, d^ = depth of water downstream of the side weir 

in feet and c = height of crest above the channel bed in feet. 
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2.4. Coleman and. Smith 

Coleman and Smith (1923) produced three formulae as a 

result of their experiments, which were carried out on a channel 

0.10 m wide and 0.15 m deep with a weir plate set, as far as can 

be ascertained, 25 mm from the channel bottom. In all cases 

reported the depth of flow decreased from upstream to downstream, 

although it was noted that, under certain conditions, a standing 

wave was formed downstream profile B, Fig. 31. Thus the eacperiments 

were confined to rapid flow conditions in the weir section. 

Three formulae were advanced, the first: 

= 0.671 (2.5) 

for a knife edge weir being entirely empirical. It will be noted, 

however, that the formula is almost dimensionally correct. 

Experiments with a rounded weir crest gave slightly varying 

values of the coefficients. 

From the erroneous assumption that the discharge over the 

weir varies as the channel width, a second formula: 

Qg = 1.65 B (h^)^'^^^ (2.6) 

From a theoretical einalysis, a semi-empirical formula: 

L = 0.55 B V (2.7) 

where; 

h^ = depth of water above crest at the beginning of the weir, 

hg = depth of water above crest at the end of the weir, 

V = velocity of flow in main channel between both upper 

and lower ends of the weir, 

L = length of weir crest in feet, 

B = width of channel in feet 
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In the third formula h^ is usually taken as 20 mm. It 

will be seen that the term 1 tends to infinity as h^ decreases. 

2.5. Nimmo 

In 1928 Nimmo presented a paper in which he investigated 

the theory of flow in a side spilling channel. He carried out his 

experimental work in the Hydraulic Department of the Government of 

Tasmania. 

He considered the general case of a sloping channel, with 

the width and the slope of the sides varying from section to 

section, and having water discharge outward over one side. 

From the principle of conservation of momentum, the change 

of momentum in the length 6L, less momentum lost with the over-

flowing water, must equal the algebraic sum of the external forces, 

From this he obtained a very long and unwieldy equation for the 

slope of the water surface 

Nimmo simplified his equation by taking the case of a 

rectangular channel of constant width B, thus reducing to: 

dz " ^ (2.0) 

g (Bd) 

where a is obtained by a normal weir formula using h for the head 

on the weir (q = - C h ). 

Further simplifications, by assuming the channel to be 

horizontal and neglecting friction losses, reduced the above 

equation to: 

M _ AQ q , q\ 

- a - g ' 



Nimmo applied his theory to a practical case and made a 

large scale experiment in a timber flume, Fig. 2.2, having a bed 

width of 1.75 m and side slope of 2/3 : 1. The flow in the flume 

was determined by a current meter, and the total flow entering the 

% % 

timber flume was 10.0 m /sec^ of which a quantity of 6 .6o m /sec 

was discharged over the spillway. 

Se obtained a computed total discharge of 10.$ m^/sec which 
% 

agrees with the measured discharge of 10.0 m /sec. 

It seems obvious that although Nimmo neglected the friction 

losses in his equation the arrangement of his timber flume caused very 

high friction losses due to the fitting of the timber battens on the 

inside. Also, the total flow entering the flume is not suitable to 

the flume dimensions and gives very high velocities and turbulence. 

2.6. Forchheimer 

In 1930 Forchheimer obtained a relationship between the 

upstream and downstream heads over the side weir. He assumed 

constant specific energy but introduced a term for friction losses. 

The equation was in the form: 

2 2 

^ » . . . . . * (2.10) 
2 g / gj-.y 

where: = the discharge at entry to weir section, 

Qg = the discharge in the main channel at end of the weir section. 

The application of the ordinary rectangular weir formula, using 

a mean head gave: 

? / + dp \ 
^ f - c ; 1 (2.11) 

2.7. Velatta 

Velatta (1934) carried out a series of experiments in a 

level rectangular channel of variable channel width B, and weir 
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height (B = 0.12, 0.24$ and 0.405 m, C = 0.11* 0.113 and. 0.l6 m, 

li = 0.207, 1.55 ni). Velatta, after examining various formulae, 

found that the discharge formula due to Forchheimer (22) gave the 

best results. He obtained a value of G = 0.64, giving a scatter 

of ^ 9.30% with a discard of 12$6 of the tests. In place of the 

constant specific energy relation of Forchheimer, he advanced a 

dimensionally incorrect, empirical formula in order to complete 

the solution: 

dp - d 
L = 1.90 C + 0.42 ^ m e t e r s (2.12) 

He also concluded that flow with a decreasing depth along 

the weir from upstream to downstream "cannot be other than a 

particular case and difficult to reproduce". 

This conclusion is not surprising since in each of his 

6]$ tests the weir height was great compared with the depth of 

flow over it and tranquil flow was always obtained, 

2.8. Favre 

Favre (1933) considered the general case of water entering 

or leaving a channel of variable cross-section and, by applying 

the principle of equating force to rate of change of momentum 

between two sections an infinitesimal distance apart, and making 

allowance for friction losses, obtained the following differential! 

equation: 

- dS = 

where V = average velocity in the main channel at distance L' 

from entry to weir section, K is a friction coefficient, M is the 

hydraulic radius and 7° is the component in the direction of flow 

V d V' 
+ ( 1 . . . . (2.13) dL' + 

gA 
K M 
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main channel of the velocity of the quantity of water being 

discharged from, or received into, the main channel. 

This equation can be reduced to a finite difference form; 

AH = \ 4L + (l - | - ) • • <2-l« 

where AH is the increase in depth of flow between section 1 and 

2 distance 6L apart, and where and are the mean velocity 

and mean area of flow between section 1 and 2. 

It may be noted that, in the case of water being discharged 

in such a manner that V° = V , the formula reduces to one similar 
m 

to that advanced by Forchheimer (22). Again, by dropping the 

friction term, a reduction to the assumption of constant specific 

energy made by Engels (2.)) results. 

The equation cannot be solved unless the quantity entering 

or leaving the main channel in the length A L and its velocity 

component in the direction of flow in the main channel are known. 

If these are independent variables, as in the case of a 

collecting channel being supplied in such a manner that the supplying 

flow is not controlled by the main channel, the solution is 

straightforward. If they are dependent variables, as in the 

case of discharge from the main channel by holes, siphons or side 

weirs, another expression relating quantity, head and length must 

be sought in order to obtain a solution. This is not made clear. 

The complexity of the equation prevents a ready discussion of the 

possible characteristics of the flow. 

The formula was verified on several occasions for collectors, 

notably on studies of the Boulder Dam spillway, and Faver and 

Brandle carried out a further series of tests to check on the 
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friction terms in the formula. The experimental work was carried 

out in a level rectangular channel, 0.20 m wide. Weirs 2.00 m 

long were let into the walls of the main channel on both sides, 

their crests being eemi-circular of 4o mm radius and at a height 

of 0.2196 m from the channel bottom. No variation was made in 

these dimensions throughout the teats. 

2.9" De Marchi 

In 193^ De Marchi published a theory developed from the 

assumption of constant total energy along the weir. He made the 

following assumptions: 

a) Condition of steady flow exist. 

b) The weir is situated in an infinitely long channel of uniform 

cross-section. 

c) The sill of the weir is parallel to the channel bed. 

d) At a certain distance upstream and downstream of the weir flow 

in the channel is uniform. 

e) The discharge over any given length of the weir can be 

calculated from the formula: 

q = ^ = - (2.15) 

f) The total energy line remains parallel to the bed of the 

channel. This means that the theory is confined to short 

weirs, or to those where the friction loss can be neglected. 

From the analysis of the flow, De Marchi gave an expression 

for the rate of change of depth, d, w.r.t. length of weir, L. 

Sis expression can be written: 

^ —r- q (2.16) 
B - g 
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From the above equation it can be seen that ^ is positive 

(rising profile) when 7 ^ y g d (tranquil flow) and negative 

(falling profile) when Vg')y\^gd (shooting flow). 

De Marchi proceeded to show that three possible profiles 

existed. These profiles are asdiown in Fig. 2.3. Moreover he 

gave an exact solution of his equation for a rectangular channel. 

^ - ^o = f 
w 

2E - :$C, /E - d ^ -/ _ ^ /E — d 
E — C . . . . (2.17) " C V d " G 

where E is tl^ specific energy in tl^ channel. 

Representing the term in square brackets by ^ ; the 

discharge between the two successive sections and in the 

channel where the depths of water are and d^ respectively, isi 

T T ^ 
^ 2 - ^ 1 = - f ' 

1 
E E 

(2.18) 

f d G 
The curves of ^ — for various values of the parameter — 

are given in Fig. 2.4. If the discharge and type of flow (and thus 

^) is known at one end of the weir, the above equation can be used 

to find the value of ^ at the other end of the weir. This in turn 

will give, using the equation: 

Q = B d ^ 2G (E - d) (2.19) 

the flow at that end of the weir, and hence by subtraction the flow 

over the side weir. 

2.10. V.K. Collinge 

Collinge (195^) started his paper with a critical resume of 

some early investigations of side weir flow, and also in the first 

part of his paper gave the solution of the De Marchi equation. 
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In order to investigate further the behaviour of side 

weire, the author constructed a model channel. The main channel, 

4.30 m long and 0.2$ m bed width, had a moveable centre plate 

incorporated :ui order tkat tt^ channel width could be varied. 

Bolted to the upstream end was an inlet tank full of pebbles in 

which the 10.0 cm supply pipe was buried. The downstream end was 

fitted with a flap across the flume in order that the downstream 

depth could be controlled. #ater passed over the flap and into a 

measuring tank from which it returned to the laboratory circulating 

system. 

The first aim of his work was the determination of water 

surface profiles. This part of his work was carried out with the 

centre plate set to give a channel width of 0.10 m. This was 

necessary in his apparatus to obtain shooting flow, which was not 

possible with the 0.2$ m channel. 

The second aim of Collinge's work was to examine the 

application of the De Karchi theory. A series of runs were made 

usinp; a 0.30 m wide channel with a free nappe on the weir. The 

channel width was altered to 0.10 m and a further two series of 

runs were made, one v/ith an adhering nappe and one ivith free nappe 

on the v/eir and with all the flow in the main channel passing over 

the side weir. This condition kept to the minimum any effects 

which velocity parallel to the weir may have had on the weir 

coefficient. 

A curve between the ratio of experimental discharge and 

theoretical discharge (calculated from De Marchi theory) versus 

Froude number in the main channel upstream of the weir was drawn 

as shown in Fig. 2.^. From this curve it can be noticed that the 
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De March! theory is a^iplicable without a large error up to about 

= 0.95. In the region of F = 1.0, there is a wide divergence, 

but beyond F^ = I.I5 there is again quite good agreement. 

The third aim of his experiments was to calculate the weir 

coefficient for a sharp edged weir, and to study the effect of 

velocity in the channel along the side weir on the weir discharge 

coefficient. 

From the first set of runs, made with all flow passing over 

the weir, graphs were drawn plotting mean head on weir (logarithmic 

scale) to a base of discharge over weir (logarithmic scale). For 

small variations in depth the mean head on the weir was taken as 

the mean value of (d - C) along the length of the weir. For large 

variations in depth the mean head was calculated according to: 

Mean head = (d - 0) =(Y [ - C)/'^ dl)/^ . . . (2.22) 

The discharge Q corresponding to this head is: 

(d - C) 
n 

(2.23) 

From these graphs the weir coefficient given in the following 

table for weir length = 0.30 m and weir height above channel bed = 

0.05 m. 

Channel wd^th 

coefficient 

Channel wd^th Adhering nappe Free nappe Channel wd^th 

c* ^w * 

0.30 m 

0.1 m 1.33 1.80 

0.352 1.42 

0.374 1.46 
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However, the author suggeated the value of n of 1.50 must 

be used in order that the theoretical solution can be arrived at 

(De Marchi solution). Hence, with little error, the appropriate 

experimental values of Cw could be used together with n equal to 

1.50. 

The effect of velocity of flow in the main channel on the 

weir coefficients was studied. Three series of runs were made with 

only a part of the flow in the main channel passing over the side 

weir, the mean head and weir coefficient, being calculated in 

exactly the same previous way. Also the velocities of flow in the 

channel at the upstream and downstream ends of the weir were 

calculated, azid the mean velocity of flow in the channel along 

the weir was taken as the average of these two figures. 

For each run the difference between the calculated value C 
w 

and the kno?m value (see the last table), expressed as a percentage 

of the latter, has been plotted to a base of the mean velocity of 

flow along the weir, Fig. 2.6. 

From this curve the reduction in C can be seen for mean 
w 

velocities from 0 to 1.2$ rq/sec under the free nappe condition. 

2.11. Peter Ackers 

Ackers (195^) introduced a paper on side weirs in connection 

with overflowing excess storm water in sewerage systems and channels^ 
ACKtMS (iSej C i3(eiv\aY\. - Swm'tk 

. The majority of side weirs had been designed on the basis of 

experiments carried out in 192i$ by Coleman and Smith. 

In order to simplify his analysis of non-uniform flow at a 

aide weir, he neglected the friction losses and assumed it to be 

balanced by the gradient of the channel, or else that it was small 
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in relation to total head. Also constant specific energy was 

assumed. 

Eowever, Ackers believed that, by combining Bernoulli's 

theorem and a weir discharge formula, an equation for the water 

profile at a side spillway can be derived, making allowance for 

variation in channel velocity. 

The following relates to a channel of rectangular cross 

section, with weir parallel to invert and water surface falling 

to an unrestricted outlet, Fig. 2.?. Three simultaneous equations 

of flow are combined to form the general differential equation for 

the profile. 

Velocity: In accordance with considerations the velocity 

along the channel direction, 7, is related to water depth by the 

equation: 

= '^V^/2g + ,8h (2.24) 

where E = the modified specific energy related to the weir level. 

At any section, the flow remaining in the channel is given 

by the equation: 

Q = B (h + G) Vg (2.25) 

The water surface is assumed to be level at any cross section. 

Discharge over side weir: Considering an element of weir 

length dig the v/eir equation becomes; 

dq = - C h^- dl. (2.26) 

w 2 

From equation (2.2$) by differentiation (assuming variable 

width): 
d f = (h + C) Vg . B((h + C ) ^ + , . . . . (2.27) 

2 " . -^2 
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From Eq. (2.24), since E is constant (energy being 

conserved): 

dV _ g f dh 
dL^ " " "x; 

(2.28) 
2 "2 2 

Inserting Eqs. (2.26) and (2.28) in Eq. (2.2?): 

7 2 dB 
dL, 

(h + C) Vg + B ^(h + C) ^ ' (2.29) 

2 ^ . .g, ̂  

This is the general differential equation for the water 

profile along a side weir, and if the channel width is constant, 

thea;^- = 0 aind Eq. (2.29) c&n be re-written: 

dl. 

Of y_ — { H h * 0) -

w 

from which can be eliminated, using Eq. (2.24): 
Zi 

I.e. 
dig 

dh 
= B 

/2g I M h + C) - (E^ - /S h) 

06 
\/E_, - ph 

(2.)0) 

The solution of Eq. (2.30) is; 

^ C 
^ 2 ' f y e 

w 

2 -
E 
w 

^w 
/E 
w 

- 3 1 cos 
- 1 

^h 

E 
^ - cos"^ 

w 
E 
w 

(2.31) 

From the above equation it is clear that Ackers had succeeded 

in solving his differential equation of the water surface profile. 

Se then dealt with the application of his formula to design 

problems, and gave values of weir coefficient and of coefficients 

and ^ . 

w 
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For weir coefficient he re-examined the experimentsil 

results of Francis, Coleman and Smith, and he mentioned the 

weakness of the Coleman and Smith formula. Ackers confirmed the 

adoption of tne equation Q = 1 h as tne basic weir formula, 

with coefficient of discharge equal to 3.33 (feet units) in the 

various design formulae. 

For velocity coefficient and pressure head coefficient 

, he carried out a series of experiments. The results of his 

work was that in practice equals approximately 1.4o and is not 

likely to be less than 1.20, and ^ equals approximately 0.80. 

He had observed that a definite relation exists between 

incoming head above weir level h^ and upstream total head E . 

The relation between these variables is ^ = 0.30. 
^w 

In all practical cases, however, he considered that the 

water level at the upstream end of the weir will draw down to 

midway betv;een crest level and the total energy line. 

Vifith further development of his method of design of side 

weirs, Ackers came to the conclusion that a necessary condition 

for a falling profile along the weir section was that the weir 

height was less than half the total energy head above the bed. 

Ackers is the only one to consider the effect on side vfeir 

discharge of the installation of dip plates. A considerable 

reduction in discharge will occur if the clearance around the dip 

plates is small in relation to bead. The preceding theory was 

based on a weir discharge equation, but if h is large relatively 

to the clearance e at dip plate, the conditions are similar to 

discharge from an orifice, so that the more general formula: 

1/2 
= G e L h/'" (2.32) 
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The parameters of the above equation are shown in Fig. 2.?. 

The coefficient G will depend upon the geometrical shape 

of the channel,weir and dip plates. A value of 4.0 is tentatively 

suggested in the absence of experimental data. 

Ackers clearly stresses the effect of the control at the 

downstream end of a storm-overflow manhole which may take the form 

of a venturi flume, a pipe of limited capacity, or an orifice plate, 

This control, in combination with a relatively low weir, may induce 

a standing wave in the overflow channel, nullifying the theoretical 

profile from thereon and creating a head on the control device that 

may not have been anticipated in its design. 

At the end of his paper Ackers introduced a design chart. 

Fig. 2.8, based on the values of coefficients previously suggested 

for design purposes, i.e. C = 3.33 (feet units), = 1.4o, 

p = 0.8, a design ratio between — = 10, the equation derived 

before reduces to; 

L_ = 2.03 B (5.28 - 2.63 1^) (2.33) 

^ ""w 

Although this paper was one of the best papers presented for 

discussion, some points must be made;. 

(i) The new profile formula by Ackers provides a convenient 

method when a falling profile occurs. Infhen the conditions 

are such that the water surface rises towards the outlet, 

the application of a profile equation is fallacious. 

(ii) The values of velocity coefficient and pressure head 

coefficient ^ , given by Ackers were approximate values 

which might need generalisation. 
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(iii) He confirmed the adoption of % = G ^ L h as a basic weir 

formula, but he does not define the position and value of 

h upon which the discharge equation is based, particularly 

as the water surface through the weir cannot be assumed 

horizontal. 

(iv) In order to simplify the analysis, constant specific energy 

was assumed, neglecting the friction, or assuming the 

friction losses balanced with the gradient of the channel. 

2.12. William Frazer 

In 1957 Frazer published the results of a series of 

experiments carried out on a side weir in a rectangular channel 

in which the dimensions of the weir varied over a wide range. 

He started his experimental work by constructing a small 

pilot model in a rectangular channel in order that a qualitative 

study of the flow could be made before any major experiments were 

carried out. 

The main apparatus consisted of a rectangular channel 0.21$ m 

wide by 0.22$ m deep and 6.10 m long, the weir length being variable 

in steps of 4o mm to 1.50 m. The weir crest could be set at any 

height above the channelL floor and the width of the channel was 

variable. The main channel was constructed of three 1.80 m long 

wooden sections, the centre length being L-shaped in cross section 

and fitted with angle brackets which carried the weir plate. The 

channel terminated in a 0.60 m long metal section incorporating a 

sluice gate at the junction to the wooden chajinel for the purpose 

of controlling the downstream discharge and water level. 

His analysis of the problem was based on the following 

assumptions: 
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(a) The pressure head at any point is equal to the depth of 

that point below the water surface. 

(b) The velocity, Vg, is uniform at any section in the main 

channe1. 

(c) The friction losses are ignored between section L and 

If + dlf. 

(d) The component of the velocity parallel to the main channel 

of the quantity A Q passing over the weir is equal to the 

velocity in the main channel direction. 

(e) After the quantity AQ passes the vertical through the 

weir crest there is no pressure at any point. 

With these assumptions Frazer used the momentum 

approach but showed this to be equivalent to the energy 

approach, implying: 

- g p . a . ^ ( 2 . 3 4 ) 

This means that the specific energy of flow is constant, 

i.e. over the weir length there is no energy exchange between the 

water in the main channel and that flowing over the weir. 

Moreover, Frazer classified the flow on the side weir into 

three types depending upon the properties of flow in the main 

channel and the length of the weir. 

Case I illustrated in Fig. 2.9 could take place only if the 

weir crest was set below the critical depth of flow in the channel, 

the flow accelerating as it approaches, reaching critical velocity 

at the upstream end of the side weir followed by rapid (or 

supercritical) velocities along the side weir. Depending on 

the downstream conditions, there was a hydraulic jump at the 

same distance from the side weir. 
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Case II, illustrated in Fig. 2.9, was the case of tranquil 

(or subcritical) velocities throughout the channel, and occurred 

if the weir crest was set above the critical depth, or if the 

downstream water depth was very high and the side weir short. 

Case III,illustrated in Fig. 2.9, was intermediate between 

I and II in that the upstream conditions were those of Case I and 

the downstream conditions those of Case II, v;ith a hydraulic jump 

in the main channel opposite to the side weir providing the link. 

In order to solve the problem and obtain equations for the 

different types of flow mentioned before, Frazer made various 

attempts by theoretical analysis, but no great success was 

achieved. He had decided to seek a solution by means of fitting 

curves, Se drew many graphs and obtained different equations for 

each case of flow, all his results were derived on the assumption 

of constant energy and depended on fitting curves. 

However, Frazer was one of those who studied the case of 

the hydraulic jump on the weir section. He considered this case 

to be as a combination of Cases I and II, with the assumption 

that the rise in level of the water surface from rapid state 

to a tranquil state occurs abruptly. 

Ho single expression could be obtained because the 

experimental results vary with channel width B and water depth. 

He had given some relations for various ranges of B and q. 

From the previous summary of Frazer's work, it would be 

seen that the basis of his work was dimensional and mechanical 

consistency, but since the attempts to formulate a conclusive 

and comprehensive theory had met with little success, he had 
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decided to seek a solution by means of fitting curves to the 

plotted points representing his observations. The conclusions, 

whilst not as general as he had wished, had enabled him to 

formulate a proposed design method which, it was hoped, would 

be for the benefit of design engineers. 

2.1). H. Hill 

A general investigation into the hydraulics of side-spill 

weirs was detailed by Sill in his report (1962), which is 

distinguished mostly by experimental work rather than theoretical 

analysis. 

Ee had started his report by discussion of modes of flow 

with the assun^tion that, in all cases for a falling profile or 

shooting flow, critical depth occurred at the upstream of the weir 

entrance. 

Sill considered that assumptions were necessary for a 

theoretical solution of the profile equation, his assumptions 

being summarised as follows: 

(i) The energy loss was negligible, i.e. total energy constant 

along the weir. 

(li) The flow over the weir might be defined as dq = C (dZ)h 

where y equals the average depth in the channel, relative 

to crest elevation, at the point of discharge. 

(iii) The kinetic energy and depth coefficients, oc and are 

unity. 

(iv) The weir level was parallel to the bed, which was horizontal, 

Ee derived the falling profile equation from the constant 

energy approach and continuity equation. 
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From the continuity equation: 

q = A (2.35) 

and A = B (h + C) (2.)6) 

From the Bernoulli equation: 

+ (2.37) 

Assume sind P are equal to one, therefore: 

2 2 
^7 V 

E = + d or S = + h + C . . . . (2.38) 
2g 2g 

Using the weir level as datum Eq. (2.38) becomes: 

-ai" " • « - 5 9 ) 

where S = total head above weir level. 
w 

Upon solving Eq. (2.39) for velocity, it becomes: 

Vg =\/2g - h) (2.4o) 

From the traditional weir equation the incremental flow 

over the weir may be found. The weir coefficient C is assumed 
w 

constant. 

dq = - 2 C d Z h (double-sided weir) . . . . . . (2.4-1) 

Differentiating Eqs. (2.33), (2.4o) and (2.36), by combining 

them and solving for d(%, the equation becomes: 

dq = dh / 2 g (H^ - h) - ^ 

By letting dQ, equal - dq and solving for dZ the equation 

becomes; 

-

d2 = 3dh 

^ 2 ^ .^2 
L 21/H,., - h h" - - h h 
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Then, upon integrating, the depth equation is: 

Z = 1(2 - ^ - 1 - - 1 ) 
2 L ' - ' -1 

- ; (cos - cos (2.42) 

The above equation was cumbersome for practical use and 

the author presented a graphical solution. Therefore graphs for 

Q 
values of — of 0.1$, 0.2$ and 0.75 were prepared. Each graph 

d 
was plotted for against — with a family of curves for each 

d » 

— , where d is the water depth at any point at a distance x from 
w 

the beginning of the weir. One of these graphs is shown in 

Fig. 2.10 for ^ = 0.15. 
"*w 

Hill gave a description of his experimental work, which was 

carried out at the Hydraulic Research Station, Wallingford, England, 

The apparatus consisted of a channel 0.15 m wide which could 

be provided with either single or double-sided sharp crested weirs. 

The weir height was fixed at 40.0 mm to 75.0 mm and the length of 

the weir could be adjusted up to I.80 ci. The maximum discharge 

was 30.0 l/sec. The incoming discharge was measured with a 

calibrated Crump weir which Hill considered to be accurate to 

within 1 percent. The amount of spill was measured with a 

calibrated weir trapezoidal in cross-section. The aluminium 

weir plates were bevelled to reduce the effect of the adhesion 

and cohesion forces as much as possible. Pressure and velocity 

heads were measured by static pressure and total head tubes. The 

depths were measured by a point gauge moveable in three dimensions. 

A series of tests were run to determine the average depths 

along the weir for the falling profile case. The discharge, the 
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weir length smd effective width were varied In the determination 

of the water profiles. Twelve depths were recorded across the 

weir at each station and were averaged to find the average depth. 

From the experimental results Hill calculated four 

coefficients along the weir: kinetic head coefficient , 

momentum coefficient , pressure and potential head coefficient 

^ , and force coefficient Also, he plotted many graphs to 

show the variations of these four coefficients along the weir 

length. 

From his results it will be noted that the oC and ^ 

coefficients vary little from unity, and that they Increase in the 

dov/nstream direction. The ^ coefficient is greater than unity 

for negative curvature flow and less than unity for positive 

curvature flow. It will also be noted that the total head 

r^ained essentially constant along the weir. 

Another series of curves were drawn to show the variation 

in the spill flow dq along the weir as determined by the slope 

of the curve showing total discharge Q versus the distance along 

the weir. Also, he fitted the theoretical discharge curve to 

the actual spill curve. The results for the curve were not 

satisfactory. Hill believed that in order to obtain an acceptable 

fit, the beginning of the theoretical curve had to be shifted 

downstream of the weir opening. The amount of this shift was 

defined as 2 , because actually the water entered the beginning 

of the weir section after that distance (see Fig. 2.11). 

The initial water depth d in Eq. (2.42) was chosen so 

tt^ theoretical curve fitted the actual spill curve ^3 closely 

as possible. 
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The author discussed the drowning of a falling-profile 

side spill weir by the gradual application of downstream control. 

He defined the point of drowning for the purpose of his report, 

which was the point where the total energy upstream increased 

while the incoming discharge remained constant. 

The conclusion from his results was that low flows were 

more susceptible to drowning than higher flows. Therefore, the 

larger the incoming flow the less was the chance that drowning 

would take place. It also appeared that the width of the channel 

was a significant parameter when defining the point of drowning. 

For a given length and discharge per unit width, an increase in 

width will give a higher susceptibility to drowning. 

At the end of his discussion on drowning Hill believed that 

a general solution for the determination of the point of drowning 

had not been found. 

2.l4. M. Kurganov 

Eurganov (196?) presented a method for the calculation of 

a side spillway (Fig. 2.12E). The basic equations used are; 

^ = 2 ^ (2.^3) 
oO 9 A T 

" — 3 " 
g A 

'I - " ^ (2.44) 

The term 8 - being small in comparison to other terms 

can&ius be dropped from Eq. (2.43). With ^ = 0.9, the equations 

are in better agreement with experiments than with = 1 . 0 or 

1.10. Eq. (2.43) can thus be re-written: 

+ d = constant = (2.4$) 
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From Eq. (2.4-3) the relation between the rate of flow and 

the depth of water in the channel along the spillway becomes: 

Q = (°i - (2.46) 

By substituting Eq. (2.46) and Eq. (2.44) into Eq. (2.43) 

2 

and separating the variables, then putting A = bd + Zd and 

T = b 2Zd (where b is the bed width and 2 is the side slope) 

and integrating the result, there follows for a channel having a 

trapezoidal section: 

0 ^ ( 1 - ^ ) 1 = b ( K ^ ( 2 ) - K ^ ( l ) ; ) + Z C ^ ( K ^ ( 2 ) - E g ( l ) ) . . . (2.4-?) 

where 
itj_ = ( 2 . 3 4 - 3 . 3 9 - 3 . 3 9 (1 -

arctan\ / -
y d - C (2.48) 

and K_ = (7.55 - 8.60 p^) - 2.86 (1 -
2 G]_ 

y -i-To 0^> ^-81 ( 2 . 4 9 ) 

In the above equations C = weir height. 

It is noteworthy that the above two equations are based on 

= 0.90. For easier calculations, graphs could be prepared 

which permit determination of the value and K . By IC, (2) is 

meant the value of at the downstream end of the weir, while 

(1) refers to upstream end of the weir. 

Again, to simplify calculations, when 0.9, it is 
''I 

sufficiently accurate for practical purposes to use instead of 

Eq. (2«46)the relationship; 

d 0^ 
= 1 - 1.125 ^̂ 3 (2.50) 

"1 2g A^ 
where A is the cross sectional area for d = C . 
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After substituting kq. (2.^0) into Eq. (2.44) and 

integrating, the following equality is obtained: 

(c^ - c) (2.51) 

^ d^ — C ^ dp — C 

Eqs. (2.$0) and (2.51) can be used with a slight error for 

^2 2b + 
^ .056 ; pr" 1)1 the case of a trapezoidal channel and 

2g A- ^ + "1 

for Q,̂  / 0.078 in the case of a parabolic channel. 

2gA ^ 

2.15. Subramanya and Awasthy 

In 1972 the authors published a paper considering the 

hydraulics of the flow over side weirs; special emphasis was 

given to defining the variations of the weir discharge coefficient 

because sufficient information on the variation of the coefficient 

used in the De Marchi equation was not available. Therefore, the 

equation cannot be used with confidence in practice. 

An experimental study was carried out at the EydraLilic 

Laboratory of the Indian Institute of Technology. The experiments 

were conducted in two horizontal channels. The first one was the 

main channel of length 9.00 m and width O.61 m. The channel was 

provided with two gates, one at the upstream end and the other at 

the downstream end. Also, there were baffles and screens before 

the upstream gate and after the downstream gate to reduce the 

flow velocity. The other channel was perpendicular to the main 

channel at the side weir position. 

The purpose of this channel was to collect the flow over 

the side weir, which was measured by means of a 90° V-notch at 

the end of this channel. The weirs were sharp-edged and fully 
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aerated on the downstream sides. The depths of flow in the 

channels were measured by precision point gauges. A total of 

200 experiments were conducted for different weir heights and 

lengths. 

To check the variation of the weir coefficient 
M 

the authors made a dimensional analysis of the problem, which 

indicated that: 

^ (^1 ' B ' T ' 

They assumed that the Froude number of the main channel 

will be a significant parameter affecting the value of C . The 

other parameters representing the geometrical configuration, 

values of which could be expected to have little effect, if any. 

They consider an elementallength dx of the side weir, 

Fig. 2.13. The discharge over the weir, through this elemental 

length, for C = 0 is; 

Q^ = q d x = ^ C ^ / : ^ d x d ^ ^ (2.5^) 

This flow can be considered as a deflected jet and as such the 

effective width of the jet normal to the velocity vector would be: 

(dx)^ = dx sin 8 (2.$4) 

Eq. (2.53) can be re-written.as: 

Qg = ^ 0° /2g dx sin 8 (2.^5) 

in which C° = a constant coefficient, representing the coefficient 

of contraction. They assumed, as a first approximation, 

(the inclination of the deflected flow over the weir) to be 

constant for the various elements and to be given by: 

s i n 0 = y 1 - ^ y y . . . . . . . . . . . (2.$6) 
j 
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As the flow situation is similar to that of the flow in 

a canal drop, it is assumed that the critical depth corresponding 

to q occurs at the plane of the side weir of zero height, such 

that the critical velocity is given by: 

2 ^̂ 2 
^ = i S = i ( d ^ + (2.57) 

2 
Substituting V = V . and noting that 

c J 1 gd^ 

sing =\/ 1 - — = (2.58) 
F ^ + 2 

Thus from Eqs. (2.^5), (2.56) and (2.60): 

= < A / (2.59) 

The value of C° can be chosen as 0.6II as it represents 

the contraction coefficient due to efflux from a contraction with 

— — 0 and with this: 

, / 3 F ^ 
= o.6iiy 1 - ^ 2 (2.60) 

The authors expected that this equation could be considered 

to give the variation of with F^ for subcritical flow over a 

side weir of zero height. 

From their experimental data they calculated the coefficient 

C by using De Marchi's equation for all the runs. A graph was 

drawn between and F^, i.e. Froude number at upstream end of 

the weir, for both subcritical and supercritical flow. 
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The results of their experiments can be summarised as 

follows: 

(i) For side weirs of zero height and subcritical flow 

the experimental data followed the variation given by 

Eq. (2.60) very well. 

Also, there was no effect of the parameter g on 

coefficient C... A further examination revealed a 

similar insignificant effect of the parameter — . 

(ii) With side weirs of finite heig,ht the same relation was 

1 C 

obtained, also the parameters — , — and were found 

to have insignificant effect on the coefficient C , 

Fig. 2.14. 

(iii) Their experimental data for supercritical flow showed 

as in the subcritical flow regime, an absence of the 
L C ^1 

effect of the paramete- 'A.lso, the 

effect of the Froude number F itself was very small, 

Fig. 2.1$. The variation of for 2.0 was: 
= 0.36 - 0.08 F]̂  (2.61) 

The authors also believed that the side weir has a 

considerable effect on the velocity distribution, but they felt 

that the error due to the omission of the energy coefficient 06 

and the momentum coefficient P in De I-Iarchi's equation would 

not be appreciable. 

Considering this work, it is obvious that the studies 

were concentrated on one point, which was the variation of the 

De Marchi coefficient and they did not consider all the hydraulics 

of the flow over side weirs. However, the De Marchi formula is 

cumbersome and complicated for practical purposes. 
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Another commeiit can be made in connection with Fig. 2.l4. 

The authors' insistence in using Bq. (2.6o) to fit into the 

exiDerimental data resulted in scatter and deviations from the 

curve at Froude number values greater than 0.6. It would seem 

that a straight line could fit the experimental data better than 

the curve from Eq. (2 . 6 o ) , especially with the supercritical flow 

curve, Fig. 2.1$. The straight line can be approximated by the 

equation: 

= 0.622 - 0.222 (2.6l) 

2.16. E.V.E. Smith 

Smith (1973) published a paper on the computer solution 

of flow over side weirs. The airi of his paper was to obtain, by 

relatively a simple step computation procedure, a solution for 

almost any shape of cross-section and for a wide range of variables 

such as invert slope and side weir height. 

The relatively simple computer solution enabled discharge 

and the water surface profile along a side weir to be calculated 

very quickly for design purposes, as well as clarifying some 

aspects of the observed behaviour of open channel flow along-

side weirs. 

He started his paper with the derivation of gradually 

varied flow equations over side weirs. Ee made some assumptions 

which have been previously mentioned by the other authors, mainly 

constant energy along the length of the side weir, uniform 

velocity, and the pressure in the channel generally hydrostatic. 

The author used the energy equation and considered the 

area to be defined in x (longitudinal) and y (vertical) directions. 
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For a channel with bed slope 8 eind trapezoidal cross-section of 

area A, having a side weir of length L and height C, he obtained 

the following equation for water surface slope; 

2 
a - 3^ - ^ ^ 
o f ,2 dx dx 

dx - ^2 

in the above equation is numerically negative and, 

according to the assumptions, expressed by: 

# = - (d - 0)^-5 (2.63) 

For the case of irregular or natural channels, he found 

that it was necessary to work in terms of water surface elevation y 

rather than in terms of depth d, Ee introduced the slope term 

which was used by Escoffier (11), for an irregular channel which is 

in some ways similar to the invert slope of a prismatic channel and 

corresponds approximately to the normal slope of a river. With 

the same procedure and assumptions a similar formula to the above 

equation was obtained in the form: 

g . . , 

^ " g A3 

3. It is clear that all the related previous studies on the 

formulation of spatially varied flow equations from the viewpoint 

of side spillways or side weirs are either for special cases or 

with certain, limitations or assumptions. The limitations or 

assumptions are usually on the geometry of the channel, the 

pressure, velocity distributions, shear stresses and turbulence 
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of the flow, in other words, the effects of non-uniformity on 

the total energy along the channel and the selection of resistance 

coefficients. Further limitations are also imposed on the 

characteristics of the lateral flow over the weir and consequently 

none of the previously formulated equations for the hydraulic 

behaviour of flow over aide weirs can be considered as general 

equations for all types of flow over side weirs. 
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CHAPTER 3 

EXEBRIMENTAL APPARATUS AKD EQ.niPMEMT 

1. INTRODHCTION 

This chapter describes the design and construction of 

the apparatus and equipment, the experimental facilities used 

during the course of the present investigation, the methods and 

the operational procedures used to obtain suitable experimental 

results. An estimate is made of the accuracy of the various 

quantities obtained. 

The series of experiments described herein took place at 

the Ghilworth Hydraulics Laboratory of the University of 

Southampton. 

2. FLUME AND SIDE WEIE 

2.1. Flume and Circulating System 

The experimental flume was 21.50 m long, 1.4o m wide and 

had 0.60 m high armour plate-glass side walls. On top of the 

side walls were rails along which instrument carriages could be 

moved. The base plate of the flume was made of 0.6 cm steel plate, 

Water entered from two 0.30 m diameter delivery pipes, 

discharging into a steel inlet tank 1.30 m high, 2.0 m wide and 

0.6 m in length. This tsmk was constructed to the seime dimensions 

as the glass-walled section of the flume. At the downstream end 

of the flume was a short steel exit tank 0.9 m high, 1.30 m wide 

and 1.0 m in length, from which the flow was passed via the sump 

to the suction pipes of the pumps. The steel head and tail tanks 
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were rigidly attached to the upstream and the downstream ends 

of the channel respectively, and the whole assembly was mounted 

on a tubular steel sub-frame and supported by a pair of cylindrical 

bearings at its centre. 

A system of gears driven by an electric motor operated screw 

jacks which rotated the assembly about this central bearing thus 

allowing the channel slope to be pre-selected. There was provision 

for manual operation of this facility. 

A large sump tank was positioned along the side of the flume; 

water was stored in this tank emd pumped into the flume at the 

beginning of each experimental run. 

From this sump three similar suction pipes led via valves 

to three pumps. The pumps were all manufactured by Worthington-

Simpson; a 1$ S.P. type 6 LI centrifugal pump delivered to the 

20.0 cm intermediate delivery pipe, and 15 E.P, type MI and 30 H.P. 

type 12 MI mixed flow pumps delivered to the 0.25 m and 0.30 m 

intermediate delivery pipes respectively. 

The three intermediate delivery pipes carried the water to 

the upstream end of the flume where they connected into a manifold. 

This upstream manifold took the flow upwards and then over the 

inlet tank to the flume from which the two 0.30 m delivery pipes 

discharged into the inlet tank. The manifold contained a flow 

divider so that equal quantities of water were directed to each 

of the two delivery pipes, Fig. 3»2. 

The rate of flow was measured in each of the intermediate 

delivery pipe lines by Kent "Commander" flow gauges connected to 

Dall Tube inserts within each pipe line. An automatic flow control 
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valve was included in the 0.20 m intermediate pipe line to maintain 

a constant rate of flow during experiments. It waa not found 

necessary to use this control as the fluctuations in the total 

of the pump discharges were very small. 

The flume and circulating system described above were 

supplied by Armfield Engineering, Ltd., Ringwood, Hampshire, see 

Figs. 3.1, 3.2 azid 3.3. 

2.2. Side Weir Arrangements 

The arrangement adopted for constructing the side weir in 

the experimental flume involved dividing the flume into two 

channels: One is the main channel with the side weir placed in 

its side, the other is the overspill channel, see Fig, 3.4. 

The aims of this arrangement are: 

(i) To construct a main channel inside the flume with suitable 

dimensions, and the side weir placed in its side. 

(ii) The water goes over the side weir and could be collected 

in the overspill channel in order to measure the discharge 

over the weir accui-ately. 

(iii) This suggested arrangement is cheaper than constructing 

the weir in the side of the main flume, which causes the 

removal of one of the glass flume sides. Also, the 

construction of a new overspill channel lower than the 

base of the flume bed level would cost more money. 

The division of the flume was made by using wood sheets, 

each being 2.4o m long, 0.6 m high and 20 mm thickness. The 

successive lengths of imood sheets were joined one beside tbe other 

to form one timber side for both main channel and overspill channels 

along the flume length. These lengths were parallel to the flume 

axis and have the same height as the flume sides. 
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In the longitudinal horizontal direction these timber 

sheets were fixed to the flume base by means of longitudinal 

steel angle, its cross-section 50 x 50 x 5 mm, and having the 

same length as the flume. It was bolted to both the flume baae 

and timber sheets. 

In the vertical direction and at each joint of two timber 

sheets, vertical angles of the same height were used. They were 

bolted up with both the longitudinal steel angles placed over the 

flume base and the timber sheets. Also, in order to keep this 

wooden division rigid enough and straight along its long length 

parallel to the flume sides and perpendicular to the flume base, 

a steel angle 50 x 50 x 5 mm in cross-section was placed on the 

top of both the timber sheets and vertical steel angles at timber 

joints. It bolted up with both of them and had the same length as 

the flume. Cross angles were bolted across the width of the flume 

at every 2.40 m and connected with the top longitudinal angle and 

with the top steel angles of the two sides of the main flume. 

These kept the wood side rigid enough and as one unit of the 

flume itself, as shown in Fig. 3«5' 

2.3. Main Channel 

The main channel constructed in the experimental flume was 

0.4-55 m wide and 21.0 m long. One side of the channel was a plate-

glass Bide wall of the main flume, the other was the wood sheeting. 

In the upstream end of the channel, and in order to allow 

the water in the steel inlet tank of the experimental flume to 

pass directly into the main channel, a smooth transition curve 

was constructed. 
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This transition curve was connected, between the inlet 

end of the experimental flume and the timber side of the main 

channel. It was made from steel welded with the flume base and 

bolted in the vertical direction with the timber sheet of the 

main channel from one end, the other end bolted with the inlet 

steel side of the flume. The height of the transition curve is 

similar to that of the timber sheets, see Fig. 3.7. 

At the downstream end of the main channel there was a 

vertical sharp-edged overslot steel gate across the channel, 

moving up and down and adjusted at any required height by means 

of screw rods which were suitably connected to the gate. The gate 

has the same width of the main channel, i.e. 0.4^5 m. Fig. 3.6. 

It was designed for two purposes: 

(i) To control the downstream water depth in order to obtain 

various flow conditions in the main channel along the 

side weir. 

(ii) To measure the discharge downstream of the side weir in 

the channel; this gate acts as a fall width thin-plate 

rectangular weir. 

Upstream of the gate by a distance equal to 0.50 m, a 

point gauge was fixed to measure the head over the weir (gate). 

The discharge passes over the gate into the steel exit tank and 

then to the sump. 

In order to construct the side weir in the side of the 

main channel, a part from the wooden sheet side of the channel 

was removed equal to the weir length. The side weir was made 

from Derspex of 10 mm thickness, bolted to the base with the 

steel bottom angle and from the sides with the wooden sheet 
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side of the main qhannel with a sufficient number of bolts, as 

shown in Figs. 3*8 and 3.9* 

The upstream side of the weir starts about l4.C m from 

the channel beginning. Actually the distance between the 

downstreajn end of the weir and the moveable gate at the end of 

the channel depends on the weir length, the minimum distance 

between them being $.0 m. 

After some preliminary runs to check the accuracy of the 

flow measurement gauges, it was noticed that, for the cases in 

which the weir heights were small, it was difficult to obtain a 

free nappe on the downstream side of the weir, i.e. the water 

level in the overspill channel was near the downstream crest 

level of the weir. This affects the accuracy of the experimental 

procedure and results in the following: 

(i) The difficulty of having a free nappe limits the variations 

in the weir height in the experimental work. 

(ii) This also causes variation in the weir coefficient 

along the weir length. 

However, in order to overcome these problems, the system 

being proved, it was decided to raise the bed level of the main 

channel to be higher than the bed level of the overspill channel. 

This was done by uaing two longitudinal timber supports 20.0 m 

long, of cross-section 70 mm wide by l60 mm high. The timber 

arupports were bolted to the steel base of the main flume along 

its complete length. On top of the timber supports, timber 

sheets having the same width as the channel were placed and 

bolted to the supports and the wood sheeting side of the main 

channel to form the new bed of the main channel. Special protection 

was made to enaure that the water could not run below this new bed. 
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This false bed. ran the full length of the channel and 

at the entrance a sloping timber bed led into it. Several trials 

were made for this sloping part to obtain the best slope to 

assist in obtaining smooth uniform flow at the channel beginning, 

see Fig. 3.7* 

STILLING: Various devices were used to assist in obtaining 

smooth uniform flow conditions at the head inlet tank and at the 

beginning of the main channel, as shown in Fig. 3«10, 

Attached to the 0.30 m delivery pipes were conical diffuser 

tubes designed to reduce turbulence and increase the area of flow 

delivery to the head tank. 

Midway between these diffuser tubes and parallel to the 

longitudinal axis of the channel was a vertical splitter board 

intended to prevent large-scale lateral flow in the head tank, 

thus improving the flow distribution at the entrance to the channel, 

A 0.10 m thick section of 6.5 mm "honeycomb" was mounted 

across the full section of the channel at the exit from the head 

tank, being fixed in position by means of wires attached to the 

delivery pipes. This reduced the portion of large-scale turbulence 

entering the channel, straightened the flow and acted as a trash-

rack. 

A 8 mm thick "surfboard" lying in the free surface and 

spanning the full width of the main channel was mounted on the 

instrument rails of the channel. This completely suppressed any 

surface waves leaving the head tank and honeycomb. At high flow 

rates turbulence in the head tank was of such magnitude as to cause 

splashing over the top of the "surfboard". This was prevented by 

attaching a 2 mm thick rubber sheet to the upstream edge of the 
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"surfboard" and the top of the honeycomb, across the full width 

of the main channel. 

2.4. Overspill Channel 

The aim of constructing the overspill channel inside the 

flume was to collect the discharge going over the side weir. 

It was 5 m 0 . 6 o wide and had 0 . 6 m high wood side walls. 

One of its sides was separated from the main channel 

wooden side by a distance of 0.1$ m, the other side was separated 

from the glass side wall of the main flume by a distance of 

0.20 m. The upstream entrance of the channel started after the 

downstream end of the side weir by a varying distance, according 

to the weir length. The minimum distance between the beginning 

of the overspill channel and the weir end was O.^O m. This 

distance assisted in obtaining a smooth uniform flow at the 

beginning of the channel. 

The sides of the channel were made of wood sheets bolted 

and connected with the main experimental flume base and sides, in 

the horizontal and vertical directions with the same arrangements 

described before, see Fig. 3*11" 

At the upstream end of the channel and in order to reduce 

the turbulence of the flow to allow the water that goes over the 

side weir to enter the channel with smooth uniform flow conditions, 

there were two similar smooth transition curves constructed from 

steel 5 Him thick, welded with the flume base. One of these 

curves was connected between the timber side of the channel 

and the back side of the main channel after the downstream end 

of the side weir, the other being connected between the beginning 

of the other timber side of the overspill channel and the glass 
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side wall of the main flume. Special rubber was used in the 

connections between the steel transition curve and the glass 

side wall of the flume, also sufficient numbers of bolts were 

used in bolting these transition curves with the wooden side of 

the channel, see Figs. 3.11 and 3.12. 

At the downstream end of the channel a full width sharp 

edged steel weir was fixed to the channel bed with quick release 

nuts. Different weir heights were used during the experimental 

work to measure the discharge in the channel within the limits of 

accuracy of the weir. In some cases, where the discharge in the 

channel was low and the head over the weir was small, a vee-notch 

was used to measure the discharge. Upstream of the weir by a 

distance of 0.50 m a point gauge was fixed to measure the head 

over the weir or the vee-notch (actually this distance varied to 

satisfy the practical limitation of using the thin plate full 

width weir, see Fig. 3.5). The discharge passed over the weir 

into the main storage tank. 

During some of the experimental runs, when the discharge 

passing over the side weir was high, some surface waves were 

created at the entry of the overspill channel. These waves travel 

along the channel and cause difficulty in measuring the head over 

the sharp-edged weir accurately. This difficulty was almost 

completely removed by hanging a wood sheet 0.5 m wide and 10 mm 

thick across the width at the upstream end of the channel. The 

wood sheet was tied back by a system of brass wires to the top 

of the channel sides. 
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3. PDKPS AND FLOW KEASUREKEIfr 

Different methods were used during the experimental 

work to measure the discharge at different points along the 

experimental flume. An estircate was made for the probable 

errors and accuracy in these methods. 

3.1. The Discharge at Inlet to the Flume 

The discharge at inlet to the main chajinel was an 

important factor in the experimental procedure, and the accuracy 

of its value was required. Two different methods were used to 

measure the discharge at that position of the flume. The first 

depended on the measuring gauges installed in the main delivery 

pipelines, and the other was by using velocity traverses of the 

flow using a pitot tube. 

3.1.1. Pumps and Flow Measuring Gauges: The three circulating 

pumps operated satisfactorily during the experimental programme. 

The wearing rings, bearings and coupling bushes were inspected 

periodically and replaced where necessary. The discharge from 

each pump fluctuated a little, being least with the 20.0 cm 

centrifugal and greatest with the 30.0 cm "Mixflo" pump. 

Fluctuations in the total discharge from two or more pumps 

running in parallel were very small, less than the over-compensation 

fluctuations caused by the automatic valve. 

The discharge from each pump was controlled by a valve in 

the delivery pipe. At the start of a run the centrifugal pump was 

started against a closed valve and the "Mixflo" pump against 

partially open valves. The centrifugal pump was always started 

first in any combination of pumps to be used. At shutdown the 

control valves were slowly closed until the flow was zero in the 
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case of the centrifugal pump or until cavitation was heard 

within the pump casing for the "Mixflo" pump. The sequence of 

pump shutdown was the reverse of that at start-up, the 0.30 m 

"Mixflo" pump always being first and the centrifugal pump last. 

In all runs, other than a couple during which maintenance was 

carried out, the centrifugal pump was used, either alone or in 

combination with one or both "Mixflo" pumps. 

The centrifugal and the 0.2$ m "Mixflo" pumps, which ran 

at 1435 r.p.m. and 9^0 r.p.m. respectively, were found to be more 

easily controlled at start and shutdown than the 0.30 m "Mixflo" 

pump running at 144-3 r.p.m. 

The discharge of each pump was measured by Dall tube 

inserts in each pipe connected to Kent "Commander" flow indicators, 

Before the experimental programme was started the calibration of 

the flow gauges was checked against a sharp-edged weir flow 

measuring system installed at the downstream end of the main 

channel. 

Water was drawn from the sump tank and discharged into the 

main channel, at the end of which was the measuring weir. The 

water discharged over the weir through an opening in the side 

of the exit tank back into the sump. Observations of the depth 

of flow at the weir and the gauge reading of the flow rate 

entabled a comparison of thin plate weir and Dall tube insert 

flow rates to be made. The calibration of each flow gauge was 

carried out carefully according to British Standard 368o : 

Part 4A : I963. The results of the calibrations are shown in 

Fig. 3.13. It may be seen from this figure that; 

(i) There was a good agreement between the observed and 

calculated discharge up to 70.0 I/8, i.e. the flow 
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gauge reading coimected to the centrifugal pump is 

accurate enough for the experimental work. 

(ii) The gauge flow rate of 25.0 cm pump over-estimated 

the rate of flow by a percentage ranging between ).096 

to 5.09b. 

(iii) For higher discharges when the 30.0 cm pump was operated, 

there was disagrement between the flow gauges and the 

calculated flow rate by a percentage far from the 

permissible limits of accuracy (varying between 5.0^ 

to 109^). 

(iv) It was necessary to find another suitable and accurate 

method to measure the discharge entering the flume, 

rather than depending on the flow rate gauges readings 

for each pump, especially for discharges higher than 

80.0 l/8, i.e. 0.20 m and 0.30 m pumps. The discharge 

entering the main channel was an important factor in the 

data of the experimental work. 

3.1.2. Mejkh^d: This method was suggested and 

used to measuire the discharge entering the main channel, which had at 

its downstream end the measuring weir. The discharge calculated by 

the velocity area method was calibrated against the measuring weir 

according to British Standard : Part 3A : 1964. The steps of this 

me thod are: 

(i) A station was chosen between the entrance of the main 

channel and the beginning of the side weir. Different 

discharges were allowed to pass through the main channel, 

and observations were made of the water depths and surface 

waves at this station. This was necessary in order to 
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obtain smooth uniform flow conditions at this position. 

Also, the effect of the surface wave generated in the 

entry of the channel and the effect of the side weir 

entrance did not exist at this position. 

(ii) The water levels were recorded (8 readings for each 

discharge case) at this station perpendicular to the 

flow direction, in order to obtain the average water 

depth and area A of the flow. 

(iii) The flow area was divided by vertical and horizontal 

lines to form equal square areas between these lines. 

Actually the number of squares varied according to the 

depth of the flow; it increased as the depth increased. 

The minimum number of squares during the calibrations 

was 30 squares of equal areas = a. 

(iv) At each centre of each square the velocity of the flow v̂ ^ 

was measured by using a standard pitot static tube. The 

total discharge passing at this station is: 

Q ^ (3.1) 

A. THE CAIilBRATIOIf PROCEDURE: The discharges calibrated by the 

velocity area method were calibrated against the full width weir 

fixed at the end of the main channel. The calibration procedure 

was as follows: 

(i) The discharge was allowed to pass through the main channel 

until obtaining smooth uniform flow condition. 

Measurements were made of water depths, flow velocities 

and the discharge according to the procedure described 

above at the selected position along the channel before 

the side weir. 



54. 

(ii) The discharge calculated by the velocity area method 

goes over the moveable gate at the end of the main 

channel. This gate acts as a full width thin plate 

weir, and the discharge was calculated according to the 

British Standard. 

(iii) The end gate was raised up so that no water could go over 

the gate, and all the flow was diverted to go over the 

side weir into the overspill channel. The discharge was 

then calculated from observations on the weir fixed at 

the end of the spill channel. Usually, in this step 

from the calibration procedure the side weir used was 

low in height. 

(iv) The moveable gate was lowered down again to allow some of 

the discharge to pass over it, i.e. the discharge entering 

the main channel before the side weir was divided between 

the main channel and the overspill channel. The flow rate 

in each channel was calculated using the weir at its end. 

This step was made to ensure that the discharge entering 

the flume and calculated by the velocity area method was 

equal to the summation of both the discharges in the 

overspill channel and in the main channel downstream of 

the side weir. 

(v) After each discharge, sources and magnitude of errors 

were estimated in the discharge calculated by the velocity-

area method. Also, a comparison was made between this 

discharge and the calculated value from the full width 

weir, in order to check the limits of accuracy. 

(vi) Different values of discharge were tried to cover the range 

which was expected to be used during the experimental work. 
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B. ACCURACY OF FLOW I'lZASUREMEMT BY THE VELOCITY AREA METHOD: 

The uncertainty of flow measurement by the velocity area method 

was calculated using the method of B.S. ^680, Part 3. These 

calculations were carried out using a computer programme (see 

Appendix A-3). The error in measuring channel width was assumed 

to be zero; the uncertainty in measuring levels was estimated from 

the standard deviation of a number of observations and was 

approximately lO^?; the uncertainty in measuring local velocity 

was estimated similarly and was approxiiiiately 1.5%; appropriate 

allowance was made for the number of verticals and the number of 

points in each vertical. Accuracy calculations were carried out 

for a range of discharges between 60 and 150 l/S and the uncertainty 

(at 95% confidence level) was generally of the order of 5.0%. 

5.2. The Discharge after the Side Weir 

The discharge in the. main channel after the side weir goes 

over the moveable gate at the end of the channel. This gate could 

be used as a full width rectangular thin-plate weir. The discharge 

equation of this weir according to B.S. 3680, Part 4A, 1965, is: 

Q = § \/^ 0^ b h]^^ (3.2) 

in which: 

Cg = 0.602 + 0.085 ^ 

h = h + 0.0012 m 
e 

where h is the gauged head and p is the weir height. 

The following practical limitations oil h, b and P should 

be strictly observed in the application of this equation. 
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(a) ^ should not exceed 1.0. 

(b) The head h should be between 0.03 m and 0.75 

(c) The weir width b should be at least 0.30 m. 

(d) The weir height P should be not less than 0.10 m. 

All the above limitations were taken into consideration 

during the construction and installation of the rectangular weir 

(the moveable gate). With reasonable care and skill in location 

and reading the head measurement section upstream of the weir, 

the discharge was expected to be accurate within 1.0 percent. 

3.3« The Discharge in the Overspill Channel 

The discharge over the side weir was collected in the 

overspill channel. The discharge was measured by a full width 

weir, 0.10 m high, fixed at the end of the channel. Since the 

weir had a limited height, two discharge equations were applied. 

(1) When the head over the weir was less than the weir height, 

the previous discharge equation was used (3.2). 

(2) When the head over the weir exceeded the weir height, 

the following discharge equation was used: 

Q = § Cg b^ h^^ (3.3) 

in which b is the effective width and h is the effective 
e e 

head. 

b = b - 1.0 mm 
e 

h = h + 1.0 mm 
e 

Cg = 0.602 + 0.073 ^ 

The following practical limitations on h, P and b should 

should be strictly observed in the application of this equation: 



57. 

(a) ^ should not exceed 2.0. 

(b) The head h should exceed 0,03 m. 

(c) The weir width b should not be less than 0.1^ m. 

(d) The weir height P should be at least 0.1 m. 

All the above limitations were taken into consideration 

during the construction and installation of the rectangular weir. 

With reasonable care and skill in location and reading the head 

measurement section upstream of the weir, the discharge was expected 

to be accurate within 1.0 percent. 

In some runs of the experimental work, the discharge going 

over the side was high and the ratio ^ ^ 2 . 0 . In this case, the 

full width weir was changed and replaced by another one with height 

equal to 0.l4 m. 

. 4. The Computer Programme for Comparison be twee n tie Discharges 

A programme for comparing the discharges measured by different 

methods in the flume during the experimental procedure is shown in 

the Appendix A-3. Generally these methods are the velocity area 

h 
P 

method and the thin-plate full width weir for both cases ^ ^ 1.0 

or ^ ^ 1 . 0 . 

The procedure for calculating the discharge by the velocity 

area method was by dividing the flow area into equal or unequal 

numbers of columns and rows to form equal square areas. In the 

computer programme, (I) represents the rows and (J) represents the 

columns. The procedure for the summation of the discharge passing 

in every small square (SA) is similar to the Matrix solution 

(MAT(I,J) ). Usually the Matrix used was MAT ( 6 x 6 ) . 
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For each case, the water paraffin manometer readings 

(HM, EPW), the area of equal squares, the thin-plate weir 

height P and the head over the weir h are first read in. The 

discharge is first calculated by the velocity area method and 

then a control statement is used to decide the suitable weir 

formula for calculating the discharge according to the ratio 

between 

Different discharges were calculated and the results of the 

computer programme are shown in Fig. It may be seen that 

there is a good agreement between the discharges measured by the 

velocity area method and by the thin-plate weir when 1.0, 

and a difference of about 2.0%; for all ranges of discharge up 

to 140 L/sec. This difference may increase to + 3.5% when the 

discharge is higher than 150 l/sec. This refers to the difficulty 

of reading paraffin manometers connected to the pitot tube 

accurately. 

4. WATER LEVEL MEASHREMENTS 

For measuring the water levels, accurate point gauges were 

installed at different locations of the experimental flume. They 

were provided with quick sind slow motions and a vernier reading 

to the nearest millimetre. 

The point gauge, G^, was installed on a carriage moving on 

two rails fixed on the top of the glass side walls of the main 

flume. This gauge was mounted on a carriage which permitted its 

transversal motion when tracing the contour lines of the water 

surface along the side weir. Another point gauge, G , was installed 
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to measure the water levels upstream of the moveable gate at the 

end of the main channel. This gauge was mounted on a framed steel 

angle that permitted its motion nearer or further from the gate 

(which acted as a thin-plate weir) to keep the distance between 

them equal to three or four times the maximum head (3 to 4 h max.) 

upstream from the weir. (3.8. ^680, Part 4A., I965, p.22). A third 

point gauge was fixed to measure the head over the weir at the end 

of the overspill channel, the distance between the weir and the 

head measurement station being 0.40 m, because the weir height 

was known. 

Along the centre-line of the main channel there were five 

piezometer tappings at O.5O m centres in front of the side weir 

location in the channel. These piezometers were used to measure 

the static pressure and compare it with the point gauge readings. 

5. TEE SLOPE KEASHREMSNT 

Two slopes were measured during the experimental procedure, 

the water surface slope before the side weir, and the flume bed slope. 

5.1. The Slope of the iilfater Surface 

The slope of the total energy line was assumed, in equilibrium, 

to be equal to the slope of the water surface. 

In the main channel bed, along the centre-line, there were 7 

piezometer tappings spaced at 1.0 m centres. Each tapping consisted 

of a 1.0 cm diameter hole in the wood bed of the channel, into which 

fitted a O.6O cm internal diameter plastic piezometer tube. 

From the piezometer tapping a bifurcated plastic tube led to 

the piezometer board and to the side of the channel adjacent to the 
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tapping. This latter branch served two purposes: by comparing 

the water level in it with that in the channel, any discrepancy 

was immediately obvious and served as a warning of blockage in 

the system; and by blowing down this tube any air present could 

be forced out of the piezometer tapping, see Fig. 3«15« 

The piezometer board was a mounting for the ends of all 

seven piezometer tubes. A cathetometer, reading to 0.001 cm, was 

used to measure the water surface elevation, from which the water 

surface slope was calculated. 

5.2. Flume Slope Measurement 

The slope of the steel bed of the flume was measured as 

the difference in the static level between two datum points, 

16,0 m apart, mounted on the side of the glass side walls. 

The system is shown in Fig. $.16, each elevation gauge 

consisting of a rigidly fixed pointer, a water reservoir, water 

drain-off valve and a length of plastic tubing, connecting the 

reservoir to a piezometer tube on the main piezometer board. 

Having established the two elevation gauges between which 

the flume slope was to be measured, the two reservoirs were 

connected together and water was poured into them until some 

8.0 cm of water was contained in each. The plastic tubing joining 

the reservoirs was carefully cleared of air bubbles. The water 

surface elevation in each reservoir was then the same. The tip 

of each pointer was adjusted so as to be just touching the surface 

of the water. The pointers were then clamped and glued rigidly 

in position. 

The plastic tubing joining the &MO reservoirs was separated 

into two, each tube displaying the water surface level of its 



reservoir at the measuring position. The reservoirs were filled 

with water so that the tip of the pointer in each was submerged. 

The water drain-off valves were then opened until the tip of 

each pointer was exactly in the water surface in its reservoir. 

The elevations of the tips of the pointers, I6.0 m apart, were 

th^^ shown beside each other at tt^ mteasuring position. A check 

on the difference of water level using the cathetometer showed a 

difference of about 0.2$ mm, which was consid-ered. within the limit 

of accuracy required. 

During the experimental runs the flume slope wsis determined 

by adjusting the water level in each reservoir to coincide with 

the tip of the pointer. The water level difference was then 

observed using the cathetometer at the measuring position. Once 

established, the system provided a reasonably quick, accurate 

measurement of the flume slope. To aid the accurate positioning 

of the tip of the pointer in the water surfaces,firstly the 

reservoirs had as large a water surface area as convenient so 

that the volume drained per unit drop in level was large, and 

secondly the tip of the pointer was inverted, so that the water 

surface descended onto the tip, and the tip and a reflection of 

it on the underside of the water surface were brought together 

at the instant of contact with the surface. 

6. 9SL0CITT KEASUSSMENT 

Various types of velocity measuring devices were used during 

the experimental work to measure the point velocity values at 

different sections along the main channel according to the 

experimental requirements. These devices were designed with 

three principle aims in view: 
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(i) Determiiiatioii of the discharge, by measuring the 

forward-velocity in the channel direction at different 

points in the flov/ cross-section. 

(ii) Examination of the possibility of having other velocity 

components along the side weir, more than the forward-

velocity component T . 

(iii) Investigation of the effects of the secondary currents 

in the main channel along the side weir, i.e. direct 

measurements of the velocity vector. 

The design of the devices, the problems and flexibility 

during the experimental work, calibrations, and the appropriate 

equations are discussed below. 

6.1. Standard Pitot-Static Tube 

The equipment used for measuring the forward velocity in 

the longitudinal direction of the channel consisted of a pitot-static 

tube connected by clear glass tubing to a water-paraffin differential 

manometer. Fig. 3'17, the paraffin being coloured red. The use of 

a water-paraffin manometer gives about five-fold increase in 

sensitivity over one using only water. 

Consider the manometer shown in Fig. 3«17: 

Pg = (x + h) g + Y g 

^1 " ^ ^1 g + (^ + ^2 ^ 

p 2 - P ] ^ = h ^ ^ g - h ^ g g (3.4) 

Consider the pitot tube: 

^ 2 - ^ 1 = 

From the manufacturer's specification, E CZl 1.0 for this 

instrument, thus: 
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where is the density of water. 

^2 - ^ & (3.5) 

From Bqe. (3.^) and (3*5): 

V = 1 / 2 6 h ( l - - ^ ) 
1 

where is the density of paraffin. With the specific gravity 

of water = 1 . 0 and that of paraffin = 0.767, the calibration 

becomes: 

V = 2.04\/^ m/sec . (3.6) 

where h is measured in metres. 

6.2. The Three-Sole Pitot Tube 

When the flow is one-dimensional, the magnitude of the 

velocity vector V can be determined by means of a Prandtl-type, 

pitot-static tube aligned in the direction of the flow. If, 

however, the flow is two-dimensional, aligning the pitot tube 

presents difficulties, as the direction of the velocity vector is 

not known a priori. 

In the following, a measuring technique is developed which 

involves the use of the pitot cylinder for the case of two-dimensional 

flow. 

The three-hole pitot tube was a small cylinder 0.7 cm in 

diameter with three openings located in a radial plane, positioned 

1.00 cm from the end. The angle between adjacent orifices is 4^°, 

Fig. 3.18. When the instrument is placed in a flow and the orifices 

connected to a manometer board, three readings are obtained. For a 
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particiilar fluid, the values of these readings will depend upon: 

(a) The velocity, V. 

(b) The static pressure, . 

(c) The orientation of the velocity vector 

relative to the cylinder, 

When the flow is two-dimensional, the instrument may be 

placed perpendicular to the plane of flow, so that the direction 

of the velocity vector can be fully described by the ajigle 

The usual procedure is to rotate the cylinder until readings (1) 

and (3) become equal. Reading (2) then represents the total head, 

and the orientation of the probe indicates the direction of V. 

Measuring the static pressure allows the velocity to be calculated, 

The following theory was developed so that rotation of the 

probe and separate static pressure measurements would not be 

required (48), 

Let P^, Pg and P^ be the pressure recorded for each of the 

orifices 1, 2 and 3 respectively, i.e.: 

f , (i = 1, 2, 3) (3.7) 

is the three calibration factors. Usually these factors depend 

on the value of and the cylinder Reynolds number. However, 

from what is known about the pressure around circular cylinders 

(53), dependence of on R^ is negligible for a certain range of 

values of thus it is assumed; 

= fĵ  ( ) , (i = 1, 2, 3) (3.8) 

From Eq. (3.7): 

P. - P h. - h 
K. = ^ ^ (3.9) 

^ "-v 
2 

where h., h and h are piezometrie heads. 
i' o V ^ 
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Prom Eq. ( 3 . 7 ) there is a fuactioneil relationship and it 

can be shown that: 

^ 1 - ^ 2 "l - "2 ^ - ^2 O.lo) 
h^ - hg - ^2 

^1 - ^2 
Defining K by: E = 

3 " 2 

It follows fromDq. (3 . 8 ) that 

f (y^) - f (jp) 

K = - f p r f r — ' p j i - (3.11) 

To evaluate the function f^, f^, f^ and f̂ ^ the pitot 

cylinder was calibrated in a longitudinal rectangular channel 

for different values of the flow velocity. The velocity V and 

the static pressure P were held constant in each run, while the 

instrument was rotated by incremental angles and piezometric 

heads, ĥ ,̂ recorded. The procedure was as follows: 

(i) The values of were computed as indicated in Eq. (3.9) 

and plotted against in Fig. 3.20. 

(ii) The curves are seen to be almost symmetrical. Any lack 

of symmetry is probably due to imperfection in manufacture. 

Symmetry is assumed in Fig. 3.21 where average curves 

are drawn. 

(iii) Using these curves, K was computed as indicated in the 

equations and is plotted against in Fig. 3.22. 

Using the method: If for any flow velocity in the channel, 

the piezometric heads h^, h^, h^ are recorded for the openings 1, 

2 and 3: 

(i) The factor E can be calculated using Eq. (3.10). 

(ii) The angle ^ can be determined using Fig. 3«22. 
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(iii) Knowing ^ , the values of the factors can be 

determined from Fig. 3.21. 

(iv) The values of V and P can then be calculated from the 

following equations: 

= 1. 3) (3.12) 

J ^ 

(i = 1, 2, 3) (3.13) 

or in terms of heads 

h - h 

\ ^ Ej - Eg ' (3.14) 

h^ = hĵ  - Eĵ  h^, (i = 1, 2, 3) (3.15) 

The above equations are derived from Eq. (3.7). 

The use of the pitot cylinder was satisfactory for some 

pilot runs during the experimental work to examine the nature 

of two-dimensional flow along the side weir. However, some 

difficulties encountered are as follows: 

(i) The calibration factors (E^, E^ and E^) varied slightly 

with the change of the velocity in the channel during the 

calibration. Although the variation was reasonable for 

pilot runs, and the graphs in Fig. 3.20 represent the 

average, this variation must be taken into consideration 

for velocities higher than 0.8 n/sec, which may be 

exceeded along the side weir during the experimental work. 

(ii) The explanation of this variation is that during the 

calibration the ride up Fig. 3.19 moves around the tube 

and this pressure is transmitted down through the laminar 

boundary layer to the 43° sides tappings. The ride up 



will be a function of the velocity head., so for high 

velocities (0.8 nysec), this will affect the calibration 

factors. 

(iii) During the pilot runs of the experimental work some 

observations were made by seeds, drops of dyes, floats 

and transparent models. Most of these runs showed the 

possibility of three-dimensional flow along the side 

weir, and a vertical component of the velocity vector v^ 

was clearly observed at the channel side near the 

downstream end of the weir. 

For the reasons mentioned above, another instrument for 

measuring the velocity vector was necessai'y to obtain a direct, 

clear image of the flow pattern. To meet these conditions, a 

five-hole pitot tube was built specially for the work described 

herein to measure the velocity components. 

6.3. The Five-Hole Pitot lube 

6.3.1. General; The five-hole laitot tube, see Figs. 3.23 and 

3.24, had five brass tubes 1, 2, 3, 4 and Fig. 3.24a, I.30 mm 

in diameter, enclosed in a casing stem A 8.0 mm in external 

diameter, 0.30 m long and made of stainless steel. Each tube 

had a small brass tapping at the top end to permit a plastic 

tubing connection with a valve system. At the bottom end the 

tube was bent to form the horizontal leg of the five-hole pitot 

tube, with a length of 7.0 cm (B). The end of the leg was joined 

with a sphere (G), 1.0 cm in diameter, where the five tubes 

terminated at holes in the shell of the sphere. The centre of 

hole (3) coincides with the horizontal axis of the sphere; 

holes (2) and (4) lie on its vertical great circle and have 
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central angles of ^5°, while holes (1) and (3) lie on the 

horizontal great circle and also have central angles of 4$°. 

Two circular disks (D) and (E), Fig. 3«24, were mounted 

on the stem (A). A protractor fixed on disk (D) and disk (2) 

was fixed to the stem and contained a pointer that lies in the 

plane of holes (2, and (4). The stem (A) passed through a 

hole in disk (D) so that when the disk was fixed at a certain 

position and the stem rotated, the angle of deviation in degrees 

could be read on the protractor. 

The procedure used with the five-hole pitot tube is as 

follows: 

(i) The instrument is held with the stem (A) perpendicular to 

the direction of the longitudinal axis of the channel. 

It is then so adjusted that the meridian plane containing 

holes (2), (5) and (4) and the zero of the protractor 

fixed on disk (D) is parallel to that longitudinal axis. 

(ii) The stem is then rotated until the pressure manometers 

connected to holes (2) and (4) indicate the same reading. 

In this position, the velocity vector v lies in the 

vertical plane that passes through holes (2), ($) and (4) 

and the pointer of the disk (E), Fig. ]).24. The angle 

between this plane and the meridian plane can be readily 

observed on disk (D). 

(iii) To find, by direct measurement, the angle of inclination 

^ of the velocity vector with the direction of the 

longitudinal axis of the channel, the stem should be 

rotated in the plane about the centre of the sphere 

until manometers connected to holes (2) and (4) give equal 

readings. In this second position, the velocity vector 



would be directly opposite hole (5). The angle 

between the normal and the inclined position of the 

stem would be equal to the inclination angle ^ of 

the vector. 

(iv) Having obtained the magnitude of the velocity vector v 

ajid its angles and ^ , the velocity component in the 

three planes can be determined from the following 

relationships, Fig. 3.2$: 

V = V c o s ^ s i n ( 3 . 1 6 ) 

= V s i n ^ ( 3 . 1 7 ) 

^ = V cos ^ c ^ ^ (3.18) 

During the main experiments, it was found that the pressure 

manometers connected to holes (1) and (3) took a long time to give 

equal readings. This was due to the small diameter of the 

hypodermic needle tubing and the low velocity of flow through 

them. This was not a reasonable proposition to measure the 

velocity vector at a large number of points along the side weir. 

However, order to overcome Uiis problem, the system 

being proved, it was decided to connect the pitot sphere with a 

pressure transducer which registered pressure difference without 

movement of fluid. 

Also, the angle ^ is not easily measured directly during 

the main experiments, because it is rather difficult to rotate 

the stem (A) about the sphere whose centre must remain stationary 

at the point of measurement. For this reason an indirect method, 

based on calibration, was resorted to. 
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6.3.2. The Pressure Transducer: The pressure transducer 

shown in plate 1 used during the experimental work was manufactured 

by 8.E.L. According to specifications, it was able to measure a 

difference in pressure of 25.0 cm within an accuracy of l.O^o. 

The pressure transducer was mainly used as a quick device to 

measure the pressure difference between aziy two of the five holes 

around the five-hole pitot tube, through a special valve system. 

In order to calibrate the pressure transducer, it was 

connected to a D.C. voltmeter to record its output through an 

electrical circuit shown in Fig. $"26. The ]main outlines of tt^ 

circuit are: 

(i) The input power to the transducer comes from the main 

power supply through a transformer and oscillator. 

(ii) The output from the pressure trazisducer passes through 

the oscillator and then records on a voltmeter with an 

accuracy of 0.001 volt. 

A special precaution was taken during the experimental 

vmit to protect t ^ electrical circuit against water spray ami 

water vapour. 

6.3.3. Calibration of the Pressure Transducer: In this 

calibration the instrument was fixed horizontally on a vertical 

wooden board and connected from each side with a small piece of 

copper tube of T-section shape, diameter 1.0 cm. Of the other 

two sides of the T-section tube, the vertical one was connected 

to a manometer glass tube 1.0 cm in diameter, open to the air, 

while the horizontal side was connected with a funnel fixed on 

the wooden board through a rubber tube. The two glass manometers 

vmre fixed vertically on t}# wooden board, while the funnel 

elevation could be changed, Fig. 3.2?. The funnels served 
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two purposes: by filling the funnel with water and pumping the 

rubber tube connecting the pressure transducer to the funnel, 

any air present could be forced out of the connections; and by 

changing the funnel elevation, the water level in the manometers 

changed; this allowed different variations in. pressure between 

the two sides of the pressure transducer. 

After removing all the air from the connections, the 

difference in water level in each tube was measured using a 

cathetometer reading to 0.001 cm. This difference represents 

the difference in pressure between the pressure trazisducer ends, 

Ap. The calibration reading on the voltmeter scale was then 

recorded with an accuracy of 0.001 volt. Different values for 

Ap were used within the permissible range of the pressure 

transducer. The calibration graph is shown in Fig. 3.28. 

6.3.4. The Five-Hole Pitot Tube and Pressure Transducer Circuit: 

The pressure transducer was connected with the five-hole pitot tube 

by a ST)eciaJ. valve system which permitted the pressure transducer 

to measure the pressure difference between any two of the five 

holes around the sphere, according to the experimental requirements. 

Fig. 3.29. 

The left side of the pressure transducer was connected with 

a copper tube 7 mm in diameter with an inverted T-section shape. 

The tube branch (a) was connected with the pressure transducer, 

while the other branch (c) was bent vertically and ended with a 

valve (d). From the valve a rubber tube led to a funnel which 

was fixed higher than the pressure transducer and filled with 

water. The funnel was used to remove air from the system. 
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A two-way valve was fixed at the end of the vertical 

branch of the copper tube, 0.10 m long (b), v/hich connected from 

the other side with two plastic tubes leading to the top of the 

pitot sphere and connected to holes (1) and (2). The two-way 

valve served the purpose of transmitting the water pressure from 

holes (l) and (2) to the pressure transducer, according to the 

valve direction. 

At the righthand side of the pressure transducer, the same 

arrangement was used to transmit the water pressure from holes (2) 

or (4) to the pressure transducer, according to the direction of 

the two-way valve fixed on the tube branch (b) on this side. Also, 

a separate branch pipe $ mm in diameter and 70 mm long (e) was 

welded with the tube branch (b) below the two-way valve, having 

at its end a valve (f). From the valve a rubber tube led to the 

top of the pitot sphere and connected to hole (5). This latter 

branch served the purpose of transmitting the water pressure from 

hole (5) to the pressure transducer when the tAvo-way valve was kept 

locked. This system of valves, connections, and the top two funnels 

shown in Fig. 3.29 served two purposes: 

(i) This system was efficient for removing any air bubbles 

present in the connections. This was one of the difficulties 

met during the use of the pitot sphere in the main 

experimental work. 

(ii) This arrangement for the connections between the five-hole 

pitot tube and the pressure transducer was a very quick 

method for measuring the pressure difference between any two 

holes around the pitot sphere. 

The pressure transducer was connected with the voltmeter 

through the electrical circuit mentioned before, to record the 
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pressure transducer output on. the voltmeter scale. 

The five-hole pitot tube, pressure transducer and valves 

were mounted on a carrier provided with horizontal and vertical 

scales and moveable in three directions along the flume. 

6.3.5. Calibration of the Five-Hole Pitot Tube: Consider the 

case of a potential flow around a frictionless sphere, as 

presented in Fig. 3.25c. From the theory of fluid mechanics (71), 

the pressure record at any hole m, lying at a central angle 8 in 

the direction of the parallel flow, is given by: 

p V -
. . . . . . . . . . (3.19) 

2 
o_ 

"i 2g 

P^ V 
P = -g*" + (i = l, 2 ... 5) . (3.20) 

The symbol is termed the "dynamic coefficient" of any of 

the five holes around the sphere. As demoz:istrated by the equation 

it depends only on the central angle . 

From Eq. (3.20): 

Pi - P. 
K. = ^ (i = 1, 2 ... 5) (3.21) 

2g 

Furthermore, there is a functional relationship between any 

angle ^ and its corresponding pressure reading; calling this 

function an "inclination factor" the relation may be expressed 

as follows: 

K - K, P -

To evaluate the function the following procedure was 

employed, noting that P^, V and AP, for a five-hole pitot tube 

inclined in a parallel flow are equal to V, P and ^P respectively 
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when the five-hole pitot tube is held, normal to the axis of the 

channel and the velocity vector is inclined at any angle ^ . 

(i) The instrument was given different angles of inclination 

^ , varying from ^ 30° with the direction of a parallel 

flow. 

(ii) For any angle ^ within the specified range, the pressure 

transducer was connected to holes (1) and (3) through the 

valve system. The stem of the pitot sphere was then 

rotated until the reading on the voltmeter scale recorded 

zero, i.e. = P^. 

(iii) In. this position, the pressure transducer was connected 

in turn to holes (2), (4) and (3), (5). The reading on 

the voltmeter scale was then recorded for each connection 

respectively. These two readings represent the pressure 

differences (P^ - P̂ )̂ and (p^ - P^). 

(iv) The value of the inclination factor is computed from 

Eq. (3,22) for different values of ^ lying between 

+ 30°, then the relationship between K(- and angle ^ 

can be obtained from Fig. 3.30. 

The pitot sphere used in this research work was calibrated 

in a channel 12.0 m long. The instrument was given angles of 

inclination ^ to the channel axis varying between f = + 30° 

for selected speed between 0.2 ny^sec and 2.0 m/sec. In this 

wL --i» ^ ^ XJ- ^ V W Vv -i- ^ —L»̂ J, 4 ^ ^ ^ V / 

./ u u. 2g 

The results shov/ed that the dynamic coefficient of the hole for 

any angle ^ , were almost constant in the range of speed used, 

Fig. 3.31" This is an important point in favour of the five-hole 

pitot tube. 
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6.3'6. P r o E r r o r s ; 

(i) The Secondary Errors; Individual probe calibrations 

are made in uniform streams, but they are commonly used in non-

uniform streams. Also, the probe interference with flow changes 

the undisturbed flow to a certain extent. These secondary errors 

are negligible whei-e the projected area or frontal cross-sectional 

area of the probe is small compared to the cross-sectioaal area of 

the stream (e.g. 1% or less) and where no sharp curvature of 

stream lines, or steep pressure or velocity gradients exist, The 

errors are serious where probes ,are relatively large compared to 

the flow passage or where the probes are used near solid boundaries 

or where steep velocity gradients exist. 

(ii) Taw An^le Errors: These are negligible in most cases 

since the variation in total pressure across the width of the probe 

is usually negligible. In case the variation in total pressure 

across the width of the probe is substantial, large errors in 

indicated yaw angle can occur as illustrated in Fig. 3.32a. Where 

the total pressure gradient occurs in a direction normal to the 

probe axis, it can be seen that the holes and P^, being 

separated by a certain distance, are in regions of different 

total pressure, so in order to balance them they must be rotated 

through an additional angle then appears as an error in 

the indicated yaw angle. 

(iii) Pitch Angle Errors: Fig. 3.32b shows the normal flow 

around the end of a probe; near the tip there is a considerable 

induced pitch angle ^ . This is sufficiently large that the 

\ 

indicated pitch angle contains an additional angle ^ . This 

error can be minimised if the holes are placed two diameters up 

from the tip to reduce the effect of this induced angle. Also, 
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this error can be minimised, if the calibration allows for it 

as in the case of the five-hole pitot tube. 

It can be seen that a solid boundary near the tip would 

affect the flow around it, so in the case of a five-hole probe 

it is desirable to know how much the boundaries affect the 

readings at different pitch angles. Fig. 3.32c shows the effect 

of boundaries on the pitch angle ratio E up to pitch angles of 

^ 30°. The vertical axis is the Eg , and the horizontal axis is 

the distance of the probe from the solid boundary divided by 

probe diameter D. As in the case of pitch angle ratio, the effect 

is not serious more than five diameters away from the boundary and. 

is actually less for high pitch angles thsun for flow perpendicular 

to the probe axis. 
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