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PREFACE

This report 1s one of five which were produced under Water Research Commission contract
No. 980, and which are listed below.

The first three reports contain results which may be regarded as conclusive, whilst the last
two contain the results of exploratory research which may serve as the basis of further
research.,

WRC Report No. 980/1/00

The rating of compound sharp-crested weirs under modular and non-modular flow
conditions.

WRC Report No. 980/2/00

The rating of sluicing flumes in combination with sharp-crested and Crump weirs under
modular and non-modular flow conditions.

WRC Report No. 980/3/00

Discharge measurements in terms of pressure differences at bridge piers.

WRC Report No. 980/4/00

Flow gauging in nivers by means of natural controls.

WRC Report No. 980/5/00

The application of Doppler velocity meters in the measurement of open channel discharges.




EXECUTIVE SUMMARY:

This study entailed the successful 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 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 previous study (Rerief 1998) 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 encrgy principle gave the best results. The question of applicability of the theory to
different 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-cntical
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 principal dimensionless parameters.

Following on the very positive results which were obtained in the laboratory, tests were also
performed on a real bridge. Even though conditions at this bridge (across the Breede River) were
far from ideal, very encouraging results were obtained. This methodology therefore holds much

promise for application in practice.
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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) 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
measuring high discharges need to be found. The existing network of flow gauging
stations on South African nivers consists mainly of compound gauging weirs. Most of
these weirs become inaccurate when high discharges occur because they cannot be built
large ecnough to cope with very high flows. These inaccuracies are mainly 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 arcas upstream of the

weirs.

The accurate measurement of high discharges has several advantages and uses:
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© 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.

® 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 Qsp flood
discharge, which has been used to determine the Qs flood lines for the town/settlement,

one will know with greater certainty when to evacuate people.

© 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. By 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.

©® Given the possible ability of measuring high discharges accurately at existing
bridges (the method being investigated in this report), 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 charactenistics 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 appeared 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 2 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
Pitdt-tube velocity gauge works. The velocity of aeroplanes as well as water flowing
under uniform conditions can be measured 1o an accuracy of about 1% by using this
technique (White 1986). The theory of the Pitdt-tube will be discussed as an introduction
to flow measuring theory in terms of the energy equation with specific reference to the

application at bndge picrs.
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BACKGROUND:

(Rettef, M.J., 1998 —extended and amended)

2.1 SOUTH AFRICAN RIVERS:

South Africa is a relative dry country with an average annual rainfall of about 500 mm
This 1s 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 nvers may be
lower than average for periods of up to 10 years (DWAF 1986). It 1s for this reason that
accurate knowledge about the discharge of water for use as well as for the temporary

storage of floodwater 1s so important

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

©® Climate:

Not only is the flow in South Afnican nvers limited but also highly unsteady. In
contrast, Europe for example is dependent for a major part of its nver flows from
the melting of snow in the mountain areas. The snow plays a dual role: gradually
releasing water duning 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 countnies 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 penod of cold rainy

weather.

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

uniform flows in rivers than in South Afnca. The flow charactenstics of South




African rivers are much more unstable and unpredictable. Comparing the River
Thames in England with the Limpopo River 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 contnbution 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 arcas which are either summer or winter rainfall areas. This means that we
do not have rain on a regular basis, but rather at random dunng 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 vaniations in flow depths make discharge measurement difficult.

© Sediment:

Sediment problems are experienced at conventional gauging stations especially in
the following regions: FEastern Cape, Western Cape, Free State and Kwazulu
Natal (Rooseboom 1992).

Sediment accumulation at existing flow gauging stations poses serious problems,
especially during high discharges when flooding rivers carry heavy loads of
sediment. (Rossouw. et al, 1998) deal with the design and maintenance of flow
gauging stations on sediment carrying rivers in South Africa.

® Labour

A shortage of personnel and funds contributes further to the flow-measuring
problem. Sufficient skilled human power is usually not available during flood
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events— this 1s 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 dunng 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 logistical problem to physical flow measurements

© Vandalism

This has become a major problem in certain parts of South Afnca and contnbutes
to incomplete flow records. Measures need to be taken in order to safeguard
measunng equipment at flow gauging stations which contribute to high

maintenance costs.

OCCURRENCE AND MANAGEMENT OF FLOODS IN SOUTH
AFRICA:

As mentioned earlier, South Africa experiences large vanations in river run-off. These
varying floods arc important both in terms of their destructive abilitics as well as their

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

2.2.1 Defining a flood:

A flood can be defined as an event during which the water surface in a river rises
to such an extent that the rniver is no longer flowing only in the main channel, but
also fills the floodplains on the sides, therefore nsing above the normal flow
boundaries. From the point of view of hydrology (Rooseboom, 1985): "a flood 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”




2.2.2  The nature of floods:

2.2.3

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, 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 northem parts
of Kwazulu-Natal. More than 10 000 people were directly affected by the floods
and more than 200 lives were lost during the cvents. In South Africa alone more
than R100 million's damage was caused to communication installations, the

agricultural sector and nature reserves.

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 DWAF was to wait for a flood to subside before
flood levels were determined (Herschy, 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 10 exist




and the calculation of flow rates as functions of upstream water depths therefore

becomes inaccurate.

©__ Slope Arca method:

This method 1s used most frequently. It is based on the assumption that the flow
1s uniform (cross-sections' geometry relatively constant) for the reach where flow
measurement 1s being undertaken. This method assumes that the flow depth 1s a
function of the average bed slope §o, 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 nver. 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.

The following problems were found using the Slope Area method:

© The calculated flow rate Q is very sensitive to the energy slope and small
crrors made with the energy slope may result in large vanations in the flow
rate. The assumption of uniform flows implies that the energy slope Sy is
taken as the same as the bed slope Sy which is not always correct especially

if accelerating flow is present.

® The bed roughness, which is used as a parameter in the open channel flow
equations, 1s typically taken as the k-value of the irregular bed as found after
the flood has passed. Recent rescarch (Rooseboom, Le Grange, 2000) has
shown that the bed roughness (k-value) in sand-bedded nvers is totally
different duning the flood event compared to after the flood event. The

reason for this is that deformation of sand beds occurs when flows pass over
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2.2.4

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 cnergy equation of Bernowlli. 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.

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) Lid is supplying the
equipment which is currently being used for velocity measurements. The
equipment consists 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 0.4D above the niverbed, where D 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,
local velocities within the stream can be calculated. By taking these measured
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velocities as being representative of their associated area elements and
multiplying them with their elemental areas, one can obtain the flow rate for each
clemental 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
arca of the cross section should reflect conditions during the flood event and not
after the flood event. More accurate results are obtained by measuring velocitics
at different levels. A bnidge 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 (1998 prices).

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:

© 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 strecam gauging:
© [tis 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.

© 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 countnes, particularly where nver flows do not vary greatly.

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):

© It is imponant 1o note the large variation in flow rates in typical South African
nvers. 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 intemational boundaries and the proposed system should
therefore comply with intemational standards.

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

additional structures but rather be incorporated in existing structures.
© Maintenance of structures should be a minimum.

@  The system should be sturdy to resist the forces of nature and vandalism.
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3.1

FLOW MEASURING THEORY:

APPROACH FOLLOWED:

The main aim of this investigation was to determine whether pressure differences at
bridge piers could be related to discharges. Revief (1998) showed that the energy
principle combined with the stagnation phenomenon did work for a limited number 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 boundanes 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 summansed 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 theones, covered in sections 3.7
and section 3.8 respectively), led to promising conclusions and recommendations (section
3.11). 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 Rerief’s (1998) data,

Additional tests performed duning July/August 2000 (covered in chaprer 4) at the
Hydraulics Laboratory of the University of Stellenbosch helped to develop a better
understanding of the process of pressure conversion at bndge piers and calibrated curves

could be established according to the energy based theory for discharge measurement.
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MODEL DESCRIPTION - Retief:

Figure 3.1 1s 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 Umiversity of Stellenbosch. The glass flume that was used to simulate the prototype
"nver” 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 Neme. width = 609 mm

'|l onstant bead tank I ) Hydrauhics Ladoratory
Usiversity of Stellenbosch

v

s

Figure 3.1: Schematic side view of model pier set-up in the Hydraulics Laboratory,
University of Stellenbosch

The mathematical models that will be denved in secrions 3.6 to 3.8 were calibrated using
model data. Scale models of the real structure (prototype) were constructed from wood

(photo 3.1, p.16) and tested in order to investigate flow conditions around bridge piers.
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GClass Nume. width =~ s am

Figure 3.2: Schematic plan view of model pier set-up in the Hvdraulics Laboraton

University of Stellenbosch

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 was measured with a water'mercury manometer. From the pressure

differences the discharge was calculated using the following equation

flgh‘

Q=Ca\

where C4 = coefficient of discharge = 0.61 and

k=22
a

a, = pipe diameter and a; = diameter of disc opening
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In order to have been able to test different ratios of channel width to pier width (B/by),
three different pier widths were used by Rerief. Each pier was constructed with three
horizontal holes for measuring pressures (A, B and C in photo 3./, p.16), 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, vizz "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. "Debnis
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 I, photo 3.1), at the upstream end (section 2,
corresponds to pressure measuring ar A), at the middle of the pier (section 3,
corresponds to pressure measured at B), at the downstream end (section 4, corresponds
to pressure measured at 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 Rerief’s study. According to the pressure measuring configuration used
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for the wooden piers, the following sections were defined accordingly and are shown as

dotted lines:

Photo 3.1: Wooden model pier used by Retief, defining the sections used by him and the

corresponding pressure measuring points

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 in figure 3./, figure 3.2

and photo 3.1

3.3 INTRODUCTION TO FLOW MEASUREMENT:

The typical problems engineers usually face with open channel flow is either of the

following (Rooseboom 1985):
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© "Given the flow rate, determine the flow depth in the channel”

® "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 report, i.¢. 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.

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 — vanations and combinations of these two laws are commonly used when

tackling hydraulic problems.
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Ihese two laws are basically: "The Law of the Conservation of Mass” and "Newton I’
It will be shown that Newton [I can be rewnitten to indicate that force equals momentum

change.

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

to analyse a wide range of problems:

Continu ny

—

Momentum
E . %

Figure 3.3: The three basic hydraulic laws, Continuity, Energy and Momentum

An extension (figure 3.4) of the three laws has been proposed by Rooseboom (1992) by
the introduction of Power Theory, in which he proved on a theoretical basis that the Von
Karman coeflicient nearly equals 0.4. The arrows in the sketch below imply that

different combinations of these laws may be used in calculations.

—_—

Contunusty

Momentum

Figure 3.4: An extension on the three basic hvdraulic 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
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 denived 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 clanty. 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 sclection of configurations for the application of the 4 laws depends firstly on which
of the 4 laws 1s 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 vanes across the width is not suitable as an enclosing section for use

with the Momentum or Power Laws.
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A third consideration which influences the selection of sections is the location of large
transitional losses. By using section 4 rather that section 5 for instance in (Figure 3 5
p.23), uncertainties concemning the transitional losses occurring within the control volume
can be drastically reduced. By doing this, more stable coefficients (resulting from the

calibration process) were found

Taking a section at the upstream ¢nd 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

CONTINUITY:

Derivation:

The Law of Conservation of Mass states (Serway 1982): "Matter 1s 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 water is continuous as it moves from point Pin 10
point Pow enclosed by 1solating boundarnies. The enclosed volume between Pin and Pow

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 Poue in the system, there will be

no volume change within 1f we assumed water to be incompressible for the purposes of

this study. The above-mentioned assumption leads to the following derivation:
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ofs Is:
My mass entering the system [kg]
Moyt mass exiting the system [kg)

mass density of the fluid [kg/m’)

V. volume entering the system [m’)
Veu: volume exiting the system [m’]
™ time derivative with respect to vaniable x [non dim]

Mass entering the system = mass leaving the system

= mass in (m_ )= mass out (m“,)

Taking the time denvative on both sides:

= Lm.)= 4 ln)

d d
= —pV, )=—pV,
L br)=26v.)
The density is constant (incompressible fluid):

= £0.)=20.)

= 0.=0. (Equation 3.1)

Equarnion 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 1s 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 1s necessary
to describe the flow region in the vicinity of the pier as well as possible. This description
will be used throughout chaprer 3 and is discussed in more detail in the following

paragraph "Defining the geometry of a tvpical bridge layv-out”

Defining the geomerry 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 1s approached at long bndges where span lengths are constant and where flow
conditions are the same for the different openings. The theones that were developed
were based on the assumption of isolated piers. It was further assumed that the bed

around 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 n 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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3.6

R

Figure 3.5: Describing and defining the plan view of a tvpical pier lay-out
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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 (1971)is used). Please note
that when there are references to the pier width (by), 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.

ENERGY APPROACH:

Derivation:

Newton's second law states Serway (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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Velocity of flow [m's
5 Distance [m]
dx Small increment 1n vanable x [dim of x|
[ime denvative with respect to vanable x [non dim]
{ Work done between sections | and 2 (positive work is defined as work

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

ax
m
-
= 4a=
m
= F_=ma (Equation 3.2)

Note the following manipulation that is introduced

dv - dv ds
dr ds dr

. vdv
= F_=ma=m—
ds

= F_ds=mvdy
If L As = Imr.dt (Equation 3.3)

s ):m(":: _"‘]

2
-

— fﬂ_(s




2 2
= U, = "'_;L (Equation 3.4)

The term Uy.z 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).

Figure 3.6: Typical open channel flow profile, taken berween section | and section 2

Consider a flow line along the surface as represented by the upper solid line in figure 3.6.
The potential energy value at the surface at section 1 equals €y = mg(ys+24) and at

section 2 the value is Ep2 = mg(y2+22), measured relative to the dotted datum line.

Substitute Uy.2 with its differential definition in terms of the potential encrgy, viz. Uz =

Ep1 = Ep2. The reason why it is defined in this fashion comes from the definition of g, the

carth'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 g 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 result 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)
I'he work done between points 1 and 2, Uy.2, takes on the following definition

Uiz=mgy; + mgz; (mgy; + mgzy) (Equation 3.5)

Substitute U4z (as defined in equation 3.5) into equation 3.4:

my, my

=> -mgy, —mg:, = ————mgy, —mgz,
2 2
my, my,

= 5~ tmgy, +mg:, =—=-+mgy, + mgz,

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

unit volume of fluid. Divide by W =mg:

Nty (Equation 3.6)

Equartion 3.6 1s known as the Bemoulli 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 1gnored in the above denvation for

simplicity.
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The total energy equation can be obtained by adding the loss terms to the nght hand side
of equation 3.6 and introducing a factor which compensates for the assumption of
constant velocity across the section, namely the Coriolis coefficient a. The Coriolis

coefficient has been taken as being = 1 throughout the text.

— | .2
= a;g. AL ‘12'81 =TT Z"t... +h,, (Equation 3.7)

The term Zhyy.z represents the sum of all the transitional losses that occur between
sections 1 and 2 whilst hy.z 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 €p and Kinetic energy €« and that losses are
associated with this process. It is the vanation in relative magnitudes of v’lZg and (z+y)
that represents the energy exchange process.

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

The tol energy head at a point in open channel flow according to Bemoulli can be written

as follows:

H = total energy [Imul inm muer]

H=y+ _'i 4z (Equation 3.8)
2z

where y represents the flow depth, v?/2g the kinetic energy component and Z the
absolute height relative to a chosen datum level.
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If we define E5 = y + v?/2g as the specific energy head, or in other words as the energy
head component of H (total energy) that excludes 2, Eg represents the energy head of the
stream relative to the bed. By using Eg throughout our work where channels are
pnsmatic in shape, calculations and the representation by means of graphs can be

simplified

The graphs in figure 3.7 and figure 3.9 show the relationship of y vs. Eg for a specific

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

Specific energy diagram; rectangular
channel section

1.00
0.80 —
0.60
0.40
0.20

0.00
0.00 0.20 040 0.60 0.80 1.00

Specific energy (E,)

Flow depth (y)

Figure 3.7: Tvpical relationship between the flow depth and the specific energy for a

rectangular section

The value of Eg4 changes according to the flow depth y. If the flow depth reaches a
critical value, that 1s y = y,, the specific energy takes on a minimum value, Eg = E;. Itis
quite clear from the graph that two different flow depths may be associated with a
specific value of Eg. This means that the flow may be either subcritical or supercritical
for the same value of E5 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, in order to understand the change in water surface levels as water enters the

space between the piers.

| =

_> 3 o

(] |

Figure 3.8: Typical pier layv-out, the flow is approaching from the lefi

The distance between bridge pier centres is equal to B and this is also the representative
width of approaching flow associated with cach pier. The distance between piers in the
contraction is equal to b and the width of each pier equals by. The flow rate across width
B is defined as Q as shown in the sketch. The total flow rate Qe can be calculated as the
sum of Q's, or: Q. (According to convention flow will be towards the right in most

figures.)
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Specific energy diagram; rectangular
channel section

1.00 4
0.80 +
0.60 1
0.40
0.20

0.00
0.00 0.20 040 0.60 0.80 1.00

Specific energy (E,)

Flow depth (y)

Figure 3.9: Flow depths vs. specific energy for two rectangular sections with widths B

and b respectively

It is important to note that the y vs. Eg relationship in 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 B and b curves respectively in Figure 3.9) 1t 1s
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 bnidge structures and to convert
these values into velocities. The conventional flow measuring method at bridges (bndge
contraction method) 1s based on average depths and velocities and works on the same

principle as a Ventun flume.
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This study entailed the measurement of water pressures around a bridge pier. Due to
stagnation the water at the upstream end of the pier i1s almost stationary, the specific
energy value Eg here is virtually equal to the flow depth value as the velocity is almost
zero. Within the contraction the Eg-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'Aubasson for instance Webber (1971).

Energy transformation at a bridge pier:

High flow ratcs 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 € and
kinetic €, energics 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 in which the given discharge can pass through the constriction
and at the same time sausfy the energy cquation, 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 arc to be taken into account, or equal to the specific energy in

the contraction, for the case of no losses.




In this case the upstream water level nses, 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 1s an increase in energy head. Thus energy head increase
(by means of a nse in water level) will continue until enough head has been built up to
provide the cnitical energy head in the contraction. Figure 3.10 shows the energy
situation without damming; the solid line represents the water surface and the dotted line

the energy line.

N F

Figure 3.10: Theoretical potential and kinetic energy values upstream and within the

contraction before damming takes place

The relative contnibutions of kinetic and potential energy heads are represented by the g
and £, and blue rectangles respectively. It 1s 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 to ensure a balance between the

upstream and downstream energy heads
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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.//. 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./2) and plan view
(figure 3.13).
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Figure 3.12: Longitudinal section of a bridge pier under high discharges

-

Figure 3.13: Plan view of a typical prer lay-out

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 cquation we have:

H;=H, + (energy losses);.;

Also...

H, = H; + (energy losses),.;




Expressing the energy heads in terms of specific energy (E, = H-z) and assuming a

horizontal bed:

E, = E; + (energy losses);.;

L) :
v v,
= d+—=d,+——+h

3 (Equation 3.9)
2g g

b3

: 3
and d, +-—=d,+—+h

2g g -
2 2
= d + L - d, + s +h,_ +h, (Eguation 3.10)
' 2g 2g "2 -}

where hy 4.2 primarily represents the contraction loss and hy2.3 the divergence loss.

The simplified assumption which is now made by d'Aubuisson 1s that the recovery of
kinetic energy (€x) in the form of potential encrgy (gp) between sections 2 and 3 s
negligible. This can be justified by the fact that such recovery is typically small, thus

d;=d,. The divergence energy loss thus equals:




And from the continuity equation:

[herefore

ha= l I i:_‘-" +hl.
Zg_h_'d

' o :
= 2g(h -h,_ )= L =
b, d,

)

:

Qr

= ——5=28(h,~h,_  )+v
b:.d‘. -3
= Q=bd,28(h ~h,_ )+v/ (Equation 3.11)

Cq 1s defined as a flow correction factor that compensates for the loss Hyqz as well as

other simplifying assumptions

[herefore

A

Q=C,bd, \2gh +v,' =Cbd 2g(d ~d )+v (Equation 3.12)

['his equation has been in use for a long time and provides good results for long bridges,

-

1.c. bnidges which are long enough for picrs to be considered as "isolated”. Isolated piers




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. In 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 bndges, Bradley summansed the
studies of Liw, Bradley and Plate (1957) on damming at bridges and called it "Hydraulics
of Bridge Waterways" (University of Stellenbosch Department of Transport 1973). In
this text he provides the general equation for calculating the height of dam upstream of a

bridge:

Definiti v 8:

h,": Total increase in upstream depth [m].

K™ Total damming cocfficient [non dim).

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

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

An Cross-sectional area in the contraction measured below the normal water
surface level [m’].

v = Q/Aw

Ay Cross-sectional area at section 3 (figure 3.12)

Ap Cross-sectional area at section 1 (figure 3./2)

The formula reads (figure 3.72 configuration):

3 2 :
+a, A, | _| Au Yoz (Equation 3.13)
8 A, A,) )28
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By replacing vaz with Q/Aaz in eguation 3.13 and because hy is basically equal to (dy =
d3) in figure 3.12, equation 3.13 can be rewrnitten in order to express Q as a function of
hy or (dy = d;). 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 bndge,

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 Hyvdraulics of Bridge Waterways") inaccurate for discharge
measurement purposes, given the relatively small differences in averaged water depths

upstream and downstream of a bridge.

I'he unsuitability of the brnidge damming formulas for accurate discharge measurement

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

’
R S PUSS,
4 2 & d ‘
‘ * - « —_— |

Figure 3.14: Measuring water surface level differences between upsiream and

downstream of a bridge
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Figure 3.15: Water surface level differences between upstream and downstream of a

bridge pier

Sections 1 and 3 in figure 3.]4 and figure 3.15 indicate positions where water levels arc
measured. Figure 3.14 depicts the conventional system of defining water depths
upstream and downstream of a bridge (d'Aubuisson, Nagler and the "The Hvdraulics of
Bridge Waterways" equations) whilst figure 3.15 depicts the difference in water surface

elevations between the upstream and downstream ends of a pier.

The flow ratc Q is a function of Ah = dy = dj (this follows later from the Pitot-tube
theory). By expressing the error made in Ah as a function of "measurement errors in
depths dy and d3", we can calculate the error made in the calculation of Q. By
expressing the error made in Ah for both configurations (figure 3.4 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 Ah:

error in A 100

*

correct value of Ahvalue 1

ERROR in Ah as % of Ah=

Ah-|(d, - Ad,)-(d, - Ad,)), 100
correct Ah value 1

= ERROR=
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~ Error=24-16.- MA_"’)-_@L@ ). l(:ﬂ

Ah-|d,-d,+Ad, -Ad |, 100

= ERROR =
Ah 1
= ERROR= Ah—-Ah-(Ad, ~Ad,), 100
Ak 1
— FRROR = Ad, -Ad, , l_(:i)
= ERROR = A:' -jd‘ n l(l)o (Equation 3.14)

Let us assume that the vanations in the water surface level will cause the same
measurement errors Ady and Adj for the two flow measuring configurations. It is now
evident from equation 3.]4 that the error made in Ah and also the error in the flow rate Q
will be greater for the measuring configuration shown in figure 3./4. The reason for this
is that a smaller water surface level difference (Ah) is observed for the same value of
(Ady - Ady) in the figure 3.1 4-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. Note that Ahy
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 picr (Ahg) it is possible to obtain a larger water surface level difference and therefore

better accuracy




Photo 3.2: A typical water surface profile at a bridge pier during flood conditions, Ah4
showing the normal water surface level difference measured at bridge piers and Ah; the

pressure difference obtained by measuring pressures next to the pier

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 making a rchable estimate of the flow velocity 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 bndges 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 velocitics and which is based on the principle of conservation of energy
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between a stagnation point and flow clsewhere, has prompted investigations into the
possible use of a pier for flow measurement. The instrument or measuring device is
called a Pitét-tube. The principle on which the Pitdt-tube works and the analogies
between this simple measuning device and a pier as flow measuring device are set out in

the following paragraphs.

A typical layout of a Pitdt-tube is depicted in figure 3.16 (lay-outs differ but they all work

on the same principle):

Static Fresstream
wc“m - Fressure

Stagnanon 0 \
N\

pressure dtaol

Static pressure
|

|

Erron

Stagnation pressure
—

0 10* N 20° h is proportional to |
Yaw angle § (Po—Ps)

Figure 3.16: A npical Pitor-tube for measuring stream velocity; p; = dvnamic or

stagnation pressure, p, & hvdrostatic pressure, h &pg-p, (White, 1956)

The Pitor-tube essentially measures the difference between the dynamic (stagnation
pressure) and hydrostatic pressure along a strcamline. Note that pg represents the
dynamic or stagnation pressure and p, the hydrostatic pressure or free flow pressure. On
the side of the Pitdr-tube there are holes to measure the static pressure po. As hquid
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 pg. The




pressures Po and Ps are not measured separately but the difference between them is

recorded by using the manometer as shown in figure 3.76.

Energy losses for flow past the Pitdt-tube are small and Bernowlli’s energy equation

therefore gives accurate results.

For incompressible fluids along a stream line (broken line in figure 3./6) with small

energy losses:

2 2
v v
_P_‘+-'_+:.. _’,_‘ +L+:

(Equation 3.15)
pe 28 pe 28

By taking a honzontal streamline Zo = 25 equation 3./5 can be simplified giving the

following result:
M2 p -
v = Y[M] (Equation 3.16)

Where vy has been taken as =0

This equation i1s known as the Pirér-formula and is named after a French Engineer who

developed the instrument in 1732 (White, 1986).

There 1s a resemblance between a Pirér-tube and a bndge pier:
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Figure 3.1 Ivpical flow lines around a bridge pier, p; = dvnamic or stagnation
Y ’

pressure, p, = hvdrostatic 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 Bemoulli's energy equation for open channel flow along the dotted line

(between the straight arrows) in figure 3./7 and assuming that water may be regarded as

incompressible 1n thus case

(Equation 3.17)
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Adopting a horizontal river bed alongside the bridge pier, the term (25 — Zg) will be zero
and y, and vy, are the flow depths. We also assume that only small frictional and
transitional losses occur over the short distance between points "0" and "s". This
assumption is justifiable as the transitional losses occur mainly downstream of the pier
and friction losses are small. The positioning of point "8" is upstream of the downstream
end of the pier, 1.e. upstream of the region where the main transitional losses occur in

break-away eddies.

A stagnation point exists at the pier head and vg = 0. Eguation 3.17 becomes:

=

Yo t0=y,+

!’ 2g with
= v, =2g(y, ':') (y, ar F o y. =_&J (Equation 3.18)
= v, =280y, -») Y v

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

stagnant, therefore:

P=p8

= )y=—
PE

Substitute y as defined above into equation 3. /8:

= v o 2K (p. - 7
. \pg(m r.)
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(Equation 3.19)

This equation corresponds with the previous equation for the Pitdt-tube (equation 3.16).

This relationship forms the basis of flow measurement by means of pressure recordings

alongside bndge 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 express the flow rate Q in terms of

measurable flow vaniables in the vicinity of the pier.

Consider the energy equation of Bernoulli:
gy eq

av av, . o
— 4yt ==ty 42,4 Zhn B, (Equation 3.20)

[his equation i1s applicable along any streamline. By applving this equation between
points F and G and G and | (figure 3.3) respectively, we end up with two possible flow

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

Consider firstly a flow line taken between F and G. By ignorning frictional losses since

the distance 1s very short, the term Zhy.z (equation 3.20) can be eliminated




(Equarion 3.21)

av ay
Lty t3,m— Sty +2,+h,
2 g )

hyr.g represents the transitional losses between positions F and G.

Assuming a horizontal bed around the pier, i.e.:

IF*
Substituting Zg=2Zg, equation 3.2 simplifies to:

:
(Equation 3.22)

A stagnation point forms at G where the water i1s decelerated to zero velocity next to the

upstream head of the pier. We can therefore set:

v, =0
1
v
= -“.x0
e
av
= i +y, = ro+h‘_
2g -G

= V= \'%[()], =¥ )"‘ h,, ‘] (Equation 3.23)
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I'is implies that we assume a uniform flow depth over the width at section 1 and
therefore also 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:

v, ==E= E[l -y, )oh, ]

B,y,

> 0=8,5,*[lc -5, )+ h, J=C.8,5,F . -5,)] (Equation 3.24)

The Cg4-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 Gl we find exactly the same form of equation

as equation 3.24, but in terms of flow characteristics at G and | (figure 3.5)
0=CB,y, %[y, - )] (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 Cg-values. The data used for the calibration
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process were obtained from tests done by Reref (1998) in the Hydraulics Laboratory at
the Umiversity of Stellenbosch.

The energy-based theory is simple and gives good results within a narrow accuracy band.
Cg-values varied from 0.89 to 1.03 for the "normal flows" (control forming within the
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% with dcbris accumulation and 18% for drowned conditions. Refer to section

3.9 for graphs based on the energy theory applied to Rerief's data. Refer to Appendix A
"Encrgy Approach” for the laboratory data and results.

MOMENTUM APPROACH:

Derivation:

Newton's second law has been linked in the previous section to “The Law of the
Conservation of Energy” which has been used to find a flow rate equation in terms of
flow vanables for the pier flow lay-out. In this section the Law of Conservation of
Momentum is considered in order to find a flow rate equation. It will be shown that this

law also onginates from Newton's second law.

Definitions of symbols:
a Acceleration of the particle [m/s”]
m: Mass of the particle [kg]

Fres: Resultant force acting upon as system [N]
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\ Velocity of flow [m/s]
dx Small increment in vanable x [dim of x|
Ve [ime denvative with respect to vanable x [non dim)
li.2 Impulse transferred to a particle within a ime equal to t3-t; [kg.m's]
M: Momentum [kg.m's]
F,es = ma
=>F_ =m =
dt

= F,_ dt =mdv
= (Y dF )dt = m.av

= ’I(ZJF)JI = .jm.dv
= Impulse =I=mv, —mv, =mAy (Equation 3.26)

= I.=M,-M,

Note that the ly.2-term (I = force multiplied by time) represents an impulse. Equation

3.26 basically states that if an impulse ly.z is transferred to an object with constant mass

m, it will give rise to a change in velocity Av over a short time interval At =t; - t,

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

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

The Law of Conservation of Momentum can be described for fluid mechanics as follows

(Hibbeler A 992):




0J
(zrar)

dm.v — .. — E\"

—

—

Figure 3.19: A small particle with mass dm forms part of a fluid mass flowing from

section 110 section 2

Starting with the principle of linear impulse and momentum:

M+I1:=M,
= dm.v, +m‘—-+ZF, yldt =dm.v, +my
= ZF, ,dt =dmyv, —dm.v,
. d

= zl'r.: ’-7':' ":—"1)

. d
= Fpm (o, —v,)

, i
= F.,= d;(P' X, -v,)
= F,,=pQ(,-v,)

= F_ =pQv,-pQv, =pQv_ -p0v,

(Equation 3.27)
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Equation 3.27 1s known as the momentum equation in fluid mechanics. Note that
reference is made to 2 momentum equation even though the terms have units of force
The reason is that the equation 1s based on momentum principles, or the change in

momentum with time.

An overview of drag forces (Webber, 1971):

This study focused on the flow patterns around a bndge pier in order to determine the
possibility of using 1t as a flow measuring structure. One possible approach is to use drag
force theory considering a liquid and a stationary object (in our case) which experience

relative movement

The bndge 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 bndge pier.

Drag forces are observed in everyday hife. Take for example a boat in a nver. If it were
not for an anchor holding the boat in position, the boat would dnft off in the flow
direction. 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 1s then transferred to the anchor rope. This force acting on the boat 15
nothing else but a drag force — this is pure evidence of the existence of drag forces

exerted by flowing currents on objects.

Consider the plan view of a bridge pier in 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 ncar the downstrecam end of the pier and rotating cddics 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
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expenenced by blunt piers. Consider figure 3.22 showing the forces acting on a typical

pier

Figure 3.22: Elemental forces acting on area dA of a typical pier; p.dA forms an angle
of 8 with the flow direction and t.dA an angle of (90-8)

The forces acting on a small elementary arca dA of the pier can be split into two
components, a force p.dA normal to the surface and a shear force t.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 = pcos(0 )dA+ tsin(0 )dA
Integrating dF around the pier:

F= Ipcm(O)dA - Itcos((*))d.l
= F=F,+F,

(Equation 3.258)

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

drag force and F,, the surface drag force or skin friction drag force. The relative

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 strong eddy
formation at the downstream end leading to a larger contribution of Fy than of Fg. On the
other hand, one will find that a streamlined obstruction orientated with its longest axis

parallel to the flow direction will experience a much greater contnibution of Fg than of Fp.

A streamlined "aerofoil” is the most effective shape 1o 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 1s

possible in general.

The drag coefficient C4 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 arca of the object
measured in a plane perpendicular to the flow direction. The direct measurement of the

drag force 1s usually done 1n wind tunnels, canals, towing tanks ctc.

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 Fg can be determined if the total drag F and

form drag Fy are known, from:

F=F,+F, (Equation 3.30)
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Large contributions to F in the form of Fy go hand in hand with large transitional energy
losses. Fg 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 nise 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

F=1 C, plvy (Equation 3.31)

Definitions of svmbols:

F: drag force on the pier [N]

C, : drag cocflicient (equation 3.29) [non dim|

p: mass density of fluid under investigation [kg m‘:]
L: length of the obstruction [m]

v:  velocity of fluid [m's]

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

It is clear from equation 3.3/ that for calculating F, the velocity v should be known,
therefore, the flow rate Q needs 10 be known - whether estimated from measurements or

calculated.
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Conventional applications of the Momentum equation with respect to flow

measurement

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 bnidge 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 formulac 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.

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

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

The Ontario format;

W
F= planr (Equation 3.32)

Definitions of symbols:

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

A:  Projected pier area perpendicular to the flow direction [m’).

Cp: Drag coefficient according to the pier shape: Rectangular (Cp = 1.4); Rounded (Cp
= 0.7); Sharp nose (Cp = 0.8); Debris accumulating around a rectangular pier (Cp =
1.4) [non dim].

p:  Mass density of water [1000 kg/m’]

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

F=KAy (Equation 3.33)

Definitions of symbols
F: The force exerted on the bndge pier [kN]
A Projected pier area perpendicular to the flow direction [m°|

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

v: Flow velocity [mys)

The Apelt&lsaacs format

o o ,
1- :(pr"‘— fL.gquation > ‘v )
o 2 .
Definitions of symbols
F: The force exerted on the bndge pier [N]
L: Length or diameter of pier [m]
C: Coefficient of drag [non dim)
v: Approach flow velocity [m/s)
p:  Mass density of water [ 1000 kg'm ]
The general drag force egquation:
. ", - -
F=p—v,_, 0C, (Equation 3.35)

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

Cp: Hydrodynamic drag coefficient [non dim]

ValN < Approach flow velocity [m/s]

ol Mass density of water [1000 kg.m‘]

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

upstream water surface level [m°)

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 bnidge 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

for Q.

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 ecnergy equation. A suitable control volume should be enclosed by
sections where the velocity and depth do not change across each section. 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 S large eddies form implying high transitional energy
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losses, as well as momentum transfer and 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,

The derivation of the Momentum based flow rate equation follows the same steps for
cach of the two combinations and therefore only the 1-3 combination's derivation 1s

shown.

'he momentum equation states:

F_= ZF =p0v.... —POY. ... (Equation 3.36)

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

gy, B, —tpgy,'B, - F_ =pQv, - p0Ov,

= Lpgy,B ' -ipgy B, - LpC, Av,' =pQv, —pQv, (Equation 3.37)

The "general drag force equation” (F = '/;pCq AV?), as discussed in the previous section

-

(p.56 and p.58) is used to represent the pier force Fpiqr in equation 3.3

From the continuity law:
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Q=vy B, =vy:B;
2= Q en v, = Q
»,B, y,B,

Substitute these terms into equation 3.37 :

y 'B ' B, leI

] )

in- v ol S o5

After simplification:

2=C, T - for the 1-3 combination of sections or
\ L)': DL TR Ry
2 g !
0=C, ”8; — ’r‘.ff | for the 1-4 combination of sections  (Equations 3.38)
\' (-n'n nk d 1nim )

Note that Cq4 is the drag coefficient and Cg the flow correction factor. Cgq represents the
ratio between the real flow rate and the theoretical flow rate compensating for transitional

losses.

Results:

Retief's data were used to calibrate equation 3.35. A drag coefficient of Cg = 0.7 was
used as recommended by the Onrario Bridge Design Code for the pier shape (bull nosc)
to which Basson (1992) refers in his work on hydraulic forces on bridges. He suggested

that larger values for Cg of up 1o 3 could possibly apply. The results of the laboratory




Page 62

tests confirmed this. During the calibration process the value of Cq4 for each 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 Cq . the value of Cq was set
equal to one. Cq4 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 Cg-coefficients could
be found in order to use equarion 3.38 as a reliable flow rate equation. As the flow rate is
not greatly dependent on the drag force (and therefore on Cq4 ), a Cq4 -value of 0.7 was
adopted for the bull-nose shaped pier. The Cq -value was therefore fixed and the
calibration process merely required the calculation of the Cq-value for each respective

flow rate.

It was surprising to note that the Cg-values did not vary much and were close to unity
(especially for the 30 mm picr). This implies firstly that the flow rate is not very
sensitive to the drag force and therefore to the C4 -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 Cq -value is assumed, and

can therefore be used to calculate the flow rate with relatively good accuracy.

The flow rate according to laboratory data has been overestimated by eguation 3.38 and
errors varied between +9% and +19% (constant C4*-value assumed) for supercnitical

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 y4 and y4 whilst in practice y2 and y4 will be measured

The 1-3 combination gave Cg-values that varied from 0.78 to 1.09 whilst the 14
combination of sections gave values of Cy4 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
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Cg-coefficients. The Cg-values for the condition with debris varied from 0.80 10 0.98

and for the drowned conditions from 0.50 to 0.87. Refer to Appendix A "Momentum

Approach” for the laboratory data and results.

POWER APPROACH:

Derivation:

In the previous section the momentum equation was derived from Newton I1. 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 Il will again be used to show that the Power Law originates

from it. A flow rate equation based on the Power Law is also denived.

Power 1s defined as the rate at which work is performed:

Definitions of svmbols:

P: Power [N.nmvs = Watt]

W: Work [J)
t:  ume [s]
F: Force [N]

v: Velocity of flow [m/s]

dx: Small increment in vanable x [dim of x]

®/ 4 Time derivative with respect to variable x [non dim|
£x: Kinetic energy at a specific section [J = N.m)

gy: Potential encrgy at a specific section [J = N.m]
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work W daw _
0, g i B i (Equation 3.39)
time [ dr

= P=j'dpsj(‘%)

We define work as the product of force and distance viz. W =Fs

d(l‘\

= P= I FId'—FIdv—f\

I'he equation for the Conservation of Power can be denived from the basic energy

equation which onginates from Newton's second law

€, +€, 421', 1 =€, +€, (Equation 3.40)

= Z(‘t-: =("'. ~€, )+(£h —£‘=)

Take the time denvative on both sides:

—(Z‘ d(Ae ) d(as,)

(Equation 3.41)
dt dr

Equation 3.4/ implies that the "ner power” of a system represents the rate at which
potential energy €p changes between sections 1 and 2 plus the rate at which the kinetic

energy € changes between the same two sections

lake the example of a ship moving at a constant velocity v along a honzontal trajectory
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Applying equation 3.41 to our example problem and writing the lefi-hand side in terms of
parameters describing movements, we find the following (note that LHS = Left hand side

of equation 3.41).
itions bols:
LHS: Left Hand Side of equarion 3.4] [N.m/s = Watt]
RHS: Right Hand Side of equation 3.4/ [N.m/s = Watt]
F: Force associated with a specific action, mechanical, friction etc. [N]
Fres: Resultant force, resultant of forces IF; [N]
v: Velocity of the ship relative to the water mass [m/s)
Uyt Work performed by the resultant force Free from point 1 to point 2 [J]
m: Mass of the ship [kg]
g Unit gravitational force [m/s’]
h: Vertical distance measured from a specific datum line [m]
mgh: General product for potential energy [J)

'smv’:  General product for kinetic energy [J]
LHS = %(Zu,_,)- %[r e =Fors¥=F oW F._ )= %[F_.v]
The right hand side of the equation may be written as follows:

rurs - dmeh, —mgh) al= ~=7) _d(mgh-mgh) (' -=)_a(0)_,
dr dr dr e

The right hand side of equarion 3.41 equals zero as can be seen above. For the equation
10 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

experiences no acceleration. This is true because there are no unbalanced forces resulting
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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 denvative 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:

[he following equation states "The law of the conservation of power". It was denved
carlier 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 denived earlier:

%[ZL'H]=%(A5’)+%(A¢‘) (Equation 3.42)

[his 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 equanon 3.42), 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.




depths at bridge piers):

dlae ) d(ae,
= o= &t (dt)

Define the potential energy € as follows:

& = mgy

= As, =mglAy

= 4 (8s,)= 8% mer) =8| 5 m |

> %(AS, )= A(vp%) = AlpgyQ) = pg0AY

Define the Kinetic energy € as follows:

= Ac, =imA()

Rewniting equation 3.42 in terms of drag power:

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.

Derivation (Application of the Power equation in terms of measured pressures and flow

(Equation 3.43)

(Equation 3.44)
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2 g Yo X i) ] 42
- dl(m')_Adr(%m' )_A\%‘ dt ,’

= 4 (8c,)=41v* 4 v)

= : (ACA )=A(l' P\':Q)= ;pQA": (Equation 3.45)
!

Substitute the ume derivative terms into equation 3.43:
= xP_, =pgQAy+! pQA(I") (Equation 3.46)

I'he drag force on the pier can be descrnibed in terms of the momentum equation, the force
being defined in terms of the momentum equation. Suppose sections A and B are such
that they enclose a control volume and comply with critena for the application of the
momentum equation. We define the drag force (as referred to in terms of pier drag

power) as follows:

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

'he following denvation relates to figure 3.23
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ZF - Fm =vab'- w‘.m
= 4pgy,B,-ipgy, B,~F,, =pQv,—pQv,

= F,.=igly/B,-y,B.)-000,-v,) (Equation 3.47)

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:

Powerll’=ﬂ
dr

and W = Fs

= padB) p&_p,
dr dr

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 significant 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 denve a flow

rale equation:

Substitute Fpier arag (equation 3.47) into equation 3.46:

= x|ipely,'B,-,'B,)-p0lv, - v =pg0ly, - ».)+ 100l -v.)

(Equation 3.48)
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From the continuity law

Q=vA=wB

In terms of sections Aand B

() =y 0'481 = \'3)‘583 u.‘f.{h.l.‘." n 3.49)

Rewriting equarion 3.49 with va and vg as subjects respectively

V= V= (Equation 3.50)

Replace vu, vg and v in equation 3.50 with their respective defimitions

= xlipely. B, -5, B,)-p0 (-5 -4 )% =pg0(y, -y )+ 1p0l £ -2

TR e B,

(Equation 3.51)

v » ¢ Y d
Divide equation 3.5/ by Q (we eliminate the root Q = 0 from the 3™ degree

polynomual, an answer which 1s irrelevant to our study)

= xppgly B, -5 8, )-p0' (s -1 )5 =pg(y, -y, )+ tpl & - £

(L « 8,

Simplifying
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ol -2 )+ 1 - = 60 - 5)+ 508, - .8,

Rewriting Q as the subject:

- (g()'c 'J':)+ 170 ()';B‘ —."n,B.
QW*J-')W'-'f

ks T IR 0

(Equation 3.32)

The term X (kappa) is a power correction factor. Calibration of equation 3.52 using the

laboratory data of Rerief (1998) mentioned earlier, resulted in quite favourable results in

terms of kappa (kappa being nearly 1 for the higher flows) values.

Rewriting equation 3.52 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 C4. The following equation results:

0=CiOn : (Equation 3.53)

= Q=C, ﬁ) )’,)4‘ (J B, -"B) (Equation 3.54)

uc. .c ) l.,';, Ya

Calibrating this equation resulted in favourable Cg-values as they did not vary much.
The results will be discussed later on.

It can be shown that all the terms in equanion 3.48 have umits of power and that the

equation 1s dimensionally homogeneous:
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5 (M, )= pgOAy = [:'\ I,- I" I',' ]= l“:: J (Equation 3.55)
i(Ae,)=1p0Ar' = [:‘ I'.‘ I' ] - l" r J (Equation 3.56)

It can be poven that the power term associated with the pier force also possesses units of

power, ViZ

PTOEPRRT % 1 % 8 AN 5 5 NI R

[t has been shown above that all the relevant terms in the power equation do possess the

units of power

work jorce.dlvtana' mass.acceleration.distance

time rime time

p L]
T

o '[ 3 ] [” an] (Equation 3.38)

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 = prer
drag force, Ah = water level difference and L = length of the pier

The power made available per unit volume according to Rooseboom, (1992) is:

P ovsitabic = PESV (Equation 3.59)

where s = slope.

Pavaitabie 15 expressed in terms of a control volume with the 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):

Positaste = PRSWAL) (Equation 3.60)

Note that A represents the average flow arca within the control volume and L the length
of the control volume. According to the continuity law, Q = vA, substituting it into

equation 3.60:
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= P =P8SOL

(Equation 3.61)

Define the energy slope as the average slope between sections 2 and 4 (descnibing the

control volume, figure 3.5)

Y
L

Ah |
=D P = pg[ TJQL =pgAhQ = pgQAy

(Equation 3.62)

The applied power is made up of the power associated with overcoming friction as well

as eddies that arc kept in motion

Since most eddies are eliminated from our control

volume due to our choice of downstream section (1.e. section 4 rather than section 5) and

the fact that the pier drag force dominates, the term Peggies may be eliminated in the

following equation.

dmax force
= P .= T—G,'-)-Ilnﬁ-l"r

= Fy

Since a power balance always exists.

= Pacitatie = Peppiiea (based on the total volume,

(Equation 3.63)

1.e. the control volume)

(Equation 3.64)
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Substituting the relevant definitions into equation 3.64:

pgQAy = Fv (Equation 3.65)

Equation 3.65 is similar to the power result found earlicr under the paragraph

"Derivation". The only difference is that equation 3.65 lacks the following term:

1p0Av

The reason why this term is missing from equation 3.65 follows directly from the
assumption of uniform flow implying a constant energy slope between section 2 and
section 4, i.c. taking 8 = Ah/L. This implied that the velocities were assumed to be the
same (V2 = Vg) and resulted therefore in the AV-term in 'Iszsz to be zero - because

A(VY) = v v,

Although the assumptions which led 10 equation 3.65 may have been "too simplified”, a
similar power equation was found just by reasoning and thinking fundamentally in terms

of power conservation.

Establishing the relevant velocity associated with the pier drag force:

Boar analogy:

The motivation for the use of the power approach was the analogy that exists between a
bridge pier and a boat 1.¢. that the flow around a pier may be seen 10 be analogous to a

boat being pulled through water. Consider the following figures:
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—»
—

Figure 3.25: Tvpical longitudinal flow pattern at a bridge pier, water flowing from lefi

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 1s equal but opposite in direction to the drag force, causes dissipation of an
amount of power. By quanufying the change in power within the defined control

volume, in terms of potential and kinetic energy changes and the drag force, the Cg-

value can be obtained. With C4 known, the flow rate becomes the only unknown
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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.

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 by considering the relative

velocity between the pier and the oncoming flow.

Consider the real situation: The pier i1s fixed to the bed and a stream approaching at

velocitly Ve flows around the pier.

Figure 3.27: Longitudinal section of pier for normal flow conditions

The following vanables and their values are applicable to figure 3.27:
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Vpier = 0;  Vapproaching flow = Va

The relative velocity between pier and the approaching flow is defined as:

Vreclative = Vpier ~Vapproaching flow = 0-ve=v,

T'his 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 at 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 in figure 3.28 within an endless
"occan” of stationary water. The water depth before movement starts equals the

oncoming flow depth in figure 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 vanables and their values are applicable to figure 3.28:

Vooa: = UnKnown; veegen =10
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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:

Veelative = Vioat — Ve = Vg — 0 = Vg

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.

= Velative = Vooar = Vo

This implies that the boat needs 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

hvdraulic result found with the real phenomenon.

Thus, the "applicable velocity” at which the pier needs to be moved in terms of our
analogy should cqual 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 in section 1 (defined
carlier). By equating the applicable velocity (for the pier drag force) to the velocity at 1

(section 1), the power based discharge equation can now be calibrated.
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Define: B = B; v = v, = vy, v = y. = yy to obtain the following "general discharge

equation” (power based):

Q=C, Ig()' T )+ 12 (‘.‘.B' - "."ED (Equation 3.66)
V%G - i - as)

: 10 1
'y vo'n

By defining the geometry of sections A and B, the Cg4-valu can be calibrated

accordingly:

Calibration of the power based "general flow rate equation” (equation 3.66) in terms

of appropriate control volumes:

lhe power based discharge equation [Q = f(y™,B",v"*)] 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 v, = vy, 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 uniformity 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 ©:

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 @ on either side (figure 3.5).

The following plan view of a typical pier set-up shows the geometry for control volume

0
l(‘onlml volume | ]
‘........Cl..........l.'..
>
m'”n l LA R L LR ) &cm 1

Figure 3.29: Defining the boundary lines of control volume ©

The general flow rate equation (power based) 1s (note that v, = vy):

2().').-) :..o. ,B - B..._)

l (Equation 3.67)

0=C,

\ o P

Now substitute Yeu With y3, Bow with Bs, yin, with y4 and Bj, with By:
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= 0= ;—()'.ﬂ',»)fi ot (),'-A!B—'_""!B‘)
R e e

o

- gE - ),‘)+ 1 () B .:',:‘ ]
= 0 - C‘ \ -'l; (-,:l. = ..||, )*‘ ;(,-.It. s~ - X‘]". v ‘II")

=2>0=C gk) --"‘)"’ : ()'- -

4
L)) way "

(Equation 3.658)

Note By = (B -~ by) and By = B.

Control volume ®

For this control volume we take sections 1 and 4 as the boundary lines. Section 1 s
taken again as the upstream scction and section 4 as the downstream one. Lines AE

and KO (figure 3.5) bound control volume @ on the sides

l(‘onlxul volume 2

LR R R R R R

Figure 3.30: Defining the boundary lines of control volume ©

The general discharge equation (from power concepts) reads

. g0 -y )15 0,8 - 'B)
Q*(‘\‘ O T L o e e

! :
Yot W Fu %




Now substitute Yout With Yy, Bou With By, Vi, with ¥y and By, with By:

= 0=C, \ ng- L )+ . 3: (',l _"‘ B)) (Equation 3.69)

Note By =Bs=B:

(Equation 3.70)

\

Simplifying and then multiplying above and below the line (within the square root sign)

with 2y1 2Y421

izB’L'—)u+£Ju-i:$]
=2 Q‘Cl\ “1'._'I +l ’l. _} ':’I

'b) B 2) "y 4y, ) -1, ]
C,B, . s 4
Riaiie e Vo Rr-2ni+x =00

. ~ [y Gy, + 3o - )
Q= CAVE T, 35,00, - 7)

= 0 =C,By\ &, |5
After simplification we end up with the following simple result:

Q0=C,By, gre (Equation 3.71)
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By, +».)
L, +3y,

where €=

This shows that the discharge per unit (q = Q/B) width is a function of the square root of
the upstream depth (Y4), the downstream depth (y4), the gravitational acceleration (g) and

the ratio € defined above.

Results:

Calibrating eguations 3.68 and 3.70 resulted in Cg-values ranging from 0.8 10 0.9 on
average. The variation in Cg-values was low, implying a consistent model description.
Both equations (control volume @ and control volume @) gave consistent Cy-values
but equarion 3.70's results showed that control volume @ performed slightly better in
terms of stable coefficients and is therefore preferred. For control volume @ the Cg-
values ranged from 0.79 10 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 and results.

A final choice:

The power equation applied to control volume @ was adopted as the best altemative 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 y (like the momentum based one) where yz 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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SUMMARY OF THEORIES, RESULTS:

The following table provides an overall summary of the altemative 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 not and

where they are applicable and where not (figure 3.5).

Comparison between the four fundamental hydraulic laws

LAWS
Continuity Energy Momentum Power

| Symbolused | Q | E | M | P |

Fundamental Law of
origin of conservation of] Newton Il Newton II Newton I1
the entity mass
Vector or
Scalar Scalar Scalar Vector Scalar
function
Applicable Control Stream hine Control Control
domain volume volume volume
Boundary In terms of In terms of In terms of In terms of
values cross-scctional |  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. na
(qualifications) the stream line
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LAWS
Continuity Encrgy Momentum Power
|  Symbolused | Q | F | 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 na for for
of the pier length) | application application application
Section 4 Less suitable Less suitable | Less suitable
(at the downstream for na for for
end of the pier) application application application
Secuion 5 Well suitable Well suttable | Well suitable
(further down- for na for for
stream of the pier) | application application application

Streamlines:

Applicational suitability of streamlines FG, GI, 1) and AE

Well suitable
Between F & G n.a for n.a n.a
application
Well suitable
Between G & | n.a. for n.a. n.a
apphcation
Less suitable
Between | & 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 Energy Momentum Power
Symbol used Q E M P
Function of v" v' v v v
(value of n) (one) (two) (two) (three)
Units m'/s m kg.mz's: kg.m?.‘s"
(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 (C d-valucsT
based on data by
Retief (1998)
Normal 0.89-1.03 0.81-0.91 0.79-0.92
Debrnis 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

RESULTS IN GRAPH FORM, DISCUSSION:

The energy approach gave very good results (vanability of Cg-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 could not match the energy theory's stable coefficients
for the whole flow range. Figure 3 3] shows the calibration curves (energy approach) in
terms of dimensionless parameters Fry (Froude number at section 4, photo 3.1) and
Hlyq (note H = y3) and figures 3.32 and 3.33 show the calibrated Cq-curves (power and

momentum approaches respectively) in terms of dimensionless parameters Fry (Froude

number at section 4, photo 3.1) Yupstream/Y4 (NO1€ Yypstream = 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 rewnte the equation in terms of dimensionless parameters:

Consider the energy based discharge cquation given as equation 3.25 earlier on:

Definitions of symbols:

Q:
Cy
B:
y:

o

T e
;M omo®

Q=

Flow rate [m'/s)

Discharge coefficient compensating for transitional losses [non dim)]

Representative width of oncoming flow for each bridge pier [m]

Flow depth [m]

Cornolis coefficient compensating for assumption of constant velocities [non dim],
taken to be 1 throughout the text

Velocity of flow [m/s]

Unit gravitational force [m/s’)

Encrgy head at the upstream end of the pier [m]

Froude number at section i [non dim]

(-481 Yy 1«-![()0 ; -‘:)]

Rewnting 1t with velocity as subject by using the continuity law:

\‘I =

C, \;:L[()(, ")'r)] (Equation 3.72)

Squaning both sides of equation 3.72 and manipulating as follows:
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"4’ - Cd’ '?'(yo —yl) or l’.’ - Cl, 301()': _ya)

Let y2 = H, where H represents the stagnation head (hydrostatic + Kinetic energy

component):

where F.4 denotes the Froude number at section 4.

Rewriting equation 3.73 with Cq as the subject:

:

afF,
“2fx-1)

:
= C,

taking < = 1

kF,

= (,= : where X 1s a constant.
F(=’j‘ —1
Vi

(Equation 3.73)

(Equation 3.74)




Equanon 3.74 indicates that a square root relationship should exist between the discharge

coefficient C4 and the Froude number at

the downstream end of the pier for a constant
ratio of stagnation head H upstrcam to downstream depth yg taken at section 4 (figure
3.5) at the pier. This was confirmed by the

model data (figure 3.3]

i)
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The following points are considered 1o be important:

© 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 supercntical condition, Cq-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. Cg-values close to 1 also reflect a more

accurate representation of the real phenomenon

@ The uncertainty in flow parameters shown by the results for the condition of Froude
numbers near (o unity, is quite common for the transition region between subcritical

and supercritical flow.

©® The best results were obtained for condition of supercnitical flow at the downstream
end of the pier. For these conditions Cg-values close to 1 were found. Favourable
conditions (Cq4 being close to 1) are represented by high Froude numbers at the
downstream end as well as high Hly, values (large pressure differences along the

pier).

Using the POWER approach:

The calibrated Cgy-values of the discharge cquation (power based) are presented as
functions of dimensionless parameters. By rewnting the discharge equation a functional

relationship could be established.

Definitions of symbols:

Q: Flow rate [m'/s]

C4: Discharge coefficient compensating for transitional losses [non dim]
B: Rcpresentative width of oncoming flow for each bndge pier [m)

y:  Flow depth [m]
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Velocity of flow [m/s]
g:  Unit gravitational force [m/s’)
H: Energy head at the upstrecam end of the pier [m)

F,: Froude number at section i [non dim)

Consider the power based discharge equation denived as equation 3.71:

0=C,By g, |Pu
=y )4\&1\'%

(e 7a)

Eliminating the € = £2% term above in order to simplify the complex equation and then

rewriting with velocity as subject by using the continuity law:

= Ru =8,
4
= v,=C,\|®, (Equation 3.75)

Divide both sides by (gya)®*:

‘!
p—3 .'—.— =C, _}*_'-’_l
V&Y, vy,

(Equation 3.76)
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= C =t s (Equation 3.77)

Equartion 3.77 indicates that a square root relationship exists between the Froude
number at section 4 and the pressure ratio yy/ys for constant Cy-values. This was

confirmed by the model data (figure 3.32).

In practice the Yypstream Value cannot be measured accurately, it is only the pressure
heads y; (upstrcam end of the pier) and yq4 (downstream end of the pier) that are
measured. This problem needs to be kept in mind when deciding between discharge

theorics.

The following points are considered to be important:

© C,-value curves in the Frgy > 1 region (supercritical downstream conditions, normal
flows) show a definite trend as a function of Fry and Yupsiream/Ys and corresponds

well with the theoretical function: Frg = f(ys/y)™.

® Drowned conditions are not reflected well by this power based theory resulting in
Cg-values varyving from 0.44 to 0.94. There is therefore much uncertainty about
the validity of the Cyq-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 10 1.0. This uncertainty was to be expected due to unstable flow

condition in the transitional region between subcritical and supercritical flow.




CALIBRATION CURVES

POWER APPROACH, C,-value as a function of Froude number (Fr,) and depth ratio (Y, .esm/¥s)
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Using the MOMENTUM approach:

I'he calibrated Cy-values for the discharge equation (momentum based) are presented as
functions of dimensionless parameters. This equation (eguation 3.35) was too complex
(it incorporated the 'IzpC.;sz term for example) to rewnite 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
alrcady seen for the energy and power approaches as both could be rewntten in terms of
the same dimensionless parameters. It was therefore decided to express the discharge
coefficient Cq4 in the momentum equation in terms of the same dimensionless parameters
that were determined for the other two fundamental equations. Thercfore, Cq was
expressed in terms of the Froude number F.4 measured at the pier end as well as the
ratio Yupstream/Y4 Which is the ratio between upstream depth and the depth at the
downstream pier end. Note that Yypstream 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 [m”/s]

C4: Discharge coefficient compensating for transitional losses [non dim]

B,: Representative width at section 1 of oncoming flow for each bridge pier [m]
y: Flow depth [m]

v:  Velocity of flow [m/s]

g:  Unit gravitational force [m/s”]

F.: Froude number at section i [non dim]
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Consider the momentum based discharge equation derived as equarion 3.38 (14
sectional combination, thus in terms of the better configuration: section 1 and section
4)

o )

—— 2L
rally nih 1in's?

As was described above, the Cg-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:

In practice the Yupstream Value cannot be measured accurately, it is only the pressure
heads yz (upstream end of the pier) and yq4 (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 to be important:

© A rather clear trend of Cg-curves in terms of Frg (Froude number at section 4)
and yy/y, values for the region Frg > 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 Cgy-values varying very

hittle.




® The drowned condition (Frg < 1) 1s not descnbed satisfactory by this theory, Cg-

values vanied from 0.50 10 0.87 implying inadequate description of the real

much uncertainty about the validity of Cg=~curves for the drowned condition

© Uncertainty in the Froude number range 0.8 to 1.0 was again cvident but to b

expected for the transitional region
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3.11

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)

iii)

iv)

v)

The energy based model gave the best results (least vanability in Cy-values,
table 3.1) for the whole flow spectrum (supercritical & drowned flow

conditions)

The power and momentum based discharge theones described the drowned
flow condition with less accuracy (Cg-values unstable, table 3./) than the
supercritical flow condition (control forming). This is also evident from the

calibration curves, figure 3.32 and figure 3.33 respectively.

It was realised that the energy based equation would work better in practise
for 1t 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

It was not possible to measure a representative flow depth at the downstream
end. The flow depth measured at point C (photo 3./) was not a
representative depth over the width of flow and an additional flow measuring
point was therefore nceded. Results in terms of pressure measurement at the
middle of the pier (over the length) showed to be unsatisfactory (Rertief’s data)

and pressure measurement was of little value here.

It is recommended that more realistic ratio’s of B/b (flow width/pier width)
should be considered during additional model pier tests. The 90 mm pier
tested by Renef gave a B/by ratio of 6.67 which is not often found in
practice. The other ratio’s considered by Retief were more representative and

could be used again combined with a new pressure measuring configuration.
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vi)

vii)

viii)

ix)

x)

The effect of changing the pier length should be considered. The picrs tested
by Retief all had a L/bg (pier length/pier width) ratio of 5.56. Different L/b,

ratio’s are therefore recommended for further tests on model piers.

Although the ideal flow pattemn 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 practice 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 directions may even

change with discharge

The configuration of pressure measurement was to be changed in order to
accommodate pressure measurcment along the pier for non-parallel flow
conditions as well as to mecasure 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.

Drowned conditions experienced at the downstream end of the pier should be
investigated in detail. More tests on drowned conditions (which occur mainly
duning flood events) should be performed including more combinations of
B/bg, L/by and pier rotations.

Calibration curves should be constructed in order to present Cg-values as
functions of dimensionless parameters in order to calculate discharges

according to measured pressures at bndge piers.




Page 102

4. MODEL TESTS AND RESULTS:

4.1 MODEL ANALYSIS AND SIMILARITY STUDY

Model analysis:

The mathematical models that were denved earlier in the text (refer to chaprer 3) were
calibrated using model data. Scale models of real structures (called 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 1o inaccurate

scaling of bed roughness or inappropnate scale distortions.

A bnef discussion of similanty, which is very important for any model analysis, 1s

therefore appropnate.

Similarity:

To assure perfect similanty between model and prototype, all relevant dimensionless
hydraulic parameters should have the same values in 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 ensunng 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 similanty is
necessary to ensure the correct ratio of momentum to gravitational force for both the

model and the prototype.

Shear forces are not dommant 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.

© Geometric similarity

©® Dynamic ssmilanty

© Kinematic similarity

etric simi

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 similanty:

Dynamic similanty incorporates Froude similanty which is discussed later on

Dynamic similanty refers to the similanty 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 similanty is also
not applicable. On the other hand, Froude similanty is of utmost importance as 1s evident

from the section on Froude similarity below

Kinematic similanty;

BAD S

Kinematic similanty concems the “"stcady even motion of fluids" and 1s usually

automatically satisfied if dynamic similarity holds.

Froude similarin

In turbulent open channel flow, which is the most important field of model studies for
civil engineers, a very important requirement in terms of similanty 1s that the Froude
numbers should be the same in both the model and the prototype. The Froude number

has the following definition:

F= Momentum
" Gravitational force

The F-number also represents a ratio of kinetic energy to potential energy, viz




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 similanity i.e

ensuring the same Froude numbers in both the model and in the prototype.

One way to ensure Froude similanty is to usc the comrect scaling laws when determining
the dimensions of the model. These scaling laws can be derived from basic scale ratios

that are related to the Froude number.

The scale ratio can be determined as follows (Rooseboom, 1992).

For Froude similanty:

v, v (Equation 4.1)

v ¥
r ’
: + I . >
Ve ) - (Equation 4.2)
= n, =.n

Note that there are two traditional definitions for the Froude number, viz.:

F =— (Equation 4.3)



And also the square root of equarion 4.3:

.‘.

fEquation 4.4)

5]

The definition according to equarion 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 clement as shown in figure 4.7

Figure 4.1: Typical flow element shown in three dimensions, x, v & =

The Froude number has been defined as being the ratio of momentum to the gravitational

force, therefore:

The following definitions hold.:

F.: Froude number [non dim]

p:  Mass density of the fluid [kg/m’]
Q: Discharge [m’/s]

v:  Velocity of flow [m/s]

m: Mass of fluid or fluid particle [kg]




Unit gravitational force [m/s’]

Hornzontal dimension, flow element |m]
v: Vertical dimension, flow element [m)

z:  Honzontal dimension, flow element [m]

Momentum pOv

Gravitational force mg

L o) .

oV ploze v o

which is in line with the definition of equarion 4.3.

An investigation of Froude similarity results in a remarkable outcome, being the
following: "Geometrical similarity in a model automatically ensures Froude similanty

for equilibrium flow conditions in terms of hydraulic roughness”.

This can be proven as follows for open channel uniform flow:

Say for instance a representative model is built of a nver reach (prototype). The model is
undistorted (vertical scale ratio equals horizontal scale ratio). The roughness has also

been scaled accordingly. Geometric similanity 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: Velocity of flow

Unit gravitational force [m/s’)

g
R: Hydraulic radius (= A'P, = [flow area)/[wetted perimeter]) [m]
S¢  Energy slope [m/m]

So. Bed slope [m/m]

k: Absolute roughness [m]

v: Flow depth, vertical [m]|

Xm: Parameter x in the model [dim of x]

Xp: Parameter X in the prototype [dim of x|

- f 12 pr— "
v=575,¢8 logLTRJ\ RS, (Equation 4.5)

For a wide nver the hydraulic radius R = y, the average flow depth:

(J'J =[-"\. (Equation 4.6)
k), k)

Geometrical similarity holds, therefore the bed slopes are equal and from the uniform

flow assumption the energy gradients are equal, viz
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(s,), = (). = (s,), =(s,),

Consolidating, the following equality holds:

12y 2y
5.7510g[ k-‘] () =svslog[——’J JG, )
r -
\
v v
= = =| —p==
=), o).
= (F,),=(F).

lherefore, Froude similanty holds, or in other words, the Froude number takes on the

same value in both the model and in the prototype.

Summan;

© 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.

® Sccondly, 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 1f the depth-roughness ratios are kept the same
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MODEL TESTS IN THE LABORATORY:

Introduction:

Model tests performed by Reref (1998) provided data for three model piers. From the
calibration of the newly developed discharge equations using Revief’s, 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" (supercnitical 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 3.7) as the upstream enclosing
scction 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 thercfore 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./) need
to be known. This implies therefore that the Momentum and Power approaches cannot be
used 1if pressures arc measured against the pier only. Because of practical problems

associated with the measurement of pressures upstream of piers, a system which only

requires pressure measurcments against piers 1s preferable.
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The energy equation, based on pier pressurcs only, was therefore investigated in more
detail in terms of different flow conditions, different ratios of channel width to pier width
(B/by) and pier length to pier width (L/by), 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 by/B (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 Rerief a
Ly/b, ratio of 5.56 only was used. Retigf’s work included only a very brief reference to
drowned pier flow conditions, i.c. 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 vanety 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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Description of the laboratory lay-out used for the test:

Photo 4.1 shows a side view of the laboratory lay-out used for the additional tests

referred toin 4.2.1

AU NI ISR D - I ErTaES s
mw—_—————--—-——M

L

Photo 4.1: Side view of glass flume used for testing the model piers, Hydraulics

Laboratory, University of Stellenbosch

Note that the lay-out is similar to that used by Retief. A glass flume (A, photo 1) of
609 mm width was used to test the pier models. The bed slope was fixed at a very slight
slope of 0.0025 m/m over about 75 % of the flume length and increased near the end in
order to ensure supercritical conditions downstream during some of the tests
Downstream flow depths were registered from a moving trolly (B) and upstream by
means of a measunng needle fixed to a portable frame (C). The position of the pier (D)

1s shown in photo 4./ and the arrows indicate the direction of flow. Manometer pipes
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fixed to a wooden stand (E) were used to measure pressures at four points alongside the

pier. The manometer pipes are shown in photo 4.2:

Photo 4.2: Side view of glass flume used for testing the model piers, Hydraulics

Laboratory, University of Stellenbosch

Photo 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 (in mm) on the adjacent scales (D) corresponded to the heads at the four points
on the pier measured relative to the head of the furthest upstream pressure point

(position UE, figure 4.2, section 4.2.3). The arrows show the direction of flow
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Photo 4.3: Looking downstream at the glass flume used for testing the model piers

Hydraulics Laboratory, Untversity of Stellenbosch
Photo 4.3 shows a downstream view of the upstream part of the glass flume with the

baffle blocks (A) and wave dampener (B). The arrows indicate the direction of flow

In order 1o simulate drowned conditions downstream of the pier, it was necessary (o raise

the tail water level. This was done by fixing a gate to the end of the flume. By adjusting

its height the tail water could be raised or lowered accordingly. Photo 4.4 shows the gate




Photo 4.4: Gate at the end of the glass flume used for testing the model piers,

Hyvdraulics Laboratory, University of Stellenbosch

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 model
piers were made from hollow sections which could be joined as "building blocks” so as to
form different combinations of lengths and widths. The advantage of these piers being
hollow was that the water which accumulated "within" the pier ensured more stable water
surface levels within the manometer pipes. The following changes were made to the
pressure measuring configuration - note that 4 different positions along the pier surface

were identified for calibration of the discharge formulae.




Figure 4.): Defining the sections for the new configuration of pressure measurements

© The pressure at the upstream end of the pier (position UE, figure 4.2 or photo 4.5)
was still measured as was done by Rerief. This pressure represents the stagnation

pressure, an important parameter in the energy based discharge equation.

® 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 4.2 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 fourth positions of pressure measurement (positions DS and DE.
figure 4.2 or photo 4.5) were used at equivalent positions to those mentioned above
but at the downstream end of the pier. Retief used 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 duning the model tests on the PVC piers as

illustrated by the following two photos (photo 4.5 and photo 4.6):
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Section 1 Section 4
Section 2 Section 3

Photo 4.5: PVC 63 mm pier (SHORT) during a +130 l's test, supercritical flow

conditions downstream etc

Note that the flow depth at section DE at the pier (Ypepier) is much less than the
flow depth at the same cross section but midway between two piers, i.e. flow depth
YDEmidway. YDEpier 15 thercfore 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 neighbounng piers. The differences in head are reflected by the
manometer readings shown in photo 4.6. 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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Photo 4.6: Measured pressure heads inside manometer pipes during a test on a
PVC 63 mm pier (SHORT) ,=130 l/s test, supercritical flow conditions downstream

elc.

The water surface level in manometer pipe DE corresponds to the depth Ypgpier and

is much lower than the depth Yoemia 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.

Section 3 Section4

Photo 4.7: Defining sections 1,2,3 and 4 and measuring positions UE, US, DS and DE




Page 120

.24 Defining the different flow conditions:

The following flow conditions were investigated

o Flow approaching the pier in line with the pier under non-drowned conditions, as
well as drowned flow conditions downstream (supercritical vs. sub-critical
conditions) for bull-nose shaped piers with different B/by ratios. The bull-nose
shape is very common at existing bridges in the RSA and an estimated 80% of piers
are of thus shape for construction and hydraulic reasons. Pressure measunng was
done according to the lay-out shown in figure 4.3. Four different B/b, 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:
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Photo 4.8: Four different pier widths of the model piers: A=63 mm (B/b,=9.6),

B=50 mm (B/by=12.2), C=40 mm (B/b,=15.2), D=32 mm (B/b,=19.0)




For each of the piers with different B/b,, ratios the L/by 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 L/b, ratios were used for cach B/by 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, 1.¢e. no rotation of the pier relative to the
approaching flow). Photo 4.9 shows one of the piers with 1ts "building blocks" taken
apart. By joing these "building blocks” in different combinations it was possible 1o

obtain different L/b, ratios for the same B/b, ratio.

Photo 4.9: "Building blocks™ of a typical PVC pier model. A=upstream end

B=extension for "MEDIUM" length, C=extension for "LONG" Ilength,

-

D=downstream end)

Non-parallel flow conditions were also considered and investigated, 1.e. conditions

where the approaching flow does not enter the constriction between the piers parallel
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to the 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) 1t was necessany
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 (0) as shown in photo 4./0. The

same pressure measunng lay-out was used as in figure 4.3

"Negative” pier side

ot
S
-

L% ¢ o T P /)

Direction of flow S R TR
i ~a .'-Qw.- v# - b’.

ST EAY SR N

Photo 4.10: Defining the rotation of the model pier. A=direction of approaching

flow, B=long axis direction, @=relative angle berween A and B

Note that the pier was rotated so that the side on which the pressure holes were made
was on the "positive” pier side, 1.¢. the side that faces the approaching stream and
expeniences increased pressures. The flow passing on this side displays a more
stable flow pattern with associated larger flow depths. The "negative” pier side 1s
also shown 1n photo 4.10. On this lee-side flows are shallower and more turbulent,
and unsteady and fluctuating. The small arrows in photo 4.10 indicate the positions

of the pressure measunng holes shown in photo 4.7




Ya(B-by, cn)

Photo 4.11: Defining the effective pier width for non-parallel flow conditions, B
total flume width, b, .5 = effective pier width and (B-b, .5 the effective or net width

of passing flow

4.2.5 Model tests on flow patterns around piers, pictorial record:

4.2.5.1  Parallel flow approaching pier:

SUPERCRITICAL flow conditions downstream of the pier




by, = 62 mm, LONG, Supercritical
Photo 4.12: Flow patterns past model pier, parallel approaching flow, B/b, = 9.7, L'b
= 6.9 (LONG), Q = £130 s, supercritical flow conditions downstream

by, = 62 mm, MEDIUM, Supercritical
Photo 4.13: Flow patterns past model pier, parallel approaching flow, B/b )

3.6  MEDIUM), Q = =130 /s, supercritical flow conditions downstream
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b, = 62 mm, SHORT, Supercritical

Photo 4.14: Flow patterns past model pier, parallel approaching flow, B/b, = 9

= 4.2 (SHORT), Q = £130 s, supercritical flow conditions downstream

b, = 50 mm, LONG, Supercritical

Photo 4.15: Flow patterns past model pier, parallel approaching flow, B/b, /

L/by, = 6.9 (LONG), Q = =130 U/s, supercritical flow conditions downstream
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b, = 50 mm, MEDIUM, Supercritical

Photo 4.16: Flow patterns past model pier, parallel approaching flow, B/b,

= 5.6 (MEDIUM), Q = =130 ls, supercritical flow conditions downstream

Photo 4.17: Flow patterns past model pier, parallel approaching

4.2 (SHORT), Q = =130 Us, supercritical flow conditions downstream



l‘c
e
b, = 40 mm, LONG, Supercritical
)
Photo 4.18: Flow patterns past model pier, parallel approaching flow, B/b, = 152 | L/}

6.9 (LONG), Q = £]130 s, supercritical flow conditions downstream

b, = 40 mm, MEDIUM, Supercritical

Photo 4.19: Flow patterns past model prer, parallel approaching flow, B/b, = 15.2 | L/b

5.6 MEDIUM). O =130 /s supercriti i flow cond |

{/ idilions downstream



= 40 mm, SHORT, Supercritical

Photo 4.20: Flow patterns past model pier, parallel approaching flow, B/b, = [5.2 . L’b

4.2 (SHORT), Q = =130 Us, supercritical flow conditions downstream

by = 32 mm, LONG, Supercritical

Photo 4.21: Flow patterns past model pier, parallel approaching flow, B/b, = 19.0, L'b,

= 6.9 (LONG), O = +£]30 l/s, supercritical flow conditions downstream




Photo 4.22

by, = 32 mm, MEDIUM, Supercritical

Flow patterns past model pier, parallel approaching flow, B/b, = 19.0

5.6 (MEDIUM), Q = £130 l’s, supercritical flow conditions downstream

Photo 4.23:

(SHORT), ©

Flow patterns past model pier, parallel approaching flow, B/b 9.0,

/30 Us, supercritical flow conditions downstream

L

o

0.
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DROWNED flow conditions downstream of the pier
—AALLE A4 LA - ——— —

b, = 63 mm, LONG, Drowned

Photo 4.24: Flow patterns past model pier, parallel approaching flow, B/b, = 9.7, L'b,

« 6.9 (LONG), Q = =130 l’s, drowned flow conditions downstream




b, = 63 mm, MEDIUM, Drowned

Photo 4.25: Flow patterns past model pier, parallel approaching flow, B/b, = 9.7 | L/b,

= 5.6 (MEDIUM), Q = 130 l/s, drowned flow conditions downstream

. - . .
2" e senid - e - — ; Y . L% s 3 i
AV ik - SO A TN e N 5"‘“‘ .“\.

b, = 63 mm, SHORT, Drowned

Photo 4.26: Flow patterns past model pier, parallel approaching flow, B/b, = 9.7, L/b,

= 4.2 (SHORT), Q = 2130 ls, drowned flow conditions downstream




b, = 50 mm, LONG, Drowned

Photo 4.27: Flow patterns past model pier, parallel approaching flow, B/b, = 12.2

6.9(LONG). O = =130 s, drowned flow conditions downstream
=

by = 50 mm, MEDIUM, Drowned

I - 2 7 [ m naralle  y s ’ 1, = i )
Photo 4.28: Flow patterns past model pier, parallel approaching flow, B/b, = |

- - |

= SH6MEDIUM) (J = =[30 l's. drowned flow conditions downstream




by = 50 mm, SHORT, Drowned

Photo 4.29: Flow patterns past model pier, parallel approaching flow, B/b, = 12.2, L’b

4.2 (SHORT), Q = £130 /s, drowned flow conditions downstream

A

-

b, = 40 mm, LONG, Drowned

P’lul() J..‘(’.‘ Flow ,”.Ifn'c rns ,"u').' "J':J( { pler par -'.'.I'L‘l' u',”rr"""u'(‘}.'{'”\' "Iv':”“ fj b-. .‘ .; ) ."A b,

6.9 (LONG), Q = £130 /s, drowned flow conditions downstream




b, = 40 mm, MEDIUM, Drowned

Photo 4.31: Flow patterns past model pier, parallel approaching flow, B/b, = 15.2 | I
= 5.6 (MEDIUM), Q = £130 /s, drowned flow conditions downstream
by = 40 mm, SHORT, Drowned

Photo 4.32: Flow patterns past model pier, parallel approaching flow, B/b, = [5.2 . |

4.2 (SHORT), Q = £130 Us, drowned flow conditions downstream




b, = 32 mm, LONG, Drowned

=
=
b= ol
-
|
S
o

Photo 4.33: Flow patterns past model pier, parallel approaching fle

= 6.9 (LONG), Q = £130 l/s, drowned flow conditions downstream

by, = 32 mm, MEDIUM, Drowned

Photo 4.34: Flow patterns past model pier, parallel approaching flow, B/b, = 19.0, L/b,

=356 (MEDIUM), Q = =130 /s, drowned flow conditions downstream




b, = 32 mm, SHORT, Drowned

Photo 4.35: Flow patterns past model pier, paralle! approaching flow, B/b, = 19.0, L/b.
P P p p 1) ;

* 4.2 (SHORT), Q = £130 Us, drowned flow conditions downstream

4.2.5.2  Non-parallel approaching flow:

DROWNED flow conditions downstream of the pier
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by, = 32 mm, b, .« = 58 mm, 6 = 15 degrees, Supercritical

"positive pier side”

Photo 4.36: Flow patterns past model pier, non-parallel approaching flow, B/b, = 19.0 ,
Lb, = 4.2 (SHORT). 0 = 15 degrees, "positive pier side” shown, O = %]30 Us,
P é ! F

supercritical flow conditions downstream

b, = 32 mm, by, . = 58 jmm, 0 = 15 degrees, Supercritical

Eddy forming ; air is sucked in

Cioh ™

Photo 4.37: Flow patierns past model pier, non-parallel approaching flow, B/b, = 19.0,
L -“; =42 /\I/()R:’) 0=15 dcg‘rn,s_ "negative (lee) pier side”™ shown (‘) = =130 |/

supercritical flow conditions downstream
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by = 32 mm, by o« = 58 mm, 0 = 15 degrees, Drowned

“positive pier side"

Photo 4.38: Flow patterns past model pier, non-parallel approaching flow, B/b, = 9.0
L/b, = 4.2 (SHORT), 6 = 15 degrees, "negative (lee) pier side” shown, Q = =130 I's

drowned ,'7()'.1 conditions downstream

# by =32 mm, by o« =58 m@Ro = 15 degrees, Supercritical

Air is sucked in

Photo 4.39: Flow patterns past model pier, non-parallel approaching flow, B/b, = 19.0

L/b, = 4.2 (SHORT), 8 = 15 degrees, "looking upstream” view, Q = =/30

supercritical flow conditions downstream




4.2.6 Defining the energy based discharge equation in terms of the new configuration of

pressure measuremenis:

The energy equation of Bermoulli was derived from Newton's second law in section 3.6:

i i
av av, ’
= -4y, +=—=+),+7,+ Z h, +h, (Equation 4.1)
zg - zg v3 2 "3 NHa

[t is only applicable between two points (1 and 2) on a streamline. Consider a stream
line taken between UE and DS (figure 4.3). Ignoring frictional losses as the distance is

very short, 1t is therefore justifiable to delete the term Zhy.z from equation 4.1 and thus

+ Vet = P T30y + 0, (Equation 3.21)

h ue.os represents the transitional losses between positions UE and DS

Assuming a honzontal bed, 1.¢.:

SUE = IDS



Page 140

Substituting Zye=2Zps, equation 4.1 simplifics to

av,, av,, .
+""’ = . v rh\ * [} '/n,’!l.]l’.":" - )
2", 215, . <1 o

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

2
av,,
= Yee =Vas 1>h‘nv »s

2g
= v =20 = yu)-he, ]

= Ve =y :,'[(_l',, ol )—hA . ‘] (Equation 4.3)
Applying the continuity equation at section 3 at DS (figure 4.20)

() - ‘_.l'.‘| = ;nc'4nc = ‘n\ .rn\B

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
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experienced any divergence as it is still contained within the space between the two

neighbouring piers. Combining the energy and continuity equations and taking ¢ = 1:

Vos = B_';" = \"’&‘[(}u ™ j-ht(, ,,]
os ¥ ps

=2>0=B,y, \;[',—' K)‘,, = ¥aos ﬁh‘" 2 ] =C,B,. v, \"23[0'—,, - ) )] (Equation 4.4)

The Cg-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 Cq-value in equation 4.4 is a function of the Ci-value used in
the formula for the calculation of a convergence head loss (as found at a bnidge pier).
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:

Hy: Transitional head loss [m]
Ci: Transitional loss coefficient [non dim)

v:  Average velocity at the downstream end of the converging section [m's]

(Equation 4.5)

o -
I

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 Cq4 should be a function of Cy, viz. the degree of contraction through the

transition section

Figure 4.4: Tpical flow lines around the upstream end of a bridge pier, flow
convergence takes place when the width of flow changes from B to (B-by) where by

depicts the pier width

Figure 4.5: Tpical 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 berween piers

Now, if equation 4.5 is substituted for the hyyg.ps term in equation 4.2, a discharge

equation in terms of C (convergence coefficient) can be found:




vig=0

2 - 2
av av
o run S ey

- 2 -1
av av
?;‘ "Cx(‘ 2: )'-"u—yu

av
=

22 sslc,)("'u =)

taking o = 1 and applying the continuity equation, Q = vpeBoeYoe

=0= v _.'ﬁ By V'rzglGu -yw)]
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(Equation 4.6)

Comparing equation 4.6 with equation 4.4 it is seen that Cgq is indeed a function of Cy.

This result is 10 be expected as Cy compensates for transitional losses and C is a

transitional converging loss coefficient. From this result a rough prediction of the Cq4

values can be made according to a predicted Cy-value for the converging flow past the

pier.

Calibrating the energy based flow rate equation (equation 4.4) for the different flows

considered, paragraph 4.2.4:
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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/by ratios. Each model pier was
constructed so as to be lengthened by introducing a straight section between the upstream
and downstream nosc ends. The 4 different B/by ratios that were considered were: Blbg
= 609/32 = 19.0; 609/40 = 15.2; 609/50 = 12.2 and 609/63 = 9.7. For each pier 3
different L/b, ratios were used, namely: L/by = 4.2, 5.6 and 6.9. These combinations

of B/by and L/b,, values were intended to cover most combinations found in practice.

Calculating Co-values

In order 1o calculate the Cq-values in equation 4.4, it was necessary to determine the
values of Bg, taking g = 9.81 m/s® and measuring the depths ya and yc for each
measured discharge Q. Therefore, equation 4.4 was rewritten with Cq4 as subject and
Q,9,Bc,ya and yc as known valucs, being cither measured or assuming as being

constant duning the tests:

0
= C - Samemaer
Bm,___ -rm._._, v 21()\:.__, 7 T )]

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 rable 4./ refers to
supercritical flow conditions downstream of the pier and rable 4.2 to drowned conditions

downstream of the pier




PARALLEL APPROACHING FLOW

NORMAL FLOW CONDITIONS DOWNSTREAM OF PIER

L/b, =6.9 b, = 5.6 Lib, = 4.2
(LONG) (MEDIUM) (SHORT)
B/bD =19.0 Cy=1.03105| C,=1.04-108 | C,=0.97-1.09

(32 mm) Cy avg = 1.04 Co.avg=1.07 | Cy oo =1.06
IR EWINC = 1.00-1.05 | C, = 1.02-1.04 | C, = 1.01-1.06
£00 .y Cd—avg =1.04 cd_ﬂVD =1.03 cd_lvo =1.03
IRV Il C = 0.96-1.05 | C, = 1.01-1.07 | C, = 1.00-1.06
(50 mm) Cy_avg =1.02 Cuavg =104 Cy avg = 1.03
U NN C_ = 0.99-1.02 | C, = 0.95-1.04 | C, = 0.99-1.06
(63 mm) Coavg=101 | Cy,=101 | C4,=1.01

Table 4.1: Calibrated Cgvalues, parallel approaching flow, supercritical flow condtions

downstream

PARALLEL APPROACHING FLOW
DROWNED FLOW CONDITIONS DOWNSTREAM OF PIER

L/b, =69 LUb,=5.6 L/b, =42
(LONG) (MEDIUM) (SHORT)
B/bp =19.0 Cs=0.951.03 | C;=0.95-1.05| C,=0.92-1.05

(32 mm) Cd avg = 0.98 cd avg =0.97 Cd_.lvg =0.98
IR BV C = 0.95-1.03 | C, = 0.95-1.05 | C4 = 0.95-1.05
(40 mm) Coag=099 | Cy,up=099 | Cy,p=1.00
CURER VAN C = 0.93-1.01 | C, = 0.95-1.01 | C, = 0.95-1.01
(50 mm) Coavg=098 | Cy,=097 | C4 =098
SIS C, = 0.93-1.01 | C,=0.92-1.01 | C, = 0.95-1.01
(63 mm) Cd_BvQ =(0.96 Cd_ avg =0.97 Cd_avg =097

Table 4.2: Calibrated Cyivalues, parallel approaching flow, drowned flow conditions

downstream

Values of Cy (equation 4.6) corresponding to the above mentioned Cgy-values vaned
2

from 0.00 to 0.09 for the sub-critical (drowned) downstream flow condition (rable 4.2

implying very small transitional losses between points UE and DS along the pier
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Refer to Appendix B for the laboratory data and results.

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 L/b, ratios for the pier model and for each of these 3, different rotation angles
were used. It was possible to obtain a range of by_ew (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 /by values were: L/by, = 4.2, 5.6 and 6.9.
The 3 rotation angles used were: 6 = 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 Cy-values:

In order to calculate the Cq-values in equation 4.4, it was necessary to calculate the
effective flow area first. The effective flow width Bey was taken as the projected width
between two neighbouring rotated isolated piers. By was calculated as follows (refer to

photo 4.11):

B,=B-b, ,=B —(L' sin(0)+ b’(l - sin(0))) (Equation 4.7)

Note that the value of Beg 1s a function of the pier length (Lp) and the rotation angle (8)
as well as the pier width (bg). As by was a constant during the tests and Ly and 0 cach

had 3 different values, there were 3*3=9 different Beg values used dunng the tests



' 2
The gravitational acceleration value was taken as g = 9.81 m/s® and the depths ya and

yc were measured for each measured flow rate Q { was rewnitten with Cq4 as

Equation 4

subject and Q.g.B.n.yu[ and yps as known values, being either measured or taken as

constants during the tests

I'he following results were obtaine

d 101

the non-parallel approaching flows, 1.c. flow

conditions where there was an angle between the approaching flow direction and the long

T

axis of the pier. The results are g

{

ven

in table format. (note

that rable 4.3 refers 1o

supercritical flow conditions downstream of the pier and rable 4.4 1o drowned conditions

downstream of the pier

b, =6.9
(LONG)
B/b, o = 12.4
Cy=1.01-1.14
Cy vy = 1.08

(0 = 5 degrees)

NON-PARALLEL APPROACHING FLOW
NORMAL FLOW CONDITIONS DOWNSTREAM OF PIER

Lb, =56
(MEDIUM)
B/b, o4 = 13.5
Cy=0.93-1.11
Cy avg = 1.05

b, =42
(SHORT)
B/b, o = 15.2
Cy=0.91-1.14
Cy avg ™ 1.06

Bl'b:,“?‘ = 9 ‘;
Cy=1.10-1.43
Co_avg = 1:29

(6 = 10 degrees)

8"bp_¢tq = 107
C,4 = 0.90-1.31
Coag=113

BID, o = 124
Cq = 0.87-1.21
Cd_lvg =1.11

BIb, r= 7.5
Cy = 1.12-1.24
Co g = 1.17

(6 = 15 degrees)

B,"b;_ru - 87
Cy=1.17-1.38
Co avg = 1.27

B, o = 10.5
Cy=1.12-1.65
= 1.41

cd avg

Table 4.3: values

Calibrated C,

conditions downstream

non ‘,"u'"u'.‘.’l { dpprox

. 499 ¢ | - > y - |
aching flow, supercritical flow




L/b,=6.9
(LONG)
B/b, o4 =124
Cy = 0.92-1.09
Cy avg = 1.12

(0 = S degrees)

Lb, =56
(MEDIUM)
B/b, o = 13.5

Cy=1.03-1.15
Cy avg = 1.10

NON-PARALLEL APPROACHING FLOW
DROWNED FLOW CONDITIONS DOWNSTREAM OF PIER

b, =4.2
(SHORT)
B/b, o = 15.2
Cy = 1.06-1.16

B/b, o« = 9.4
C,=1.25-1.42
Ca avg = 1.34

(0 « 10 degrees)

B/b, «=10.7
Cs=1.20-1.35
Co avg=1.29

Cy avg =112
B/b, =124
Cs=1.15-1.30
Cy avg =123

B“b;' e - 7 5
Cq=1.11-1.20
Co avg =117

B/b, or = 8.7
Cd = 1.22’1.32
Co ovg ™ 1.28

B/b, o+ = 10.5
Cq = 1.40-1.56
Co_avg = 1.45

Table 4.4 Ca

conditions downstream

It was shown n section J

(equation 4.4) can be written

also the ratio of

also section 3). viz. in terms

Flow rate [m

y
! 22
ibrated (g ~values

non-paraiiel

RESULTS IN GRAPH FORM, DISCUSSION

in terms of dimensionless coefficients,

Refer to Appendix B for detail on the laboratory data and results

9 (using the ENERGY approach) that the energy equatio

the Froude number at the downstream section of the pier (section 3, figur:
upstream stagnation head (Yyye) to downstream flow depth or head (yps.

of Frps and yue/yos, therefore

namely in terms of
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Cgl

B:

y:

-

T =

> =,
S o

Q=

=2

Discharge coefficient compensating for transitional losses [non dim)
Representative width of oncoming flow for each bridge pier [m]

Flow depth [m]

Conolis coefficient compensating for assumption of average velocity [non dim|
Velocity of flow [m/s]

Unit gravitational force [m/s’]

Energy head at the upstream end of the pier [m]

: Froude number at section i [non dim]

Constant [non dim]

C.Byy \/28[()'“ =~ Yas )]

kF,

C,= =) ~
Tax _l
Vi

The rewritten discharge equation (above, but see also eguation 3.74) is now used to

construct graphs in terms of Cg, Frps and yyelyps for cach 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 Frg, H and y;

(equation 3.74) become Frps, yye and yps respectively. These graphs can then be used

to find a Cg-value in terms of measured values of Yyg and yps and calculated values of

yue/yos and Fips. The Cg-value is then used to calculate the flow rate in terms of the

measured pressures alongside the pier (Yye and Yps).

Parallel approaching flow direction:
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The following 14 graphs show the calibrated Cq-values according to the laboratory data

mentioned earlier. The graphs are in terms of dimensionless parameters which were

shown to be significant vanables in the revised energy based discharge equation

(equation 4.4). These vanables are: Cgq4, Yuelyps and Fps where C4 denotes the

discharge coefficient compensating for transitional losses, Yue/yos the pressure head ratio

of upstream dynamic pressure head to downstream depth measured alongside the pier and

F.os the Froude number at section DS.

i)

The general tendency of constant Cg-value lincs 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./9)
in order to show the limited distribution of Cg-values in terms of the pressure ratio
(Yue/yos) and Froude number (Frpg) as described carlier. 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 C4-lines representing all combinations of B/by and L/b,, ratios considered.
Figure 4.19 shows the calibration curves with C4-values varving from 0.93 10 1.04
for sub-critical conditions at DS and from 0.95 to 1.09 for supercritical conditions
also at DS.
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ii)

iii)

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/bg-values ranging from 9.7 to 19.0 and L/by—values ranging
from4.2106.9.

Note that the calibration represents constant Cg-value or discharge coefficient lines
as functions of the Froude number at section DS, i.e. Frps = Froude number at the
downstream_side position as well as the pressure ratio yyglyps, i.e. the ratio:
dynamic pressure measured at UE (upstream end of pier) to the hydrostatic pressure
measured at DS (downstream and side of pier). The yue/yps 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 DS. Constant Cg-value lines vary for cach
combination of (B/by; L/by) values according to table 4.7 and table 4.2.

Conclusions and Recommendations:

i)

ii)

iii)

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 Cg-lines, therefore, length is not a

prnimary variable influencing the transitional losses past a pier.

Changing the width of a pier for a constant L/bg-value does not have a significant
influence on the shape and position of the constant Cg-lines, therefore, width is not

a pnmary variable influencing the transitional losses past a pier either.

Remarks (1) and (ii) above can be explained in terms of the geometry of flow lines.
Considering photo's 4.12 10 4.14, 41510 4.17, 41810 4.20 and 4.2/ 10 423 1t I8
clear that the general geometry of the flow profile past the pier does not differ much
as the width ratio changes, implying therefore that Cg-values are not influenced

significantly by the length or width ratio of the pier.




iv)

v)

vi)
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The vanability in Cg-values for drowned conditions proved to be much less than
for the control forming condition (Frps > 1 or supercritical). This was to be
expected due to the fact that the coefficient vanes proportionally to the degree of
turbulence of the flow. The more turbulent the more fluctuating the flow, leading
to greater vanation in coefficient values. This was found to be true for all
combinations of (B/by; L/by) values tested (graph 4.6 to graph 4.17) and 1s also

evident from graph 4.18 showing the combined data points.

Cy-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 1o
1.

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 H and yps respectively

Secondly, estimate a flow rate and calculate an estimated Froude-number at DS
according to the measured value of yps.

Thirdly, read off the appropriate Cy-value from the curves for the yye/yos and
Frps values obtained above

Fourthly, use this Cg-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.

Non-parallel approaching flow:

The following 9 graphs (figure 4.20 to figure 4.28) show the calibrated Cg-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 influcnce on the flow patterns and therefore Cg-
values. A large variation in Cg-values was found for the other non-parallel flow tests
as can be seen in table 4.3 and rable 4.4. It is for this reason that separate curves were

constructed for each of the 9 different combinations of B/by .

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: Cgq, Yyus/yps and Fps where Cy 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 F,pg the Froude
number at section C or DS (downstream_side). In some cases the variable H has
been replaced by yus refeming to the dynamic pressure at section B or US
(upstream_side), the reason for this will be discussed now.




Ca yuelyos, Fros = CALIBRATION CURVES FOR Lib, = 6.9 (LONG), 0 = 5°

Blby oy = 12.4

2.00
1.90 1
1.80
1.70
1.60

side) [non dim)
<

1 140

S 8

ction DS (downstream
=)

@ 0.70

0.10

0.00 =
0.00

0.25

0.75

. T -

1.00 1.25 1.50 1.75 200 225

(Figure 4.20) - Pressure ration, yyelyos [non dim)

2.50

275

3.00 |

R0 2Feq



Ca, Yus/Yos, Fros = CALIBRATION CURVES FOR Ub, = 6.9 (LONG), 0 = 10°

Blb, o = 9.4

) [n
3

1.50 1

1.30 4
1.20 1

downstream side

ction DS (
e O =
3 88

< UNSTABLE FLOWS >

A%

025 0.50 0.75 1.00 1.25 1.50 1.75 200 225 250

(Figure 4.21) - Pressure ration, Yyslyos [non dim)]

275

3.00

691 g




Froude number at section DS (downstream_side) [non dim)

Cs, Yus/yos, Fros = CALIBRATION CURVES FOR Lib, = 6.9 (LONG), 0 = 15°

Blb, o = 7.5

2.00
1.90
1.80
170 4
1.60
1.50
1.40 1
1.30 |
1.20 §
1.10 ¢
1.00 |
0.90 1
0.80 {
0.70 1
060 |
0.50
0.40
0.30
0.20
010

< UNSTABLE FLOWS >

0.00 4
0.00

0.25

0.50

~——

0.75 1.00 125 1.50 1.75 2,00 225

(Figure 4.22) - Prassure ration, Yys/yos [non dim]

2.50

275

300

| 29e4

0



m

saection DS (downstream_side) [non d

|
-

¥
|E
2
2

w

Ca, Yuelyos, Fros = CALIBRATION CURVES FOR Ub, = 5.6 (MEDIUM), 0 = 5°

Blb, o = 13.5

g 3

1.80 -

=Y
-~
(=]

1.60

" &

556

1.20 1
1.10

223

0.70
0.60 ;
0.50 -
0.40
0.30
020
0.10 1

000
0.00

. 2

02§ 050 0.7 1.00 1.25 1.50 1.7§ 2,00 225

(Figure 4.23) - Pressure ration, yyelyos [non dim)

2.50

275

3.00

(FARE. LY




Froude numbar at section DS (ddwn:tream_stde) [non dim)

Cy, Yuelyos, Fros = CALIBRATION CURVES FOR Lib, = 5.6 (MEDIUM), 0 = 10°

Blbp-°" =10.7

2.00
1.90
1.80
1.70
160
1.50
140
130
120
1.10
1,00 1
090
0.80
0.70
0.60
0.50
0.40
0.30
020
010

0.00

0.00

’ -
Y Fa
)

0.25

0.50

0.75

.

1.00 125 1.50 1.75 200

(Figure 4.24) - Pressure ration, yue/yos [non dim)

225

2.50

275

3.00 |

sdeg



Ca Yus/yos, Fros — CALIBRATION CURVES FOR Lib, = 5.6 (MEDIUM), 0 = 15° |  B/by ow = 8.7

8833888

ide) [non dim])

1 1.40 o Vo
‘w . ,”///»" -~
4

-
3
s
AN

1.10 1
1.00

downstream s

8

<UNSTABLE FLOWS >

o
3

0.60

—~——

0.00 0.25 0.50 0.75 1.00 125 1.50 1.75 200 2.25 250 275

(Figure 4.25) - Pressure ration, Yys/yps [non dim]

£L1 adeg




Froude number at section DS (downstream_side) [non dim]

200
1.90
1.80
1.70
1.60
1.50
1.40
1.30
1.20
1.10
1.00
0.90
0.80
0.70
0.60
0.50
040
0.30
020
0.10
0.00

0.00

Ca, yuelyos, Fros = CALIBRATION CURVES FOR Ub, = 4.2 (SHORT), 6 = 5°

Blby, o = 15.2

< UNSTABLE FLOWS >

025 0.50 075 1.00 125 1.50 1.75 200 225

(Figure 4.26) - Pressure ration, yue/yos [non dim)

2.50 275

300 |

| a8eg

-



Cq, yuslyog. Ffm - CAUBRAT'ON CURVES FOR pr =42 (SHORT)v 0=10°

B’bp_.ﬂ =124

2.00
1.90
E 180
©
e 1.70

im

2

1.50 4
l"oq

side) [no

3 &

1.10

ction DS (downstream

OO -
8?8

< UNSTABLE FLOWS >

/
wl
!3531

———

0.25 0.50 0.75 1.00 125 1.50 1.75 2.00 2.25 250

(Figure 4.27) - Pressura ration, yuelyos [non dim)

275

3.00

SLl ey




side) [non dim]

Froude number at section DS (downstream

Ca Yus/yos, Fros = CALIBRATION CURVES FOR Lib, = 4.2 (SHORT), 0 = 15°

——

BIb, o = 10.5

200
1.90 4
1.80 1
1.70
1.60
1.50
1.40
1.30
120
1.10
1.00
0.90
0.80
0.70
D.60
0.50
040
030
0.20
0.10

0.00
0.00

0.25

0.50

0.75

v v —— . g

1.00 1.25 1.50 1.75 2.00

(Figure 4.28) - Pressure ration, Yys/yos [non dim)

2.25

2.50

2.75

3.00

-

OB

QL1 >




Page 177

From the laboratory data it was cvident that rotation of the pier relative to the
approaching flow direction results in a change in pressure distnbution. The following
photograph shows the pressure distribution along the pier (UE, US, DS and DE) for a

typical flow condition with NO pier rotation as recorded with manometer stand pipes:

Photo 4.40: Manometer stand pipe readings for supercritical flow conditions and zero

pier rotation

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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NON-PARALLEL FLOW APPROACHING
Lb. =69 Lb, =56 Lb, =42
(LONG) (MEDIUM) (SHORT)

’

|5 degrees)

Table 4.5: Non-parallel flow conditions where pressure US exceeds pressure UE

(marked with crosses)

Photo 4.41 depicts the typical pressure distnbution that was found for the combinations
marked with a cross in rable 4.5. Note that the pressure distnbution 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. Consequently air is
sucked in resulting in a lower pressure head being measured. The eddy that forms whilst
air is being sucked in can clearly be seen 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 L/by, = 6.9 and 6 = 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 rcason for the higher pressure head at US than at UE is the fact that due 1o
the rotation of the pier, the pressure being measured at US includes a component
perpendicular to the pier long axis, thercfore also expenencing a dynamic pressure

component (hydrostatic head plus part velocity head).

The calibration of Cg-values for the 4 combinations mentioned above (marked with
crosses) therefore entailed the use of yys in stead of yye and the calibration curves for
these cases were also drawn accordingly. Therefore, note that the calibration curves for
the combinations marked with crosses in rable 4.5 should be used in accordance with

measured values of yys and not yye

Conclusions and Recommendations:

i)  Rotation of the pier through angles up to 5 degrees doces not affect the calibration

of the Cy-values curves significantly.

ii) It is evident from the calibration curves that as the rotational angle 8 becomes
smaller, the Cgy-value lines approach those found for zero rotation as is to be

expected.



iii)

iv)

v)
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For a rotational angle 8 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 ascnibed to the
long pier length having the same effect, i.¢. the inability of flow to bend around the

upstream head on the "negative pier side” (photo 4.36).

Cg-curves arc not drawn in for Froude numbers ranging between 0.90 and
1.10. This is duc to the instability of flow conditions for these velocity/depth

combinations associated with Froude numbers close to 1.

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 1s necessary to do an

iterative calculation. This can be done in the following four steps:

Firstly, measure the pressures yyg (or Yys for all 15 degree pier rotations as well

as 10 degree rotations combined with L/b, = 6.9).

Secondly, estimate a flow rate and calculate the corresponding Froude-number at
DS according to the measured value of yps. The Froude-number should be
calculated for the effective flow width as shown in photo 4.1 (equation 4.7).
Thirdly, Read the appropriate Cq-value off the curves for measured and calculated
values: yue/yos and Frps.

Fourthly, use this Cg-value in order to calculate a flow rate from eguarion 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




OVERALL CONCLUSIONS AND RECOMMENDATIONS:

i

i)

iii)

iv)

vi)

It has been found possible to develop formulae which can be used to calculate river
discharges from pressures measured alongside bridge piers. These formulae cater for

both supercritical and sub-critical downstream conditions.

The reliability of these formulae under laboratory conditions is underscored by the

limited and systematic vanations in the calibration coefficients.

By changing the system of pressure measurement used by Retief (chapter 3) it was
possible to increase the prediction accuracy (decreased Cg-value variation) of
discharge formulae mentioned above. The new system of pressure measurement is
discussed in chapter 4.

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,

It 1s recommended that piers identified for measuning purposes should ideally be
parallel to the flow direction with a maximum rotation of § degrees 10 ensure
accurate results. Where pier rotations exceed 10 degrees, special attention should be

given to where the upstream pressure is measured.

Bndge 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 sunk into piers 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 - Retief's (1998) DATA




ENERGY APPROACH, RESULTS (LABORATORY):

Calculation of Cvalues for flow rate equabons which have been derived:

0 =CB,y, Jhl»‘-- .

90 mm Pler:
— =677 !---s.sc
Pt characienstics: B=0609m b,=0.09m b, b,
| & Yo | Yo | By a | & |
[m [m] s] . (1.
003073 | 01010 ] 0.1130 | 0806 | O. o
0 7 | 01820 | 01820 | 0606 0618
000091 102085 | 02 0. 609 0785 | 1.6
D 11680 02500 | 02740 | 0608 | 0.1045 7
015060 | 02850 | 03200 | 0609 | 0.1438 |
1 1.0 ( J( 806 | 01588 .
0 18027 | 0.31 0 0 1742
o o L1742 1
45 mm Pier:
LAY L s8¢
Prwer characlensncs B=0600m b, *0.045m b, | s
Q. e Yo 8, Q.
[Vs] [m] | [m] [m] Vs, ¢
003032 100830 | 010201 0608 | O
[ 01440 | 0 | 0,605 | 0.0650
1 D )| 0608 | 00768
012084 | 021 D2460 | 06098 | 0.1021 |
014558 | 02400 | 02810 | 0.606 | 0.131 $
1 02530 | 03050 | O L
0 18010 71 ). 609 | 0.1618 )
30 mm Pier;
B 2030 |L.-ss6
Pier charaClenistics B*0609m b,=0.03m b, »
Q. ¥ Yo By Q -
[m} [m] [m) Ivs] |-
003153 | 00820 | 0.1060 | 060§ - :
06187 | 013401 01650 | 0609 | 00538
008293 | 0.17 0608 | 00818 | 314
011929 | 02040 | 02400 | 0608 1044 } 114 *
0,14956 | 0.2270 | 0.2750 | 0.50% 1342 }251.11
0.16572 24 02950 | 0606 | 01478 | 112
0.1 0 2500 0.3)60 0.808 1668 |~ =T
T li 1):
[3girg-
Q. =C,B,y, -
$0 mm Pier:
I3
Pier characierstics. .
Q. ) Yo

[vs) [m]
003073 | 00260 | 01130
0. 7 ] 0.0750 | 0 1820
0.08091 | 0.1040

Energy:Page A.1
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01320

|
[!;.
:

Par charactenstcs B=08609m b,=0045m b,
M a v ys | B | Q fo | G-
‘ m (m] | [m] | [vs] [T
003032 | 00480 1 01020 | 0608 | 00294 | 1519
008247 00840 01720 | 0609 | 00656 | 135
009022 | 01150 02050 | 0.608 | 00908 | 121
0.12084 | 0.1470 ' 02480 | 0609 | 01218 | 112
014958 | 0.1780 | 02610 | 0609 | 01504 | 104 T
016455 | 01850 03050 | 0609 | 01898 | 108
018010 | O 0608 | 01828 103
-2 “ e . Fay
30 mm Pier:
B e 2 =806
Ser characienstics B=0600m 5, =003 m |®, b, ‘
a | w» | ¥ | B aQ [ Fe

[Vs] [m] Im] [m] [vs] 4
003153 | 00520 | 01060 | 0609 | 00318 | 139
008187 | 0.0900 | 01650 | 0608 | 00648 | 1

008283 | 01280 1 03 0603 | 00932 | 108
011929 0154010 0609 | 01189 | 103

400
014558 | 01770 02750 | 06039 | 0.1456 1.08
016572 | 01 20501 0608 | 01622 | 103
018044 | 02010 03160 | 0609 | 0.1784 1.05
——y - -
30 mm Pier (with debris): -

B e L osss

Pler charactenstcs B=0609m b, =003Im (&, b,

Q. ¥ Yo | B,
[vs] [m] [m] [m]
12 | 00485 | 0.1070 | 0.809
006217 | 00850 | 01540 | 0608 | 008537
0.06350 | 0.1290 | 02110 | 0609 10872 N
011 0 1600 | 02450 609 1228 098
0,1850 L 02830 | 0803
' 0.2020 | 0 3060

aeddas | Geometry
30 mm Pier (drowned conditions):
B o L .osse
Prer characienstics B-0808m  b,=00Im b, | D
@ | % | % | B | & | Fe
™ | [m | [m] 1l
006108 | O 01540 | 0609 | 00650 | 115

008108 101350 /01780 | 0609 | 00745 | 088
QO0E108 | 01640 01540 | 0609 | 00748 | 04

011855 |01 024101 0609 | 01187 | 102 L. >
011958 | 02 025901 0609 | 01237 | 068 |-
011888 1 02670/ 03030] 0609 | 01334 | 048 o

017941 | 02120/ 03150 0608 [ 01751 | 096 I°
017841 | 02950 | 035001 0609 | 01571 058 p»

017841 | O 0 1687 0 45




Momentum: Page A.1

MOMENTUM APPROACH, RESULTS (LABORATORY):

Calculation of C ~values for flow rate equations which have been denved:

£0 mm Pier:
—.—-‘77 L-L“
Pt characiensdcs B=0609m b,=009m |8, o,
Q. 12 " » 8, B, Cs AT G
vs) | (] | [m] | fm) | [m] | [m] m | (=)
003073 01010101130 100660 | 0608 | 0515 | 07 |00102 100374
006257 | 01620 | 01820 1 0.1080 | 0608 | 0516 07 |0015¢ | 0.0788 B
008081 02088 102280 | 01470 | 0808 | 0818 07 |00208 01148 ~
11980 1 02500 L 02740 1 01840 | 0606 | 0516 ! 247101
Q1m m m ¥ 18 4 'm 1 "
016591 | ¢ ¢ 0 2 57 : 07 10 v
18027 1 [0 [
ey Padis 0 P Y . <
0%
45 mm Pler; :
-ﬂ.unl -8 50
Pler characiensacs B=0609m b,=0045m b, b,
Q. ¥ s ¥s 8, 8, c; A Q
|_fus] | Im] | [m] | [m] dm) | [m7
003032 | 0 | 01020 | 00660 | 0609 07 | 00045 | 00377
47 10480 (0172001170 © g 07 0077 | 00
000022 109800 1 O Q151010 0 884 ! ‘X
[ 012084 | 02150 | © 0 0600 | 0868 | 0OF 111 1 014!
| 0.+4955 | 02400 | 0.28%0 | 02 0609 | 0 1 07 %1 1 &
(018480170283 [0 3080 (02220 | 0606 | 0 7 10013701
018010 | 02710 | 03200 | 02370 | 0.608 3864 0.7 | 0.0144 | 0.1568
s s ¥ - =
30 mm Pier: '
‘i.nﬁ L-’.“
Pur characienstics: B=0608m  b,=003m », a5,
8, 8, c’ A “
|§ m’)
79 L@ 0 0401
606 1087 00080 10C 4
sos 1057 T o7 Toonsa 0 10es Ree
! C 07 i o1 .
0.606 4 L& L1611 5
| 0606 | 0575 27 | 00065 | 018058
087 1 07 100066
Boer| |Lasse
Par charactansics B=0608m b,=00%m b, b,
| Q. ¥ ¥i ¥s ¥e B, B, c; A
ottt | e | gl | () () L
73109 1 0660 | ©.0260 | 0808 D7 | 0.0%02
ST 1019 01820 (008000780 | O 7100164 160 215
0906 1 D3 03 014701 01040 | O . 142 200
1 02740 | 01840 | 0.¢ 0000 | 0606 | 07 | 00247 131 188




Momentum: Page A2

179 125 9
L7 1.23 177
' 1.20 173

Q, ¥ ¥: ¥ Yo

(Us] [m] (m) [m} [m] ¥i'¥e Fr, Wy,
003032 | 0.0530 | 01020 | 0.0883 | 0.0480 164 1.51 154
006287 | 01440 1 01720 | 01170 | 0.0840 i 1.3% 1
009022 | 01800 1 2050 | 01510 | 01150 157 1.2 157
012084 | 0.2150 | 02450 | 0.1830 | 01470 145 112 148
Q14956 | 02400 | 02810 | 02380 | 0 1780 135 104 135

] ) 1M 1.08 134
1.3 1.0 1.3

Q. ¥ Y »

"' [m] (m) -] Y'Y Fry .
0.031 ).0920 1 0.1080 | 00712 177 1.3 R ¢4
006187 . 0.1340 | 0.1850 | C 1140 149 1.20 1.49
. 009293 | 0.1780 ] 0.4 C.1470 1.36 106 139
011929 | 0.2040 | 02400 | C 17X 1.32 1.03 1.3
[ 01495 | 02270 | 02750 | 0 1870 128 106 128
K] 0 22950 1 02120 128 103 128
0.1 0.2590 | 0 3160 | 0 2290 120 105 120
30 mm Pier (with debris);

— = 20.30 — - 5.56/
Puar charactershcs Be06809m b,=003Im s,

Q, ¥ ¥: ¥ ¥ B8, 8, c’ A Q
st ) | fm) | tml | gl | gwp | gm) | gm | I vive  Fra Wy,
L 003212 1 00008 | 01070 | 00#c0 | OO<as | 0805 | 0806 | 07 |000%2 | 147 188 a7
005217 | 01380 1 0 01115 100880 i 806 T 07 o080 i 5] 160 129 180
208 19301021101 C1830 [ 01290 | 0606 o7 1000830113 142 108 142
011903 | 0.2150 | 02450 [ 01820 | 0.1 608 809 | 07 0074 | 0 1430 134 096 134
014350 & 0.245C | O £.2120 | 0.1880 608 609 | 07 0.18 1.32 09 1.2
015497 | 0.2630 | 03060 | 02250 | © 0608 | 0806 | 07 |00082)0: 1.30 095 130

8080 | 0. | 07 |oo00ss| 02298 =] 130 095 1%
| SRR ekdt A “dsosurndde - r T - i -

39 mum Pier (drowned conditions).
il.nn] ‘_"_-s,s.
P e characiensscs B=0809m  b,=00Im 5, | 18,

] Q, b A i b ¥
L s [em) (m] [m) [m] Yo' Fr, e
(008108 | 1350 [0 1640 [0 1160 | 0 0920 148 147 1a
. 006106 | 015301 01790 | 0 1430 | 01350 117 0 645 117
o6 017801 01540 | 01675 | 0 1840 107 0482 107
0.11955 2050 | 0.24%0 | 0.1780 1580 13 1017 1.3
| 0.11655 | 02380 | 0.2850 | C.2190 | 0.2080 114 0881 118
019858 | 0.2840 | € 3030 | 027480 | 0.2670 108 0 108
0 17541 2550103150 | 02350 | 0210 | 125 0664 125
0X2% | 0 0 2980 199 0 584 108
03T01)0

105 0450 105

C 3810 |




POWER APPROACH, RESULTS (LABORATORY):

Caiculation of k- en Cvalues for flow rate equations which have been dernved

- AT 1- ' v 1)

o 'PRR)\ -)'n)"' z,n[’ xB ."" J
O - i

Note that f we make « (kappa) the scbec! of e eGuatlon we have

=)0 - ,,,,)
1 (rn ) Y7 e

Ql[() -y )+ iU B -y ?

e T REr ) L o

Note et £ we make « (kBppa) 1he suiect of ™he agquation we have
| aclkien w Vo2l v |

20 mm Pier:
& | TR
=1 Sz - 556
Pier cha'actersscs B=060m B, =0.09m b, | b, |
Q. ¥ ¥s B, B, |Qix=1)
_lus) m) [m] [m) ™)
003073 | 01010 | 0.0860 | 0608 | 0519 | 00381
0.08287 | 0.1620 | 0.9080 | 0805 | 081 07
1] 02085 | 0.1470 | 0508 | 1 01114
011580 | 02500 | 0.1840 | 0608 0515 01450
0150680 | 02850 | 02970 | 0609 | OS5 01
916391 1 0 1 023201 0509 | 031 9
[01 1 ! 051 g
43 mm Pier;
B i L osse
Piar chascterisscs B=0600m b, = 0.045m '8, &,
Q. ¥ ¥s B, B, [Qix=1)
| Im) | [m] | [m] | (m]
0.03037 | 0.0930 | 0.0660 | 0608 | 056¢ | ©
| 006247 1 01 01170 ] 0609 | 0554 d
| 005022 10, 2101 0009 1 0564 1 01073 =
A 1 0564
014556 3 | 0.364 -
0 18459
0.18010
20 mm Pier;
!'—-1“
Pier charactenstics: b,
Q,
|fvs]
L0.00187
011826
14
[ 016573
R
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R L
sl 0 G i)

90 mm Pier:
—-aT7 L . sse
Pher characienstcs B+06808m B, =009 m b, b,
Qa | w Yo | B, .8, 4
| [vs) (m] [m] [m] im] o
Q03073 | 0100 | 00260 | 0609 | 0608 ~t
008257 | 09620 | 00750 | 0809 0 809 14
206081 | 0.2085 | 0.°040 | 06509 0.608 099
011680 | 02500 | 01320 | 0600 ) -"7‘.‘
015080 | 02850 | 01580 | 0609 | 0608 0 |
0.9710 | 0|
.'MO s
45 mm Pier;
K oerns -
Pier characienstcs Br0608m B, =0.045m LR ] b, |
Q. ¥ Yo B B, [Qix=1)
[Vs) [m] [m] [m] [m] Vs,
003032 | 00630 | 00480, 0608 | 0608 | 0O32A
Q 47 | 01440 | OOS40 | 0609 | 0608 | DOBSH
(009022 01800011501 © 805 | 01040
012084 | 02150 | 0.1470 | 06808 0.60% 01428
014665 | 02400 | 01780 | 0608 0 B80S 01782
018483 | 02 01590 | 0808 0 805 1
1801 71 i ! : 1
20 mm Pier
¥ e L sl
Pier charactenstcs B=0606m b, *003m b, b,
Q. b D Y 8, B, Qix=1)
[Vs) [m] [m] [m] [m] Vs
003183 | 0.0620 | 0.0820 | 0.605 0.60% 0.0345
006187 | 01340 | 00900 | 0605 | 060 | 00653
M 01750 1 0609 | 0609 0.1091
011529 102040 | 01540 | 0605 | O 0.1
014 02270 | 01 0606 | 0608 | 01711
(018572 102450 1071920 T 0606 T 0606 | 01
1 201
C~ 1- inati volume 1
i ‘a
Q C ' -r))+l 1 !)L!li
1 L o4l 1
"‘l I’l (n‘:
Note that f B, s not egual 10 B, then no further simaificaban of e above equahon (s passDie
%0 Pier: .
—=677 L= s 5
Par Characionst cs B=0609m b,=0.08m b, | b, |
Qa | v ys | B | B <

| (s] | Im] | [m] | [m] | [m] | [¥s]
003073 (0100 | 00860 | 0606 | 0518 | 00361

7 1018201010801 0609 | 0519 | 0074z
009091 | 03 Q14701 0609 | 0519 | D114

011980 | 023500 | 0 1840 | Oml 0519 | 014%0
015060 | 02850 | 02170 | 0608 | 0519 1 01836

016581 | 03020 | 0.2320 | 0608 | 0519 )
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Q. ¥ ¥s B, B, Q
. lvs) [m]) [m] [m) oI-
003153 00n 609 0
t_g_,gm 0.1 011401 0609 | 0579 | 00T
0. 01750 | 0.1470 | 0609 | 05T | 01087
| 011629 | 02040 | 01730 ] 0608 | 0578 | 013N
) 14 02270 | 01970 (F-14 01617
1-0.16572 102450 1 021204 0609 | 0579 | 0181
018044 | 02590 | 02260 | 0609 | OSM 01871
- Meaeseddat - . d N ot e

on 1-4

gl - )2l -y,
V;L.r.&t Gh n

Note that B, = B, = B and hanedor the aquation above wil smpity as follows

-y r— .ye
Q=C,\ By, 225 = Q= C.By w1

"t
20 mm Pier: i
| I
Pler characiensiics B=0609m b, =009m b,-"”] I.s”
Q, Yo | % B, 8, Q, C
M] [m] {m) [m] [m] fus) 0 va ¥ LN
(003073 101010 10260 | 0606 10600 1700914 [ 19 3 am
016201 00750 | 0609 | 0609 | 0068 & 137 216 160
09081 | 02085 | 01040 | 0609 0.107% R 200 142
011960 1702500 101320 [ 0608 10609 | 01471 q e m
L 015060 | 02850 609 1 06809 | 01965 156 e 126
[ 016501 | 03020 1 9171 608 [ 0.2061 - "7 n
1 1 ) g N
o7y - S
45 mm Pier;
L-S.SC
Pwr charactonsscs b, _}
l Q. L 1 Ye
L [us) [m) (m) ¥ ¥ e
003032 | 0.0630 | 0 0480 1 18
006247 | 0.1440 | 00840 L 135
005022 | 01800 | 0.1150 187 121
012084 | 02150 | 0.1470 148 112
14 2400 | 070 125 104
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14 108
1 10
L o806
b, ]
Q. Y« | Y
[vs) [m] | [m) v Vov Fr
003153 1 00920 | 00520 L ” 1%
. g_g‘ 14 ,ngol om 9 LE ) 12
009293 | 01750 | 0 1260 124 1% 109
011920 | 02040 | 01540 127 R 103
| 014956 | 0.2270 | 01770 129 ) 108
| 0.16572 | 0.2450 | 0.1820 142 129 103
018044 | 02560 | 02010 ] 0808 | E09 0 147 129 108
| hevyd ogcam . o | Geomesy ~ |
30 mm Pier (with debris):
8 2030 L 586
Per charactonsics B =06809 m b,=003m s 5, \
Q. ¥ Yo 8, B,
[vs] im] [m] {m] (m] oA ¥ Fr,
0.03212 | 0.0908 | 00488 | 0805 | 0809 109 187 158
| 0605 | 0608 1% 180 '
i8]} R > 108
132 134 098
1% .2 0%
M 1% 0es
i | 1% 056
20 mm Piler (drowned conditions):
— = 20.30 — - 856
Par characiensics B=0809m b, =003 m s, b,
.r Q. ¥ Ye 8, | 8, Q
(Vs) [m} [m] | (m] [m] _[vs] v ¥ Fre
| 006108 | 0.1350 | 0.0520 | 0805 | 0805 | 00 100 148 118
| 006106 | 0.1580 | 01350 | 0606 | 0603 0 1088 ore 117 0es
| 006906 | 01750 | 01640 | 0606 | 0605 | 01 081 107 048
011985 | 02050 | 01560 | 0609 | 0809 01 138 1.9 102
011955 | 02380 | 02080 | 0605 | 0609 0% 114 0
011 03 02670 | 0608 | 0609 027 nTe 108 048
01741 3 021201 060% | 0609 | 02201 L) 126 0w
17941 3230 | 03 0609 ! 0609 | 100 108 058
Eg | OE 4144 13 08 108 048




APPENDIX B

ENERGY APPROACH, LABORATORY DATA AND
CALIBRATED COEFFICIENTS - ADDITIONAL
LABORATORY TESTS




MODEL PIER, bp = 32 mm_ SHORT NORMAL Q's
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APPENDIX C

FIELD TESTS

\
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Cl. INTRODUCTION

Following on the promising results of laboratory studies on discharge measurements in
terms of pressure differences at bridge piers, it was decided to perform full-scale field
tests on a real bndge during the year 2000. These tests were undertaken primanly by Mr
GC Cloete, as a final vear civil engineering student at Stellenbosch University, who also
1s and was an employee of the Department of Water Affairs and Forestry (DWAF). The
tests were made possible by the generous support received from the provision of
measunng instruments and manpower. This test contains an abbreviated summary of the
contents of Mr Cloete's unpublished final year thesis report titled "Hoogvloeimeting in

Riviere met behulp van Drukmeting by Brugpylers.

BRIDGE SELECTION

In order to be able to perform prototype tests, a suitable bndge had to be identified. The

following requirements were set:

e Flow velocities at the bridge had to be greater than 2 m/s in order to generate large

enough pressure differences for accurate measurement.

e A pier was to be selected within the main nver channel where the highest flow

velocities occur.

e For comparing with model results a pier with parallel sides and rounded ends, both

upstream and downstream was preferable.

e Uniform flow conditions should prevail both upstream and downstream of the bridge

with flow lines parallel to the pier direction.
e High flow discharges, which were independently determined, were required for
companson.
A number of bridges in the proximity of Worcester were considered and the "White
Bnidge"” across the Breede River necar Ceres was eventually selected as being the most

suitable for testing purposes. This bndge was far from ideal, it was believed that if the

approach could work here, it should be applicable on a large number of other bridges.




&

PRESSURE DIFFERENCES AND DISCHARGE
CALCULATIONS

STS pressure gauges, which are presently being used by DWAF, were installed at 4

positions on a pier of the "White Bridge"

0 - 3 m measuring
plates

Pressure gauges
installed at centres

of circles

Photo 3.1: White Bridge : Positions of pressure gauges

The pressure differences, which were recorded, were translated into approach velocities
by means of the Pitot principle. However allowance had to be made for the particular
shape of the pier. This was done by building a model of the pier and determining a

correction factor (Cp) which represents the ratio

True Discharge

Apparent Discharge



4.

C4
With the apparent discharges being calculated from the pressure difference without
allowance for the particular pier shape. For non-drowned flow conditions, the value of

Cp varied from about 0,90 to about 0,98, indicating that even without a correction factor,

the discharge may be calculated with an accuracy of at least 10%.

In the case of drowned flow conditions, the Cp value varied more, from about 0,75 1o
about 0,93. The steady pattern and the limited vanability found in Cp, values indicate that
once these values are determined it will be possible to determine oncoming flow

velocities at piers with a high degree of accuracy.

Velocities do however vary across nver sections and velocities measured at individual
piers therefore have to be converted into local values for the section as a whole for the

calculation of discharges.

In the case of the "White Bridge" stream flow measurements had been undertaken which
reflected the vanations in velocity across the section. The velocity vanations were also
analysed in terms of techniques used in backwater calculations. Fair agreement was
obtained.

FINAL RESULTS

Peak discharges which were measured at the gauging station just upstream of the "White
Bridge" were compared with values calculated from pressure differences measured at the

pier and pier discharge coefficients determined in the laboratory.

The following discharges (m'/5) were obtained:

Date (2000) I Lower Gauges Upper Gauges DWAF Gauging Station
s | s - | 833
1507 | 62 ] - 2
- — S E— = — Cpee

18-07 i 208




G

FE 42
- | 54
128 18
215 202
213 200
181 170

The results are very encouraging. There is good agreement between the discharges
measured at the gauging station and those calculated from pressure differences. What is

also important is that the results for the two pairs of pressure gauges agree so well given

the complicated shape of the bridge pier.

(5. CONCLUSIONS AND RECOMMENDATIONS

The combined results of model studies and field tests prove that differences in pressures
measured against bridge piers can be used 1o measure discharges in nivers. Given the
limited costs involved, even if laboratory calibration is involved, as opposed to the high
costs of measuring weirs capable of measuring high flows, this method deserves serious

consideration for application and further development.
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