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SYNOPSIS:

This study entailed the investigation and evaluation of a new methodology for measuring high

discharges passing through bridges. Pressure differences generated around bridge piers have been

measured and related to the discharges. These pressure differences are mainly functions of

downstream flow conditions. The pressure differences have been converted into velocities by

applying Newton's second law expressed in terms of the laws of conservation of energy;

momentum; and of power.

The energy principle was re-evaluated following a preVIOUSstudy (Retief, 1999) on a limited

number of model pier combinations and flow conditions. Comparison of the energy approach with

newly developed theories in terms of the momentum and power laws respectively led to the

conclusion that the energy principle gave the best results. The question of applicability of the

theory to practical pier/stream width and length ratios as well as its validity under flow conditions

commonly found under flood conditions required that additional laboratory tests be done.

The energy-based discharge equation was calibrated in terms of newly selected measuring points,

different pier width and length ratios, as well as pier rotations for both super and sub-critical

downstream conditions. According to the new tests performed at the Hydraulics Laboratory of the

University of Stellenbosch on model piers, clear relationships were found between discharges and

pressure differences measured against the pier. Calibration curves for practical flow measurement

application were derived in terms of principle dimensionless parameters.

Application of the energy approach at the prototype level needs further investigation.
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SAMEVATTING:

Hierdie studie het behels die ondersoek en evaluering van 'n nuwe metode om hoë vloeie verby

brïïe te meet. Drukverskille wat rondom brug pylers opgewekword is gemeet en omgeskakel na

vloeie. Hierdie drukverskille is hoofsaaklik funksies van die stroomaf vloei toestande. Die

drukverskille is omgeskakel na vloeisnelhede deur die toepassing van Newton se tweede wet,

uitgedruk in terme van die behoud van energie, momentum so wel as drywing.

Die energie beginsel is weer geëvalueer sedert 'n vorige studie (Retief, 1999) gedoen is op 'n

beperkte aantal model pylerkombinasies en vloeitoestande. Hierdie energie-benadering is met nuwe

metodes vergelyk, naamlik die momentum en drywings wette. Die gevolgtrekking is gemaak dat die

energie metode die beste resultate gee. Die vraag oor die toepaslikheid van die teorie met praktiese

pyler/stroom wydte en lengte verhoudings so wel as die toepaslikheid hiervan onder die vloei

toestande wat algemeen onder vloedtoestande voorkom het addisionele laboratoriumtoetse vereis.

Die energie gebaseerde vloeivergelyking is gekalibreer in terme van nuut geselekteerde meetpunte,

verskillende pyler wydte en lengte verhoudings, asook pyler rotasies vir beide super en sub-kritiese

stroomaf toestande. Na aanleiding van die toetse gedoen in die Hidroulika Laboratorium van die

Universiteit van Stellenbosch op brugpylers, is duidelike verbande gekry tussen die vloeie en die

drukverskille soos gemeet teen die pyler. Kalibrasie-kurwes vir die toepassing van praktiese vloei-

meting is ontwikkel in terme van die toepassing van dimensielose parameters.

Die toepassing van die energiebenadering op prototipe vlak verg verdere ondersoek.
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Area [m2
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Potential energy [J]

Kinetic energy [J]

A

q

L

Lp

Y

Kappa term - power correction factor [non dim]

Flow rate [rrr'Is]

Width between piers [mJ

Centreline distance for piers [m]

Pier width (maximum) [m]

Slope [mlm]

Energy slope [mlm]

Bed slope [mlm]

Volume [nr']

Velocity [mis]

Theoretical velocity of the pier (special case) [mis]

Velocity of approaching fluid [mis]

Velocity of fluid far upstream of the pier [mis]

Flow correction factor [non dim]

Drag coefficient [non dim]

Flow rate per unit width [m2/s]

Length [mJ

Pier length [m]

Flow depth [m]

1(

Q

b

B

bp

s

Sr

So

V

V

Vpier

Vapproach
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d

F

M

p

Ho

Mo

hL
hr

g

p

Flow depth [ml

Force [N]

Momentum [N]

Power [W]

Work line distance of a force taken from point 0

Moment around point 0 [N.m]

Transitional losses [ml

Frictional losses [m]

Gravitational acceleration [m1s2]

Rho, fluid density [kg/nr']

Stellenbosch University http://scholar.sun.ac.za



Discharge measurement in terms of pressure differences at bridge piers - Introduction Page 1

1. INTRODUCTION

South Africa is a water poor country. It is thus of the utmost importance to measure the

run-off from catchments as accurately as possible in order to quantify the country's water

resources. The measurement of run-off is undertaken by the Department of Water Affairs

and Forestry (DWAF) and is performed by using a network of flow gauging stations.

These gauging stations are usually restricted to lower flows in terms of their capacity.

Therefore, the measurement of high flows has become very important because most

gauging stations can not cope with these flows. Being able to measure higher flows

(floods), one will also be able to analyse and predict the occurrence of floods more

accurately.

Therefore, in order to assure reliable continuous flow records, improved methods for

measunng high discharges need to be found. The existing network of flow gauging

stations on South African rivers consists mainly of compound gauging weirs. Most of

these weirs become inaccurate when high discharges occur because they can't be built

large enough to cope with very high flows. These inaccuracies are due to drowned

conditions. The geometry of the gauging weir and the average energy slope taken across

the weir become insufficient to prevent the sub-critical flow downstream from

influencing the flow upstream i.e. of drowning the weir. The flow regime associated with

drowned conditions is also known as non-modular flow. The calculation of the flow rate

Q based on flow depths measured under drowned conditions tends to be quite inaccurate

due to the fact that a control section with a unique relationship between depth and

discharge no longer exists. Research is presently being done on the phenomenon of

drowned conditions at gauging stations in a separate parallel study. Flow gauging under

drowned conditions however remains problematic. It is also important to mention that

weirs that are large enough to be able to measure the full range of flows become very

expensive and often cause the inundation of large areas upstream of the weirs.

The accurate measurement of high discharges has several advantages and uses:
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o For example - the design of a new dam. One of the most important design aspects in

the design of a new dam is the flood analysis which forms part of the stability analysis of

the dam wall. Flood analysis includes testing of the dam wall stability as well as the

determination of the capacity of the overflow section during flood events which directly

affect the load on the wall. The safety aspect associated with downstream flooding (also

when the dam wall would fail) is directly linked to high inflows. The quantification of

these high inflows is therefore of great importance in order to perform reliable

calculations in terms of safety.

e If a method for measuring high discharges more accurately can be found, one will be

able to test the accuracy of hydrological models which describe the complex relationship

between run-off as a function of precipitation and other input parameters. These models

are subject to uncertainties due to the simplified assumptions that have to be made in

order to compensate for the complex nature of the run-off process as well as the limited

availability of data on a regional scale. This implies that these models also need

calibration - these models will therefore benefit from flow records that include more

accurate higher discharge values.

@ By quantifying high discharges accurately, the calculation of flood levels and

potential damage can be made more accurately. This means for example that if the flow

rate at a calibrated bridge upstream of a town or settlement exceeds the Qso flood

discharge which has been used to determine the Qso flood lines for the town/settlement,

one will know with greater certainty when to evacuate people downstream.

o The modelling of estuaries can also benefit from accurately measured high inflow

discharges. Flushing (dilution of the salt concentration within the estuary) occurs mainly

during high inflows of fresh water from the inland. Quantifying these high discharges,

one can link the degree of flushing to specific inflows. The ability of predicting the

flushing of an estuary in terms of inflows will enable ecologists to predict environmental

and biological changes within the estuary with greater accuracy. In addition, knowing the
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high inflow discharges will enable engineers to predict the extent to which a certain flood

will breach the sand spit which separates the estuary from the ocean during low flow

periods. These events can then be related to specific return periods.

o Given the possible ability of measuring high discharges accurately at existing

bridges (the method being investigated in this thesis), one will be able to update the

RMF-indices of Kovacs. This implies that having an extreme flood event and having the

ability to measure the peak discharge accurately, adjustments to the RMF-index can be

made if this flood has exceeded the historical Regional Maximum Flood as documented

for the specific region.

This study has concentrated on the possible application of bridge piers as high discharge

measuring structures by analysing flow patterns and flow characteristics around pier

models for different flow conditions. The use of the fundamental laws of nature and

"reasonable" simplified assumptions have led to a variety of possible mathematical

models (Energy, Momentum and Power) which were investigated individually both in

terms of their suitability and accuracy in terms of model description. Several theoretical

approaches and models that seemed to have satisfied the criteria were eventually

investigated in further detail.

The fundamental phenomenon on which the bridge pier concept IS based, is the

stagnation of flow at the upstream end of a bridge pier and the associated conversion of

potential energy into kinetic energy from the stagnation point in the direction of the

downstream end of the pier. The phenomenon of stagnation of fluids has been used with

great success in velocity gauges for many years and forms the principle on which the

Pitot-tube velocity gauge works. The velocity of aeroplanes as well as water flowing

under uniform conditions can be measured to an accuracy of about 1% by using this

technique (White, 1986). The theory of the Pitot-tube will be discussed as an introduction

to flow measuring theory in terms of the energy equation with specific reference to the

application at bridge piers.
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2. BACKGROUND:

(Retief, M.J., 1998 -extended and amended)

2.1 SOUTHAFRICAN RIVERS:

South Africa is a relative dry country with an average annual rainfall of about 500 mm.

This is much less than the world average of 860 mm. In addition, the temporal

distribution of lower rainfalls in South Africa is such that, the run-off in rivers may be

lower than average for periods of up to 10 years (D WAF, 1986). It is for this reason that

accurate knowledge about the discharge of water for use as well as for the temporary

storage of floodwater is so important.

2.1.1 Factors which are problematic for flow measurement in South Africa:

o Climate:

Not only is the flow in South African rivers limited but also highly unsteady. In

contrast, Europe for example is dependent for a major part of its river flows from

the melting of snow in the mountain areas. The snow plays a dual role: gradually

releasing water during the physical process of melting of the snow and secondly

rain is trapped in the snow and released only when the snow starts to melt. In

European countries the cause of flood events is usually the rapid melting of snow

in which rain has been trapped ("The Institution of Civil Engineers, London ",

1966). This may happen when warmer weather follows a period of cold rainy

weather.

The generally wetter climate of Europe contributes further to more steady and

uniform flows in rivers than in South Africa. The flow characteristics of South
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African rivers are much more unstable and unpredictable. Comparing the River

Thames in England with the Limpopo locally for example, a huge difference in

variability of discharge is evident.

The South African climate is one of extreme events. Floods are usually associated

with rainstorms, thunderstorms and tropical cyclones. In spite of the extreme

events of floods, South Africa on average has a relatively dry climate with snow

making very little contribution to run-off during or after the winter season. The

run-off in rivers is very unsteady in South Africa due to the fact that there are

large areas which are either summer or winter rainfall areas. This means that we

do not have rain on a regular basis but rather at random during a specific rainfall

season. A further contribution to the unsteadiness of flow is the variation in

rainfall durations and rainfall intensities, which is found on a country-wide scale.

These large variations in flow depths make discharge measurement difficult.

@ Sediment:

Sediment problems are experienced at conventional gauging stations especially in

the following regions: Eastern Cape, Western Cape, Free State and Kwazulu

Natal (Rooseboom A., 1992).

Sediment accumulation at existing flow gauging stations poses serious problems,

especially during high discharges when flooding rivers carry heavy loads of

sediment. Rooseboom, A. et ai, 1999 deal with the design and maintenance of

flow gauging stations on sediment carrying rivers in South Africa.

~ Labour and financial problems:

A shortage of personnel and funds contributes further to the flow-measuring

problem. Sufficient skilled manpower is usually not available during flood
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events- this is due to the vast areas which are usually affected by floods and the

short time span during which most floods occur. Field trips are however

undertaken during floods to measure flow depths, flow velocities etc. in order to

collect flood data. Unfortunately, gauging stations are often inaccessible during

these times posing a logistic problem to physical flow measurements.

o Vandalism:

This has become a major problem in certain parts of South Africa and contributes

to incomplete flow records. Measures need to be taken in order to safeguard

measuring equipment at flow gauging stations which contribute to high

maintenance costs.

2.2 OCCURRENCE AND MANAGEMENT OF FLOODS IN SOUTH

AFRICA:

As mentioned earlier, South Africa experiences great variations in river run-off. These

varying floods are important to analyse both in terms of their destructive abilities as well

as their contribution to the mean annual run-off (MAR).

2.2.1 Defining ajlood:

A flood can be defined as an event during which the water surface in a river rises

to such an extent that the river is no longer flowing only in the main channel, but

also fills the floodplains on the sides, therefore rising above the normal flow

boundaries. From the point of view of hydrology (Rooseboom A., 1986): "aflood

is a wave that progresses along a watercourse and causes changes in water level,

discharge, flow velocity and water surface slope all along the course".
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2.2.2 The nature offloods:

Floods in South Africa can be quite destructive. Recent examples are the 1998

floods along the Orange River and the floods in Natal during September 1987 (Du

Plessis D.R., 1989).

Other examples, which illustrate the nature of Southern African floods, are the

flood events that were associated with the tropical cyclone "Domoina" (Retief,

1998). "Domoina" was first noticed on 17 January 1984 on satellite photos and 10

days later it started to move towards the Mozambique coast and from there further

inland over the African continent. During the 5 days that followed, heavy rains

fell over Southern Mozambique, Mpumalanga, Swaziland and the northern parts

of Kwazulu-Natal. More than 10 000 people were directly affected by the floods

and more than 200 lives were lost during the events. In South Africa alone more

than RI00 million's damage was caused to communication installations, the

agricultural sector and nature reserves.

2.2.3 Methods for flow measurement presently used in the R.S.A.:

Due to the lack of better and more efficient measuring methods for very high

flows as well as the problems of accessibility of gauging stations during flood

events, the past practice of the OWAF was to wait for a flood to subside before

flood levels were determined (Herschy R. W, 1978). Maximum flow depths were

taken up to the highest levels of scouring and debris accumulation afterwards.

Methods, which are generally used in South Africa for high flow measurement,

include the slope-area method and the bridge contraction method. These methods

are used in conjunction with flow measurement data from gauging stations and

reservoir spillways. Standard gauging stations are usually unable to measure high

flows as they become drowned which means that a control section ceases to exist
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and the calculation of flow rates as functions of upstream water depths therefore

becomes inaccurate.

o Slope Area method:

This method is used most frequently. It is based on the assumption that the flow

is uniform (cross-sections' geometry relatively constant) for the reach where flow

measurement is being undertaken. This method assumes that the flow depth is a

function of the average bed slope so, bed roughness (Manning n-value or Chezy

C-value) and cross sectional geometry and is not influenced by control sections

and/or obstructions elsewhere along the river. The maximum water levels that

have been reached during the flood are determined and by using the Manning or

Chezy equation for steady uniform open channel flow, the average flow velocities

can be calculated. From the velocities and information on the cross sections the

flow rate can then be calculated. The equations of Manning and Chezy are well

known and can be found in any hydraulics handbook and also in the Manual on

Road Drainage in which different flow equations are grouped together.

The following problems were found using the Slope Area method:

o The calculated flow rate Q is very sensitive to the energy slope and small

errors made with the energy slope may result in large variations in the flow

rate. The assumption of uniform flows implies that the energy slope Sf is

taken as the same as the bed slope So which is not always correct especially

if accelerating flow is present.

6 The bed roughness, which is used as a parameter in the open channel flow

equations, is typically taken as the k-value of the irregular bed as found after

the flood has passed. Recent research (Rooseboom, Le Grange, 2000) has

shown that the bed roughness (k-value) in sand-bedded rivers is totally

different during the flood event compared to after the flood event. The
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reason for this is that deformation of sand beds occurs when flows pass over

them, especially during high flows. The formation of bed forms of several

metres in height is quite possible during large floods. This means that the

estimation of bed roughness according to the bed profile after a flood can

lead to the under-estimation of bed roughness (Manning n-value or Chezy

C-value).

@ Bridge contraction method:

This method is based on the fact that flows approaching a bridge experience

contraction due to the bridgeheads and undergo an associated drop in water

surface level upon passing through the bridge openings. The flow equation for

calculating the flow rate can be determined by using the continuity law as well as

the energy equation of Bernoulli. This method cannot be used reliably at most

South African bridges because the drops in surface levels are too small to measure

with sufficient accuracy.

2.2.4 Other flow measuring techniques:

Increased use is being made in South Africa of stream gauging. This involves the

measurement of flows through near uniform river reaches and the derivation of

stage-discharge relationships. OTT Southern Africa (Pty) Ltd is supplying the

equipment which is currently being used for velocity measurements. The

equipment comprises mainly of a heavy elongated fin-shaped instrument with a

propeller directed in the upstream direction. This instrument is supported by a

cable that runs across a river and the instrument can be lowered into the stream.

The instrument is sometimes lowered to a level that corresponds to 0.4 times the

flow depth (measured from the riverbed). The reason for this is that the average

velocity of an open channel stream is approximately equal to the velocity found at

a distance of 0.40 above the riverbed, where 0 is the total depth of flow at a

specific location. The flow of the water drives the propeller and by doing a

simple calculation that correlates the revolutions per unit time with the velocity,
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local velocities within the stream can be calculated. By taking these measured

velocities as being representative of their associated area elements and

multiplying them with their elemental areas, one can obtain the flow rate for each

elemental area. By adding these flow rates, one can obtain a relatively accurate

estimation of the total flow rate. To allow for the deformation of sand beds, the

area of the cross section should reflect conditions during the flood event and not

after the flood event. More accurate results are obtained by measuring velocities

at different levels. A bridge is also a convenient structure from which velocity

measurements can be performed at representative points across the flow sections

perpendicular to the flow direction although velocity distribution may differ from

that in open channels and be more complex.

The cost of a calibration as described above is about R 80 000. This cost includes

the installation as well as the maintenance of the cableway. A conventional

gauging station costs at least R 250 000.

This method provides us with an additional flow measuring technique which can

be used to test the accuracy of newly proposed methods.

Advantages of stream gauging:

o This method does not require the building of a large structure.

@ There is no damming or deceleration of the flow velocity as in the case of a

gauging weir. This means that sediment build-up may not be a problem.

Disadvantages of stream gauging:

o It is quite expensive at a cost of around R80 000 (1998) per calibration.

@ The cableway if inappropriately sited can be easily damaged or dragged

along by larger debris (bridges can be used to support the velocity meters)
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@ Vandalism poses a serious problem for both the cableway and the measuring

equipment.

o The velocity meter needs a minimum depth of about one meter to be able to

register properly.

Stream gauging is the preferred method of calibration of flow gauging stations in

most countries, particularly where river flows do not vary greatly.

2.3 CRITERIA FOR NEW MEASURING TECHNIQUES FOR SOUTH

AFRICAN CONDITIONS:

Given the problems that have been experienced in the past with flow measurements

during floods, a list of guidelines that will assist in the development of new measuring

methods and techniques can be drawn up (Lotriet, Rooseboom, 1995):

o It is important to note the large variation in flow rates in typical South African

rivers. A new system of flood measurement should therefore provide reliable and

continuous flow records over a large spectrum of flows.

@ The system should be less susceptible to sediment problems than the existing

gauging weirs found in South Africa.

@ South African rivers cross international boundaries and the proposed system should

therefore comply with international standards.

o New methods should be economical and if possible not require the construction of

additional structures but rather be incorporated in existing structures.

o Maintenance of structures should be a minimum.

o The system should be sturdy to resist the forces of nature and varidalism.
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3. FLOW MEASURING THEORY:

3.1 APPROACH FOLLOWED:

The main aim of this investigation was to determine whether pressure differences at

bridge piers could be related to discharges. Retief (1998) showed that the energy

principle combined with the stagnation phenomenon did work for a limited amount of

model pier combinations. The energy principle was re-evaluated as a first step in the

development of new theories to describe the pier pressure/discharge relationship.

This chapter describes a fundamental investigation undertaken in order to study the

processes of energy, momentum and power conversion within set boundaries of a stream

that incorporates an obstruction in the form of a bridge pier. Theoretical trends were

analysed with the help of the basic laws of nature that are applicable to the hydraulic

field. These theories were subsequently tested using laboratory data gathered by Retief,

1998 (covered in sections 3.4, 3.5, 3.6, 3.7, 3.8 and summarised in section 3.9).

The re-evaluation of the energy based discharge equation as well as the evaluation of the

momentum and power based discharge equations (new theories, covered in sections 3.7

and section 3.8 respectively) led to interesting conclusions and recommendations (section

3.10). These conclusions and recommendations helped with the identification of

additional tests needed in order to investigate and answer problems and questions that

arose from results based on Reliefs (1998) data.

Additional tests performed during July/August 2000 (covered in chapter 4) at the

Hydraulics Laboratory of the University of Stellenbosch helped to develop a better

understanding of the process of pressure conversion at bridge piers and calibrated curves

could be established according to the energy based theory for discharge measurement.

University of Stellenbosch Department of Civil Engineering

Stellenbosch University http://scholar.sun.ac.za



Discharge measurement in terms of pressure differences at bridge piers - Flow Measuring Theory Page 13

3.2 MODEL DESCRIPTION - Retief:

Figure 3. J is a schematic representation of the laboratory lay-out used by Retief (1998)

for his tests on model piers. These tests were performed at the Hydraulics Laboratory of

the University of Stellenbosch. The glass flume that was used to simulate the prototype

"river" or "channel" was flume number 3 in the laboratory with a width of 609 mm.

Water was supplied via a 300 mm diameter pipe. This pipe is connected to a constant

head tank to ensure constant discharge during the tests. Perforated blocks installed at the

entrance of the flume ensured smooth inflow to the model.

Glass f'lu m e , width = 609 mm
Hydraulics Laboratory

U niversity of Stellenbosch

(Schematic side view of model pier set-up in the Hydraulics Laboratory, University of Stell enbosch)

(Figure 3. J)

The mathematical models that will be derived below (section 3.6 to section 3.8) were

calibrated using model data. Scale models of the real structure (called the prototype)

were constructed from wood (photo 3. J, p. J 6) and tested in order to investigate flow

conditions around bridge piers.
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Perforated blocks

Glass flume. width = 609 mm
Hydraulics Laboratory

U n iv e r s i t y of Stellenbosch

(Schematic plan view of model pier set-up in the Hydraulics Laboratory, University of Stell enbosch)

(Figure 3.2)

Discharge measurement was done with a 213.0 mm orifice disc installed inside the 300

mm diameter pipe. The difference in water pressure upstream and downstream of the

measuring disc is measured with a water/mercury manometer. From the pressure

differences the discharge is calculated using the following equation:

Q c /2Kh= dap{kz=-ï

where Cd == coefficient of discharge = 0.61 and

a- == pipe diameter and a2 == diameter of disc opening

In order to have been able to test different ratios of channel width to pier width (S/bp),

three different pier widths were used by Retief Each pier was constructed with three
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horizontal holes for measuring pressures (A,S and C in photo 3.1, p.l6), a hole in the

front, a hole on the side (in the middle) and a hole at the downstream pier end. Three

vertical shafts within the model were used to measure water levels (pressures) by

connecting them to clear cylinders ensuring more stable water surfaces in order to

increase the accuracy of measurement.

The different piers were placed symmetrically within the glass flume and were fixed to

the flume floor to prevent movement during tests.

Three different flow conditions were investigated by Retief, VIZ: "Normal flows",

"Debris flows" and "Sluice controlled flows". The "Normal flows" refer to flow

conditions where a control section (critical depth) is found within the pier length. "Debris

flows" refer to flow conditions where the effects of the accumulation of debris at the

upstream end of the pier on the flow conditions were investigated. "Sluice controlled

flows" refer to drowned flow conditions downstream of the pier.

For the "Normal flows" and "Debris flows", water depths were measured 900 mm

upstream of the upstream pier end (section 1, photo 3.l), at the upstream end (section 2,

corresponds to pressure measuring at A), at the middle of the pier (section 3,

corresponds to pressure measured al B), at the downstream end (section 4, corresponds

to pressure measured al C) and 4570 mm downstream from the downstream end of the

pier (section 5) near to the sluice controlling the downstream conditions. For the "Sluice

controlled flows", water depths were measured at the same positions but instead of

measuring the downstream depth at 4570 mm, it was measured closer, viz. 700 mm

downstream of section 4. The following picture shows one of the wooden model piers

that was used in Reliefs study. According to the pressure measuring configuration used

for the wooden piers, the following sections were defined accordingly and are shown as

dotted lines:

University of Stellenbosch Department of Civil Engineering

Stellenbosch University http://scholar.sun.ac.za



Discharge measurement in terms of pressure differences at bridge piers - Flow Measuring Theory Page 16

(Wooden model pier used by Retief, defining the sections used by him and the corresponding pressure

measuring points)

(Photo 3.1)

The discharge equations derived in sections 3.6, 3.7 and 3.8 were calibrated using the

data collected by Retief and the results of these fundamentally based equations are

therefore applicable to a model pier set-up as has been described infigure 3.1, figure 3.2

and photo 3.1.

3.3 INTRODUCTION TO FLOW MEASUREMENT:

The typical problems engmeers usually face with open channel flow IS either of the

following (Rooseboom A, 1985):

o "Given the flow rate, determine the flow depth in the channel"
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f} "Given the flow depth in the channel, determine the flow rate"

The first problem is typically a design problem and is most commonly being encountered

by water engineers. Using either the Manning or Chezy equation for steady uniform open

channel flow, one can determine the flow depths for a given discharge if the bed

roughness and bed levels are known. These calculations usually form part of a water

surface profile analysis.

The second stated problem forms the basis of this thesis, i.e. the measurement problem.

Measurement here refers to the calculation of velocity as a function of measurable flow

characteristics in order to estimate the flow rate. By measuring flow depths and pressure

differences and applying the energy and continuity laws, one can calculate theoretical

velocity values and by compensating for energy losses, accurate results can be obtained.

3.4 FUNDAMENTAL HYDRAULIC CONCEPTS RELATED TO FLOW-

MEASUREMENT:

Newton's Second Law and the Law of conservation of mass:

There are two fundamental laws of nature which are used by Civil Engineers working in

the water field - variations and combinations of these two laws are commonly used when

tackling hydraulic problems.

These two laws are basically: "The Law of the conservation of mass" and "Newton II".

It will be shown that Newton II can be rewritten to indicate that force equals momentum

change.
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The following laws are used in different combinations in the field of hydraulics in order

to analyse a wide range of problems:

I Momentum I
(Figure 3.3)

Energy

(The three basic hydraulic laws, Continuity, Energy and Momentum)

An extension (figure 3.4) of the three laws has been proposed by Rooseboom A. (1992) by

the introduction of Power Theory, in which he proved on a theoretical basis that the Von

Karman coefficient nearly equals 0.4. The arrows in the sketch below imply that

different combinations of these laws may be used in calculations.

Power

(Figure 3.4)

Continuity

(An extension on the three basic hydraulic laws, Power being added)

In the sketch above a forth law, namely the Conservation of Power, has been introduced.

It is further important to note that these four laws are not all independent. Any
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combination of two laws that include continuity forms an independent combination. This

implies that the combination of the Energy, Momentum and Power Laws do not

constitute an independent set. The reason for this will be shown later to be the fact that

all three of these laws can be derived from Newton's second law.

The continuity law represents" The Law of the conservation of mass" whilst the Energy,

Momentum and Power Laws can all be derived by using different integration

manipulations of Newton's second law.

The derivation of these four laws will be performed next for clarity. Consider firstly the

choice of hydraulic configurations being used in the derivation of equations based on

these laws.

Choice of control volumes in the analysis of pier flow:

The selection of configurations for the application of the 4 laws depends firstly on which

of the 4 laws is being applied. The energy equation is applicable along a continuous

streamline whilst the Momentum equation applies to an enclosed control volume. The

Power equation also requires a control volume for application purposes.

The choice depends secondly on where uniformity of flow exists. A section where the

velocity or depth varies across the width is not suitable as an enclosing section for use

with the Momentum or Power Laws.

A third consideration which influences the selection of sections in the location of large

transitional losses. By using section 4 rather that section 5 for instance in (Figure 3.5,

p.23), uncertainties concerning the transitional losses occurring within the control volume
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could be drastically reduced. By doing this, more stable coefficients (resulting from the

calibration process) were found.

Taking a section at the upstream end of the pier ensures greater water level differences

and consequently more accurate measurements. Section 2 (next to the upstream end of

the pier) was not suitable due to the non-uniform flow conditions across the section.

3.5 CONTINUITY:

Derivation:

The Law of conservation of mass states (Serway R.A., 1982): "Matter is neither created

nor destroyed" That is, the mass of the system before a process equals the mass of the

system after the process.

Consider a system where the flow of mass is continuous as it moves from point Pin to

point Pout enclosed by isolating boundaries. The enclosed volume between Pin and Pout

forms the control volume. The system can be either pipe flow or open channel flow.

Assuming that no mass is stored between points Pin and Pout in the system, there will be

no volume change within if we assumed water to be incompressible for our study

purposes. The above mentioned assumption leads to the following derivation:

Definitions of symbols:

min: mass entering the system [kg]
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p:
mass exiting the system [kg]

mass density of the fluid [kg/rn ']

volume entering the system [m3
]

volume exiting the system [m3]

time derivative with respect to variable x [non dim]

Mass entering the system == mass leaving the system

=> massin(min)=massout(m.ut)

Taking the time derivative on both sides:

d(p ) d(p )=> - V =- Vdt in dt .ut

The density is constant (incompressible fluid):

=> !!__ (V )= !!__ (V )
dl in dl out

=> Q =Qin out (Equation 3.1)

Equation 3.1 is known as the continuity equation for application in fluid mechanics.
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Applications of the continuity equation:

The continuity equation is used as a "primary tool" together with the Energy, Momentum

and Power equations in solving hydraulic problems. The continuity equation links flow

depths and velocities. In order to use the continuity equation in this study, it is necessary

to describe the flow region in the vicinity of the pier as well as possible. This description

will be used throughout chapter 3 and is discussed in more detail in the following

paragraph "Defining the geometry of a typical bridge lay-out".

Defining the geometry of a typical bridge pier lay-out:

This study entailed the investigation of flow patterns around isolated bridge piers under

high flow conditions. This was done in order to determine whether piers could be used as

flow measuring structures. The term "isolated pier" in this context refers to a pier where

the flow conditions upstream and downstream are uniform across the width of flow. This

condition is approached at long bridges where span lengths are constant and where flow

conditions are the same for the different openings. The theories that were developed

were based on the assumption of isolated piers. It was further assumed that the bed at the

pier is horizontal for at least the length of the pier.

For application of the Energy, Momentum and Power equations, specific control volumes

were considered as part of the theoretical approach. In order to ensure consistency in the

definition of sections and points defining the possible control volumes, the following plan

view of a typical pier lay-out was used.
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(Figure 3.5)

(Describing and defining the plan view of a typical pier lay-out)

The numbering system depicted above is followed throughout chapter 3 (except for p.33

to p.40 where figure 3.12's configuration, taken from Webber is used). Please note that

when there are references to the pier width (bp), it always denotes the maximum

dimension of the pier measured at right angles to the long axis of the pier. The distance

between piers (B) is measured from centre to centre.

3.6 ENERGY APPROACH:

Derivation:

Newton's second law states (Serway R.A., 1982): "The time rate of change of momentum

of a body is equal to the resultant force acting on the body. If the mass of the body is

constant, the net force equals the product of the mass and the acceleration."

Definitions of symbols:

a: Acceleration of the particle [m/s'']

m: Mass of the body [kg]

Fres: Resultant force acting upon a system [N]
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s:

Velocity of flow [mis]

Distance [m]

Small increment in variable x [dim of x]

Time derivative with respect to variable x [non dim]

Work done between sections 1 and 2 (positive work IS defined as work

related to movement from section 1 toward section 2) [N]

v:

dx:
dx;

dl:

a oeFres

1aoc-
m

F
=:) a =-.!!£

m

=:) F =mares (Equation 3.2)

Note the following manipulation that is introduced:

dv dv ds
a=-=--

dt ds dt

F v.dv
=:) =ma =m--

res ds

S2 Vz

JFres.ds= Jmv.dv (Equation 3.3)

=:) F (s _ s ) = m (v 2 Z - V 1

2

)
res 2 I 2
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Z Z

:::::> mv, +U = mvz
2 1-Z 2 (Equation 3.4)

The term U1-2 represents the work done between points 1 and 2. This term may also be

seen as a differential potential energy value which is equal to the water surface level

difference in terms of open channel flow (which is being studied here) .

Datum line (Figure 3.6)

................
". " ......

(Typical open channel flow profile, taken between section 1 and section 2)

Consider a flow line along the surface as represented by the blue line infigure 3.6. The

potential energy value at the surface at section 1 equals Ep1 = mg(Y1+z1) and at

section 2 the value is Ep2 = mg(Y2+z2), measured relative to the dotted datum line.

Substitute U1-2 with its differential definition in terms of the potential energy, viz. U1-2 =
Ep1 - Ep2. The reason why it is defined in this fashion comes from the definition of g, the

earth's acceleration. If the unit gravitational force performs positive work it implies that

the object on which the force is being exerted moves in the same direction in which the

acceleration 9 works. This implies that positive work is associated with the movement of

an object from a state of higher potential energy to a state of lower potential energy.

Take for example an apple falling freely from a tree. The dominating force exerted on

the apple is the gravitational force. The resuIt of this force is a movement in a downward
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direction, therefore resulting in a positive amount of work being done. Note that the term

Ep1 - Ep2 will therefore be positive because the apple has lost potential energy falling

from position 1 (up in the tree) to position 2 (at any state during the free fall).

The work done between points 1 and 2, U1-2, takes on the following definition:

(Equation 3.5)

Substitute U1-2 (as defined in equation 3.5) into equation 3.4:

2 2mv, mvz=> ---mgy -mgz =---mgy +mgz2 z 2 2 I I

2 Zmv, mv,=> --+mgy, +mgz,=--+mgyz +mgZ22 2

For the application of this equation in the Hydraulics field, all terms are expressed per

unit volume of fluid. Divide by W =mg:

Z 2
Vr V=> -+ y, +z, =_1_+ Y +z
2g 2g z z

(Equation 3.6)

Equation 3.6 is known as the Bernoulli energy equation for the conservation of energy.

Note that the friction and transitional loss terms do not appear on the right hand side of

the equation. The reason for this is that these were ignored in the above derivation for

simplicity.
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The total energy equation can be obtained by adding the loss terms to the right hand side

of equation 3.6 and introducing a factor which compensates for the assumption of

constant velocity across the section, namely the Corio lis coefficient a. The Coriolis

coefficient has been taken as a = 1 throughout the text.
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-2 - 2

av, aV2 L=> -- +y, + Z, = -- + Y2 + Z2 + hL +hf2g 2g '-2 I-Z

(Equation 3.7)

The term :EhL1-2 represents the sum of all the transitional losses that occur between

sections 1 and 2 whilst hf1-2 represents the frictional loss between the same two sections.

It should be clear that the Law of conservation of Energy implies that there is a

continuous exchange of potential energy Ep and kinetic energy Ek and that losses are

associated with this process. It is the variation in relative contributions of V-/2g and

(z+y) that represents the energy exchange process.

Water surface level differences at bridges in terms of the energy equation:

The energy equation for open channel flow according to Bernoulli can be written as

follows:

H == total energy [head in m water]
v2

H=y+-+z
2g

(Equation 3.8)

where y represents the flow depth, v2/2g the kinetic energy component and z the

absolute height relative to a chosen datum level.
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If we define Es = Y + yl/2g as the specific energy head, or in other words as the energy

head component of H (total energy) that excludes z, Es represents the energy head of the

stream relative to the bed. By using Es throughout our work where channels are

prismatic in shape, calculations and the representation by means of graphs can be

simplified.

The following graphs (figure 3.7 and figure 3.9) show the relationship of y vs. Es for a

specific flow rate and specific channel shape, taken to be rectangular in both cases:

Specific energy diagram; rectangular
channel section

1.00

s 0.80
.c
ë.. 0.60
CJ)
"0:;::0.40
.2
IL 0.20

0.00
0.00

.>
->

.>
-:,/
<,

0.20 0.600.40 0.80 1.00

(Figure 3.7)

Specific energy (Es)

(Typical relationship between the flow depth and the specific energy for a rectangular section)

The value of Es changes according to the flow depth y. If the flow depth reaches a

critical value, that is y = Ye, the specific energy takes on a minimum value, Es = Ee. It is

quite clear from the graph that two different flow depths may be associated with a

specific value of Es. This means that the flow may be either subcriticalor supercritical

for the same value of Es and quite different values for flow depths and velocities are

possible.
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Consider the following plan figure (showing a typical lay-out of bridge piers) as well as

figure 3.9 which follows in order to understand the change in water surface levels as

water enters the space between the piers .

..~ _=1
(Figure 3.8)

(Typical pier lay-out, the flow is approaching from the left)

The distance between bridge pier centres is equal to B and this is also the representative

width of approaching flow associated with each pier. The distance between piers in the

contraction is equal to b and the width of each pier equals bp. The flow rate across width

B is defined as Q as shown in the sketch. The total flow rate Qtot can be calculated as the

sum of Q's, or: LQ's. (According to convention flow will be towards the right in most

figures.)
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Specific energy diagram;_rectangular
channel section
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(Flow depths vs. specific energy for two rectangular sections with widths Band b respectively)

(Figure 3.9)
Specific energy (Es)

It is important to note that the y vs. Es relationship above (figure 3.9) is a function of the

channel width. If we assume for the time being that both the approaching flow as well as

the flow within the contraction are subcritical (which is often the case with high flows),

one may explain the drop in water surface level in terms of energy principles. Assuming

no energy losses (this assumption is justifiable because the energy losses occur mainly as

transitional losses downstream of the pier) and constant specific energy head before and

within the contraction (represented by the blue line in Figure 3.9), it is evident from the

graph that the flow depths have to differ (red lines). The depth associated with the B

width is greater than that for the b width. The velocities must differ if the flow depths

differ whilst water will flow slower upstream of the pier and faster within the contraction.

This inter-relationship between depth and velocity makes it possible to measure pressure

or depth differences around bridge structures and to convert these values into velocities.

The conventional flow measuring method at bridges (bridge contraction method) is based

on average depths and velocities and works on the same principle as a Venturi flume.

This study entailed the measurement of water pressures around a bridge pier. Due to

stagnation the water at the upstream end of the pier is almost stationary, the specific

energy value Es here is virtually equal to the flow depth value as the velocity is almost
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zero. Within the contraction the Es-value is made up of a smaller depth and a larger

velocity head. Larger pressure or depth differences exist close to the pier as compared to

the averaged values further upstream and downstream used in the conventional approach

as followed by d'Aubuisson for instance.

Energy transformation at a bridge pier:

High flow rates past bridge piers are usually associated with damming upstream of the

bridge and a consequent drop in water levels as the flow moves into the constriction

between the piers. This has been discussed in detail in the previous section.

The conservation of the total energy head implies that the sum total of potential Ep and

kinetic energies Ek stays the same if we ignore the losses as a first assumption and this

may be used to explain the energy transformation associated with high flows around

bridge piers.

It is a fact that an elemental particle of fluid at a fixed section and fixed values of flow

rate Q and cross section (area A or width B) can not have a lower specific energy head

than the critical specific energy head. For a given high flow rate Q it may happen that the

specific energy of the approaching stream is lower than the critical specific energy

associated with the same Q and reduced width (B-bp), which is the width of the

contraction. The only way through which the given discharge can pass through the

constriction and at the same time satisfy the energy equation, is by increasing the

approaching stream's energy head. This energy head must be larger than the specific

energy value in the contraction, if losses are to be taken into account, or equal to the

specific energy in the contraction, for the case of no losses.
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In this case the upstream water level rises, resulting in a higher potential energy head.

The kinetic energy head decreases at the same time because the flow rate Q stays the

same while the cross sectional flow area A increases resulting in a decreased flow

velocity v upstream. The result is an increase in energy head. This energy head increase

(by means of a rise in water level) will continue until enough head has been built up to

provide the critical energy head in the contraction. The following sketch (figure 3.10)

shows the energy situation without damming; the solid line represents the water surface

and the dotted line the energy line.

y

(Figure 3.10)

(Theoretical potential and kinetic energy values upstream and within the contraction before damming takes

place)

The relative contributions of kinetic and potential energy heads are represented by green

and blue rectangles respectively. It is evident that the sum totals of the energy

components differ and they represent an unbalanced energy system.

Consider the same flow situation with enough damming heads to ensure a balance

between the upstream and downstream energy heads.
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--i --

(Figure 3.11)

(Potential and kinetic energy values upstream and within the contraction with damming)

Energy heads are now balanced as can be seen in figure 3.11. The sum totals of energy

heads upstream and downstream of the bridge are the same.

Conventional applications of the Energy equation for flow measurement:

D 'Aubuisson, Nagler and the "Bridge damming formula":

The method of d'Aubuisson (covered in Webber, 1971) is a classical example of a method

which can be used for calculating flow rates at bridges in terms of average water surface

levels upstream and downstream of bridges. The equation of d'Aubuisson was originally

developed for calculating damming at bridges and can be derived as follows according to

Webber, (1971).

Consider the following longitudinal section of a bridge pier (figure 3.12) and plan view

(figure 3.13).
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(Longitudinal section ofa bridge pier under high discharges)

(Figure 3.12)

(Plan view of a typical pier lay-out)

(Figure 3.13)

Bernoulli's energy equation can be applied between sections 1,2 and 3, that is sections

taken upstream, within the contraction, and downstream of the piers.

From Bernoulli's energy equation we have:

HI =H2 + (energy losses) 1-2

Also ...

HI = H3 + (energy lossesu.,
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Expressing the energy heads in terms of specific energy (Es = H-z) and assuming a

horizontal bed:

EI =E2 + (energy lossesu.,

2 2
V V=> d +-'-=d +_2_+h, 2g 2 2g LI-1

(Equation 3.9)

2 2
V vand d +-'-=d +_3_+h, 2g 3 2g L,_)

(Equation 3.10)

,where hL1-2 primarily represents the contraction loss and hL2-3 the divergence loss.

The simplified assumption which is now made by d'Aubuisson is that the recovery of

kinetic energy (Ek) in the form of potential energy (Ep) between sections 2 and 3 is

negligible. This can be justified by the fact that such recovery is typically small, thus

d2=d3. The divergence energy loss thus equals:

2 2
h = V2 - V3

L,_) 2g

Without recovery of Ep, thus:

2 1
V vh =d -d =_1 I_+h

a , J 2g 2g L'_l
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And from the continuity equation:

Therefore:

1 [Q2 2]h =- ---v +h
a 2 b 2d 2 I L,_.

g 2 ]

Q2 2

=> 2g(h -hL )=-2-2 -VI
a 1-1 b d

2 J

Q2 2
=> -2-2 = 2g( h -hL )+VIbda 1-1

2 J

(Equation 3.11)

Cd is defined as a flow correction factor that compensates for the loss HL1-2 as well as

other simplifying assumptions.

Therefore:

(Equation 3.12)

This equation has been in use for a long time and provides good results for long bridges,

i.e. bridges which are long enough for piers to be considered as "isolated". Isolated piers
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are defined as piers for which flow lines are not influenced by the effect of bridgeheads

or neighbouring piers.

Nagler (Webber, 1971) also developed a formula. According to Webber, m the

derivation of his equation he made provision for the recovery of potential energy

providing very accurate results for cases with low turbulence.

According to Basson's (1990) work on damming at bridges, Bradley summarised the

studies of Liu, Bradley and Plate (1957) on damming at bridges and called it "Hydraulics

of Bridge Waterways". In this text he refers to the general equation for calculating the

height of dam upstream of a bridge:

Definitions of symbols:

h, *: Total increase in upstream depth [ml.

K*: Total damming coefficient [non dim].

al: Kinetic energy coefficient at section 1 [non dim] (figure 3.12)

a2: Kinetic energy coefficient at section 2 [non dim] (figure 3.12)

An2: Cross-sectional area in the contraction measured below the normal water

surface level [m"].

Vn2 = Q/An2

A3: Cross-sectional area at section 3 (figure 3.12)

AI: Cross-sectional area at section 1 (figure 3.12)

The formula reads (figure 3.12 configuration):

(Equation 3.13)
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By replacing Vn2 with Q/An2 in equation 3.13 and because h1 * is basically equal to (d1 -

d3) in figure 3.12, equation 3.13 can be rewritten in order to express Q as a function of

h1* or (d1 - d3). This energy based equation is basically the same as those of

D'Aubuisson and Nagler for Q is written as a function of water surface level differences

measured upstream and downstream of a bridge.

Flood events in South Africa typically go hand in hand with high velocities and

associated large fluctuations in water surface levels due to wave action. This also makes

the above mentioned bridge damming formulas (D'Aubuisson, Nagler and the general

equation from "The Hydraulics of Bridge Waterways") inaccurate for discharge

measurement purposes, given the relatively small differences in averaged water depths

upstream and downstream of a bridge.

The unsuitability of the bridge damming formulas for accurate discharge measurement

due to the small differences in averaged water depths can be explained as follows:

(Figure 3.14)

(Measuring water surface level differences between upstream and downstream of a bridge)
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(Figure 3.15)
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(Water surface level differences between upstream and downstream of a bridge pier)

Sections 1 and 3 in figure 3.14 and figure 3.15 indicate positions where water levels are

measured. Figure 3.14 depicts the conventional system of defining water depths

upstream and downstream of a bridge (d'Aubuisson, Nagler and the "The Hydraulics of

Bridge Waterways" equations) whilst figure 3.15 depicts the measurement of water

surfaces next to the upstream and downstream ends of a pier.

The flow rate Q is a function of ~h = d1 - d3 (this follows later from the Pitot-tube

theory). By expressing the error made in ~h as a function of "measurement errors in

depths d1 and d3", we can calculate the error made in the calculation of Q. By

expressing the error made in ~h for both configurations (figure 3.14 and figure 3.15), it

can be shown that the latter method gives more accurate results than the other.

Consider the following definition for the error in ~h:

ERRORinMas%ofMl= errorinM *100
correct value of Sh value 1

ERROR = ~h-[(dl -~dJ-(dJ-~dJt 100
correct M value 1
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ERROR = M-[(d, -~d.)-(d3 -~dJL 100
~h 1

(Equation 3.14)

Let us assume that the variations III the water surface level will cause the same

measurement errors ~d1 and ~d3 for the two flow measuring configurations. It is now

evident from equation 3.14 that the error made in ~h and also the error in the flow rate Q

will be greater for the measuring configuration shown in figure 3.14. The reason for this

is that a smaller water surface level difference (~h) is observed for the same value of

(~d1 - .ód3) in the figure 3.14-configuration. It is for this reason that the configuration in

figure 3.15 has been adopted.

The above discussion can be summarised by the detail in photo 3.2 below. Note that ~h1

depicts the normal water surface level difference used by methods such as D'Aubuisson,

Nagler and the "Bridge damming formula" being measured by the two water level

recorders shown on photo 3.2. By measuring the water surface level difference next to

the pier (~h2) it is possible to obtain a larger water surface level difference and therefore

better accuracy.

University of Stellenbosch Department of Civil Engineering

Stellenbosch University http://scholar.sun.ac.za



Discharge measurement in terms of pressure dIfferences at bridge piers - Flow Measuring Theory Page 41

(A typical water surface profile at a bridge pier during flood conditions, Ah1 showing the normal water

surface level difference measured at bridge piers and Ah2 the pressure difference obtained by measuring

pressures next to the pier)

(Photo 3.2)

Such an approach is not only more accurate, but is at the same time also fundamentally

sound because it is based on the fact that water becomes stationary at the stagnation point

upstream of a pier and a reliable estimate of the flow velocity is possible here.

Application of the Energy equation In terms of measured pressures and

water depths at bridge piers:

Introduction, the Pitot tube theory (White, 1986):

Flow measurement at bridges based on the measurement of pressures around piers relies

on the existence of a stagnation point. A measuring device which has long been in use to

measure flow velocities and which is based on the principle of conservation of energy
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between a stagnation point and flow elsewhere, has prompted investigations into the

possible use of a pier for flow measurement. The instrument or measuring device is

called a Pitêt-tube. The principle on which the Pitot-tube works and the analogies

between this simple measuring device and a pier as flow measuring device are set out

below.

Discharge measurement in terms of pressure differences at bridge piers - Flow Measuring Theory Page 42

A typical layout of a Pitot-tube is depicted in figure 3.16 below (lay-outs differ but they

all work on the same principle):

I -I Static Freestream
8D pressuree_----

0

0

4 lo 8
holes

J_ P,

Yaw angle lj

h is proportional to
(Po - Ps)

(Figure 3.16)

(A typical Pitêt-tube for measuring stream velocity; Po == dynamic or stagnation pressure, Ps == hydrostatic

pressure, h == Po-Ps White, 1986)

The Pitot-tube essentially measures the difference between the dynamic (stagnation

pressure) and hydrostatic pressure along a streamline. Note that Po represents the

dynamic or stagnation pressure and Ps the hydrostatic pressure or free flow pressure. On

the side of the Pitot-tube there are holes to measure the static pressure Po. As liquid

inside the tube is stagnant, the approaching liquid will be decelerated to zero velocity.

The pressure at this opening represents the dynamic or stagnation pressure Po. The
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pressures Po and Ps are not measured separately but the difference between them IS

recorded by using the manometer as shown in the sketch above.

Energy losses for flow past the Pitêt-tube are small and Bernoulli's energy equation

therefore gives accurate results.

For incompressible fluids along a stream line (red dotted line in figure 3.16) with small

energy losses:

z z
A+~+z lid PD +~+z
P g 2g S P g 2g D

(Equation 3.15)

By taking a horizontal streamline Zo = zs, equation 3.15 can be simplified giving the

following result:

(Equation 3.16)

Where Vo has been taken as zO

This equation is known as the Pitot-formula and is named after a French Engineer who

developed the instrument in 1732 (White, 1986).

There is a resemblance between a Pitot-tube and a bridge pier:
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(Figure 3.17)

(Typical flow lines around a bridge pier, Po == dynamic or stagnation pressure, Ps == hydrostatic pressure)

(Figure 3.18)

(The same flow set-up as shown in figure 3.17, pressure and pressure differences in terms of manometer

levels and manometer level differences)

Applying Bernoulli's energy equation for open channel flow along the red dotted line in

figure 3.17 and assuming that water may be regarded as incompressible in this case:

v v
Yo + _0 + Zo = Y + -' + Z

2g '2g S

(Equation 3.17)

Adopting a horizontal river bed alongside the bridge pier, the term (z, - zo) will be zero.

We also assume that only small frictional and transitional losses occur over the short

distance between points "0" and "5". This assumption is justifiable as the transitional
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losses occur mainly downstream of the pier and friction losses are small. The positioning

of point "5" is upstream of the downstream end of the pier, i.e. upstream of the region

where the main transitional losses occur as break-away eddies.

A stagnation point exists at the pier head and Vs ~ O. Equation 3.17 becomes:

2
V

Y +O=y +_s_
o s 2g

~ vs
2
= 2g(vo - yJ

~ Vs = ~2g(yo - yJ

(Equation 3.18)

The pressure distribution in open channel flow is hydrostatic if flow is either uniform or

stagnant, therefore:

p=pgy

~ y =L
pg

Substitute y as defined above into equation 3.18:

(Equation 3.19)

This equation corresponds with the previous equation for the Pitot-tube (equation 3.16).
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This relationship forms the basis of flow measurement by means of pressure recordings

alongside bridge piers based on the energy principle.

Theory (Application of the Energy equation in terms of measured pressures and water

depths at bridge piers):

The following approach uses the energy equation In order to find a function for

describing the flow rate Q in terms of measurable flow variables in the vicinity of the

pier. The goal is to utilise the pier as measuring device and we therefore strive for a

function to describe the flow rate Q.

Consider the energy equation of Bernoulli:

(Equation 3.20)

This equation is applicable along any streamline. By applying this equation between

points F and G and G and I (figure 3.5) respectively, we end up with two possible flow

rate equations in terms of flow variables at sections 1, 2 and 4 (figure 3.5).

Consider firstly a flow line taken between F and G. By ignoring frictional losses for the

distance is very short, the term Lhf1-2 (equation 3.20) can be eliminated:

(Equation 3.21)

hLF-G represents the transitional losses between positions F and G.
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Assuming a horizontal bed along the pier, i.e.:
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ZF=ZG

Substituting ZF=ZG, equation 3.21 simplifies to:

(Equation 3.22)

A stagnation point forms at G where the water is decelerated to zero velocity next to the

upstream head of the pier. We can therefore take:

2

~ VG ~O
2g

(Equation 3.23)

Applying the continuity equation to section 1 at F (figure 3.5):

University of Stellenbosch Department of Civil Engineering

Stellenbosch University http://scholar.sun.ac.za



Discharge measurement in terms of pressure differences at bridge piers - Flow Measuring Theory Page 48

This implies that we assume a uniform flow depth over the width at section 1 and

therefore also a uniform velocity. This is a reasonable assumption for the flow at

section 1 has not yet experienced any contraction. Using the energy and continuity

results together:

(Equation 3.24)

The Cd-value is known as a flow correction factor and compensates for transitional

losses and simplified assumptions made in the energy based model.

By considering secondly a streamline along GI we find exactly the same form of equation

as equation 3.24, but in terms of flow characteristics at G and I (figure 3.5).

(Equation 3.25)

Results (Energy based flow rate equation):

Both equation 3.24 and equation 3.25 (preferred) were calibrated using model data and

very good results were obtained in terms of Cd-values. The data used for the calibration

process was obtained from tests done by Retief(1998) in the Hydraulics Laboratory at the

University of Stellenbosch.

The energy-based theory is simple and gives good results within a narrow accuracy band.

Cd-values varied from 0.89 to 1.03 for the "normal flows" (control forming within the
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pier opening), it varied from 0.95 to 1.04 for the case of debris accumulation and varied

from 0.82 to 0.97 for drowned conditions. This means that the purely theoretical flow

rates differed from the real flow rates by a maximum value of 11% for the supercritical

flows, 5% for the debris accumulation and 18% for drowned conditions. Refer to section

3.9 for graphs based on the energy theory applied to Retief's data. Refer to Appendix A

"Energy Approach" for the laboratory data and results.

3.7 MOMENTUM APPROACH:

Derivation:

Newton's second law has been described in the previous section in accordance with "The

law of the conservation of energy" studied in order to find a flow rate equation in terms of

flow variables for the pier flow lay-out. It was shown that the law of the conservation of

energy has its origin from Newton II. In this section the law of the conservation of

momentum is considered in order to find a flow rate equation. It will be shown that this

law also originates from Newton's second law.

Definitions of symbols:

v:

Acceleration of the particle [m/s2]

Mass of the particle [kg]

Resultant force acting upon as system [N]

Velocity of flow [mis]

Small increment in variable x [dim of x]

Time derivative with respect to variable x [non dim]

Impulse transferred to a particle within a time equal to t2-tl [kg.m/s]

Momentum [kg.m/s]

a:

m:

dx:
dXI .

dt-

M:
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Fres =ma

F
_ dv

::::::> res-m-
dt

::::::> Fres.dt = m .dv

::::::> (LdF )dt = m.dv

::::::> Impuls e Lw mv i=mv, =m!lv (Equation 3.26)

Note that the 11_2-term (I = force multiplied by time) represents an impulse. Equation

3.26 basically states that if an impulse 11-2 is transferred to an object with constant mass

m, it will give rise to a change in velocity !lvover a short time interval át = t2 - t-.

This result is known as the principle of linear impulse and momentum. Momentum is

defined as the product of mass and velocity with units of [kg.m/s].

The conservation of momentum can be described for fluid mechanics as follows

(Hibbeler, 1992):
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[il [il
: ~~~ __ ~, LFd!-

----1...:~ldm.v21••

(Figure 3.19)

(A small particle with mass dm forms part ofa fluid mass flowing from section 1 to section 2)

Starting with the principle of linear impulse and momentum:

=:> "LFJ_rdt =dm.v ; +dm;v,

=:> "LFJ-l = :7(V2 -VI)

=:> Fres = :t (P V XVz - VJ
=:> r: = pQ(Vz - VI)

=:> F = pQv - pQv = pQv - pQv.res 1 I out In
(Equation 3.27)

Equation 3.27 is known as the momentum equation In fluid mechanics. Note that

reference is made to a momentum equation even though the terms have units of force.
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The reason is that the equation IS based on momentum principles, or the change In

momentum with time.
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An overview of drag forces (Webber, 1971):

This thesis entailed the study of the flow around a bridge pier in order to determine the

possibility of using it as a flow measuring structure. One possible approach is to consider

drag force theory considering a liquid and a stationary object (in our case) which

experience relative movement.

The bridge pier exercises a force on the passing stream. According to Newton's Third

Law (N III) the liquid will also exercise a force of the same magnitude but opposite in

direction on the bridge pier.

Drag forces are observed in everyday life. Take for example a boat that is placed in a

flowing river. If it were not for an anchor holding the boat in position, the boat would

drift off in the flow direction. One may also consider the same situation from another

point of view. If the boat was to be anchored, which force was to cause the tensile stress

in the anchor rope? It should be a force that originates from the flowing current which

acts upon the boat and is then transferred to the anchor rope. This force acting on the

boat is nothing else but a drag force - this is p!lre evidence of the existence of drag forces

exerted by flowing currents on objects.

Consider the plan view of a bridge pier in the following two figures (figure 3.20 and

figure 3.21):
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(Figure 3.20)

(Flow lines around a bridge pier for the case of an ideal fluid)

(Figure 3.21)

(Flow lines around a bridge pier for the case of turbulent flow of a non-ideal fluid)

For an ideal fluid (figure 3.20), no viscous drag forces exist. In addition to this the

symmetrical arrangement of flow lines implies that the effective force due to pressure

differences will be zero and this being the only force, the drag force will be zero.

For the case of turbulent flow (figure 3.21), which is typically found in rivers, we find

that the symmetrical flow pattern becomes disturbed. The flow lines break away from the

surface when they reach the downstream end of the pier and rotating eddies start forming.

A reduction in the pressure force acting on the downstream end of the pier results and we

find an unbalanced system in terms of upstream and downstream forces acting on the

pier. This pressure difference forms the main contribution to the total drag force

University of Stellenbosch Department of Civil Engineering

Stellenbosch University http://scholar.sun.ac.za



pier:
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experienced by blunt piers. Consider figure 3.22 showing the forces acting on a typical

(Figure 3.22)
(Elemental forces acting on area dA of a typical pier; p.dA forms an angle of ijwith the flow direction and

't.dA an angle of (90-9»

The forces acting On a small elementary area dA of the pier can be split into two

components, a force p.dA normal to the surface and a shear force -c.dA working in a

tangential direction to the pier surface. Taking both forces' components in a direction

parallel to the flow direction and summing them, the resultant force dF follows:

dF = p cos(8 )dA + r sin(8 )dA

Integrating dF around the pier:

F = Jpcos(8)dA + J-ccos(8)dA

~ F=Fp+Fs
(Equation 3.28)

The force F is the total drag force and is the sum of Fp, the pressure drag force or form

drag force and Fs, the surface drag force or skin friction drag force. The relative
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contributions of these two forces depend mainly on the shape and size of the obstruction

within the flowing stream. It is clear that a blunt object will give rise to heavy eddy

formation at the downstream end leading to a larger contribution of F p than of Fs. On the

other hand, one will find that a long streamlined obstruction orientated with its longest

axis parallel to the flow direction will experience a much greater contribution of Fs than

ofFp.
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A streamlined "aerofoil" is the most effective shape to ensure a minimum drag force.

This shape would be ideal for a pier seen from a hydraulic resistance point of view, but

due to structural and aesthetical considerations only a limited amount of streamlining is

possible in generaL

The drag coefficient Cd* represents the ratio of the true drag force relative to the dynamic

force:

(Equation 3.29)

Note that v represents the relative velocity and A the projected area of the object

measured in a plane perpendicular to the flow direction. The direct measurement of the

drag force is usually done in wind tunnels, canals, towing tanks etc.

The form drag Fp can be determined by measuring the pressures along the surface of an

obstruction with a stream of water or air flowing past. Integrating over the total surface

area yields the form drag. The surface drag Fs can be determined if the total drag F and

form drag Fp are known, from:

(Equation 3.30)

University of Stellenbosch Department of Civil Engineering

Stellenbosch University http://scholar.sun.ac.za



Discharge measurement in terms of pressure differences at bridge piers - Flow Measuring Theory Page 56

Large contributions to F in the form of Fp go hand in hand with large transitional energy

losses. Fp is usually associated with eddying motion leeward of the obstruction. Eddies

are associated with changes in both the direction and the magnitude of the flow velocity

and give rise to transitional energy losses which occur mainly downstream of the pier.

Forces acting on bridge piers:

The typical design problem constitutes the calculation of forces in the flow direction that

will have an impact on the structure under investigation. These forces can be calculated

using the following equation:

(Equation 3.31)

Definitions of symbols:

F: drag force on the pier [N]

c,'. drag coefficient (equation 3.29) [non dim]

p: mass density of fluid under investigation [kg/m3
]

L: length of the obstruction [ml

v: velocity of fluid [mis]

y: height to which flow dams up at the upstream side of the obstruction [m]

It is clear from equation 3.31 that for calculating F, the velocity v should be known,

therefore, the flow rate Q needs to be known - whether estimated from measurements or

calculated.
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It is interesting to note that the Momentum equation is not often used to measure flow

rates. It is normally used to calculate forces on bridge piers knowing the flow rate.

Basson's (1990) study made use of the Momentum equation in order to calculate forces

on bridges during high flows and knowing the forces he was able to calculate the drag

coefficients from the general drag formula. The following are typical formulae for

calculating the drag forces on bridge piers and could be used in conjunction with the

Momentum equation to calculate the respective drag coefficients (when the flow rate is

known) or to calculate the flow rate when accurate values of drag coefficients are known.
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Conventional applications of the Momentum equation with respect to flow

measurement

The following formulae were taken form Basson's (1990) work on damming at bridges

and can all be used to calculate the forces acting on bridge piers.

The Ontario format:

(Equation 3.37)

Definitions of symbols:

F: The force exerted on the bridge pier [N].

A: Projected pier area perpendicular to the flow direction [m2
].

CD: Drag coefficient according to the pier shape: Rectangular (CD = 1.4); Rounded (CD

= 0.7); Sharp nose (CD = 0.8); Debris accumulating around a rectangular pier (CD =

1.4) [non dim].

p: Mass density of water [1000 kg/nr']

v: Flow velocity [mis]
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The South African format:

(Equation 3.38)

Definitions of symbols:

F: The force exerted on the bridge pier [kN].

A4: Projected pier area perpendicular to the flow direction [m2
].

K: Coefficient which is a function of the pier shape [non dim].

v: Flow velocity [mis]

The Apelt&lsaacs format:

2 LF=Cpv y-
2

(Equation 3.39)

Definitions of symbols:

F: The force exerted on the bridge pier [N]

L: Length or diameter of pier [ml

C: Coefficient of drag [non dim]

v: Approach flow velocity [mis]

p: Mass density of water [1000 kg/mj]

The general drag force equation:

A 2F=p-Pv C2 ,,2/11 D
(Equation 3.40)

Definitions of symbols:
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Vn2N:

The force exerted on the bridge pier [N]

Hydrodynamic drag coefficient [non dim]

Approach flow velocity [mis]

Mass density of water [1000 kg/nr']

Projected pier area in line with the flow direction, taken to be bounded by the

upstream water surface level [m"]

F:

Co:

Application of the Momentum principle in terms of measured pressures

and water depths at bridge piers:

Introduction:

A formula is sought which can express the flow rate in terms of measurable flow

parameters at bridge piers by applying the fundamental laws of fluid mechanics. In this

section we focus on the application of the Momentum equation in order to find a formula

forQ.

Theory (Application of the Momentum principle in terms of measured pressures and

water depths at bridge piers):

The Momentum equation is applicable to a control volume and not to a streamline as is

the case with the energy equation. A suitable control volume should be enclosed by

sections where the velocity and depth do not change across the sections. Such sections

were earlier identified as sections 1, 3, 4 and 5 (figure 3.5). Section 2 does not comply

with the criteria for a suitable section due to the damming around the pier and the

variation in water depth over the width. Section 5 is situated downstream of the pier.

Between section 4 and section 5 large eddies form implying high transitional losses -
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this section has therefore not been used as a control volume boundary. Only sections 1, 3

and 4 were identified as being suitable. To ensure measurable water level differences,

the 1-3 and 1-4 combinations of sections were selected.
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The derivation of the Momentum based flow rate equation follow the same steps for each

of the two combinations and therefore only the 1-3 combination's derivation is shown.

The momentum equation states:

F = ~ F=pQv -pQvres ~ luvinr errtering (Equation 3.41)

The 1-3 combination corresponds to control volume ACMK (refer to figure 3.5). The

resultant force Fres is made up of the two hydrostatic forces acting at sections 1 and 3

as well as the drag force due to the pier, therefore:

I zB Z I zB 2 F Q Q-zpgyl I --zpgyJ J - peir =p V3 -p VI

(Equation 3.42)

The "general drag force equation" (F = 1/2pCd·A~), as discussed in the previous section

(p.56 and p.58) is used to represent the pier force Fpier in equation 3.42.

From the continuity law:
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Substitute these terms into equation 3.42:

After simplification:

for the 1-3 combination of sections or

for the 1-4 combination 0 f sections (Equations 3.43)

Note that Cd" is the drag coefficient and Cd the flow correction factor. Cd represents the

ratio between the real flow rate and the theoretical flow rate compensating for transitional

losses.

Results:

Reliefs data were used to calibrate equation 3.43. A drag coefficient of Cd' = 0.7 was

used as recommended by the Ontario Bridge Design Code for the pier shape (bull nose)

used by him to which Basson (1992) refers in his work on hydraulic forces on bridges.

He suggested that larger values for c,' of up to 3 could possibly apply. The results of the

laboratory tests confirmed this. During the calibration process the value of c,' for each

University of Stellenbosch Department of Civil Engineering

Stellenbosch University http://scholar.sun.ac.za



Discharge measurement in terms of pressure differences at bridge piers - Flow Measuring Theory Page 62

model pier (1-4 section combination only) was determined in order to see whether this

value changes with the pier width and with flow rate. In order to calculate c; the value

of Cd was set equal to one. c,' values varied from 3 to 7 confirming the potential

underestimation of the drag force on bridge piers for high flows.

The goal with the calibration process was to see whether stable Cd-coefficients could

be found in order to use equation 3.43 as a reliable flow rate equation. As the flow rate is

not greatly dependent on the drag force (and therefore c,' as well), a Cd'-value of 0.7

was adopted for the bull-nose shaped pier. The c;-value was therefore fixed and the

calibration process merely required the calculation of the Cd-value for each respective

flow rate.

It was surprising to note that the Cd-values did not vary much and were close to unity

(especially for the 30 mm pier). This implies firstly that the flow rate is not very

sensitive to the drag force and therefore to the Cd'-value in terms of the Momentum

based theory (if the drag force is defined in terms of the upstream velocity). Secondly,

the Momentum theory proves to work well even if a constant c;-value is assumed, and

can therefore be used to calculate the flow rate with relatively great accuracy.

The flow rate according to laboratory data has been overestimated by equation 3.43 and

errors varied between +9% and +19% (constant Cd*-value assumed) for supercritical

flows where a control section occurred within the pier length.

One of the drawbacks of the momentum based flow equation is the fact that the flow rate

Q is defined in terms of depths Y1 and Y4 whilst in practice Y2 and Y4 will be measured.

The 1-3 combination gave Cd-values that varied from 0.78 to 1.09 whilst the 1-4

combination of sections gave values of Cd from 0.81 to 0.90. The 1-4 combination was

identified as the most suitable configuration to use in order to obtain the least variable

Cd-coefficients. The Cd-values for the debris condition varied from 0.80 to 0.98 and
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for the drowned conditions form 0.50 to 0.87. Refer to Appendix A "Momentum

Approach" for the laboratory data and results.

3.8 POWER APPROACH:

Derivation:

In the previous section the momentum equation was derived from Newton II. It was

also shown that a flow rate equation could be derived using the Law of the conservation

of Momentum. In this section the focus is transferred to the concept of the time

derivative of work. Newton II will again be used to show that the Power Law originates

from it. A flow rate equation based on the Power Law is also derived.

Power is defined as the rate at which work is performed:

Definitions of symbols:

P: Power [N.m1s = Watt]

W: Work [J]

t: time [sJ

F: Force [N]

v: Velocity of flow [mis]

dx: Small increment in variable x [dim of x]

dX/dt:Timederivative with respect to variable x [non dim]

Ek: Kinetic energy at a specific section [J = N.m]

Ep: Potential energy at a specific section [J = N.m]
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P _ work _ W _ dW_--_-_--
time t dt

(Equation 3.44)

We define work as the product of force and distance viz. W = Fs:

=> P = Jd(FS) = F Jds = F Idv = F.v
dt dt

The equation for the Conservation of Power can be derived from the basic energy

equation which originates from Newton's second law.

Ep +Ek + ~UJ 2=E +Ek
1 I L..", - pz 1

(Equation 3.45)

Take the time derivative on both sides:

(Equation 3.46)

Equation 3.46 implies that the "net power" of a system represents the rate at which

potential energy Ep changes between sections 1 and 2 plus the rate at which the kinetic

energy Ek changes between the same two sections.
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Take the example of a ship moving at a constant velocity v along a horizontal trajectory.

Applying equation 3.46 to our example problem and writing the left-hand side in terms of

parameters describing movements, we find the following (note that LHS = Left hand side

of equation 3.46):

Definitions of symbols:

LHS:

RHS:

v:

m:

g:
h:

mgh:
1/ 2
2mv:

Left Hand Side of equation 3.46 [N.rnIs =Watt]

Right Hand Side of equation 3.46 [N.rnIs =Watt]

Force associated with a specific action, mechanical, friction etc. [N]

Resultant force, resultant of forces L:Fj [N]

Velocity of the ship relative to the water mass [mis]

Work performed by the resultant force Fres from point 1 to point 2 [J]

Mass of the ship [kg]

Unit gravitational force [mls2]

Vertical distance measured from a specific datum line [ml

General product for potential energy [J]

General product for kinetic energy [J]

d (~ ) d [ ] d [ ]LHS = dt \LU.-2 = dt FSh;p_,ng;n,·v-Fairres;srance·v-F",arer_m;sranc.·v±Fm;nar·v = dt Fres·v

The right hand side of the equation may be written as follows:

RHS = d(mgh2 -mgh.) + d(~-~)= d(mgh -mgh) + d(~-~) = d(O) = 0
dt dt dt dt dt

The right hand side of equation 3.46 equals zero as can be seen above. For the equation

to hold, the left-hand side needs to be zero too, this means the net power should be zero.

This is indeed true because the ship moves at a constant velocity and therefore
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experiences no acceleration. This is true because there are no unbalanced forces resulting

in a zero resultant force. A zero resultant force implies zero net work and therefore zero

net power. This agrees with the zero RHS of the equation. Therefore, this simple

example shows that the net power (time derivative of the work done by the net or

resultant force) equals the rate of change in kinetic energy plus the rate of change in

potential energy.

Application of the Power equation in terms of measured pressures and

water depths at bridge piers:

Introduction:

The following equation states "The law oj the conservation oj power". It was derived

earlier on and was shown to be a time derivative of the total energy equation. In this

section the power equation will be used to show its application in terms of pressures at

bridge piers for the measurement of flow rates.

Consider the power equation as derived earlier:

d[L ] d( ) d- U =-~E +-~Edt 1-2 dt P dt ( k) (Equation 3.47)

This equation states that the change in power between section 1 and 2 as depicted in

terms of the change in potential and kinetic energy (RHS of equation 3.47), should equal

the change in power between the same two sections, generated by the resultant force

acting upon the system under investigation. The resultant and dominating force has been

identified as the total drag force on the pier.
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Derivation (Application of the Power equation in terms of measured pressures and flow

depths at bridge piers):
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The impact of secondary forces as contributors to the resultant force has been ignored in

the power approach for they are of much smaller value than the total drag force.

Rewriting equation 3.47 in terms of drag power:

(Equation 3.48)

Define the potential energy Ep as follows:

Ep =mgy

::::::> L\Ep = mgL\y

::::::> ~(L\E )= L\~(mgy)= L\[gy~m]
dt p dt dt

::::::> ~(L\E )= L\(gyp dV) = L\(pgyQ)= pgQL\y
dt p dt

(Equation 3.49)

Define the kinetic energy Ek as follows:
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(Equation 3.50)

Substitute the time derivative terms into equation 3.48:

(Equation 3.51)

The drag force on the pier can only be described in terms of the momentum equation, the

force concept being unique to the momentum equation in Fluid Mechanics. Suppose

sections A and B are such that they describe a control volume and comply with criteria

for the application of the momentum equation. We define the drag force (as referred to in

terms of pier drag power) as follows:

~ ~

~ ~

~ ~I I

I ~ I ~

I Section A I ISection B I
(Figure 3.23)

(A control volume for the application of the momentum equation; section A being the inflow section and

section B the outflow section)

The following derivation relates to figure 3.23 above:
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"" F = F = pQv ~QvL..J res I~aving t' entering

=> Fpe;r = +pg(y AlBA - YB 1BB )- pQ(V B - VA) (Equation 3.52)

By expressing the drag force on the pier in terms of flow conditions at sections A and B,

the applied power associated with the total drag force as a function of water depths and

velocities can now be determined. Note the following definition:

dW
Power=P=--

dt

and W =Fs

The power associated with the total drag force can be expressed as the product of the drag

force and the applicable relative flow velocity. The applicable flow velocity and the

associated section where this velocity is found, will be treated later. If we consolidate all

the applicable definitions concerning the power approach, it is possible to derive a flow

rate equation:

Substitute Fpier drag (equation 3.52) into equation 3.51:

=> K[+pg(YAI BA - YB1 Bn)- pQ(vn - V;l)JV = pgQ(YB - YA)++pQ(VB
I

- VAl)

(Equation 3.53)
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In terms of sections A and B:
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From the continuity law:

Q=vA =vyB

(Equation 3.54)

Rewriting equation 3.54 with VA and Ve as subjects respectively:

(Equation 3.55)

Replace VA, Ve and V in equation 3.55 with their respective definitions:

(Equation 3.56)

Divide equation 3.56 with Q (we eliminate the root Q = 0 from the 3rd degree

polynomial, an answer which is irrelevant to our study):

Simplifying:
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Qlb' CBI8B - J',18, )++C.'~B' - )'/8/ )1= g(YA - Y8)+ l~8(YAl BA - Y8lB8)

Rewriting Q as the subject:

Q= (Equation 3.57)

The term K (kappa) is a power correction factor. Calibration of equation 3.57 using the

laboratory data of Retief (1998) mentioned earlier, resulted in quite favourable results in

terms of kappa (kappa being nearly 1 for the higher flows) values.

Rewriting equation 3.57 into a more conventional discharge equation format requires the

elimination of the power correction factor (kappa term) and the introduction of a flow

correction factor Cd, leads to the following equation:

(Equation 3.58)

(Equation 3.59)

Calibrating this equation resulted in favourable Cd-values as they did not vary much.

The results will be discussed later on.

Units:

It can be shown that all the terms in equation 3.53 have units of power and that the

equation is dimensionally homogeneous:
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(Equation 3.60)

L(~E ) = l.pQ~V2 == [.!!LI.!!!!_I.!!é_] == [kg.ml]
dt /( 2 mj s 51 sj

(Equation 3.61)

It can be poved that the power term associated with the pier force also possesses units of

power, VIZ:

(Equation 3.62)

It has been shown above that all the relevant terms in the power equation do possess the

units of power.

P = work = force.distance = mass. acceleration. distance
time time time

(Equation 3.63)

The power equation is therefore dimensionally homogeneous with units of Watts (W).

Power approach, another perspective:

The following fundamental approach consisted of the balancing of power terms. It

included finding expressions for available power and applied power and applying them to

a control volume. The available and applied power should be the same for a steady

system and the terms were therefore equated.
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Consider figure 3.24 showing the applicable parameters describing the available and

applied power.

(Figure 3.24)

(Longitudinal flow section taken at a bridge pier; v == flow velocity, F == pier drag force, ~h == water level

difference and L == length of the pier)

The power made available per unit volume according to Rooseboom, (1992) is:

Pavailable = pgsv (Equation 3.64)

where s = slope.

Pavailable in terms of a control volume with upstream section taken to be section 2 and

downstream section to be section 4 and centrelines between piers to be the boundaries

on the sides (figure 3.5):

Pavailable = pgsv(AL) (Equation 3.65)

Note that A represents the average flow area within the control volume and L the length

of the control volume. According to the continuity law, Q = vA, substituting it into

equation 3.65:
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~ P =p,vsQL
a"allab/~ b (Equation 3.66)

Define the energy slope as the average slope between sections 2 and 4 (describing the

control volume,jigure 3.5):

I:!..h
s=-

L

(Equation 3.67)

The applied power is made up of the power associated with overcoming friction as well

as eddies that are kept in motion. Since most eddies are eliminated from our control

volume due to our choice of downstream section (i.e. section 4 rather than section 5) and

the fact that the pier drag force dominates, the term P eddies may be eliminated in the

following equation.

~ PapPlied = Peddies + Pdrag force

~ P"PPlied = ~L + Fv

P . ve Fvapplied (Equation 3.68)

Since a power balance always exists.

::::::::> Pavailable = Papplied (based on the total volume, i.e. the control volume)

(Equation 3.69)
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Substituting the relevant definitions into equation 3.69:

,q:QL1y = Fv (Equation 3.70)

Equation 3.70 is similar to the power result found earlier under the paragraph

"Derivation". The only difference is that equation 3.70 lacks the following term:

The reason why this term is rrussing from equation 3.70 follows directly from the

assumption of uniform flow which was made indirectly when a constant energy slope

between section 2 and section 4 was assumed, i.e. taking s = óh/L. This implied that

the velocities were indirectly assumed to be the same (V2 = V4) and resulted therefore in

the Ó~-term in 1/2pQó~ to be zero - because ó(~) = vl- vl.

Although the assumptions which led to equation 3.70 may have been "too simplified", a

similar power equation was found just by reasoning and thinking fundamentally in terms

of power conservation.

Establishing the applicable velocity associated with the pier drag force:

Boat analogy:

The motivation for the use of the power approach was the analogy that exists between a

bridge pier and a boat i.e. that the flow around a pier may be seen to be analogous to a

boat being pulled through water. Consider the figures below:
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(Figure 3.25)

(Typical longitudinal flow pattern at a bridge pier, water flowing from left to right)

(Figure 3.26)

(Moving a boat through a fluid mass towards the left hand side in the sketch)

The flow around a pier (figure 3.25) can be visualised as the movement of an idealised

boat through stationary water (figure 3.26). The drag force that was referred to earlier, is

therefore analogous to the force needed to move the boat through a stagnant water mass

at a constant velocity.

The fact that a boat would require a force to be displaced within a fluid, emphasises the

fact that a certain amount of power is required to maintain its movement (an amount of

power is therefore also associated with the continuous flow of water around a pier). This

force, which is equal but opposite in direction to the drag force, causes dissipation of an

amount of power. By quantifying the change in power within the defined control

volume, in terms of potential and kinetic energy changes and the drag force, the Cd-

value can be obtained. With Cd known, the flow rate becomes the only unknown
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The boat analogy helped us to explain the "applicable velocity", or in other words, the

velocity at which the pier drag force is transferred. Assume a flow rate Q past a pier

reaching equilibrium as the water accelerates around the pier and returns to the normal

flow condition downstream. Now: "At which velocity should a boat (analogous to the

pier) be dragged through a stationary mass of fluid in order to obtain the same flow

conditions as defined above, i.e. the same amount of damming upstream of the pier, the

same acceleration around the pier as well as the same draw-down at the downstream

end?" This is not an easy question, but can be resolved in my opinion by considering the

relative velocity between the pier and the oncoming flow.
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variable and is therefore quantifiable in terms of measurable flow parameters around the

bridge pier. The only unknown term in the rewritten equation (with Q as the subject) is

the "applicable velocity" which is associated with the pier drag force.

Consider the real situation: The pier is fixed to the bed and a stream approaching at

velocity v.; flows around the pier.

(Figure 3.27)

(Longitudinal section of pier for normal flow conditions)

The following variables and their values are applicable to figure 3.27:

University of Stellenbosch Department of Civil Engineering

Stellenbosch University http://scholar.sun.ac.za



Vpier = 0; Vapproaching flow = Voo
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The relative velocity between pier and the approaching flow is defined as:

Vrelative = Vpier -Vapproachingjlow = 0 - V"" = V""

This implies that if the observer was to move with the oncoming flow the pier would

have seemed to move to the left in figure 3.27 with a velocity of v.;

Consider the boat analogy now. An idealised boat with the same dimensions as the

bridge pier (figure 3.27) is pulled towards the left infigure 3.28 within a endless "ocean"

) of stationary water. The water depth before movement starts equals the oncoming flow

depth infigure 3.27.:

(Figure 3.28)

(Longitudinal section of an idealised boat [having the same dimensions as the bridge pier] being dragged

through a stationary mass of water; the pier moves to the left and water flows therefore to the right in the

sketch)

The following variables and their values are applicable to figure 3.28:

Vboat = unknown; vapproach = 0
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The relative velocity between the boat and the approaching flow should be the same for

the two conditions (real phenomenon (figure 3.27) and analogy (figure 3.28)) to assure

that the analogy represents the correct simulation of the real phenomenon.

The relative velocity between steady pier flow and the idealised boat IS defined as

follows:

Vrelative = Vboat - Voo = Vboat - 0 = Vboat

The relative velocity for the real situation and the analogy should be the same to ensure

the same relative velocity in both the real situation and the analogy.

==> Vrelative = Vboat = -Voo

This implies that the boat need to be moved with a velocity of v.; in a direction opposite

to the normal flow direction (the negative sign indicates this) in order to ensure the same

hydraulic result found with the real phenomenon.

Thus, the "applicable velocity" at which the pier needs to be moved in terms of our

analogy should equal the approach velocity. The approach velocity is therefore the

correct velocity to use in conjunction with the pier drag force to ensure the correct value

of drag power.

The approach velocity is per definition the average velocity found at section 1 (defined

earlier). By equating the applicable velocity (for the pier drag force) to the velocity at 1

(section I), the power based discharge equation can now be calibrated.
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(Equation 3. 71)

Discharge measurement in terms of pressure differences at bridge piers - Flow Measuring Theory Page 80

Define: B = B; v = VeL) = V1; y = yeL) = Y1 to obtain the following "general discharge

equation" (power based):

By defining the geometry of sections A and B, the Cd-value can be calibrate

accordingly:

Calibration of the power based "general flow rate equation" (equation 3.71) in terms

of appropriate control volumes:

The power based discharge equation [Q = f(y'S,B'S,v'S)] has been defined in general

terms for the application between an upstream (section A) and a downstream section

(section B) up to now. In order to have been able to calibrate the Q-equation, it was

necessary to define a proper control volume in terms of any two of the following sections:

1,2,3,4 and/or 5. The velocity which relates the pier drag force to the pier drag power

has already been discussed and was taken as VeL) = V1, the average velocity at section 1.

There are basically only two control volumes that have been identified as being suitable

for the application of the power equation. The most important consideration that

influenced our decision was the similarity of water depth and velocity as required at the

boundary sections describing the control volume. It was assumed that Q = vBy (flow

rate equals velocity times width times depth) which means that constant depths and

constant velocities across the two boundary sections were assumed.

The two control volumes referred to are discussed separately:
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Control volume 0:

Sections were defined in the following manner for this control volume. The upstream

section was taken as section 1 and the downstream section as section 3 (this section is

halfway between section 2 and section 4 in terms of the pier length). Note that the

lines AE and KO bound control volume 0 on either side (figure 3.5).

The following plan view of a typical pier set-up shows the geometry concerning control

volume 0:

" 1Control volume 1 I· .· .· .
~

_u;J
··

(~-~.-:-~~'':~:-~f~~::~~--":~~-:~i
~.. ~:'-~~, .'~,;_.1_~:~~"'~:~:;:~~

(Defining the boundary lines of control volume 0)

(Figure 3.29)

The general flow rate equation (power based) is (note that v.; = V1):

(Equation 3.72)

Now substitute Yout with Y3, Bout with B3, Yin, with Y1 and Bin with B1:
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Note B3 = (B - bp) and B1 = B.

Control volume 8:

(Equation 3.73)

For this control volume we take sections 1 and 4 as the boundary lines. Section 1 is

taken again as the upstream section and section 4 as the downstream one. Lines AE

and KO (figure 3.5) bound control volume 8 on the sides

, .1 Control volur_ne2 I· .
~

_u;]
··

(Defining the boundary lines of control volume 6)

(Figure 3.30)

The general discharge equation (from power concepts) reads:

,_--o;'-I~ __ I-
Yout Z 8"1112 Yin I s., Z
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Now substitute Yout with Y4, Bout with B4, Yin, with Y1 and Bin with B1:

(Equation 3.74)

(Equation 3.75)

Simplifying and then multiplying above and below the line (within the square root sign)

with 2y/y/:

After simplification we end up with the following simple result:

(Equation 3.76)
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where E = (3y. +yJ
(y. +3yJ

This shows that the discharge per unit (q = Q/B) width is a function of the square root of

the upstream depth (Y1), the downstream depth (Y4), the gravitational acceleration (g) and

the ratio E defined above.

Results:

Calibrating equations 3.73 and 3.75 resulted in Cd-values ranging from 0.8 to 0.9 on

average. The variation in Cd-values was low, implying a consistent model description.

Both equations (control volume 0 and control volume @) gave consistent Cd-values

but equation 3.75's results showed that control volume @ performed slightly better in

terms of stable coefficients and is therefor preferred. For control volume @ the Cd-

values ranged from 0.79 to 0.92 for the "Normal flows", from 0.79 to 0.99 for the

"Debris flows" and from 0.43 to 0.86 for the "Drowned flows". Refer to Appendix A

"Power Approach" for detail on the laboratory data en results.

A final choice:

The power equation applied to control volume @ was adopted as the best alternative to

the energy equation and momentum equation as a method for accurate calculation of the

discharge Q as a function of flow parameters around a bridge pier. The power equation is

much the same as the momentum equation in terms of the selection of the upstream

enclosing section for the control volume. The power based Q-function is also a

function of Y1 (like the momentum based one) where Y2 will be measured in practice.

This problem needs to be addressed when deciding to use the power based discharge

equation in practise.
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3.9 SUMMARY OF THEORIES, RESULTS:

The following table provides an overall summary of the alternative fundamental

approaches which have been discussed in the previous paragraphs. The aim of presenting

the detail of the approaches in a comparative fashion is to give the reader an

understanding of which approaches should be appropriate in the study and which should

not and where they are applicable and where not (figure 3.5).

Comparison between the four fundamental hydraulic laws

LAWS
Continuity Energy I Momentum Power

Symbol used Q E I M P

Fundamental Law of
origin of conservation of Newton II Newton II Newton II
the entity mass

Vector or
Scalar Scalar Scalar Vector Scalar
function

Applicable Control Stream line Control Control
domain volume volume volume

Boundary In terms of In terms of In terms of In terms of
values cross-sectional point data cross-sectional cross-sectional

data data data

Requirements at Uniform Points should Uniform Uniform
the conditions at be on the conditions at conditions at

boundaries sections streamline sections sections

Point Points should
data n.a. be adjacent to n.a. n.a.

Cqualifications) the stream line
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LAWS
Continuity I Energy I Momentum I Power

Symbol used Q I E I M P

Section: Applicational suitability at sections 1,2,3,4 and 5
Section 1 (with Well suitable Well suitable Well suitable
uniform flow for n.a. for for
approaching) application application application
Section 2 Not suitable Not suitable Not suitable

(upstream end for n.a. for for
of the pier) application application application
Section 3 Well suitable Well suitable Well suitable

(half-way in terms for n.a. for for
of the pier length) application application application

Section 4 Less suitable Less suitable Less suitable
(at the downstream for n.a. for for
end of the pier) application application application

Section 5 Well suitable Well suitable Well suitable
(further down- for n.a. for for

stream of the pier) application application application

Streamlines: Applicational suitability of streamlines FG, GI, IJ and AE
Well suitable

BetweenF & G n.a. for n.a. n.a.
application
Well suitable

Between G & I n.a. for n.a. n.a.
application
Less suitable

Between I & J n.a. for n.a. n.a.
application
Well suitable

Between A & E n.a. for n.a. n.a.
application

Time Yes No Yes Yes
dependency (Rate of change (Rate of change (Rate of change

(rate of change) in volume) in momentum) of energy)
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LAWS
Continuity J Energy 1 Momentum I Power

Symbol used Q I E I M I p

Function of vn 1 2 2 3
V V V v

(value ofn) (one) (two) (two) (three)

Units m3/s 2 2 3m kg.mls kg.m Is
(comment) (cumec) (meter water) (Newton) (Watt)

The implication Not Not The direction is Not
of a negative sign possible possible opposite to possible

in the results that assumed

Results (Cd-values)
based on data by
Retief (1998)

Normal 0.89-1.03 0.81 - 0.91 0.79- 0.92
Debris n.a. 0.95-1.04 0.86 - 0.90 0.79 - 0.99
Drowned 0.82-0.97 0.50 - 0.87 0.43 - 0.86
* These flow conditions were onlY investigated for one pier width.

(Table 3.1)

3.10 RESULTS IN GRAPH FORM, DISCUSSION:

The energy approach gave very good results (variability of Cd-values small) and was

therefore developed further in terms of dimensionless ratios which were presented in

graph form. The momentum and power approaches gave reasonably good results for the

supercritical flow conditions but couldn't match the energy theory's stable coefficients for

the whole flow range. Figure 3.31 shows the calibration curves (energy approach) in

terms of dimensionless parameters Fr4 (Fraude number at section 4, photo 3.1) and

H/Y4 (note H = y2) and figures 3.32 and 3.33 show the calibrated Cd-curves (power and

momentum approaches respectively) in terms of dimensionless parameters Fr4 (Fraude

number at section 4, photo 3.1) Yupstream/Y4 (note Yupstream = Y1).
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Using the ENERGY approach:

In order to present the results of the energy based discharge equation in a meaningful

way, it was necessary to rewrite the equation in terms of dimensionless parameters:

Consider the energy based discharge equation given as equation 3.25 earlier on:

Definitions of symbols:

Q: Flow rate [rrr'zs]

Cd: Discharge coefficient compensating for transitional losses [non dim]

B: Representative width of oncoming flow for each bridge pier [ml

y: Flow depth [m]

a: Coriolis coefficient compensating for assumption of constant velocities [non dim],

taken to be 1 throughout the text

v: Velocity of flow [mis]

g: Unit gravitational force [mls2]

H: Energy head at the upstream end of the pier [ml

Fri: Froude number at section i [non dim]

Rewriting it with velocity as subject by using the continuity law:

(Equation 3.77)

Squaring both sides of equation 3.77 and manipulating as follows:

University of Stellenbosch Department of Civil Engineering

Stellenbosch University http://scholar.sun.ac.za



Discharge measurement in terms of pressure differences at bridge piers - Flow Measuring Theory Page 89

222 ( )V = C __1._ y -y
I d cr G I or

Let Y2 = H, where H represents the stagnation head (hydrostatic + kinetic energy

component):

=> v/ = c/ 2,:(H - yJ

(Equation 3.78)

where Fr4 denotes the Froude number at section 4.

Rewriting equation 3.78 with Cd as the subject:

o.F 2=> C 2 _ r.
d - 2(:. -1)

(Equation 3.79)

taking oc= 1

=>
kFC - r,

d - ~k-1) where k is a constant.
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Equation 3.79 indicates that a square root relationship should exists between the

discharge coefficient Cd and the Froude number at the downstream end of the pier for a

constant ratio of stagnation head H upstream to downstream depth Y4 taken at section 4

(figure 3.5) at the pier. This was confirmed by the model data (figure 3.31).
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The following points are considered important:

o More data points were available for supercritical downstream conditions and this

enabled the drawing of lines for this condition with greater accuracy. It is evident

from the data points that for the supercritical condition, Cd-values closer to 1 were

found. This implies that transitional losses tend to be small when we have a control

section forming within the pier length. Cd-values close to 1 also denote a more

accurate representation of the real phenomenon.

6 The uncertainty in flow parameters shown by the results for the condition of Froude

numbers near to unity, is quite cornmon for the transition region between subcritical

and supercritical flow.

€) The best results were obtained for condition of supercritical flow at the downstream

end of the pier. For these conditions Cd-values close to 1 were found. Favourable

conditions (Cd being close to 1) are represented by high Froude numbers at the

downstream end as well as high H/Y4 values (large pressure differences along the

pier).

Using the POWER approach:

The calibrated Cd-values of the discharge equation (power based) are presented as

functions of dimensionless parameters. By rewriting the discharge equation a functional

relationship could be established.

Definitions of symbols:

Q: Flow rate [m'zs]

Cd: Discharge coefficient compensating for transitional losses [non dim]

B: Representative width of oncoming flow for each bridge pier [mJ

y: Flow depth [m]
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v: Velocity of flow [mis]

g: Unit gravitational force [mls2]

H: Energy head at the upstream end of the pier [mJ

Fri: Froude number at section i [non dim]
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Consider the power based discharge equation derived as equation 3.76:

Eliminating the E = !JY1J+Y'j term above in order to simplify the complex equation and then
,. + '4

rewriting with velocity as subject by using the continuity law:

~ V4=CdW, ...(Equation 3.80)

Divide both sides by (gY4)O.S:

(Equation 3.8i)

Rewriting with Cd as the subject of the equation:
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=> (Equation 3.82)
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Equation 3.82 indicates that a square root relationship exists between the Froude

number at section 4 and the pressure ratio y1/Y4 for constant Cd-values. This was

confirmed by the model data (figure 3.32).

In practice the Yupstreamvalue can't be measure accurately, it is only the pressures Y2

(upstream end of the pier) and Y4 (downstream end of the pier) that are measured. This

problem needs to be kept in mind when deciding between discharge theories.

The following points are considered important:

o Cd-value curves in the Fr4 > 1 region (supercritical downstream conditions, normal

flows) show a definite trend as a function of Fr4 and Yupstream/Y4and corresponds

well with the theoretical function: Fr4 = f(y1/Y4)O.S.

El Drowned conditions are not reflected well by this power based theory resulting in

Cd-values varying from 0.44 to 0.94. There is therefore much uncertainty about

the validity of the Cd-curves for the condition of drowned flow and the limited

amount of data points available underline the uncertainty.

€) The gap in data reflects the uncertainty in calibrated data for the range of Froude

numbers 0.8 to 1.0. This uncertainty was to be expected for the high variety in

flow conditions found in the transitional region between subcritical and supercri.tical

flow.
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Using the MOMENTUM approach:

The calibrated Cd-values for the discharge equation (momentum based) are presented as

functions of dimensionless parameters. This equation (equation 3.43) was too complex

(it incorporated the 1/2pCd*Av2 term for example) to rewrite in terms of simple

dimensionless parameters as was possible with the energy and power based discharge

equations. In order to overcome this, it was assumed that the three fundamental

approaches (energy, momentum and power) with their common base (Newton II) should

more or less lead to the same relationship between dimensionless parameters. This was

already seen for the energy and power approaches as both could be rewritten in terms of

the same dimensionless parameters. It was therefore decided to express the discharge

coefficient Cd in the momentum equation in terms of the same dimensionless parameters

that were for the other two fundamental equations. Therefore, Cd was expressed in terms

of the Froude number Fr4 measured at the pier end as weU as the ratio Yupstream/Y4

which is the ratio between upstream depth and the depth at the downstream pier end.

Note that Yupstream was used as in the power approach because the momentum based

equation was based on the same control volume used in the power approach.

Definitions of symbols:

Q: Flow rate [rrr'/s]

Cd: Discharge coefficient compensating for transitional losses [non dim]

Bj: Representative width at section i of oncoming flow for each bridge pier [m]

y: Flow depth [m]

v: Velocity of flow [mis]

g: Unit gravitational force [rn/s"]

Frj: Froude number at section i [non dim]

Consider the momentum based discharge equation derived as equation 3.43 (1-4

sectional combination, thus in terms of the better configuration: section 1 and section

4):
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As was described above, the Cd-value in the above mentioned equation was expressed in

terms of dimensionless parameters found by rewriting the flow rate equations based on

the other two fundamental approaches (energy and power), viz:

C = f(F YupstreJIm)
d 1'4 ' Y4

In practice the Yupstream value can't be measured accurately, it is only the pressures Y2

(upstream end of the pier) andya (downstream end of the pier) that are measured next to

or along the pier length. This problem needs to be resolved if the momentum based

discharge equation is to be used for flow measuring and only pressures next to the pier

are being measured.

The following points are considered important:

o A rather clear trend of Cd-curves in terms of Fr4 (Froude number at section 4)

and Y1/Y4values for the region Fr4 > 1 is evident from figure 3.33. This implies that

the momentum based discharge equation describes the normal flow condition

(supercritical downstream conditions) rather well with Cd-values varying very

little.

6 The drowned condition (Fr4 < 1) is not described satisfactory by this theory, Cd-

values varied from 0.50 to 0.87 implying inadequate description of the real

phenomena. Data for the drowned condition were also limited and there is therefore

much uncertainty about the validity of Cd-curves for the drowned condition.
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~ Uncertainty in the Froude number range 0.8 to 1.0 was again evident but to be

expected for the transitional region.
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3.10 CONCLUSIONS AND RECOMMENDATIONS:

Calibrating the Energy, Momentum and Power based discharge theories with data

collected by Retief, the following conclusions and recommendations are made:

i) The energy based model gave the best results (least variability in Cd-values,

table 3.1) for the whole flow spectrum (supercritical & drowned flow

condi tions).

ii) The power and momentum based discharge theories described the drowned

flow condition with less accuracy (Cd-values unstable, table 3.1) than the

supercritical flow condition (control forming). This is also evident from the

calibration curves,jigure 3.32 andjigure 3.33 respectively.

iii) It was realised that the energy based equation would work better in practise

for it requires the measurement of pressures next to the pier only - therefore

no need to measure water depths upstream of the pier as required by the

momentum and power based models.

iv) It was not possible to measure a representative flow depth at the downstream

end. The flow depth measured at point C (photo 3.1) was not a

representative depth over the width of flow and an additional flow measuring

point was therefore needed. Results in terms of pressure measurement at the

middle of the pier (over the length) showed to be unsatisfactory (Reliefs data)

and pressure measurement was of little value here.

v) It is recommended that more realistic ratio's of B/bp (flow width/pier width)

should be considered during additional model pier tests. The 90 mm pier

tested by Relief gave a B/bp ratio of 6.67 which is not often found in

practise. The other ratio's considered by Reliefwere more representative and

could be used again combined with a new pressure measuring configuration.
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vi) The effect of changing the pier length should be considered. The piers tested

by Retief all had a L1bp (pier length/pier width) ratio of 5.56. Different L1bp

ratio's are therefore recommended for further tests on model piers.

vii) Although the ideal flow pattern at bridge piers in terms of stable coefficients

would be parallel flow approaching the pier, the effect of non-parallel flow

approaching the pier should be considered. In practise it may be difficult to

find a bridge with perfect zero pier rotation in terms of approaching flow and

the relative rotation between pier and approaching flow may even change

with discharge.

viii) The configuration of pressure measurement was to be changed in order to

accommodate pressure measurement along the pier for non-parallel flow

conditions as well as to measure a more representative flow depth at the

downstream end. It is therefore recommended that two flow measuring

points be added to the side of the pier, one at the upstream head and one at the

downstream head. These are both to be positioned as close as possible to the

pier end in order to be able to measure the maximum pressure difference over

the length of the pier.

ix) Drowned conditions experienced at the downstream end of the pier should be

investigated in detail. More tests on drowned conditions (which occur mainly

during flood events) should be performed including more combinations of

B/bp, L1bp and pier rotations.

x) Calibration curves should be constructed in order to present Cd-values as

functions of dimensionless parameters in order to calculate discharges

according to measured pressures at bridge piers.
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4. MODEL TESTS AND RESULTS:

Model analysis:

The mathematical models that were derived earlier in the text (refer to chapter 3) were

calibrated using model data. Scale models of real structures (called the prototypes) were

tested to investigate flow conditions around piers. Results obtained from such model

tests may not necessarily be applicable to the prototypes for example, due to inaccurate

scaling of bed roughness or inappropriate scale distortions.

A brief discussion of similarity, which is very important for any model analysis, IS

therefore appropriate.

Similarity:

To assure perfect similarity between model and prototype, all relevant dimensionless

hydraulic parameters should have the same values for both model and prototype. If this

is true, the ratios between forces and momentum components within the model equal

those in the prototype. This results in fluid elements being accelerated similarly in both

model and prototype and therefore ensuring a true copy of the real phenomenon.
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Considering all possible forces acting within the model boundaries during the modelling

process is not necessary. Only the dominant forces need to be considered. Therefore, the

first step in modelling the prototype structure is the identification of the most important

or dominant forces.

The gravitational force is almost always of great importance. Froude similarity is

necessary to ensure the correct ratio of momentum to gravitational force for both the

model and the prototype.

Shear forces are not dominant forces except when conditions of low Reynolds numbers

hold and viscous forces start to dominate, therefore Reynolds similarity is not important

in normal models of bridge piers.

The following similarities exist:

o Geometric similarity

f) Dynamic similarity

ê Kinematic similarity

Geometric similarity:

Geometric similarity implies that the model looks exactly like the prototype except that

the model dimensions are proportionally smaller. This implies that the ratios between

lengths and widths and heights should be the same in both the model and in the prototype

in a so-called undistorted model. Because of the three-dimensional nature of flows

around bridge piers, pier models need to be undistorted.
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Dynamic similarity incorporates Froude similarity which is discussed later on.
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Dynamic similarity:

Dynamic similarity refers to the similarity of forces as expressed through dimensionless

ratios of momentum and force for example the ratio between momentum and the

gravitational force, viscous shear force or the surface tension force. These ratios include

Froude, Weber and Reynolds numbers. This study concerns mainly turbulent flows

around piers and therefore Reynolds similarity is not required. Weber similarity is also

not applicable. On the other hand, Froude similarity is of utmost importance as is evident

from the section on Fraude similarity below.

Kinematic similarity:

Kinematic similarity concerns the "steady even motion of fluids" and IS usually

automatically satisfied if dynamic similarity holds.

Fraude similarity:

In turbulent open channel flow, which is the most important field of model studies for

Civil Engineers, a very important requirement in terms of similarity is that the Froude

numbers should be the same in both the model and the prototype. The Froude number

has the following definition:

Momentum
F =--------------

r Gravitational force

The Fr-number also represents a ratio of kinetic energy to potential energy, viz:
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For our model, being an open channel flow model, in addition to geometrical similarity

(which should be aimed for at all times), it is also essential to ensure Froude similarity i.e.

ensuring the same Froude numbers in both the model and in the prototype.

One way to ensure Froude similarity is to use the correct scaling laws when planning the

dimensions of the model. These scaling laws can be derived from basic scale ratios that

are applicable to the Froude number.

The scale ratio can be determined as follows (Rooseboom, 1992).

For Froude similarity:

F =F
'p riff

V V=> p = m

~gpYP ~gmYm

(Equation 4.1)

(Equation 4.2)

Note that there are two traditional definitions for the Froude number, viz.:

(Equation 4.3)
gy
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And also the square root of equation 4.3:

F =_v_rW (Equation 4.4)

The definition according to equation 4.3 is more appropriate than according to equation

4.4. Consider the following sketch and derivation in order to explain this statement.

Consider a flow element as shown in figure 4.1:

(Figure 4.1)

(Typical flow element shown in three dimensions, x, y & z)

The Froude number has been defined as being the ratio of momentum to the gravitational

force, therefore:

The following definitions hold:

Fr: Froude number [non dim]

p: Mass density of the fluid [kg/mj]

Q: Discharge [mj/sJ

v: Velocity of flow [mis]
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m: Mass of fluid or fluid particle [kg]

g: Unit gravitational force [rn/s"]

x: Horizontal dimension, flow element [ml

y: Vertical dimension, flow element [ml

z: Horizontal dimension, flow element [m]
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F == Momentum = pQv
r Gravitational force mg

F-P(~} _p(~}
~ - pVg - p(xyz}g =-xy-zg =-gy

which is in line with the definition of equation 4.3.

An investigation of Froude similarity results in a remarkable outcome, being the

following: "Geometrical similarity in a model automatically ensures Froude similarity

for equilibrium flow conditions in terms of hydraulic roughness".

This can be proved as follows for open channel uniform flow:

Say for instance a representative model is built of a river reach (prototype). The model is

undistorted (vertical scale ratio equals horizontal scale ratio). The roughness has also

been scaled accordingly. Geometric similarity holds:

Chezy's energy equation for open channel uniform flow, IS used to represent the

relationship between velocity and channel characteristics.
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The following definitions hold:

v: Velocityofflow

g: Unit gravitational force [m/s"]

R: Hydraulic radius (= AlP, = [flow area]/[wetted perimeter]) [mJ

Sr: Energy slope [m/m]

So: Bed slope [m/m]

k: Absolute roughness [mJ

y: Flow depth, vertical [m]

xm: Parameter x in the model [dim of x]

xp: Parameter x in the prototype [dim of x]

v = 5.75fi IOg(l:R )~RS / (Equation 4.5)

For a wide river the hydraulic radius R ~ y, the average flow depth:

=> v = 5.75fi IOg(l~Y )~ yS /

=> jg; = 5.7510ge~Y )Ft

The same roughness-depth ratio has been applied, therefore:

(Equation 4.6)

Geometrical similarity holds, therefore the bed slopes are equal and from the uniform

flow assumption the energy gradients are equal, viz:

University of Stellenbosch Department of Civil Engineering

Stellenbosch University http://scholar.sun.ac.za



Discharge Measurement in terms of pressure differences at bridge piers - Model tests and results Page 109

Consolidating, the following equality holds:

5.7510gC!y)p v'Vrt ~5. 7510gC!Y)_ .fsX

~(J~)p~(~)_
~ {Fr}p ={Frt

Therefore, Froude similarity holds, or in other words the Froude number takes on the

same value in both the model and in the prototype.

Summary:

o Firstly, if Froude similarity holds, and a model is either a scaled up or scaled down

version of the prototype, the gravitational force (which dominates in open channel

flow) will ensure the same acceleration pattern in both the model and the prototype.

@ Secondly, the results obtained from a Froude resistance model are directly applicable

and can be extrapolated to prototype results. This means the prototype will respond

in the same manner as the model if the depth-roughness ratios are kept the same.
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4.2 MODEL TESTS IN THE LABORATORY:

4.2.1 Introduction:

Model tests performed by Retief (1999) provided data for three model piers. From the

calibration of the newly developed discharge equations using Retiefs data it proved that

all three fundamental approaches (Energy, Momentum and Power) could be calibrated

accurately, the Energy approach for the whole spectrum of flows and the other two

theories for the "Normal flows" (supercritical downstream conditions) specifically. It

was therefore shown that the Energy (whole flow spectrum), Momentum and Power

approaches could be used to measure flows (momentum and power only for "Normal

flows") at bridge piers in terms of measured pressures at and in the vicinity of the pier

and that the pier approach may therefore be of great value to measure floods at prototype

piers.

Because the momentum and power based discharge equations are based on the flow

patterns within a control volume and the control volume needs to be bounded by constant

depth sections, it was necessary to use section 1 (photo 3.1) as the upstream enclosing

section in order to have a constant flow depth across the width as well as to include the

pier within the control volume boundaries. The coefficients based on the Momentum and

Power approaches were therefore determined in terms of the flow depth at section 1

(photo 3.1). It is therefore important to note that if the momentum and power based

discharge equations are to be used, the upstream flow depth section 1 (photo 3.1) need

to be known. This implies therefore that the Momentum and Power approaches can not

be used if pressures are measured against the pier only. Because of practical problems

associated with the measurement of pressures upstream of piers a system which only

requires pressure measurements against piers is preferable.
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The energy equation, based on pier pressures only, was therefore investigated in more

detail in terms of different flow conditions, different ratios of channel width to pier width

(B/bp) and pier length to pier width (L1bp) as well as different pier orientations relative to

the direction of the oncoming flow in order to estimate the applicability of the energy

theory to a wider flow regime. It was found that some of the ratio's describing the width

of the pier relative to the width of the approaching stream in Retief's study were not

representative of typical prototype ratios and additional tests on 4 different bplB (pier

width / stream width) ratio's were conducted, these ratio's being more representative of

those found in practice. The ratio describing the width of the pier relative to the length of

the pier was also investigated. This was done because in the tests conducted by Retief a

Lplbp ratio of 5.56 only was used. Retiefs work included only a very brief reference to

drowned pier flow conditions, i.e. sub-critical flow conditions. It was therefore decided

that additional tests should be done for both supercritical and sub-critical downstream

conditions.

The energy equation was expressed in terms of the pressure at a measuring position near

the downstream end and this necessitated the introduction of an additional position for

measuring the pressures along the pier. Please refer to paragraph 4.2.3 for more detail

on the pressure measuring configuration.

In conclusion, the aim of these additional laboratory tests was to determine whether the

energy based discharge equation is applicable to a wide variety of practical bridge pier

lay-outs combined with different flow conditions typically found under flood conditions.

The following paragraphs cover the laboratory tests whilst the laboratory data can be

found in the Appendices.
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4.2.2 Description of the laboratory lay-out used for the test:

The following picture shows a side view of the laboratory lay-out used for the additional

tests referred to above.

(Side view of glass flume used for testing the model piers, Hydraulics Laboratory University of

Stellenbosch)

(Photo 4.1)

Note that the lay-out is similar to that used by Retief A glass flume (A, photo " I) of

609 mm width was used to test the pier models. The bed slope was fixed at tt very slight

slope of 0.0025 m/m U\ c: about 75 % ur the tlUIl1C Icllgth éllld increased nca: tile elld III

order to ensure supercrincul ('()IHlitlllI1S dov v nstrcam during some nl' the tc~tc;

DO\\llstrealll flow depths \\CIT registered from a moving trolly (B) and upstream hy

means of a measuruig needle fixed to a portable frame (C) The position or the pier (D)
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is shown in photo 4~I and the arrows indicate the direction of flow. Manometer pipes

fixed to a wooden stand (E) were used to measure pressures at four points alongside the

pier. The manometer pipes are shown below:

(Side view of glass flume used for testing the model piers, Hydraulics Laboratory University of

Stellenbosch)

(Photo 4.2)

PIIO(U 4.2 shows the 4 manometer stand pipes (A) fixed to the wooden stand. These are

connected to the pressure measuring points on the model pier (B) via flexible clear tubing

(C) The water levels registered in the manometer pipes therefore correspond to the

pressures alongside the pier The manometer pipes were installed in such a way that the

reading (111 mm) on the adjacent scales (D) corresponded to the heads at the four points

Uil the pier measured relative to tile 11Cdd ur the furthest upstream pressure ponu

(position UEJic>;lIil' -/3 . .lC([/UI/ ,,_) 31 I he .rrro os sbo« tile direction of flow.
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(Looking downstream at the glass flume used for testing the model piers, Hydraulics Laboratory University

of Stellenbosch)

(Photo 4.3)

Photo 4.3 shows a downstream view of the upstream part of the glass flume with the

baffle blocks (A) and wave dampener (8). The arrows indicate the direction of flow.

In order to simulate drowned conditions downstream of the pier, it was necessary to raise

the tai I water level. This was done by fixing a sluice to the end of the flume. By

adjusting its height the tail water could be raised or lowered accordingly. Photo 4.4

shows the sluice.
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(Sluice al the end of the glass flume used for testing the model piers, Hydraulics Laboratory University of

Stellenbosch)

(Phola 4.4)

4.2.3 Defining the configuration of the model piers and the arrangement of pressure

measurement:

Optimisation of the energy based discharge equation for the above mentioned flow

conditions necessitated changing the pressure measuring configuration. In order to

change the pressure measuring configuration and at the same time introduce additional

measuring points, it was decided to construct new model piers from PVC These moelel

piers were made from hollow sections which could bejoined as "building blocks" so as to

form different combinations of lengths an widths. The advantage of these piers being

hollow "vas that the water which accumulated "within" the pier ensured more stable water

surface levels \\ ithin the manometer pipes. The following changes were made to the
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pressure measuring configuration - note that 4 different positions along the pier surface

were identified for calibration of the discharge formulae.

I I
I I

I I
I I

Direction of flow

(Figure 4.3)

(Defining the sections for the new configuration of pressure measurements)

o The pressure at the upstream end of the pier (position UE, figure 4.3 or photo 4.5)

was still measured as was done by Retief This pressure represents the stagnation

pressure, an important parameter in the energy based discharge equation.

f} In addition to the pressure measurement at the face of the upstream end, the

hydrostatic pressure on the side of the pier (position US, figure 4.3 or photo 4.5)

was measured. This pressure was measured at the upstream end of the pier where the

curve of the semi-circular head joins the straight side of the pier.

@ The third and forth positions of pressure measurement (positions DS and DE,

figure 4.3 or photo 4.8) were used at equivalent positions to those mentioned above

but at the downstream end of the pier. Retiefused the DE-position (section 4) for

pressure measuring during his tests. This was found to be unsatisfactory at high

discharges for the pressure (depth) at DE is not representative of the total flow width

due to the formation of eddies and draw-down of the water surface. This

phenomenon was also observed during the model tests on the pye piers as

illustrated by the following two photos (photo 4.5 and photo 4.6):
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(Pye 63 mm pier (SHORT) during a ± 130 l/s test, supercritical flow conditions downstream etc)

(Photo 4.5)

Note that the flow depth at section DE at the pier (YOEpier) is much less than the

flow depth at the same cross section but midway between two piers, i.e. flow depth

YOEmid-way. YOEpier is therefore not representative of flow across section DE.

Section 3 and pressure point DS were therefore introduced in order to obtain a

downstream water depth that would be more representative of the flow depth across

the width between neighbouring piers. The differences in head are reflected by the

manometer readings shown in photo 4.6 below. The water surfaces within the

manometer pipes correspond to the flow depths at sections UE, US, DS and DE

respectively as seen in photo 4.5.

---- ._.. _---._----_. -._------
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(Measured pressure heads inside manometer pipes during a test on a pye 63 mm pier (SHORT) ,± 130

lis test, supercritical flow conditions downstream etc.)

(Photo 4.6)

The water surface level in manometer pipe DE corresponds to the depth YOEpier and

is much lower than the depth YOEmid_way which is found within the contraction.

Although measuring position DS was introduced, position DE was kept for use

under drowned conditions where the pressure or depth becomes more representative

of that across the flow width.

Figure 4.3 shows details of the pressure measunng lay-out at the upstream and

downstream ends of the pier:
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(Figure 4.3)

(Detail of pressure measurement positions at A and B at the upstream pier end (downstream lay-out

similar»

Photo 4.7 combines the details mentioned above.

(Defining sections 1,2,3 and 4 and measuring positions UE, US, OS and DE)

(Photo 4.7)
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4.2.4 Defining the different flow conditions:

o Flow approaching the pier in line with the pier under non-drowned conditions and

drowned flow conditions downstream (supercritical vs. sub-critical conditions) for

bull-nose shaped piers with different B/bp ratios. The bull-nose shape is very

common at existing bridges in the RSA and an estimated 80% of piers are of this

shape for construction as well as hydraulic reasons. Pressure measuring was done

according to the lay-out shown infigure 4.3. Four different B/bp ratios were tested,

they were: 9.7, 12.2, 15.2 and 19.0. Photo 4.8 shows the different pier widths that

were used in the 609 mm wide flume in the laboratory:

(Four different pier widths of the model piers: A=63 mm (Blbp=9.6), B=50 mm (Blbp=12.2), C=40

mm (Blbp=15.2), D=32 mm (Blbp=19.0»

(Photo 4.8)
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6 For each of the piers with different B/bp ratios the L1bp ratio was changed. This was

done by adding a central section to a model pier in order to increase the length of the

pier (Lp). Three different L1bp ratios were used for each B/bp ratio resulting in 12

combinations of width and length ratios. Tests on these 12 combinations covered

both super and sub-critical downstream flow conditions (note that for all these tests

flows were in line with the piers, i.e. no rotation of the pier relative to the

approaching flow). Photo 4.9 shows one of the piers with its "building blocks" taken

apart. By joining these "building blocks" in different combinations it was possible to

obtain different L1bp ratios for the same B/bp ratio.

("Building blocks" of a typical PVC pier model. A=upstream end, B=extension for "MEDIUM"

length, C=extension for "LONG" length, D=downstream end)

(Photo 4.9)

€) Non-parallel flow conditions were also considered investigated, i.e. conditions where

the approaching flow does not enter the constriction between the piers parallel to the
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long-axis of the pier, but at a certain angle. As it was not possible to change the

approaching flow direction within the laboratory (glass flume) it was necessary to

rotate the model pier relative to the flow direction. The degree of rotation was

defined as the angle between the direction of approaching flow (A) and the long axis

(B) of the pier. The angle was expressed as theta (8) shown in photo 4./0 below.

The same pressure measuring lay-out was used as infigure 4.3.

(Defining the rotation of the model pier. A'<directtcn of approaching flow, B=long axis

direcrion.ê=relative angle between A and B)

(Photo 4/0)

Note that the pier was rotated SC) that the siele on which the pressure holes were made

was on the "positive" pier side, i e the side that faces the approaching stream and

cxpcnenccs increased pressures The flow passing on this Side displays a more

stable 110\\ rat tern with associ.ucd idrger 110\\ depths. The "ncgauvc" pier sick h

also shown In !J/WW 4/0. 011 tlus Icc-side 110\\s arc shallower anel more turbulent,

I Jcparllllcnl or('I\ill':nglllcclillg
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and unsteady and fluctuating. The small alTOWSin photo 410 indicate the positions

of the pressure measuring holes shown in photo 4.7.

(Defining the effective pier width for non-parallel flow conditions, B = total flume width, Bp_eff =

effective pier width and (B-bp_eff) the effective or net width of passing flow)

(Photo 4.11)

4.2.5 Model tests 011 flow patterns around piers, pictorial record:

4.2.5./ Parallel flow approaching pier:

_s~l 'P U? ( 'lU TI ('/1 /_jl ()li cOlldluo/l S rI (Jl \ II \/I CU/l1_ Or Ili (~[71Cl

Stellenbosch University http://scholar.sun.ac.za



Discharge Measurement in terms of pressure ditTerences at bridge piers - Model tests and results Page 124

(Flow patterns past model pier, parallel approaching flow, Bzb, = 9.7, L'b, = 6.9 (LONG), Q = ± 130 lis,

supercritical flow conditions downstream)

(Photo 4/2)

(Ilow parterns past model pier. parallel approaching flow. lJ,bp = 0.7. I.,bp , 5 (, (,vIEDIUM), Q c. ,I.;(J I s.

supercrruc al llow conditions downstream)

(Pharo" / 3)

.._---, ,_ ..._- ---"----,, - - ------- - --_. - ----
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(Flow patterns past model pier, parallel approaching flow, Bzb, = 9.7, L'b, = 4.2 (SHORT), Q = :1:130 l/s,

supercritical flow conditions downstream)

(Photo 4./4)

(Flow pauern« p~ht model pier. pu ra l lc l approachmg Ilo-v. 13bp~' 12.2. Lb., ()() (I ()~(;I. Cj .: : I_~() l s.

supercruic.il Ill)\\ clHlditiOI1S do« usuearn)

(Pharo 4 /5)
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(Flow patterns past model pier, parallel approaching flow, Bzb, = 12.2 , L'b, = 5.6 (MEDIUM), Q = ± 130

lis, supercritical flow conditions downstream)

(Photo 4./6)

(1'lllW patterns past model pier. parallel approac lung flow. lJ b, 12.2, Lzb, = 4.2 (SI1CJR I). Cj r l.i(J I .;

supercrincal 110\·\conchuons downstream!

(Photo ~.17)
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(Flow patterns past model pier, parallel approaching flow, Bzb, = 15.2 , L'b, = 6.9 (LONG), Q = ± 130 lis,

supercritical flow conditions downstream)

(Photo 4./8)

(I 10\\ patterns past moelel pier. parallel approaclung flow, 13:bp ~ 152 . l.,bp co 5.6 (iviEDrUM). Q - '..1_lU

Is. supercrincal £10\\ condurons downstreanu

(PhoIO 4./9)

--------- -----
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(Flow patterns past model pier, parallel approaching flow, Bzb, = 15.2 , L'b; = 4.2 (SHORT), Q = ± 130 lis,

supercritical flow conditions downstream)

(Photo 4.20)

III\)\\ paucrn« past rnodel pici. parallel approaching 110\\. Il hr IC)O, Lbr 6.9 (LONG), 0 ·1 ~u I,.

superenncal 11m\ condillons downstream)

(P/lOlO ..f. 2/)
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--~---- -------------------------------------------------------------------------------

(Flow patterns past model pier, parallel approaching flow, Bzb, = 19.0, L'b, = 5.6 (MEDIUM), Q = ± 130

l/s, supercritica1 flow conditions downstream)

(Phola 4 22)

(1:10\\1 pancm-, past Illude I pier. palallel approaching flow, IJ/bp ~ 19.0, L'b, -. --12 (SIlORT). Cj t I_i() I ,.

supercrincal tlu\\ conduious downstream:

(Photo 4 23)

---.- ---~-- -- .__ . -----------------
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DROWNED Oow conditions downstream o[!he pier

(Flow patterns past model pier, parallel approaching flow, Bzb, = 9.7 , Llbp = 6.9 (LONG), Q = ± 130 lis,

drowned flow conditions downstream)

(Phola 4.24)
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(Flow patterns past model pier, parallel approaching flow, Bzb, = 9.7, L'b, = 5.6 (MEDIUM), Q = ±\30 lis,

drowned flow conditions downstream)

(Photo 4.25)

(r luw patterns past Illude I pier. parallel approuc lung tlO\\, B h, ~ 9.7 , Ubp - -1.2 (SHORT), Q r I.'(J I. S.

drowned (low conditions downstream)

(Pharo 4 26)
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(Flow patterns past model pier, parallel approaching now, Bzb, = 12.2, L'b, = 6.9 (LONG), Q = ±130 lis,

drowned now conditions downstream)

(Photo 4.27)

(1:10\\ patterns past ruedel pier, parallel approach.ng Ilo «. Il b., 122, L/bp 5.6 (MEDIUM). Q L I_~()

Is, drowned Ilo« conduions downstream]

(Phalo 4 28)
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(Flow patterns past model pier, parallel approaching flow, Bzb, = 12.2 , L'b, = 4.2 (SHORT), Q = ± 130 l/s,

drowned flow conditions downstream)

(Photo 4.29)

(1'101-\ patterns pas: model pier. parallel approaching flow, B:bp = 15.2. L'b., ~ 6.9 (l.O\lG), Q = c 1,~(j 1:),

drowned nO\\, coudiuous downstream)

(Photo" 30)
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(Flow patterns past model pier, parallel approaching flow, Bzb, = 15.2 , L'b, = 5.6 (MEDIUM), Q = ± 130

lis, drowned flow conditions downstream)

(Photo 4.3/)

(Flo» patterns past !lllllki PiC!, paralle i app!'(I~!(lling 110\\, f3ihp - 15.2, Lib" ~ 4.2 (SII()RT). C.;J r. I ~U I ,;,

drowned 110\\ condinons downstream)

(Photo 4 32)
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(Flow patterns past model pier, parallel approaching flow, Bzb, = 19.0 , L'b, = 6.9 (LONG), Q = ± 130 l/s,

drowned flow conditions downstream)

(Photo 4 33)

(Flo« patterns past moelel pier. parallel approaching flow. 13ibp = 19.0 , L'b, = 5.6 (MEDrUiV! ). Q • I.;()

I.'s. drowned flow COl1dltlOI1S downstream]

(Photo 4 34)
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(Flow patterns past model pier, parallel approaching flow, Bzb, = 19.0, L'b, = 4.2 (SHORT), Q = ±130 I/s,

drowned flow conditions downstream)

(Photo 4.35)

4.2.5.2 Non-parallel approaching flow:

DROWNED aow conditions downstream o[the pier
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~-- - ----------------

(Flow patterns past model pier, non-parallel approaching flow, Bzb, = 19.0 , L'b, = 4.2 (SI-lORT), e = 15

degrees, "positive pier side" shown, Q = ± 130 lis, supercritical flow conditions downstream)

(Photo 436)

(11'1\\ p<lllCmS past model pier, non-para lle l approachrug 1101\. n bp I (J 0, l.ib; C -+ 2 (SIIU!Z I). (lI:;

(kgrc:cs. "llcgalllC: (Ice) pier side" shown. (j : 1..\0 lis, supcrcru nal Hnw conditions downstream!

(Phola 4 37)

------_._.- ------
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(Flow patterns past model pier, non-parallel approaching flow, Bzb, = 19.0 , L'b, = 4.2 (SHORT), 8 = 15

degrees, "negative (lee) pier side" shown, Q = ± 130 lis, drowned flow conditions downstream)

(Photo 4.38)

(FI(l\\ panerns Pdq Illulkl piel. non-para llcl approuclung flow, Bbp 190, Lib" -L1. (SII()I~ I). cj c 15

degrees. "look ing upvirc.un" \ IC\\', Q -z: : 130 Ls. supercritica l flow conduions downstream)

(Photo 4 39)
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pressure measurements:

The energy equation of Bernoulli was derived from Newton's second law in section 3.6:

_2 _2
av. aV2 I=> --+ Y. +Z. =--+ Y2 +Z2 + hL +hf2g 2g r-z H

(Equation 4.1)

It is only applicable between two points (1 and 2) on a streamline. Consider a stream

line taken between UE and OS (figure 4.3). Ignoring frictional losses as the distance is

very short, is therefore justifiable to delete the term Lhf1•2 from equation 4.1 and thus:

- 2 2

aYUE Yvs h-- +YUE +ZUE =-- +Y DS +Z VS + L2g 2g UE-OS

(Equation 3.21)

hlUE-OS represents the transitional losses between positions UE and OS.

Assuming a horizontal bed, i.e.:

tue = ZDS

Substituting ZUE=ZOS, equation 4.1 simplifies to:
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- 2 _ 2

av VE av DS--+y =--+y +h2g VE 2g DS LUE-DS
(Equation 4.2)

A stagnation point forms at UE where the water is decelerated to zero velocity next to the

upstream head of the pier. We can therefore assume:

VUE~O

- zav
:::::> y =y +~+h

VE DS 2g LUE-DS

V 2 _.!!.r,{y _y )-h ]
DS - cx r VE DS LUE-DS

(Equation 4.3)

Applying the continuity equation at section 3 at OS (figure 4.3):

This implies that we assume a uniform flow depth across the width at section 3 and also

a uniform velocity. This is a reasonable assumption as the flow at section 3 has not yet

experienced any divergence as it is still contained within the space between the two

neighbouring piers. Combining the energy and continuity equations and taking cx: = 1:
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(Equation 4.4)

The Cd-value is known as a flow correction factor and compensates for the transitional

losses and simplified assumptions made in the energy based model.

It can be shown that the Cd-value in equation 4.4 is a function of the CL-value used in

the formula for the calculation of the convergence (as found at a bridge pier) head loss

("National Roads Board Drainage Manual"). This formula defines the head loss due to

the convergence effect in terms of the downstream velocity (within the contraction), viz:

The following definitions hold:

HL: Transitional head loss [ml

CL: Transitional loss coefficient [non dim]

v: Average velocity at the downstream end of the converging section [mis]

v2

h =C-
L L 2g (Equation 4.5)

Consider the following two figures illustrating the analogy between convergence within a

channel contraction and convergence around a pier. This analogy will be used to

illustrate that Cd should be a function of CL, viz. the degree of contraction through the

transition section.
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. ,

II

(Figure 4.4)

(Typical flow lines around the upstream end of a bridge pier, flow convergence takes place when the width

of flow changes from B to (B-bp) where bp depicts the pier width)

(Figure 4.5)

(Typical flow lines past a converging transition channel when the width of flow changes from B to (B-bp)

where (B-bp) depicts the contracted width (analogous to flow entering between piers)

Now, if equation 4.5 is substituted for the hLUE-DS term in equation 4.2, a discharge

equation in terms of CL (convergence coefficient) can be found:

a VUE Z _ aVDS Z C (avD/ J~ +YUE- +yDS+ L

2g 2g 2g

- Z ( - ZJaVm aVmYIIE =---+ YDS +CL ---
2g 2g
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taking cc = 1 and applying the continuity equation, Q = vOEBoEYOE

(Equation 4.6)

Comparing equation 4.6 with equation 4.4 it is seen that Cd is indeed a function of CL.

This result is to be expected as Cd compensates for transitional losses and CL is a

transitional converging loss coefficient. From this result a rough prediction of the Cd

values can be made according to á predicted CL-value for the converging flow past the

pier.

4.2.7 Calibrating the energy based flow rate equation (equation 4.4) for the different flows
considered, paragraph 4.2.4:

4.2.7.1 Parallel approaching flow direction:

Introduction:

This section deals with the calibration of equation 4.4 in terms of laboratory data

collected during tests on model piers with 4 different B/bp ratios. Each model pier was

constructed so as to be lengthened by introducing a straight section between the upstream
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and downstream nose ends. The 4 different B/bp ratios that were considered were: B/bp

= 609/32 = 19.0; 609/40 = 15.2; 609/50 = 12.2 and 609/63 = 9.7. For each pier 3

different L1bp ratios were used, namely: L1bp = 4.2, 5.6 and 6.9. These combinations

of B/bp and L1bp values were intended to cover most combinations found in practice.

Calculating Cd-values:

In order to calculate the Cd-values in equation 4.4, it was necessary to determine the

values of Be, taking 9 = 9.81 and measuring the depths YA and Ye for each measured

discharge Q. Therefore, equation 4.4 was rewritten with Cd as subject and Q,g,Be,YA

and Ye as known values, being either measured or assuming as being constant during the

tests:

The following results were obtained for the parallel approaching flows, i.e. flow

conditions where the angle between the approaching flow direction and the long axis of

the pier was zero. The results are given in table format. Note that table 4.1 refers to

supercritical flow conditions downstream of the pier and table 4.2 to drowned conditions

downstream of the pier.
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(Table 4.1)

(Calibrated Cd-values, parallel approaching flow, supercritical flow condtions downstream)

(Table 4.2)

(Calibrated Cd-values, parallel approaching flow, drowned flow condtions downstream)

Values of CL (equation 4.6) corresponding to the above mentioned Cd-values varied

from 0.00 to 0.09 for the sub-critical (drowned) downstream flow condition (table 4.2)

implying very small transitional losses between points UE and OS along the pier.

Refer to Appendix B for the laboratory data and results.
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4.2.7.2 Non-parallel approaching flow direction:

Introduction:

Calibrating the discharge equation for the non-parallel flow test results was somewhat

different to that for parallel flows. The tests conducted on parallel flows covered 3

different lIbp ratios for the pier model and for each of these 3, different rotation angles

were used. It was possible to obtain a range of bp_eft (the effective pier width) values

which are commonly found in practice. The 32 mm pier was used for the tests on non-

parallel flow conditions. The 3 different lIbp values were: Ubp = 4.2, 5.6 and 6.9.

The 3 rotation angles used were: 8 = 5°, 10° and 15°. Combining these different

values, 9 different tests were performed. These 9 different tests were performed for both

supercritical and drowned conditions downstream of the pier.

Calculating the Cd-values:

In order to calculate the Cd-values in equation 4.4, it was necessary to calculate the

effective flow area first. The effective flow width Beft was taken as the projected width

between two neighbouring rotated isolated piers. Beft was calculated as follows (refer to

photo 4.11):

(Equation 4.7)

Note that the value of Beft is a function of the pier length (Lp) and the rotation angle (8)

as well as the pier width (bp). As bp was a constant during the tests and Lp and e each

had 3 different values, there were 3*3=9 different Beft values used during the tests.
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The gravitational acceleration value was taken as 9 = 9.81 m/s2 and the depths YA and

Yc were measured for each measured flow rate Q. Equation 4.4 was rewritten with Cd as

subject and Q,g,Beff,YUE and Yos as known values, being either measured or taken as

constants during the tests:

The following results were obtained for the non-parallel approaching flows, i.e. flow

conditions where there was an angle between the approaching flow direction and the long

axis of the pier. The results are given in table format, (note that table 4.3 refers to

supercritical flow conditions downstream of the pier and table 4.4 to drowned conditions

downstream of the pier.

(Table 4.3)

(Calibrated Cj-values. non-parallel approaching flow, supercritical flow conditions downstream)
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(Table 4.4)

(Calibrated Cd-values, non-parallel approaching flow, drowned flow conditions downstream)

Refer to Appendix B for detail on the laboratory data and results.

4.2 RESULTS IN GRAPH FORM, DISCUSSION

It was shown in section 3.9 (using the ENERGY approach) that the energy equation

(equation 4.4) can be written in terms of dimensionless coefficients, namely in terms of

the Froude number at the downstream section of the pier (section 3, figure 4.3) and

also the ratio of upstream stagnation head (YUE) to downstream flow depth or head (Yos,

also section 3), viz. in terms of Fros and YuE/yos, therefore:

The following definitions hold:

Q: Flow rate [m3/sJ

Cd: Discharge coefficient compensating for transitional losses [non dim]

B: Representative width of oncoming flow for each bridge pier [ml
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y: Flow depth [m]

a: Coriolis coefficient compensating for assumption of average velocity [non dim]

v: Velocity of flow [mis]

g: Unit gravitational force [m/s"]

H: Energy head at the upstream end of the pier [m]

Fri: Froude number at section i [non dim]

k: Constant [non dim]

Discharge measurement in terms of pressure differences at bridge piers - Model tests and results Page 149

kF=> C = 'DS

d ~(7!-1)

The rewritten discharge equation (above, but see also equation 3.79) is now used to

construct graphs in terms of Cd. Fros and YuE/yos for each of the flow conditions

mentioned earlier on, viz. for the parallel approaching flows (supercritical and drowned)

and non-parallel flows (supercritical and drowned). Note that the terms Fr4, Hand Y4

(equation 3.79) become Fros, YUE and Yos respectively. These graphs can then be used

to find a Cd-value in terms of measured values of YUE and Yos and calculated values of

YuE/yos and Fros. The Cd-value is then used to calculate the flow rate in terms of the

measured pressures alongside the pier (YUE and Yos).

4.3.1 Parallel approaching flow direction:

The following 14 graphs show the calibrated Cd-values according to the laboratory data

mentioned earlier. The graphs are in terms of dimensionless parameters which were

shown to be significant variables in the revised energy based discharge equation
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(equation 4.4). These variables are: Cd, YuE/yos and Fros where Cd denotes the

discharge coefficient compensating for transitional losses, YuE/yosthe pressure head ratio

of upstream dynamic pressure head to downstream depth measured alongside the pier and

Fros the Froude number at section OS.

i) The general tendency of constant Cd-value lines following a convex curve sloping

upwards from left to right was evident for all 12 model pier combinations that were

tested. It is for this reason that all values were plotted on one diagram (figure 4.19)

in order to show the limited distribution of Cd-values in terms of the pressure ratio

(YuE/yos) and Froude number (Fros) as described earlier. It is evident from figure

4.19 that the data points fall in a narrow band following the general tendency found

on each of the individual graphs (figure 4.6 to figure 4.17). Calibration curves were

therefore constructed according to the combined data points. It was possible to draw

constant Cd-lines representing all combinations of B/bp and L1bp ratios considered.

Figure 4.19 shows the calibration curves with Cd-values varying from 0.93 to 1.04

for sub-critical conditions at OS and from 0.95 to 1.09 for supercritical conditions

also at OS.
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ii) Note that the dotted lines depict extrapolated parts of curves following the

generalised trend whilst the solid lines pass through measured data (from laboratory

tests). These generalised curves are recommended for practical use, applicable to all

combinations with B/bp-values ranging from 9.7 to 19.0 and Ubp-values ranging

from 4.2 to 6.9.

iii) Note that the calibration represents constant Cd-value or discharge coefficient lines

as functions of the Froude number at section OS, i.e. Fros = Froude number at the

downstream_side position as well as the pressure ratio YuE/yos, i.e. the ratio:

dynamic pressure measured at UE (upstream end of pier) to the hydrostatic pressure

measured at OS (downstream and side of pier). The YuE/yos ratio varies from ± 1.0

to almost 2.5. This ratio gives an indication of the energy slope over the pier length

and the relative velocity found at OS. Constant Cd-value lines vary for each

combination of (B/bp; Ubp) values according to table 4.1 and table 4.2.

Conclusions and Recommendations:

i) Changing the length of a pier for a constant B/bp-value does not have a significant

effect on the shape and position of the constant Cd-lines, therefore, length is not a

primary variable influencing the transitional losses past a pier.

ii) Changing the width of a pier for a constant Ubp-value does not have a significant

influence on the shape and position of the constant Cd-lines, therefore, width is not

a primary variable influencing the transitional losses past a pier either.

iii) Remarks (i) and (ii) above can be explained in terms of the geometry of flow lines.

Considering photo's 4.12 to 4.14, 4.15 to 4./7, 4.18 to 4.20 and 4.21 to 4.23 it is

clear that the general geometry of the flow profile past the pier does not differ much

as the width ratio changes, implying therefore that Cd-values are not influenced

significantly by the length or width ratio of the pier.
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iv) The variability in Cd-values for drowned conditions proved to be much less than

for the control forming condition (Fros > 1 or supercriticai). This was to be

expected due to the fact that the coefficient varies proportionally to the degree of

turbulence of the flow. The more turbulent the more fluctuating the flow, leading

to greater variation in coefficient values. This was found to be true for all

combinations of (B/bp; L1bp) values tested (graph 4.6 to graph 4.17) and is also

evident from graph 4.18 showing the combined data points.

v) Cd-curves have not been drawn in for Froude numbers ranging between 0.90

and 1.10. This is due to the instability of flow for these velocity/depth

combinations. Such instability is generally found with Froude numbers close to

1.

vi) Using the calibrated curves in order to calculate the flow rate for a pier with a

specific width-ratio and a length-ratio, it is necessary to do an iterative calculation.

This can be explained in the following four steps:

Firstly, measure the pressures Hand Yos respectively

Secondly, estimate a flow rate and calculate an estimated Froude-number at OS

according to the measured value ofyos.

Thirdly, read off the appropriate Cd-value from the curves for the YuE/yos and

Fros values obtained above

Fourthly, use this Cd-value in order to calculate a flow rate from equation 4.4 and

check whether the calculated flow rate corresponds to the estimated value. If so,

the flow rate was estimated correctly, if not, start with the newly calculated flow

rate and repeat the process.
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4.3.2 Non-parallel approaching flow:

The following 9 graphs (figure 4.20 to figure 4.28) show the calibrated Cd-values

according to laboratory tests conducted on 9 different model piers as described in section

4.2.3 and section 4.2.4. The results of the 5 degree rotation tests corresponded well

with those for zero rotation (parallel flow) which suggests that small rotations (up to 5

degrees) do not have a significant influence on the flow patterns and therefore Cd-

values. A large variation in Cd-values was found for the other non-parallel flow tests

as can be seen in table 4.3 and table 4.4. It is for this reason that separate curves were

constructed for each of the 9 different combinations of B/bp_eff.

The graphs are all plotted using the same dimensionless parameters which were shown to

be important variables in the energy based discharge equation (equation 4.4). These

variables are: Cd, YuE/yos and Fros where Cd denotes the discharge coefficient

compensating for transitional losses, YuE/yos the pressure ratio of upstream dynamic

pressure head to downstream depth measured on the pier side and Fros the Froude

number at section C or OS (downstream_side). In some cases the variable H has

been replaced by Yus referring to the dynamic pressure at section B or US

(upstream_side), the reason for this will be discussed now.
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From the laboratory data it was evident that due to rotation of the pier relative to the

approaching now direction, a change in pressure distribution could be seen. The

following photograph shows the pressure distribution along the pier (UE, US, DS anel

DE) for a typical flow condition with NO pier rotation as recorded with manometer stand

pipes:

(Manometer stand pipe readings for supercrincal flow conditions and zero pier rotation)

(Photo '-lAO)

Note that the highest pressure IS being measured as the dynamic pressure at UE, the

upstream end of the pier All other pressures show a declining tendency In the

downstream direction.
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(Manometer stand pipe readings for supercritical flow conditions and non-zero pier rotation)

(Photo 4.41)

(Table 4.5)

(Non-parallel flow conditions where pressure US exceeds pressure UE (marked with crosses»

Photo 4.4/ depicts the typical pressure distribution that was found for the combinations

marked with a cross in (able 4.5. Note that the pressure distribution indicates a larger

pressure (dynamic) reading at the upstream side point (US) than at the upstream end

point (UE). This is probably due to the fact that air is sucked in as shown in photo 4.37.

Air is sucked in because the flow lines tend to maintain their direction when passing the
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upstream end of the pier and not bend entirely around the pier head causing air to be

sucked in resulting in a lower pressure head being measured. The eddy that forms whilst

air is being sucked in can be seen clearly on photo 4.36. This phenomenon of air being

sucked in was found for all three cases where the rotation angle was 15 degrees. In

addition, this phenomenon was also found for the combination of L1bp = 6.9 and e = 10

degrees. This can be ascribed to the fact that although the rotation is not as severe in

this case, the fact that the pier is very long combined with a substantial rotation of 10

degrees, the flow lines again had difficulty bending around the head and air was sucked

in. A second reason for the higher pressure head at US than at UE is the fact that due to

the rotation of the pier, the pressure being measured at US includes a component

perpendicular to the pier long axis, therefore also experiencing a dynamic pressure

component (hydrostatic head plus part velocity head).

The calibration of Cd-values for the 4 combinations mentioned above (marked with

crosses) therefore entailed the use of Yus in stead of YUE and the calibration curves for

these cases were also drawn accordingly. Therefore, note that the calibration curves for

the combinations marked with crosses in table 4.5 should be used in accordance with

measured values of Yus and not YUE.

Conclusions and Recommendations:

i) Rotation of the pier through angles up to 5 degrees does not affect the calibration

of the Cd-values curves significantly.

ii) It is evident from the calibration curves that as the rotational angle e become

smaller, the Cd-value lines approach those found for zero rotation as is to be

expected.
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iii) For a rotational angle e of 15 degrees, it is found that the pressure head at section

UE (upstream end) is smaller than that at section US (upstream side). This can be

ascribed to the fact that air is sucked in when the flow can not sufficiently bend

around the upstream head of the pier as it passes the upstream head. This condition

is found for the 15 degrees rotational condition as well as the 10 degrees

rotation combined with the greatest pier length to width ratio tested. For the 10

degrees condition, the phenomenon of air being sucked in can be ascribed to the

long pier length having the same effect, i.e. the inability of flow to bend around the

upstream head on the "negative pier side" (photo 4.36).

iv) Cd-curves are not drawn in for Froude numbers ranging between 0.90 and

1.10. This is due to the instability of flow conditions for these velocity/depth

combinations associated with Froude numbers close to 1.

v) When using the calibration curves in order to calculate the flow rate associated

with a pier with a specific length-ratio as well as rotation, it is necessary to do an

iterative calculation. This can be done in the following four steps:

Firstly, measure the pressures YUE(or Yus for all 15 degree pier rotations as well

as 10 degree rotations combined with Ubp = 6.9).

Secondly, estimate a flow rate and calculate the corresponding Froude-number at

DS according to the measured value of Yos. The Froude-number should be

calculated for the effective flow width as shown in photo 4.11 (equation 4.7).

Thirdly, Read the appropriate Cd-value off the curves for measured and calculated

values: YuE/yos and Fros.

Fourthly, use this Cd-value in order to calculate a flow rate from equation 4.4 and

check whether the calculated flow rate corresponds to that estimated. If so, the

flow rate was estimated correctly. If not, start with the previous calculated flow

rate and repeat the process. Note that the effective flow width should be used in

equation 4.4.
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5. OVERALL CONCLUSIONS AND RECOMMENDATIONS:

i) It has been found possible to develop formulae which can be used to calculate river

discharges from pressures measured alongside bridge piers. These discharges

include both supercritical and sub-critical downstream conditions - both these may

occur during flood events.

ii) The reliability of these formulae under laboratory conditions is underscored by the

limited and systematic variations in the calibration coefficients.

iii) By changing the system of pressure measurement used by Retief (chapter 3) it was

possible to increase the prediction accuracy (decreased Cd-value variation) of

discharge formulae mentioned above. The new system of pressure measurement is

discussed in chapter 4.

iv) Calibration curves were constructed in terms of measurable dimensionless flow

parameters in the vicinity of bridge piers making it possible to extrapolate these

calibration results to prototype structures.

v) It is recommended that piers identified for measuring purposes should ideally be

parallel to the flow direction with a maximum rotation of 5 degrees to ensure

accurate results. Where pier rotations exceed 10 degrees, special attention should be

given to where the upstream pressure is measured.

vi) Bridge piers as flow measuring structures have the following advantages complying

with the pre-determined criteria:

providing an economical solution by using existing structures (bridges)

minimum maintenance is required

the pressure sensors can be scale into the pier and can resist the forces of

nature as long as the pier does not fail

vii) Application of the methodology at the prototype level needs further investigation.
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APPENDIX A

ENERGY, MOMENTUM AND POWER APPROACHES,
LABORATORY RESULTS AND CALIBRATED

COEFFICIENTS - Reliefs DATA
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Discharge measurement in terms of pressure differences at bridge piers

ENERGY APPROACH, RESULTS (LABORATORY):

Calculation of Cd-values for flow rate equations which have been derived:

EQUATION (Flow line FG):

IQ = C B ~2g(y(;-}'f) I
.' d FYF c

9Qmm Pier:
~
~Pier characteristics: bp = 0.09 mB = 0.609 m

45mm Pier:
~
~Pier characteristics: bp = 0.045 mB = 0.609 m

30mm Pier:
~
~Pier characteristics: B = 0.609 m bp = 0.03 m

EQUATION (Flow line GI):

IQ", = C"BIY/~2/:(Y~-Y/) I
90 mm Pier:

Pier characteristics: B = 0,609 m bp = 0.09 m

University of Stellenbosch
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~
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Discharge measurement in terms of pressure differences at bridge piers

45 mm Pier:

~
~Pier characteristics: bp = 0.045 mB = 0.609 m

3Qmm Piec

~
~Pier characteristics: B = 0.609 m bp = 0.03 m

30 mm Pier (with debris);

~
~Pier characteristics: B = 0.609 m bp = 0.03 m

30mm Pier (drowned conditions):

~
~Pier characteristics: B = 0.609 m bp = 0.03 m

University of Stellenbosch
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Discharge measurement in terms of pressure measurements at bridge piers

MOMENTUM APPROACH, RESULTS (LABORATORY):

Calculation of Cd-values for flow rate equations which have been derived:

Q =c• J

90 mm Pier;

~
~

~
~Pier characteristics: bp= 0.09 mB = 0.609 m

45 mm Pier;

~
~

~
~Pier characteristics: bp= 0.045 mB = 0.609 m

30 mm Pier;

~
~

~
~Pier characteristics: bp = 0.03 mB = 0.609 m

Q =c• J

90 mm Pier:
LI.
~Pier characteristics: B = 0.609 m bp = 0.09 m

University of Stellenbosch

vvv: Fr, H/y,

3.88 3.84 3.88
2.16 1.60 2.16
2.00 1.42 2.00
1.89 1.31 1.89
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Discharge measurement in terms of pressure measurements at bridge piers

0.15060 0.1590 0.609 0.7 0.0288 1.79 1.25 1.79
0.16591 0.1710 0.609 0.7 0.0306 1.77 1.23 1.77
0.18027 0.1840 0.609 0.0324 1.73 1.20 1.73

4.~ mm e.ie.G

Pier characteristics: 6 = 0.609 m b. = 0.045 m B Bp .

y,ly. Fr. H/y.
1.94 1.51 1.94
1.71 1.35 1.71
1.57 1.21 1.57
1.46 1.12 1.46
1.35 1.04 1.35
1.34 1.05 1.34
1.33 1.03 1.33

JQ mm e.ie.c

Pier characteristics: 6=0.609 m bp = 0.03 m B Bp p

y,ly, Fr, H/y,
1.77 1.39 1.77
1.49 1.20 1.49
1.39 1.09 1.39
1.32 1.03 1.32
1.28 1.05 1.28
1.28 1.03 1.28
1.29 1.05 1.29

JQ mm e.ie.r (WWl debris.):

Pier characteristics: 6 = 0.609 m b. = 0.03 m B Bp .

y,ly. Fr. H/y.
1.87 1.58 1.87
1.60 1.29 1.60
1.42 1.06 1.42
1.34 0.98 1.34
1.32 0.96 1.32
1.30 0.95 1.30
1.30 0.96 1.30

JQ mm e.ie.r (drow.ue.d. c.QUditiQUs.!:

Pier characteristics: 6 = 0.609 m bp = 0.03 m B Bp p

y,ly. Fr. H/y.
1.48 1.147 1.48
1.17 0.645 1.17
1.07 0.482 1.07
1.31 1.017 1.31
1.14 0.661 1.14
1.06 0.454 106
1.25 0.964 1.25
1.09 0.584 1.09
1.05 0450 1.05
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Discharge measurement in terms of pressure differences at bridge piers

POWER APPROACH, RESULTS (LABORATORY):

Calculation of K- en Cd-values for flow rate equations which have been derived

K-EQUATION (Section 1-3 combination control volume 1):

Q=

90mmP;ec

~
~Pier characteristics: B = 0.609 m bp = 0.09 m

45mmP;ec

~
~Pier characteristics: B = 0.609 m b, = 0.045 m

30mmP;ec

~
~Pier characteristics: B = 0.609 m bp = 0.03 m

K-EQUATION (Section 1-4 combination control volume 2):

University of Stellenbosch
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~
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Discharge measurement in terms of pressure differences at bridge piers

Note that if we make K (kappa) the subject of the equation we have:

90mm Pier;

~
~Pier characteristics: bp = 0.09 mB = 0.609 m

45mmPier;

~
~Pier characteristics: B =0.609 m bp = 0.045 m

30mmPier;

~
~Pier characteristics: B = 0.609 m bp = 0.03 m

Cd-EQUATION (Section 1-3 combination control volume 1):

~
~

~
~

~
~

90 mm Pier;

Note that if B, is not equal to B3 then no further simplification of the above equation is possible.

Pier characteristics: B = 0.609 m b, = 0.09 m
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Discharge measurement in terms of pressure differences at bridge piers

45mm piec

Pier characteristics: B = 0.609 m bp = 0.045 m
~
~

~
~

30mm Pier:

Pier characteristics: B = 0.609 m bp = 0.03 m
~
~

~
~

Cg-EQUATION (Section 1-4 combination control yolume 2)·

Note that B, = 8. = 8 and therefor the equation above will simplify as follows:

9QmmPiec

B = 0.609 m bp = 0.09 m B Bp p

v, y,/y, Fr,

1.94 3.88 3.84

1.37 2.16 1.60

1.44 2.00 1.42

1.49 1.89 1.31

1.56 1 79 1.25

1.59 1.77 123

1.61 1.73 1.20

Pier characteristics:

45 mm Pier:

B = 0.609 m bp = 0.045 m \~ = 13.53\ \: = 5.56\

v, y,/y, Fr,

1.04 1.94 1.51

122 1.71 1.35

1.29 1 57 1.21

Pier characteristics:
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Discharge measurement in terms of pressure differences at bridge piers

1.35 1.46 1.12
1.38 1.35 1.04
1.43 1.34 1.05
·1.46 1.33 1.03

JQ mm eier:

Pier characteristics: B = 0.609 m b, = 0.03 m B B, ,

v, YI/Y' Fr.

1.00 1.77 1.39
1.13 1.49 1.20
1.21 1.39 1.09
1.27 1.32 1.03
1.39 1.28 1.05
1.42 1.28 1.03
1.47 1.29 1.05

JQ mm eier (with debris.l:

Pier characteristics: B = 0.609 m bp = 0.03 m B Bp p

v, YI/Y' Fr,

1.09 1.87 1.58
1.19 1.60 1.29
1.19 1.42 1.06
122 1.34 0.98
1.30 1.32 0.96
1.34 1.30 0.95
1.39 1.30 0.96

JQ mm eier (drawned csuuuuaas):

Pier characteristics: B = 0.609 m bp = 0.03 m B Bp ,

v. YI/Y' Fr.

1.09 1.48 1.15
0.74 1.17 0.65
0.61 1.07 0.48
1.26 1.31 1.02
0.94 1.14 0.66
0.74 1.06 0.45
1.39 1.25 0.96
1.00 1.09 0.58
0.84 1.05 0.45
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APPENDIXB

ENERGY APPROACH, LABORATORY DATA AND
CALIBRATED COEFFICIENTS - ADDITIONAL

LABORATORY TESTS
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Discharge measurement in terms of pressure differences al bridge piers

MODEL PIER, bp = 32 mm_SHORT_NORMAL Q's

a hmlltl 1

ri~'rA;S;1Saturday. 5 August 2000

3m
bed /elle/s

10 11.5
30 73.0

50 204.0

70 400.0

90 665.0

110 970.0
130 1385.0
150 1850.0
170 2330.0

hm ....._2

11.0
730

2050
400.0

675.0
975.0
1385.0
1830.0
2320.0

Om 1m 2m
12.5 10.5 15.0

NOT MEASURABLE
13.5
58.8
92.4
1194
145.9

171.7

191.6
217.6
233.1
249.6

OK

UE us DS DE

58.0
101.0
134.5

164.3

196.5

219.3
246.8
269.1
291.9

35.0
62.5
82.5

103.5
122.0

139.8
144.3
160.0
173.8

22.5
51.3
77.0

99.8
121.3

142.0
148.8
164.8
179.8

4m
upstream upstream downstream downstream

end side side end 6m 7m
15.5
56.9
90.0
114.4

142.0

163.0
181.0
210.8
225.3
244.3

16.0
42.3

71.8
97.5

124.0
144.5
152.8
169.8
184.5

147.5
197.5
2248

274.4
299.2

312.9
343.3
313.1
338.8
363.1

147.0
1933
240.5

260.6
275.0

306.3
327.2
333.5
353.2
366.4

l~~if9I:i,~'i[_{~Ii~_~ FLOW DEPTHS

Distance measured downstream within the flume
Om 1m 2m 3m 4m

uE US DS DE
upstream upstream downstream downstream

end side side end 6m 7m
hm ........ i aul.. a (lis) Yo Y, Y2 Y3 V" VUE Vus Yos Voe. Yr. V7 B 8-b
11.3 0.011824 11.8 45.3 41.4 58.0 36.4 25.8 20.0 50.0 46.3 0.609 0.578
730 0.030120 30.1 78.9 74.5 101.0 63.9 54.6 46.3 77.3 93.5 0.609 0.578
204.5 0.050413 50.4 105.9 98.9 134.5 83.9 80.3 75.8 126.9 113.6 0.609 0.578
400.0 0.070506 70.5 132.4 126.5 164.3 104.9 103.1 101.5 151.7 128.0 0.609 0.578
670.0 0.091249 91.2 158.2 147.5 196.5 123.4 124.6 128.0 165.4 159.3 0.609 0.578
972.5 0.109935 109.9 178.1 165.5 219.3 141.2 145.3 148.5 195.8 180.2 0.609 0.578
13850 0.131195 131.2 204.1 195.3 246.8 145.7 152.1 156.8 165.6 186.5 0.609 0.578
1840.0 0.151217 151.2 219.6 209.8 269.1 161.4 168.1 173.8 191.3 206.2 0.609 0.578
23250 0169983 170.0 236.1 228.8 291.9 175.2 183.1 188.5 215.6 219.4 0.609 0.578

MODEL PIER, bp = 32 mm_SHORT_DROWNED Q's

.q~fA;iilSaturday. 5 August 2000. Sunday. 6 August 2000
UE us DS DE

upstream upstream downstream downstream
end side side endhm .... 1 hman 2 4m 6m

675.0
675.0
675.0
675.0
675.0

hm ... ,

660.0
660.0
660.0
660.0
660.0

15.5
166.3
186.5
207.6
225.4
244.1

195.4
206.3
219.3
235.4
2496

127.5
155.0
180.0
200.8
221.0

126.5
154.0
178.5
201 3
221.0

147.5
322.5
335.0
355.2
369.7
392.2

147.0
314.3
335.2
353.2
372.0
388.5

hm ... 2

126.0
157.0
181.0
201.0
222.8

UE us DS DE

6m

9650
9650
965.0
9650
965.0

hm .... ,

15.5
975.0
975.0
975.0
975.0
9750

222.1
239.5
258.8
278.8
297.3

upstream upstream downstream downstream
4 m end side side end

2420
254.6
2695
2875
3060

191 3
213.0
2323
2550
2743

190.8
212.3
2328
255.5
276.0

147.5
370.3
391.0
403.1
425.5
445.1

147.0
368.4
382.2
404.2
425.7
443.8

hman 2

192.5
214.3
234.5
256.8
277.5

UE us DS DE

6m

University of Stellenbosch

upstream upstream downstream downstream
4 m end side side end

7m

7m

7m

Geometric properties:

0=
L =p

Z" =

Za=
Ze =
Zo=

Ve'
2g(YuE"YOS)'"
---o:a3

0.98
1.06
1.12
1.21
1.23
1.38
1.43
1.48

31.5 mm
132 mm

0.7 mm
1.4 mm
3.3 mm
4.0 mm

Q",_,
o.'O"i2311
0.030904
0.048954
0.066582
0.086990
0.102835
0.121323
0.138396
0.156319

1m
1~
1~
1m
1~1.1.

1~

Fr_4m
1iT4'
0.78
0.85
0.82
0.84
0.86
0.80
0.82
0.81

Fr DS
1~58
1.31
1.22
1.18
1.15
1.10
1.22
1.21
1.20

F'_DE
ill
1.59
1.27
1.14
1.04
1.01
1.11
1.09
1.09
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Discharge measurement in terms of pressure dlHerences at bridge piers

15.5 147.5 147.0
1370.0 1375.0 254.9 2763 223.3 224.8 2223 397.1 394.2
1370.0 1375.0 270.7 288.3 2430 244.0 242.0 423.9 420.5
1370.0 1375.0 290.2 303 1 263.5 264.8 263.5 435.9 433.6
13700 1375.0 308.2 3186 283.0 285.8 285.0 453.1 453.8
1370.0 1375.0 328.2 338.6 305.0 306.8 306.0 475.4 476.8

UE US DS DE
upstream upstream downstream downstream

hm ... 1 hml" 2 4m end side side end 6m 7m
15.5 147.5 147.0

1810.0 1830.0 282.1 302.9 248.8 249.5 249.3 420.0 420.0
1810.0 1830.0 296.2 315.8 266.0 268.5 268.8 446.7 44.9
18100 1830.0 3166 3313 2878 290.0 289.8 466.6 459.5
1810.0 1830.0 335.6 3483 3105 311 5 310.0 480.5 483.6
1810.0 1830.0 353.8 3654 330.0 332.0 331.0 497.0 499.1

UE US DS DE
upstream upstream downstream downstream

hm .... 1 hm.n 2 4m end side side end Sm 7m
15.5 147.5 147.0

2320.0 2320.0 306.0 3284 2745 275.0 273.5 441.3 456.6
2320.0 2320.0 322.5 344.5 291 8 294.5 291.8 469.2 459.8
2320.0 2320.0 342.4 3589 3135 314.8 313.8 496.2 494.0
2320.0 2320.0 361 5 3790 3353 336.8 336.0 508.1 503.6
2320.0 2320.0 3808 3949 3550 357.5 3558 525.0 529.0

lê.A.(~IJ~
FLOW DEPTHS

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m ve·
hm ....... 11 QUIC: Q [1151 v, Yue Yus Yos Yee v« y, B B-b~ 2g(Yue·Yos)O.S QI~ Fr_.... Fr...DS Fr.......
6675 0.091079 91.1 1508 1954 1289 129.3 130.5 175.0 167.3 0.609 0.578 1.16 0.086676 0.82 1.03 0.65
667.5 0.091079 91.1 171.0 206.3 156.4 160.3 158.0 187.5 188.2 0.609 0.578 0.98 0.090350 0.68 0.74 0.59
667.5 0.091079 91.1 192 1 2193 181.4 184.3 182.5 207.7 206.2 0.609 0.578 0.86 0.091355 0.57 0.60 0.50
667.5 0.091079 91.1 2099 2354 202.2 204.3 205.3 222.2 225.0 0.609 0.578 0.81 0.095901 0.50 0.52 0.46
667.5 0.091079 91.1 2286 249.6 222.4 226.1 225.0 244.7 241.5 0.609 0.578 0.72 0.093551 0.44 0.44 0.39

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m ve'
hm1n "'0 Oc: .. c: Q [115] y, voe Yus Yos Yee y, y, B Bab~ 2g(Yue·Yos}O.' Qt!::!l Fr_.... Fr...DS Fr.......
970.0 0.109794 109.8 206.6 242.0 192.7 195.8 194.8 222.8 221.4 0.609 0.578 0.98 0.110643 0.61 0.66 0.55
970.0 0.109794 109.8 224.0 254.6 2144 217 6 216.3 243.5 235.2 0.609 0.578 0.88 0.110846 0.54 0.57 0.48
970.0 0.109794 109.8 243.3 269.5 233.7 237.8 236.8 255.6 257.2 0.609 0.578 0.82 0.112658 0.48 0.50 0.45
970.0 0.109794 109.8 263.3 287.5 256.4 260.1 259.5 278.0 278.7 0.609 0.578 0.77 0.115314 0.43 0.43 0.39
970.0 0.109794 109.8 281.8 306.0 275.7 280.8 280.0 297.6 296.8 0.609 0.578 0.74 0.119763 0.38 0.39 0.35

UE US DS DE
upstream upstream downstream downstream

7m
y, B B-b~ 2g(Yue.yos)o., Q~ Fr_.... Fr...l)S Fr_..,
~47.2 0.609 0.578 1.00 0.131481 0.58 0.63 0.55

1372.5 0.130602 130.6 255.2 288.3 244.4 247.3 246.0 276.4 273.5 0.609 0.578 0.92 0.132014 0.53 0.56 0.47
1372.5 0.130602 130.6 2747 303.1 264.9 268.1 267.5 288.4 286.6 0.609 0.578 0.86 0.133090 0.48 0.49 0.44
1372.5 0.130602 130.6 2927 318.6 284.4 289.1 289.0 305.6 306.8 0.609 0.578 0.79 0.132628 0.43 0.44 0.41
1372.5 0.130602 130.6 3127 3386 306.4 310.1 310.0 327.9 329.8 0.609 0.578 0.78 0.140035 0.39 0.40 0.36

UE US DS DE
upstream upstream downstream downstream
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DIscharge measurement in terms of pressure dlHerences at bndge piers

4m end side side end 6m 7m ve'

hm.., ."2 QUlc Q (I/sj Y. vue Yu, Yo, Yo< y, y, B B.be 2g{yu.·Yo,)' • at,,!:!!!
1820 0 0.150393 150 4 2666 3029 250 2 252.8 253.3 272.5 273.0 0.609 0.578 1.02 0.148416
1820 0 0.150393 150 4 280 7 3158 267.4 271.8 272.8 299.2 ·102.1 0.609 0.578 0.96 0.150007
1820.0 o 150393 1504 301 1 331 3 2892 293.3 2938 319.1 312.5 0.609 0.578 0.89 0.151081
18200 o 150393 150.4 320 1 3483 311 9 314.8 314.0 333.0 336.6 0.609 0.578 0.84 0.152893
1820.0 0.150393 150 4 3383 3654 331.4 335.3 335.0 349.5 352.1 0.609 0.578 0.80 0.155040

UE us DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m ve'
hm•n ... ", aul.. Q (I/sj Y. Yu. yos Yos Yoe y, y, B B...tle 2g(Yue·YD9)o.~ Q,.....,.

2320.0 0.169800 169.8 290 5 328.4 275.9 278.3 277.5 293.8 309.6 0.609 0.578 1.02 0.163387
2320 0 0169800 169.8 307 0 3445 293.2 297.8 295.8 321.7 312.8 0.609 0.578 0.98 0.169141
2320.0 0.169800 169.8 3269 3589 3149 318.1 317.8 348.7 347.0 0.609 0.578 0.92 0.169538
2320.0 0.169800 169 B 346.0 379 0 336.7 340.1 340.0 360.6 356.6 0.609 0.578 0.90 0.177309
2320 0 o 169800 169.8 3653 3949 356.4 360.8 359 B 377.5 382.0 0.609 0.578 0.B5 0.176747

UniversIty of Stellenbcsen

Fr Om Fr....D8 Fr.....
0.57 0.62 0.55
0.53 0.56 0.48
O.4B 0.50 0.44
0.44 0.45 0.41
0.40 0.41 0.3B

Fr_... Fr....D8 Fr.....
0.57 0.61 0.56

1.00 0.52 0.55 0.49
1.00 O.4B 0.50 0.43
0.98 0.44 0.45 0.41
0.98 0.40 0.41 0.38

0.98
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Discharge measurement in terms ol pressure dlHerences at bridge piers

MODEL PIER, bp = 32 mm_MEDIUM_NORMAL Q's

Q hm1n,

DATA: Friday, 4 August 2000

3mhm.., 2 Om t m 2m

OK
UE us DS

4m
upstream upstream downstream downstream

end side side end

DE

6m Geometric properties:7m
bed levels

10 97
30 735

50 204.5

70 390.0

90
110
130
150
170

650.0

970.0
1370.0
1810.0
2350.0

95
725

202.0

396.5

660.0
975.0
1380.0
1800.0
2340.0

12.5 10.5 15.0
NOT MEASURABLE

13.5
57.1
95.1

122.8

147.6

170.8
192.9
217.7
234.7
251.0

15.5
56.3
93.5

119.5

145.8

166.4
164.2
210.2
227.0
245.7

56.0
103.5

138.0

169.0

195.6

221.0
247.5
270.0
295.0

34.5
65.0

89.5

106.5

126.0
142.6
150.8
163.5
176.3

22.0
41.3

69.5

91.3

113.6
132.5
151.3
1650
181.3

17.3
400

67.3

91.3

114.6
135.3
159.3
172.6
190.5

147.5
190.2
198.8

230.1

301.4

301.1
276.5
306.3
331.0
3546

147.0
192.6
228.3

260.5

269.5

307.6

306.0
329.7
347.2
3675

0=
Lp =
ZA =

31.5 mm
176 mm

o mm

0.4 mm

2.5 mm
3.0 mm

Za=
Ze=
Zo =

(~~i[c.Q~~~~r-' -----,
FLOW DEPTHS

UE US DS DE
Distance measured downstream withIn the flume upstream upstream downstream downstream

o m 1 m 2 m 3 m 4 m end side side end 6 m 7 m ve ""
hmln __ 'iI Ccal<:: a (t/s1 Yo '1, '12 Yl Y. Yue Yus Yos Yoe Y. '17 B B-bp 2g(Yue"Yos)U Q,"-Y

9.6 0.010923 10.9 43.6 40.6 56.0 34.9 24.5 20.2 42.7 45.6 0.609 0.578 0.82 0.011579
73.0 0.030120 30.1 61.6 76.0 103.5 65.4 43.8 43.0 51.3 81.3 0.609 0.576 1.11 0.027954
203.3 0.050256 50.3 109.3 104.0 138.0 89.9 72.0 70.2 826 113.5 0.609 0.578 1.16 0.048237
393.3 0.069908 699 134.1 130.3 169.0 106.9 93.8 94.2 153.9 122.5 0.609 0.578 1.24 0.066904
655.0 0.090222 90.2 157.3 150.9 195.6 126.4 116.3 117.7 153.6 160.8 0.609 0.578 1.27 0.085112
972.5 0.109935 109.9 179A 168.7 221.0 143.2 135.0 138.2 129.0 159.0 0.609 0.578 1.32 0.102770
1375.0 0.130721 1307 204.2 1947 247.5 151.2 153.8 162.2 158.8 182.7 0.609 0.578 1.37 0122055
1805.0 0.149772 149.6 2212 211.5 270.0 163.9 167.5 175.7 163.5 2002 0.609 0.578 1.44 0.138880
2345.0 0.170712 1707 237.5 230.2 295.0 178.7 183.6 193.5 207.1 220.5 0.609 0.578 1.49 0.156570

MODEL PIER, bp = 32 mm_MEDIUM_DROWNED Q's

DATA:~tFriday, 4 August 2000

hm•n_, hm ... 2

UE DSUS DE

6m

6450
6450
645.0
645.0
645.0

hm•n 1

640.0
640.0
640.0
640.0
640.0

hm .... 2

upstream upstream downstream downstream
end side side end4m

15.5
1681
185.4
205.6
222.4
241 1

194 7
2059
218.0
231 8
2474

115.8
147.3
175.5
1980
220.0

117.6
147.5
174.6
197.3
219.3

147.5
323.8
335.3
351.6
367.5
390.1

147.0
302.5
335.5
356.2
372.3
388.5

1290
151 6
177 5
1973
218.5

6m

975.0
975.0
975.0
975.0
975.0

hm ... 1 6m

University of Stellenbosch

975.0
975.0
975.0
975.0
975.0

hm .... 2

UE us DS DE

4m
upstream upstream downstream downstream

end side side end
15.5
203.4
220.5
2397
261.0
2767

228.6
242.3
254.3
2695
286.0

158.0
163.0
207.8
232.6
255.0

158.8
185.0
209.3
233.3
254.8

1650
1875
2103
2333
2540

UE us DEDS
upstream upstream downstream downstream

4 m end side side end

147.5
333.6
370.3
367.6
401.0
430.1

147.0
359.8
372.6
381.7
403.2
425.5

7m

7m

7m

1~
1~
1.00
1m
1m
1~
1~

1m

Fr 4m
0.70
0.73
0.79
0.78
0.81
0.83
0.60
0.61
0.61

Fr DS Fr DE
1.~
1~

1M
1.~
1~
1.n
1.W
1.21
1.W

1.99
1.77
1.42
1.27
1.17
1.12
1 05
1.07
1.05

Department of Civil Engineering

Stellenbosch University http://scholar.sun.ac.za



Discharge measurernent m terms of pressure dillerences at oncqe piers

15.5 147.5 147.0
1360.0 1375.0 234.1 262.0 199.0 196.5 196.0 372.1 390.5
1360.0 1375.0 254.3 275.4 216.0 216.5 216.5 404.0 397.0
1360.0 1375.0 273.1 290.1 242.6 242.0 242.0 424.5 416.3
1360.0 1375.0 292.1 304.3 264.5 264.3 264.3 436.5 439.6
1360.0 1375.0 310.9 3213 266.6 266.3 267.3 455.2 455.2

UE US DS DE
upstream upstream downstream downstream

hm•n, hm .... 2 4m end side side end 6m 7m
15.5 147.5 147.0

1610.0 1600.0 264.5 291 9 229.3 2270 226.0 400.0 422.9
1610.0 1600.0 264 1 306 1 2495 2490 250.0 426.0 417.6
1610.0 1600.0 302.5 320.1 2705 270.0 269.8 456.4 453.2
18100 1800.0 321.9 3359 2935 294.5 294.3 469.9 464.6
18100 1600.0 340.6 3530 314.3 315.5 315.5 482.2 489.3

UE US DS DE
upstream upstream downstream downstream

hm .... , hm.n 2 4m end side side end 6m 7m
15.5 147.5 147.0

2310.0 2310.0 293.0 321.4 256.0 253.6 255.5 4270 451.5
23100 2310.0 315.1 3369 2630 282.0 261.6 458.0 446.2
2310.0 2310.0 336.9 352.6 3055 304.5 304.5 490.6 488.5
2310.0 2310.0 357.5 372.0 326.5 3265 326.5 504.5 448.9
2310.0 2310.0 3760 3886 3503 350.0 351.3 516.2 526.5

I!Ó~Ifcu~-mt~ FLOW DEPTHS._-~-_._.' I
UE DS DEUS

upstream upstream downstream downstream
4 m end side side end 6 m 7 m Ve =

hm ... -'il a"'lc a (11sJ Y. YUE 'lus 'los Yoe Ye '17 B e-bp 2g(Yue-Yos)o.s a'heot)' Fr_4m Fr_os Fr_.",
0.79 1.15 0.63

0.96 0.67 0.61 0.58
0.95 0.57 0.62 0.51
0.95 0.50 0.52 0.45
0.95 0.44 0.45 0.39

642.5 0.069357 69.4 152.6 1947 129.4 116.3 120.7 176.3 155.5 0.609 0.576 1.24 0.065026
642.5 0.069357 69.4 1699 205.9 152.2 149.6 150.5 187.8 168.5 0.609 0.576 1.07 0.092799
642.5 0.069357 69.4 190 I 218.0 177.9 176.0 177.7 204.1 209.2 0.609 0.578 0.91 0.093694
642.5 0.069357 89.4 2069 231.6 197.7 200.5 200.2 220.0 225.3 0.609 0.578 0.81 0.094315
642.5 0.089357 89.4 225.6 247.4 2189 222.5 222.2 242.6 241.5 0.609 0.576 0.73 0.094233

UE DSUS DE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m Ve =
hm ...._... 'il ac ...e a [lis] Y. VUE 'Ius Vos Yoe Ys y, B e-bp 2g{Yue-Vos)O.5 QI~ Fr "" Fr_os Fr ......

0.71 0.90 0.72
0.62 0.72 0.55
0.54 0.60 0.49
0.47 0.51 0.45
0.43 0.44 0.38

975.0 0.110077 110.1 1679 228.6 165.4 160.5 161.7 186.3 2126 0.609 0.578 1.16 0.109122
975.00.110077 110.1 205.0 242.3 167.9 165.5 186.0 222.8 225.8 0.609 0.578 1.06 0.115562
975.0 0.110077 110 I 224.2 2543 2107 210.3 212.2 240.1 234.7 0.609 0.578 0.96 0.116064
975.0 0.110077 I ID. 1 2455 269 5 2337 235.3 236.2 253.5 256.2 0.609 0.578 0.85 0.1 I 5365
975.0 0.110077 IlO I 2632 2860 254.4 257.5 257.7 282.6 2765 0.609 0.578 0.76 0.115996

UE US DEDS
upstream upstream downstream downstream

4 m end side side end 6 m 7 m ve =
hm... _... 'il Oe ...e a {lIs] Y4 VUE Yus yO! Yoe y, y, B B-bp 2g(Yue-Vos)Il.5 Q,heory Fr...., Fr_". Fr......

0.67 0.77 0.64
0.59 0.66 0.53
0.52 0.57 0.47
0.47 0.50 0.44
0.43 0.44 0.40

1377.5 0.130639 130.8 216.6 262.0 199.4 199.0 201.0 224.6 243.5 0.609 0.578 1.13 0.130312
1377 5 0.130639 130.8 238.8 275.4 2184 221.0 221.5 256.5 250.0 0.609 0.578 1.06 0.134880
1377.5 0.130639 130.6 2576 290 I 243.2 244.5 245.0 277.0 271.3 0.609 0.578 0.97 0.137196
137750.130839130.6 2766 304.3 264.9 266.8 267.2 269.0 292.8 0.609 0.578 0.89 0.136580
1377.5 0130639 130.8 295.4 3213 287.2 288.8 290.2 307.7 308.2 0.609 0.578 0.83 0.138306

UE US DEDS
upstream upstream downstream downstream
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Discharge measurement in terms of pressure differences al bridge piers

4 m end side side end 6 m 7 m Ve =

hmM'l ....11 QUh; a [115] Y. YUE Yus Yos :toe y, Y1 B B-bp 2g(Yue-Yos)o., aln..,

1805.0 0.149772 149.8 249.0 291.9 229.7 229.5 231.0 252.5 275.9 0.609 0.578 1.13 0.149589
18050 0.149772 149.8 268.6 306.1 249.9 251.5 253.0 280.5 270.8 0.609 0.576 1.06 0.153760
1805.0 0149772 149.8 287.0 320.1 270.9 272.5 272.7 308.9 306.2 0.609 0.578 0.99 0.156051
1805.0 0.149772 149.8 306.4 335.9 293.9 297.0 297.2 322.4 317.6 0.609 0.576 0.90 0.154607
1805.0 0.149772 149.6 325.3 353.0 314.7 318.0 316.5 334.7 342.3 0.609 0.576 0.66 0.157546

Fr ""' Fr_os Fr om
0.63 0.71 0.62
0.56 0.62 0.53
0.51 0.55 0.46
0.46 0.46 0.43
0.42 0.44 0.41

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m Ve'

hmMl_"'1I aC:alc Q [I/sj Y. Yu, Yus Yo, Yoe y, y, B s-e, 2g(YuE-YOS)O.5 Q1n::l Fr_4m Fr...,. FrJm
2310.0 0.169433 169.4 277 5 321.4 256.4 256.3 258.5 279.5 304.5 0.609 0.576 1.15 0.170523 0.61 0.66 0.60
23100 0.169433 169.4 299.6 3389 263.4 264.5 264.7 310.5 301.2 0.609 0.576 1.06 0.173626 0.96 0.54 0.59 0.51
23100 0.169433 169 .. 321 4 352.6 3059 307.0 307.5 343.1 341.5 0.609 0.576 0.97 0.172259 0.96 0 .. 9 0.52 0.44
2310.0 0.169433 169.4 342.0 372.0 328.9 331.0 331.5 357.0 301.9 0.609 0.576 0.92 0.176620 0.96 0.44 0.47 0.42
23100 0.169433 169.4 360.5 388.6 3507 352.5 354.2 370.7 379.5 0.609 0.578 0.87 0.177180 0.96 0.41 0.42 0.39

0.97
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Discharge measurement in terms of pressure differences al bridge piers

MODEL PIER. bp = 32 mm_LONG_NORMAL Q's

a hm•n 1

DATA: Thursday, 3 August 2000

3m
bed levels

10 105
30 74.0

50 205.0
70 395.0

90 6600

110 970.0
130 1350.0
150 1825.0
170 2350.0

hman 2 Om t m 2m

OK

UE us DS

57.8
102.5

136.0

167.2

197.0

222.0
247.1
276.5
301.0

4m
upstream upstream downstream downstream

end side side end

DE

147.5
192.8
213.6

224.5
241.1

257.3
276.7
300.5
329.9
356.5

6m Geometric properties:

10.0
760

200.0

396.0

665.0

950.0
1340.0
1830.0
2360.0

12.5 10.5 15.0
NOT MEASURABLE

13.5
58.5
95.9

123.5

148.4

173.0

193.9
218.0
236.8
253.5

15.5
57.2
94.4

120.3
147.0

169.2

186.2
208.8
229.2
248.2

35.0
65.5

91.5
109.3

131.3
146.0
166.5
171.0
188.3

23.0
44.8

70.8

93.3

118.3

134.8
157.0
171.5
190.3

13.5
42.5

65.0

86.0
112.8

129.5
152.8
169.8
189.5

7m
147.0
192.5
222.2
240.3

287.8

292.0

306.9
323.5
349.6
364.5

0=
LI' =
z,. =

31.5 mm
222 mm

o mm
0.4 mm

3.3 mm
3.7 mm

Ze=
Ze=

Zo=

t~]g[$jI~~~~'r----------------------------- -,
FLOW DEPTHS

UE US DS DE
Distance measured downstream within the flume upstream upstream downstream downstream

Om' m 2 m 3 m 4 m end side side end 6 m 7 m ve =
hm., ""!jl au ..: a [lfs] Yo Yl Y2 Yl __>,:4 Yue Yus Yos_ Yoe Y6 Y7 B B-bp 2g(YUE~Y08)1U altl-,-
10.3 0.011286 11.3 45.0 417 57.8 35.4 26.3 17.2 45.3 45.5 0.609 0.578 0.83 0.012536
75.0 0.030530 305 82.4 78.9 102.5 65.9 48.0 46.2 66.1 75.2 0.609 0.578 1.06 0.029530
20250.050166502 1100 104.8 136.0 91.9 74.0 68.7 770 93.3 0.609 0.578 1.13 0.048378
395.5 0.070108 701 1349 131.5 167.2 109.7 96.5 89.7 93.6 140.8 0.609 0.578 1.20 0.067154
6625 0.090737 90.7 159.5 153.7 197.0 131.7 121.5 116.5 109.8 145.0 0.609 0.578 1.24 0.087245
960.0 0.109227 109.2 180.4 170.7 222.0 146.4 138.0 133.2 129.2 159.9 0.609 0.578 1.31 0.104300
1345.0 0.129287 129.3 204.5 193.3 247.1 166.9 160.3 156.5 153.0 176.5 0.609 0.578 1.33 0.123091
1827.50.150703 150.7 2233 213.7 2765 171.4 174.8 173.5 182.4 202.6 0.609 0.578 1.44 0.144880
2355.0 0.171076 171.1 240.0 232.7 301.0 188.7 193.5 193.2 209.0 217.5 0.609 0.578 1.47 0.164756

MODEL PIER. bp = 32 mm_LONG_DROWNED Q's

DA:TA.:;'; Thursday, 3 August 2000
UE

hm•n 1 hman 2

US DS DE

6m

665.0
665.0
6650
665.0
6650

hm ... 1

660.0
660.0
6600
660.0
660.0

hman 2

upstream upstream downstream downstream
end side side end4m

15.5
175.2
192.3
210.4
229.6
2478

201.6
210.0
221 6
2379
253.9

137.5
161.0
182.8
204.3
223.8

126.8
154.5
1845
207.3
2275

120.0
151.0
180.8
205.3
2258

147.5
308.7
348.6
354.8
369.4
401 3

147.0
324.5
345.1
362.2
377.9
391.5

UE US DS DE

6m

985.0
985.0
985.0
985.0
985.0

1000.0
1000.0
1000.0
1000.0
1000.0

hman 1 hman 2

4m
upstream upstream downstream downstream

end side side end
147.5
338.3
377.5
395.5
401.1
419.4

147.0
357.8
381.0
380.5
410.5
424.8

15.5
207.9
225.5
242.3
261.8
276.2

234.0
243.6
257.8
2712
283.2

172.3
193.3
215.5
235.5
252.3

1670
194.0
216.5
236.3
2553

160.8
190.5
2128
234.3
252.8

6m

University of Stellenbosch

UE us DS DE
upstream upstream downstream downstream

4 m end side side end

7m

7m

7m

1m
1~

1~
1.~

1.~
1~
1~
1~

1~

Fr 4m
0.70
0.72
0.78
0.77
0.79
0.81
0.80
0.80
0.80

Fr DS Fr_DE
1.46
1.60
1.38
1.29
1.18
1.18
1.11
1.14
1.11

2.62
1.61
1.46
1.37
1.20
1.18
1.10
1.09
1.06

Departmeni of Civil Engineering

Stellenbosch University http://scholar.sun.ac.za



Discharge measurement In terms of pressure differences al bridge piers

15.5 147.5 147.0
13600 13600 2269 2567 1933 1930 188.0 361 7 393.8
13600 13600 248.0 271 1 2150 2133 212.8 391.1 382.3
'3600 '360.0 2675 2B40 2378 2375 234.5 422.6 419.2
'3600 '360.0 284.5 2983 2570 260.0 256.5 433.5 426.6
'3600 '360.0 3039 313 3 2765 280.0 277.5 442.3 454. ,

UE US DS DE
upstream upstream downstream downstream

h", ... 1 hm ... 2 4m end side side end 6m 7m
15.5 147.5 147.0

,B30.0 1840.0 251.B 288.6 2,8.B 217.0 211.0 396.3 40'.5
'830.0 '840.0 2739 301.9 239.0 239.8 238.3 407.5 420.0
'830.0 '840.0 294.5 3'4.8 265.8 265.5 263.0 443.3 437.2
1830.0 1640.0 313.0 3303 287.0 288.0 286.0 468.5 4610
18300 18400 334.3 3463 3063 30B.8 307.5 477.1 476.3

UE US DS DE
upstream upstream downstream downstream

h", ... , h",an 2 4m end side side end 6m 7m
15.5 147.5 147.0

2330.0 2315.0 27B.9 311 7 242.8 242.8 240.5 422.7 425.3
2330.0 2315.0 300.5 326.6 269.5 26B.3 264.3 435.3 458.2
2330.0 2315.0 320.3 343.8 289.8 290.8 287.3 463.6 455.3
2330.0 2315.0 340.2 357.6 312.0 313.3 311.6 494.6 494.0
2330.0 2315.0 361 5 377 5 334.3 336.8 335.0 510.6 503.2

:ï:;}fIc:fQJ~ïW1l§.~~ FLOW DEPTHS
UE US DS DE

upstream upstream downstream downstream
4 m end side side end 6 m 7 m ve.

h",an "'11 acltlc a [I/si Y. VUE Yus Yos Yoe Yl Y, S S·bp 2g(YUE·YOS)o.s a,h=y
662.5 0.090737 90.7 '597 20'6 1379 130.0 123.7 '61.2 177.5 0.609 0.578 1.21 0.091021
6625 0.090737 90.7 176 B 2'0.0 '6'.4 '57.B 154.7 201.1 19B.l 0.609 0.578 1.04 0.095088
6625 0.090737 90 7 '949 22' 6 '63.2 '87.8 '84.5 207.3 215.2 0.609 0.578 0.85 0.092525
662.5 0.090737 907 2'4 , 2379 204.7 2'0.5 209.0 22'.9 230.9 0.609 0.578 0.78 0.094286
6625 0.090737 90.7 2323 253.9 224.2 230.8 229.5 253.8 244.5 0.609 0.578 0.72 0.095922

UE US DS DE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m ve ..
h", .... "11 ac." a (tlsJ Y. YuE Yu_~_ Yoa Yoe Y6 Y, S e·bp 2g(YUE·YOS)o.s am__.

Fr '"' Fr..,DS Fr ........
0.75 1.01 0.73
0.64 0.76 0.53
0.55 0.58 0.50
0.48 0.49 0.46
0.43 0.43 0.37

Fr_... Fr.....D8 Fr_.",
0.69 0.83 0.70
0.61 0.66 0.53
0.54 0.57 0.47
0.48 0.50 0.46
0.44 0.44 0.41

9925 0.111060 111.1 '92.4 234.0 '72.7 170.3 164.5 '90.8 210.8 0.609 0.578 1.15 0.112752
992.5 0.111060 111.1 2'0.0 243.6 193.7 197.3 194.2 230.0 234.0 0.609 0.578 0.99 0.112394
992.5 0.111060111.' 226B 2578 215.9 219.8 216.5 248.0 233.5 0.609 0.578 0.90 0.114188
992.5 0.111060 111 1 246.3 271.2 235.9 239.5 238.0 253.6 263.5 0.609 0.578 0.63 0.114551
992.5 0.111060 111.1 260 7 263.2 252.7 258.5 256.5 271.9 277.6 0.609 0.578 0.74 0.110565

UE US DS DE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m ve"
h", ...2".i...__ ~~~_ 9l1~1 Y. YUE Yus YOI YOE y, Y, B B-op 2g(YuE·Yoa)o ..s a,'"-Y Fr_... Fr...DS Fr ........

0.70 0.78 0.69
0.61 0.68 0.57
0.54 0.58 0.47
0.49 0.50 0.45
0.44 0.45 0.43

1360.0 0.130006 130.0 2114 2567 '937 196.3 191.7 214.2 246.6 0.609 0.578 1.12 0.126726
1360.0 0.130006 130.0 2325 271.1 215.4 216.5 216.5 243.6 235.3 0.609 0.578 1.07 0.133226
1360.0 0.130006 130.0 252.0 264.0 236.2 240.8 236.2 275.1 272.2 0.609 0.576 0.96 0.132620
1360.0 0.130006 130.0 269.0 296.3 257.4 263.3 260.2 266.0 279.6 0.609 0.578 0.87 0.131805
1360.0 0.130006 130.0 268.4 313.3 276.9 283.3 281.2 294.6 307.1 0.609 0.578 0.81 0.132237

UE US DS DE
upstream upstream downstream downstream
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Discharge measurement in terms of pressure diHerences at bridge piers

4m end side side end 6m 1m Ve =

hman_."11 a.•. a (I/sj Y. Yu, Yus Yo. Yo< y, y, B s-e, 2g(Yue-Yos)O.5 a,,_., Fr !2! Fr ...DO Fr_...
1835.0 0.151012 151.0 2363 2886 219.2 220.3 214.7 248.8 254.5 0.609 0.518 119 0.150782 0.69 0.77 0.64
1835.0 0.151012 151.0 2584 301 9 239.4 243.0 242.0 260.0 273.0 0.609 0.578 1.10 0.154988 0.60 0.66 0.60
18350 0.151012 151.0 2790 3148 266.2 268.8 266.7 295.8 290.2 0.609 0.578 0.98 0.152664 0.54 0.57 0.49
1835 0 0.151012 151.0 2975 330 3 2874 291 3 289.7 321.0 3140 0.609 0.578 0.91 0.153248 0.49 0.50 0.44
1835 0 0.151012 1510 3188 3453 3057 312.0 311.2 329.6 329.3 0.509 0.578 0.85 0.154573 0.44 0.45 0.42

UE us DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m ve·
hmm_"'11 a.•• a (I/sJ Y. Yu' Yue Yo. Yo< Y, Y, B B-be 2g(Yu,·Yost' a,~ Fr..... Fr...os Fr_...
2322.5 0.169891 169.9 2534 311.7 243.2 245.0 244.2 275.2 278.3 0.609 0.578 1.16 0.165262 0.66 0.73 0.62
2322.5 0.169891 169.9 285 0 3265 269.9 271.5 268.0 287.8 311.2 0.609 0.578 1.07 0.167785 0.59 0.63 0.58
2322.5 0.169891 169.9 304.8 3438 290.2 294.0 291.0 316.3 308.3 0.609 0.578 1.02 0.173158 0.53 0.56 0.50
2322.5 0.169891 169.9 3247 3576 312.4 316.5 315.5 347.3 347.0 0.609 0.578 0.93 0.170520 0.48 0.50 0.44
2322.5 o 169891 169.9 346 0 377 5 334.7 340.0 338.7 363.3 356.2 0.609 0.578 0.89 0.175587 0.44 0.45 0.41

0.98
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Discharge measurement in terms of pressure otfterences al bridge piers

MODEL PIER, bp = 40 mm_SHORT _NORMAL Q's

D_ATA:~: Wednesday, 2 August 2000

bed levels
10
30
50

70

90

"0
130
150
170

a hm•n 1

" 5
775

206.0

396.0

635.0

970 0
1360.0 13750
1830.0 1830.0
2350.0 2350 0

hmltl 2 Om 1 m 2m

OK

UE us DS DE

147.5
197.5
210.0

243.1

2951

285.8

275.3
299.2
328.2
353.6

6m Geometric properties:3m

"5
75.0

205.0

394 0

6400

955.0

12.5 10.5 15.0
NOT MEASURABLE

13.5
602
97.3

1254

148.7

172.0

1942
2188
137.4
253.5

4m
upstream upstream downstream downstream

end side side end 7m
15.5
594
95.8
123.0

1474
170.2

186.8
2094
230.2
247.9

61.5
105.5
139.8

169.5

200.5

227.5
253.0
277.5
301.0

35.5
70.3

95.5
109.0

130.0

145.0
164.3
171.5
187.3

214
47.5

77.0

97.5
118.3

136.3
157.8
171.8
188.8

18.0
39.0

66.8

93.0
114.8

137.0
161.0
178.0
196.5

147.0
193.6
223.5
2512

269.8
311.1

3062
320.4
344.5
362.5

D·
L •.
ZA =

39.5 mm
168 mm
0.0 mm
Q,g mm

2.6 mm

3.2 mm

Ze'
Ze'
Zo'

~~~q~~~~~~r-------------------------------------------------------------------------,
FLOW DEPTHS

UE US DS DE
Distance measured downstream within the flume upstream upstream downstream downstream

o m 1 m 2 m 3 m 4 m end side side end 6 m 7 m ve iii

hmltl hg ~ .. c a U!_~ Yo Y, Y2 Yl Y. YUE Yus Vos yce Ye Y7 B B~p 2g(YUE-YD8Ja.~ Q"'-'Y
11.5 0.011955 12.0 46.7 43.9 61.5 36.4 24.0 21.2 50.0 46.6 0.609 0.569 0.89 0.012113
76.3 0.030783 30.8 83.8 80.3 105.5 71.1 50.1 42.2 62.5 76.5 0.609 0.569 1.07 0.030411
205.5 0.050536 50.5 "'.9 107.5 139.8 96.4 79.6 69.9 95.6 104.2 0.609 0.569 1.11 0.050256
395.0 0.070063 701 135.2 131.9 169.5 109.9 100.1 96.2 147.6 122.8 0.609 0.569 1.19 0.067697
637.5 0.089009 89.0 158.5 154.7 200.5 130.9 120.9 117.9 138.3 164.1 0.609 0.569 1.27 0.087354
962.5 0.109369 1094 180.7 171.3 227.5 145.9 138.9 140.2 127.8 159.2 0.609 0.569 1.34 0.105713
1367.5 0.130364 130.4 205.3 193.9 253.0 165.1 160.4 164.2 151.7 173.4 0.609 0.569 1.37 0.124729
1830.0 0.150806 150.8 123.9 214.7 277.5 172.4 174.4 181.2 180.7 197.5 0.809 0.569 1.44 0.142898
2350.0 0.170894 170.9 240.0 2324 301.0 188.1 191.4 199.7 206.1 215.5 0.609 0.569 1.48 0.161579

MODEL PIER, bp = 40 mm_SHORT_DROWNED Q's

:o./lftA':J..~Wednesday, 2 August 2000
UE

hmltl 1 hmltl 2

US DS DE

6m 7m

660.0
660.0
660.0
660.0
660.0

hman ,

650.0
650.0
650.0
650.0
650.0

h",..-.2

upstream upstream downstream downstream
end side side end4m

15.5
180.5
198.2
217 1
233.8
250 5

203.8
2155
224.5
240 5
2545

143.8
168.8
1895
210 0
229.0

136.5
163.5
186.8
2085
228.5

136.8
162.5
185.0
208.5
228.8

147.5
319.0
349.3
359.5
380.6
397.1

147.0
312.5
341.5
362.0
380.5
397.9

UE us DE

6m 7m

DS

4m
upstream upstream downstream downstream

end side side end

980.0
980.0
980.0
980 0
980.0

h",an 1

965.0
965.0
965.0
965.0
965.0

hman 2

urnversny of Stellenbosch

15.5
213.1
227.5
245.5
262.3
279.5

174 B
195.5
216.8
2348
255.0

2328
245.8
259.5
268.5
286.5

173.0
192.3
214.3
234.0
254.5

168.8
188.0
213.0
234.0
253.3

UE US DS DE
upstream upstream downstream downstream

4 m end side side end

147.5
348.9
377.5
390.0
406.6
425.3

147.0
348.6
375.5
390.5
405.2
426.3

6m 7m

Fr_4m

1.01
1.01
1.03
1.02
1.03
1.05
106
1.06
1.03

0.68
0.71
0.75
0.77
0.77
0.81
0.80
0.79
0.80

Fr_DS Fr_DE
1.80
1.54
1.26
1.24
1.19
1.19
1.14
1.16
1.15

2~I.
1~
In
115
1~

1m
l.ro
1~
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Discharge measurement In terms of pressure differences at bridge piers

15.5 147.5 147.0
13600 1375.0 233.9 261 0 1973 189.0 190.0 367.8 393.0
1360.0 1375.0 252.2 2740 216.5 215.5 212.5 397.5 390.5
1360.0 1375.0 270.2 2853 240.5 2380 236.0 420.1 415.5
13600 1375.0 289.6 3020 2628 260.5 260.5 434.5 437.5
1360.0 1375.0 308.9 316.8 283.3 282.0 282.8 451.2 452.6

UE US DS DE
upstream upstream downstream downstream

hm ... 1 hmen 2 4m end side side end 6m 7m
15.5 147.5 147.0

1840.0 1860.0 259.0 2925 220.8 220.0 221.3 395.0 417.0
1840.0 1860.0 282.3 303.8 246.5 243.5 241.5 419.2 419.2
18400 1860.0 300.4 3165 267.3 264.5 266.0 448.3 444.5
18400 1860.0 319.9 3355 290.0 288.5 289.3 467.0 462.2
18400 1860.0 3374 350.0 3100 309.0 308.5 481.2 479.5

UE US DS DE
upstream upstream downstream downstream

hm ... I hmen 2 4m end side side end 6m 7m
15.5 147.5 147.0

2310.0 2300.0 283.5 3180 246.8 243.0 244.0 419.6 432.8
2310.0 2300.0 3025 3270 2668 266.0 264.5 439.7 453.9
2310.0 2300.0 324.5 3425 2905 288.0 288.5 470.8 462.5
2310.0 2300.0 3404 361 0 311 5 3100 311.3 489.9 489. I
23100 2300.0 360.0 3758 3333 331 5 331.0 506.1 503.3

i~'£&£:(f~~,..
FLOW DEPTHS

UE US U~ Ut
upstream upstream downstream downstream

4m end side side end 6m 7m ve·
hm.,., roB a.., 0(1151 Y. Yuë Yus Yo. Yo< Y, Y, B Bob, 2g(yu.-Yos)'·· Q,=z Fr..... Fr_", Fr_...
655.0 0.090222 90.2 165.0 2038 144.6 139.1 139.9 171.5 165.5 0.609 0.569 1.15 0.090916 0.71 0.91 0.67
655.0 0.090222 90.2 1827 215.5 169.6 166.1 165.7 201.8 194.5 0.609 0.569 1.01 0.095463 0.61 0.70 0.52
655.0 0.090222 90.2 201 6 224.5 1904 189.4 188.2 212.0 215.0 0.609 0.569 0.86 0.092723 0.52 0.57 0.48
655.0 0.090222 90.2 2183 2405 210.9 211.1 211.7 233.1 233.5 0.609 0.569 0.79 0.095176 0.46 0.49 0.42
655.0 0.090222 90.2 235.0 2545 229.9 231.1 231.9 249.6 250.9 0.609 0.569 0.71 0.093918 0.42 0.43 0.38

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m ve·
hmOin roG QCal~ a (iisl Y. Yve Yus Yos YOE y, y, B B-be 2g(yu,-Yo.)'·· a~ Fr..... Fr_", Fr_'m
972.5 0.109935 109.9 197.6 232.8 175.6 175.6 171.9 201.4 201.6 0.609 0.569 1.08 0.108183 0.66 0.78 0.84
972.5 0.109935 109.9 212.0 245.8 196.' 194.9 191.2 230.0 228.5 0.609 0.569 1.02 O. 113590 0.59 0.67 0.52
972.5 0.109935 109.9 230.0 259.5 217.6 216.9 216.2 242.5 243.5 0.609 0.569 0.94 0.116261 0.52 0.57 0.48
972.5 0.109935 109.9 246.8 268.5 235.6 236.6 237.2 259. I 258.2 0.609 0.569 0.62 0.110761 0.47 0.50 0.44
972.5 0.109935 109.9 264.0 286.5 255.9 257.1 256.4. 277.8 279.3 0.609 0.569 0.79 0.115915 0.42 0.44 0.39

UE US DS DE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m ve ..

hm ... _ro" Oc .. e Q (lIsJ Y4 YUf Yus Yos Yoe _y~ Y7 B e-bp 2g(yue-YOS)U QII.. )'
1367.5 0.130364 130.4 218.4 2610 198. I 191.6 193.2 220.3 246.0 0.609 0.547 1.19 0.124567
1367.5 0.130364 130.4 236.7 274.0 217.4 218.1 215.7 250.0 243.5 0.609 0.547 ·1.07 0.127812
1367.5 0.130364 130.4 2547 285.3 241.4 240.6 239.2 272.6 268.5 0.609 0.547 0.96 0.126711
1367.5 0.130364 130.4 2741 302.0 263.6 263.1 263.7 287.0 290.5 0.609 0.547 0.90 0.129882
136750.130364 1304 2934 3168 284.1 284.6 285.9 303.7 305.6 0.609 0.547 0.83 0.128544

Fr ... Fr..os Fr .......
0.67 0.81 0.66
0.59 0.67 0.55

1.03 0.53 0.58 0.48
1.00 0.48 0.51 0.4'
1.01 0.43 0.45 0.41

UE US DS DE
upstream upstream downstream downstream
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DIscharge measurement In terms of pressure dIfferences at bndge piers

4m end side side end 6m 7m ve·
h", .... ,,'iI aulc a (I/s( v, vve Yu' Yo, Yoe Y. y, B Bob. 2g(Yue-Yos)O.5 a,,_., Fr ........ Fr...D8 Fr_...
1850.0 0151628 151 6 2435 2925 221.6 222.6 224.4 247.5 270.0 0.609 0.547 1.19 0.145222 0.66 0.76 0.65
1850 0 0151628 151.6 2668 303.8 2474 2461 244.7 271.7 272.2 0.609 0.547 1.09 0.146362 0.58 0.65 0.56
1850.0 0151628 1516 2849 3165 2681 267 1 269.2 300.8 297.5 0.609 0.547 1.01 0.147576 1.03 0.52 0.58 0.48
1850.0 0151628 151 6 3044 3355 290.9 291.1 292.4 319.5 315.2 0.609 0.547 0.96 0.152908 0.99 0.47 0.51 0.44
18500 0151628 151.6 321 9 3500 310.9 311.6 311.7 333.7 332.5 0.609 0.547 0.90 0.152872 0.99 0.44 0.46 0.41

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m Ve :=

hm ...._.,,'iI QCMC a (I/sJ y, yce Yu' Yos Yo< Y, Y, B B-b~ 2g(yue·YOS)'·' QI~ Fr_4m Fr..t:Ja Fr .....
2305.0 0.169250 169.2 2680 3180 247.6 245.6 247.2 272.1 285.8 0.609 0.547 1.21 0.162966 0.64 0.73 0.63
2305.0 0.169250 169.2 2870 327.0 267.6 268.6 267.7 292.2 306.9 0.609 0.547 1.09 0.160735 0.58 0.64 0.56
23050 0169250 169.2 3090 342.5 291.4 290.6 291.7 323.3 315.5 0.609 0.547 1.03 0.164374 1.03 0.52 0.57 0.48
2305.0 o 169250 169.2 3249 361.0 312.4 312.6 314.4 342.4 342.1 0.609 0.547 1.00 0.171046 0.99 0.48 0.51 0.44
2305.0 0.169250 169.2 344.5 375.8 334.1 334.1 334.2 358.6 356.3 0.609 0.547 0.93 0.170283 0.99 0.44 0.46 0.41

1.00

uru v ersuv Of Stellenbosch
Department ot C, v ,I Engineenng

Stellenbosch University http://scholar.sun.ac.za



DIscharge measurement In terms ol pressure differences at bndge piers

MODEL PIER, bp = 40 mm_MEDIUM_NORMAL Q's

DATA: Wednesday. 2 August 2000

Q hm ..... , hm..... 2 Om 1m 2m

OK
UE us

4m
upstream upstream downstream downstream

end side side end

DS DE

6m 7m
bed levels

10 9.5
30 72.5

50 204.0

70 398.0

90 660.0
110
130
150
170

970.0 970.0
1375.0 1380.0
1800.0 1800.0
2300.0 2300.0

3m

9.5
720
2060

391.0
6650

12.5 10.5 15.0
NOT MEASURABLE

13.5
58.2
96.9

127.4

151.7

176.6

197A
220.4
242.9
256.1

15.5
57.0
95.8

126.7

149.1

175.2
191.3
211.4
236.4
249.8

56.3
104.3

139.5

169.8

203.5
228.8
257.0
277.5
302.0

31.8
69.8

100.5

116.3

135.8

152.0
168.8
186.0
195.8

21.4
43.8

713

94.5
115.8

135.0
153.0
175.8
189.3

17.5
39.5
64.5

87.8
110.0

132.5
152.3
176.0
191.8

147.5
188.8
203.9

216.0

234.2

252.3
273.0
296.0
318.5
343.1

147.0
192.5
224.3

253.7

271.2

299.5
313.2
324.5
341.6
360.3

Le:~CJL~;t:IbNS:£~ FLOW DEPTHS

hrn ...... ,,'"

9.5
723
205.0
394.5
662.5
970.0
1377.5
1800.0
2300.0

0.010866
0.029965
0.050474
0.070019
0.090737
0.109794
0.130839
0.149565
0.169066

0...<

Distance measured downstream within the flume
Om 1m 2m 3m 4m

Q [lis] Yo Y, Y2
10.9
30.0
50.5
70.0
907
1098
130.8
149.6
169.1

NOT MEASURABLE
NOT MEASURABLE

44.7
83.4
113.9
138.2 133.6
163.1 159.7
183.9 175.8
206.9 195.9
229.4 220.9
242.6 234.3

MODEL PIER, bp = 40 mm_LONG_DROWNED Q's

DATA: Wednesday. 2 August 2000
UE

hm .... , hrnao_2

US DS DE

y,

UE US DS

Y.

upstream upstream downstream downstream
end side side end

Y08
41.5
80.3
111.2

56.3
104.3
139.5
169.8
203.5
228.8
257.0
277.5
302.0

4m
upstream upstream downstream downstream

end side side end 6m

650.0
650.0
650.0
650.0
650.0

650.0
650.0
650.0
650.0
650.0

15.5
1901
209.9
225.2
239.9
256.0

149.3
175.5
200.0
218.0
235.8

142.8
173.0
200.0
218.8
236.5

147.5
340.9
353.5
368.6
391.1
395.6

147.0
339.3
358.0
370.3
384.2
400.2

955.0
955.0
955.0
955.0
955.0

hmen 2

210.5
218.0
2335
2470
260.5

1590
181 3
2000
216.3
233.8

UE US DE

965.0
965.0
965.0
965.0
965.0

upstream upstream downstream downstream
hmeo_2 4 m end side side end 6 m 7 m

15.5 147.5 147.0
215.9 2380 182.3 174.3 170.5 365.5 357.2
229.2 248.0 199.0 1938 190.0 383.5 373.1
247.9 260 3 2188 217.5 216.8 391.5 395.2
267.1 274.5 240.0 240.3 240.5 410.2 410.5
283.7 289.5 259.0 259.8 259.8 435.2 428.5

urnversuv of Stellenbosch

hm .... ,

hrn ... 1

DS

UE US DEDS
upstream upstream downstream downstream

4 m end side side end 6m

voe

7m

7m

Yu.
32.3
70.3
101.1
116.8
136.3
152.6
169.3
186.6
196.3

24.6
46.9
74.4
97.7
118.9
138.2
156.2
178.9
192.4

21.2
43.2
68.2
91.5
113.7
136.2
156.0
179.7
195.5

DE

Yo.
6m
y,

41.3
56.4
68.5
86.7
104.8
125.5
148.5
171.0
195.6

7m
y,

45.5
77.3
106.7
124.2
152.5
166.2
177.5
194.6
213.3

Geometric properties:

~~
1m
1m
1~

1M

1m
1m
1~
1~

0=
L =,
Z" =

39.5 mm
222 mm

0.0 mm

0.6 mm

3.2 mm
3.7 mm

Zo=
Ze=
Zo=

B
Ve·

a-e, 2g(Yue'Y08)'" Q._,
0.609
0.609
0.609
0.609
0.809
0.609
0.609
0.609
0.609

0.569 0.83 0.011563
0.569 1.09 0.029091
0.569 1.16 0.049005
0.569 1.22 0.067531
0.569 1.31 0.088790
0.569 1.36 0.106631
0.569 1.43 0.126939
0.569 1.41 0.143648
0.569 1.49 0.162649

Fr_4m

1.04
1.02
1.03
1.03
1.04
1.04
1.03

OM
OW
0.71
075
O~
~n
O.~

o.n
on

Fr_DS Fr_DE
1.58
1.65
1.39
1.29
1.24
1.20
1.19
1.11
1.12

1.84
1.75
1.48
1.33
1.24
1.14
1.11
1.03
1.03
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Discharge measurement in terms of pressure ditterences al bridge piers

lS.S 147.S 147.0
1360.0 1360.0 241.8 268.8 205.8 199.3 197.5 377.0 382.7
1360.0 13600 258.1 2780 2248 221.3 219.0 407.7 407.9
1360.0 13600 275.5 2928 2475 245.5 242.5 426.3 418.5
1360.0 13600 292.6 3053 2650 2653 263.3 436.3 440.0
13600 13600 309.9 3198 2838 283.8 283.3 450.7 453.4

UE US DS DE
upstream upstream downstream downstream

hman_, hm." 2 4m end side side end 6m 7m
lS.S 147.S 147.0

1810.0 1810.0 259.3 291.0 223.0 217.0 213.5 390.8 410.2
1810.0 1810.0 281.9 3048 2445 241.0 238.3 419.7 418.5
1810.0 1810.0 2995 3198 266.5 2638 263.0 450.6 445.3
1810.0 1810.0 317 3 3325 2870 286.5 286.5 467.2 458.5
1810.0 1810.0 336.5 3495 3080 308.5 3088 477.1 483.5

UE US DS DE
upstream upstream downstream downstream

hm.,,_, hm .... 2 4m end side side end 6m 7m
lS.S 147.S 147.0

2310.0 2300.0 285.8 3163 250.3 245.0 243.3 417.6 439.6
2310.0 2300.0 308.9 332.5 273.3 271.5 270.8 450.0 451.5
2310.0 2300.0 330.2 348.8 298.0 296.8 295.5 480.0 475.0
23100 2300.0 349.2 366.4 3200 319.3 318.5 499.7 493.6
23100 2300.0 368.1 381 9 3400 340.3 339.8 510.2 513.1

r~ll.!i.~q~"aij~ FLOW DEPTHS
Ut DS DEus

upstream upstream downstream downstream
4 m end side side end 6 m 7 m ve =

hm..,~~. __ _9_l!{_sJ Y~ YUE Yus Yos Yoe Yl Y7 a a-bp 2g{YuE-YOS)o.~ Qu,-'Y Fr_.." fr_os Fr_.."
0.65 0.79 0.55
0.55 0.62 0.50
0.49 0.51 0.45
0.44 0.45 0.39
0.40 0.40 0.38

650.0 0.089877 89.9 174.6 210.5 159.6 152.4 146.5 193.4 192.3 0.609 0.569 1.10 0.095077
650.0 0.089877 89.9 194.4 218.0 181.8 178.7 176.7 206.0 211.0 0.609 0.569 0.91 0.092838
650.0 0.089877 89.9 209.7 233.5 200.6 203.2 203.7 221.1 223.3 0.609 0.569 0.81 0.093726
650.0 0.089877 89.9 224.4 247.0 216.8 221.2 222.5 243.6 237.2 0.609 0.569 0.75 0.094929
650.0 0.089877 89.9 240.5 2605 234.3 238.9 240.2 248.1 253.2 0.609 0.569 0.70 0.094736

UE DS DEUS
upstream upstream downstream downstream

4 m end side side end 6 m 7 m ve =
hm." '~'il CUIc; Q (lis] Y. YUE Yus Yea Yoe y, Y7 B B-bp 2g(YUE-YOS,IU Qtt::ory

960.00.109227109.2 200.4 2380 182.8 177.4 174.2 218.0 210.2 0.609 0.569 112 0.112907
960.0 0.109227 109.2 213.7 2480 199.6 1969 193.7 236.0 226.1 0.609 0.569 1.03 0.115602
9600 0.109227 109.2 232.4 260.3 219.3 220.7 220.5 244.0 248.2 0.609 0.569 0.92 0.114997
960.0 0.109227 109.2 251.6 274.5 240.6 243.4 244.2 262.7 263.5 0.609 0.569 0.82 0.113543
960.0 0.109227 109.2 268.2 289.5 259.6 262.9 263.5 287.7 281.5 0.609 0.569 0.76 0.114298

UE US DEDS
upstream upstream downstream downstream

4 m end side side end 6 m 7 m Ve =
hm.n_wg Qc; .. e Q (115] Y. YUE Yus Yos Yoe Yl Y7 B e-bp 2g(YUE-YOS)U Qttt.ory

1360.0 0.130006 130.0 2263 268.8 206.3 202.4 201.2 229.5 235.7 0.609 0.547 1.17 0.129299
1360.0 0.130006 130.0 242.5 2780 225.3 224.4 222.7 250.2 260.9 0.509 0.547 1.06 0.129537
1360.0 0.130006 130.0 260.0 292.8 248.1 248.7 246.2 278.8 271.5 0.609 0.547 0.96 0.130970
1360.0 0130006 130.0 277.1 305.3 2656 268.4 267.0 288.8 293.0 0.609 0.547 0.89 0.130075
1360.0 0.130006 130.0 294.4 319.8 284.3 286.9 287.0 303.2 306.4 0.609 0.547 0.84 0.131904

UE US DS DE
upstream upstream downstream downstream

University of Stellenbosch

Fr "" Fr_os Fr_..,

0.64 0.77 0.56
0.58 0.66 0.50
0.51 0.55 0.48
0.45 0.48 0.43
0.41 0.42 0.37

Fr_.." Fr...l)8 Fr ......

0.63 0.75 0.62
0.57 0.64 0.51
0.51 0.55 0.46
0.47 0.49 0.44
0.43 . 0.44 0.41
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DIscharge measurement tn terms of pressure diHerences at bndge piers

4 m end side side end 6 m 7 m Ve ..

hm.,,_wg Qc .. c Q (115) Y4 YUE _;:US Yoa 'tOE y, Y1 B B-bp 2g{yUE-YOS)O,s Qu--y

1810.0 0.149980 150.0 243.8 291.0 223.6 220.2 217.2 243.3 263.2 0.609 0,547 1.20 0.145119
, 8' 0.0 0.149980 , 50.0 266.4 304.8 245.1 244.2 242.0 272,2 271.5 0,609 0,547 1.12 0.149376
'8'0.0 0.149980 1500 284,0 3'98 2671 266.9 266,7 303.1 298.3 0.609 0.547 1.05 0.153046
'8'00 0.149980 1500 301.8 3325 2876 289.7 290,2 319.7 311,5 0,609 0.547 0.95 0,150532
'8'00 0.149980 '500 32'0 3495 308.6 311,7 312,5 329.6 336.5 0,609 0,547 0.90 0.152909

Fr..... Fr-D< Fr_...
0,65 0,76 0.66
0.57 0.65 0,55
0,52 0,57 0.47
0.47 0,50 0.43
0.43 0.45 0.42

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m ve'
hm ...._... ~ 0..., Q (I/sJ Y. Yu, Yu, y"" y", y, y, B Bob, 2g(YuE.yOS)o,s Q'!::l Fr_,,", Fr-D< Fr.....,
2305.0 0.169250 1692 270.3 3'63 250,8 248.2 247,0 270.1 292.6 0.609 0,547 1.18 0,160506 0.63 0.72 0.63
23050 0,169250 '69.2 2934 332.5 273.8 274.7 274.5 302.5 304.5 0,609 0,547 1.09 0.164370 0,56 0,62 0.53
2305,0 0.169250 '69.2 3'47 348.8 298.6 299.9 299,2 332.5 328.0 0,609 0.547 1.01 0.165712 1.02 0,50 0,54 0,46
2305.0 0.'69250 '69.2 3337 3664 320.6 322.4 322,2 352.2 346.6 0.609 0.547 0,96 0.169587 1,00 0,46 0.48 0.42
23050 o '69250 169,2 3526 38' 9 3406 343.4 343,5 362.7 366.1 0.609 0.547 0.90 0.169765 1,00 0.42 0,44 0.41
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Discharge measurement In terms of pressure differences at bndge piers

MODEL PIER, bp = 40 mm_LONG_NORMAL Q's

DATA: Monday, 31 July 2000

Q h"' .... 1 h"' .... :I Om

OK

UE us

4m
upstream upstream downstream downstream

end side side end

DS DE

6m
bed levels

10
30

50

70

90
IlO
130
ISO
170

10.5
75.5

203.0

397.0

655.0 657.5

960.0 955.0
1360.0 1350.0
1810.0 1800.0
2340.0 2340.0

1 m 2m 3m
12.5 10.5 15.0 13.5

60.4
98.4

128.3

153.9

178.0

198.6
220.0
245.7
260.9

15.5
59.4
97.5

128.3

150.4

176.2

193.7
212.2
239.5
255.3

59.0
104.5

141.0

172.0

198.8
224.0
251.5
276.0
300.0

63.5
71.0
101.3

122.0

139.8

157.3
172.3
195.8
207.5

23.5
46.0

67.5
91.0

112.8

133.0
151.0
172.3
191.0

18.2
41.3

64.8

83.3

105.3
126.0
144.5
166.8
188.8

147.5
199.0
207.6

214.5

231.5

251.9
270.8
293.9
310.5
339.2

147.0
193.2
225.0

251.0

264.6
306.3

313.7
323.8
342.5
362.4

10.0
75.5

201.0

399.0

NOT MEASURABLE

rg~'i~'9JJ~N~ FLOW DEPTHS
UE US DS DE

7m Geometric properties:

o~
1~

1m

1m,.I.,.,.,.
0=
L =P

ZA =

39.5 mm
278 mm
0.0 mm

0.6 mm

4.1 mm
4.7 mm

lo=
Ze=
Zo=

Distance measured downstream within the flume upstream upstream downstream downstream
o m 1 m 2 m 3 m 4 m end side side end 6 m 7 m ve •

h",an •• "" QCIOIC a [I/sj Yo y, Y2 Yl Y4 YUE Yus vee Yoe Y6 Y7 B B-bp 2g(YueYos,O.$ Q,"-'Y

10.3 0.011286 11 3 NOT MEASURABLE 46.9 43.9 59.0 64.1 27.6 20.9 51.5 46.2 0.609 0.569 0.83 0.013115
75.5 0.030631 30.6 NOT MEASURABLE 84.9 82.0 104.5 71.6 50.1 45.9 60.1 78.0 0.609 0.569 1.07 0.030551
202.0 0.050104 50.1 114.8 112.8 141.0 101.8 71.6 69.4 67.0 104.0 0.609 0.569 1.20 0.048935
398.0 0.070329 70.3 140.4 134.9 172.0 122.6 95.1 87.9 84.0 117.6 0.609 0.569 1.26 0.068228
656.3 0.090308 90.3 164.5 160.7 198.8 140.3 116.9 109.9 104.4 159.3 0.609 0.569 1.30 0.086378
957.5 0.109084 1091 185.1 178.2 224.0 157.8 137.1 130.7 123.3 166.7 0.609 0.569 1.34 0.104250
13550 0.129767 129.8 206.5 196.7 251.5 172.8 155.1 149.2 146.4 176.8 0.609 0.569 1.40 0.123938
18050 O. I 49772 149.6 232.2 224.0 276.0 196.3 176.4 171.4 163.0 195.5 0.609 0.569 1.43 0.143177
2340.0 0.17053 1705 2474 239.8 300.0 208.1 195.1 193.4 191.7 215.4 0.609 0.569 1.46 0.162357

MODEL PIER, bp = 40 mm_LONG_DROWNED Q's

hm•n 1

'DATA:," Tuesday, 1 August 2000
UE

4m
upstream upstream downstream downstream

end side side endhman 2

us DS DE

6m

660.0
660.0
660.0
660.0
660.0

hman 1

650.0
650.0
650.0
650.0
650.0

hm ... :I

15.5
179.6
194.3
213.7
232.6
251.0

201.8
210.5
225.3
238.8
255.3

143.3
164.8
167.8
208.0
229.3

120.8
156.3
185.5
209.5
231.5

117.0
155.5
187.0
209.6
232.5

147.5
311.2
348.2
354.4
370.3
401.3

147.0
319.3
345.6
365.5
379.7
396.5

UE US DS DE

6m

980.0
980.0
980.0
980.0
980 0

hm•n 1 hm8fl 2

990.0
990.0
990.0
990.0
990.0

4m
upstream upstream downstream downstream

end side side end
147.5
355.5
385.9
392.4
403.5
439.6

147.0
350.5
361.9
394.3
409.3
433.5

15.5
215.9
232.3
251.7
267.3
2857

237.8
246.5
264.0
276.3
292.0

187.0
2025
224.5
243.3
263.0

173.3
198.0
221.8
243.3
264.0

171.0
195.0
220.5
243.3
264.5

6m

University of Stellenbosch

UE US DS DE
upstream upstream downstream downstream

4 m end side side end

7m

7m

7m

Fr_4m

1m
1mI.,.,.,.I.
1~

0.64
0.66
0.69
0.74
0.73
0.76
0.78
0.74
0.76

Fr_DS Fr_DE
1.38
1.53
1.47
1.35
1.27
1.21
1.19
1.13
1.11

1.96
1.63
1.44
1.41
1.30
1.21
1.16
1.11
1.05
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Dtscnarqe measurement In terms of pressure diHerences al bridge piers

1355.0
1355.0
1355.0
1355.0
1355.0

hman 1

1345.0
13450
1345.0
1345.0
1345.0

hman_.2

15.5
244.0
2604
279.5
293.5
310.6

2670
2785
294.0
305.0
319.8

2083
2268
251.0
2675
286.0

2000
224.5
248.8
267.5
288.0

198.8
222.8
2470
267.0
286.8

UE us

4m
upstream upstream downstream downstream

end side side end

DS DE

147.5
381.0
407.8
432.4
438.0
448.0

6m

147.0
381.6
409.0
418.8
438.7
457.3

7m

1830.0
1830.0
1830.0
1830.0
1830.0

hm•n 1

1800.0
1800.0
18000
1800.0
1800.0

hm .... .2

15.5
262.8
281.6
304.4
327.2
348.0

293.0
305.0
3225
3430
359.0

226.8
248.3
273.8
3005
321.8

219.3
246.0
273.5
300.5
322.8

215.5
242.5
270.8
299.0
322.0

UE US

4m
upstream upstream downstream downstream

end side side end

DS DE

147.5
393.2
417.5
453.5
477.3
485.8

6m

147.0
415.0
417.8
457.8
466.8
497.3

7m

n~.o
n~o
noso
noso
2~50

2300.0
2300.0
2300.0
2300.0
2300.0

15.5
298.8
316.6
336.4
352.6
375.8

325.3
3388
353.3
3695
3898

264.3
283.0
3050
325.8
350.3

258.0
280.8
3030
3255
350.8

256.5
279.3
301.0
323.5
350.0

147.5
431.7
452.6
484.2
505.8
516.5

147.0
451.3
453.3
479.4
496.3
520.2

fc;:~~,<;'YL~N§~~ FLOW DEPTHS

hm ....... g Oc .. c
655.0 0.090222
655.0 0.090222
6550 0.090222
655.0 0.090222
655.0 0.090222

hm ... _....g Oc .. e

0[1/5)
90T
90.2
902
90.2
90.2

0(1/5)

UE

4m
!!..
164 1
1788
1982
217 1

235.5

upstream upstream
end side
YUE Yus

2018 143.8
2105 165.3
225.3 1883
238 8 208.6
256 3 229 8

US DS
downstream downstream

side end
YDS Yoe
1249 121.7
160.4 160.2
189.6 191.7
213.6 214.4
235.6 237.2

US
downstream downstream

side end
YDS Yoe

DS

DE

DE

6m
y,
1m
200.7
206.9
222.8
253.8

Sm
v«

7m
vr1m

198.6
218.5
232.7
251.5

B
0:609
0.609
0.609
0.609
0.609

Ve'
S·bp 2gIYueYos)O.5 Ott::o:z
0.569 1.26 0.089566
0.569 1.03 0.094141
0.569 0.86 0.095261
0.569 0.76 0.092079
0.569 0.70 0.093424

B
Ve'

s-e, 2g(YuE-YOS)O.5 Qt..._, Fr_.."

Fr_"",
o.rr
0.63
0.54
0.47
0.41

Fr...D8
ToT
0.74
0.57
0.46
0.41

Fr_..,
o.rr
0.53
0.50
0.45
0.37

Fr_'m
985.0 0.110840
965.0 0.110840
965.0 0.110640
9850 0.110640
985 0 0.110640

110.6
110.6
110.6
110.6
110.6

UE

4m
y.

upstream upstream
end side
VUE Yus

177.4 175.7
202.1 199.7
225.9 225.2
247.4 247.9
266.1 269.2

US DS DE

208.0
236.4
244.9
256.0
292.1

203.5
234.9
247.3
262.3
286.5

7m
vr

0.609
0.609
0.609
0.609
0.609

0.569 1.12 0.113531
0.569 0.98 0.112185
0.569 0.91 0.117012
0.569 0.80 0.113256
0.569 0.74 0.113075

upstream upstream downstream downstream
4 m end side side end 6 m 7 m Ve =

hm... _....g Oe ..c Q [1151 Y4 VUE Yus Yoa Yoe Y. Yr B S-bp 2g(Yue"Yoa)O.5 attie«)'

200.4
2168
236.2
251.8
270.2

237.8 187.6
246.5 203.1
264.0 225.1
276 3 243.8
292 0 263.6 0.98

Fr_.."

Fr_".
0.65
0.57
0.51
0.46
0.41

Fr..J)S

0.76
0.84
0,54
0,47
0.42

0.61
0.50
0.48
0.45
0.37

UE

Fr......
1350.0 0.129527 129.5 228,5 267.0 208.8 204.1 203.4 233.5 234,6 0,609 0.547 1.15 0.128013
1350.0 0.129527 129.5 2449 278.5 227.3 228.6 227,4 260,3 262.0 0.609 0.547 1,03 0,128719
1350.0 0.129527 129.5 264.0 294.0 251.6 252.9 251.7 284.9 271.6 0,609 0.547 0.94 0,130326
1350.0 0,129527 129.5 2760 305.0 266.1 271.6 271.7 290.5 291.7 0,609 0,547 0.66 0.127441
1350.0 0.129527 129.5 295.1 319.6 266.6 292.1 291.4 300,5 310,3 0.609 0.547 0.79 0.126115

University of Stellenbosch

UE
upstream upstream

US DS
downstream downstream

DE

0.62
0,56
0,50
0.46
0.42

0.74
0.62
0.53
0.48
0.43

0.60
0.51
0.45
0.43
0.41
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Discharge measurement in terms ol pressure diHerences at bridge piers

4m end side side end 6m 7m ve =

hm ....... g QulC C (l/sJ Y. Yu' vvs Yo, Yo< y, y, B B-bp 2g(Yue-Yost' O,=z Fr_olm . Fr_os Fr__.....
1815.0 0150187 1502 2473 2930 2273 2234 220.2 245.7 268.0 0.609 0.547 1.20 0.146973 0.64 0.75 0.65
1815.0 0.150187 1502 266 1 3050 2488 250.1 247.2 270.0 270.8 0.609 0.547 1.08 0.147200 1.02 0.57 0.63 0.56
18150 0150187 150.2 288.9 3225 2743 2776 275.4 306.0 310.8 0.609 0.547 0.98 0.148895 1.01 0.51 0.54 0.47
1815.0 0.150187 150.2 311 7 3430 301.1 304.6 303.7 329.8 319.8 0.609 0.547 0.91 0.152155 0.99 0.45 0.47 0.42
1815.0 0150187 150.2 332.5 3590 3223 326.9 326.7 338.3 350.3 0.609 0.547 0.84 0.150786 1.00 0.41 0.42 0.40

UE us DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m ve =
hm.... n'g ac .." C (I/sj Y. vue Yus Yos Yo< y, y, B B-be 2g(Yue-Yos)o., C,,_., Fr_olm Fr_.,. Fr __

2302.5 0.169158 1692 283.3 325.3 264.8 262.1 261.2 284.2 304.3 0.609 0.547 1.15 0.164694 0.59 0.66 0.59
2302.5 0.169158 169.2 301 1 3388 283.6 284.9 283.9 305.1 306.3 0.609 0.547 1.07 0.166224 0.54 0.58 0.53
2302.5 0.169158 169.2 3209 3533 305.6 307.1 305.7 336.7 332.4 0.609 0.547 0.99 0.166805 0.49 0.52 0.45
2302.5 0.169158 1692 337 1 3695 3263 329.6 328.2 358.3 349.3 0.609 0.547 0.93 0.167523 1.01 0.45 0.47 0.41
2302.5 0.169158 169.2 360.3 3898 350.8 354.9 354.7 369.0 373.2 0.609 0.547 0.87 0.169799 1.00 0.41 0.42 0.40
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Discharge measurement in terms of pressure onterences at bridge piers

MODEL PIER, bp = 49 mm_SHORT _NORMAL Q's OK
DATA: Monday, 30 July 2000 UE us DS DE

upstream upstream downstream downstream
Q hman_, hm.. 20m 1 m 2 m 3 m 4 m end side side end 6 m 7 m

bea tevets 12.5 10.5 15.0 13.5 15.5 147.5 147.0
10 8.5 8.0 NOT MEASURABLE 55.9 55.2 54.5 23.e 21.3 16.0 184.6 189.7
30 730 735 99.7 99.2 105.0 72.0 47.8 37.0 195.0 232.5

50 200.0 200.5 130.7 129.4 141.5 101.3 76.0' 60.3 208.8 254.3

70 397.5 395.0 155.9 153.1 174.0 123.3 101.0 84.e 229.6 253.8

90 655.0 660 0 180.8 178.5 202.0 142.3 124.3 112.5 249.7 307.6

970.0 201.9 197.5 226.5 159.3 144.8 135.5 269.2 321.5
1350.0 220.9 214.2 251.3 173.0 161.5 155.8 290.4 325.8
1830.0 247.5 240.2 278.0 195.0 182.5 178.3 307.9 342.0
2350 0 263.4 257 1 301.8 207.3 200.0 200.0 334.1 361 1

Geometric properties:

0=
L =,
Z" =

49 mm
20e mm

o mm

0.7 mm
2.6 mm
3.5 mm

Za=

Ze=
Zo=1 io

130
150
170

970 0
1350 0
1840 0
2340.0

~l~:iA£:Q_T0,~ FLOW DEPTHS
UE US DS DE

Distance measured downstream within the flume upstream upstream downstream downstream
o m 1 m 2 m 3 m 4 m end side side end 6 m 7 m ve II:

hmW\~ ... 'Il ac.c: a (I/s] Yo Y, Yl y, Y4 Yue YU8 vee Yoe Y6 Yr B B-bp 2g(Yue*Yos)O.5 Qlh.ol')' Fr 4m Fr DS Fr DE
8.3 0.010126 10.1 42.4 39.7 54.5 24.4 24.1 19.5 37.1 42.7 0.609 0.560 0.81 0.010882
73.3 0030171302 86.2 83.7 105.0 72.7 50.6 40.5 47.5 85.5 0.609 0.560 1.06 0.030007
2003 0.049886 499 117.2 113.9 141.5 101.9 78.8 63.7 61.3 107.3 0.609 0.560 1.13 0.050030
3963 0.070174 70.2 142.4 137.6 174.0 123.9 103.8 88.2 82.1 106.8 0.609 0.560 1.20 0.069572
6575 0.090394 90.4 167.3 163.0 202.0 142.9 1271 116.0 102.2 160.6 0.609 0.560 1.24 0.087880
970 0 0109794 1098 188.4 182.0 226.5 159.9 147.6 139.0 121.7 174.5 0.609 0.560 1.27 0.104651
1350.0 0.129527 129.5 207.4 198.7 251.3 173.7 164.3 159.2 142.9 178.8 0.609 0.560 1.33 0.122100
1835.0 0.151012 151.0 234.0 224.7 278.0 195.7 185.3 181.7 160.4 195.0 0.609 0.560 1.37 0.142048
2345.0 0.170712 170.7 249.9 241.6 301.8 207.9 202.8 203.5 186.6 214.1 0.609 0.560 1.41 0.160469

MODEL PIER, bp = 49 mm_MEDIUM_DROWNED Q's

~1),~lA;;3\;Monday, 30 July 2000
UE US DEDS

hm..., 1

upstream upstream downstream downstream
4 m end side side end 7mhman 2 6m
15.5 147.5

316.5
347.2
360.2
383.6
395.4

147.0
317.3
346.0
362.6
380.5
398.7

655 0
655.0
6550
655.0
655 0

640.0
640.0
640 0
640.0
640.0

183.8
201.2
2169
234.2
251.9

205 0
215.0
227 0
240 5
2563

1473
1725
190 0
211 5
230.3

132.8
165.0
187 0
210.3
230.0

122.5
158.5
1855
210.0
2290

UE US DS DE

hm•n 1

upstream upstream downstream downstream
end side side end 6m 7mhmW\ 2 4m

975.0
975.0
975.0
975.0
975.0

15.5
221.8
233.8
251.1
268.2
284.5

169.5
191.5
217.3
240.0
258.5

147.5
364.8
383.6
394.5
403.9
433.2

147.0
362.3
377.0
397.5
414.5
430.2

970.0
970.0
970.0
970.0
970.0

241 3
248.5
262.0
276.8
288.5

1870
2035
224.5
243.3
261 3

178.5
1985
2203
24 1.5
2608

UE us DS DE
upstream upstream downstream downstream

4 m end side side endhmW\ 1 hm .. 2 6m 7m

University of Stellenbosch

1.01
1.00
1.01
1.03
1.05
1.06
1.06
1.06
1.03

0.67
0.65
0.68
0.72
0.72
0.74
0.77
0.74
0.75

1.55
151
1.29
120
1.14
1.10
1.11
1.08
1.07

1.95
1.94
1.63
'40
1.20
t.t i

107
1.02
0.97
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Discharge measurement In terms of pressure differences al bndge piers

15.5 147.5 147.0
1385.0 1380.0 244.2 2690 206.0 199.0 194.5 384.0 382.1
1385.0 1380.0 260.1 2783 228.5 224.3 217.5 405.5 402.1
1385.0 1380.0 277.5 292.3 248.5 245.8 241.5 425.0 422.8
1385.0 1380.0 295.4 305.8 269.5 266.8 264.0 439.1 441.8
1385.0 1380.0 314.0 322.0 288.3 287.0 285.3 457.5 458.5

UE US DS DE
upstream upstream downstream downstream

hm ..... 1 hm." 2 4m end side side end 6m 7m
15.5 147.5 147.0

1840.0 1815.0 2715 2973 2358 229.5 226.0 415.1 419.9
1840.0 1815.0 2872 3093 253.0 249.0 244.0 432.3 427.3
1840.0 1815.0 3056 323.0 2763 2730 269.0 455.5 451.8
18400 1815.0 3240 3380 297.0 295.5 292.8 469.8 469.8
1840.0 1815.0 343.6 3530 3165 315.0 312.5 487.8 488.2

UE US DS DE
upstream upstream downstream downstream

hm." I hm.... 2 4m end side side end 6m 7m
15.5 147.5 147.0

23100 2320.0 298.0 3245 2600 255.8 252.0 432.8 448.0
2310.0 2320.0 3145 3360 2798 276.0 271.3 456.2 454.5
2310.0 2320.0 333.5 3540 3023 299.0 296.0 483.0 477.8
23100 2320.0 351 I 3675 3233 320.8 318.0 497.7 496.5
2310.0 2320.0 369.5 3838 341 8 340.8 338.8 513.4 513.2

UE US DS DE
upslream upstream downstream downstream

4 m end side side end 6 m 7 m ve =
hm... _r<'9 Oc.c 0 (I/sj Y4 YUE Vus Vos VOf. y, Yr B B-bp 2g(Yue-Yos)O.5 Q'h_'-
647.5 0.089704 89.7 168.3 205.0 147.9 135.6 126.0 169.0 170.3 0.609 0.560 1.19 0.090382
647.5 0.089704 89.7 1857 215.0 173.2 167.8 162.0 199.7 199.0 0.609 0.560 0.99 0.093076
6475 0.089704 89.7 2014 227.0 190.7 189.8 189.0 212.7 215.6 0.609 0.560 0.89 0.094164
6475 0.089704 89.7 2187 240.5 212.2 213.1 213.5 236.1 233.5 0.609 0.560 0.77 0.091918
647.5 0.089704 89.7 2364 2563 230.9 232.8 232.5 247.9 251.7 0.609 0.560 0.72 0.093562

Fr ...... Fr....DS Fr_'m
0.68 0.94 0.88
0.59 0.68 0.53
0.52 0.57 0.48
0.46 0.48 0.41
0.41 0.42 0.38

UE US DS DE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m Ve·
n., ....._...g ac•c Q [I/sj V4 YUE Yus vee VDE V'_ Yr B B-b 2g(Vue-Yos)O.5 Q,heory
972.5 0.109935 109.9 206.3 241.3 187.7 181.3 173.0 217.3 215.3 0.609 0.560 1.11 0.112658
972.5 0.109935 109.9 218.3 248.5 204.2 201.3 195.0 236.1 230.0 0.609 0.560 0.99 0.111657
972.5 0.109935 109.9 235.6 262.0 225.2 223.1 220.7 247.0 250.5 0.609 0.560 0.91 0.113054
9725 0.109935 1099 2527 2768 243.9 244.3 243.5 256.4 267.5 0.609 0.560 0.83 0.113777
972.50.109935109.9 2690 2885 261.9 263.6 262.0 285.7 283.2 0.609 0.560 0.74 0.108905

Fr ...... Fr....oa Fr ......
0.62 0.75 0.57
0.57 0.64 0.50
0.50 0.55 0.47
0.45 0.48 0.44

1.01 0.41 0.43 0.38

UE US DS DE
upstream upstream downstream downstream

4m end side side end Bm 7m ve·
hm ..... g 0..., a [lis) y, YUE yoe Yoo Yoe V, V, B s-e, 2g(VuE"VO"'" Qt!::22 Fr ...... Fr....oa Fr .......
1382.5 0.131077 131.1 228.7 269.0 206.7 201.8 198.0 236.5 235.1 0.609 0.560 1.17 0.132442 0.63 0.76 0.60
1362.5 0.131077 131.1 2446 2783 229.2 227.1 221.0 258.0 255.1 0.609 0.560 1.03 0.130880 0.57 0.64 0.52
1382.5 0.131077 131.1 2620 292.3 2492 248.6 245.0 277.5 275.8 0.609 0.560 0.96 0.132951 0.51 0.55 0.47
1382.5 0.131077 131.1 2799 305.8 2702 269.6 267.5 291.6 294.8 0.609 0.560 0.87 0.132045 0.46 0.49 0.44
13825 0.131077 131 1 298.5 3220 288.9 289.8 288.7 310.0 311.5 0.609 0.560 0.83 0.134488 0.42 0.44 0.40

UE US DS DE
upstream upstream downstream downstream
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Orscnarqe measurement In terms ot pressure oinereoces al ondge piers

4m end side side end 6m 7m Ve =

hm .. , .... 11 a.,., a {I/sj Y. YUE Yus Yos Yee y, y, B B-be 2g(Yue~Y08)G.5 Q1h=Z Fr_... Fr....os Fr_...

1827.5 0.150703 150.7 2560 2973 236.4 232.3 229.5 267.6 272.9 0.609 0.560 1.15 0.149988 0.61 0.71 0.57
1827.5 0.150703 150.7 271 7 309.3 2537 251.8 247.5 284.8 280.3 0.609 0.560 1.09 0.153316 0.56 0.63 0.52
1827.5 0.150703 150.7 290 1 323.0 276.9 275.8 272.5 308.0 304.8 0.609 0.560 0.99 0.152978 0.51 0.55 0.46
1827.5 0.150703 150.7 308.5 338.0 297.7 298.3 296.2 322.3 322.8 0.609 0.560 0.91 0.152545 0.46 0.48 0.43
1827.5 0.150703 150.7 328.1 3530 317.2 317.8 316.0 340.3 341.2 0.609 0.560 0.86 0.153672 0.42 0.44 0.40

UE US DS DE
upstream upstream downstream downstream

4m end sIde side end 6m 7m ve =
hm ....... 11 QC<IIC a {I/si Y. YUE Yus Yos Yee y, y, B B"'~ 2g{YuE"YosI'·· a,._., Fr_4m Fr....os Fr_tm
2315.0 0.169617 169.6 2825 324.5 260.7 258.6 255.5 285.3 301.0 0.609 0.560 1.16 0.168164 0.59 0.68 0.58
2315.0 0.169617 169.6 2990 3360 280.4 278.8 274.7 308.7 307.5 0.609 0.560 1.08 0.169402 1.00 0.54 0.60 0.52
2315.0 0.169617 169.6 318.0 3540 302.9 301.8 299.5 335.5 330.8 0.609 0.560 1.04 0.175570 0.97 0.50 0.54 0.46
23150 0.169617 169.6 335.6 3675 323.9 323.6 321.5 350.2 349.5 0.609 0.560 0.96 0.173533 0.98 0.46 0.48 0.43
2315.0 0.169617 169.6 354.0 383.8 342.4 343.6 342.2 365.9 366.2 0.609 0.560 0.92 0.176715 0.96 0.42 0.44 0.40
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Discharge measurement In terms of pressure ortte-eoces al bndge piers

MODEL PIER, bp = 49 mm_MEDIUM_NORMAL Q's

DATA: Friday. 28 July 2000

a h""W'll hm•n 2 Om 1m 2m Jm

OK
UE us

4m
upstream upstream downstream downstream

end side side end

DS DE

6m 7m
bed levels

10 10.5
30 72.5

50 201.0

70 3910

90
110
130
150
170

650.0
975.0
1360.0
1800.0
2350.0

100
72.5

199.0

390.0

650.0
960.0
1360.0
1810.0
2370.0

12.5 10.5 15.0
NOT MEASURABLE

13.5
60.8
100.0

132.1

156.6

182.8

205.8
225.3
248.3
270.9

15.5
60.3
99.5

130.8

155.2
181.2

204.5
221.5
240.6
265.5

60.0
105.0

142.5

173.5
203.8

233.0
253.5
279.0
299.5

32.0
73.3

104.3

127.0
147.5

167.8
184.3
198.8
219.3

24.0
45.0

67.0

90.0
113.0
134.0
150.0
170.5
192.8

15.3
38.0

60.3

82.5
104.8
126.5
148.3
166.0
191.3

147.5
195.5
190.2

210.0

227.5
246.9

267.2
286.0
304.8
321.3

147.0
192.7
221.5

226.5

259.4
319.2

323.5
327.2
351.7
372.3

~~~£gc~T;Rfgsr~ FLOW DEPTHS

hm•n ."9
10.3 0.011286

0.030017
0.049855
0.069663
0.089677
0.109653
0.130006
0.149772
0.171257

00;"'0; a 11151

Distance measured downstream within the flume
Om 1m 2m 3m 4m

y,
11.3
30.0
49.9
69.7
89.9
109.7
130.0
149.6
171 3

y, y, y,
47.3
86.5
118.6
143.1 139.7
169.3 165.7
192.3 169.0
211.6 206.0
234.6 225.1
257.4 250.0

MODEL PIER, bp = 49 mm_MEDIUM_DROWNED Q's

72.5
200.0
390.5
650.0
9675
1360.0
1605.0
2360.0

DAT"';:' Saturday. 29 July 2000
UE

h"un_'

US DS

hmW'l2
upstream upstream downstream downstream

end side side end

DE

4m

UE US DS DE

Y.

upstream upstream downstream downstream
end side side end

Yo<
44.8
64.0
115.3

6m

655.0
655.0
655.0
655.0
6550

h"' ...._,

640.0
640.0
840.0
640.0
640.0

15.5
190.2
209.0
225.4
242.9
2618

210.8
221.6
2330
248.5
2635

UE

158.3
180.0
1995
220.5
240.3

US

135.0
173.3
198.8
221.8
242.5

DS

130.3
174.0
200.5
221.5
242.5

h",." 2

upstream upstream downstream downstream
end side side end

DE

4m

147.5
330.5
351.5
365.6
395.1
409.1

6m

950 0
950 0
950.0
950.0
950.0

h",.., 1

970.0
970.0
970.0
970.0
9700

15.5
226.9
239.4
258.4
277 4
295.5

242.5
255.5
2670
264.5
299.5

UE

1953
212.5
2333
253.3
274.0

US

161.0
206.5
230.5
253.5
274.6

DS

175.5
204.5
229.6
253.5
274.5

h",otrI 2

upstream upstream downstream downstream
4 m end side side end

DE

147.5
376.5
390.0
397.6
419.5
443.1

6m

University ot Stellenbosch

YUE
60.0
105.0
142.5
173.5
203.8
233.0
253.5
279.0
299.5

7m
147.0
329.3
347.2
366.5
388.9
406.7

7m
147.0
373.2
362.6
407.0
420.9
439.1

7m

Yus
32.7
73.9
104.9
127.7
146.2
168.4
184.9
199.4
219.9

28.0
49.0
710
94.0
117.0
136.0
154.0
174.5
196.7

y".
19.9
42.7
64.9
87.2
109.4
131.2
152.9
170.7
195.9

6m
v«

48.0
42.7
62.5
80.0
99.4
119.7
138.5
157.3
173.8

7m
y,

45.7
74.5
79.5
112.4
172.2
176.5
180.2
204.7
225.3

B
0.609
0.609
0.609
0.609
0.609
0.609
0.609
0.609
0.609

Geometric properties:

0=
Lp =
ZA =
lo=

Ze=
Zo=

a-e,
Ve'

2g(YuE"YOS)'"
0.560
0.560
0.560
0.560
0.560
0.560
0.560
0.560
0.560

49 mm
276 mm

o mm

0.7 mm
4.0 mm

4.7 mm

a,,_.,
~84
1~
In
12
I.D
1.~

1~
1M
1~

0.013171
0.029763
0.048381
0.067365
0.087416
0.107692
0.122881
0.142584
0.159442

Fr_4m

1.01
1m
1m
1m
1.~
1~
1~
1m
1M

0.62
0.65
0.67
0.70
0.70
0.70
0.73
0.74
0.72

Fr_DS Fr_DE
1.37
1.58
1.50
138
1.26
122
1.23
1.17
112

2.10
1.79
1.58
1.42
1 30
1.21
1.14
1.11
1.04
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Discharge measurement in terms of pressure differences at bndge piers

15.5 147.5 147.0
1350.0 1360.0 263.2 2825 2325 222 8 220.5 412.2 406.6
13500 1360.0 2777 2905 2495 244.5 242.5 429.3 421.7
1350.0 1360.0 2961 3070 2705 268.8 267.5 437.2 4421
13500 1360.0 3149 3240 2905 289.5 288.5 451.7 458.2
13500 13600 333.0 3400 311 0 311 0 311.0 483.4 4812

UE us DS DE
upstream upstream downstream downstream

hman 1 hman 2 4m end side side end Sm 7m
15.5 147.5 147.0

1830.0 1800.0 291.5 3128 2590 2505 246.5 430.8 431.0
1830.0 1800.0 307.5 3235 2763 271.0 270.0 456.8 453.2
1830.0 18000 3245 3395 2980 295.5 293.3 473.2 465.5
18300 1800.0 3443 357.0 3190 3175 3175 484.8 492.0
1830.0 1800.0 362.6 371 5 3385 338.3 338.0 501.8 502.8

UE US DS DE
upstream upstream downstream downstream

hm.n 1 hm... 2 4m end side side end 6m 7m
15.5 147.5 147.0

2310.0 2310.0 322.0 3463 291 0 284.8 281.0 466.9 463.3
2310.0 2310.0 337.9 3563 308.0 303.0 300.0 486.5 482.5
23100 2310.0 3566 371 5 329.5 326.0 323.5 503.6 498.5
2310.0 2310.0 374.5 389.0 349.0 347.3 345.5 516.6 520.5
2310.0 2310.0 392.5 403.8 369.0 368.0 366.0 529.0 537.9

lë:'[~§g;lfÁlt!?it"f:l~__ ~ FLOW DEPTHS

UE US D:; DE
upstream upstream downstream downstream

4m end side side end 6m 7m ve'
hmen"'11 Qc.lC Q (l/sJ Y, YUE Yus Yo. Yo< Y. y, B B-be 2g(YuE~YDS)U Q!!:Z Fr...... Fr_os Fr_...
647.5 0.089704 89.7 174.7 2108 1589 139.0 134.9 183.0 182.3 0.609 0.560 1.22 0.094884 0.64 0.91 0.60
647.5 0.089704 89.7 193.5 221.8 180.7 177.2 178.7 204.0 200.2 0.609 0.560 0.98 0.096818 0.55 0.63 0.51
647.5 0.089704 89.7 2099 233 0 200.2 202.7 205.2 218.3 221.5 0.609 0.560 0.82 0.093067 0.49 0.52 0.46
6475 0.089704 89.7 227.4 248.5 221.2 225.7 226.2 247.6 241.9 0.609 0.560 0.72 0.091579 0.43 0.44 0.38
647.5 0.089704 89.7 246.3 2635 240.9 246.5 247.2 261.6 261.7 0.609 0.560 0.64 0.088601 1.01 0.38 0.38 0.35

UE US DS DE
upstream upstream downstream downstream

4m end side side end Sm 7m ve =

hmen·"i a.., Q (l/sJ y, YUE Yus Yos Yee y, y, B a-e, 2g(YuE~Y08)o.s Qlheory Fr_<krI Fr.J)ll Fr_'m
9600 0.109227 1092 211 4 2425 195.9 185.0 180.2 229.0 226.2 0.609 0.560 1.10 0.113792 0.59 0.72 0.52
960.0 0.109227 109.2 2239 2555 213.2 210 5 209.2 242.5 235.6 0.609 0.560 0.98 0.115573 0.54 0.59 0.48
960.0 0.109227 109.2 2429 267 0 2339 234.5 234.4 250.1 260.0 0.609 0.560 0.85 0.111121 0.48 0.50 0.46
960.0 0.109227 109.2 2619 284.5 253.9 257.5 258.2 272.0 273.9 0.609 0.560 0.78 0.112453 0.43 0.44 0.40
9600 0.109227 109.2 280 0 2995 274.7 278.7 279.2 295.6 292.1 0.609 0.560 0.70 0.108772 0.39 0.39 0.36

UE US DS DE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m ve.
hmen_....11 QClllc Q (115) Y. Yue Yus Yce yce y, Yr B s-e, 2g(YUE~Yos)Il.5 QIMofy

1355.0 0.129767 129.8 2477 2825 2332 226.7 225.2 264.7 259.6 0.609 0.560 1.08 0.137475
1355.0 0.129767 129.8 2622 2905 2502 248.5 247.2 281.8 274.7 0.609 0.560 0.95 0.132195
1355.0 0.129767 129.8 280.6 3070 271.2 272.7 2722 289.7 295.1 0.609 0.560 0.87 0.132310
1355.0 0.129767 129.8 2994 324.0 291.2 293.5 293.2 304.2 311.2 0.609 0.560 0.82 0.135217
1355.0 0.129767 129.8 3175 340.0 311.7 315.0 315.7 335.9 334.2 0.609 0.560 0.75 0.133053

Fr ...... Fr.J)ll Fr ......
0.55 0.63 0.50
0.51 0.55 0.45
0.46 0.48 0.44
0.42 0.43 0.41
0.38 0.38 0.35

UE US DS DE
upstream upstream downstream downstream
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DIscharge measurement In terms of pressure differences al bndge piers

MODEL PIER, bp = 49 mm_LONG_NORMAL Q's

DATA:"': Wednesday. 26 July 2000

ah", ... , hm ... 2 Om 1m 2m 3m

OK

UE us DS DE

4m
upstream upstream downstream downstream

end side side end Sm
bed levels

10 90
30 75.5

50 208.0
70 408.0

90 6650

110 990.0
130 1340.0
150 1830.0
170 2310.0

8.5
74.0

206.5
408.0

665.0

985.0
1345.0
1830.0
2320.0

12.5 10.5 15.0
NOT MEASURABLE

13.5
57.8
100.9

133.6

160.6
186.3

208.9
227.8
250.0
273.0

15.5
56.6
99.5
131.9

158.2

184.5

208.3
224.8
243.0
267.9

56.3
105.8

146.0
177.0

204.0

233.5
256.0
280.5
301.5

25.5
730

104.5
129.0

150.5

171.0
187.8
202.8
222.5

24.0
48.5

68.5

91.0
112.3

132.3
151.5
170.0
187.8

14.0
40.0

61.8

85.0
103.8

122.3
141.0
159.0
179.0

147.5
188.2
192.0

211.5

230.9
250.3

269.6
285.2
303.8
318.5

t~~(EPJi.~WSl':;>i(,'
"",.;z FLOW DEPTHS

Q (115) y,

Distance measured downstream within the flume
Om 1m 2m 3m 4m

UE US DS DE

y,

upstream upstream downstream downstream
end side side end

Yoe

6m
y,

7m
147.0
190.4
220.8

236.5

308.0
246.3

274.6
302.1
331.2
347.5

7m
y,

Geometric properties:

0=
L =P

ZA =
Zo=
Ze=

Zo=

e-e,
Ve'

2gIYuE"YOS)'"

49 mm
348 mm

o mm
0.7 mm
5.2 mm

5.8 mm

h
m
"' __ 9

88
74.8
2073
408.0
665.0
987.5
1342.5
1830.0
2315.0

0.010428
0.030479
0.050751
0.071207
0.090908
0.110780
0.129167
0.150806
0.169617

au..; Yo
10.4
305
50.8
712
90.9
110.8
129.2
150.8
1696

y, y,

44.3
87.4
120.1 116.4
147 1 142.7
172.8 169.0
195.4 192.8
214.3 209.3
236.5 227.5
259.5 252.4

MODEL PIER, bp = 49 mm_LONG_DROWNED Q's

DATA: . Wednesday. 26 July 2000
UE

hm... 1 h",an 2

US DS
upstream upstream downstream downstream

end side side end

DE

4m

41.1
84.0

6m

645.0
645.0
645.0
645.0
645.0

hm... 1

635.0
635.0
635.0
635.0
635.0

15.5
191.0
210.0
226.1
244.4
262.5

209.0
2205
232.5
248.0
2640

160.0
181.8
201.5
223.0
242.0

138.5
179.8
203.3
224.8
243.0

DS

138.5
180.8
204.3
224.0
241.0

h", ... 2

upstream upstream downstream downstream
end side side end

DEUE US

147.5
331.3
356.2
361.0
388.7
408.7

6m

960.0
960.0
960.0
960.0
960.0

hm." 1

965.0
9650
965.0
965.0
965.0

4m
15.5
225.0
237.5
256.6
2749
293 I

2455
253.0
2645
2825
2975

192.3
209.0
230.5
251.0
2708

178.3
202.5
230.3
252.8
272.8

DS

172.5
203.5
230.0
253.5
272.0

hmMl 2

upstream upstream downstream downstream
4 m end side side end

DEUE Us

147.5
362.5
393.1
394.8
416.4
436.4

6m

University of Stellenbosch

Yue
56.3
105.8
146.0
177.0
204.0
233.5
258.0
280.5
301.5

7m
147.0
328.5
353.3
368.2
393.2
407.9

7m
147.0
359.8
381.5
403.9
419.4
439.5

7m

Yu.
262
73.7
105.2
129.7
151.2
171.7
188.4
203.4
223.2

29.2
53.7
73.7
96.2
117.4
137.4
156.7
175.2
192.9

Yo.
19.8
45.8
67.6
90.8
109.6
128.1
146.8
164.8
184.8

40.7
44.5
64.0
83.4
102.8
122.1
137.7
156.3
171.0

99.3
127.6
155.1
184.2
200.5

B
0.609
0.609
0.609
0.609
0.609
0.609
0.609
0.609
0.609

0.560
0.560
0.560
0.560
0.560
0.560
0.560
0.560
0.560

a,~
060
1.00
In
1.W
1~
1.41
1~
1M
1M

0.012990
0.031848
0.050865
0.069949
0.088216
0.108456
0.125619
0.144429
0.161387

0.80
0.96
1.00
1.02
1.03
1.02
1.03
1.04
1.05

0.99

Fr 4m
oa
Da
om
ow
ow
OB
~1
073
oro

Fr_DS Fr DE
1.19
1.40
1.45
1.36
1.29
1.24
1.19
1.17
1.14

1.96
1.63
1.51
1.36
1.31
1.27
1.20
1.18.
1.12
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Discharge measurement In terms of pressure outerences at bndqe piers

15.5 147.5 147.0
13500 13500 251 3 2700 2173 203.0 197.0 389.0 388.7
13500 1350.0 2658 2840 2343 2270 223.8 415 .. 411.9
1350.0 1350.0 281 3 2955 255.5 2525 250.5 435.3 422.1
1350.0 1350.0 300.5 3100 2748 276.0 275.0 440.5 450.0
13500 1350.0 319 .. 3273 296.3 297.8 296.5 459.8 465.0

UE US DS DE
upstream upstream downstream downstream

hm .... 1 hmlWl 2 4m end side side end 6m 7m
15.5 147.5 147.0

18000 1780.0 276.9 3000 241 0 227.5 222.0 410.6 417.6
1800.0 1780.0 289.3 311 5 2590 253.0 246.5 427.4 4309
1800.0 1780.0 3088 3240 2808 277.8 274.5 461.5 454.4
1800.0 1780.0 328.1 3405 301.5 3013 298.0 480.8 464.6
18000 1780.0 345.5 3565 3220 322.3 321.3 483.7 492.9

UE US DS DE
upstream upstream downstream downstream

hm., 1 hmlln 2 4m end side side end 6m 7m
15.5 147.5 147.0

23200 2325.0 301 3 3275 267.3 2545 246.5 434.7 446.5
2320.0 2325.0 317 .. 341 3 285.5 278.5 274.5 453.3 458.2
2320.0 2325.0 338.9 3580 3090 305.5 300.5 484.6 479.8
2320.0 2325.0 354.5 3728 328.3 326.8 324.5 511.2 503.5
2320.0 2325.0 3728 3860 3473 3470 345.5 515.3 512.8

:ë:!ï:Qi[~b§.'&"~ FLOW DEPTHS
UE US DEDS

upstream upstream downstream downstream
4 m end side side end 6 m 7 m ve EI

hm., .vII Cc...:. Q [l/sJ Y. YUf Yus YD5 YOE Y. Yl B B.tJp 2g(yue-Yos)o.s Qtt:ory
640.0 0.089183 89.2 1755 209.0 160.7 143.7 144.3 183.8 181.5 0.609 0.560 1.18 0.094617
640.0 0.089183 89.2 1945 2205 182.. 184.9 186.6 208.7 206.3 0.609 0.560 0.89 0.092590
640.0 0.089183 89.2 2106 2325 2022 208.. 210.1 213.5 221.2 0.609 0.560 0.76 0.088414
6400 0.089183 89.2 2289 2480 2237 229.9 229.8 241.2 246.2 0.609 0.560 0.68 0.086958
6400 0.089183 892 2470 2640 2427 248.2 246.8 261.2 260.9 0.609 0.560 0.64 0.089203

UE US DS DE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m ve.
hmlln~~_q_. __ ~~ .. ~._ Q [l/sJ _Y. Yue Yus Yoe YOE y, Y7 B B-bp 2g(Yue-Yoa)o.s Q..._,.

Fr_.... Fr_". Fr ......
0.64 0.86 0.59
0.55 0.59 0.49

1.01 0.48 0.49 0.47
1.03 0.43 0.42 0.39
1.00 0.38 0.38 0.35

Fr_.... Fr...D8 Fr .......
0.60 0.73 0.58
0.55 0.61 0.47

1.01 0.48 0.50 0.47
0.99 0.43 0.44 0.41
1.01 0.39 0.39 0.37

962.5 0.109369 109.4 209.5 245.5 192.9 183.4 178.3 215.0 212.8 0.609 0.560 1.15 0.117980
9625 0.109369 109.4 2220 253.0 209.7 207.7 209.3 245.6 234.5 0.609 0.560 1.00 0.115754
962.5 0.109369 109.4 2411 264.5 231.2 235.. 235.8 247.3 256.9 0.609 0.560 0.82 0.108067
962.5 0.109369 109.. 259.4 282.5 2517 257.9 259.3 268.9 272.4 0.609 0.560 0.76 0.110344
962.5 0.109369 109.4 277.6 2975 271.4 277.9 277.8 266.9 2925 0.609 0.560 0.70 0.108450

UE US DS DE
upstream upstream downstream downstream

4 m end side side end 6 m 1 m Ve ..

hmlln __ 9 a.:... e a [l/sJ Y. Yue YU9 Yos Yoe Y. Yl B B-bp 2g(Yue'"Yos)o.s Qu-y Fr_.... Fr_". Fr__

0.59 0.72 0.57
0.54 0.61 0.49
0.50 0.52 0.44
0.45 0.46 0.43
0.41 0.41 0.39

1350.0 0.129527 129.5 235.8 270.0 217.9 208.2 202.6 241.5 241.7 0.609 0.560 1.15 0.133651
1350.0 0.129527 129.5 250.3 2840 234.9 232.2 229.6 267.9 264.9 0.609 0.560 1.06 0.137467
1350.0 0.129527 129.5 265.8 295.5 256.2 257.7 256.3 287.8 275.1 0.609 0.560 0.92 0.132532
1350.0 0.129527 129.5 285.0 310.0 275.4 261.2 260.6 293.0 303.0 0.609 0.560 0.62 0.126597
1350.0 0.129527 129.5 303.9 327.3 296.9 302.9 302.3 312.3 316.0 0.609 0.560 0.76 0.129051

DS DEUE US
upstream upstream downstream downstream
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Discharge measurement In terms of pressure dIfferences at bridge piers

MODEL PIER, bp = 62 mm_SHORT_NORMAL Q's OK
DATA: Wednesday. 26 July 2000 UE us DS DE

downstream
end 6m 7m Geometric properties:

147.5 147.0
15.0 187.0 191.5 D· 62 mm
35.0 189.0 250.5 L" ::; 263 mm

58.8 208.3 205.5 ZA = o mm

79.3 225.4 223.4 za = 0.9 mm

101.8 243.8 237.2 Ze' 3.6 mm
126.0 261.5 259.1 Zo' 4.4 mm
148.3 280.5 289.9
172.0 298.8 323.5
188.8 315.0 356.2

upstream upstream downstream
a hmNl_, hm.... 2 Om 1m 2m 3m 4m end side side

bed levels 12.5 10.5 15.0 13.5 15.5
10 9.0 95 NOT MEASURABLE 58.5 58.0 56.5 23.0 23.5
30 730 720 102.4 101.4 107.5 730 48.0
50 2025 2030 136.8 135.8 147.0 104.0 73.3
70 385.0 3850 165.4 164.1 176.5 130.0 97.8
90 645.0 6500 190.8 189.5 209.5 153.3 122.8

110 965.0 9500 212.8 211.5 235.5 170.8 143.5
130 1340.0 13300 235.0 232.2 259.5 188.5 164.0
150 1820.0 1800.0 254.2 249.6 285.5 204.5 184.0
170 2300.0 2290.0 275.7 269.0 303.5 218.0 198.0

L«'lg'QOOON"S~ FLOW DEPTHS

UI: US DS DE
Distance measured downstream within the flume upstream upstream downstream downstream

o m 1 m 2 m 3 m 4 m end side side end 6 m 7 m ve •
hm ...... .., Cc:.. c; Q (1/sj Ya y, Y2 y, Y4 YUE Yus Yos Yoe. Yl Y7 B B~p 2g(yUE·YOS)o.s Ctt=y

9.3 0.010722 10.7 45.0 42.5 56.5 23.9 27.1 19.4 39.5 44.5 0.609 0.547 0.80 0.011906
72.5 0.030017 30.0 88.9 85.9 107.5 73.9 51.6 39.4 41.5 103.5 0.609 0.547 1.06 0.030467
2028 0.050197 50.2 123.3 120.3 147.0 104.9 76.8 63.2 60.6 58.5 0.609 0.547 1.20 0.050534
365.0 0.069171 69.2 151.9 148.6 176.5 130.9 101.3 83.7 77.9 76.4 0.609 0.547 1.24 0.066877
6475 0.089704 897 177.3 174.0 209.5 154.1 126.3 106.2 96.3 90.2 0.609 0.547 1.30 0.090131
957.5 0.109084 1091 199.3 196.0 235.5 171.6 147.1 130.4 114.0 112.1 0.609 0.547 1.34 0.108068
1335.0 0.128805 128.6 221.5 216.7 259.5 189.4 167.6 152.7 133.0 142.9 0.609 0.547 1.37 0.125454
1810.0 0.149980 150 0 240.7 234.1 285.5 205.4 187.6 176.4 151.3 176.5 0.609 0.547 1.41 0.144773
2295.0 0.168882 168.9 262.2 253.5 303.5 216.9 201.6 193.2 167.5 209.2 0.609 0.547 1.44 0.156616

Fr_4m Fr_DS Fr DE
0.64 1.41 2.08
0.63 1.50 2.01
0.63 1.36 1.66

1.00 0.63 1.25 1.50
1.00 0.65 1.17 1.36
1.01 0.66 1.13 1.21
1.03 0.67 1.10 1.13
1.04 0.69 1.08 1.06
1.06 0.69 1.09 104

1.01

MODEL PIER, bp = 62 mm_SHORT_DROWNED Q's

DATA: Wednesday. 26 July 2000
UE US DS DE

upstream upstream downstream downstream
hmMl I hm.., 2 4m end side side end Bm 7m

15.5 147.5 147.0
650.0 650.0 192.7 211 3 1563 132.8 116.8 328.3 326.9
650.0 650.0 209.3 221 0 177 0 170.0 167.5 350.5 354.1
650 0 650.0 2238 2310 195 0 194.3 193.8 364.8 369.2
650 0 650.0 240 0 246.5 2143 2163 216.5 390.1 384.5
650 0 650.0 262 0 2645 239 0 241 8 241.8 405.4 406.9

UE US DS DE
upstream upstream downstream downstream

hm.,.. 1 hm.., 2 4m end side side end 6m 7m
15.5 147.5 147.0

970.0 975.0 224.2 2425 184.8 165.8 151.0 358.5 355.3
970 0 975.0 235.0 251 5 200.0 192.0 164.5 379.5 376.2
970 0 975.0 252 1 2630 220 0 2185 215.5 392.0 396.2
970 0 975.0 268.1 278 0 236.5 2396 238.0 410.1 409.1
970 0 975.0 285.8 290 5 2598 261 5 261.0 432.7 432.2

UE US DS DE
upstream upstream downstream downstream

hm.,.. 1 hman 2 4m end side side end 6m 7m
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Discharge measuremerum terms of pressure diHerences al bndge piers

1355.0
1355.0
1355.0
1355.0
1355.0

hm•n,

1355.0
1355.0
1355.0
1355.0
1355.0

hmln 2

15.5
249.8
261.8
280.0
293.4
311 3

272.5
281.5
295.5
305.5
321.0

2085
226.0
246.3
263.0
2830

193.5
2183
243.3
262.0
283.8

181.0
209.0
237.0
258.5
282.0

UE us
4m

upstream upstream downstream downstream
end side side end

DS DE

147.5
379.9
404.6
423.8
434.5
452.4

6m

1835.0
1835.0
1835.0
1835.0
1835.0

hm.n ,

1810.0
18100
18100
1810.0
1810.0

hman a

15.5
2727
2885
3065
323.9
341 4

2990
3100
3250
3393
3535

231 3
249.0
270.8
291 0
3103

2178
241.0
266.8
2903
3100

206.0
232.5
261.3
286.5
308.8

UE US

4m
upstream upstream downstream downstream

end side side end

DS DE

147.5
403.0
426.9
449.8
466.3
481.5

6m

2320.0
2320.0
2320.0
2320.0
2320.0

2325.0
2325.0
2325.0
2325.0
2325.0

15.5
297.8
3142
3305
3458
364 1

3255
3355
3505
3635
377 0

2543
271 8
2918
311 8
3325

2433
2648
288.0
3100
331.8

232.3
257.5
280.8
306.0
329.5

147.5
427.8
447.8
470.7
489.0
505.2

147.0
380.2
403.2
419.1
436.2
453.3

7m
147.0
409.5
425.0
448.0
466.8
484.0

7m
147.0
436.5
449.2
468.1
487.8
505.6

:l.~ FLOW DEPTHS

h""ln "'9 0..•• C {I/si

UE

4m
Y.

upstream upstream
end side
)Iue )Ius

US
downstream downstream

side end
y~ YDE

DS DE

6m
y,

7m
y, a a-b.

Ve'
2g(Yue-Yos)O.5 c,,_, Fr..... Fr-"8 Fr_...

hmWl .vg

650.0
650.0
650.0
650.0
650.0

0.089877
0.089877
0.089877
0.089877
0.089877

OClllo::

899
899
89.9
89.9
89.9

c {i/sl

177 2
193.8
2083
224.5
2465

211 3 157 1
221.0 177.9
231.0 195.9
246.5 215.1
264.5 239.9

136.3 121.2
173.6 171.9
197.8 198.2
219.8 220.9
245.3 246.2

Us
downstream downstream

side end
Vos YDE

DS DE

180.8
203.0
217.3
242.6
257.9

6m
y,

179.9
207.1
222.2
237.5
259.9

0.609
0.609
0.609
0.609
0.609

0.547
0.547
0.547
0.547
0.547

1.24
1.00
0.85
0.77
0.67

0.092527
0.094961
0.091874
0.092625
0.089645

0.115291
0.109361

0.63
0.55
0.50
0.44
0.39

Fr..... Fr-"8

0.94
0.65
0.54
0.46
0.39

0.81
0.52
0.47
0.39
0.36

UE

4m
Y.

upstream upstream
end side

Yue Yus

7m
y, a

Ve·
a-b. 2g(YuE-YO')0.5 c,,_, Fr_. ....

hmln "'9 CCIIIC

972.5
972.5
972.5
972.5
972.5

0.109935
0.109935
0.109935
0.109935
0.109935

109.9
1099
109.9
109.9
109.9

c [1/51

2087
2195
2366
2526
2703

242.5 185.6
251 5 200.9
2630 220.9
2780 239.4
2905 260.6

169.3 155.4
195.6 188.9
222.1 219.9
243.3 242.4
265.1 265.4

US
downstream downstream

side end

Yos YDE

DS DE

211.0
232.0
244.5
262.6
285.2

6m
y,

208.3
229.2
249.2
262.1
285.2

0.609
0.609
0.609
0.609
0.609

0.547 1.23 0.113641
0.547 1.08 0.115572
0.547 0.93 0.113493
0.547
0.547

0.87
0.75 1.01

0.60
0.56
0.50
0.45
0.41

Fr..... Fr...,.

0.83
0.67
0.55
0.48
0.42

0.59
0.52
0.48
0.43
0.38

UE

4m
upstream upstream

end side

Yue Yus

7m
y, a

Ve'
a-b. 2g(y..,-yo.)'·'c,,_, Fr_...

1355.0 0.129767
13550 0.129767
1355.0 0.129767
1355.0 0.129767
1355.0 0.129767

umversuv ol Stellenbcsen

129.8
129.8
129.8
129.8
129.8

Y.
234.3
2463
2645
277 9
295.8

272.5 209.4
281 5 226.9
2955 247 1
3055 2639
321.0 2839

UE
upstream upstream

197.1 185.4
221.8 213.4
246.8 241.4
265.6 262.9
287.3 286.4

US DS
downstream downstream

DE

232.4
257.1
276.3
287.0
304.9

233.2
256.2
272.1
289.2
306.3

0.609
0.609
0.609
0.609
0.609

0.547 1.24 0.134192
0.547 1.11 0.135154
0.547 1.01 0.136687
0.547 0.92 0.134193
0.547 0.85 0.134350

0.80
0.56
0.50
0.46
0.42

0.78
0.65
0.55
0.50
0.44

0.61
0.52
0.47
0.44
0.40
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Discharge measurement in terms of pressure dlHerences al bndge piers

4 m end side side end 6 m 7 m Ve ..

hm .....~...Q aUle a (lfs) y, Yu~ Yus Yos VDE V, 'i, B B-bp 2g(Yue-VO$)O'~ a,"-Y Fr........ Fr....os Fr_..,
0.60 0.76 0.61
0.55 0.65 0.53
0.50 0.56 0.47
0.46 0.50 0.44
0.42 0.45 0.41

1822.5 0.150497 150.5 2572 299 0 2321 221.3 210.4 255.5 262.5 0.609 0.547 1.26 0.152838
1822.5 0.150497 150.5 2730 3100 249.9 244.6 236.9 279.4 278.0 0.609 0.547 1.16 0.155643
1822.5 0.150497 150.5 2910 325 0 271.6 270.3 265.7 302.3 301.0 0.609 0.547 1.07 0.158063
1822.5 0.150497 150.5 308.4 3393 291.9 293.8 290.9 318.8 319.8 0.609 0.547 0.98 0.157575
1822.5 0.150497 150.5 325.9 3535 3111 313.6 313.2 334.0 337.0 0.609 0.547 0.92 0.158449

UE us DEDS
upstream upstream downstream downstream

4 m end side side end 6 m 7 m ve.
hm.n~""Q aUle a {lIs] y, YUE Yus Yos 'iDE y, y, B . B-bp 2g(YUf:'tOS)O.5 Qthecwy Fr........ Fr....,. Fr_.",

0.59 0.73 0.60
0.55 0.64 0.54
0.50 0.57 0.48
0.47 0.51 0.45
0.43 0.46 0.42

2322.5 0.169891 169.9 2823 325.5 255.1 246.8 236.7 280.3 289.5 0.609 0.547 1.27 0.171495
2322 5 0.169891 169.9 298 7 335 5 272.6 268.3 261.9 300.3 302.2 0.609 0.547 1.18 0.172911
2322.5 0 169891 169.9 315 0 350 5 292.6 291.6 285.2 323.2 321.1 0.609 0.547 1.11 0.176600
2322.5 0.169891 169.9 330.3 363.5 312.6 313.6 310.4 341.5 340.8 0.609 0.547 1.02 0.175720
2322.5 0.169891 1699 3486 3770 3334 335.3 333.9 357.7 358.6 0.609 0.547 0.94 0.172815
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DIscharge measurement In terms of pressure outerences at bridge piers

MODEL PIER, bp = 62 mm_MEDIUM_NORMAL Q's

c hm.n,

DATA: Tuesday. 25 July 2000

3m
bed levels

io I i o
30 75.0

50 202.0

70 385.0

90 6500

I io 1000.0
\30 1350.0
ISO 1815.0
170 2320.0

hm.n 2 Om 1m 2m

OK

UE us

4m
upstream upstream downstream downstream

end side side end

DS

15.5
6\.5
103.0

137.5
166.6

192.5

218.0
238.3
2583
274.2

59.8
109.0

146.3

\79.3

210.0

237.0
265.3
286.5
308.5

25.8
74.0

104.3

130.5

155.0

\76.0
193.0
210.0
224.0

26.0
49.5

68.3
88.0

In.o
134.0
152.0
\73.0
189.0

15.5
36.0

56.8

77.8
100.3

123.3
141.3
161.5
179.3

DE

147.5
199.5
192.0

210.0

226.6
245.5

265.6
283.1
300.7
319.8

6m Geometric properties:

I I 0
75.0

203.0

385.0

650.0

10000
13500
1820.0
2300.0

12.5 10.5 15.0
NOT MEASURABLE

13.5
61.1
103.4

138.4

167.7

194.3

219.4
241.2
260.4
280.6

7m
147.0
192.1
225.5

226.9

226.1
244.0

269.9
295.3
323.6
346.6

0=
Lp =
ZA =
lo=
Ze=
Zo=

[~]:_t:,~i[gA[I!!f5N'S~~ FLOW DEPTHS

UE us DS DE
Distance measured downstream within the flume upstream upstream downstream downstream

o m 1 m 2 m 3 m 4 m end side side end 6 m 7 m ve II:

hman_."i Oc.!c 0 (I/sj Yo y, \12 Yl Y. YUE YU8 Yos Yoe y, Y7 B B-bp 2g(YUE.yOS)O.l Qt"-Y

IlO 0.0116921\.7 47.6 46.0 59.8 26.6 31.0 2\.4 52.0 451 0.6090.547 0.81 0.013811
75.0 0.030530 30.5 89.9 87.5 109.0 74.9 54.5 4\.9 44.5 78.5 0.609 0.547 1.08 0.032227
2025 0.050166 502 124.9 122.0 146.3 105.1 73.3 62.6 62.5 79.9 0.609 0.547 1.24 0.049586
385.0 0.069171 69.2 154.2 15\.\ 179.3 131.4 93.0 83.6 79.1 79.1 0.609 0.547 1.34 0.068088
6500 0089877 89.9 180.8 177 0 210.0 155.9 116.0 106.1 98.0 97.0 0.609 0.547 1.39 0.088455
10000 0111479 1115 205.9 202.5 237.0 176.9 139.0 129.1 118.1 122.9 0.609 0.547 1.42 0.108109
1350.0 0.129527 1295 227.7 2228 265.3 193.9 157.0 147.1 135.6 148.3 0.609 0.547 1.49 0.128037
1817 5 0.150290 1503 246.9 242.8 286.5 210.9 178.0 167.4 153.2 176.6 0.609 0.547 1.49 0.145320
231000.169433 1694 267.1 258.7 308.5 224.9 194.0 185.1 172.3 199.6 0.609 0.547 1.53 0.162513

MODEL PIER, bp = 62 mm_MEDIUM_DROWNED Q's

hm•n I

D~TA: - Tuesday. 25 July 2000

4m
upstream upstream downstream downstream

end side side endhm.n 2

UE US DE

6m

665.0
665.0
665.0
665.0
665.0

hm•n \

660.0
660.0
660.0
660.0
660.0

hm.n 2

DS

15.5
195.0
206.3
223.3
240.5
257.6

12\.0
161.5
194.0
217.5
235.3

113.8
167.0
197.8
219.5
235.5

147.5
322.2
354.4
360.0
389.0
401.3

147.0
323.6
346.3
367.9
385.6
404.9

2105
2208
2320
2450
2600

158.5
171.3
191.5
211 0
230.8

UE DS DE

Sm

9800
9800
9800
980.0
9800

hm•n 1

985.0
985.0
985.0
985.0
985.0

hm.n 2

US

4m
upstream upstream downstream downstream

end side side end
147.5
358.3
385.3
390.0
411.7
434.0

147.0
360.5
384.2
400.0
416.5
431.6

15.5
225.0
2395
2550
2740
289.5

184.5
202.8
222.3
243.0
261 0

161.5
1975
223.8
2473
266.5

158.5
199.5
225.8
249.5
267.5

Sm

University ol Stellenbosch

241 5
251 5
266.5
281.0
2950

UE US DEDS
upstream upstream downstream downstream

4 m end side side end

7m

7m

7m

62 mm
351 mm

o mm
0.9 mm

5.0 mm
5.9 mm

Fr_4m

0.95
1.01
\.02
\.02
1.03
1.01
1.03
1.04
1.01

O~
O~
O~
O~
O~
OM
O~
O~
OM

Fr_DS Fr_DE
1.25
1.40
1.48
1.42
1.33
1.26
1.21
1.17
1.16

1.96
1.87
1.68
\.50
1.36
1.26
1.20
1.15
1.11
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Discharge measurement In terms of pressure differences al bridge piers

1360 0
1360 0
1360 0
1360 0
1360 0

hman ,

1360.0
1360.0
1360 0
1360.0
1360.0

hm." 2

15.5
260 6
274 0
291 3
3065
3225

2795
2900
3028
317 0
330 5

UE

219 0
2383
257 0
2748
2945

us

212.0
2348
257 0
279 0
2988

208.5
238.0
260 5
281 8
300.8

end side

DS

4m
upstream upstream downstream downstream

side

DE

end

147.5
399.5
420 1
437 0
444.4
464.6

Sm

1820.0
1820.0
1820.0
1820 0
1820 0

h", ... ,

1800.0
1800.0
1800.0
1800.0
1800.0

15.5
293.6
306.4
3243
341 1
3576

312 0
3263
337.8
352.5
3678

UE

2533
2685
2883
309 0
327 0

us

246.0
267 0
290.5
312 0
3320

244.5
267.0
290.5
313.5
333.0

h",." 2

upstream upstream downstream downstream
4 m end side side end

DS

147.5
430.3
451.7
472.0
480.1
496.3

DE

6m

2310.0
2310.0
2310 0
2310.0
2310.0

2330.0
2330.0
2330.0
2330.0
2330.0

15.5
319.1
3325
3469
364.0
378.2

3435
353.0
3625
377.5
390 0

2765
2928
310.0
328.0
345 0

270.3
290 0
310.0
330.0
3488

269.0
290.5
310.0
330.3
349.0

147.5
455.8
475.1
491.6
510.0
521.1

147.0
398.4
419.2
433.0
452.3
467.0

7m
147.0
429.5
454.0
470.8
482.1
505.2

7m
147.0
459.2
475.0
491.4
506.1
516.2

~t.qq:_Gt:ls.~ FLOW DEPTHS

Ut US DS DE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m ve :;I

hm'n_'''11 OUIC 0 (lIsJ Y. YUE Yus Yos vee Ys '/7 B B-bp 2g(YUE"Yos)o., 011".01')'
662.5 0.090737 90.7 1795 210.5 159.4 126.0 119.6 174.7 176.6 0.609 0.547 1.33 0.091352
662.5 0.090737 90.7 190.8 220 8 172.1 166.5 172.9 206.9 199.3 0.809 0.547 1.08 0.098213
662.5 0.090737 90.7 207.8 232 0 192.4 199.0 203.6 212.5 2209 0.609 0.547 0.86 0.094004
662.5 0.090737 90.7 225.0 245.0 211.9 222.5 225.4 241.5 238.6 0.609 0.547 0.73 0089411 1.01
6625 0.090737 90.7 2421 260 0 2316 240.3 241.4 253.8 257.9 0.609 0.547 0.70 0.091588 0.99

hm .... "11 OcelC a {1IsJ

4m
y,

upstream upstream
end side
YUE Yus

UE us
downstream downstream

side end
Yos Yoe

DS DE

Sm
y,

7m
y, B s-e,

Ve'
2gIYuE-YoS)o.~ a,._,

Fr.......
0.63
0.57
0.50
0.45
0.40

Fr_.tm

Fr_os FrJm
1.06
0.70
0.54
0.45
0.40

0.65
0.51
0.49
0.40
0.37

Fr_08 FrJm
9825
9825
9825
982.5
982.5

0.110499
0.110499
o 110499
0.11 0499
0.110499

1105
1105
1105
1105
1105

2095
2240
2395
2585
274 0

241 5 1854
251 5 203.6
2665 223.1
281.0 2439
295 0 261 9

UE

166.5 164.4
202.5 205.4
228.8 231.6
252.3 255.4
271.5 273.4

us DS DE
downstream

210.8
237.8
242.5
264.2
286.5

2135
237.2
2530
269.5
284.6

0.609
0.609
0.609
0.609
0.609

0.547
0.547
0.547
0.547
0.547

1.25
1.03
0.92
0.81
0.75

0114122
0.114030
0.114610
0.112293
0.111064

0.60
0.55
0.49
0.44
0.40

0.85
0.64
0.53
0.46
0.41

0.60
0.50
0.49
0.43
0.38

o 130006 130.0
1360 0 0130006 130.0
13600 0.130006 130.0
1360 0 0.130006 130.0

uruversuv of Stellenbosch

upstream upstream

291.0
3070

3028
3170
3305

upstream upstream

239 1
2579
275.6
2954

UE

284.0
303.8

US DS
downstream downstream

266.4
287.6
306.6 317.1

DE

272.2
286.0
305.3
320.0

1.04
0.95
0.86
0.790.609

0.547
0.547
0.547 0.131149 0.99

0.47
0.43
0.40

0.45
0.41

0.48
0.44
0.42
0.38
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Dlscnarge measurement In terms at pressure differences al bndge piers

MODEL PIER, bp = 62 mm_LONG_NORMAL Q's

a hm ... ,

DATA: Friday, 28 July 2000

hm... 1

bed levels
10 80
30 695

50 202,0

70 391.0

90 665.0

110 9700
130 13700
150 18000
170 23400

75
70.0

200.0

389.0

655.0

9700
13700
18200
23200

Om 1m 2m 3m

OK
UE us

4m
upstream upstream downstream downstream

end side side end

DS

15.5
57.2
100.9

137.2

166.0

194.0

218.5
242.1
2616
2797

56.0
105.8
147.0

179.5

213.0

240.5
269.0
291.0
314.0

22.3
73.0
107.0

133.8

160.0

180.3
200.0
218.5
234.5

23.5
48.8

68.0

85.0

106.3

126.0
145.0
164.0
1830

14.5
32.0

56.0

77.3

99.0

120.3
137.5
153.3
173.0

DE

147,5
184.9
193.8

210.5

227.8

248.2

266.4
286.0
303.3
321.5

Sm Geometric properties:
12.5 10.5 15.0

NOT MEASURABLE

NOT MEASURABLE

13.5
57.5
101.5

137 1

167.6

195.6

220.3
2432
2637
2830

7m
147.0
189.2
213.0

227.5

234.6

250.8

270.9
297.2
318.0
338.6

0=
Lp =
Zit =

lo=
Ze =
Zo =

,ë~!IéQ.~~~tifu\ FLOW DEPTHS

UE US DS DE
Oistance measured downstream within the flume upstream upstream downstream downstream

o m 1 m 2 m 3 m 4 m end side side end 6 m 7 m ve •
hm"'~"i._ OeM': __g (115] Yo Yl Y2 Yl '14 YUE Yus YDS vee y, Y7 8 B.obp 2g(Yue:·yos)a.1 Olheory

62 mm
437 mm
0.0 mm

0.9 mm

6.5 mm

7.3 mm

Fr_4m Fr_DS Fr_DE
7.8 0.009814 9.8 NOT MEASURABLE 44.0 41.7 56.0 23.1 30.0 21.8 37.4 42.2 0.609 0.547 0.80 0.013092
69.8 0.029442 29.4 NOT MEASURABLE 88.0 85.4 105.8 73.9 55.2 39.3 46.3 66.0 0.609 0.547 1.06 0.031945
201.0 0.049979 50.0 123.6 121.7 147.0 107.9 74.5 63.3 63.0 80.5 0.609 0.547 1.24 0.050717
390.0 0.069619 69.6 154.1 150.5 179.5 134.6 91.5 84.6 80.3 87.6 0.609 0.547 1.36 0.068132
660.0 0.090566 90.6 182.1 178.5 213.0 160.9 112.7 106.3 100.7 103.8 0.609 0.547 1.45 0.089235
9700 0.109794 109.8 206.8 203.0 240.5 181.1 132.5 127.6 118.9 123.9 0.609 0.547 1.50 0.108610
13700 0.130483 130.5 229.7 226.6 269.0 200.9 151.5 144.8 138.5 150.2 0.609 0.547 1.56 0.129236
1810.0 014998 150.0 250.2 246.1 291.0 219.4 170.5 160.6 155.8 171.0 0.609 0.547 1.58 0.147196
2330.0 0.170165 170.2 269.5 284.2 314.0 235.4 189.5 180.3 174.0 191.6 0.609 0.547 1.60 0.166158

MODEL PIER, bp = 62 mm_LONG_DROWNED Q's

hmlN1 ,

DATA:; Friday, 28 July 2000

hm"'1 4m

UE US DS DE

6m

665.0
665 0
665.0
665.0
665.0

hm ... _,

655.0
655.0
655.0
655.0
655.0

hm ... 2

15.5
200.1
2174
233.2
249.3
2649

4m

upstream upstream downstream downstream
end side side end

2'5.0
229.5
24' 5
253.8
267.0

166.3
1860
2050
2235
24' 5

'48.0
'90.3
209.5
226.8
2433

153.8
193.5
210.0
225.0
241.8

147.5
335.0
360.3
378.7
393.3
407.5

147.0
338.8
369.3
380.4
395.1
411.2

UE US DS DE

6m

9900
9900
9900
9900
9900

hm ... ,

975.0
975.0
975.0
975.0
975.0

15.5
226.9
241 2
260.7
277 1
295 0

upstream upstream downstream downstream
end side side end

248 0
256 0
269 0
2855
3000

1900
2073
2293
2493
2700

166.0
2048
2333
253.0
2720

170.0
209.5
236.3
253.5
27' 0

UE US DS DE

147.5
359.6
389.1
397.7
423.9
438.4

147.0
361.2
386.2
406.0
422.2
439.8

hm ... 2

upstream upstream downstream downstream
4 m end side side end 6m

University of Stellenbosch

7m

7m

7m

0.92
0.99
1.02
1.01
1.01
1.01
1.02
'.02
1.01

O~
O.U
on
o~o~o~o~
084
o~

1.10
1.~
1M
1.47,~
1~,~
1~
1~

1.~
1~
1~

1M
In
1~

1.24
,n
1.16
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Orscnarqe measurement In terms ot pressure differences al bMge o.ers

15.5 147.5 147.0
1360.0 1355.0 2602 278.5 2223 2078 209.0 395.0 394.5
13600 1355.0 271.9 2888 2373 2335 237.5 414.6 416.4
13600 1355.0 289.8 3025 2575 2605 263.8 441.5 432.0
1360.0 13550 304.5 3160 2750 2800 281.5 443.6 450.5
13600 1355.0 327.6 3300 294.5 2978 296.8 470.3 469.8

UE US DS DE
upstream upstream downstream downstream

hm•n, hm•n 2 4m end side side end 6m 7m
15.5 147.5 147.0

1810.0 1820.0 283.5 306 0 243.0 2248 224.0 417.5 419.5
1810.0 1820.0 2964 317.8 258.3 251.0 255.0 430.5 432.5
1810.0 1820.0 3137 329.8 280 0 2798 281.0 464.1 456.5
1810.0 1820.0 330.0 3455 2980 301.3 303.5 479.9 472.6
1810.0 1820 0 3474 3598 3183 3220 323.0 487.2 497.6

UE US DS DE
upstream upstream downstream downstream

hmlln 1 hm ... 2 4m end side side end 6m 7m
15.5 147.5 147.0

2300 0 2310.0 310 0 3345 270 0 2520 251 5 4463 448.5
23000 2310.0 3225 3450 2840 276 0 2755 457.5 4609
2300.0 2310 0 3388 3588 3040 300.8 301.0 478.1 481.6
23000 2310.0 355.5 373 0 3248 326.0 327.8 511.1 499.5
2300.0 2310.0 374.0 3888 344 0 348 0 349.0 518.5 520.6

~ FLOW DEPTHS
U. us DS DE

upstream upstream downstream downstream
4 m end side side end 6 m 7 m Ve ::II

hm... "'0 Cute a (lis) Y. YUf Yus Yos YOE. _t!__ Y7 B B-bp 2g(YuCYOS)O.5 ali'_"
660.0 0.090566 90.6 1846 215 0 1671 154.5 161.1 187.5 1918 0.609 0.547 1.15 0.096879
660.0 0.090566 90.6 2019 2295 1869 196.7 200.8 212.8 222.3 0.609 0.547 0.88 0.094431
660.0 0.090566 90.6 217 7 2415 2059 216.0 217.3 231.2 233.4 0.609 0.547 0.79 0.093608
660.0 0.090566 90.6 2338 2538 224.4 233.2 232.3 245.8 248.1 0.609 0.547 0.73 0.092852
660.0 0.090566 90.6 2494 267.0 242.4 249.7 249.1 260.0 264.2 0.609 0.547 0.68 0.093246

Fr_.." Fr_os Fr ........
0.60 0.78 0.58
0.52 0.54 0.48
0.47 0.47 0.43
0.42 0.42 0.39
0.38 0.38 0.36

UE us DS DE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m ve=
hm.,,~. __~e __ gj~L__ Y. YUE Yue Y08 vee Y. Y7 B S·bp 2g(Yue"Yos)D.S C",eory
982.5 0.110499 110.5 211.4 248.0 1909 172.5 177.3 212.1 214.2 0.609 0.547 1.27 0119665
982.5 0.110499 110.5 225.7 256.0 208.1 211.2 216.8 241.6 239.2 0.609 0.547 1.00 0.115858
982.5 0.110499 110.5 245.2 269.0 230.1 239.7 243.6 250.2 259.0 0.609 0.547 0.84 0.109821
982.5 0.110499 110.5 2616 285.5 250.1 259.5 260.8 276.4 275.2 0.609 0.547 0.80 0.113337
982.5 0.110499 110.5 279.5 300 0 270.9 278.5 278.3 290.9 292.8 0.609 0.547 0.74 0.112902

Fr_... Fr....D8 Fr...."
0.60 0.81 0.59
0.54 0.60 0.49
0.48 0.49 0.46

0.97 0.43 0.44 0.40
0.98 0.39 0.39 0.37

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m ve =
hm ... "'11 0.... a [lfs) Y. Yu, vue Yo. Yoe Y, y, B Bob, 2g(Yue·Y05)O.s a.,_, Fr_4m Fr..J)S Fr_...
1357.5 0.129886 129.9 2447 278.5 223.1 214.2 216.3 247.5 247.5 0.609 0.547 1.18 0.138060 0.56 0.69 0.55
1357.5 o 129886 129.9 256.4 288.8 2381 240.0 244.8 267.1 269.4 0.609 0.547 1.04 0.136668 0.52 0.58 0.49
13575 0.129886 129.9 2743 3025 2584 267.0 271.1 294.0 285.0 0.609 0.547 0.91 0.132565 0.47 0.49 0.43
13575 0129886 129.9 289 0 316 0 275.9 286.5 288.8 296.1 303.5 0.609 0.547 0.84 0.131696 0.4' 0.44 0.42
13575 0129886 1299 312 I 330 0 2954 304.2 304.1 322.8 322.8 0.609 0.547 0.80 0.132372 0.39 0.41 0.37

UE US DS DE
upstream upstream downstream downstream
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Discharge measurement In terms ot pressure dllferences al bndge piers

4m end side side end 6m 7m ve'
hm ... '.QI ac .. c Q [l/sJ y, yoe Yu, Yos Yoe Yo y, B B~e 2g(Yue-Yos)o.s QU-:l
1815.0 0.150187 150.2 2680 3060 243.9 231.2 231.3 270.0 272.5 0.609 0.547 1.26 0.159691
1815.0 0.150187 150.2 2809 3178 259.1 257.5 262.3 283.0 285.5 0.609 0.547 1.14 0.161174
1815.0 0.150187 150.2 2982 3298 280.9 286.2 288.3 316.6 309.5 0.609 0.547 0.99 0.155070
1815.0 0.150187 150.2 314.5 3455 2989 307.7 310.8 332.4 325.6 0.609 0.547 0.93 0.156839
1815.0 0.150187 150.2 331 9 3598 319 I 328.5 330.3 339.7 350.6 0.609 0.547 0.86 0.154631

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m ve'
hm ... "'QI Oc..e a [l/sJ y, Yu' Yu, Yos Yo. y, y, B B-be 2g(Yue-Yos)o.s Ot!::l,
23050 0.169250 169.2 2945 3345 270.9 258.5 258.8 298.8 301.5 0.609 0.547 1.27 0.179879
2305.0 0.169250 169.2 3070 3450 2849 282.5 282.8 310.0 313.9 0.609 0.547 116 O.I 79779
2305.0 O.I 69250 169.2 323.3 358.8 304.9 307.2 308.3 330.6 334.6 0.609 0.547 1.07 0.179269
2305.0 0.169250 169.2 3400 373.0 325.6 332.5 335. I 363.6 352.5 0.609 0.547 0.96 O.I 74640
23050 0.169250 169.2 3585 3888 3449 354.5 356.3 371.0 373.6 0.609 0.547 0.89 0.173374

umversuv ot Stellenbosch

Fr_.., Fr_ns Fr_'m

0.5T 0.71 0.56
0.53 0.60 0.52
0.48 0.51 0.44
0.45 0.46 0.41
0.41 0.42 0.40

Fr_.." Fr_.,. Fr .....
0.56 0.68 0.54
0.52 0.59 0.51
O.4B 0.52 0.47
0.45 0.46 0.40
0.41 0.42 0.39

Department ol Civil Engineering

Stellenbosch University http://scholar.sun.ac.za



MODEL PIER, bp = 32 mm_LONG_5Degrees_NORMAL Q's OK

DATA: Friday. 11 August 2000 UE US DS DE
upstream upstream downstream downstream

Q hman , hmW'l2 Om 1m 2m 3m 4m end side side end 6m 7m Geometric proeerties:
bed levels 12.5 10.5 15.0 13.5 15.5 147.5 147.0

10 12.0 12.0 57.1 56.1 57.6 37.750 22.625 16.250 193.500 0= 31.5 mm
30 74.0 73.0 943 92.8 102.3 74080 44.250 42.125 243.800 L = 222 mmp

50 199.0 200.0 122.6 120.3 135.5 105.500 70.250 63.500 239.300 ZA = 0.4 mm

70 400.0 402.5 1485 147.5 168.0 125.000 91.750 88.750 291.500 z,,= 0.8 mm
90 6550 660.0 172.8 170.9 198.0 150.000 114250 111.625 255.300 Ze = 3.7 mm
110 955.0 960.0 194 1 187.0 2206 168.750 132.125 130.125 276.400 Zo= 41 mm
130 13600 13600 219.2 209.6 245.3 190.375 151625 151.000 297.900
150 1825.0 18300 238.8 231.9 267.4 203.000 170.500 173.250 326.700
170 2350.0 2350.0 254.2 248.5 288.0 222.375 186.250 191.000 351.300

!§AJ!~Q~]ï()($~ FLOW DEPTHS
UE US DS DE

Distance measured downstream within the flume upstream upstream downstream downstream
o m 1 m 2 m 3 m 4 m end side side end 6 m 7 m ve .,

hm ... _....'" QUit Q (l/sJ 'lo Yl '12 '13 Y. YUf 'ius 'los YOE y, '17 B B-bp 2g(Yue-YOS)O.5 Qlheoty

12.0 0.012212 12.2 43.6 40.6 57.6 36.6 26.3 20.3 46.0 -147.0 0.609 0.560 0.62 0.012139
73.5 0.030223 30.2 60.6 77.3 102.3 74.9 47.9 46.2 96.3 -147.0 0.609 0.560 1.06 0.028546
199.5 0.049793 49.6 109.1 104.6 135.5 106.3 73.9 67.6 91.6 ·147.0 0.609 0.560 1.13 0.046728
401.3 0.070616 70.6 135.0 132.0 166.0 125.8 95.4 92.6 144.0 -147.0 0.609 0.560 1.22 0.065236
6575 0.090394 90.4 159.3 155.4 198.0 150.8 117.9 115.7 1078 -147.0 0.609 0.560 1.28 0.064511
957.5 0.109064 109.1 180.6 171.5 220.6 169.6 135.6 134.2 126.9 -147.0 0.609 0.560 1.32 0.100056
1360.0 0.130006 130.0 205.7 194.1 245.3 191.2 1553 155.1 150.4 -147.0 0.609 0.560 1.35 0.117706
1827.5 0.150703 1507 225.3 216.4 267.4 203.6 174.2 177.3 179.2 -147.0 0.609 0.560 1.38 0.134297
2350.0 0.170894 170.9 240.7 233.0 288.0 296.0 169.9 195.1 203.8 -147.0 0.609 0.560 141 0.150095

Fr_4m Fr_DS Fr_DE
0.78 1.63 2.21
0.74 1.64 1.59

1.07 0.77 1.41 1 49
1.08 0.77 1.37 1 31
1.07 0.77 1.27 1 20
1.09 0.61 1.24 1.16
1.10 0.80 1.21 1.12
1.12 0.78 1.18 1.06
1.14 0.60 1.18 1 C4

1.08

MODEL PIER, bp = 32 mm_LONG_5Degrees_DROWNED Q's

DATA: Friday, 11 August 2000
UE us DS DE

upstream upstream downstream downstream
hm•n, hm ..... Z 4m end side side end Bm 7m

15.5 147.5 147.0
630.0 620.0 184.9 213.3 169.8 143.8 142.1 333.6
630.0 620.0 203.3 2144 1928 174.1 172.3 352.1
630.0 620.0 221.3 2253 2131 199.9 199.1 367.0
6300 620.0 240.2 243.8 231 1 222.0 222.5 389.9
630.0 620.0 259.8 2606 249.6 242 1 242.8 406.2

UE US DS DE
upstream upstream downstream downstream

h......., h",....2 4m end side side end 6m 7m
15.5 147.5 147.0

0.0 0.0
00 0.0
0.0 0.0
0.0 0.0
00 0.0

UE US DS DE
upstream upstream downstream downstream

hm ... , hm.., 2 4m end side side end 6m 7m
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13750
13750
13750
13750
13750

hm•n,

1380.0
13800
13800
13800
13800

15.5
229.2
2507
270.0
2890
3079

256.3
2686
2798
2981
3143

215.6
2376
2593
2799
2998

189,5
2184
241 1
2651
286.8

147.5
364.5
393.8
418.2
436.1
452.6

UE us

191.6
216.9
241.6
264.6
286.8

DS DE

Sm

147.0

7m

00 00
00 00
00 00
00 00
00 00

hm .. , ,

h",.n 2

upstream upstream downstream downstream
4 m end side side end

147.5

hm .... 2

15.5

UE us DS DE

4m
upstream upstream downstream downstream

end side side end Sm

147.0

7m

2325.0
2325.0
2325.0
2325.0
23250

2330.0
2330.0
2330.0
2330.0
2330.0

15.5
270.0
286.0
309.4
328.2
349.2

3055
3095
325 1
345.1
3365

2538
271 5
300.3
318.5
341 0

217.8
245.5
274.1
298.1
323.5

147.5
423.8
421.8
450.6
474.9
496.9

147.0

:¢~~~c;t:i~'ïj~$.~ FLOW DEPTHS

hm ........ g QCelC Q [lfs]

UE

4m
Y.

upstream upstream
end side
YUE Yus

223.4
247.3
274.9
298.9
324.6

US DS DE

6m
y,

7m
y, B

Ve'
Bob, 2g(YuE-VosJ··· Q,,_., Fr_4m Fr_". Fr .......

625.0 0.088132
625.0 0.088132
625.0 0.088'32
625.0 0.088'32
625 0 0.088'32

hmlln_ ....g aUh;

88.1
88.'
88.'
88.'
88.1

Q [lfs]

,69A
'87.8
205.8
2247
244.3

2' 3.3 170.6
2'4.4 '93.6
225.3 2'3.9
243.8 231 9
260.6 250.4

downstream downstream
side end
Yos YDE

'47.4 ,46.2
'77.8 '76.3
203.5 203.2
225.7 226.6
245.8 246.8

us DS DE

'86.'
204.6
2'9.5
242.4
258.7

6m
y,

-'47.0
-147.0
-147.0
-147.0
-'47.0

0.609
0.609
0.809
0.609
0.609

0.560 1.'6 0.096207
0.560 0.89 0.088202
0.560 0.70 0.080000
0.560 0.65 0.0819'6
0.560 0.60 0.082022

B s-e,
Ve'

2g(YuE-Yoslo.s Q,"-

1.08
1.07

Fr_"",

0.66
0.57
0.49
0.43
0.38

Fr....,.

0.82
0.62
0.50
0.43
0.38

0.58
0.50
0.45
0.39
0.35

UE

4m
Y.

upstream upstream
end side
YUE Yus

downstream downstream
side end
Yos YDE

7m
y, Fr .......

00 0.000000
0.0 0000000
0.0 0.000000
00 0.000000
00 0.000000

hm..... "'iI QUIC

0.0
0.0
0.0
0.0
0.0

Q [lfs]

·15.5
·155
-'55
·155
·155

00 08
00 0.8
00 0.8
00 08
00 08

37 4.1
3.7 4,
3.7 4.1
3.7 4.'
37 4.1

US DS DE

-'47.5
-'47.5
·147.5
-'47.5
-'47.5

·'47.0
-'47.0
-147.0
-'47.0
-'47.0

0.609
0.609
0.609
0.609
0.609

7m
y, B

0.560
0.560
0.560
0.560
0.560

#NUM!
#NUM!
#NUM!
#NUMI
#NUM'

#NUMI
#NUM'
#NUMI
#NUM!
#NUMI

Q",....,

#NUM!
#NUM!
#NUM!
#NUM!
#NUM!

Fr_.... Fr....D.

0.00
0.00
0.00
0.00
0.00

#NUM!
#NUM!
#NUMI
#NUM!
#NUM!

UE

4m
Y.

upstream upstream
end side
YUf Yus

downstream downstream
side end
Yos YDE

Sm
y, Bob,

Ve -= 0.5

2g(YUE-Y08J Fr_.."

'377 5
13775
1377 5
1377.5
1377.5

0.130839
0.130839
o 130839
o 130839
0.130839

1308
130.8
130.8
130.8
130.8

2137
2352
2545
273.5
2924

2563 2164
2686 238.4
279.8 260 1
298.1 280 7
314.3 300.6

UE
upstream upstream

193.2 195.7
222.0 221.0
244.8 245.7
268.8 268.7
290.4 290.8

US DS DE
downstream downstream

217.0
246.3
270.7
288.6
305.'

-147.0
-147.0
-147.0
·'47.0
-147.0

0.609
0.609
0.609
0.609
0.609

0.560
0.560
0.560
0.560
0.560

'.'4
0.99
0.87
0.80
0.73

0.'23534
0.'23097
0.118948
0.'204'5
0.118749

1.'0
1.09,.,0

0.69
0.60
0.53
0.48
0.43

0.8'
0.66
0.57
0.49
0.44

0.68
0.56
0.49
0.44
0.41
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4m end side side end 6m 7m Ye'
h........_...'01 Qe .. e a [l/sJ y, Yue Yus Yeo y.,. y, y, B Bob, 2g(Yve'"YDS'O.s Qt!:!: Fr_... Fr~s Fr.......

0.0 0.000000 0.0 -'55 00 0.8 3.7 4.1 -147.5 -147.0 0.609 0.560 #NUMI #NUM! #NUM! 0.00 #NUM'
0.0 0.000000 0.0 -15.5 00 0.8 3.7 4.1 -147.5 -147.0 0.609 0.560 #NUM' #NUMI #NUM' 0.00 #NUMI
0.0 0.000000 0.0 -15.5 0.0 0.8 3.7 4.1 -147.5 -'47.0 0.609 0.560 #NUM' #NUM' #NUM' 0.00 #NUM!
00 0.000000 0.0 -'55 00 0.8 3.7 4.1 -147.5 -147.0 0.609 0.560 #NUM! #NUMI #NUMI 0.00 #NUM!
0.0 0.000000 0.0 -'55 00 0.8 3.7 4.1 -147.5 -'47.0 0.609 0.560 #NUM! #NUM! #NUM! 0.00 #NUM!

UE us DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m Ye'

hrnetl_ .... '" Q ...... a [lis) y, yue Yus Yos y.,. y, y, B Bob, 2gIYuE-YOS)o.!I O,t=;l Fr_4m Fr_os Fr_'rn

2327.5 0.170074 170.1 2545 3055 254.6 221.4 227.5 276.3 -147.0 0.609 0.560 1.31 0.162462 0.69 0.86 0.61
23275 0.170074 1701 2705 309.5 272.3 249.2 251.3 274.3 -147.0 0.609 0.560 1.12 0.1560'5 0.63 0.72 0.62
23275 0.170074 170.1 2939 325 , 301 1 277.8 279.0 303.1 -147.0 0.609 0.560 1.00 0.155160 0.56 0.61 0.53
23275 0.170074 170 , 3'27 345 1 3193 301 6 303.0 3274 -147.0 0.609 0.560 0.96 0.161771 0.51 0.54 0.48
23275 0.170074 170 , 3337 3365 34' 8 3272 326.7 349.4 -147.0 0.609 0.560 0.50 0.091291 1.66 0.46 0.48 0.43

1.12
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MODEL PIER, bp = 32 mm_LONG_10Degrees_NORMAL Q's OK
'DATA:· Thursday. 10 August 2000 UE US DS DE

upstream upstream downstream downstream
Q hman , hm .. 2 Om 1m 2m 3m 4m end side sid. end 6m 7m Geometric properties:

bed levels 12.5 10.5 15.0 13.5 15.5 147.5 147.0
10 9.0 9.0 56.1 54.6 44.4 39.3 28.5 16.0 191.5 D= 31.5 mm
30 75.5 77.0 97.9 97.1 101.0 85.8 57.5 43.0 225.0 Lp = 222 mm
50 202.5 202.5 127.7 127.3 132.4 130.4 83.3 63.8 213.2 ZA = 0.4 mm
70 390.0 391 0 154.1 150.5 160.5 148.8 108.8 87.3 230.6 ZB = 0.8 mm
90 660.0 665.0 181.8 179.7 188.8 175.9 135.0 115.8 252.0 Ze= 3.7 mm
110 970.0 965.0 203.9 200.5 210.1 197.9 157.0 138.8 271.5 Zo= 4.1 mm
130 1375.0 1370.0 225.1 219.5 232.8 222.1 177.5 160.5 293.8
lSO 1820.0 1800.0 247.8 240.5 251.0 242.0 193.5 171.0 315.0
170 2300.0 2350.0 270.1 264.5 265.1 267.4 216.3 201.5 335.8

Ïi'''i'\;!ëTI~1f,f~B~ FLOW DEPTHS I....~- ..<-- I
UE US DS DE

Distance measured downstream within the flume upstream upstream downstream downstream
o m 1 m 2 m 3 m 4 m end side side end 6 m 7 m ve ..

hmanw."9 QUIC a (1/5) Yo Y, Y2 Yl Y4 YUE YU$ YDS yce Yr. '17 B s-e, 2g(YUE-YOS)o.S QlheGfy
9.0 0.010576 10.6 42.6 39.1 44.4 40 1 32.2 20.1 44.0 -147.0 (f609 0.544 0.47 0.008196
763 0.030783 30.8 84.4 81.6 io-.o 86.6 61.2 47.1 77.5 -147.0 0.609 0.544 0.75 0.024959
2025 0.050166 50.2 114.2 111.8 132.4 131.2 86.9 67.8 65.7 -147.0 0.609 0.544 0.97 0.045669
390.5 0.069663 697 140.6 135.0 160.5 149.6 112.4 913 83.1 -147.0 0.609 0.544 0.89 0.054466
662.5 0.090737 90 7 168.3 164.2 188.8 176.7 138.7 119.8 104.5 -147.0 0.609 0.544 0.90 0.067909
9675 0.109653 109.7 190.4 185.0 210.1 198.7 160.7 142.8 124.0 -147.0 0.609 0.544 0.90 0.078685
1372.5 0.130602 130 6 211.6 204.0 232.8 222.9 181.2 164.6 146.3 -147.0 0.609 0.544 0.94 0.092665
1810 0 0.149980 150.0 234.3 225.0 251.0 242.8 197.2 181.1 167.5 -147.0 0.609 0.544 0.98 0.105095
2325 0 0169983 170 0 256.6 249.0 265.1 296.0 219.9 205.6 188.3 -147.0 0.609 0.544 1.25 0.149297

Fr_4m Fr_DS Fr DE
0.72 108 1.95

1.23 0.69 1.19 1.58
1.10 0.70 115 1.49
1.28 0.74 1.08 132
1.34 0.71 1.03 '_'5
139 0.72 1.00 1.06
1.41 0.74 0.99 1.03
1.43 0.74 1.01 1.02
1.14 0.72 0.97 0.96

1.29

MODEL PIER, bp = 32 mm_LONG_10Degrees_DROWNED Q's

DATA: . Thursday, 10 August 2000
UE US DS DE

upstream upstream downstream downstream
hm ... 1 hm ... 2 4m end side side end 6m 7m

15.5 147.5 147.0
645.0 645.0 196.8 193.8 1973 168.3 152.8 342.5
645.0 645.0 212.9 2052 211 3 187.5 179.0 358.6
645.0 645.0 229.3 2275 226.0 208.9 204.0 374.9
645 0 645.0 248.1 2444 241.8 228.8 225.0 392.0
645.0 645.0 264.3 263 1 257.9 247.5 245.0 410.0

UE US OS DE
upstream upstream downstream downstream

hm... 1 hm.n 2 4m end side side end 6m 7m
15.5 147.5 147.0

0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
00 00

UE US DS DE
upstream upstream downstream downstream

h",.., \ h",.., 2 4m end side side end 6m 7m
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15.5 147.5 147.0
13600 '370.0 256.2 2483 2568 224.5 2'4.0 392.2
'360.0 '370.0 269.4 2633 2699 2438 233.4 4'2.2
'360.0 '370.0 287.8 279 0 2865 264.5 259.5 429.4
'360.0 '370.0 304.8 298.4 3025 2845 279.0 449.3
'360 0 '370.0 322.9 3'9.3 .3'8.5 30'.5 299.5 466.8

UE US DS DE
upstream upstream downstream downstream

hm.n 1 hman_2 4m end side side end 6m 7m
15.5 147.5 147.0

0.0 0.0
00 0.0
00 00
00 0.0
00 0.0

UE US DS DE
upstream upstream downstream downstream

hmWl , hman 2 4m end side side end 6m 7m
15.5 147.5 147.0

23'0 0 23'0.0 298.8 290.0 304 0 266.5 255.5 424.8
23'0.0 23'0.0 3'6.8 311 .3 320 5 290 3 282.0 45' .5
23'0.0 23'0.0 335.8 3296 3378 308.9 302.8 475.8
23'0 0 23'0.0 353.2 350 4 3545 33'0 324.9 495.4
23'0 0 23'0.0 370.3 368 0 370 4 348.3 343.6 5'6.5

Ir~i;'PJij'FA~1fS~ FLOW DEPTHS

UE US US UE

upstream upstream downstream downstream
4m end side side end 6m 7m Ve'

hm ...._... v Q...... a [1/51 Y. yue yus Yo. Yo< y, y, B B~e 2g(Yue·Yos)o.s QI~ Fr ... Fr....,. Fr_...
645 0 0.089531 895 18' 3 '938 '98' 1719 156.8 '95.0 ·147.0 0.609 0.544 0.76 0.071073 0.61 0.66 0.55
645 0 0.089531 895 '974 2052 2'2. , '9' 2 183. , 211 1 -147.0 0.609 0.544 0.69 0.071639 0.54 0.56 0.48
645.0 0.089531 89.5 2'38 2275 2268 2'2.5 208.1 227.4 ·147.0 0.609 0.544 0.59 0.067873 0.47 0.48 0.43
6450 0.089531 89.5 2326 2444 242.6 232.4 229.1 244.5 ·147.0 0.609 0.544 0.5' 0.064924 0.42 0.42 0.39
6450 0.089531 895 2488 263 , 2587 251.2 249.1 262.5 ·'47.0 0.609 0.544 0.46 0.062939 0.38 0.37 0.35

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m ve'
hman ... g a.,oo a [I/sJ Y. Yue Yus Yo. YOE y, y, B B-be 2g(YuE·Yosl'·· C1h::::r: Fr..... Fr_.,. . Fr_lm

0.0 0.000000 0.0 ·15.5 0.0 0.8 3.7 4.1 ·147.5 ·147.0 0.609 0.544 #NUM! #NUM' #NUM! 0.00 #NUM!
0.0 0.000000 0.0 -15.5 0.0 0.8 3.7 4.1 ·147.5 ·147.0 0.609 0.544 #NUM' #NUM! #NUM! 0.00 #NUM'
0.0 0.000000 0.0 ·15.5 0.0 08 3.7 4.1 ·147.5 ·147.0 0.609 0.544 #NUM' #NUM! #NUM! #NUM! 0.00 #NUM!
0.0 0.000000 0.0 ,'5.5 0.0 08 3.7 4.1 -147.5 ·147.0 0.609 0.544 #NUM! #NUMI #NUM! #NUM' 0.00 #NUM!
00 0.000000 0.0 ·'55 00 08 3.7 4.1 ·147.5 -147.0 0.609 0.544 #NUM' #NUM! #NUM! #NUM' 0.00 #NUM'

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m Ve'

hm.... -'il Qc;.h: a [I/sJ y, YUE yua Yos Yoe v« y, B a-be 2g(y.,.·yos)'·· QI= Fr_.... Fr....,. Fr .....

1365.0 0.130244 130.2 240.7 248.3 257.6 228.2 218.1 244.7 ·147.0 0.609 0.544 0.80 0.099400 0.58 0.63 0.56
1365.0 0.130244 130.2 253.9 263.3 270.7 247.4 237.5 264.7 -147.0 0.609 0.544 0.72 0.097166 0.53 0.55 0.50
1365.0 0.130244 130.2 272.3 279.0 287.3 268.2 263.6 281.9 ·147.0 0.609 0.544 0.66 0.096794 0.48 0.49 0.46
1365.0 0.130244 130.2 289.3 298.4 303.3 288.2 283.1 301.8 ·147.0 0.609 0.544 0.60 0.094289 0.44 0.44 0.41
13650 0.130244 '30.2 307.4 3'9.3 319.3 305.2 303.6 319.3 ·147.0 0.609 0.544 0.58 0.097107 0.40 0.41 0.38

UE US DS DE
upstream upstream downstream downstream
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4m end side side end 6m 7m ve'
h...,.n_nq Q<.< Q [l/sJ Y. vve vos Yo. Y", Y. y, B s-e, 2g(YVE"YOS)O.5 QltI_.,. Fr_Am Fr....os FrJm

00 0000000 00 ·155 00 08 37 4.1 ·147.5 ·147.0 0.609 0.544 #NUM! #NUM! #NUM' 0.00 #NUM!
00 0000000 00 ·15.5 00 08 37 4.1 ·147.5 ·147.0 0.609 0.544 #NUM! #NUM! #NUM! 0.00 #NUM'
00 0.000000 00 ·155 00 08 37 4.1 ·1475 ·'47.0 0.609 0.544 #NUM! #NUM! #NUM! 0.00 #NUM'
00 0000000 0.0 ·155 0.0 0.8 3.7 4. , ·'47.5 ·'47.0 0.609 0.544 #NUM' #NUM! #NUMI #NUM! 0.00 #NUM!
00 0000000 0.0 ·155 00 08 37 4.1 ·147.5 ·147.0 0.609 0.544 #NUMI #NUM! #NUM! #NUM! 0.00 #NUM'

UE US DS DE
upstream upstream downstream downstream

4m end side side end Sm 7m ve'
hman_."i QC.IC Q [IISJ y. Yue yus Yo. Yoe v« y, B a-s, 2g(YuE-YOS)o., a'!:!::l: Fr_.." Fr....os Fr_...
23100 0.169433 169.4 2833 2900 3048 270.2 259.6 277.3 ·'47.0 0.609 0.544 0.86 o 126797 0.59 0.63 0.61
2310.0 0.169433 '694 301 3 311 3 321 3 293.9 286. , 304.0 ·147.0 0.609 0.544 0.78 0.124067 0.54 0.56 0.53
23100 o 169433 169.4 3203 3296 3386 312.5 306.8 328.3 ·147.0 0.609 0.544 0.76 0129050 1.31 0.49 0.51 0.47
23100 o 169433 169.4 3377 3504 3553 334.7 329.0 347.9 ·147.0 0.609 0.544 0.69 0.124770 1.36 0.45 0.46 0.43
23100 0.169433 169.4 3548 3680 371 2 351.9 347.7 369.0 ·'47.0 0.609 0.544 0.67 0.127379 1.33 0.42 0.43 0.40

1.34
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MODEL PIER, bp = 32 mm_LONG_15Degrees_NORMAL Q's OK

DATA: Tuesday, 8 August 2000 UE US DS DE
upstream upstream downstream downstream

a hmen , h"'Wl_2 Om 1 m 2m 3m 4m end side side end 6m 7m Geometric properties:
bed levels 12.5 10.5 15,0 13.5 15.5 147.5 147.0

io 11.0 110 59.7 59.2 57.6 47.3 34.8 16.0 205.8 D" 31.5 mm
30 68.5 68.5 98.2 97.8 93.4 90.8 61.3 38.3 205.2 Lp = 222 mm
50 2000 2000 133.5 132.5 122.3 130.8 90.0 64.5 211.5 z....=: 0.4 mm
70 4050 4100 163.4 163.2 141.5 166.0 117.8 89.8 231.2 ze = 0.8 mm
90 6500 6450 1891 188.5 162.1 193.8 142.3 114.8 246.8 Ze" 3.7 mm

110 9750 9700 2136 213.2 178.0 217.8 167.0 140.5 268.9 Zo" 4.' mm
130 1360.0 13600 2370 234.2 190.5 244.0 188.8 163.8 289.5
150 1640.0 1640.0 256.2 2559 204.3 271.5 211.8 187.5 312.2
170 23500 24000 282.5 276.2 217 1 296.5 232.6 208.0 335.6

1~licQï!A:.W.®.:~i\it,l,J FLOW DEPTHS
ut: u::; DS DE

Distance measured downstream within the flume upstream upstream downstream downstream
Om 1 m 2m 3m 4m end side side end 6m 7m ve·

hman_."g aCMe a (lis) Yo y, y, y, y, YUf Yu. y"" Yo< y, y, B B-be 2g(YUE-YOS)'" QI~ Fr_4m Fr DS Fr_DE
110 0.011692 11.7 46.2 43.7 57.6 48.1 38.4 20.1 58.3 -147.0 0.809 0.528 0.50 0.010213 0.67 0.94 2.15
68.5 0.029177 29.2 84.7 82.3 93.4 91.6 64.9 42.3 57.7 -147.0 0.609 0.528 0.77 0.026254 1.11 0.65 1.07 1.76
200.0 0.049855 499 1200 117.0 122.3 131.6 93.7 68.6 64.0 ·147.0 0.609 0.528 0.90 0.044436 1.12 0.65 1.05 1.45
4075 0.071163 71 2 149.9 147.7 141.5 1668 121.4 93.8 83.7 -147.0 0.609 0.526 0.98 0.062628 1.14 0.66 1.02 1.30
6475 0.089704 897 175.6 173.0 162.1 194.6 145.9 118.8 99.3 -147.0 0.609 0.528 1.01 0.077738 115 0.65 0.97 115
972.5 o 109935 109.9 200.1 197.7 178.0 218.6 170.7 144.6 121.4 -147.0 0.609 0.528 1.00 0.090266 1.22 0.66 0.94 1.05
13600 0130006 130.0 223.5 218.7 190.5 244.8 192.4 167.8 142.0 ·147.0 0.609 0.528 1.05 0.106150 1.22 0.67 0.93 0.99
1840.0 0.151217 151 2 244.7 240.4 204.3 272.3 215.4 191.6 164.7 ·147.0 0.609 0.528 1.09 0.123547 1.22 0.67 0.92 0.95
2375.0 0.171801 1718 269.0 260.7 217.1 296.0 236.4 212.1 188.1 ·147.0 0.609 0.528 1.11 0.138596 1.24 0.68 0.90 0.92

1,17

MODEL PIER, bp = 32 mm_LONG_15Degrees_DROWNED Q's

·DA:r.A:'·; Tuesday, 8 August 2000
UE us DS DE

upstream upstream downstream downstream
hm ... 1 hm ... 2 4m end side side end 6m 7m

15.5 147.5 147.0
650 0 545.0 205.8 173.0 208.5 172.3 154.8 343.6 343.6
650.0 645.0 2229 202.0 221 6 196.0 1863 365.0 363.0
650 0 645.0 240 8 2246 2375 216.8 210.0 382.5 382.1
650.0 645.0 257 1 2453 2535 236.3 230.3 399.8 398.9
650 0 645.0 274.5 2626 2693 253.5 249.5 417.8 418.0

UE US DS DE
upstream upstream downstream downstream

hm .... , hmlll'l2 4m end side side end 6m 7m
15.5 147.5 147.0

0.0 0.0
00 0.0
00 0.0
0.0 0.0
00 0.0

UE US DS DE

hm." 1 hm"'l

upstream upstream downstream downstream
4 m end side side end 6m 7m
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15.5 147.5 147.0
13850 1375.0 264.9 2181 270.8 229.8 215.3 395.6 397.2
1385.0 1375.0 277.2 240.1 282.8 247.0 234.5 414.1 411.5
13850 1375.0 295.2 274.0 296.5 266.3 255.5 433.4 433.0
1385.0 1375.0 312.9 2978 312.3 284.3 276.0 452.1 451.5
1385.0 1375.0 329.5 320.4 326.5 302.5 293.5 471.0 471.3

UE US DS DE
upstream upstream downstream downstream

hman 1 hm..-,2 4m end side side end 6m 7m
15.5 147.5 147.0

0.0 0.0
0.0 00
0.0 00
0.0 0.0
0.0 0.0

UE US DS DE
upstream upstream downstream downstream

hm .... 1 hman 2 4m end side side end 6m 7m
15.5 147.5 147.0

2320 0 2330.0 3098 2543 320 3 2725 255 0 4366 441 0
2320 0 2330 0 3243 2793 3340 2898 273.5 4539 461.4
2320.0 2330.0 342 1 3123 3488 309 0 294.5 477.8 475.8
2320.0 2330.0 359.4 338.8 3643 328.8 314.5 498.0 500.0
2320.0 2330.0 378 1 3639 380 0 345.5 336.5 519.0 516.8

l~a1r.Cll~
FLOW DEPTHS

UE US DS DE
upstream upstream downstream downstream

4 m end side side end 6 m 1 m vc "
hm"'M."~ QUI': Q (115) Y_ YuE Yus Vos Yoe Ys 117 B s-e, 2g(Yue-Yos)o.s al"_"

6475 0.089704 89.7 190 3 173.0 209.3 175.9 158.8 196.1 196.6 0.609 0.528 0.85 0.078771
6475 0.089704 89.7 207.4 202.0 222.6 199.7 190.3 217.5 216.0 0.609 0.526 0.72 0.075536
6475 0.069704 69.7 225.3 2246 236.3 220.4 214.1 235.0 235.1 0.609 0.526 0.64 0.075006
6475 0.069704 69.7 241 6 2453 254.3 239.9 234.3 252.3 251.9 0.609 0.526 0.59 0.074596
6475 0.069704 69.7 259.0 262.6 270.1 257.2 253.6 270.3 271.0 0.609 0.526 0.56 0.076497

Fr_... Fr...D8 Fr_...

0.57 0.64 0.54
0.50 0.53 0.46
0.44 0.45 0.41
0.40 0.40 0.37
0.36 0.36 0.33

UE US DS DE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m Ve •
hm ... _....g Oelie: Q [115] Y. YUE Yus Yos Yoe Ys y., B S·bp 2g(Yue-Yos)O.S QIMo"

0.0 0.000000 0.0 ·15.5 0.0 0.6 3.7 4.1 -147.5 -147.0 0.609 0.576 #NUM! #NUM!
00 0.000000 0.0 -155 00 06 3.7 4.1 -147.5 -147.0 0.609 0.576 #NUM' #NUM!
o 0 0.000000 0.0 -155 0 0 06 3.7 4.1 -147.5 -147.0 0.609 0.578 #NUM! #NUM!
0.0 0.000000 0.0 -155 00 06 3.7 4.1 -147.5 -147.0 0.609 0.576 #NUM! #NUM!
0.0 0.000000 0.0 -155 0 0 0.6 3.7 4.1 -147.5 -147.0 0.609 0.576 #NUM' #NUM!

Fr_... Fr...l)S Fr_..,

#NUM! 0.00 #NUM!
#NUM! #NUM! 0.00 #NUM~
#NUM! #NUM! 0.00 #NUM!
#NUM! #NUM! 0.00 #NUM!
#NUM! #NUM' 0.00 #NUM!

UE US DS DE
upstream upstream downstream downstream

end side side end 6m 7m ve =
Yu, Yu. Yes YDE y, y, B Boobe 2gIYuE-Yo,I'" QI~ Fr_... Fr_oe Fr_..

216 1 271.6 233.4 219.3 246.1 250.2 0.609 0.526 0.90 0.111080 0.55 0.61 0.56
1360.0 0130956 131.0 2617 240 1 283.6 250.7 236.6 266.6 264.5 0.609 0528 0.64 0.111476 0.51 0.55 0.50
1360 0 0.130956 131 0 2797 274 0 2973 269.9 259.6 265.9 266.0 0.609 0.526 0.76 0.110542 0.46 0.49 0.45

1360 0 0.130958 131 0 2974 2976 313 1 2679 260 1 304.6 304.5 0.609 0.526 0.75 0.113510 1.15 0.42 0.44 0.41

1360 0 0.130956 131 0 314 0 320 4 3273 306.2 297.6 323.5 324.3 0.609 0.526 0.69 0.111696 1.17 0.39 0.41 0.37

UE US DS DE
upstream upstream downstream downstream
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4m end side side end 6m 7m Ve'
hm ...._....g a.•. a (115) y, Yu' Yve Yo. Yo< y, Y, B a-be 2g{YucYOS)O.5 alrl:%: Fr ... Fr_". Fr__.",

00 0.000000 0.0 ·155 00 08 3.7 4.1 ·1475 ·147.0 0.609 0.528 #NUM! #NUM! #NUM! 0.00 #NUM'
0.0 0.000000 0.0 ·15.5 00 08 3.7 4 I ·147.5 -147.0 0.609 0.528 #NUMI #NUM! #NUM! 0.00 #NUMI
0.0 0.000000 0.0 ·155 00 0.8 3.7 4.1 ·147.5 -147.0 0.609 0.528 #NUM! #NUM! #NUM! 0.00 #NUM!
0.0 0.000000 0.0 ·155 0.0 0.8 3.7 4.1 -147.5 -147.0 0.609 0.528 #NUMI #NUM! #NUM! 0.00 #NUM!
0.0 0.000000 0.0 ·155 0.0 0.8 3.7 4.1 -147.5 -147.0 0.609 0.528 #NUM' #NUM! #NUM! 0.00 #NUM!

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m ve =
hm•n n'g ac .. e Q (115) y, YUE Yus Yos Yo< Y, y, B Bob, 2g(Yue-Y08)'" a,~ Fr_... Fr-DS Fr_...

2325.0 0.169983 170.0 294.3 2543 3211 276.2 259 I 289.1 294.0 0.609 0.528 0.97 0.141726 0.56 0.61 0.57
2325 0 0.169983 170.0 308.8 2793 334.8 293.4 277.6 306.4 314.4 0.609 0.528 0.94 0.145007 0.52 0.56 0.53
2325.0 0.169983 170.0 3266 312.3 349.6 312.7 298.6 330.3 328.8 0.609 0.528 0.89 0.146536 0.48 0.51 0.47
2325.0 0.169983 170.0 3439 338.8 365.1 332.4 318.6 350.5 353.0 0.609 0.528 0.84 0.147325 0.44 0.47 0.43
2325.0 0.169983 170.0 362.6 3639 380.8 349.2 340.6 371.5 369.8 0.609 0.528 0.83 0.152581 1.1 I 0.41 0.43 0.39

1.17
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MODEL PIER, bp = 32 mm_MEDIUM_5Degrees_NORMAL Q's

DATA:" Sunday. 13 August 2000

Q h",.." hm ... 1 Om 1m 2m 3m

OK
UE us

4m
upstream upstream downstream downstream

end side side end

DS DE

6m 7m
bed levels

10 12.0
30 79.0

50 2090

70 406.0

90 640.0

110 955.0
130 1350.0
150 18400
170 2360.0

m¢~~~,

hm ... _n'9

12.3 0.012336
0.031234
0.050934
0.070989
0.089531
0.109084
0.129527
0150909
0.170439

12.5 10.5 15.0 13.5
59.2
95.3

122.3

148.1

169.2
1917
215.9
234.6
251.5

15.5
57.3
94.5

118.9

145.4

165.1
183.6
209.0
227.3
246.6

59.1
103.1

138.8

166.6

194.5

218.1
242.5
269.9
291.6

38.5
72.4

99.8

120.4
140.9

162.5
178.0
195.0
212.6

26.3
53.0

81.3

103.3

124.5
143.8
163.6
178.8
197.0

16.8
42.0

67.9

93.0
115.6

134.4
157.3
173.5
192.0

147.5
195.7
236.0

277.1

297.2
299.1

277.6
303.5
328.9
356.4

147.0

204.5

231.0

257.0
274.0

~ FLOW DEPTHS

QUI'"

125
78.0

208.5
405.0

650.0
960.0
1350.0
18250
2315.0

Distance measured downstream within the flume
Om 1m 2m 3m 4m

a (115] Yo y, y, y,

UE US DS DE

78.5
208.6
4055
645.0
957.5
1350.0
1832.5
2337.5

12.3
31.2
50.9
710
89.5
109.1
1295
150.9
170.4

45.7
81.8
108.8
134.6

Y.

upstream upstream downstream downstream
end side side end

Yee
41.8
79.0
103.4
129.9

MODEL PIER, bp = 32 mm_MEDIUM_5Degrees_DROWNED Q's

155.7 149.6
178.2 168.1
202.4 193.5
221.1 211.8
238.0 231.1

DATA: Sunday. 13 August 2000
UE

hm ... 1 hman 2

US DS DE

6m

640.0
640.0
640.0
640.0
640.0

hm ... \

645.0
645.0
645.0
645.0
645.0

hm." 1

4m
upstream upstream downstream downstream

end side side end
15.5
189.4
206.1
222.5
242.2
262.1

2056
2189
2294
2454
2634

1749
194 1
2124
231 6
251.1

163.3
183.1
204.0
2253
246.5

154.6
128.1
199.3
222.4
244.1

147.5
342.1
354.0
370.5
389.2
407.0

6m

00 00
00 00
0.0 00
O~ 00
O~ 00

hman 1 hm ..... 2

UE US DS DE

147.5

6m

upstream upstream downstream downstream
4 m end side side end
15.5

UE us DS DE
upstream upstream downstream downstream

4 m end side side end

YUE

59.1
103.1
138.8
166.6
194.5
218.1
242.5
269.9
291.6

39.8
73.7
101.0
1217
142.2
163.8
179.3
254.0
296.0

7m
147.0

7m
147.0

7m

Yus
29.6
56.4
64.6
106.6
127.9
147.1
167.0
182.1
200.4

1.05
1.03
1.10
1.12
1.13

Yos
20.6
45.8
717
96.8
119.5
138.2
161.1
177.3
195.8

48.2
88.5
129.6
149.7
151.6
130.1
156.0
181.4
208.9

6m
y,

7m
y,

·147.0
575
84.0
110.0
127.0
-147.0
·147.0
-147.0
-147.0

Geometric properties:

D=
L =.
Z" =

31.5 mm
178 mm

0.8 mm
13 mm

3.4 mm
3.8 mm

Ze =
Ze ::

Zo =

B
Ve =

B-bp 2g(Yueayos)O.S Qu..ory

0.609
0.609
0.609
0.609
0.609
0.609
0.609
0.609
0.609

0.564 0.79 0.013261
0.564 0.98 0.031292
0.564 1.05 0.050359
0.564 1.11 0.066623
0.564 1.16 0.084067
0.564 1.20 0.099732
0.564 1.24 0.116616
0.564 1.33 0.136795
0.564 1.36 0.153391

1.00
1.01
1.07
1.07
1.09
1.11
1.10
1."

1.05

F'_4m
0.76
0.74
0.80
0.79
0.81
0.83
0.80
0.81
0.80

F'_DS F'_DE
1.37
1.32
117
1.15
111
1.09
1.07
1.10
1.07

2.19
, .67
1.39
124
1.14
1.11
1.05
106
1 03
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13650
1365.0
1365.0
1365.0
13650

hm.., 1

1375.0
1375.0
1375.0
1375.0
1375.0

15.5
234.5
254.8
272.5
291 9
3123

200.9
224.4
246.0
269.0
290.9

147.5
371 7
403.1
422.1
437.6
457.5

261 6
273 4
2869
3008
3193

2195
245 1
261 9
2799
3005

207 5
2309
2503
2730
2930

UE us DS DE

hman 2

upstream upstream downstream downstream
4 m end side side end 6m

147.5
00 0.0
0.0 00
00 0.0
00 00
00 00

15.5

UE US DS DE

2350.0
2350.0
2350.0
2350.0
2350.0

2350.0
2350.0
2350.0
2350.0
23500

upstream upstream downstream downstream
hman_1 hmM! 24m end side side end 6 m 7 m

15.5 147.5 147.0
272.4 3063 254.6 240.4 234.1 416.5
290.0 3146 276.0 264.3 258.8 424.2
313.1 333.0 3008 286.3 281.5 453.0
335.3 3485 3213 3108 304.4 481.3
3526 368.1 342 3 331.3 329.8 502.1

147.0
107
1.09
109
I 15
1.11

7m
147.0

1.10
1.15
1.10
1.13
108

;g~(f¢_G~"l~1fs;~ FLOW DEPTHS
UE DS DE

upstream upstream downstream downstream
4 m end side side end 6 m 7 m ve ..

hm"'_"i ac." a [I/s] Y. Yue YU! Yos YDE Yl '11 B s-e, 2g('1ue·Yos)o.! QII'teofy

US

642.5 0.089357 89.4 173.9 205.8 176.2 166.6 158.5 194.6 -147.0 0.609 0.564 0.90 0.085012
642.5 0.089357 89.4 190.6 218.9 195.4 186.5 132.0 206.5 -147.0 0.609 0.564 0.83 0.087101
642.5 0.089357 89.4 2070 2294 213.7 207.4 203 I 223.0 -147.0 0.609 0.564 0.69 0.081190 1.10
642.5 0.089357 89.4 2267 2454 2329 228.6 226.2 241.7 -147.0 0.609 0.564 0.62 0.079483 1.12
642.5 0.089357 89.4 2466 2634 2524 249.9 248.0 2595 -147.0 0.609 0.564 0.56 0.079082 1.13

h"'''''_"11 Qc."

UE us DS DE

6m
y,

7m
y, B

Fr_4m

Fr_...

0.65
0.56
0.50
0.43
0.38

Fr_".

Fr_03 Fr__.."

4m
upstream upstream

end side

YUE Yus

downstream downstream
side end

yce YOE
Ve·

2g{Yue.yoslo.! ai,,_'"

0.69
0.58
0.50
0.43
038

0.55
0.50
0.44
0.39
035

a [115) y, s-e, FrJm
00 0.000000
00 0.000000
0.0 0.000000
0.0 0.000000
0.0 0.000000

0.0
0.0
0.0
0.0
0.0

-155
-15.5
-155
-15.5
-15.5

00 1.3
00 1.3
00 1 3
0.0 1 3
O~ 13

14 18
14 18
14 18
~ U
14 18

-147.5
-147.5
-147.5
-147.5
-147_5

-147.0
-147_0
-147.0
-1470
-147.0

0_609
0.609
0.609
0.609
0.609

0.564
0.564
0.564
0.564
0.564

#NUM!
#NUMI
#NUMI
#NUMI
#NUM!

#NUM!
#NUMI
#NUMI
#NUMI
#NUMI

UE us DS DE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m ve =

hm .... "11 a"aI" a [IJsJ '14 YUE Yus_ Yos YOE '16 '11 B B--bp 2g(Yue·Yos)O.5 Q.n.ory

#NUM!

#NUM!
#NUM!
#NUMI
#NUM!
#NUM!

Fr_".

0.00
0.00
0.00
0.00
0.00

#NUMI
#NUMI
#NUMI
#NUMI
#NUMI

Fr_<4In Fr__...
1370.00.130483130.5 2190 2616 220.8 2109 2047 224.2 -147.0 0.609 0.564 1.02 0_121676
1370.0 0.130483 1305 239.3 2734 246.4 234.3 228.2 255.6 -147.0 0.609 0.564 0.90 0.119511 1_09
1370.0 0.130483 130.5 257.0 286.9 263.2 253.6 249.8 274.6 -147.0 0.609 0.564 0.84 0.120028 1.09
1370.0 0.130483 130.5 276.4 300.8 281.2 276.4 272.8 290.1 -147.0 0.609 0.564 0.73 0.113319 1.15
13700 0.130483 130.5 2968 319.3 301.8 296.4 294.7 310_0 -147.0 0.609 0_564 0.71 0.118083 UI

UE US DS DE
upstream upstream downstream downstream

0.67
0.58
0.53
0.47
0.42

0_71
0.60
0.54
0.47
0.42

0.64
0.53
0.48
0.44
0.40
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MODEL PIER. bp = 32 mm_MEDIUM_10Degrees_NORMAL Q's

Q hm .... 1

DATA::' Saturday, 12August 2000

3mhm•n 2 Om

UE

OK

us

4m
upstream upstream downstream downstream

end side side end

DS DE

6m 7m
bed levels

10 130
30 78.0

50 212.5

70 405.0

90 660 0
110
'130
150
170

970.0
1385.0
1810.0
2350.0

1m 2m
12.5 10.5 15.0 lJ.5

60.4
96.2

125.9
150.3

175.4

197 1
221 2
244.3
259.5

15.5
59.0
94.5

123.8
149.2

174.4

190.7
212.4
2376
254.2

61.1
102.9
1344

161.9

189.8
215.1
237.3
255.6
275.1

43.9
81.0
114.6

138.3

163.1

184.5
207.3
230.5
250.1

30.3
58.0

88.0
111.9

133.9
152.9
173.0
196.1
214.0

15.8
41.5
69.0

96.4
120.0

139.5
159.5
182.9
201.5

147.5
2015
227.1
243.3

295.0
255.7

278.0
3013
324A
354.4

147.0

{t;:~[c;l.!~~§iI\'1'''Jii FLOW DEPTHS

hm ....._....11 oC.IC

13.5
78.5

212.5
405.0

650.0
970.0
13850
1830.0
2380.0

Distance measured downstream within the flume
Om 1m 2m 3m 4m

a II/sj Yo y, y, y,

UE US DS DE

YUE YusY.

upstream upstream downstream downstream
end side side end

Yee

6m
y,

7m
y, 8

Geometric properties:

B-bp

D=
L =P

ZA =
Ze =

Ze =
Zo=

Ve'
2g(YUE"Yos'o.,

31.5 mm
178 mm
0.8 mm
1.3 mm
3,4 mm

3,8 mm

Olheo,..,. F' 4m Fr_DS Fr_DEYos
13.3 0.012832
78.3 0.031184
212.5 0.051389
405 0 0070945
655.0 0.090222
970 0 0 109794
1385.0 0.131195
1820.0 0.150393
2365 0 0.171439

12.8
31 2
51.4
70.9
90.2
1098
1312
150 4
171.4

469
82 7 79 0
112.4 108.3
136.8 133.7
161.9 158.9
183.6 175.2
2077 196.9
230.8 222.1
246.0 238.7

43.5

MODEL PIER. bp = 32 mm_MEDIUM_10Degrees_DROWNED Q's

'DATA:.:. Saturday, 12August 2000
UE

upstream upstream downstream downstream
end side side end

US DS DE

6m

650 0
650.0
650.0
650.0
650.0

hmllf1 I

645.0
645.0
645.0
645.0
645.0

hm""_2

4m
15.5
1993
215.8
2329
250.0
267.4

174.4
194.1

2146
233.3
252 1

166.4
187.8
2113
230.1
250.8

147.5
347.1
360.6
377.4
395.4
413.5

6m

00 0.0
00 ~O
00 00
0.0 00
0.0 0.0

hm." 1 6mhm..... 2

204.6
217.0
2324
2493
266.3

195.1
209.9
227 1
242.6
259.8

UE us DS DE
upstream upstream downstream downstream

4 m end side side end
15.5

UE us DS DE
upstream upstream downstream downstream

4 m end side side end

147,5

61.1
1029
134.4
161.9
189.8
215.1
237.3
255.6
275.1

45.2
82.3
1159
139.5
164.4
185.8
208.5
254.0
296.0

7m
147.0

7m
147,0

7m

33.6
61.4
91.4
115.3
137.3
156.3
176.4
199.5
217.4

1.20
1.25
1.30
1.26
1.24

19.6
45.3
72.8
100.2
123.8
143.3
163.3
186.7
205.3

54.0
79.6
95.8
147.5
108.2
130.5
153.8
176.9
2069

·147.0
·147 0
·147.0
·147.0
·147.0
·147.0
·147.0
·147.0
-147.0

0.609
0.609
0.609
0.609
0.609
0.609
0.609
0.609
0.609

0.552
0.552
0.552
0.552
0.552
0.552
0.552
0.552
0.552

0.77
0.93
0.95
0.98
1.04
1.10
1.12
1.07
1.09

0.014230
0.031498
0.047648
0.062441
0.078677
0.094613
0.108523
0.118062
0.130409

1.08
114
115
1.16
1.21
1.27
1.31

1,13

0.74
0.74
0.76
0.76
0.75
0.78
0.79
0.75
0.77

1~
1.19
1~
1~
1m
1m
1m
a.
~%

2.45
1.69
1.37
117
1.09
1.06
1.04
0.98
0.9y'
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13400
13400
1340.0
1340.0
13400

hm,l'l ,

13200
1320.0
1320.0
13200
1320.0

15.5
251 0
2657
2838
303.3
319.5

257.5
269.1
2865
302.5
319 I

2440
261 5
2796
2979
313.5

222.3
242.4
263.4
2824
301 0

147.5
389.2
412.3
430.8
446.2
463.5

UE us

214.6
235.1
259.1
276.6
297.5

DS DE

hm ..... 2

upstream upstream downstream downstream
4 m end side side end

147.5
Sm

~o ~O
~O ~O
O~ 0.0
O~ 0.0
00 O~

hman 1 hm•n 2

15.5

UE US DS DE

4m
upstream upstream downstream downstream

end side side end 6m
15.5
291.6
312.4
3310
349.2
3678

C [115]
128.6
128.6
128.6
128.6
128.6

3025
321 0
337.5
351.9
3700

293. I
311 3
3283
3470
3638

2320.0
2320.0
2320.0
2320.0
23200

2310.0
2310.0
2310.0
2310.0
2310.0

2653
2854
3059
325.8
345.5

147.5
424.8
449.1
475.4
494.2
5130

147.0
1.26
1.33
1.32
1.33
1.32

7m
147.0

7m
147.0

1.35
1.29
1.28
1.33
1.29

;CAg¢J);~TI])~dI&~ FLOW DEPTHS
U.

2569
278.4
297.9
3225
3405

US DS DE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m ve ..
hm.n "'11 au,,: Q (Ijs] )'. _ _YUE Yus Y09 )IDE y, Yt B B-bp 2g(Yue·Yos)O.' Clh_'

6475 0.089704 897 183.8 2046 196.4 177.8 170.2 199.6 -147.0 0.609 0.552 0.76 0.074480
647.5 0.089704 89.7 2003 217.0 2112 197.5 191.6 213.1 -147.0 0.609 0.552 0.66 0.071629
647.5 0.089704 89.7 217.4 232.4 2284 218.0 215.1 229.9 -147.0 0.609 0.552 0.58 0.069258 1.30
647.50.08970489.7 2345 249.3 2439 236.6 234.0 2479 -1470 0.609 0.552 0.55 0.0711771.26
647.5 0.089704 897 251 9 2663 261 0 255.5 254.6 266.0 -147.0 0.609 0.552 0.51 0.072112 1.24

UE US DS OE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m ve ;0:

hm•n '''11 0<:110: a [l/sJ y~ YUE Vus Yos Vae V6 Yr B a-be 2g(Yue-Yos)o., Q1heo7
0.0 0.000000 0.0 -IS 5 00 1.3 3.4 3.8 -147.5 -147.0 0.609 0.552 #NUM! #NUM!
0.0 0.000000 0.0 -15.5 0.0 1.3 3.4 3.8 -147.5 -147.0 0.609 0.552 #NUM! #NUM!
0.0 0.000000 0.0 -IS 5 00 1.3 3.4 3.8 -147.5 -147.0 0.609 0.552 #NUM! #NUM!
0.0 0.000000 0.0 -15.5 0.0 1.3 3.4 3.8 -147.5 -147.0 0.609 0.552 #NUM! #NUM'
0.0 0.000000 0.0 -15.5 00 1.3 3.4 3.8 -147.5 -147.0 0.609 0.552 #NUM' #NUM!

hmWl ....g a..,

UE

4m
y,

upstream upstream
end side
YuE Yus

US DS DE

6m
y,

7m
Y, B Bob,

Ve·
2g(Yue-Yos"" C,,_,

Fr_....

Fr_....
'iiNuMi
#NUM!
#NUM!
#NUMI
#NUM!

Fr_4tn

0.60
0.52
0.46
0.41
0.37

Fr....ns
0:00
0.00
0.00
0.00
0.00

Fr_os

Fr....DS Fr_.."

downstream downstream
side end
Yos YDE

0.63
0.54
0.46
0.41
0.36

0.53
0.48
0.43
0.38
0.34

Fr_..,
iiN'UM!
#NUM'
#NUM'
#NUM!
#NUM!

Fr ......
1330.0
1330.0
1330.0
1330.0
1330.0

0.128564
0.128564
0.128564
0.128564
o 128564

235.5
2502
268.3
2878
3040

257.5 2453
269 1 262.8
286.5 280 9
302.5 2992
319,1 314 B

UE
upstream upstream

225.6 218.5
2458 239.0
266.8 263.0
285.8 280.5
304.4 3013

241.7
264.8
283.3
298.7
3160

US DS DE
downstream downstream

-147.0
-1470
-147.0
-147.0
-147.0

0.609
0.609
0.609
0.609
0.609

0.552
0.552
0.552
0.552
0.552

0.82
0.71
0.66
0.62
0.58

0.102260
0.096647
0.097289
0.096948
0.097764

1.33
1.32
1.33
1.32

0.59
0.54
048
0.44
0.40

0.63
0.55
0.49
0.44
0.40

0.57
0.49
0.45
041
0.38
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4m end side side end 6m 7m ve =
h...........9 ac.." a (lIsJ Y. Yu' yus Yo. Yoe Y, Y, B B~e 2g(Yue-Yos)O.5 at!:! Fr_olm Fr_". Fr_...

0.0 0.000000 0.0 ·155 00 1 3 3.4 3.8 ·147.5 ·147.0 0.609 0.552 #NUM' #NUM! #NUM!' 0.00 #NUM!
0.0 0000000 0.0 ·155 0.0 1 3 34 3.8 ·147.5 ·147.0 0.609 0.552 #NUM! #NUM! #NUM! 0.00 #NUM!
0.0 0.000000 00 ·155 0.0 1 3 3.4 3.8 ·147.5 ·147.0 0.609 0.552 #NUM' #NUMI #NUM! 0.00 #NUMI
0.0 0.000000 0.0 ·155 0.0 1 3 3.4 3.8 ·147.5 ·147.0 0.609 0.552 #NUM' #NUM' #NUM! 0.00 #NUM!

0.0 0.000000 0.0 ·155 00 1 3 3.4 3.8 ·147.5 ·147.0 0.609 0.552 #NUMI #NUM' #NUMI 0.00 #NUMI

UE US DS DE
upstream upstream downstream downstream

4m end side side end Sm 7m ve·

hm."_I"!I Qc",~ a (I/sJ Y. vos yos Yes Yo, y, vr B B-bp 2g(YUE·YDS)I)·~ Q1Mo:l Fr_,", Fr_". Fr......
23150 0.169617 169.6 276.1 3025 294.4 268.6 260.7 277.3 ·147.0 0.609 0.552 0.85 0.125236 0.61 0.64 0.61
2315.0 0.169617 169.6 2969 321 0 3125 288.8 282.2 301.6 ·147.0 0.609 0.552 0.83 0.131579 0.55 0.57 0.54
2315.0 0.169617 169.6 3155 337 5 329.5 309.3 301.7 327.9 ·147.0 0.609 0.552 0.78 0.132569 0.50 0.52 0.47
2315.0 0.169617 169.6 3337 351 9 3483 329.1 326.3 346.7 ·147.0 0.609 0.552 0.70 0.127863 0.46 0.47 0.44
2315.0 0.169617 169.6 3523 3700 365.0 348.9 344.3 365.5 ·147.0 0.609 0.552 0.68 0.131107 0.43 0.43 0.40
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MODEL PIER, bp = 32 mm_MEDIUM_15Degrees_NORMAL Q's OK

DATA: Friday, 11 August 2000 UE US DS DE
upstream upstream downstream downstream

Q hm•n 1 hmlln 2 Om 1m 2m 3m 4m end side side end 6m 7m Geometric properties:
bed levels 12.5 10.5 15.0 13.5 15.5 147.5 147.0

10 14.5 14.5 61.3 60.7 61.3 48.4 34.0 15.0 206.5 0= 31.5 mm
30 73.0 no 97.4 95.6 96.1 87.8 61.5 40.8 217.6 Lp :;:: 178 mm

50 2090 210.0 130.0 129.9 126.4 126.4 91.9 68.0 215.0 ZA :;:: 0.8 mm
70 397.0 392.0 154.4 150.6 149.6 152.8 115.8 92.4 2320 Ze = 1.3 mm

90 650.0 650.0 180.6 179.1 174.0 180.9 141.5 121.5 250.8 Ze = 3,4 mm
110 970.0 965 0 204.6 202.2 197.3 205.5 165.3 146.1 272.2 Zo = 3.8 mm
130 1350.0 1330.0 225.0 221.3 210.5 229.3 185.4 166.8 295.3
150 1830.0 1830.0 249.5 242.2 238.9 251.0 204.5 185.1 323.8
170 2300.0 2310.0 271.3 265.0 248.0 273.9 224.5 205.5 341.7

n~I!f~~
FLOW DEPTHS

UE US DS DE
Distance measured downstream within the flume upstream upstream downstream downstream

Dm 1m 2m 3m 4m end side side end 6m 7m ve =
hm•n ."'il QC:elC Q (1/sJ y, y, y, y, Y. YUE YUB Yos Yo< y, Yr B a-e, 2g{yue"Yos)o.s at~ Fr_4m Fr_DS Fr_DE

145 0013424 13.4 47.8 45.2 61.3 49.7 37.4 18.8 59.0 ·147.0 0.609 0.539 0.54 0.010871 0.73 1.10 2.72
730 0.030120 30 1 83.9 80.1 96.1 89.0 64.9 44.6 70.1 ·147.0 0.609 0.539 0.72 0.025322 0.70 1.08 1.68
209.5 0.051025 51.0 116.5 114.4 126.4 127.7 95.3 71.8 67.5 ·147.0 0.609 0.539 0.83 0.042533 0.69 1.03 1.39
394.5 0.070019 70.0 140.9 135.1 149.6 154.0 119.1 96.2 84.5 -147.0 0.609 0.539 0.86 0.055062 0.74 1.01 1.23

650.0 0.089877 89.9 167.1 163.6 174.0 182.2 144.9 125.3 103.3 ·147.0 0.609 0.539 0.88 0.069053 0.71 0.96 1.06
967.5 0.109653 109.7 191.1 186.7 197.3 206.8 168.6 150.0 124.7 ·147.0 0.609 0.539 0.89 0.081250 0.71 0.94 0.99
1340.0 0.129046 129.0 211.5 205.8 210.5 230.5 188.8 170.6 147.8 -147.0 0.609 0.539 0.93 0.094910 1.36 0.72 0.93 0.96
1830.0 0.150806 150.8 236.0 226.7 238.9 254.0 207.9 189.0 176.3 .147.0 0.609 0.539 0.98 0.109523 1.38 0.73 0.94 0.96
2305.0 0.169250 169.2 257.8 249.5 248.0 296.0 227.9 209.3 194.2 ·147.0 0.809 0.539 1.18 0.144678 1.17 0.71 0.92 0.93

1.27

MODEL PIER, bp = 32 mm_MEDIUM_15Degrees_DROWNED Q's

DATA: Friday, 11 August 2000
UE US DS DE

upstream upstream downstream downstream
hm..,_, hm•n 2 4m end side side end 6m 7m

15.5 147.5 147.0
6550 630.0 198.5 1879 202 1 1729 1589 341.5
655.0 630.0 213.9 205 1 214 5 191 0 183.8 358.3
655.0 630.0 232.5 226 0 2289 211 1 204.6 376.5
655.0 630.0 249.9 244 0 2446 230.3 224.4 394.5
655 0 630.0 267 1 2627 261 0 2486 243.3 411.3

UE US DS DE
upstream upstream downstream downstream

hm... , hmoWl 2 4m end side side end Sm 7m
15.5 147.5 147.0

00 0.0
00 0.0
0.0 0.0
0.0 00
0.0 0.0

UE US DS DE
upstream upstream downstream downstream

hm•n_l hm..... 2 4m end side side end Sm 7m
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1360.0
1360 0
1360.0
1360.0
13600

hm ..... 1

1375.0
1375.0
1375.0
1375.0
1375.0

15.5
249.2
265.8
284.4
301.5
321.2

231 3
255 1
2763
297.6
3164

2538
2693
284.8
300 6
317.5

2188
2396
258.8
2785
295.5

147.5
380.5
408.1
426.2
445.8
462.8

UE us

204.4
225.9
247.0
267.8
286.9

DS DE

6m

147.0

7m

00 0.0
00 0 0
o 0 00
o 0 00
00 0 0

hm." 1

hm."3
upstream upstream downstream downstream

4 m end side side end
147.5

hm ...._2

15.5

UE us DS DE

4m
upstream upstream downstream downstream

end side side end 6m

147.0

7m

2320.0
2320.0
2320.0
2320.0
2320.0

2330.0
2330 0
2330.0
2330.0
2330.0

15.5
294.6
310.5
332.8
347.7
366.2

281 3
304 1
328 0
3435
3623

303 0
3155
333 1
3495
3658

260 6
2786
2998
318.8
3373

147.5
424.3
444.8
470.3
491.2
508.4

147.0

~~Q:.c~t~li~~ FLOW DEPTHS

hm ........ g 0.•• a (1/5)

Ut

4m
Y.

upstream upstream
end side
YUf Yus

243.0
264.3
285.5
305.3
324.6

us DS DE

6m
y,

7m
y, B s-e,

Ve =
2g(Yue-YosJo ..5 a,,_., Fr_.." Fr....l)S Fr_...

642.5
642.5
642.5
642.5
642.5

0.089357
0.089357
0.089357
0.089357
0089357

89.4
89.4
89.4
89.4
89.4

183.0
198.4
217 0
2344
251 6

187 9 203.4
205.1 215.8
226 0 230.2
244.0 245.9
262 7 262 3

downstream downstream
side end
Yos Yoe
176.3 162.7
194.4 187.6
214.5 208.5
233.6 228.2
252.0 247.1

us DS DE

194.0
210.8
229.0
247.0
263.8

-147.0
-147.0
-147.0
-147.0
-147.0

0.609
0.609
0.609
0.609
0.609

0.539
0.539
0.539
0.539
0.539

0.76
0.69
0.60
0.54
0.50

UE
upstream upstream downstream downstream

4 m end side side end 6 m 7 m Ve =
hman "9 Q....e ______9_1~ Y. YUE Yus Yos YOE y, Y7 B S-b" 2g(Yue"Yos}O., Qtheoty

0.072542
0.071838
0.069103
0.067924
0.068141

Fr_.."

0.60
0.53
0.46
0.41
0.37

Fr_DS

0.63
0.55
0.47
0.41
0.37

0.55
0.48
0.43
0.38
0.35

Fr ........
0.0 0.000000 0.0 ·15.5 0.0 13 3.4 3.8 ·147.5 ·147.0 0.609 0.539 #NUM! #NUM!
0.0 0.000000 0.0 ·155 0 0 13 3.4 3.8 ·147.5 ·147.0 0.609 0.539 #NUM' #NUM!
o 0 0.000000 0.0 ·155 0 0 13 3.4 3.8 ·147.5 -147.0 0.609 0.539 #NUM! #NUM!
00 0.000000 0.0 ·15.5 00 1.3 3.4 3.8 ·147.5 -147.0 0.609 0.539 #NUM' #NUM!
00 0.000000 0.0 -155 00 13 34 3.8 ·147.5 -147.0 0.609 0.539 #NUM! #NUM!

hman __ g 00;'" a (115)

UE

4m
Y.

upstream upstream
end side

YuE Yus

us DS DE

6m
y,

7m
y, B

Ve =

s-e, 2g(Yue.yos)u Q1"-l'

#NUM!
#NUM!
#NUM!
#NUM!

#NUM!
#NUM'
#NUM!
#NUM!
#NUM'

Fr_... Fr....l)S

0.00
0.00
0.00
0.00
0.00

#NUM'
#NUM'
#NUM!
#NUM'
#NUM'

downstream downstream
side end
Yos Yoe Fr .....

1367.5 0.130364
1367.5 0 130364
1367.5 0.130364
1367.5 0.130364
1367.5 0.130364

130.4
130.4
130.4
130.4
130.4

2337
2503
268.9
2860
3057

231.3 2550
255 1 270 5
276 3 286 0
2976 3019
3164 3188

UE
upstream upstream

222.1 208.2
243.0 229.7
262.1 250.8
281.9 271.6
298.9 290.7

us DS DE
downstream downstream

233.0
260.6
278.7
298.3
315.3

-147.0
-147.0
-147.0
·147.0
·147.0

0.609
0.609
0.609
0.609
0.609

0.539 0.83 0.099882
0.539 0.77 0.100642
0.539 0.72 0.101807
0.539 0.67 0.101138
0.539 0.66 0.106940

0.60
0.55
0.49
0.45
0.40

0.65
0.57
0.51
0.46
0.42

0.61
0.51
0.46
0.42
0.39

Stellenbosch University http://scholar.sun.ac.za



4m end side side end 6m 7m ve·
hm ... _.vg QC.,c Q (11sJ Y. Yve Yus Yo. Yo< Y, Y, B B-bp 2g(YuE-YOS)O.5 Q'!::l: Fr_4m Fr....os Fr_..,

00 0.000000 00 ·155 00 1.3 3.4 3.8 ·147.5 -147.0 0.609 0.539 #NUM' #NUM! #NUM! 0.00 #NUM!
00 0.000000 0.0 ·155 00 1 3 3.4 3.8 .147.5 -1470 0.609 0.539 #NUM! #NUM! #NUM! 0.00 #NUM!
0.0 0.000000 00 ·155 00 13 3.4 3.8 ·147.5 ·147.0 0.609 0.539 #NUM' #NUM! #NUM' 0.00 #NUM!
0.0 0.000000 0.0 ·155 00 13 3.4 3.8 ·147.5 -147.0 0.609 0.539 #NUM' #NUM! #NUM! 0.00 #NUM'
00 0000000 0.0 ·155 00 I 3 3.4 3.8 ·147.5 -147.0 0.609 0.539 #NUM' #NUM! #NUM! 0.00 #NUM!

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m Ve·

hmao "'i Qo;-,c Q [lIsJ Y. yue yes Yos Yo< Y, Y, B B-bp 2g(YUE-YOS)O.5 at~ Fr_,," Fr...DS Fr--""
2325.0 0.169983 170.0 279 1 281 3 304.3 264.0 246.8 276.8 -147.0 0.609 0.539 0.92 0.130479 0.60 0.66 0.61
2325.0 0.169983 170.0 2950 304 1 316.8 282.0 268.1 297.3 -147.0 0.609 0.539 0.86 0.130115 0.56 0.60 0.55
23250 o 169983 1700 317 3 3280 334.4 303.1 289.3 322.8 -147.0 0.609 0.539 0.81 0.133141 0.50 0.53 049
23250 0.169983 1700 332.2 3435 3508 322.1 309.1 343.7 ·147.0 0.609 0.539 0.78 0.135883 0.47 0.49 0.44
23250 o 169983 1700 3507 3623 3670 340.6 328.5 3609 ·147.0 0.609 0.539 0.75 0.138407 0.43 0.45 041
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MODEL PIER, bp = 32 mm_SHORT_5Degrees_NORMAL Q's

DATA::", Tuesday, 15 August 2000

a hm... 1 hmln_2 Om

UE

OK

us

4m
upstream upstream downstream downstream

end side sIde end

DS DE

6m 7m
bed levels

10 12.0
30 730

50 205.0
70 395.0

90 665.0
1lO 970.0
130 1340.0
150 1800.0
170 2320.0

1m 2m 3m
12.5 10.5 15.0 13.5

59.0
93.3
1202
145.6

170.2

192.0
215.4
233.4
2492

15.5
57.2
91.9
115.9

142.4
162.7

182.4
207.6
225.0
243.7

58.9
98.9
134.9

162.1
193.8

215.9
241.9
262.4
290.1

39.1
70.1

961
116.0

138.5

161.9
170.5
190.0
2091

27.4
55.3

83.1
104.4

125.8

147.8
158.9
177.1
192.6

15.8
40.9

72.4
91.1

120.5

143.3
156.3
174.1
188.5

147.5
195.2
228.1
275.3

296.5
306.5

333.8
306.5
3371
360.4

147.0
195.2
204.8

232.1

254.6
280.4

305.8

ic~<;]'~WB~~ FLOW DEPTHS

hm•n ."9 Qc .. e

12.0
730
2060

3900

650.0

970.0
1345.0
18100
2310.0

Distance measured downstream within the flume
Om t rn 2m 3m 4m

Q 11/5) y, y, y, y,

UE US DS

Y.

upstream upstream downstream downstream
end side side end

yesYUf Yus

DE

Yo<

6m
Y,

7m

Yr

Geometricproperties:

0=
Lp =
ZA =
Ze=
1<=
z,,=
Theta =

B
Ve =

B-bp 2g(YUe-YDs~O.5 C'h.oty

31.5 mm
132 mm

1.4 mm
1,8 mm
3.1 mm

3.6 mm
5 degrees

Fr_4m Fr_DS Fr_DE

12.0
730
205.5
392.5
6575
9700
13425
1805.0
23150

0012212
0.030120
0.050536
0.069841
0.090394
0109794
o 129167
0.149772
0169617

122
301
50.5
69.8
90A
109.8
1292
1498
1696

45.5
798
106.7

MODEL PIER, bp = 32 mm_SHORT_5Degrees_DROWNED Q's

132.1 126.9
156.7 147.2
1765 166.9
201.9 192.3
2199 209.5
235.7 226.2

DA'TA;'? Tuesday, 15 August 2000
UE

hm.., 1 hm ..... 2

us DS DE

41.7
76.4
100.4

6m

6400
6400
6400
640.0
6400

hm." 1

635.0
635.0
635.0
635.0
635.0

hmlM'l2

upstream upstream downstream downstream
end side side end4m

15.5
170.5
190.1
211.1
229.9
2462

1951
204.9
2197
2373
2491

149.1
177 6
1986
217.6
2359

137.6
168.4
191 1
213.0
230.0

1311
161.3
187.4
208.5
229.1

147.5
305.0
345.3
356.0
3751
394.3

6m

O~ ~O
~O ~O
O~ ~O
~O ~O
~ ~

hm ... , hm .... z

UE us DS DE

147.5

6m

upstream upstream downstream downstream
4 m end side side end
15.5

UE US DEDS
upstream upstream downstream downstream

4 m end side side end

58.9
98.9
134.9
162.1
193.8
215.9
241.9
262.4
290.1

7m
147.0

7m
147.0

7m

40.9
71.9
97.9
117.8
140.3
1637
1723
254.0
296.0

30.5
58.4
86.3
107.5
128.9
150.9
162.0
180.3
195.8

19.3
44.4
75.9
94.7
124 1
146.8
159.8
177.7
192 1

47.7
80.6
127.8
149.0
159.0
1863
159.0
189.6
212.9

48.2
57.8
851
107.6
133.4
1588
-147.0
-147.0
-147.0

0.609
0.609
0.609
0.609
0.609
0.609
0.609
0.609
0.609

0.569 0.77 0.013356
0.569 0.91 0.030260
0.569 0.99 0.048781
0.569 1.05 0.064316
0.569 1.14 0.083818
0.569 1 14 0.098218
0.569 1.27 0.116617
0.569 1.28 0.131579
0.569 137 0.152913

1.04
1.09
108
1.12
1.11
1.14
1.11

1.06

0.75
0.75
0.83
0.81
0.84
0.84
0.80
0.82
0.82

1.29
1 20
1 12
111
t. io
1.05
1.11
1. io
1. io

2~1.
1.27
1~

1~
1~

1.00
1~
100
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1375 0
13750
1375.0
1375.0
1375.0

hm ... _,

1375.0
13750
1375.0
1375.0
1375.0

15.5
216 ,
240.8
2622
2840
3072

247 9
262 1
2785
295.0
3139

1999
2271
249.9
272.0
295.0

188.6
2149
241.8
263.8
288.3

180.6
211.3
236.0
259.8
2843

UE us DS DE

147.5
372.2
375.5
415.1
431.1
450.9

6m

147.0

7m

~o 00
O~ 00
~O 00
00 O~
0.0 ~O

hm." ,

hm""_2

upstream upstream downstream downstream
4 m end side side end

hm.o 1

15.5

UE US DS DE

4m
upstream upstream downstream downstream

end side side end

147.5

6m

147.0

7m

2350 0
2350.0
2350.0
2350.0
2350.0

2335.0
2335.0
2335.0
2335.0
2335.0

15.5
262.9
284.5
314.2
334.0
356.5

2956
314.6
332.6
348.1
368.6

243.0
272.9
3010
321.5
345.9

230.1
260.9
288.8
312.9
337 1

2260
251.4
282.6
308.3
333.8

147.5
421.3
428.5
450.2
486.6
504.3

147.0

~~~ó~~~ FLOW DEPTHS

hm ...._....11
637.5
6375
6375
6375
6375

0.089009
0.089009
0.089009
0.089009
0.089009

Qe .. e

0..,

a (11sJ
89.0
89 0
890
890
890

a (115)
0:0
0.0
0.0
0.0
0.0

a (lIsJ

UE

4m
Y.

upstream upstream
end side

US DS DE

DE

DE

6m

VI
157.5
197.8
208.5
2276
2468

6m

V,.1m
·147.5
·147.5
·147.5
·147.5

7m
Vr

-147.0
·147.0
-147.0
-147.0
-147.0

7m
Vr

·147.0
·147.0
·147.0
·147.0
·147.0

0.609
0.609
0.609
0.609
0.609

B s-e,
Ve =

2g(Yue"Yos)o.s a,,_.,
1.05
0.83
073
0.67
059

0.084022
0.081001
0.080725
0.082392
0078299

0.569
0.569
0.569
0.569
0.569

0.569
0.569
0.569
0.569

s-e,
Ve =

2g(Vue'Yos)'"

Ve =
B-be 2g(Yue"Yos)o.s elMo!!
0.569 #NUM! #NUM!

Fr_4m

1.10
1.10
1.08
1.14

#NUM!
#NUM!

Fr .....
'iiNUM!
#NUM!
#NUM!
#NUM!
#NUM!

0.76
0.64
0.54
047
0.42

Fr,.DS
0.00
0.00
0.00
0.00
0.00

Fr...J)S

Fr....DS Fr_Sm

hmMl_."1I Octile

0.0 0.000000
0.0 0.000000
0.0 0.000000
0.0 0.000000
0.0 0.000000

hm .... "'11

YuE Yus
1550
174.6
1956
2144
2327

195 1 150 9
2049 179.5
2197 200.4
2373 2194
2491 2377

downstream downstream
side end
Yce VOE.
140.8 134.7
171.5 164.8
194.3 190.9
216.1 212.1
233 1 232 7

US DS

Sm
V,

B
ii:6o'9
0.609
0.609
0.609
0.609

7m
Vr B

#NUM!
#NUM'
#NUMI
#NUMI

#NUM!
#NUMI
#NUM'
#NUMI

Fr .....

0.88
0.66
0.55
0.46
0.41

0.75
0.53
0.49
0.43
0.38

UE

4m
V.
.is5
·15.5
·155
·155
·15.5

upstream upstream
end side
YUE Yus
0.0 1.8
0.0 1.8
0.0 1.8
0.0 1 8
0.0 1.8

downstream downstream
side end
Yos Voe
3.1 3.6
3.1 3.6
31 3.6
3.1 3.6
3 1 3.6

Us DS

a......,

Fr ......
#N'UMT
#NUMI
#NUM!
#NUM!
#NUM'

Fr_....
1375.0
1375.0
1375.0
13750
1375.0

0.130721
0.130721
0.130721
0.130721
0.130721

130.7
130.7
130.7
130.7
130.7

UE

4m
Y.

upstream upstream
end side
YUE Yus

200.6
225.3
246.7
2685
291 7

247.9 201.7
262.1 228.9
2785 2517
295.0 273.8
3139 296.8

UE
upstream upstream

downstream downstream
side end
Yos VOE.
191.8 184.2
218.0 214.8
244.9 239.6
2669 263.3
2914 287.8

US DS
downstream downstream

DE

224.7
228.0
267.6
283.6
303.4

-147.0
-147.0
-147.0
·147.0
·147.0

0.609
0.609
0.609
0.609
0.609

0.569
0.569
0.569
0.569
0.569

1.07
0.95
0.83
0.77
0.69

0.116236
0.117580
0.116067
0.116254
0.114512

1.13
1.12
1.14

0.76
0.64
0.56
0.49
0.43

0.B2
0.67
0.57
0.50
0.44

0.64
0.63
0.50
0.45
041
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4m end side side end Sm 7m ve'
hm ... _....g QUk C [1/5) y, vue Yu, Yo. Yo< Y, Y, B s-e, 2g{YUE:Y(5)O.~ ~ Fr_",,· Fr_os Fr_&m

00 0.000000 00 ·155 00 18 31 3.6 -147.5 -147.0 0.609 0.569 #NUM! #NUM! #NUMI 0.00 #NUMI
00 0.000000 00 -155 00 1 8 3 1 3.6 -147.5 -147.0 0.609 0.569 #NUM' #NUM' #NUM! 0.00 #NUM'
00 0.000000 0.0 -155 00 18 3.1 3.6 -147.5 -147.0 0.609 0.569 #NUMI #NUM' #NUM! 0.00 #NUM!
0.0 0_000000 0.0 -155 00 18 3.1 3.6 -147.5 -147.0 0.609 0.569 #NUMI #NUMI #NUMI 0.00 #NUMI
0.0 0.000000 0.0 -155 00 1 8 3.1 3.6 -147.5 -147.0 0.609 0.569 #NUMI #NUM! #NUM! 0.00 #NUM'

UE US DS DE
upstream upstream downstream downstream

4m end side side end Sm 7m ve'
hman .... '01 QUIC C [115) y, yoe Yu' Yeo Yo< y, y, B a-s, 2g(Yue·Yos)O-' C,._., Fr_... Frcce Fr .....

23425 0.170621 170.6 2474 2956 2448 233.3 229.6 273.8 ·147.0 0_609 0.569 1.12 0.148828 0.73 0.79 0.62
23425 0.170621 170.6 2690 3146 2747 264.0 254.9 281.0 ·147.0 0_609 0_569 1.01 0.152242 0_64 0.66 0.60
23425 0.170621 1706 2987 3326 3028 291.9 286_2 302.7 -147.0 0.609 0_569 0_91 0.151629 1.13 0.55 0.57 0.54
23425 o 170621 1706 3185 348 1 3233 316.0 311.8 3391 -147.0 0.609 0.569 0_82 0.146572 1.16 0.50 0.50 0.45
2342.5 0.170621 1706 3.41 0 3686 3477 340.3 337_3 356.8 -147.0 0.609 0.569 0.77 0_148835 1.15 0.45 0.45 0.42

1_12
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MODEL PIER, bp = 32 mm_SHORT _1ODegrees_NORMAL Q's OK

DATA: Monday. 14 August 2000 UE US DS DE
upstream upstream downstream downstream

Q hm-o , hm•n 2 Om 1m 2m 3m 4m end side side end 6m 7m Geometric proeertles:
bed levels 12.5 10.5 15.0 13.5 15.5 147.5 147.0

10 100 100 56.8 55.3 56.8 39.5 27.9 15.5 188.7 0= 31.5 mm
30 75.0 75.0 94.2 92.6 100.6 73.9 58.8 40.4 226.5 Lp = 132 mm
50 202.0 203.5 120.8 117.1 134.8 102.6 87.8 715 277.5 ZA = 1.4 mm
70 390.0 393.0 146.2 144.0 159.6 124.3 108.0 96.5 294.5 Za = 1.8 mm
90 665.0 665.0 171 8 166.0 1899 150.0 132.0 120.5 305.3 Zc;= 3.1 mm
110 960.0 950.0 192 3 184.5 2116 170.5 150.6 138.4 332.5 Zo = 3,6 mm
130 1370.0 1375.0 219.4 210.4 236.4 196.1 174.6 164.8 305.8 Theta = 10 degrees
tSO 1810.0 18200 237 1 229.2 259.4 208.0 186.8 177.9 336.2
170 2300.0 23100 251 7 246.2 2800 230.4 204.9 t95.9 360.2

(¢A~~Q~.!rI9:[~_ FLOW DEPTHS
UE US DS DE

Distance measured downstream within the flume upstream upstream downstream downstream
o m 1 m 2 m 3 m 4 m end side side end 6 m 7 m ve e

hman ....'il Oe." Q [1/5] Yo y, Y2 Yl Y. Yue Yus Vos VeE Ys Yl B BoOr 2g(Yue-Yoslu a,t:cHy
tOO 0.01114811.1 43.3 39.8 56.8 41.3 3t.0 19.1 41.2 -147.0 0.609 0.560 0.73 0.012759
7500.03053030.5 80.7 77.1 100.6 75.7 61.9 43.9 79.0 -t47.0 0.609 0.560 0.89 0.030877
2028 0.050197 50.2 107.3 1016 134.8 104.4 90.9 75.1 130.0 -147.0 0.609 0.560 0.95 0.048200
3915 0.069752 69.8 132.7 128.5 159.6 126.0 111.1 100.1 147.0 -147.0 0.609 0.560 0.99 0.061773
665.0 0.090908 90.9 158.3 150.5 189.9 151.8 135.1 124.1 157.8 -147.0 0.609 0.560 1.05 0.079696
9550 0.108942 1089 178.8 169.0 211.6 172.3 153.8 141.9 185.0 -147.0 0.609 0.560 1.08 0.093154
1372.5 0.130602 130.6 2059 194.9 236.4 197.9 177.8 168.3 158.3 -147.0 0.609 0.560 1.09 0.108369
1815.0 0.150187 150.2 223.6 213.7 259.4 254.0 189.9 181.4 188.7 -147.0 0.609 0.560 1.18 0.125752
2305.0 0.169250 169.2 238.2 230.7 280.0 296.0 208.0 199.4 212.7 -147.0 0.609 0.560 1.20 0.140151

Fr_4m Fr DS Fr_DE
0.74 1.16 2.22
0.75 1.13 1.74

1.04 0.81 1.04 1 28
1.13 0.79 1.07 1.16
1.14 0.82 1.04 1.09
1.17 0.82 1.03 107
'.21 0.80 0.99 0.99
'19 0.80 '.03 1.02
1.21 0.80 1.02 1.00

1.11

MODEL PIER, bp = 32 mm_SHORT_10Degrees_DROWNED Q's

DATA:-;. Monday. 14 August 2000
UE us DS DE

upstream upstream downstream downstream
hm .... I hman 2 4m end side side end 6m 7m

15.5 147.5 147.0
6500 635.0 181.6 '958 171.4 1553 148.4 326.4
650.0 635.0 203.7 210.0 1948 1824 176.6 348.8
65D.0 635.0 221.4 2229 214.1 203.6 200.3 368.5
650.0 635.0 2405 240.7 2324 223.8 220.3 384.5
650.0 635.0 256.5 258.7 247.4 242.0 240.8 404.2

UE US DS DE
upstream upstream downstream downstream

hm•n, hm ... 2 4m end side side end 6m 7m
15.5 147.5 147.0

00 00
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

UE US DS DE
upstream upstream downstream downstream

hman 1 hman a 4m end side side end 6m 7m

Stellenbosch University http://scholar.sun.ac.za



1370.0
1370.0
1370.0
1370.0
1370 0

hm." 1

0.0 0.0
o~ 0.0
o~ ~O
~O ~O
~O o~

hm." ,

2360 0
2360 0
2360 0
2360 0
2360 0

2390.0
2390.0
2390.0
2390.0
2390.0

1370.0
1370 0
1370.0
1370.0
1370 0

15.5
228.6
251 9
2688
289.2
3077

249.6
263 0
277 0
293 0
3124

219.0
244.3
261 3
280 0
2976

203.5
228.9
249.9
267.5
288.5

147.5
366.9
397.2
419.1
433.9
453.9

147.0

15.5

UE us

194.5
221.4
243.3
261.1
283.9

DS DE

UE US

hm•n_2

upstream upstream downstream downstream
4 m end side side end

147.0

~Q~!;!!f@;_§~ FLOW DEPTHS

hm .... _2

6m 7m

2936
3143
3289
348 0
3645

2683
291 9
3095
348 0
346 0

147.5

DS DE

4m
upstream upstream downstream downstream

end side side end
147.015.5

2752
2978
311 0
3367
353.0

Ut
upstream upstream

4m end

6m 7m

2469
2734
2929
3124
333 1

147.5
423.9
431.8
452.8
487.5
502.1

236.8
2669
286.3
304.8
3248

US DS DE
downstream downstream

side 7mside end Sm
hm•n _9 Q<;alC: a Ills) Y4 YUE Yos Yos YOE Ys y, B B-b
6425 0.089357 89.4 1661 1958 1732 158.4 151.9 178.9 ·147.0 0.609 0.560
6425 0.089357 89.4 1882 210.0 1965 185.5 180.2 201.3 -147.0 0.609 0.560
642.5 0.089357 89.4 2059 2229 215.9 206.8 203.8 221.0 ·147.0 0.609 0.560
642.5 0.089357 89.4 225.0 240.7 2342 226.9 223.8 237.0 ·147.0 0.609 0.560
642.5 0.089357 89.4 241.0 258.7 2492 2451 244.3 256.7 -147.0 0.609 0.560

UE US DS DE

Ve =
2g(Yue-Yos)o.s

""""O:ëil
0.72
0.59
0.55
0.55

upstream upstream downstream downstream
4 m end side side end 6 m 7 m ve =

hm .... __ 9 QUI': Q (I/sj Y4 YUE yes Yos vee Ys y, B B-bp 2g(Yue-Yos)o.s Qu_"y
0.0 0.000000 0.0 ·155 0 0 1.8 3.1 3.6 ·147.5 ·147.0 0.609 0.560 #NUM! #NUM!
0.0 0.000000 0.0 ·155 0.0 1.8 3.1 3.6 -147.5 -147.0 0.609 0.560 #NUM! #NUM!
0.0 0.000000 0.0 ·155 0.0 18 3.1 3.6 -147.5 ·147.0 0.609 0.560 #NUMI #NUM!
o 0 0.000000 0.0 -15.5 0.0 1.8 3.1 3.6 ·147.5 ·147.0 0.609 0.560 #NUMI #NUM!
0.0 0.000000 0.0 -15.5 0.0 1.8 3.1 3.6 -147.5 ·147.0 0.609 0.560 #NUM' #NUM!

hm.n ... g oc-*o: C (1/5)

UE

4m
Y.

upstream upstream
end side

YUE Yus

US DS DE

Bob,
Ve'

2g(Yue-Yos)o.s

c,._.,
o:onm
0.074592
0.068619
0.070266
0.075307

Qlheory

1.30
1.27
1.19

Fr.....
Q.69
0.57
0.50
0.44
0.40

Fr-DS

Fr""",
ii14
0.59
0.50
0.43
0.39

Fr ......
OM"
0.52
0.45
0.41
0.36

downstream downstream
side end

Yoa Yoe

7m
y,

6m
y, B

Fr.....
#NUM!
#NUM!
#NUM'
#NUM'
#NUM!

Fr_4m

Fr""", Fr ......
0.00
0.00
0.00
0.00
0.00

#NUM'
#NUMI
#NUM!
#NUMI
#NUMI

Fr_.."

1370 0
1370 0
1370 0
1370 0
1370 0

0.130483
0.130483
0.130483
o 130483
o 130483

130.5
130.5
130.5
130.5
1305

213.1
2364
253.3
273 7

2922

249.6 220 8
263 0 246 0
277 0 263.0
293.0 281 8
3124 2994

UE
upstream upstream

206.6 198.1
232.0 2249
253.0 246.8
270.6 264.7
291.6 2874

219.4
249.7
271.6
286.4
306.4

·147.0
·147.0
·147.0
·147.0
-147.0

0.609
0.609
0.609
0.609
0.609

US DS DE
downstream downstream

0.560
0.560
0.560
0.560
0.560

0.94
0.80
0.71
0.69
0.66

0.108462
0.104192
0.100761
0.104328
0.108575

1.29
1.25
1.20

0.70
0.60
0.54
0.48
0.43

0.73
0.61
0.54
0.49
043

0.67
0.55
048
045
0.40
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MODEL PIER, bp = 32 mm_SHORT _15Degrees_NORMAL Q's

DATA: Sunday, 13 August 2000

a hm.n 1 hmWl 2 Om 2m 3m

UE

OK

us DS DE

4m
upstream upstream downstream downstream

end side side end 6m 7m
bed levels

10
30

50
70

90

110

130
150
170

11.0

71.5

208.0

395.0

660.0

9650
1350.0
1820.0
2300.0

1m

15.5
57.0
92.2

122.1
147.8

172.7

191.2
210.5
239.4
256.8

57.8
96.6

125.1
150.2

171.3

199.3
225.1
246.5
268.4

44.6
82.0

118.8
1423

168.6

189.9
209.1
238.4
252.9

31.8
63.1

94.9
119.3

141.3

162.1
178.1
201.8
215.4

15.0
41.5

74.5

1029

125.5
147.3
160.8
182.3
194.8

147.5
197.7
232.8
217.5

293.5

286.9

320.5
302.4
322.3
341.8

147,0

hm.., ."Q
10.8
71.3
207.8
396.0
652.5
962.5
1350.0
1825.0
2300.0

0.011558
0.029757
0.050812
0.070152
0.090050
0.109369
0.129527
0.150600
0.169066

QUII:

12.5 10.5 15.0 13.5
58.5
937

125.0
149.3

173.9

197.3
219.2
246.2
261.6

UE us DS DE

10.5
71.0

2075
3970
6450

960.0
1350.0
1830.0
2300.0

Distance measured downstream within the flume
Om 1m 2m 3m 4m

a (115) Yo y, y, y, Y.

upstream upstream downstream downstream
end side side end

Yo<
41.5
76.7

MODEL PIER, bp = 32 mm_SHORT_15Degrees_DROWNED Q's

11.6
29.8
50.8
70.2
90.0
109A
129.5
150.6
169.1

45.0
80.2
111.5 106.6
135.8 132.3
160A 157.2
183.8 175.7
205.7 195.0
232.7 223.9
248.1 241.3

hmen I

DATA: Sunday, 13 August 2000
UE

4m
upstream upstream downstream downstream

end side side endhm ... 2

US DE

6m

630.0
630.0
630.0
6300
6300

hm .... _,

660.0
660.0
660.0
6600
660.0

hm.., 2

DS

15.5
191.2
212.5
230.9
248.2
2649

191.8
2105
225.6
2409
2546

170.0
193.3
211 5
228.8
2454

158.9
182.4
202.9
220A
240.0

147.5
339.5
357.8
375.0
392.5
409.9

6m
147.5

hm.n ,

00 O~
00 00
00 O~
00 O~
00 O~

hm ... 2

188.6
209.8
232 1
247 1
2639

6m

UE US DEDS
upstream upstream downstream downstream

4 m end side side end
15,5

UE US DEDS
upstream upstream downstream downstream

4 m end side side end

YUE

57.8
96.6
125.1
150.2
171.3
199.3
225.1
246.5
268.4

7m
147.0

7m
147,0

7m

Yus

46.4
83.8
120.5
144.0
170A
191.7
210.9
254.0
296.0

34.9
66.3
98.0
122A
144.4
165.3
181.3
204.9
218.5

Yos
18.6
45.1
78.1
106.4
129.1
150.8
164.3
185.8
198.3

Bm

v«
50.2
85.3
70.0
146.0
139.4
173.0
154.9
174.8
194.3

7m
y,

·147.0
·147.0
·147.0
·147.0
·147.0
·147.0
·147.0
·147.0
·147.0

B
0.609
0.609
0.609
0.609
0.609
0.609
0.609
0.609
0.609

Geometric properties:

0=
Lp =
z-. =
ze =
ze =

Zo=
Theta =

B-bp
Ve =

2g(Yue·Yos)O.5
0.551
0.551
0.551
0.551
0.551
0.551
0.551
0.551
0.551

31.5 mm
132 mm

1.4 mm
1.8 mm
3.1 mm
3.6 mm
15 degrees

0.70
0.79
0.75
0.76
0.75
0.64
0.95
0.92
101

0.051421
0.059696
0.076419
0.094599
0.104261
0.121304

Fr_4m Fr_DS Fr_DE

1.~
1.~
1.~
1~

1.~
1M
1.~I.

on
073
0.77
on
on
on
o~
o~
o~

1.03
1.01
0.96
0.95
0.95
0.94
0.97
0.94
0.96

2.~
1.~
1.n
1~
1m
o~
1~

O.~

1.~
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15.5 147.5 147.0
13650 1360.0 2434 2455 2396 213.1 197.0 372.5
13650 13600 2649 2675 261 0 2375 219.8 410.3
1)650 1360.0 2798 2785 2750 2560 242.3 424.5
13650 1360.0 2983 2985 291 6 274 1 264.5 443.2
1365.0 1360.0 317 1 317 4 308.6 293.5 283.1 459.8

UE US DS DE
upstream upstream downstream downstream

hm•n_, hman 2 4m end side side end Sm 7m
15.5 147.5 147.0

00 0.0
00 0.0
00 0.0
00 00
00 00

UE US DS DE
upstream upstream downstream downstream

hman I hm ... 2 4m end side side end Sm 7m
15.5 147.5 147.0

23300 2320.0 277 9 281 3 2745 241 8 222.4 452.2
2330.0 2320.0 298.0 3038 294.3 265 1 244.5 424.5
2330.0 2320.0 318 1 3238 311.8 285.8 268.4 455.3
23300 2320.0 337.8 341 3 331.8 3075 291.1 482.9
23300 2320.0 3570 3604 351.3 3296 317.9 500.9

t~1¥~QJli~,ï'~~~~i FLOW DEPTHS

UE US lJ~ OE
upstream upstream downstream downstream

4m end side side end 6m 7m Ve'
hm .... -g ac..c Q (1/5) y, YUE Yu. Yo. Yoe v« Yr B B-be 2g(YUE·YOS)O.! a,~ Fr ...... Fr...DS Fr_....
645.0 0.089531 89.5 175.7 188.6 193.5 173.1 162.4 192.0 -147.0 0.609 0.551 0.58 0.055584 0.64 0.65 0.56
645.0 0089531 89.5 1970 209.8 212.3 196.4 185.9 210.3 -147.0 0.609 0.551 0.55 0.059044 0.54 0.54 0.49
645.0 0.089531 89.5 2154 2321 2274 214.6 206.4 227.5 -147.0 0.609 0.551 0.61 0.072788 1.23 0.47 0.47 0.43
6450 0.089531 895 2327 247 1 2427 231.9 223.9 245.0 -147.0 0.609 0.551 0.58 0.073906 1.21 0.42 0.42 0.39
6450 0.089531 89.5 2494 263.9 2564 248.5 243.6 262.4 -147.0 0.609 0.551 0.58 0.079495 1.13 0.38 0.38 0.35

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m ve·
hman .. g Qc: .. " Q (lis] y, VUE Yus Yo. Yoe y, y, B s-e, 2g(Yue·Yos)O.' Qlh-2 Fr_... Fr...DS Fr_...

00 0.000000 0.0 -155 0.0 1.8 3.1 3.6 -147.5 -147.0 0.609 0.551 #NUM! #NUM! #NUM' 0.00 #NUM!
0.0 0.000000 0.0 -155 00 1.8 3.1 3.6 -147.5 -147.0 0.609 0.551 #NUM! #NUM' #NUM! 0.00 #NUM'
00 0.000000 0.0 ·155 00 1 8 31 3.6 -147.5 -147.0 0.609 0.551 #NUM! #NUM' #NUM! #NUM! 0.00 #NUM'
00 0000000 0.0 -155 00 18 3.1 3.6 -147.5 -147.0 0.609 0.551 #NUM' #NUM! #NUM' #NUM! 0.00 #NUM'
00 0.000000 0.0 ·155 00 18 3 1 3.6 ·147.5 -147.0 0.609 0.551 #NUM' #NUM' #NUM' #NUM' 0.00 #NUM'

UE US DS DE
upstream upstream downstream downstream

4m end side side end Sm 7m ve =

hman ."'il Oc ..c Q (lis] y, YUE Yus Yo. Yoe y, Yr B B-be 2g(YuE"'YosI0's Qlh= Fr_4m Fr...DS Fr ......
1362.5 0.130125 130.1 2279 2455 241.4 216.3 200.6 225.0 -147.0 0.609 0.551 078 0.093046 0.63 0.68 0.64
1362.5 0130125 130.1 249.4 2675 2628 240.6 223.3 262.8 ·147.0 0.609 0.551 0.75 0.099492 0.55 0.58 0.51
1362.5 0.130125 130.1 2643 278.5 276.8 259.1 245.8 277.0 -147.0 0.609 0.551 0.64 0.092055 1.41 0.50 0.52 0.47
1362.5 0.130125 130.1 2828 298.5 2934 277.3 268.1 295.7 -147.0 0.609 0.551 0.67 0.102767 1.27 0.45 0.47 0.42
1362.5 0.130125 130.1 3016 317.4 310.4 296.6 286.7 312.3 -147.0 0.609 0.551 0.67 0.108899 1.19 0.41 0.42 0.39

UE US DS DE
upstream upstream downstream downstream
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4m end side side end 6m 7m ve·
hm'""_."9 ac .., Q (1/5] Y. Yu' Yvs yes Yo< Y, Yr B a-be 2g(yue-Yos!o.s Q'!:2; Fr_4m Fr_os Fr_...

0.0 0.000000 0.0 ·155 0.0 1.8 3. I 3.6 ·147.5 -147.0 0.609 0.551 #NUM! #NUM! #NUMJ 0.00 #NUM'
0.0 0.000000 0.0 ·155 0.0 1.8 3.1 3.6 ·147.5 ·147.0 0.609 0.551 #NUM' #NUMI #NUM' 0.00 #NUMI
0.0 0.000000 0.0 ·155 00 1 8 3.1 3.6 -147.5 -147.0 0.609 0.551 #NUM! #NUMI #NUMI #NUMI 0.00 #NUMI
0.0 0.000000 0.0 ·155 0.0 1 8 3.1 3.6 -147.5 -147.0 0.609 0.551 #NUM! #NUM! #NUM! #NUM' 0.00 #NUMI
00 0.000000 0.0 ·155 00 1.8 3.1 3.6 ·147.5 -147.0 0.609 0.551 #NUM! #NUMI #NUM! #NUM! 0.00 #NUM'

UE US DS DE
upstream upstream downstream downstream

4m end side side end 6m 7m Ve =
hman_.~'il Oc.'c Q (1/5] y. Yu, yus Yo, Yo< y, y, B B-be 2g(Yue·Yos)O.S Qtt,.°l Fr "" Fr....ns Fr 6m

2325 0 0.169983 170.0 262.4 281 3 2763 244.9 2259 3047 -147.0 0.609 0.551 0.87 0.116836 0.66 0.74 0.53
23250 0.169983 1700 2825 3038 2960 2683 248.1 277.0 -147.0 0.609 0.551 0.86 0.126513 1.34 0.59 0.64 0.61
2325.0 0.169983 170.0 3026 3238 313.5 288.9 2719 307.8 ·147.0 0.609 0.551 0.85 0.135093 1.26 0.54 057 0.52
2325.0 0.169983 170 0 3223 341 3 3335 310.6 2947 3354 ·147 0 0609 0.551 0.80 0.136582 124 049 0.51 046
23250 o 169983 1700 341 0 360 4 3530 332.8 321 4 3534 ·1470 0.609 0.551 076 o 139372 122 0.45 046 042

1.32
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