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Preface

Since the publication of the second edition of the book in 1995, significant
advances have taken place worldwide in streamflow measurement in both
instrumentation and methodology.

The scope of this third edition of the book has therefore been extended to
include new methods and instrumentation and a new Chapter 6 on the acoustic
Doppler current profiler (ADCP) has been included to meet the growing need
worldwide for this method.

The moving boat and electromagnetic methods are now included in a reduced
form in Chapter 2 as is a new method now under research — the seismic
flowmeter.

There are hardly any large floods which have been measured directly by
standard methods and a section on indirect methods of flood peak estimation
has therefore been included under Chapter 5 — Special problems.

The opportunity has been taken to rewrite certain sections of the book in
view of technical developments and new or revised international standards.
Chapters 9 and 15 come into this category. However, care has been taken to
retain existing instrumentation, such as chart recorders, which are still used
efficiently in many countries.

The book has been written in a global context as streamflow measurements
are carried out to similar standards worldwide. It is indeed true to say that
a gauging is being made by someone somewhere in the world at any moment
in time.

The need for better and extended streamflow measurements is more
necessary today than ever before especially with the need to address climate
change and its effects on streamflow.

The international monitoring of streamflow measurement will become
crucial in a changing hydrological world where our precious water resources are
required to be audited and carefully managed.

Reginald W. Herschy
Reading
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Introduction

I.I Global water

The management of our global water resources will require renewed effort by
all concerned in the water industry and measurement of the world’s rivers will
play a large part in the distribution of these resources. In the world today over
one quarter of the population still do not have safe drinking water.

The amount of fresh water available is small. Only about 0.6% of the
global water is available for use and of that only 1% is in rivers; the rest is
groundwater.

However, this 1% is only 0.006 % of the total global water and it is this water
that requires to be measured as streamflow; in fact about 70,000 km®.

With tens of millions of people worldwide relying on fresh water, the
importance of global streamflow measurement is crucial.

Figure 1.1 shows diagrammatically the components of the global water cycle.

1.2 Climate change

Considerable research has been undertaken into climate change by the IPCC
(Intergovernment Panel on Climate Change). Two important elements for
hydrometry to address are rainfall and streamflow. Climate change can be
expected to lead to changes in precipitation and streamflow. Water supply in
arid and semi-arid regions is very sensitive to small changes in rainfall and
evaporation although the latter may be reduced because of increased CO, con-
centrations. In the runoff scenario, it is believed that a doubling of CO, might
increase river flows by between 40 and 80% in certain parts of the world. Such
estimates of runoff extremes, if confirmed, would require careful streamflow
monitoring as well as considerable modification in the design of water related
structures including flood control works and conveyance capacity.
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Runoff
from land
40 000 kms

1348 million km?

Figure 1.1 The hydrological (water) cycle with major reservoirs.

Note: The fluxes of evaporation, precipitation and annual run off are in km? year™

1.3 Field measurements

Streamflow is the combined result of all climatological and geographical factors
that operate in a drainage basin. It is the only phase of the hydrological cycle in
which the water is confined in well-defined channels which permit accurate
measurements to be made of the quantities involved. Other measurements of
the hydrological cycle are point measurements for which the uncertainties, on
an areal basis, are difficult, if not impossible, to estimate.

Good water management is founded on reliable streamflow information
and the final reliability of the information depends on the initial field
measurements. The hydrologist making these measurements has therefore the
responsibility of ensuring raw data of acceptable quality are collected. The
successful processing and publication of the data depend largely on the quality
of the field measurements.

This book is therefore for field hydrologists and for students of hydrology in
universities and colleges.
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Objectives of a streamflow programme

There are many different uses of streamflow data within the broad context of
water management, such as water supply, pollution control, irrigation, flood
control, energy generation and industrial water use. The importance placed on
any one of these purposes may vary from country to country. In India and
China, for example, emphasis may be placed upon irrigation and flood control
whereas in the United Kingdom water supply may be given priority. The
emphasis for any one need may also change over short or longer periods of
time. What appears to be axiomatic, however, is that none of these needs can be
met without reliable streamflow data being available at the right time, the right
place and the right quality.

Categories of streamflow data

The type of streamflow information required may be classified into two distinct
categories. The first is that required for planning and design while the second is
that required for current use, i.e. operational management.

Data for planning and design may not necessarily have an immediate use
but are valuable in the long term for civil engineering works of various types
and for flood forecasting and control. Planning and design data are also used to
examine long-term trends as are data on the stream environment.

Current use data have an immediate high return value since they are invari-
ably required initially for operation and control. Current use streamflow
stations are operated for as long as the need remains.

Designers of water control and water-related facilities increasingly use the
statistical characteristics of streamflow rather than flow over specific historic
periods. The probability that the historical sequence of flow history at a given
site will occur again is remote. Indeed, when a hydrologist makes just one
measurement of discharge it is probable that the exact conditions under which
the discharge occurred may rarely happen again.

It is often desirable to consider the future, not in terms of specific events, but
in terms of probability of occurrence over a span of years. For example, many
highway bridges are designed on the basis of the flood that will be exceeded on
the average only once in 50 years. Storage reservoirs are designed on the basis of
the probability of failure of a particular capacity to sustain a given draft rate.
The water available for irrigation, dilution of waste or other purposes may be
stated in terms of the mean flow, or probability of flow magnitudes, for periods
of a year, season, month, week or day. In addition there is a trend towards
flow simulation based on statistical characteristics, such as the mean, standard
deviation and skew. To define statistical characteristics, a record of at least
30 years is desirable for reliable results and a study of Section 13.9 (Chapter 13)
suggests caution in estimating trends or probabilities from short-term periods.
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1.4 Cost effectiveness

In most countries the cost effectiveness of streamflow data collection is an
important consideration; this is particularly the case where streamflow is
included in the budget for water management. Cost effectiveness may be
measured by the benefit:cost ratio, but to estimate this ratio for streamflow
is difficult, mainly due to the problems associated with assessing the
benefits accruing. This problem sometimes leaves the hydrological service at a
disadvantage in bidding for funds.

The wide variety of uses of streamflow data also makes the estimation of
national benefits difficult. The question of marginal gains through network
changes is therefore not straightforward. It is, however, a fact that costs have
risen sharply in providing gauging stations and in data capture and publication.
The gains on the other hand are not easily quantified and each use of stream-
flow data may demand different and perhaps sophisticated analysis before
benefits of streamflow data collection can be realised. This, however, is not
usually the case in developing countries where the gain from a flood control
scheme or an irrigation scheme may be enough to cover the cost of the entire
network many times over. Benefit:cost ratios in these circumstances may be as
high as 50:1 or more.

In other countries, however, a period of years may elapse before a useful
record is generated to quantify the benefits of current data and even then any
satisfactory assessment is complicated.

The first objective therefore is to develop a suitable method to identify
potential quantifiable benefits to various types of data user. Such benefits are
usually to be found in data required for reservoir design, water abstraction,
flood warning, flood control including flood proofing, irrigation, highway
bridge design, hydroelectric power generation, river pollution control, sewage
purification and so on.

The costs of providing these services are quantified over a defined period and
the benefits accruing from streamflow data are calculated for each. More often
the benefits may have to be determined from an agreed percentage of the cost of
the services.

Flood proofing, for example, reduces the cost of flood damage and this figure
can be conveniently quantified from flood damage records. If no flood damage
records exist, a percentage benefit based on the cost of the scheme can usually
be calculated. The benefits are calculated for each use to which the streamflow
data are put and totalled. This total is divided by the cost of obtaining the
streamflow data. This is usually the cost of the operation of the gauging
stations and processing the data or, more conveniently, the sum of capital and
staff costs.

In a benefit—cost study of the UK streamflow network carried out for the
Department of the Environment (DOE) in 1989, the annual benefits were found
to be in the range US$16.5-90 million depending on how these were quantified,
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the best estimate being US$31.5 million. The annual cost of operating the
network, including overheads, management, data processing, etc. was US$13.5
million. The benefit:cost ratio was therefore in the range 1.2-7 with a best
estimate of 2.3. It was concluded, therefore, that even at the lowest level of
benefit:cost ratio, the UK streamflow network represents a sound economic
investment. The ratio would have been higher if some of the intangibles (e.g.
consents for discharge effluents) could have been quantified. Not surprisingly
only small annual economic benefits could be quantified from flood forecasting,
flood warning or flood alleviation.

1.5 International standards in stream gauging

Water in a stream in a specific locality knows no jurisdictional boundaries, local
or national. That same water may eventually move to any other part of the
earth through the hydrological cycle. Streamflow data are therefore needed from
all parts of the earth to enable hydrologists to discover the quantity of the
earth’s water resources on a comprehensive and continuous basis. Streamflow
records that have been gathered by non-standard methods may be suspect. For
this and other reasons, the International Organization for Standardization
(ISO) set up in 1956, a technical committee on streamflow measurement. This
committee, known as TC113, has produced a number of international stand-
ards on streamflow which are now used worldwide. Of the 104 ISO member
countries, some 37 are members of TC113.

The methods described in this book generally follow the principles and
recommendations of the ISO Standards.

In addition, the World Meteorological Organization (WMO), publishes
guides and technical reports on stream gauging and selected ISO Standards,
in the form of technical regulations which are circulated to some 187 WMO
member countries.

Standardisation activity at the European level is the responsibility of CEN
(European Committee for Standardization — Comité Européen de Normalisa-
tion) and CENELEC (European Committee for Electrotechnical Standardiza-
tion). Together these bodies make up the Joint European Standards Institution
(ESI). The aim of European standardisation is the harmonisation of standards
on a Euro-wide basis in order to facilitate the exchange of goods and services by
eliminating barriers to trade which might result from requirements of a tech-
nical nature. The national standardisation institutes of 27 countries support
CEN. In addition, other European countries have affiliate status. Streamflow is
under TC318 ‘Hydrometry’, formed in 1994.

1.6 Summary of methods

A summary of the methods of streamflow measurement follows together with a
reference to the chapters in which each method is discussed.
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Velocity—area method (Chapter 2)

The discharge is derived from the sum of the products of stream velocity, depth
and distance between verticals (Fig. 1.2), the stream velocity usually being
obtained by a current meter. For a continuous record of discharge in a stable
prismatic open channel with no variable backwater effects, a unique relation
exists between water level (stage) and discharge. Once established, this stage—
discharge relation is used to derive discharge values from recordings of stage.
With the exception of the dilution method, which is a direct method, it could be
inferred that all methods of streamflow measurement are based as the velocity—
area principle.

The stage—discharge relation is covered in Chapter 4 and since the measure-
ment of stage is one of the most important factors in all methods, a separate
chapter is devoted to it (Chapter 3). Special problems, associated with velocity—
area stations in particular, such as corrections for soundings from cableways,
stilling well lag and draw-down, rapidly changing discharge and measurements
under ice cover, are presented in Chapter 5.

Acoustic Doppler Current Profiler (ADCP) (Chapter 6)

The ADCP instrument is mounted on a motorised boat that moves across the
river perpendicular to the current. Velocities are measured when the ADCP
transmits acoustic pulses along three or four beams at a constant frequency.
These beams are positioned at precise horizontal angles from each other and

ertical o

Vertica/ 1
/

Vi

/ Spatial surface

Figure 1.2 The measuring section. The volume of water is bounded by the measuring
section, the water surface, the bed and the spatial surface as shown schematic-
ally. At any section XX, the area of the velocity polygon is the integral vdd (with
limits from O to d) and equal to A m’s™". The volume of water passing per second
is then found from the integral of Adb (with limits from 0 to b) and equal to the
integral of vdd db (with limits from 0 to d and 0 to b) which is equal to the total

flow Q in m3™".
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directed at a known angle from the vertical, typically 20° or 30° The instru-
ment processes echoes throughout the water column along each beam. The
difference in frequency (Doppler shift) between transmitted pulses and received
echoes (Doppler effect) can be used to measure the relative velocity between
the instrument and the suspended material in the water that reflects the pulses
back to the instrument (backscattering). The ADCP uses the Doppler effect
to compute a velocity component along each beam and the system software
calculates velocity in three dimensions using trigonometric relations. The
ADCP may therefore be regarded as a velocity—area method giving a single value
of discharge, usually to provide a point on the stage—discharge curve.

Float gauging (Chapter7)

The water velocity is measured by recording the time taken for a float to travel
a known distance along the channel. Observations are made using floats at
different positions across the channel and discharge is derived from the sum of
the products of velocity, width and depth.

Generally, this method is used only when the flow is either too fast or too
slow to use a current meter or where ice floes would cause damage to the meter.

Slope—area method (Chapter 8)

The discharge is derived from measurements of the slope of the water surface
and the cross-section of the channel over a fairly straight reach, assuming a
roughness coefficient for the channel boundaries.

Stage—fall-discharge method (Chapter 9)

In a stable open channel affected by backwater, a relation is established between
fall (slope) and discharge.

Weirs and flumes (Chapter 10)

The relation between stage (or head) and discharge over a weir or through a
flume is established from laboratory (or field) calibration. The discharge is
subsequently derived from this rating equation.

Dilution method (Chapter I 1)

A tracer liquid is injected into the channel and the water is sampled at a point
further downstream where turbulence has mixed the tracer uniformly through-
out the cross-section. The change in concentration between the solution
injected and the water at the sampling station is converted into a measure of the
discharge.
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Moving boat method (Chapter 12)

A current meter is suspended from a boat which traverses the channel normal to
the streamflow. The component of the velocity in the direction of the stream
is computed from the resultant velocity and the angle of this resultant. The
discharge is the sum of the products of the stream velocity, depth and distance
between observation points.

Ultrasonic method (Chapter 12)

The velocity of flow is measured by transmitting an ultrasonic pulse diagonally
across the channel in both directions simultaneously. The difference in time
transits is a measure of the velocity which has to be multiplied by the cross-
sectional area to derive discharge. The ultrasonic method therefore also follows
the principles of velocity—area measurements.

Electromagnetic method (Chapter 12)

The discharge is found by measuring the electromotive force (emf) produced by
a moving conductor (the flowing water) through a magnetic field produced by a
coil placed either below or above the open channel. The emf is proportional to
the discharge.

Accuracy (Chapter 13)

Considerable research into uncertainties in streamflow measurement over recent
years has led to the publication of several international standards and this
chapter has been updated from the first edition to address the latest methods of
the assessment of uncertainties.

Hydrometric data processing (Chapter 14)

In view of the advances made in solid-state recording and data processing of
streamflow measurements, this chapter has been completely rewritten but
autographic chart recording methods have been retained.

Flow in pipes (Chapter 15)

Because of today’s need for hydrologists to address all types of flow measure-
ment, this chapter has been added to the present edition and includes flow
in closed conduits under pressure and flow in partially filled pipes using both
existing theory and practice and modern concepts.
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1.7 Selection of method

Velocity—area method

Generally, consideration is given first to the possibility of installing a velocity—
area station especially if it is known that a relation can be established between
stage and discharge. Discharge measurements may then be carried out using a
current meter by wading (when the depth and velocity permit), by cableway
(when the span permits the installation of a cableway, and the river is too deep
to wade), by boat (if the river is too wide for a cableway installation), by moving
boat (if the river is wide enough), by floats (if the velocity is too low or too high
to use a current meter or there are ice floes in the river), by slope—area (if no
other method is suitable during floods) or from bridges (if these are considered
suitable).

ADCP

The ADCP is now used in many countries giving very good results in the
measurement of a single measurement of discharge. Systems now available are
able to measure both large and small rivers and deep or shallow rivers when
mounted on motor launches or small remote-controlled or tethered rafts or
catamarans. A great advantage of the method is its speed whereby an ADCP
measurement may be as much as ten-times quicker than a conventional
measurement. The equipment now is considerably reduced in size and weight
and units available now may be only a few kilograms in weight and less than
30 centimetres in height.

Weirs and flumes

In small rivers (under 100 m in width) a measuring structure may be considered,
particularly if backwater conditions prevail. The main factors to be assessed for
a measuring structure are cost, head loss (afflux) available, Froude number and
bed conditions.

Flumes are normally only considered in smaller channels and especially in
wastewater treatment works of which there are literally thousands in the
UK alone.

Ultrasonic and electromagnetic methods

The ultrasonic and electromagnetic methods provide a continuous measure-
ment of discharge for all designed stages of flow and continue to do so under
backwater conditions even if the flow actually reverses due, for example, to
tidal influence.

The main restrictions for the ultrasonic method are that a source of electrical
power should be available, the river should not be more than about 300 m wide
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with suitable minimum depth and should have no weed growth or significant
sediment transport.

The electromagnetic method also requires a source of power and is restricted
to rivers about 40 m wide but continues to measure under weed conditions or
heavy sediment load.

Dilution techniques

Dilution gauging is not in such general use as other methods because the tech-
nique requires specially trained staff. Nevertheless it is the most suitable
method available for discharge measurements in turbulent mountain streams.
It is used mainly for spot measurements especially in the calibration of other
methods, for example measuring structures, but in certain situations it may
be the only suitable method. It is also the only fully direct method for the
measurement of discharge since the velocity, depth or area does not enter into
the computation.

Stage-fall-discharge and slope—area methods

These methods are indirect methods of measurement, but have their place
under conditions where the above methods are not suitable or are unavailable.
The stage—fall-discharge method is particularly useful under backwater
conditions especially in large rivers, when it may be the only suitable method.
The slope—area method is useful in the measurement of floods, either current or
historical, the latter from flood marks.

The stage—fall-discharge method may take the form of a permanent
station; the slope—area method is used for measurements and may be employed
at a permanent velocity—area station for measuring the highest flows. The latter
method depends, however, on Manning’s n” or Chezy’s ‘C’ roughness co-
efficients and, unless these are established on site from measurements, the
methods may have a large current or historical uncertainty.
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Measurement. John Wiley and Sons, Chichester. 1978.

Bos, M. G., Discharge Measurement Structures. Publication No. 161 Delft Hydraulics
Laboratory, Delft. 1976.

Department of the Environment. The Benefit Cost of Hydrometric Data: River Flow
Gauging. Report by CNS, Reading, UK. The Foundation for Water Research, UK.
1989.

Herschy, R.W., The analyses of uncertainties in the stage discharge relation in Flow
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Herschy, R.W., General purpose flow measurement equations for flumes and thin plate
weirs. 1995.
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Chapter 2

The velocity—area method of
streamflow measurement

2.1 General

The velocity—area method for the determination of discharge in open channels
consists of measurements of stream velocity, depth of flow and distance across
the channel between observation verticals. The velocity is measured at one or
more points in each vertical by a current meter and an average velocity deter-
mined in each vertical. The discharge is derived from the sum of the product of
mean velocity, depth and width between verticals. The discharge so obtained is
normally used to establish a relation between water level (stage) and streamflow.
Once established this stage—discharge relation is used to derive discharge values
from records of stages at the gauging station.

Not all current meter measurements, however, are made to establish a stage—
discharge relation and for many purposes individual determinations or ‘spot
measurements’ are very often required for management functions. Such
measurements may not require the measurement of stages but otherwise the
method of measurement is the same. At some stations, however, a record of
stages only may be required for purposes such as flood warning. At most
gauging stations, however, both stages and discharges are measured to establish
a relation between these two variables.

2.2 Spacing of verticals

In order to describe the bed shape and the horizontal and vertical velocity
distributions completely, an infinite number of verticals would be necessary;
for practical reasons, however, only a finite number is possible. In practice,
therefore, the cross-section is divided into segments by spacing verticals at a
sufficient number of locations across the channel to ensure an adequate sample
of both velocity distribution and bed profile. The spacing and number of verti-
cals are crucial for the accurate measurement of discharge and for this reason
between 20 and 30 verticals are normally used. This practice applies to rivers of
all widths except where the channel is so narrow that 20 or 30 verticals would
be impracticable. We shall see in Chapter 13 that uncertainties in streamflow
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measurement are expressed as percentages. The percentage uncertainty there-
fore for using, say, 20 verticals is of the same order for all widths of river
notwithstanding the width of the segments (in absolute terms the uncertainty
will increase as the width of segment increases).

Verticals may be spaced on the basis of the following criteria:

(a) equidistant;
(b) segments of equal flow;

(c) bed profile.

The choice will depend largely on the flow conditions, the geometry of the
cross-section and the width of river. For very wide rivers (over 300m), for
example, it is sometimes convenient to make the verticals equidistant; for
rivers having an asymmetrical horizontal velocity distribution, or a significant
variation in the horizontal velocity distribution, it is normally advisable to
space the verticals in such a manner so as to achieve segments of equal flow over
the required range; for rivers having abnormalities in the bed profile, the verti-
cals are spaced so as to make allowance for depressions or obtrusions and
general irregularities of the bed. A general rule, however, for current meter
measurements is to make the width of segments less as the depth and velocities
become greater.

Irrespective of which criteria are followed, the spacing of the verticals is
arranged so that no segment contains more than, say, 10% of the total flow. The
best measurement is normally one having no segment with more than 5% of
the total flow.

2.3 Computation of current meter measurements

Mid-section method

In the mid-section method of computation it is assumed that the velocity
sampled at each vertical represents the mean velocity in a segment. The seg-
ment area extends laterally from half the distances from the preceding vertical
to half the distance to the next, and from the water surface to the sounded
depth as shown by the hatched area in Fig. 2.1. The segment discharge is then
computed for each segment and these are summed up to obtain the total
discharge. Referring to Fig. 2.1, which shows diagrammatically the cross-
section of a stream channel, the discharge passing through segment § is
computed as

qs = Vs

((bs B b4) + ([96 B bi))d;
B S
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Initial point

Figure 2.1 The mid-section method of computing current meter measurements. 1,2, 3,.. .,

n, number of vertical; b,, by, b, . . ., b,, distance from initial point; d,,d,, d; ..., d,,
depth of flow at verticals; v, average velocity in verticals.
bs—b
=, —=——)d, (2.2)
2
where qs = discharge through segment 5;
75 = mean velocity in vertical 5;

by, bs, bg = distance from an initial point on the bank to verticals 4, 5 and 6;
= depth of flow at vertical 5.

QU
[
|

For the end segment, 1, shown hatched, the discharge may be computed as

_ (b= b,
Q1= T d, (2.3)
and the end segment, 7, as
= —b”_b””)d (2.4)
qn =v, 2 ne .

The preceding segment at the beginning of the cross-section is therefore
considered coincident with vertical 1 and the next vertical at the end of the
cross-section is considered coincident with vertical 7.

In the example in Fig. 2.1, g, is zero because the depth at vertical 1 is zero.
However, when the cross-section boundary is vertical at the edge of the water,
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the depth is not zero and the velocity at the end vertical may or may not be zero.
The equations for g, and g, are used whenever there is water on only one side
of a vertical, such as piers, abutments and islands. It is usually necessary to
estimate the velocity at the end segments as a percentage of the velocity on the
adjacent vertical because it is not possible to locate the current meter close to a
boundary. Alternatively, a current meter observation may be made as near the
edge as possible and this velocity used in computing the discharge in the end
segments. However, if the verticals 2 and n — 1 are placed as close as possible to
the banks and the cross-section is wide, the discharge in in the end segments can
normally be neglected. A typical computation of a current meter measurement
employing the mid-section method is shown in Table 2.1. It will be noted in this
example that 22 verticals have been used and that the discharge in any one
segment does not exceed 10% of the total discharge.

Mean-section method

Segment discharges are computed between successive verticals. An example of
one such segment is shown hatched in Fig. 2.2. The velocities and depths for
successive verticals are each averaged, the segment discharge being the product
of the two averages.

Referring to Fig. 2.2, the discharge passing through segment 5—6 is computed

as
Us+ v\ [(ds+d
956 = (%) (Té> (bs — bs) (2.5)

where g5, = discharge through segment 5-6;
s, U, = mean velocities in verticals 5 and 6;
ds, dg = depth of flow at verticals 5 and 6;
bs, bg = distance from an initial point on the bank to verticals 5 and 6.

It will be noted that the depth of flow at vertical 1 is zero and the problem of
computing the flow in the end segments does not arise in this method nor does
it arise when the bank is vertical and the velocity can be taken as approximately
zero at the end vertical. The computation is therefore carried out for the end
segments in exactly the same way as for the other segments. Nevertheless this
facility does not give the mean-section method an overall advantage over the
mid-section method, the latter being simpler to compute and therefore quicker
if the calculations are being performed manually. There is little difference in
time, however, if a pocket calculator is employed for the calculation.
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Figure 2.2 The mean-section method of computing current meter measurements. |, 2, 3,
...,n,number of vertical; b, b,, b, . . ., b,, distance from initial point;d,,d,,d;,. . .,
d,, depth of flow at verticals; ¥, average velocity in verticals.

Velocity—depth integration method

Whereas the previous two methods may be termed arithmetical methods of
computing discharge, the velocity—depth integration method is a graphical
method. If sufficient current meter observations have been made in the verticals,
a curve of mean velocity X depth of flow (area of vertical velocity curve) may be
drawn over the cross-section. The area of this curve represents the total
discharge.

Referring to Fig. 2.3, the procedure is as follows:

(a) Draw the vertical velocity curve for each vertical by plotting the velocity
observations against their corresponding depths of flow.

(b) Measure the area contained by each curve by planimeter.

(c) Plot these areas over the water surface line of the cross-section and draw a
smooth curve through the points. The area enclosed between this curve and
the water surface line represents the total discharge.

The areas contained by the curves are best measured by planimeter but if graph
paper with millimetre divisions is used, the 10 mm squares can be counted to
calculate the area with acceptable accuracy, making allowance for scale factors.

Velocity—contour method

This is also a graphical method and like the velocity—depth method described
above requires a number of current meter observations in the verticals.
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Figure 2.3 The velocity—depth integration method of computing current meter measure-
ments. Q = X§ vd AB.

Referring to Fig. 2.4, the procedure is as follows:

(a) Vertical velocity distribution curves are drawn for each vertical.

(b) These curves are interpolated for convenient intervals of velocity (e.g. 0.25,
0.5,0.75ms™.

(c) Curves or contours of equal velocity (isovels) are drawn as shown in
Fig. 2.4(a).

(d) Starting from the maximum, the areas enclosed by successive velocity con-
tours are measured by planimeter and plotted on a diagram, as shown in
Fig. 2.4(b), with the ordinate indicating velocity and the abscissa indicating
the corresponding area enclosed by the respective velocity contour. The
summation of the area enclosed by this curve represents the total discharge.

It can be seen from Fig. 2.4(b) that the maximum velocity plotted on the
ordinate is 3.05 m s™', which in this example is found from the surface velocity
distribution curve (Fig. 2.4(a)) and the maximum area plotted on the abscissa is
about 1138 m?, being the sum of the areas enclosed by each velocity contour
and the water surface line.

Of the four methods of computation of discharge described above, the
mid-section and mean-section methods are used almost universally. The two
graphical methods are normally employed in special studies and in the investi-
gation of velocity distribution. The use of graphical methods, however, does
not relax the rule for the number or spacing of verticals.
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Figure 2.4 The velocity contour method of computing current meter measurements.
Q = X4 ¥ AA. (a) Velocity contours in a section,and (b) Total flow.

2.4 Measurement of velocity

The mean velocity in each vertical is determined by current meter observations
by any of the following methods.

The velocity distribution method

In this method velocity observations are made in each vertical at a sufficient
number of points distributed between the water surface and bed to define
effectively the vertical velocity curve, the mean velocity being obtained by
dividing the area between the curve and the plotting axes by the depth. The
number of points required depends on the degree of curvature, particularly in
the lower part of the curve, and usually varies between six and ten. Observa-
tions are normally made at 0.2, 0.6, and 0.8 of the depth from the surface, so
that the results from the vertical velocity curve can be compared with various
combinations of reduced points methods, and the highest and lowest points
should be located as near to the water surface and bed as possible.

This method is the most accurate if done under ideal, steady-stage conditions
but is not considered suitable for routine gauging due to the length of time
required for the field observations and for the ensuing computation. It is used
mainly for checking velocity distribution when the station is first established
and for checking the accuracy of the reduced points methods.
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The velocity curve may be extrapolated to the bed by the use of the following
equation

x 1/c
v, =v,|— (2.6)
a

where v, is the point velocity required in the extrapolated zone at distance x
from the bed;
v, is the velocity at the last measuring point on the velocity curve at
distance a from the bed;
¢ is a constant varying from 5 for coarse beds to 7 for smooth beds and
generally taken as 6.
Note: if x = 0 (bed level), v, (at bed level) = 0.

An example of the use of equation (2.6) is as follows. In a velocity distribu-
tion measurement the lowest observation in the vertical was at a point 0.25 m
from the bed. The value of the velocity at this point was 0.15 m s™'. Find the
approximate velocity at a point 0.1 m from the bed in order to complete the
vertical velocity curve.

From equation (2.6)

An alternative method of obtaining the velocity in the region beyond the last
measuring point, and so to complete the vertical velocity curve, is based on the
assumption that the velocity for some distance up from the bed may often be
taken as being proportional to the logarithm of the distance x from the bed. If
the observed values of velocities, therefore, are plotted against corresponding
values of log x, the best-fitting straight line through these points can be
extended to the bed. The required velocities close to the bed may then be read
directly from the graph.

The 0.6 depth method

Velocity observations are made at a single point at 0.6 of the depth from the
surface and the value obtained is accepted as the mean for the vertical. This
assumption is based both on theory and on results of analysis of many vertical
velocity curves, which showed that in the majority of cases the 0.6 method
produced results of acceptable accuracy. The value of the method is its essential
reliability, the ease and speed of setting the meter at a single point, and the
reduced time necessary for completion of a gauging.
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The 0.2 and 0.8 depth method

Velocity is observed at two points at 0.2 and 0.8 of the depth from the surface
and the average of the two readings is taken as the mean for the vertical. Here
again this assumption is based on theory and on the study of vertical velocity
curves; experience has confirmed its essential accuracy. Generally the minimum
depth of flow should be about 0.75 m when the 0.2 and 0.8 depth method
is used.

Six-point method

Velocity observations are made by taking current meter readings on each verti-
cal at 0.2, 0.4, 0.6 and 0.8 of the depth below the surface and as near as possible
to the surface and bed. The mean velocity may be found by plotting in graphical
form and using a planimeter, or from the equation

v=0.1( + 200, + 2054 + 205 + 2055 F Vpeq) (2.7)

surface

where v is the velocity.

Five-point method

Velocity observations are made by taking current meter readings on each verti-
cal at 0.2, 0.6, and 0.8 of the depth below the surface and as near as possible to
the surface and bed. The mean velocity may be found by plotting in graphical
form and using a planimeter, or from the equation

v=0.1( + 3vg, + 30p6 * 2005 + V) (2.8)

surface

Equations (2.7) and (2.8) are established from the area of a plane surface by
a simple arithmetical procedure. In the six-point method, for example, the
surface area of the curve (#D) is approximately

(v, X0.1D + v, X0.2D + v3, X 0.2D + v, X 0.2D + v,
X 0.2D + v, X 0.1D) m*s™

and the average velocity is found by dividing the total depth by D, giving
0.1 (v, + 2v, + 205 + 2v, + 205+ v,) m s,

Similarly, equation (2.8) is established from the surface area of the curve
giving

(v, X 0.1D + v, X 03D + v; X 0.3D + v, X 0.2D + v5 X 0.1D) m?*s™*
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and dividing by D gives the average velocity as

0.1 (v, +3v, + 3v; + 2v, + v)) ms™.

Three-point method

Velocity observations are made by taking current meter readings on each verti-
cal at 0.2, 0.6 and 0.8 of the depth below the surface. The average of the three
values may be taken as the mean velocity in the vertical. Alternatively the 0.6
measurement may be weighted and the mean velocity obtained from the
equation

7= 0.25 (o, + 296 + vo)- (2.9)

The origin of the average velocity occurring at 0.6 of the depth and also at the
average of 0.2 and 0.8 of the depth from the surface is based essentially on the
theoretical velocity distribution of velocity in an open channel. For the condi-
tion of turbulent flow over a rough boundary the vertical velocity curves have
approximately the form of a parabola whose axis, coinciding with the filament
of maximum velocity, is parallel with the surface and is in general situated
between the surface and one-third of the depth of the water from the bed. As
the depth and velocity increases, however, the curve approaches a vertical line in
its limiting position (this fact is used to advantage in the moving boat method
(p- 82) where the current meter is located at approximately 1 m from the
surface).

The vertical distribution of velocity may be expressed approximately by the
equation

(D - d)l/c (2.10)
U =

a

where v is the velocity at depth d below the water surface, ¢ is a coefficient
usually having a value of 6 (equation (2.6)), D is the total depth of flow and a is
a constant numerically equal to the distance above the bottom of the channel of
a point at which the velocity has unit value.

Now integrating equation (2.10) for 7 (average velocity in the vertical)

1 D
QZ—J vdd
DJo

1 (°(D-d\"
:-j( )dd
DJo a
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1 gc (D —d\+1]p -
"Dl c+1\ 4 0 @.11)
then
c D 1/e
v= +1(—> . (2.12)
c a

Now making v = ¥ in equation (2.10)

¢ D 1/e D_d 1/c
i) ) 213

and

5=
Z-q_ (2.14)
D c+1

and substituting values of ¢ between 5 and 8 in equation (2.14), d/D is approxi-
mately equal to 0.6.

Now if v, is the velocity at depth 0.2D, v, is the velocity at depth 0.8D and
7 =3(vy, + v,), then from equations (2.10) and (2.12)

1 (D_O.ZD>1/C+<D_(1>1/C B c (2>l/c
2 a a T c+1\a

SO

and
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2c
c+1

d=D- D[ - (0.8)”‘]. (2.15)

Substituting ¢ = 6 in equation (2.15) gives d/D approximately equal to 0.82.
Therefore

_ 1
U= 3(vg2 + Upy).

Similarly if 7 = 5(v,; + v,) then

2
d=D—D[ <

c+

- (0.2)“‘} (2.16)

and substituting ¢ = 6 in equation (2.16) gives d/D approximately equal to 0.27.
Therefore 7 = 5(v,, + v,), as before.

The foregoing theory is normally applicable to large rivers when the time of
exposure of the current meter is sufficient to equalise pulsations but in general
the 0.6 and 0.2 + 0.8 depth methods are almost universally used and give
acceptable results. Also it will be noted that in Chapter 13 the uncertainty in the
measurement of velocity due to the limited number of points taken in the
vertical, X, is divided by 2, the number of verticals. However, many rivers do
not necessarily follow the theoretical parabolic velocity distribution even when
the time of exposure of the meter is several minutes. In such situations and
where sufficient depth is available, special gaugings are sometimes taken using
the five-point or six-point method using a single rod with five or six meters
attached to it and employing a special counter box to record the current meter
observations.

2.5 Current meters

The current meter is still the most universally used instrument for velocity
determination. The principle is based upon the relation between the speed of
the water and the resulting angular velocity of the rotor. By placing a current
meter at a point in a stream and counting the number of revolutions of the
rotor during a measured time interval, the velocity of the water at that point
can be determined. The number of revolutions of the rotor is obtained by
various means depending on the design of the meter but normally this is
achieved by an electric circuit through the contact chamber. Contact points or a
reed switch in the chamber are designed to complete an electric circuit at
selected frequencies of revolution, normally once per revolution, but also at
frequencies of twice per revolution or once for five revolutions depending on
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design. In the case of the Braystoke propeller meter, a diametrically opposed
pair of small cylindrical permanent magnets is inserted at the rear of the
impeller boss. This operates an electrical reed switch enclosed in a glass envel-
ope located in the current meter body. From the switch a twin-conductor cable
carries the electric pulses generated by each revolution of the impeller to the
counter device. In all types of design the electrical impulses produce either a
signal which registers a unit on a counting device or an audible signal in a
headphone. Intervals of time are measured by a stopwatch or by an automatic
timing device. Latest developments in current meter design include the intro-
duction by the United States Geological Survey of an optical head pick-up
which improves low velocity response. This new pick-up system utilises a pivot
bearing in the head and is actuated by a rotating fibre-optic bundle. The system
generates four counts per revolution.

The SonTek Flow Tracker hand-held acoustic Doppler current meter for
wading measurement can now be classed as a unique member of the current
meter genre (Fig. 2.7¢c). Like the propeller and cup-type meters it is a point
velocity meter but with the important innovation that it has an optional two or
three dimensional velocity probe. It has a powerful software-friendly package
with a keypad custom-designed for velocity and discharge measurements.

The electromagnetic current meter (Figure 2.6d and also Figure 2.12b) is a
point velocity meter as distinct from the electromagnetic total flow meter
described in Chapter 2. It has no moving parts and is of solid-state construction;
it has the ability to measure very low velocities of the order of millimetres per
second.

Another innovation is the solid-state current meter digitiser used in both the
United States and the United Kingdom. This device counts the number of
revolutions and at the end of the count period illuminates revolutions and
seconds on a light emitting diode (LED) display. This value is held for a few
seconds and then the velocity is displayed based on the time and counts
recorded and the rating equations for the specific current meter in use.

Cup-type and propeller-type current meters

Current meters can be classified generally as those having vertical axis
rotors (Fig. 2.5) and those having horizontal axis rotors (Fig. 2.6(a)(b)(c)), the
former being known as cup-type current meters and the latter as propeller-type
meters.

The cup-type current meter consists of a rotor revolving about a vertical
shaft and hub assembly, bearings, main frame, a contact chamber containing
the electrical contact, tail fin and means of attaching the instrument to rod or
cable suspension equipment. The rotor is generally constructed of six conical
cups fixed at equal angles on a ring mounted on the vertical shaft. This
assembly is retained in the main frame by means of an upper shaft bearing and
a lower pivot bearing.
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Figure 2.5 (a) Cup-type current meter (Price) and pigmy (mini) Price. (b) Watts cup-type
current meter (shown with sounding weight and hanger bar for cable
suspension).

The propeller-type current meter consists of a propeller revolving about a
horizontal shaft, ball-bearings in an oil chamber, the body containing the
electrical contact, a tailpiece with or without a vane and a means of attaching
the instrument to the suspension equipment. The meter may be supplied with
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(a)

(b)

Figure 2.6 Propeller-type current meters: (a) Ott, and (b) Braystoke with alternative
counter boxes, (c) Ott meter on cableway suspension, (d) ADS electromagnetic
current meter ((c) and (d) opposite).

one or more propellers which differ in pitch and diameter and therefore may be
used for various flow speeds.

Both types of current meter are available in miniature form (mini-meters) for
use in very small depths of flow (Figure 2.7a and b). There is generally no
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(d)
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significant difference between the accuracies of the velocities registered by cup-
type and propeller-type meters but the comparative characteristics of each
meter can be summarised as follows:

Cup-type current meter

(a) This is a robust instrument requiring little maintenance; the rotor is
replaceable in the field without affecting the rating.

(b) It operates at lower velocities than the propeller-type meter.

(c) The bearings are well protected from silty water.

(d) A single rotor serves for the entire range of velocities.

(e) When held rigidly by rod suspension and pointing upstream at right angles
to the measuring section the meter will indicate a velocity which may be
greater or less than the oblique stream velocity, if present, depending on the
direction of the oblique flow. When supported on a cable, the meter will
indicate the actual oblique velocity provided the meter is balanced and free
to align itself with the stream.

Propeller-type current meter

(a) This meter disturbs flow less than the cup-type meter.

(b) The propeller is less likely to become entangled with debris than the cup-
type meter.

(c) Bearing friction is less than for vertical shaft rotors because any bending
moment on the rotor is eliminated.

(d) A propeller-type current meter used in oblique flow with a component
propeller will register the velocity normal to the cross-section when held
rigidly by road suspension at right angles to the cross-section.

(e) Propeller-type current meters are not so susceptible to vertical currents as
cup-type meters and therefore give better results when used for measure-
ments from boats. This advantage also relates to the moving boat method
described later.

Acoustic Doppler current meter

The acoustic SonTek Doppler (Flow Tracker) current meter for wading
measurement (Fig. 2.7¢) is a point velocity meter based on the Doppler principle
of acoustic waves being reflected from a moving particle of sediment or from
bubbles in the flow. The difference in frequency between the transmitted and
reflected waves is a measure of the relative velocity in both magnitude and
direction (see also Chapter 6, ADCP). The meter comes with a 1.2 m two-piece,
top-setting hand-held wading rod complete with keypad with the electronics
and batteries contained in the controller mounted to the top of the wading rod.
The controller is approximately 230 x 120 X 50 mm weighing about 1 kg. and is



Figure 2.7 Mini-propeller current meters: (a) Ott, (b) Braystoke, (c) Acoustic Doppler current meter
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waterproof (temporarily submersible without damage). The controller includes
the ability to internally record data to be downloaded later by connection
to a PC.

The minimum depth measurable is 20 mm and the velocity range of the meter
is 0.003 to 4.00 m/s with a resolution of 0.0001 m/s.

The meter is custom-designed for both velocity and discharge measurements,
the latter using the mid-section or mean-section methods. The meter’s intelli-
gent algorithm automatically prompts the user for the method of measurement.

The power supply requires 8 AA batteries with a typical battery life of
25 hours continuous operation (alkaline batteries). The operating temperature
is —20° to 50° C. The manufacturer claims that calibration is not necessary.

Electromagnetic current meter

The electromagnetic current meter (Fig. 2.6(d)) employs the Faraday principle
of electromagnetic induction whereby a magnetic field (in the velocity sensor)
induces an electropotential in a moving conductor (the water). An alternating
current is passed through a coil in the velocity probe which in turn sets up an
alternating field in the probe head and surrounding water. Movement of water
past the probe causes an electric potential in the water which is detected by two
electrodes in the probe. This potential is then amplified and transmitted
through the connecting cable to the display unit where the velocity signal is
digitised and displayed in metres per second at present intervals in the range
2-60 seconds as required. The velocity may also be continuously displayed. The
range of velocities of a typical electromagnetic current meter is normally zero
to 4ms~'. The meter is battery powered, one type using 10 No. C size batteries
and a low-power microprocessor with alphanumeric display enabling automatic
shut-off to conserve battery power. A set of ‘long-life’ dry alkaline batteries
should normally provide about 30 hours continuous operation. A data logging
facility is also available by the provision of an RS 232 port. The electromagnetic
meter has proved especially effective in sewage works channels to measure
sewage flow. Calibration consists of establishing experimentally the relation
between the velocity of the rating carriage and the velocity indicated by the
meter. It should not be necessary to recalibrate an electromagnetic current
meter unless its performance is suspect. Maintenance of the meter is minimal
and consists of keeping the velocity probe’s electrodes clean at all times. This
can be done by using a mild domestic detergent solution before use. The
aim is to ensure good ‘wetting’ of the surfaces of the electrodes. The velocity
probe should be connected to the stainless steel rods whenever possible in order
to obtain good ‘ground earthing’ (Fig. 2.6(d)). Because of the principle of
electromagnetic induction the meter will not operate successfully in very low-
conductivity solutions (e.g. in laboratories) unless a small amount of common
salt is added to the water (say 14 mg per litre). A simple test to check the meter



Rating of current meters 33

is to immerse the meter in perfectly still water which is properly earthed. The
display should read zero or a known small zero offset.

2.6 Rating of current meters

In order to determine the velocity of the water from the revolutions of the rotor
of the rotating-element current meter, a relation is established between the
angular speed of the rotor and the speed of the water which causes it to turn.
This relation is known as the current meter rating.

The usual method of rating a current meter is to tow it through still water
and observe the time of travel and the number of revolutions as the
meter travels a given distance. The number of revolutions per second and
the corresponding velocity are then computed. When these two quantities are
plotted against each other on graph paper, a series of equations will usually
be necessary to fit the points. A rating table is prepared by solving these
equations.

The rating tank of the Central Water and Power Research Station in Pune,
India is shown in Fig. 2.8. The tank is constructed of reinforced concrete and is
228 m long, 3.6 m wide and 2.13 m deep. The rating trolley is electrically driven
with AC servo motors and driven with PLC (Programmable Logic Controlled)
for precise speed control. The tank has a real-time PC-based data acquisition
and processing system using specially developed software and conforms to 1ISO
3455. The speed range of the carriage is 0.01 m/s to 6.0 m/s. During calibration,
the current meters are suspended from the mountings on the carriage (Fig. 2.8b)
and drawn through still water at a number of steady speeds of the trolley.
Simultaneous measurements of the trolley and the rate of the revolution of the
rotor are made. The two sets of values are related by one or more equations.
The calibration of each current meter is also provided in the form of calibration
tables.

Rating tank laboratories may have different procedures but generally in cali-
brating a propeller-type meter, for example, the rate of revolutions of the rotor
of the meter is expressed either as pulses or revolutions per second and the
average speed of the carriage in metres per second. For each run the average
speed is divided by the rate of revolution of the rotor to give the distance
travelled per revolution.

For a propeller-type meter, this quotient is the effective pitch of the propeller
in revolutions per second and is almost constant at speeds above 1 m/s for
helical propellers. If it were strictly constant at all speeds the calibration equa-
tion for the propeller would be

v=Fkn (2.17)

where v is the velocity in metres per second, 7 is the rate of revolution of the
propeller in revolutions per second and k is a constant. Owing to frictional
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(b)

Figure 2.8 The rating tank of the Central Water and Power Research Station in Pune, India
showing (a) the carriage from the front and (b) the rear of the carriage showing
current meter mountings.

causes, the relation between v and 7 is not linear near to the minimum speed
of response of the meter. . The complete calibration of the current meter is
expressed by one or more equations of the form

v=b+kn (2.18)

where b is the intercept on the velocity axis when n = 0.
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Derivation of rating equations

There are several methods available for the determination of the rating
equations and their limits of application.

From the time, distance travelled and number of propeller revolutions, the
velocity in metres per second is computed for each run in the rating tank. An
expanded method of plotting the data is used in order to magnify the normal
scatter of the data points and to facilitate estimation of the rating curve. In
the expanded method, an assumed asymptote to the actual rating curve v = f(n)
is drawn through the origin (Fig. 2.9).

The equation of the assumed asymptote is

vy = byn (2.19)

where b, is equal to the pitch of the propeller.

The expanded rating curve is drawn to show the difference Av between the
observed velocity v and the velocity determined by the assumed asymptote v,
shown in Fig. 2.9. This difference is written

Av = (v—uy,). (2.20)
Substituting byn for v, gives

Av = (v—byn) (2.21)

as the ordinate for the expanded rating curve shown in Fig. 2.10.

Typical observed data and run calculations in a rating tank for a propeller-
type current meter are shown in Table 2.2. After the data are plotted on graph
paper, the expanded rating curve is drawn through the plotted points as shown

Figure 2.9 Schematic graph of current meter rating curve and assumed asymptote.
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Figure 2.10 Plot of expanded current meter rating curve from data in Table 2.2 to establish
the rating equations.

Table 2.2 Observed and calculated data of a current meter rating

Run  Distance Time Rev. Rev. per Metres per v, =bon® Av = (v—bgyn)
(m) (s) second (n)  second (v)
| 21.244  56.15 150 2.671 0.378 0.321 0.057
2 27.581 54.63 200 3.661 0.505 0.439 0.066
3 34.196  60.63 250 4.123 0.564 0.495 0.069
4 40.535 59.02 300 5.083 0.687 0.610 0.077
5 46.735  53.63 350 6.526 0.871 0.783 0.088
6 46439  45.64 350 7.669 1.018 0.920 0.098
7 46.205 3895 350 8.986 1.186 1.078 0.108
8 46.186  35.89 350 9.752 1.287 1.170 0.117
9 46.141 3243 350 10.792 1.423 1.295 0.128
10 46.116  30.00 350 11.667 1.537 1.400 0.137
I 46.086 2746 350 12.746 1.678 1.530 0.148
12 46.086  25.68 350 13.629 1.795 1.635 0.160
13 46.071 2450 350 14.286 1.880 1.714 0.166
14 46.067  23.06 350 15.178 1.998 1.821 0.177
15 46.061 21.80 350 16.055 2.113 1.927 0.186

? Pitch of propeller b, = 0.120 m.
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in Fig. 2.10. In most cases the rating curve may be estimated by one or more
straight-line segments. In Fig. 2.10 two segments are satisfactory. Coordinates
are selected from the straight-line segments (or extensions of these) for compu-
tation of the rating equations.

The form of the rating equation is based on the equation for a straight line
(equation (2.18)). Substituting (v, — byn) for v, equation (2.18) becomes

v—bmn=kn+b. (2.22)
Solving for v, the equation is simplified to

v=(b,+kn+b (2.23)
where v = velocity in ms™;

by
k

pitch of propeller (m);

slope of the plotted line;
n = revolutions per second;

b = intercept on the y-axis.

An example of the computation to determine the rating equations is shown
in Table 2.3 In this table the two coordinates taken to compute the equations of
the lower curve are

(v —0.12n), = 0.060, n, = 2.900
and
(v—=0.12m), = 0.170, n, = 17.000.

Note that the lower curve has been extended upwards for the (v — 0.12#), value
of 0.170, n, = 17.000. Similarly the upper curve has been extended downwards
for the (v — 0.12n), value of 0.090, »n, = 7.500.

The intersection of the two segments (17 = 9.0) can be checked by solving the
two rating equations. The equations are

v =0.1278% + 0.0374  (n < 9.00) (2.24)
and

v =0.1312n + 0.0060 (1 > 9.00). (2.25)
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Figure 2.11 shows a variation in the above method for deriving the rating
equations. In this example there are three segments but the procedure is similar
in that the asymptote is drawn with equation v, = by as before. For each
measurement over the entire speed range, a notional value of flow speed v, is
calculated from the above relation, then the difference (v, —v.) plotted to a
convenient scale against the corresponding speed of rotation in Fig. 2.11.
Straight lines are then fitted by inspection to the resulting curved plot, the slope
of each line expressing the difference between the true hydraulic pitch in that
range and the value adopted for the asymptote equation v, = byn.

Also the intercepts of these lines on the axis of the plot indicate the value of
the constant in each range. The equations are computed as follows

v=20.2507n+ 0.0218 »n <0.5
v=20.27357+0.0099 0.5<n<6
v=0.2761n-0.0050 6<n<11.

Calibration (rating) tables may be prepared manually from the rating
equations or by computer. However, to employ a computer for the actual
establishment of the rating equations requires a knowledge of the break points
of the curve. This requires either a fairly comprehensive iteration programme
or a preliminary graphical exercise. It is possible, however, that for some
current meters a polynomial may be considered in the future (see Chapter 4 —
The stage—discharge relation) which can be solved by a computer programme.

A typical group rating table for a Braystoke propeller-type current meter is
shown in Table 2.4.
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Figure 2.1 Alternative procedure for establishing the current meter rating equations.
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Table 2.4 Group rating of the Braystoke Series 8011 current meter (propeller diameter
125 mm, geometric pitch 0.275 m): intermediate n values may be interpolated

n v(ms™)
(rev.s™)

0 00/ 002 003 004 005 006 007 008 0.09

0 0.033 0.036
0.5 0.141 0.144 0.147 0.149 0.152 0.155 0.157 0.160 0.163 0.165
1.0 0.275 0.277 0.280 0.283 0.285 0.288 0.291 0.293 0.296 0.299
2.0 0.541 0.544 0.547 0549 0.552 0.555 0.557 0560 0.563 0.565
3.0 0.808 0.811 0813 08l6 0819 0.821 0.824 0827 0.829 0.832
4.0 1.075 1.077 1.080 1.083 1.085 1.088 1.091 1.093 1.096 1.099
5.0 1.342 1344 1.347 1350 1.352 1355 1.358 1.360 1.363 1.366
6.0 1.608 1611 1614 1.616 1619 1622 1.624 1.627 1630 [.632
7.0 1.875 1.878 1.880 1.883 1.886 1.888 1.891 1.894 1.89 1.899
8.0 2.142 2.144 2.147 2.150 2.152 2.155 2.158 2.160 2.163 2.166
9.0 2408 2411 2414 2416 2419 2422 2424 2427 2430 2432

10.0 2,675 2678 2680 2683 2686 2.688 2691 2.694 2696 2.699
11.0 2942 2944 2947 2950 2952 2955 2958 2960 2963 2.966
11.2 2995 2998 3.000 3.003 3.006 3.008 3.011 3.014 3.0l6 -

Individual and group ratings

Current meters may be used with an individual rating or a group rating.
Generally, meters on an individual rating require to be rerated each year. A
group, or standard, rating on the other hand is established from a group of
meters and although the confidence limits are wider than for an individual
rating, the uncertainty is acceptable for routine flow measurement. The cost
saving in using a group rating may be significant since only one or two of a
batch requires rerating each year in order to check that the ratings are still
within the original confidence limits.

Implicit in the use of a group rating is that identical meters are used, these
meters being produced by rigid control in manufacture.

The group rating should be based on the calibration of a group of at least 10
current meters, the sample consisting of new current meters, well maintained
used meters, or ratings from both.

Essentially, provided good care of the current meters is maintained, the
meters are used with the group rating without further rerating. Any meter of
the number may, however, be rerated from time to time if any suspicion arises
from its performance, or if damage to the meter has occurred. However, if the
new rating is within the tolerance band of the group calibration, the latter is
still used. Further, the number of points used in the rerating may be reduced by
about half that for an individual rating. Basically, therefore, instead of rating
each meter individually after 100 uses or one year (whichever is less), the cost is
reduced substantially since in any one year possibly only a few meters at the
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most should require a check rating; altematively if a large number of meters are
involved then a sample would be checked to ensure quality control. For author-
ities with only a few meters of the same type extra care is required in adopting a
group rating although the same principle still holds good. With only a few
meters, however, the detection of any deterioration in meter performance is
more difficult, and care and maintenance are therefore fundamental. Newly
purchased meters would of course be used on a group rating thus effecting a
significant reduction in the initial cost of the meters. The evidence to date
would appear to support the view that the adoption of group ratings would not
lead to any deterioration in the accuracy of normal current meter measure-
ments and would undoubtedly significantly reduce the present overall cost of
ratings. However, strict control of manufacturer’s tolerances is an essential
requirement for the implementation of a group rating and, although these are
explicitly stated in international standards, careful vigilance by the user is
necessary. Of fundamental importance, however, is the care and attention of
the current meter and where this is not up to the highest standards neither an
individual rating nor a group rating will give acceptable results.

Minimum speed of response

The minimum speed of response of a rotating-element current meter is defined
as the minimum speed at which the rotor of the current meter attains con-
tinuous and uniform angular motion. This speed is of the order of 0.03m s™' for
most current meters except mini-meters. The lower the minimum speed of
response of a current meter, the lower the speed of flow which is measurable
with confidence, always accepting that the uncertainty at this speed will be of
the order of £20% (see Chapter 13).

In order to ascertain the minimum speed of response in a rating tank the
alignment of the meter with the tank and its horizontal balance are checked and
adjusted if necessary. The carriage speed is set to a value lower than that at
which the rotor is likely to start turning and the carriage is started. The speed
of the carriage is gradually increased by turning the speed setting control until
it is seen that the rotor of the meter starts to turn. It is possible that at this
minimum speed the meter may not complete one revolution; friction or
magnetic drag of the contact system may be sufficient to stop the rotor, or it
may continue to rotate but have a pronounced hesitation at one position. The
speed of the carriage is increased until the rotor is turning regularly. This may
be judged partly by observation of a television monitor and partly by noting
to the nearest second the reading of the timer as each pulse is counted. This is
as near as an operator can get to ensuring that the rotor has attained uni-
form angular motion. Knowing the least speed at which the rotor turns evenly
and the approximate interval between consecutive pulses, the pulse timers
and counters are set, and the calibration measurements are made at the
minimum speed.
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The minimum speed of response is determined after a break in operations.
The water will then be at its stillest. The meter may also be tested at speeds up
to 0.1m s™! in the same run along the tank. After returning the carriage to the
starting position, the meter remaining immersed, there is a temptation to start
the run at the next higher speed too soon. The surface of the water may be
smooth but there may be residual currents at the level of the meter. It is largely
by experience with a particular rating tank that the best arrangement of timing
of runs can be arranged.

Conditions for satisfactory calibration

To obtain a satisfactory calibration of a current meter several conditions have
to be satisfied:

(a) The counting of pulses and the measurements of time and distance are
accurate.

(b) The carriage runs smoothly and at constant speed so that oscillatory
motion, whether longitudinal or lateral, is not transmitted to the meter.
Timing of runs with cable-suspended meters is not started until to-and-fro
oscillations initiated during acceleration are damped out.

(c) The method of suspension of the meter is that used during field
measurements.

(d) The axis of the meter is parallel to the water surface and to the long
dimension of the tank.

(e) Residual motion of the water is negligible.

(f) Measurements are not normally made within a range of speeds where there
is an Epper! effect. The size of the effect and the range of speeds within
which the effect is appreciable vary with the size of the meter and the
dimensions of the tank. It is larger with larger meters and may be negligible
with miniature meters. For a given meter the effect is larger in a small tank
than it is in a large one.

Most of these requirements are obvious. Timing and counting present no prob-
lems particularly when automatic pulse counters and timers are used. Vibration
of the carriage may occur at particular speeds when rod-suspended meters are
calibrated at a particular depth of immersion. The Epper effect occurs for a
range of speeds having values near to V(gd). This is the speed of a shallow
water wave in water of depth d (g is the acceleration due to gravity). When the
carriage has this speed the disturbance caused by the immersed current meter
and its suspension equipment moves along the tank with the meter and reduces
the rate of revolution of the rotor. At speeds less than the critical velocity the

1 The Epper effect is a phenomenon in which the wave crest produced by a current meter causes
an increase in the height of the wetted cross-section and a consequent reduction in the relative
velocity.
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disturbance may be reflected from the ends of the tank and overtake the meter,
the performance of which may be affected over a range of values. The size of
the Epper effect may be little more than the uncertainty of a single calibration
point. It is a systematic not a random error.

Probably the largest source of error is that due to residual movement of the
water. Part of the difficulty may be caused by density currents and part by
the distrubance arising from the previous run. Calibration tanks which are
underground may be free from density currents which arise from changes in
temperature but tanks which are above ground may experience fairly rapid
changes of temperature which do not occur simultaneously at all parts of the
tank. Residual water movements can be detected by mean of floats but cannot
be measured simultaneously with a calibration run. They should not be greater
than 1% of the speed of the following calibration run. To conform to this
requirement the residual speed of flow of water along the tank at the level of the
current meter would need to be less than as follows:

0.25 0.5 1.0 2.0 5.0
25 5.0 100 200 50.0

Spead of carriage (m s™") 0.03
Speed of water (mm s™) 0.3

b
o_

Only when runs are to be made at speeds of more than 3m s™ is it possible
to use a current meter to check that the residual movement of water is satis-
factorily low. This happens to be the maximum speed at which most current
meters are calibrated. Very sophisticated equipment would be required to
measure residual motion at still lower speeds. Visual indication of motion can
be obtained by observing the surface of the water or by observing a small
subsurface float having only slight buoyancy and tethered at the depth of
the meter by a fine thread tied to a small sinker resting on the bottom of
the tank.

General summary of current meter calibration

(a) Barring accidents the calibration of current meters shows only a small
change with time. This is particularly the case for the higher velocities.
Changes of calibration at the lower end of the speed range are propor-
tionally higher and depend as much on the cleanliness and lubrication as
on any wear and tear of moving parts.

(b) Current meters which embody mechanical arrangements for making and
breaking an electric circuit have a higher minimum speed of response and a
less consistent performance at low speeds than those having magnets and
reed switches; mini-meters have a higher minimum speed of response.

(c) The accuracy of calibration equations is greater than the accuracy of the
individual calibration points.
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(d) The spread of results when several repeat calibrations are made of one
meter is much smaller than the spread of results when several current
meters of one make and type are calibrated.

(e) The uncertainty of group calibration of modern current meters is not large
however, and such calibrations may be used, and indeed recommended, for
routine gauging.

(f) The spread of calibration results at relatively high speeds —say over 1 m s™ —
is less than it is at low speeds. In particular some precision-built meters
having metal propellers have calibrations such that 19 out of 20 of them
lie within +1.5% of the average of the group. With some propellers the
uncertainty is about £0.8%. The spread of calibration results for groups
of meters having plastic propellers of almost neutral buoyancy is between
2 and +2.5% at the higher speeds. At the lower speeds, where some of
the main difficulties of flow measurement lie, the spread of results of the
meters with metal propellers and magnet and reed switch operation is
also slightly smaller than that of the meters with plastic propellers. The
performance of the meters with plastic propellers is superior at low speeds
to that of meters embodying mechanical operation of contacts.

(g) Meters having plastic propellers and water-lubricated bearings require
little attention and adjustment; they are ideal for measurements of low
speeds and for use generally at sites which are remote from workshop
facilities.

(h) Differences in calibration of two well-maintained current meters of the
same type are systematic. For special studies involving maximum accuracy,
individual calibrations are preferred.

2.7 Considerations in current meter design

Many current meters still have mechanically operated contacts to indicate
the rate of revolution of the rotor. At low speeds the setting of the contact
mechanism has an influence on the rate of revolution of the rotor. Most meters
now, however, are designed with reed switches or magnetic contacts.

Propellers made of dense metals such as brass need to be more carefully
balanced than those made of light material such as plastics. Some meters may
have propellers made of polystyrene. The Braystoke meter, in particular, was
designed for a propeller having neutral buoyancy which runs on a fixed stainless
steel spindle that rotates in water-lubricated plain bearings, therefore having no
moving oiled parts.

When current meters are used on rod suspension it is necessary to ensure that
the meter is pointing at right angles to the measuring section.

Current meters are normally calibrated with the same suspension equipment
as will be used during the subsequent field measurements. The differences
between calibrations made on rod and cable suspensions depend on the dimen-
sions and shape of section of the rod and on the size and type of sinker weight
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used. Some sinker weights are in line with the shaft of the propeller; others are
suspended on a hanger bar below the meter. The vertical distance of such a
sinker weight below the meter can be of importance.

The sinker weight needs to be sufficient to reduce the vertical angle of trail of
the cable to 6°. This not only ensures that the meter will be operating close to
the chosen cross-section but also makes certain that the horizontal swivel of
both the meter and the weight will not be restricted.

As an example of the effect of suspension on calibration it may be stated that
there is about 2% difference between the calibration of an axial flowmeter on a
20 mm rod compared with its calibration on cable suspension using a hanger
bar and a 22.7 kg Columbus pattern weight, the points of suspension of the
meter and the weight being 0.215 m apart. At a given velocity the propeller of
the cable-suspended meter revolves 2% faster than that of the rod-suspended
meter.

If a meter, whether suspended by rod or by cable, is free to swivel about a
horizontal axis, its freedom to swivel needs to receive attention during mainten-
ance and before use the meter requires to be properly balanced.

It is often difficult in the field to see if the current meter propeller is
turning evenly at very low speeds and whether the meter is pointing in
the correct direction. This is particularly important for cable-supported
meters.

If measurements have to be made at a site where the hydraulic conditions are
unsuitable, the flow lines may not be at right angels to the cross-section in
either the vertical or the horizontal plane and the distribution of velocity in the
cross-section will not be symmetrical. Pulsations in the flow may be erratic. All
these conditions are different from those under which the current meter was
calibrated. If there is pulsating flow then the period of immersion of the meter
during each point measurement needs to be longer so as to include an integral
number of cycles of pulsation.

If there is any torsion in the suspension cable it is probable that the meter
is not heading directly into the stream unless it can swivel freely and inde-
pendently of the suspending cable. Few swivels are effective at low velocities and
certainly not at the lowest speed that the meter is capable of measuring. This is
particularly the case when the weight of the meter and the sinker are both taken
on the swivel. Conditions are better when a meter of light weight swivels round
a cylindrical bar between the suspension cable and the sinker. In most cases it
is better to have no swivel. To ensure the alignment of the meter it should be
arranged that the tail unit of the meter and the tail fins of the sinker weight
assist each other. A length of chain between the suspension cable and the
hanger bar will relieve the torsion in the suspension.
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2.8 Care of current meters

To ensure reliable observations of velocity it is necessary to maintain the

current meter in good condition. Good maintenance practices may be
summarised as follows:

Before and after each discharge measurement examine the meter cups or
vanes, pivot, bearing and shaft for damage, wear or faulty alignment.
Clean and oil meters daily when in use (unless they are water lubricated).
Clean the meter immediately after each measurement if the meter is being
used in sediment-laden water. For cup-type meters the surfaces to be
cleaned and oiled are the pivot bearing, pentagear teeth and shaft,
cylindrical shaft bearing and thrust bearing at the cap.

After oiling, spin the rotor to make sure that it operates freely. Ascertain
and correct the trouble if the rotor stops abruptly.

Record the duration of spin of a cup-type meter. A significant decrease in
the duration of spin indicates that the bearings require replacement more
often than other parts.

Keep the pivot and pivot bearing separate when the meter is not in use by
means of the raising lever or nut provided.

Replace worn or fractured pivots.

Limit on-site repairs to minor damage only. This is particularly the case
with respect to a propeller where small changes in shape can affect the
rating. In cup-type meters minor dents in the cups can often be straightened
to restore the original shape, but in case of doubt replace the rotor with a
new one.

Dispatch to the workshop for repair or reconditioning, badly sprung yokes,
bent yoke stems, misaligned bearings, tailpieces and propellers.

With damaged plastic propellers replace with a new propeller.

If a cable suspension is being used check that the conductor cable is
adjusted as necessary to prevent interference with meter balance and rotor
spin. Check the meter’s balance on the hanger bar and the alignment of the
rotor when the meter is on the hanger bar.

A meter which is only slightly damaged may still be usable if it is recali-
brated. If, however, a group calibration is being used there will be an
uncertainty whether a slightly damaged meter will continue to operate
within the group tolerance. In such a case it might be better to have the
meter check-rated (Section 2.6).

2.9 Procedure for current meter measurement
of discharge

Current meter measurements may be classified in terms of the means used
to cross the river during the measurements. These are normally by wading,
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cableway, bridge or boat and the actual method used depends mainly on the
depth of flow, the velocity and the length of the measuring section. No matter
which method is used or which method is used to suspend the current meter, the
principles of measurement described in the previous sections are the same.

Selection of gauging site

For a stage—discharge station, the selection of the site is often dictated by the
needs of water management or by the requirements of the hydrometric net-
work. In fulfilling water management needs there is little or no freedom of
choice in selecting gauging sites and frequently records need to be obtained
under very adverse hydraulic conditions. This is often the case too where spot
measurements are required at specified locations.

However, before a permanent stream gauging station is installed, a general
reconnaissance is made in order that the most suitable site for the station may
be selected. This reconnaissance normally includes an examination of geo-
logical and topographical maps of the area. Each possible site is critically
examined with reference to the physical characteristics of the channel. It is
often useful, if possible, to inspect potential sites during different seasons when
flow conditions alter, usually significantly. It is also good practice to install a
temporary staff gauge or pressure bulb recorder (Chapter 3) at selected
potential sites and to carry out spot current meter gaugings from time to time
for interpretation and analysis.

Generally, however, the aim is to select a reach of stream having the following
characteristics:

(a) a straight reach with the threads of velocity parallel to each other;

(b) a stable streambed free of large rocks, weeds and protruding obstructions
which create turbulence;

(c) a flat streambed profile to eliminate vertical components of velocity.

If all three conditions are not satisfied the best possible reach is selected using
these criteria and finally a measuring cross-section is selected.

Current meter measurements by wading

Current meter measurements by wading are preferred if conditions permit.
Wading measurements with the current meter supported on a graduated
wading rod which rests on the bed of the stream are normally more accurate
than those from cableways or bridges, as the operator has more control over the
general gauging procedure. This is particularly the case in the selection of
cross-section which may not be the usual station measuring section and in the
selection of verticals and measurement of depth.
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A measuring tape or tag line is stretched across the river at right angles to the
direction of flow using 20 to 30 verticals; the spacing of these is determined so
that no segment contains more than 10% of the total discharge (Section 2.2).
Usually an approximate discharge for this purpose can be obtained from the
stage—discharge curve or from previous current meter measurements. The
positions of successive verticals used for depth and velocity are located by
horizontal measurements from a reference marker (initial point) on the bank,
usually defined by a pin or a monument. The gauging starts at the water edge of
the near bank, where depth and velocity may or may not be zero. At each chosen
vertical the depth is measured and the value used to compute the setting or
settings of the current meter depending on the method to be used (usually 0.6
or 0.2 and 0.8 depth). After the meter is in position the rotor is allowed to adjust
to the stream velocity before the count of rotor revolution is started — this may
take only a few seconds where velocities are over about 0.3 m s™ but a longer
period is necessary at lower velocities. A revolution count is then taken at each
selected point for a minimum of 60 s but where it is known that the velocity is
subject to short-period variations or pulsations it is advisable to continue the
observation for at least 3 min, noting the revolution count at the end of each
1 min period. The velocity at the point can then be taken as the average of all
the separate readings unless it is apparent that the difference is due to some
cause other than pulsation of the flow.

The phenomenon of pulsation has an effect on the measurement of point
velocities, and therefore on current meter gauging in general, which is not
always fully appreciated. The velocity at any point in the river, even when the
discharge is constant and when the surface is apparently smooth and free
from surges and eddies, is continuously fluctuating with time. This pulsation
is caused by secondary currents developed by hydraulic conditions upstream
of the gauging site; for example, by obstructions in the approach channel, by
surging produced at riffles or rapids being continued through pooled reaches,
or by the acceleration of the water at bends. Generally, the velocity at any
point changes in cycles which can range from a few seconds to possibly more
than 1 h, and the extent of these pulsations — both short-term and long-term
— needs to be known before deciding on the duration of exposure of the
meter at each velocity point. For reliable results it is necessary to observe for
a time sufficient to average the effects of the pulsation or to determine the
velocity limits of the cycle. This is especially important when trying to
determine the relationship between mean velocity as determined by different
reduced point methods and that obtained by drawing a vertical velocity curve.

To investigate the phenomenon of pulsations, field tests were carried out in
the UK in 1978; 40 current meters were run continuously for 24 hours on five
verticals on three different rivers (see Further Reading). The following were
some of the conclusions:



Procedure for current meter measurement of discharge 49

(a) The effect of pulsations on the measurement of velocity was significant;

(b) For best results, a multimeter or single meter multipoint technique was
desirable;

(c) In deep slow flowing water, both the single point and two point methods
tended to give biased results which varied with stage;

(d) To reduce scatter about the stage—discharge curve, the time of exposure
should be as long as possible and best results were obtained with an
exposure time of 3 minutes; and

(e) The discharge computed from simultaneous observations of velocity were
generally no better than those computed by consecutive observations.

If the stage is rapidly varying, (and during flood measurements), it is some-
times convenient to reduce the time of exposure of the meter to 30 s. Revolu-
tions may be counted over a fixed time period (30 s, 60 s, 3 min, etc.), or a fixed
number of revolutions may be timed, the latter method being normally more
accurate because full revolutions are counted whereas in the former method
part of a revolution may be lost. This could lead to an error in the observation
of low velocities. For wading measurements it is often found useful to have one
of the cups of a cup-type current meter painted a distinctive colour on the
outside. The revolutions may then be counted manually without the need for an
automatic counter. In the case of a propeller meter a spot may be painted on the
impeller.

Limitations on wading are imposed by the combination of depth and velocity
and by the quality of footing on the bed. The advisability of wading needs to be
judged by the operator at each site.

The position of the operator is important to ensure that the operator’s body
does not affect the flow pattern at or approaching the current meter. The best
position is to stand facing one or other of the banks, slightly downstream of the
meter and an arm’s length from it. The rod is kept vertical throughout the
measurement with the meter parallel to the direction of flow (Fig. 2.12).

Wading rods are normally of two types: (1) a rod round in cross-section
consisting of several sections depending on the depth of flow and screwed
together and (2) a rod known as a top-setting rod consisting of a main rod for
measuring depth of flow and a round rod which allows setting the position of
the current meter in the flow (Fig. 2.13). Both types of rod have base plates
which rest on the streambed during measurements. Wading rods are usually
marked in centimetres and measurements made to the nearest 5 mm. The meas-
uring section for a wading measurement can often be modified in order to
improve the conditions of flow. Often it is possible to build temporary dykes to
cut off dead water and shallow flows in the measuring section, or to improve the
measuring section by removing rocks or debris.
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(a) (b)

Figure 2.13 Current meter wading rods: (a) top-setting, and (b) round rod.

Mean gauge height for current meter measurements

The mean gauge height corresponding to the measured discharge is one of the
two coordinates used in plotting the discharge rating curve for gauging stations.
An accurate determination of the gauge height is therefore as important as an
accurate measurement of the discharge. The correct gauge height for a meas-
urement will be that which is observed at the same time as the gravity centre of
the flow is gauged.

When gauging discharge during constant or nearly constant stream stage,
there is no difficulty in deciding the gauge height that corresponds with the
measured discharge. If the change in gauge height is less than 50 mm during the
measurement, the arithmetic mean of the gauge height at the start and end of
the measurement can usually be taken as the mean gauge height.

Discharge measurements at time of high water are usually made during a
rising or falling stage when a considerable change in the gauge height may
occur. The correct gauge height is obtained by computing the weighted mean
gauge height, which for a non-recording gauge requires additional observations
of stage between the start and end of the measurement. These readings are
made at regular intervals, say every 20 or 30 min. The assistance of a gauge
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reader is usually necessary for obtaining the readings. The mean gauge heights
during the set time intervals and the corresponding measured segment dis-
charges are used to compute the mean gauge height of the measurement. The
equation used is

— Qb+ q.hy + qshs + ... q,b,

h (2.26)
Q
where h = mean gauge height;
d1> 4»» - - - = discharge measured in time interval 1,2, . . .;
by, by, . . . = mean gauge height in time interval 1, 2, . . .;

Q

total discharge measured.

Current meter measurements from cableways

Cableways are normally used when the depth of flow is too deep for wading,
when wading in a swift current is considered dangerous, or when the measuring
section is too wide to string a tag line or tape across it.

There are two basic types of cableway:

(a) Those with an instrument carriage controlled from the bank by means of a
winch, either manually or electrically operated (Fig. 2.14).

(b) Those with a manned personnel carriage, commonly known as a cable car,
in which the operator travels across the stream to make the necessary
observations; the car may be pulled manually across the river by means of a
cable car puller, or it may be electrically operated (Fig. 2.15).

The general gauging procedure is similar except that in the case of the non-
manned cableway the instrument carriage, suspended from the track cable,
moves the current meter and sinker weight across the stream between the cable
supports. The operator remains on the bank and operates the gauging winch
which is provided with both distance and depth counters for placing the current
meter at the desired position. The electrical impulses from the current meter are
returned through the core conductor of the suspension cable and registered on a
revolution counter. The manned cableway, on the other hand, is provided with
a support for a gauging reel, a guide pulley for the suspension cable, and a
protractor for reading the vertical angle of the suspension cable.
The gauging procedure is as follows:

(a) The water’s edge is identified in relation to a permanent initial point on the
bank by means of a tag line or by use of the painted marks on the track
cable used for spacing the measuring verticals.

(b) The current meter and the weight are lowered at the first vertical until the
bottom of the weight touches the water surface and then the depth counter
is set to zero.
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(c) The current meter assembly is then lowered until the weight touches the
streambed, the length of cable played out is read and the sounded depth is
recorded.

(d) The velocities are measured at the selected depths in the vertical.

(e) If there is floating drift in the stream channel, the current meter is raised
occasionally for control and cleaning. This is always done if there is a
sudden drop in the velocity as indicated by the revolution counter. The
channel upstream from the gauging section needs to be watched closely for
any driftwood or material which could damage the current meter.

(f) If measurements are made where the river is deep and swift, the sinker
weight may not be sufficient to maintain the suspension cable in the verti-
cal. This angle is measured by protractor, or other means, in order to
correct the soundings to obtain the actual vertical depth (Chapter 3,
Section 5.1).

Sinker weights

The size of the sinker weight, attached to the current meter by means of a
hanger bar, requires to be sufficient to maintain the current meter suspension
cable in an approximately vertical position. It is usually decided on by experi-
ence and common weights in operation vary from about 7 to 150 kg depending
on the velocity and depth of flow. On the Qintong River in the Zhejiang
Province of China, for example, depths are as much as 70 m and velocities are
of the order of 7 ms™ ', and a sinker weight of 750kg is required. This, however,
is an exception but weights of 250kg are common in the Yangtze River catch-
ment. Also in the Yangtze catchment the Bureau of Hydrology in China has
introduced a combined sediment sampler and current meter equipped with an
ultrasonic depth sounder (Fig. 2.16). The facility of the ultrasonic transducer
enables depth to be measured without the necessity of having to make air-line
and wet-line corrections although the weight of the sampler requires to be
sufficient to place the device at the appropriate location in the vertical to make
the velocity measurements.

Sinker weights are designed to a streamline form and furnished with tail fins
to orient them parallel with the current so as to cause the minimum interference
to the flow. Some designs have the current meter fixed to the nose of the sinker
weight (Fig. 2.17) but it is often preferable to have the weight suspended below
the meter. In this way it prevents damage to the current meter when the
assembly is lowered to the bed to measure depth. The distance between the
centre-line of the current meter and the bottom of the weight needs to be taken
into account when setting the meter at the chosen depths for the measurement
of velocity. Some sinker weights have a ground contact which produces a signal
when the weight touches the bed.
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(b)

Figure 2.16 Han River, China. (a) Combined sediment sampler, current meter, 300kg. sinker
weight and ultrasonic depth gauge (b) Cableway motor house with 35m tower
for a span of 380 m.
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Figure 2.17 Current meter and sounding weight with current meter attached to nose of
weight. Note ground contact device below weight.

Cableways with instrument carriage

The cableway system with instrument carriage consists of (Fig. 2.14):

a) supporting towers

b) track (main) cable

c) anchorages

d) staylines (backstay)

e) towing cable

f) instrument suspension cable

g) instrument carriage

h) double-drum winch or two independent winches.

(
(
(
(
(
(
(
(
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The supporting towers

The supporting towers are erected one on each bank of the channel. The towers
support the main cable at sufficient height as the suspended equipment travels
along the main cable between the towers. The tower on the operating bank has
pulleys for guiding the suspension cable and the towing cable, and may also
have means for securing the winch. The track or main cable passes freely over a
saddle on top of the tower on the operating bank with negligible bending move-
ment on the tower. The tower on the opposite bank has a saddle on its top for
the main cable and a pulley for the towing cable. The saddles of the two towers
require to be at the same level. Instead of a tower, the support on the opposite
bank may often consist of a side-hill anchorage where the bank is steep.

Safe and convenient access needs to be available throughout the year so that
the hydrologist can inspect the installations on both banks.

The towers are designed to take all loads which are to be supported in add-
ition to their own weight; wind loads need to be included. The pressure on
towers due to wind load may vary from 1000 to 2000 kg m™ for towers not
exceeding 30 m in height.

The foundations of the tower normally extend from below the frost line to at
least 1 m above the general flood level.

The height of the towers should be such as to allow the bottom of the
equipment, suspended from the centre of the main cable span, to be not less
than about 1 m above the highest flood level to ensure that the cableway does
not interfere with navigation along the channel. Aircraft warning signs may be
provided according to local regulations.

Various types of construction are used as supporting towers. For long
spans, high towers may be used. Steel and timber A-frames are often used as
supports when the span is not too large and the height of the support is less
than 12 m. An H-beam used as a steel post support has been found to be very
satisfactory. This type of support has been used for spans up to 200 m and for
heights up to 8 m.

The track or main cable

The track or main cable runs over the saddles on top of the supporting towers
and its two ends are fixed to the anchorages. The instrument carriage travels
along this cable.

For comparatively short spans, wire rope may be used. For large spans, par-
ticularly where a manned carriage is to be supported, special high-strength
cables, such as tramway track cables, are necessary.

The horizontal component of the tension in a cable suspended between
supports of equal height is given by the formula

WS> PS
— + =

= (2.27)
8D 4D
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where H = horizontal component of the tension in the cable (kg);
W = load per running metre of cable (kg m™);
S = horizontal span (m);
D = loaded sag at mid-span (m);
P = concentrated moving load (kg).

The loaded sag at mid-span of the cable should not exceed 2% of the span.
The actual tension in the cable is given by the formula

16D?
T= H\/(l + = ) (2.28)

Some typical tensile strength and load values for an instrument carriage cable-

way can be given as follows:

(a) Track cable: diameter 15 mm, tensile strength 12 000 kg.

(b) Suspension cable with insulated two-conductor core: diameter 2.5 mm,
tensile strength 450 kg.

(c) Load per running metre of cable (weight of cable + wind) for 15 mm, cable:
1.0 kg m™.

(d) Concentrated moving load (weight of current meter + trolley + pressure
head):
with 25 kg suspended equipment, P = 65 kg;
with 50 kg suspended equipment, P = 100 kg;
with 100 kg suspended equipment, P = 170 kg.

A stop is sometimes placed near the far end of the main cable at a known
distance to allow for verification of the horizontal measurement given by the
distance indicator of the winch.

The anchorages

The anchorages are fixtures to which the track cable and staylines are attached.
The anchorages are designed to take up the maximum load for which the
cableway is designed and are set in direct line with the track cable and so placed
that they can be easily inspected.

Anchorages are usually constructed of mass concrete whereby the weight of
the concrete and the soil resistance to movement are the principal factors in the
security of the anchorage. In places where the river banks contain solid rock,
anchor-bolts or rods properly set in the rock may be used.

When a rigid connection is made to an anchorage by means of an anchor-
bolt, It is set in a direct line and in the same plane with the connecting stayline
so that there will be no bending moment in the anchor-bolt.
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The staylines

Staylines (backstays) are cables attached to the top of each supporting post or
tower and to the anchorages to counteract the load of the track cable and to
ensure stability for the supports. The staylines should be of corrosion-resistant
steel and of sufficient strength to maintain the tower in a vertical position under
all loading conditions. It is necessary to provide means for adjusting the tension
in the staylines.

The towing cable

The towing cable is attached to one of the drums in the double-drum winch,
and passes over the sheaves fixed to the towers. The two ends of the towing
cable are fixed to the instrument carriage making it an endless circuit to move
the carriage across the stream. Alternatively, one end of the towing cable may
be attached to the carriage and the other end wound on the drum. The towing
cable must have means of adjusting the tension in the cable (turnbuckle) if it
makes an endless circuit. In the alternative case, the tension in the cable is given
by the weight of the suspended instruments. The towing cable should be
corrosion-resistant and as light and as flexible as possible.

The suspension cable

The suspension cable is wound on the second drum in the double winch or on a
separate winch, passes over the sheave on the tower on the operating bank, and
then passes over the pulley in the instrument carriage. The measuring or
sampling instruments are attached to the end of the suspension cable. The
suspension cable has an insulated inner core which serves as an electrical con-
ductor for the measuring instruments.

The suspension cable is made of corrosion-resistant material preformed and
reverse laid to prevent spinning and rotation. The cable is made of sufficient
strength to suspend the current meter and sounding weight. A breaking strength
of five times the maximum load to be used is a sufficient and suitable safety
margin to allow for the loading effect of drag and live load during the per-
formance of a measurement. Its elongation when loaded should not exceed
0.5%. The cable should have the minimum diameter consistent with the
strength requirement so as to offer minimum resistance to the force of the flow.
The cable must be smooth and flexible so that it can take turns without any
permanent bends and twists. It is equipped with a suitable connector for
attachment of the measuring equipment.

The instrument carriage

Two track pulleys are fixed at the top and one suspension pulley at the bottom
of the instrument carriage. The carriage runs on the track cable when pulled
from either side. For spans longer than about 100 m, a guide pulley is normally
provided to prevent too large a sag in the suspension cable.
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The gauging winch

A double-drum winch or two independent winches may be used. In the double-
drum winch, the suspension cable is wound on one of the drums and the endless
towing cable passes round the other, then over the sheave on the supporting
tower on the opposite bank. Alternatively, the towing cable may be wound on
the latter drum. Horizontal and vertical travel of the measuring equipment
attached to the suspension cable are controlled by a lever which couples either
only the suspension cable drum or both drums simultaneously. Each drum has a
counter to indicate the released length of cable, one for measuring the hori-
zontal distance travelled by the carriage and the other for indicating the depth
of the suspended instrument (Fig. 2.18 (a) (b) and (c). Instead of a double-drum
winch, two separate winches may be used for horizontal and vertical move-
ments (Fig. 2.19).

Figure 2.18 (a) Double-drum winch.
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e

Figure 2.18 (b) Double-drum winch and current meter and cableway.

Rod suspension

Instead of the current meter and sinker weight being supported by suspension
cable from the main cable, a rod suspension assembly is sometimes used. This
cableway system is common in China (Fig. 2.20). The assembly requires a series
of pulleys and stays which permit the rod to be operated from the bank by
means of a winch either manually or electrically operated. The current meter is
fastened in such a way that it can be raised or lowered on a sheave to the
required gauging position in the vertical. The rod is maintained vertically by
means of a second upstream cable linked to the main cable by stays.

Cableways with personnel carriage

The manned-carriage cableway system consists of (Fig. 2.15):
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Figure 2.18 (c) Cableway and tower and meter suspension.

) supporting towers
b) track cable

(
(
(c) anchorages
(
(

&

staylines
e) personnel carriage.

Items (a), (b), (c) and (d) are similar to those described for cableways with an
instrument carriage.

The personnel carriage

The carriage, also called a cable car, from which the hydrologist makes the
gauging observations, travels on the track cable by means of two track pulleys.
The cable car is usually driven manually by cable car pullers. The cable car may
be designed for operations from a sitting position or a standing position. One
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Figure 2.19 Single-drum winch on truck-mounted crane for gauging from bridge
(Mississippi River).

person or two-person cable cars are used. The cable car must be of adequate
design and strength to ensure the hydrologist’s safety and provide reasonable
comfort during the measurement. The cable car is provided with a brake to
secure it in all required positions with means of support for the gauging reel. It
is equipped with a protractor for measuring the angle of the downstream drift
of the measuring equipment.

Some designs of cable car enable the car to be raised or lowered hydraulically
or electrically during a gauging. In these cases rod suspension is used instead of
cable suspension and the car can be conveniently located just above the river level.

Design and safety considerations for cableways with personnel
carriage

Important considerations in the design of cableways are the clear span between
the supports, the weight of the track cable and the concentrated load, the
loaded and unloaded sag, the effect of changes in temperature and the heights
of the supports required for the necessary clearance above extreme high water.
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Figure 2.20 Rod suspension from cableway (China).

The design of the track cable consists of the determination of the necessary
length, the correlation of sag and allowable stress for any loading that may
occur when the cableway is in use, including an allowance for the effect of
changes in temperature, and the selection of the size and kind of wire rope or
track cable that will meet the requirements most satisfactorily.

The loads to be considered in the design are:

(a) the dead-load weight per metre run of cable which may be the limiting load
for long spans

(b) the concentrated load carried by the cable car and

(c) loads caused by wind and ice.

The concentrated load that is carried by the cable car consists of the weight
of the car, the equipment and two people, the sum of which is generally taken
as 230 kg; also, the additional pull that may be exerted by the suspension cable
in case the suspended equipment should become fouled in drifts, etc. must be
considered. The suspension cable must break before the track cable, towers or
anchorages.

The breaking strength of the suspension cables in general use with the
gauging reels may vary from 150 to 450 kg. Thus a concentrated load of 680 kg
applied at the point of maximum sag is commonly used in the design of the
track cable, except in those instances where it is known beforehand that a
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heavier suspension cable will be used or additional heavy equipment will be
carried on the cable car.

Two different types of cable are used for the track cable of cableways: wire
rope and tramway track cable. Generally, the smallest diameter used for the
track cable is 20 mm regardless of type.

The wire rope that is used for track cable in cableways consists of several
individual strands, usually six, each of which is composed of a number of
wires. The number of wires in a strand is generally 7, 19 or 37. A 7-wire strand
may be used in cableways for stream gauging, but a 19-wire strand is often
preferred because of its greater flexibility and somewhat greater strength. How-
ever, the smaller size of the wires in a 19-wire strand compared with a 7-wire
strand makes the 19-wire strand more vulnerable to abrasion and corrosion.
Ordinarily, a wire rope with a hemp core should be used.

A wire rope has the advantage of flexibility and is adapted to the use of
thimble-and-clip connections to the turnbuckles and anchorages. For these
reasons and because of its general availability and ease of erection, hemp-core
wire rope is generally used in cableways of short and medium spans. The
thimble-and-clip connections are the greatest sources of weakness in this type
of construction.

Tramway track cable, because of its greater smoothness of operation, greater
strength and reliability, higher modulus of elasticity and lower sag, is generally
preferred for longer spans. However, the stiffness and lack of flexibility of
tramway track cable, compared with wire rope, necessitates the use of socket
connections. The ends of the tramway track cable are untwisted and set in the
socket by use of molten zinc.

In the design of cableway structures, different safety factors are generally
used for the component parts. The parts of the structure for which individual
designs are necessary are:

(a) the track cable

(b) the supports

(c) the anchorages

(d) the footings for the supports
(e) the anchorage connections and
(f) the staylines.

With proper design and construction, the uncertainties affecting concrete
anchorages and footings can be so reduced that a relatively small factor of
safety is adequate. It is therefore customary to design anchorages and footings
for twice the working loads that are anticipated. For very favourable conditions
where allowable bearing pressures and frictional resistances of the soil are
known, the ratio of the design load to the working load may be taken as 1.5:1.

A-frames and towers that are constructed of galvanised lightweight struc-
tural members are designed for twice the expected working loads; the allowance
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for tensile stress used in the design does not normally exceed 1100 kg cm™. The
L/r ratio for columns and struts should not exceed 120:1 for main compression
members and 200 for bracing and other secondary members.

According to the practice of the US Geological Survey, the following
maximum allowable tensions are recommended for the main or track cable:
one-fifth the breaking strength of galvanised improved plow-steel wire rope
and one-fourth the breaking strength of galvanised tramway track cable (see
equation (2.28)).

Anchorage connections include the sockets, eyebars, turnbuckles, rods and
pins that transmit the tension from the track cable to the fixed anchorage.
Experience has shown that these connections are the places of greatest weak-
ness in the structure. Therefore it is recommended that sockets, eyebars and
bolts, turnbuckles and anchorage rods are designed for a working load at least
20% greater than the allowable working load of the main cable to which
the connection is made. No weldings are permitted on any part of eyebars,
turnbuckles or anchorage rods. The specifications should require that each
individual part that goes into the finished product, such as an eyebar or a
turnbuckle, be forged in one piece. The required minimum breaking strength of
the finished eyebar or anchorage rod is specified by the purchaser.

The connections between the wire rope and the turnbuckles and between the
turnbuckles and the anchorages are generally made by means of thimbles and
clips. The number of clips for each wire rope end should be at least five for the
20 mm diameter rope with a minimum spacing of 120 mm between the clips,
and six for the 25 mm diameter rope with a minimum spacing of 160 mm. It is
important that the ‘live’ or long rope rests upon the broad bearing surface of
the base of the clip with the U-bolt bearing against the ‘dead’ or short end of
the rope. When unreeling and uncoiling wire rope, it is essential that the reel or
coil rotates as the wire rope unwinds. Attempts to unwind wire rope from a reel
or coil which is held stationary will result in kinking the rope and ruining it
beyond repair. All steel cables must be regularly inspected and lubricated.
All other connections and structural components made of steel are protected
against corrosion by painting. The sag of the track cable is checked at regular
intervals, particularly when great changes in temperature occur, and adjust-
ments made accordingly. Anchorages are regularly inspected and repaired
where necessary. Some further examples of cableway installations are shown in
Figs. 2.21 and 2.22 (a) and (b).

Current meter measurements from bridges

Although cableways are generally preferred to bridges for current meter
measurements, highway or railway bridges are often used to advantage. Bridges
do not often offer the right conditions for stream gauging but measurements
from them may be necessary where suitable sites for wading or for a cableway
are not present. However, contracted sections, piers and other obstructions
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Figure 2.2 1 Electrically operated cable car with current meter and sounding weight.

affect the distribution of velocities and it is therefore necessary to use a larger
number of verticals as well as more velocity observations in each vertical,
especially close to bridge piers and banks.

Generally there are two types of bridge measurement, namely rod suspension
and line suspension.
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Figure 2.22 (a) Manually operated cable car with single-drum winch, cup-type Price current
meter and Columbus sounding weight.

Rod suspension from bridges

Footbridges may sometimes be used for gauging small streams. Although the
procedure for low velocities may be the same as for a wading measurement, at
higher velocities it is often advisable to measure the depth in the following
manner:

(a) For each selected vertical, a point is established on the bridge.

(b) With this point as an index, the distance to the water surface is
measured by lowering the suspension rod until the base plate touches the
water.

(c) The rod is then lowered to the bottom of the stream and the rod reading is
again noted at the index point. The difference in the readings is the depth
of water at the vertical.

Measuring the depth in this manner tends to eliminate errors that may be
caused by the piling up of water on the upstream face of the rod.

The natural flow of water is not disturbed when measuring from a foot-
bridge as is often the case when measuring from a boat or by wading.

Line suspension from bridges

From higher bridges and for greater depths, the current meter and weight are
suspended on a cable. The cable is controlled by a gauging reel mounted on a
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bridge crane (Fig. 2.23) or on a bridge board (Fig. 2.24). A handline may be used
with the smaller weights. The gauging procedure is essentially the same as that
for measurements from a cable car.

No set rule can be given for selecting the upstream or downstream side of a
bridge for discharge measurements. The advantages of using the upstream side
of the bridge are:

(a) The hydraulic conditions on the upstream side of the bridge opening are
usually more favourable.

(b) Approaching drifts can be seen and avoided more easily.

(c) The streambed on the upstream side of the bridge is not likely to be
scoured as badly as the downstream side.

Figure 2.22 (b) Cable car operation on the Snake River at Idaho: cup-type current meter
and Columbus sounding weight (USGS).
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Figure 2.23 Current meter measurement from bridge using bridge crane, Java.
The advantages of using the downstream side of the bridge are:

(a) Vertical angles are easily measured on the downstream side as the sounding
line will move away from the bridge.

(b) The streamlines may be straightened out when passing through a bridge
opening with piers.

Whether to use the upstream or the downstream side of a bridge for a current
meter measurement needs to be decided individually for each bridge after con-
sidering the factors mentioned above and the conditions at the bridge, such as
location of the walkway and traffic hazards.
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Figure 2.24 Bridge board for use in gauging from bridge.

Handline suspension

The handline is a simple device. It is used for making discharge measurements
from bridges, using weights up to 20 kg and for velocities up to 2 m s™'. The
advantages of the handline are that it is easier to set up, eliminates the use of a
gauging reel and the equipment to support the reel, and makes discharge meas-
urements from bridges with vertical and diagonal members quicker and easier.
The disadvantages of the handline are that it requires more physical exertion,
especially in deep streams, and there is a greater possibility of making errors in
determining the depths.

The handline is made up of two separate cables that are electrically con-
nected at a small reel. The upper or hand cable is a heavy two-conductor
electric cable, whose thick rubber protective covering makes the cable com-
fortable to handle. The lower, or sounding, cable is a light reverse-lay steel cable
with an insulated core conductor. A connector joins the lower cable with a
hanger bar for mounting the current meter and sounding weight. Sounding
cable, in excess of the length needed to sound the stream being measured, is
stored on the reel. The sounding cable is tagged at convenient intervals with
streamers of different coloured binding tapes, each tag being at a known
distance above the current meter and sounding weight.
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Special equipment for measurements from bridges

Many special arrangements for measuring from bridges have been devised to
suit a particular purpose. Truck-mounted cranes are often used for measuring
from bridges over larger rivers. Monorail stream gauging cars have been
developed for large rivers. The car is suspended from the substructure of
bridges by means of I-beam tracks by trolleys and is propelled by a forklift
motor having a wheel in contact with the bottom of the beam. The drive
mechanism and sounding equipment are powered by a 430 ampere hour, 2000
kg, 12 V battery.

All cranes are designed so that the superstructure can be tilted forward over
the bridge rail far enough for the meter and weight to clear most rails. Where
bridge members are found along the bridge, the weight and meter can be
brought up, and the superstructure can be tilted back to pass by the obstruction.

Cast-iron counterweights weighing 27 kg each are used by the US Geological
Survey with four-wheel-base cranes (Fig. 2.25). The number of such weights
needed depends upon the size of sounding weight being supported, the depth
and velocity of the stream, and the amount of debris being carried by
the stream.

A protractor is used on cranes to measure the angle the sounding line makes

Figure 2.25 Bridge crane with four-wheel base showing boom in retracted position. Note
protractor at outer end of boom to determine angle of suspension cable.
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with the vertical when the weight and meter are dragged downstream by the
water. The protractor is a graduated circle clamped to an aluminium plate. A
plastic tube partly filled with coloured anti-freeze fitted in a groove between the
graduated circle and the plate is the protractor index. A stainless steel rod is
attached to the lower end of the plate to ride against the downstream side of the
sounding cable. The protractor will measure vertical angles from —25 to +90°.
The crane shown in Fig. 2.25 is equipped with protractors at the outer end of
the boom.

Bridge boards may be used with a sounding reel and with weights up to
23 kg. A bridge board is usually a plank about 2-3 m long with a sheave at one
end over which the meter cable passes and a reel seat near the other end. The
board is placed on the bridge rail so that the force exerted by the sounding
weight suspended from the reel cable is counterbalanced by the weight of the
sounding reel (Fig. 2.24). The bridge board may be hinged near the middle to
allow one end to be placed on the sidewalk or roadway.

Current meter measurements from boats

Where the river is too wide for a cableway installation and too deep to wade,
discharge measurements are made from boats. One limiting factor in the use of
boats is the high velocity of water, especially during floods, as personal safety
has to be considered.

Boats used for discharge measurements may vary from a few metres in length
to powerful motor survey launches for use on large rivers where the length of
measuring section may be several kilometres.

Where the river is sufficiently narrow to use a tag line, this is spanned across
the river at the measuring section. The tag line serves the dual purpose of
holding the boat in position during the measurement and of measuring the
width of river and monitoring the verticals.

The tag line is wound on a reel which is operated from the stern of the boat as
it is propelled across the river. On the bank, the slack of the cable is taken up by
means of a block and tackle attached to the reel and to an anchored support on
the bank.

If there is river traffic, and the river is sufficiently narrow, one member of the
gauging team is stationed on the bank (‘look-out man’) to lower and raise the
tag line to permit traffic to pass. The look-out man has a very important safety
function to fulfil, especially if the river is one used for rowing boats or regattas,
as the tag line can cause serious injury during regatta training periods. Warning
signs are advisable in such cases, positioned at appropriate locations upstream
of the measuring section. Streamers are also used and fixed on the tag line so
that they may be seen by boat pilots.

A permanent supporting cable, where possible, spanned across the river, to
which the boat is anchored during discharge measurements, will often prove
advantageous. This method is less laborious and safer for the personnel
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performing the measurement, especially at high flows. Such a cable requires to
be erected well above the highest flood stage expected.

Position fixing

If the river is too wide to use a tag line, or if a tag line cannot be used because of
river traffic, the boat can be kept on the measuring section by anchoring it with
flags or targets positioned on each bank as shown in Fig. 2.26. The position of
the boat in the measuring section can be read directly by means of a transit on-
line from the bank and a stadia rod held vertically in the boat. The transit may
also be placed in a line at right angles to the measuring section, some known
distance from it (position E in Fig. 2.26). By measuring the angle a the boat
makes with that line (line CE in Fig. 2.26) the position of the boat may be
calculated. Alternatively, a sextant may be used from the boat to measure angle
0, as shown in Fig. 2.26.

The position of the boat may also be found by a linear method (Fig. 2.27).
Four flags or targets are fixed, two on each bank. One more flag, E in Fig. 2.27,
is fixed on one of the banks along a line at right angles to the measuring section
and passing through the flag point B, and at a known distance from it. An
observer with a flag moves along the bank from C, towards a position N, along
a line perpendicular to the measuring section, until the corresponding flag E
on the opposite bank, the flag on the boat M and the hand-held flag N are all in
a line. The perpendicular distance from the hand-held flag to the measuring
section is determined, and the distance, MC, of the boat computed as shown in
Fig. 2.27.

The position of the boat can also be fixed linearly from measurements
made from one bank only as shown in Fig. 2.28. Two flags C and D on lines

N
%
E
N\
Figure 2.26 Fixing position of boat by transit or sextant: (i) directly by transit from C or D,

(ii) by transit from E when MC = CE tan q, or (jii) by sextant from the boat (M)
when MC = CE/tan 6.




76 The velocity—area method of streamflow measurement

> &5 &

&

U’C&V'“";rn)'v
/
/
)

JUSS—

LIJ
|
[
< |
N
Figure 2.27 Fixing position of boat by a linear method: MC = (CN x BC)/(BE + CN)
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Figure 2.28 Fixing position of boat by a linear method: MD = (DE x CD)/(DE — CN)

perpendicular to the measuring section, and on the same side, are fixed on one
bank and the distance, MD, of the boat computed as shown in Fig. 2.28.

At some stations in India, for example, permanent monuments are fixed
between D and E and C and N at predetermined locations corresponding to
specific boat positions in the measuring section.

Special equipment for measurement from boats

An adequately powered boat is required, and consideration should be given to
the possibility of the driver having to return to the required position if he has
to move downstream to escape damage from floating debris. The length of the
boat requires to be sufficient for it to operate at the maximum speed of flow
which may be encountered. A simple guide for the preliminary selection of the
length of boat is

v=13L (2.29)

where L is the waterline length of the boat (m) and v is the speed of the boat
(25% greater than the maximum anticipated velocity of flow). For example, the
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minimum length of boat required to operate in a river with an anticipated
velocity of flow of 2 m s™ would be

L= (L)z (2.30)
1.3

_(2.5)
\13
=3.7m, say4m.

Catamarans are frequently used because they have the advantage that the
winch for supporting the meter can be located along the centreline of the vessel
and the observers can stand to both sides of the meter as it is raised and
lowered.

Launches used on large rivers are generally equipped for both sediment
measurements and discharge measurements and have powerful motors. A
typical launch used by the Bureau of Hydrology in China to gauge the rivers in
the Yangtze catchment is operated by a 120 hp motor, and is 16 m long, 3.6 m
wide and 1.3 m deep with a draught of 1 m and a displacement of 30 t. Four
semi-automatic drum winches are available for measurement purposes each
capable of measuring depths up to 40 m and velocities of 4 m s™'. The winches
are operated by 4.5 and 7.5 kW motors and each is capable of lifting 300 kg
sounding weights. The gauging sections vary in length, up to about 2 km.

When a boat powered by a motor is used it is often difficult to maintain
it exactly on the transit line throughout the measurement of velocity. The
practical solution is often to drive the boat forward very slowly and measure-
ments are commenced as it crosses the transit line. It is then allowed to drift
slowly astern and again moved forward to cross the transit line. On the second
crossing of the transit line, moving in the same direction, the observer stops
recording the velocity. Some slight error is introduced but provided the move-
ment of the vessel is not excessive and is slow the error is negligible.

In a boat measurement, the current meter may be suspended on a rod or on a
cable using a bridge board. Specially designed extendable boat booms or boat
cranes are available for boat measurements. By means of a boom, the current
meter may be placed and operated so as to be reasonably unaffected by any
disturbance in velocities that may be caused by the boat itself.

Other current meter methods

There are several other methods which are sometimes used to measure dis-
charge using current meters. These methods are useful when a full current
meter gauging is inappropriate because of the time factor involved or when
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the velocity is too high to take depth soundings or position the meter at the
required depths. A loss of accuracy, however, has to be expected.

Two-tenths depth method

In this method the velocity is observed at 0.2 of the depth below the surface and
a coefficient applied to the observed velocity to obtain the mean in the vertical.
A standard cross-section or a knowledge of the cross-section at the gauging site
is used to compute the 0.2 depth when it is impossible to obtain soundings. A
significant error in an assumed 0.2 depth position may not be critical because
the slope of the vertical velocity curve at this point in deep rivers is usually
nearly vertical.

The measurement made by this method is normally computed by using the
0.2 depth velocity observations without coefficients, as though each were a
mean in the vertical. The approximate discharge thus obtained divided by the
area of the measuring section gives the weighted mean value of the 0.2 depth
velocity. Studies of many measurements made by the two-point method show
that for a given measuring section the relation between the mean 0.2 depth
velocity and the true mean velocity either remains constant or varies uniformly
with stage. In either circumstance, this relation may be determined for a par-
ticular 0.2 depth measurement by recomputing measurements made at the site
by the two-point method using only the 0.2 depth velocity observation as the
mean in the vertical. The plotting of the true mean velocity versus the mean
0.2 depth velocity for each measurement will give a velocity relation curve for
use in adjusting the mean velocity for measurements made by the 0.2 depth
method.

If at a site too few measurements have been made by the two-point method
to establish a velocity relation curve, vertical velocity curves are needed to
establish a relationship between the mean velocity and the 0.2 depth velocity.
The usual coefficient to adjust the 0.2 depth velocity to the mean velocity is
about 0.87.

Subsurface velocity method

In the subsurface velocity method, velocity is observed at some arbitrary dis-
tance below the water surface. This distance should be at least 0.6 m, and
preferably more for deep swift streams to avoid the effect of surface disturb-
ances. The subsurface velocity method is used when it is impossible to obtain
soundings and the depths cannot be estimated with enough reliability to even
approximate a 0.2 depth setting for a conventional current meter. Coefficients
are necessary to convert the velocities observed by the subsurface velocity
method to the mean velocity in the vertical. A prerequisite in obtaining these
coefficients is to determine the depths during the measurement from soundings
made after the stage has receded enough for that purpose. These depths are
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used with the known setting of the current meter below the water surface to
compute the percentage of submergence of the meter during the measurement.
The coefficients to be used with the subsurface velocity observations can then
be computed by obtaining vertical velocity curves at the reduced stage of the
stream.

Integration method

In the integration method the meter is lowered in the vertical to the bed of the
stream and then raised to the surface at a uniform rate. During this passage of
the meter the total number of revolutions and the total elapsed time are used
with the current meter rating table to obtain the mean velocity in the vertical.
The integration method is not used with a vertical axis current meter because
the vertical movement of the meter affects the motion of the rotor (Section 2.5).
The integration method is used to some degree in Russia where good results are
reported. The accuracy of the measurement is dependent on the skill of the
hydrologist in maintaining a uniform rate of movement of the meter. A dis-
advantage of the method is the inability of the meter to measure streambed
velocities because the meter cannot be placed that low. Coefficients smaller than
unity are therefore required to correct the observed integrated velocity.

Measurements have been made in which the entire cross-section has been
integrated as a whole. In the course of such measurements the meter is carried
across the stream in a zigzag course from top to bottom, the total number of
revolutions and total elapsed time being used to compute the mean velocity in
the entire cross-section. To obtain the true mean velocity in the cross-section,
the current meter must pass through equal elements of the area in equal time
intervals. In an irregular cross-section it is therefore necessary that the hori-
zontal movement of the meter be at variable speed to be inversely proportional
to depths in the cross-section. Various schemes have been used to compensate
for depth irregularity. Because a cable-suspended meter measures the resultant
of flow velocity and horizontal velocity of the meter itself, an additional correc-
tion is needed for the horizontal velocity of the meter.

The advantage of the integration method is that it can reduce the time of a
velocity—area measurement considerably and this can often be important in
certain situations. From experience in Russia the recommended moving speed
of the current meter is:

(a) for vertical motion, 0.05 m s™';
(b) for horizontal motion, 0.05-0.50 m s™' (but not less than 25% of the aver-
age flow velocity).

Figure 2.29 shows diagrammatically various integration methods. In
Fig. 2.29(a), the current meter is lowered and raised in each vertical to obtain
the mean velocity in each vertical. Figures 2.29(b), and (c) show a typical zigzag
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motion of the meter to attain the average velocity in the cross-section, found by
dividing the total number of current meter revolutions by the corresponding
duration. The discharge is then obtained by multiplying this value by the cross-
sectional area. In Fig. 2.29(d) the meter is moved horizontally from bank to

Figure 2.29 Schematic illustration of the integration method of streamflow measurement:
(a) current meter moved vertically, (b) and (c) current meter moved across
measuring section in zigzag motion, (d) and (e) current meter moved
horizontally.
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bank in several slices or layers (multilayer method) and in Fig. 2.29(e) only the
surface velocity is measured.

For the multilayer method or surface velocity method in Figs. 2.29(d) and (e)
the current meter is driven across each layer at a uniform speed dependent on
the average velocity in the cross-section. As used in China by the Bureau of
Hydrology, this speed is set at about 80% of the average cross-sectional velocity
except when this average velocity is less than about 0.5 m s™ when the driving
speed is increased to a value not exceeding 1.5 times the average velocity. A
sketch of the system as used at Fughou in Fujian Province is given in Fig. 2.30.

The procedure adopted in China is as follows:

(a) The cross-section is divided into four or five layers of equal depth (except
for the bottom one), the top layer being taken at about 0.5 m below the
surface for small rivers and 1.0 m for large rivers.

(b) The thickness of the layers is between 0.5 and 2 m depending on the depth
of flow. The bottom layer is arranged so that it contains less than 5% of the
total flow.
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Figure 2.30 Schematic illustration of the integration method adopted for use by the
Bureau of Hydrology, Ministry of Water Resources, China.
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The measured widths of the layers are made as near as possible equal to
the actual widths so that the blind areas at the banks do not exceed 5% of
the total widths.

The total traversing duration of the current meter normally exceeds 100 s
and usually exceeds 200 s. For V-shaped sections, however, the duration
is reduced to 50 s for the lower layers. If the bottom layer is very narrow it is
preferable to take a point velocity measurement at the centre of the layer.
During a current meter traverse, the sag in the cableway is compensated
for by raising or lowering the suspension cable by means of a micro-
processor-controlled regulator.

The shape of the cross-section is already known or is sounded before
measurement begins. The current meter traverses are made from surface to
bed.

To compensate for any oblique flow, forward and backward traverses are
made alternately (forward for the first layer, backward for the second,
forward for the third, etc., as shown in Fig. 2.30).

The velocity for each layer is computed by dividing the total number of
revolutions for the traverse by the duration of the traverse. This velocity,
v, say, so computed is the vector sum of v, the velocity normal to the
measuring section and v, the driving speed of the current meter. v is then
found by Pythagoras from

v=W-vH" (2.31)

The mean of the width-integrated velocities for two adjacent traverses is
taken as the average flow velocity between them. The partial discharge per
layer is found from the product of this velocity, the average width of the
two adjacent traverses and the difference in height between them.

The width-integrated velocity of the bottom traverse multiplied by
0.5 is taken as the mean velocity of the lowest traverse. The mean velocity
between the highest traverse and the water surface is taken as the average
velocity in the top layer.

The total discharge is the total of the partial discharges.

2.10 The moving boat method

General

The moving boat method is of comparatively recent origin and many of the
world’s largest rivers have been gauged by this method, which has the advantage
of time and cost saving. Possibly the highest flow gauged by the method was
some 250,000 cumecs on the Amazon in 1972. Essentially the moving boat
method is a velocity—area method. A propeller-type current meter (preferably,

but not essentially, a component propeller meter) is suspended from a boat
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about 1m below the surface and the boat traverses the channel along a pre-
selected path normal to the streamflow (Fig. 2.31). During the traverse an
echo sounder records the geometry of the cross-section and the continuously
operating current meter records the resultant of the stream velocity and the
boat velocity. A vertical vane aligns itself in a direction parallel to the water
moving past it and an angle indicator attached to the vane assembly indicates
the angle between the direction of the vane and the true course of the boat. The
velocity, v, of the boat is the velocity at which the current meter is being pushed
through the water by the boat. The force exerted on the current meter is a
combination of two forces acting simultaneously, one force resulting from
the movement of the boat through the water and the other a consequence of the
streamflow.

The velocity measurements taken at each of the sampling points (verticals) in
the cross-section are a vector quantity which represents the relative velocity past
the vane and meter. The velocity u, is the vector sum of v, the required com-
ponent of stream velocity normal to the cross-section at the sampling point and

L v

(a) &

i
(b)

Figure 2.31 General diagrams of velocity vectors. (a) River velocity computation at sam-
pling stations: a, angle of current meter relative to section line; v,, combined
boat and river velocity; v, river velocity; v = v, sin a. (b) Computation of seg-
ment width between sampling stations: a,as above; b,, relative distance of travel;
b, actual distance of travel; b = b, cos a.
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vy. The principal difference between a conventional current meter measurement
as described earlier and the moving boat measurement is in the method of data
collection.

A rate indicator unit is used in conjunction with a current meter rating table
to obtain v,, while the angle reading a, representing the angle the vane makes
with the cross-section path, defines the direction of the vector.

Theory

The stream velocity, v, perpendicular to the boat at each vertical can be
determined from (Fig. 2.31)

7=10,sina (2.32)
and
b =[5, cos adt (2.33)

where b is the distance that the boat has travelled along the true course between
two consecutive verticals. It can be assumed that a is approximately uniform
over the relatively short distance between verticals and can be treated as a
constant. Then equation (2.33) becomes

b=cosalv,dt (2.34)
and

[o,dt=0b, (2.35)
where b, is the relative distance through the water between two consecutive

verticals, as represented by the output from the rate indicator and counter.

Then
b=0b,cosa
and the total width across the channel, B, is
B=3b. (2.36)
Finally, d, the stream depth at each sampling vertical, is obtained from the
echo-sounder chart, and obtaining, #, b and d for each vertical across the
measuring section, the mid-section or mean-section method is used to compute

the discharge.
It is normal practice to make a series of at least six runs, each with 30 to
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40 verticals, and average the results, provided the discharge remains constant
during the series of measurements.

Alternative methods

The method described above is the one normally used for a moving boat
measurement. A second method measures vy, directly. This is done by measuring
the distance from the observation points to a fixed point on the bank, from
which the width of the traversed segment can be determined, along with the
simultaneous measurement of time. From these data, the velocity component of
the boat, 7, can be computed. By means of the measurement of #,, the stream
velocity # perpendicular to the selected path is determined from

o= (02— o))" (2.37)

In this method the angle a is not measured.
In a third method, v, and the angle a are measured and 7 is found from

U = v, tan a. (2.38)
Summarising:

Normal method: measure v, and the angle a;
Method two: Measure vy, and v,;

Method three:  Measure v, and the angle a.

There is no record of measurements carried out using method three.
A typical boat with angle indicating assembly is shown in Fig. 2.32.

2.11 The electromagnetic method

General

The electromagnetic method of measuring the total flow in an open channel
required some 10 years of applied research in the UK. The method requires
sophisticated electronics particularly in the field of signal detection and pro-
cessing but the revolution in microelectronics in the 1970s has made this method
an important addition to standard streamflow methods.

A feature of the system is its ability to measure streamflow in weedy rivers
and in rivers with silty or moving beds.

The method requires an on-site current meter calibration and a source of
electrical power (mains supply at 110 or 240V). The system now being applied,
however, has been calibrated in the laboratory of Hydraulics Research Ltd.
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The electromagnetic streamflow method should not be confused with electro-
magnetic point velocity current meters. These have been dealt with earlier in
Chapter 2.

Principle

According to Faraday’s law of electromagnetic induction, the motion of water
flowing in a river cuts the vertical component of the earth’s magnetic field and
an electromotive force (emf) is induced in the water. This emf can be sensed by
electrodes (‘probes’) on each side of the river and is found to be directly pro-
portional to the average velocity of flow in the cross-section. Therefore, unlike
the ultrasonic method (Chapter 12) which measures velocity across paths, the
electromagnetic method performs an integration over the entire cross-section.
However, although measurements have been conducted using the earth’s
magnetic field, usually in tidal estuaries, these have had a large uncertainty due
to the fact that the emf induced by the earth’s field is too small to be dis-
tinguished from other electrical interference. This interference normally comes
from 240V mains, electrical motors and other ambient electrical noise present
in some form or another in the ground. Therefore, to induce a measurable
potential in the electrodes, a vertical magnetic field is generated by means of a
coil buried in the riverbed, or over it, through which an electric current is driven.
The potential generated is proportional to the width of the river (m) multiplied
by the magnetic field (T) multiplied by the average velocity of flow (m s™). For a
typical coil of 500A turns the induced potential between the opposite banks of
the river would be 250 mV for an average velocity of 1 m s™. Figure 2.33 shows
an electromagnetic gauging station installation. It can be seen that there is no
construction in the river and the only constructions shown are the access man-
holes A, B, C and D used for installing the coil beneath the river and manholes E
and F for carrying the cabling from the electrodes and coil to the instrument
house (not shown). The staff gauge for stage measurement (to measure depth
of flow) is shown on the left bank.

Theory

The electromagnetic technique has been used for many years for gauging
full pipes where the area of flow is constant. The basic principle is shown
schematically in Figure 2.34. The pipe flow meter is manufactured in units of
practically any required diameter sizes, the largest in practice being about 2 m in
diameter. The coil is incorporated in the form of a saddle around the pipe
section and the electrodes are inserted in the pipe wall flush with the inside wall
(see also Chapter 15).

In streamflow measurement, however, the stage varies and therefore the
cross-sectional area of flow is not constant. In addition, stream channels are
much wider than pipes and hence the electromagnet forms a large part of the
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Figure 2.33 Electromagnetic gauging station: coil installed beneath river; bed insulated with
insulation membrane covered with gravel; manholes A, B, C and D are installed
at corners of coil and used for access to ducts; manholes E and F are at
extremities of duct carrying electrode and coil cables to instrument house
(not shown).

L Oulput E= V

Basic principle of fluid flow measurement in
pipes by electromagnetic induction

Figure 2.34 Basic principle of fluid flow measurement in pipes running full under pressure.



The electromagnetic method 89

cost; velocities in rivers are normally much slower than in water flowing in full
pipes since the former are flowing under gravity whilst full pipes are normally
under pressure. In additional, electrical interference is generally higher near
rivers than in pipes, particularly at the mains distribution frequency. All of
these factors make open channel electromagnetic gauging much more complex
than that in full pipes.

Referring to Figure 2.34, Faraday’s law of electromagnetic induction relates
the length of a conductor moving in a magnetic field to the emf generated, by
the equation

E = Bib (2.39)

where E is the emf generated (V);
B is the magnetic flux density in teslas (T);
¥ is the average velocity of the conductor in the cross-section (m s™);
b is the length of the conductor and is equal to the river width (m).

Now in the case of an operational gauge having an insulated bed and a
square coil just wider than the channel, the voltage generated is approximately
0.8 times that given by equation (2.39). This reduction in voltage is caused by
the shorting effect of the water upstream and downstream from the magnetic
field. Numerically the empirical relation (£3%) is

E = obH (2.40)

where E’ is the electrode potential (uV) and H is the average magnetic field
strength in amperes per metre. (Note that the physical relationship between B
and H in free space, air or water is given by

B=H X 47 x 107

where B and H are in different units as above.)
In the ideal case where the magnetic field strength is constant over the entire
wetted section, the discharge, O (m®s™), is given by

O =ibd (2.41)
and from equations (2.40) and (2.41) where d is the depth of flow (m)
o= £ (2.42)
- H . .

Operationally this equation may take the form

E’h\"
0= K<T> (2.43)
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where [ is the coil current in amperes and K and 7 are constants. If the coil is
mounted above the channel the water near the bed will move in a less strong
magnetic field relative to that near the surface. Normally the relation is
expressed in the form

O=(K,+h+KHE/H. (2.44)

An on-site current meter calibration may take several forms; it may be a single
straight line when transposed logarithmically, or have several straight lines with
inflexions or it may be curvilinear.

It can be seen that the discharge from equations (2.42), (2.43) or (2.44) is
obtained by the velocity—area principle in which the velocity is inferred from the
electrode potential and multiplied by the cross-section area of flow. The area is
a function of the recorded water level and the equations contain dimensional
constants established empirically. The river width factor does not appear in the
equations and is accounted for in the design of the coil, which extends the full
width of the channel, and in the empirical calibration.

2.12 A seismic flowmeter for mountain torrents

General

The continuous measurement of discharge in mountain torrents is important
not only for information on a precious resource but also for flood warning from
upland catchments. Significant physical and practical problems arise in trying
to establish a stage — discharge relation and similar problems arise in consider-
ing a weir or flume in addition to extremely high Froude' numbers (see Further
reading). The dilution method, for example, although giving excellent results
in many countries and certainly based substantially on turbulence mixing, is
used mainly for spot measurements or for checking existing methods. In add-
ition there may be the problem of using chemicals in some rivers. The electro-
magnetic method is unsuitable because of electromagnetic interference and dif-
ficulties of power supply in a hostile environment and entrapped air in the water
inhibits the use of the ultrasonic method. Summarising, there has been no
satisfactory method of continuously measuring discharge in mountain torrents.

However, research has been proceeding in the UK on a mountain river seismic
flowmeter since 2001 (see Further reading). The flowmeter is based on the
relation between seismic vibrations and discharge. Over the last few years the
research has covered several sites, and continuous measurements are made by
spectral analyses on the amplified output from geophones normally installed on

1 Froude number. The mean velocity divided by the square root of the product of the mean depth
and the acceleration due to gravity. It is dimensionless.
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outcrops of bedrock beside the rivers. Where possible, and suitable sections can
be found a current meter check is made.

Figure 2.35 shows a typical mountain torrent with geophone installation. In
this case, the geophone was simply installed by drilling two 50 mm diameter
holes vertically into the top of a large upstanding rock. (In this case two
different geophones were installed for comparison purposes).

Seismic recording

The current instrumentation for the seismic flowmeter system utilises Spectral-
Lab software running on a laptop PC to perform the Digital Signal Processing
(DSP) and data logging functions.

The SpectralLab programme works in conjuncion with the sound card on a
laptop computer. The vibration signal from the geophone, suitably amplified by
34dB by a BT26 preamplifier, is plugged into the Line-in or Microphone jack on
the back of the sound card. SpectralLAB then uses the sound card to perform an
analog-to-digital conversion on the vibration signal. This digitised signal is then
passed through a mathematical algorithm known as a Fast Fourier Transform
(FFT) which converts the signal from the time domain to the frequency domain.
The CPU on the laptop computer is used to perform this transformation. Suc-
cessive applications of the FFT can be performed on sequential signals to
determine the average spectral properties of the vibration signals and these can
be logged at set time intervals.

Geophone
mounting

Figure 2.35 Showing the turbulent flow adjacent to the geophone location (beneath the
pile of stones on the large rock in the foreground).



92 The velocity—area method of streamflow measurement

The initial logging operation consists of averaging 10 spectra and recording
the average spectral power values from 60 to 80Hz every 10 seconds (from a
sample rate of some 8,000Hz). The data are then filtered to remove spurious
noise spikes and averaged over 15-minute intervals.

Figure 2.36 is a typical site (a) showing raw data and (b) processed data for
21 June 2006. Note that undulations in the power data, prior to the rise in
flow shown by the stage data, indicate noise from rainfall which caused
increased flow.
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Figure 2.36 (a) Raw and (b) processed vibration data compared to stage for 21 June 2006.
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At present the flowmeter is calibrated by current meter but further studies
include the effective calibration of the system.
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Chapter 3

Measurement of stage

3.1 General

The stage of a stream is the height of the water surface above an established
datum plane. The water surface elevation, referred to some arbitrary or pre-
determined gauge datum, is known as the gauge height. Gauge height is often
used interchangeably with the more general term ‘stage’ although gauge height
is more appropriate when used to indicate a reading on a gauge. Stage or gauge
height is usually expressed in metres and hundredths or thousandths of a metre
depending on the accuracy required.

The determination of stage is one of the most important measurements in
hydrometry. We shall see in Chapter 13 that the uncertainty in the stage—
discharge relation depends largely on the uncertainty with which stage can be
measured. In the statistical analysis of the stage—discharge relation, as shown
in Chapter 13, stage is taken as the independent variable having negligible
uncertainty. Chapter 13 also shows that the uncertainly in the measurement of
head over measuring structures can have a significant effect on the discharge.
This is due to the effect of the exponent of head in the discharge equations. The
discharge equations for measuring structures are therefore more sensitive to the
uncertainty in the head measurement than to the uncertainty in the coefficient
of discharge.

It can be stated that, in methods of streamflow measurement where a correl-
ation is established between stage, fall or slope and discharge, the uncertainty in
the measurement of stage has a significant effect on the overall uncertainty in
the record of discharge.

3.2 The reference gauge

The non-recording reference gauge is the basic instrument for the measurement
of stage whether at a regular flow measuring station or at a site where only
casual observations are made. It can be sited as an outside gauge to allow a
direct reading of water level in the stream or as an inside gauge to indicate the
level in a stilling well, and is used for setting and checking the water level
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recorder, for indicating the stage at which discharge measurements are taken,
and for emergency readings when the recorder is out of action. There are
various forms, the choice being decided by the site conditions and the specific
use to which it will be put.

The reference gauge may be read visually one or more times a day if a water
level recorder is not part of the installation. The disadvantages of a non-
recording reference gauge in this case are the need for an observer and the loss
of accuracy of the estimated continuous graph of stage unless observations are
taken many times a day. In some large rivers, such as the Yellow River in China,
with long sloping shallow banks, however, it is not always feasible to install a
water level recorder and resort has to be made to visual observation of the
reference gauge.

The reference gauge is normally either a vertical staff gauge or an inclined
(ramp) gauge.

Staff gauge

Vertical staff gauges usually consist of standard porcelain enamelled iron
plated sections each about 150 mm wide and 1 m long and graduated in units of
10 mm (Fig. 3.1). The sections are screwed to a backing board which is fastened
to a suitable support. Slotted holes in the plates are provided for final adjust-
ment in setting the gauge. The standard US Geological Survey vertical staff
gauge consists of porcelain enamelled iron sections, each 4 in wide and 3.4 ft
long, and graduated every 0.02 ft.

A staff gauge is seldom a stable construction and is often exposed to move-
ment or damage especially during floods. In order to be able to reset the gauge
to its correct datum, one or preferably two bench marks are required at a
gauging station constructed entirely detached from the staff gauge or its
support and secured against movement or destruction.

The gauge is located near the edge of the stream so that a direct reading of
the water level may be made (Fig. 3.2). If this is not possible because of exces-
sive turbulence, wind effect or inaccessibility, the observations are made in a
suitable permanent stilling bay in which wave action is reduced and the level of
the water surface follows that of the stream.

The staff gauge is located at or near to the current meter measuring section
without affecting the flow conditions and in a position where there is least
possible damage from drift. Bridge abutments or piers are generally unsuitable
locations. In order to enable the observer to make readings as near as possible to
eye level, convenient access is necessary and in this connection a flight of steps is
normally desirable.

A suitable backing for a vertical staff gauge is provided by a board fixed to a
wall having a vertical face parallel to the direction of flow. The board is securely
attached to the surface of the wall so as to present a vertical face to receive the
graduated guage plates. Staff gauges may usually, however, be fixed to piles
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Figure 3.1 Typical staff gauge markings.

either driven firmly into the riverbed or river banks or set in concrete in order to
avoid movement or being washed away during floods. Anchorages are designed to
extend below ground level to a level free of any disturbing effects. Provision is made
in all cases for easy removal of the gauge plates for maintenance or adjustment.

Where the range of water levels exceeds the capacity of a single vertical
gauge section, additional sections are installed on the line of the cross-section
normal to the direction of flow (Fig. 3.3).

The inclined gauge

An inclined, or ramp, gauge usually consists of heavy timber securely attached
to a permanent foundation. The graduations of an inclined gauge are either
marked directly on the surface of the timber or carried on manufactured gauge
plates designed to be set to specific slopes. Except where use is made of
manufactured gauge plates, an inclined gauge is calibrated in situ by accurate
levelling from the station bench mark. Usually, various sizes of bronze or brass
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Figure 3.2 Vertical staff gauge installation with additional sections, Han River at Xian Tao,
China.

strips, pins and numerals are used for the graduations and the assembly is
completed in the workshop before finally bolting down the gauge on the
prepared foundation (Fig. 3.4).

An inclined gauge is installed to follow the contours of the bank; sometimes
a gauge with a single slope is adequate but more usually it is necessary to install
an inclined gauge in several sections each with a different slope (Fig. 3.5). As in
the case of the staff gauge, it is usually convenient to construct a flight of steps
alongside the inclined gauge to facilitate both installation and reading. Reading
of the gauge may be improved by the use of a small portable stilling box which
helps to dampen wave action (Fig. 3.6). A properly designed inclined gauge is
less prone to damage than a staff gauge and normally allows more accurate
readings of water level to be made because of its better resolution and its
convenience in reading.
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Figure 3.3 Staff gauges with additional sections for increased range of stage, Qing River at
Gao Ba Zhon, China.

The float-tape gauge

The float—tape gauge (Fig. 3.7) is used mainly as an inside stilling well
reference gauge for a water level recorder and consists of a float attached to a
counterweight by means of a stainless steel tape. The tape is normally gradu-
ated in metres and 10mm divisions and passes over a pulley. The float pulley
consists of a wheel about 150 mm in diameter and is grooved on the circumfer-
ence to accommodate the tape and mounted on a support. An arm extends
from the support to a point slightly beyond the tape to carry an adjustable
index. The tape is connected to the float by means of a clamp which is also used
for making adjustments to the tape reading if the adjustments necessary are too
large to be accommodated by the adjustable index. A 250 mm diameter copper
float and a 1 kg lead counterweight are normally used.
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Figure 3.4 Inclined (ramp) gauge: details of typical design.

The electric-tape gauge

The electric—tape gauge (Fig. 3.8), like the float—tape gauge, is used as either
an outside or inside reference gauge. It is commonly used at measuring struc-
tures as an outside gauge to measure the head over a weir or through a flume
where it is operated from a datum plate set into an abutment wall. A staff gauge
fixed to the wall of a weir or flume, although useful as a spot check, is difficult
to read to the required accuracy because of its awkward location.

A typical hand-held gauge consists of a graduated reel of steel tape and a9 V
(PP3) battery. The gauge is lowered until it makes contact with the water sur-
face which completes an electric circuit and causes a buzzer to sound. The
gauge is read to the nearest millimetre against a datum plate.
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Figure 3.5 Typical ramp gauge installation.

The wire-weight gauge

The wire—weight gauge, used almost exclusively in the United States, consists
of a drum wound with a single layer of cable, a bronze weight attached to the
end of the cable, a graduated disc and a counter, all within a cast-aluminium
box. In the United States the disc is graduated in tenths and hundredths of a
foot; otherwise it is graduated in metres and millimetres. The disc is perman-
ently connected to the counter and to the shaft of the drum. The cable is made
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Figure 3.6 Portable stilling box to dampen wave action and facilitate reading of ramp gauge.

of 1 mm diameter stainless steel wire, and is guided to its position on the drum
by a threaded sheave. The reel is equipped with a pawl and ratchet for holding
the weight at any desired elevation. The diameter of the drum of the reel is such
that each complete turn represents 0.3 m movement of the weight. A horizontal
checking bar is mounted at the lower edge of the instrument so that when it is
moved to the forward position, the bottom of the weight will rest on it. The
gauge is set so that when the bottom of the weight is at the water surface
the gauge height is indicated by the combined reading of the counter and the
graduated disc. The wire—weight gauge is used as an outside reference gauge
mounted normally on a bridge parapet, wall or pier.
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Figure 3.8 Typical electric—tape auge
Figure 3.7 Typical float—tape gauge. ¢ (Ig'i)ptone). P &g

Crest—stage gauge

The crest—stage gauge (Fig. 3.9) is a device for obtaining the elevation of the
flood peak of streams; it is simple, economical, reliable and easy to install. The
gauge consists of a vertical piece of 50 mm diameter galvanised pipe about 1.5—
2.0 m long containing a wooden or aluminium staff held in a fixed position
with relation to a datum reference. The bottom cap has six intake holes located
so as to keep the non-hydrostatic draw-down or superelevation inside the pipe
to a minimum. The top cap contains one small vent hole and the bottom cap
contains granulated cork. As the water rises inside the pipe the cork floats on
the water surface. When the water reaches its peak and starts to recede, the cork
adheres to the staff inside the pipe, thereby retaining the peak stage of the
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Figure 3.9 Typical crest—stage gauge.

flood. The gauge height of a peak is obtained by measuring the interval on the
staff between the reference point and the floodmark. Scaling can be simplified
by graduating the staff. The cork is cleaned from the staff before replacing the
staff in the pipe in order to prevent confusion with high-water marks that will
be left by subsequent peak discharges.

The datum of the gauge is checked by levels run from the bench mark to the
top of the staff, the graduated staff being of known length. The gauge is
serviced on a regular basis but is not normally removed when the stage is high
because when the staff is replaced when water stands high in the pipe the
resulting surge of the water displaced by the staff will leave an ‘artificial’
high-water mark on the staff.
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The station bench mark

The station bench mark is set in a position offering maximum security against
disturbances and is normally set in a concrete block that extends below the
ground surface to a level free from disturbance, or drilled into solid rock. If
possible, it is referred to the national Geodetic Survey (Ordnance Survey in the
UK) by accurate levelling. To facilitate levelling between the station bench mark
and the gauge zero, the bench mark is located in such a position that the
transfer of level is carried out by reciprocal levelling or with equally balanced
foresights and backsights. The level is transferred from the station bench mark
to the gauge zero by a closed levelling circuit, starting and finishing on the
bench mark, and with a closing error not exceeding 5 mm. The mean of
the two runs is taken as the difference in level between the bench mark and
the gauge zero.

Bench marks usually consist of specially made brass bolts or ordinary steel
bolts 100-150 mm long and 15 mm in diameter.

If the station is equipped with a water level recorder, an auxiliary bench mark
is established on the instrument shelf in order to check the water level recorder
for movement and to check the water level in the stilling well.

Gauge datum

The datum of the gauge may be a nationally recognised datum such as mean
sea level or an arbitrary datum plane chosen for convenience. An arbitrary
datum is selected for the convenience of using relatively low numbers for gauge
heights. To eliminate the possibility of minus values of gauge height, it is usual
to select the datum, for operating purposes, below the elevation of zero flow on
a natural control. Where an artificial control is part of the installation, the
gauge datum is usually set at the elevation of zero flow. This also applies to
measuring structures.

As a general rule, a permanent datum is maintained so that only one datum
for the gauge height record is used for the life of the station. An exception
occurs at gauge sites where low flow stages have a negative gauge height. In this
situation a change in gauge datum to eliminate the negative numbers is nor-
mally carried out. This avoids possible confusion involving the algebraic sign of
the gauge heights.

3.3 Water level recorders

The record of stage is normally produced by a water level recorder (‘logger’)
actuated by a float and counterweight or tensator spring system working within
a stilling well, the movement of the float being used to operate a recording
mechanism such as a pen or head which can produce either an analogue record
on a chart or a digital record. Essentially the recorder consists of a time element
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and a water height element which operate together and produce on the chart or
tape a record of the rise and fall of the water surface with respect to time. The
time element consists of a clock actuated by a spring, weight or electrical
mechanism, driving in the case of an autographic recorder either a chart drum
or a recorder pen, or in the case of a digital recorder, rotating a cam which
initiates the recorder pen. The water height element consists of a float, com-
bined with a counterweight or tensator device, and some form of mechanical
linkage to connect either directly or through reduction gearing to the recording
device.

An encoding or digitising device is used to convert the analogue measure-
ment of water level to a digital output. The recording device can be a pen or
pencil, in the case of an autographic record.

In solid-state loggers, water level data is transmitted from the sensor (float
and tape) via a shaft encoder to a solid-state medium in the form of a cartridge,
cachette or similar module.

Autographic recorder

The autographic recorder is the recorder used worldwide and supplies a con-
tinuous trace of water stage with respect to time on a chart. Usually the gauge
height element moves the pen or pencil stylus and the time element moves the
chart, but in some recorders this is reversed. The range of gauge height scales is
from 1:1 to 1:50, common recording scales being 1:1, 1:2.5, 1:5, 1:10 and 1:20.
Timescales vary according to the chart design but are normally not less than
48 mm for 24 h.

Most autographic recorders can record an unlimited range in stage by a
stylus-reversing device or by unlimited rotation of the drum.

Most strip chart recorders will operate for several months without servicing.
Drum recorders require attention at weekly or monthly intervals.

It is important that the chart be cut by the manufacturer in such a manner
that the direction in which the height is recorded is in accord with the machine
direction of the paper or material of which the chart is made. In the case of
strip chart recorders however, the timescale is always in the machine direction
since it is impossible for it to be otherwise.

Typical autographic water level recorders are shown in Figs 3.10 and
3.11.

Operation of float-operated water level recorders

In any recording system using a float to sense water level there are possible
sources of error which can result in a difference between actual and recorded
water levels. Some of these errors can be minimised by careful design of the
instrumentation and by proper operational procedures, but it is unlikely that all
can be eliminated and precautions are necessary to reduce such errors to
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Figure 3.10 Horizontal drum autographic recorder, Ott type X, with shaft encoder for
digital remote transmission.

Figure 3.1 Horizontal drum autographic recorder, Ott type X, with reversing tracing
mechanism. Recording of water levels not limited by length of drum. Line
traced at a distance of 5 mm from edge of chart indicates rising stage; line
traced at a distance of 8 mm from edge of chart indicates falling stage.
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acceptable limits. Errors caused by the float system can result from various
combinations of possible faults:

(a) a change, from its initial setting, in the depth of submergence of the float in
the water;
b) submergence of the counterweight and float line;
) backlash in the gearing;
) friction in the mechanism;
) inadequate diameter of the float or badly matched float and counterweight;
) overriding or displacement of wires on the float or counterweight pulleys;
) overriding or displacement of the wires on the pen carriage movement;
) kinks in the float suspension cables;
build-up of silt on the float pulley affecting the fit of the float tape
perforations on the sprockets.
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A number of these faults can cause a lag both in the response of the float to
changing water levels and in the response of the recording head to changes in
float position. The result of this lag is to produce a difference between the
indicated height on rising and falling stages, the sign of the error being depend-
ent on the conditions of stage at the time of the original setting of the recorder
(see also Chapter 5). The error can be systematic and is of particular import-
ance during a period of recession to low summer levels when comparatively
small errors in water level can produce large relative errors in discharge.
Because of this, there is some advantage in setting the recorder on a falling
stage.

Float lag varies directly with the force (F) required to move the mechanism of
the recorder and inversely as the square of the float diameter (D). F commonly
ranges from 0.03 to 0.15kg depending on the type and condition of the
instrument. The equation for maximum float lag error (MFLE) is

F
MFLE = (0.002 56) —

where MFLE and D are expressed in metres, and F is expressed in kilograms.

If we assume a value of 0.08 kg for F and a value of 0.2m for D, MFLE equals
0.005m. If the recorder is set to the true water level while the float is rising, the
record on a falling stage will be in error by +0.005m. If, however, the index is set
at the true level at a stationary stage — that is, at the peak or trough of a
changing stage, or when the valves in a stilling well are closed — then the error
will be halved on a changing stage. The error will be +0.0025 for falling stages
and —0.0025 for rising stages.
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Line shift

With every change of stage a part of the float tape passes from one side of the
float pulley to the other, and the change in weight changes the depth of flotation
of the float. The correction for this error depends on the magnitude of change
in stage (H) since the last correct setting of the recorder, the unit weight () of
the tape, and the float diameter (D). The error will be positive (+) for a rising
stage and negative (—) for a falling stage. The equation for line shift error

(LSE) is

LSE = (0.002 56) — AH

u
D
where LSE, D and H are expressed in metres, and u is expressed in kilograms

per metre. If we assume a value of 0.013kg m™ for u, a value of 15m for AH and
a value of 0.2m for D, LSE equals 0.0124m.

Submergence of the counterweight

When the counterweight and any part of the float line become submerged as the
stage rises, the pull on the float is reduced and its depth of flotation is increased.
The converse is true when the submerged counterweight emerges from the
water on a falling stage. Thus the error caused by submergence or emergence is
opposite to that of the line shift error and tends to compensate for the line shift
error. The submergence error is dependent on the weight of the counterweight
(¢) and the float diameter (D). The equation for submergence error (SE) is

C
SE = (0.000 118) —

where SE and D are expressed in metres, and ¢ is expressed in kilograms. If we
assume a value of 0.6 kg for ¢ and a value of 0.2 m for D, SE equals 0.0018 m.
Although not related to errors inherent in a float-operated stage recorder, it
might be mentioned here that error in recorded stage may be caused by expan-
sion or contraction of the stilling well of a tall gauge structure that is exposed
to large temperature changes. For example, a steel well 25m high, exposed to an
increase in temperature of 40°C, will have its instrument shelf raised 0.012 m,
assuming, of course, that the instrument shelter is attached to the well.
Backlash is caused by badly cut or badly paired gears and produces an error
on either the rising or the falling limb of the hydrograph. Friction is a function
of the design of the mechanism and, more particularly, the quality of the
maintenance given, and has to be overcome by the driving force developed by
the float. The driving force depends on the buoyancy of the float and, on a float
of regular diameter, varies directly with the depth of flotation and with the
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square of the diameter at the water surface. With changing water levels, the
depth of flotation is affected by the change of weight induced by the shift of the
suspension line from one side of the float pulley to the other or by submergence
of part of the line and its counterweight. To some extent the friction factor
increases with the weight of the pulley shaft which varies directly with the mass
of the counterweight. For the best results, therefore, the instrument needs to be
maintained to a high standard, the float needs to be as large as practicable and
the counterweight needs to be as light as possible, consistent with being able to
fully tension the suspension cables or tapes, which require to be light and
flexible.

There are many other sources of error which require to be recognised and
taken account of. On analogue recorders, for example, the main sources of
error are:

(a) improper setting of the chart on the recorder drum;
(b) improper joining of the chart edges;

(c) distortion and/or movement of the chart paper;

(d) improper setting of the pen on the chart;

(e) distortion or misalignment of the chart drum;

(f) faulty operation of the pen system;

(g) clock inaccuracy.

From the point of view of accuracy and consistency most analogue recorders, if
selected after careful consideration of the conditions in which they have to
operate, can be expected to sense and record a changing water level with suf-
ficient accuracy for most streamflow purposes. It must be realised, however,
that this will be so only with a high standard of maintenance and adequate
checking. The performance of all instruments deteriorates with age and water
level recorders are no exception.

On each visit, the field operator checks that the recorder is functioning prop-
erly, the clock is at the correct time and the record shown on the chart is legible
and accurate. The reference gauge(s) is/are read, the reading compared with
that shown by the recorder and the information entered on a check sheet with
the relevant times. The use of a portable stilling box will increase the accuracy
of reading if surface waves are present.

On a chart recorder the gauge readings can be related exactly to the chart
trace by raising and lowering the float wire to mark the chart with a vertical
line. If the readings do not agree with an acceptable tolerance, further investiga-
tion is carried out until the source of the error has been found. This is done
systematically by reference to the errors listed above, but particular attention
should be paid to the intake pipe and stilling well to ensure that they are not
obstructed and to the float to check that it is not stuck, damaged or has debris
lodged on it.
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Procedure for routine chart changing

After installation of the recorder a routine is introduced for changing charts or
tapes, taking check readings of stage from the reference gauge and providing
regular maintenance. The procedure adopted depends on the ability and
experience of the personnel employed.

To ensure efficient and continuous operation of the recorder it is advisable to
furnish each observer with printed instructions detailing a specific routine
which has to be followed. The exact nature of the routine depends on the type
of instrumentation but consists essentially of checking the condition of the
recorder and its installation, or recording on the check sheet details of reference
gauge readings, and of chart or tape changing. It is imperative that this is done
on a regular basis so that a breakdown does not last long enough to cause a
significant gap in the water level record. Where possible, additional visits are
made between chart-changing periods to verify and record that the recorder is
operating satisfactorily. The following routines are designed for specific types
of analogue recorders but the same principles apply generally.

Analogue recorders

a) Read the outside reference gauge, cleaning if necessary.

(b) Read the inside reference gauge if one is installed.

(c) Read the indicated level on the chart and compare with the above. If the
readings do not agree find the cause and remedy it.

(d) Check that the clock is running and read the time indicated by the pen on
the chart.

(e) Enter all readings of water level, recorder time and clock time on the check
form and/or the chart. For this purpose the operator is provided with a
reliable watch checked to local time.

(f) Mark the chart with a short vertical line by raising the float wire.

(g) Remove the stylus from the chart.

(h) Remove the chart drum from the recorder.

(i) Remove the chart from the drum by cutting cleanly with a sharp blade. Do
not cut at the joint as it is essential to be able to examine the joint to
determine any error.

(j) Place the new chart on the drum, making sure that it fits properly on the
rim and that it matches at the joining edges.

(k) Rewind the clock.

(I) Check the stylus assembly to ensure that it is working properly and
recharge with ink if necessary.

(m) Replace the chart drum on the recorder.

(n) Check the float and counterweight assembly and clean the float if
necessary.

(0) Clean and oil the recorder mechanism according to manufacturer’s

instructions.
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Rotate the drum anticlockwise to eliminate backlash.

Reset the stylus on the chart at the correct time and level.

Enter the readings of water level and time on the new check form and/or on
the new chart.

(s) Before leaving the station check that the instrument is working

properly.

SHCNC)

Comparison of inside and outside water levels

In most countries the outside reference gauge is considered as the base gauge
and the water level recorder set and checked against this gauge. However, in
some countries the practice is to use an inside gauge in the stilling well such as
the float gauge, for checking and resetting the recorder. In this case the inside
gauge is the reference gauge. A reference mark or reference point of known
elevation with respect to gauge datum is often used as an inside gauge and the
stage determined by measuring from the reference mark down to the water
surface in the stilling well.

The reason for the practice of using the inside reference gauge rather than
the outside reference gauge as the base gauge for the recorder is that the water
level recorder gauge heights are used to determine discharge. If differences
exist between inside and outside stages, these differences will be known only
for those times when both gauges are read. If the outside gauge is used as the
base gauge, corrections, known or assumed, require to be applied as necessary
to recorded gauge heights to convert them to outside stages. If there is a
significant difference between inside and outside gauge readings, the stage—
discharge relation is first developed on the basis of outside gauge readings
observed when discharge is measured. The relation is then adjusted to
correspond with inside gauge readings observed at the times of discharge
measurement.

Clearly the problem does not arise if both outside and inside gauge readings
always correspond, which is the aim in good design practice of stilling wells and
intake pipes.

Servomanometer or servobeam balance (bubble gauges)

The gas purge (bubbler) gauge offers advantages over the more commonly used
float-operated recorders in certain circumstances. The instrument does not
require a stilling well and can be located at some distance from the point of
measurement. All pressure-actuated water level recorders operate on the prin-
ciple that the water level is directly proportional to the pressure at a fixed point
below the water surface. A gas purge system is used to transmit the pressure at a
dip tube or orifice from beneath the surface to a point on the bank. The
principle is shown diagrammatically in Fig. 3.12 where p, is the atmospheric
pressure, H is the difference in elevation between the instrument and the orifice
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Figure 3.12 A simple gas purge system connected to a differential mercury manometer and
to a pressure sensor. H, difference in elevation between instrument and orifice;
h, height of pressure side of instrument; h,,, height of water column above
orifice; h,, elevation of orifice; p,, pressure at orifice; p,,atmospheric pressure at
instrument.

and 4 is the height of the pressure side of the instrument. Now if p is the density
of mercury and p, is the recorded pressure, it can be shown that

p. = pgH—h) (3.1)

where g is the acceleration due to gravity. Major units of the bubble gauge are
shown in Fig. 3.13.

In the servomanometer-type gauge, reaction pressure is sensed by a man-
ometer. Mercury is normally used as the manometer liquid in order to limit the
physical size of the equipment. The manometer has a pressure sensitivity of 1/
13.6 times that of water and can be used to sense ranges in gauge height in
excess of 35 m. Figure 3.14 shows diagrammatically one form of manometer
gauge in which changes of reaction pressure cause changes in the level of
the mercury in the reservoir and hence in the monitoring column. The level of
the mercury in the monitoring column is 1/13.6 times that of the change in the
natural water level. The mercury surface in the column is followed by a needle/



114 Measurement of stage

LT

Figure 3.13 (a) Major units of bubble gauge interfaced to Leupold and Stevens Type A
recorder.

point gauge, driven by a servo which in turn is coupled to a digitiser or chart
recorder.

In another form, the needle/point gauge contact is fixed, and the mercury
reservoir is positioned by a servosystem to maintain a null position at the
mercury surface contact point. The servomotor is again coupled to a digitising
unit or to the drive shaft of an analogue recorder or shaft encoder.

Several servomanometer-type bubbler gauge sensors, differing in detail from
those described above, are commercially available.

Sensing orifice

The sensing orifice or dip tube is located in such a position that the head of
water above it represents the stage to be measured. It is positioned where it is
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Figure 3.13 (b) Typical installation of a servomanometer bubble gauge.

unlikely to be silted over or where there is unlikely to be undue turbulence or
strong current action. It is recommended that the orifice be orientated at right
angles to the direction of flow. In unstable streambeds it may be advantageous
to place the orifice in a vented well point driven into the bed.

The orifice is fixed in position but normally incorporates a facility for simple
recovery for inspection and testing. When replaced it is seated carefully in its
former position. The orifice is designed to minimise the effects of surface ten-
sion on the formation of bubbles at widely differing gas flow rates and under
widely differing pressures.

From the source of the gas supply, the tube is given a continuous downslope
to the measurement point. When the indicator or recorder is situated some
distance from the point of measurement, the gas supply enters the system near
the orifice. When two tubes are used, one for the gas supply, the other linked to
the reaction pressure sensor, they are joined by a T-connector, from whose



116 Measurement of stage

Figure 3.13 (d) Bubble gauge with Hydro-Logic Isodag Hawk XT logger.
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Figure 3.13 (e) Bubble gauge bubble pipe of bubbler installed at a dam.

vertical leg a single tube extends to the orifice. The T-connector is located above
the normal high-water elevation to prevent the entry of water into both legs of
the system if pressure loss occurs. Additional valves are provided so that the
static pressure tube can be separately purged, if necessary.

Gas supply

A supply of inert gas, usually nitrogen, or air is fed to the orifice at a pressure
slightly greater than the maximum head to be measured. A continuous flow of
gas to the orifice is necessary to prevent the liquid entering when the level is
rising. At a constant rate of gas flow, the pressure in the system will rise at the
same rate of increase as the head of water above the orifice.

The flow of gas from the orifice is adjusted so that on average one bubble per
second is emitted. The rate of emission, however, is never less than one bubble
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Figure 3.14 Diagrammatic illustration of the gas purge (bubbler) servomanometer water
level gauge.

per 3 s. A faster rate may be needed when the level variation is rapid. When the
gas flow is adjusted correctly, the recording gauge will fluctuate slightly each
time a bubble leaves the orifice. This fluctuation is an indication that the
instrument is operating satisfactorily.

Where air is used as the operating gas, it may be supplied using an air
compressor. This arrangement is only practical if a mains source of electricity
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supply is readily available. Normally a cylinder of compressed nitrogen gas is
used for supply purposes.

A log of the gas feed rate, gas consumption and gas cylinder replacement is
maintained in the instrument house to ensure a continuous supply of gas and to
help in checking for leakage in the system. There can be no serious leak in the
gas purge system if the manometer operates to indicate stage correctly, and if
the gas consumption, based on the average bubble rate over a period of time,
corresponds with the gas consumption computed from the decrease in cylinder
pressure. If a gas leak is evident, its location can be determined by isolating
various parts of the gas purge system by the sequential closing of valves.

Effects of temperature changes

There are several ways in which temperature changes can affect the accuracy of
data produced by pressure-actuated stage devices. Changes in the temperature
of the water flow produce changes in water density. The temperature effect is
small even for large changes (less than 0.5% for 30°C change) and as water
temperature generally does not change quickly, the effect is virtually eliminated
when the instrument is inspected and the correct stage noted.

Another temperature effect is that caused by temperature changes of the gas
in the gas purge system. An instrument will tend to under-register more as
gas temperature increases. This effect cannot be evaluated rigorously, as the gas
temperature will change as the gas moves through the bubble tubing to the
orifice.

The servomanometer is subject to a temperature effect caused by density
changes in the mercury used in the system. This effect will cause the instrument
reading to be incorrect and the servomanometer will over-register for an
increase in temperature and under-register for a decrease. Generally this error is
eliminated by observing the correct level at the time of visits to site.

Since the density of the water which the sensor is to measure will vary with
temperature and also with chemical and silt contents, either an automatic or a
manual means of compensating for these changes is provided.

Atmospheric pressure effects

The gas purge system is subject to the effects of changes in atmospheric pres-
sure throughout the period of operation of the instrument. These changes are
less than £1%; the purge system is not sensitive to changes of this magnitude.

Variations in gas friction

Friction created by the flow of gas through the bubble tubing results in the
pressure at the manometer being slightly higher than that at the orifice. The
effect is aggravated by using long lengths of narrow-bore tubing. Inaccuracies
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due to variation in gas friction can be eliminated by using two gas tubes — one
to feed gas to the bubble orifice, the other to act as a static pressure tube which
transmits pressure from a point near the orifice back to the manometer.

As a conservative criterion for determining when the use of dual tubing is
desirable, it is suggested that if an error no greater than 3 mm results from a
100% increase in bubble rate a single bubble tube will be satisfactory. During
rapid rises in stage the instrument will lag if the bubble feed rate is too low.
Manufacturers normally state the bubble rates required for a range of rates of
increase of stage. Generally the rate of increase of stage that a given bubble rate
will support increases directly with stage.

Effects of flow past the orifice

In general when the orifice points downstream the readings may display a small
negative error of up to about 3% under a wide range of velocities in smooth
and turbulent flows. When the orifice points upstream the readings may display
a small positive error of up to about 4% in velocities of up to 3 m s~ but above
this velocity errors increase rapidly. The proper placement of the orifice is
therefore essential for an accurate record of stage and it is preferable to set the
orifice at right angles to the flow and better still to mount it flush with the wall
of the mounting structure.

Effects of rapid changes in stage

The response of the gas purge system is primarily related to the depth of water
over the orifice. As the depth increases, the effects of wave action tend to be
increasingly damped. Furthermore, some instruments such as the servoman-
ometer and some servobeam balance units have an electronic delay circuit that
tends to eliminate the effects of wave action.

When the pressure at the orifice drops, the gas purge system responds almost
instantly by releasing a burst of bubbles at the orifice. The water level recorded
by the instrument will then fall to the correct level within the response time of
the system. In the case of increasing pressure, water is drawn into the purge
tubing and is expelled gradually as the gas pressure builds up in the system. The
response of the instrument to a rise in stage may therefore be slower than its
response to a fall in stage. Increasing the bubble rate will shorten response time.

The rate of response of the servomotor also characterises the response time
of the instrument as a whole. For example, the servomanometer may move the
mechanism quickly enough to follow a change in stage of about 20 mm s™'. For
some very flashy streams, however, it may be necessary to use a higher than
normal power supply with a special servocontrol to ensure that the servomotor
can keep pace with the change in stage. A typical bubble gauge linked to a strip
chart autographic recorder is shown in Fig. 3.15 and an installation sketch is
shown in Fig. 3.16.
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Figure 3.16 Schematic illustration of a typical bubble gauge installation.
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Most bubble gauges if properly maintained will give a discrimination of
110 mm or better.

Pressure transducers

The pressure transducer is a general term applied to devices which convert
changes in water pressure and hence water level into changing electrical signals
which can be recorded remotely from the point of measurement. There are
several different types of transducer distinguished in the way each converts the
mechanical pressure signal into an electrical output. Several types of transducer
are described and recommendations made on the most suitable types for open
channel water level measurement.

An electrical pressure transducer may be considered as having two main
components: the force summing device which responds to the phenomenon to
be measured, and the sensor which converts the output of the force summing
device into the electrical signal. There are several designs for each component
part which may be used in a range of combinations. Some systems are more
suitable than others for water level measurement. Figure 3.17 shows some of the
many combinations of force summing device and electrical sensor, which are
preferable for water level sensing. Many of the transducers incorporate
compensation for temperature-induced errors. Not all designs of pressure
transducer are suitable for water pressure measurement.

The transducer may contain signal processing electronics which change the
low-level sensor output into a form suitable for transmission over long dis-
tances. For short-distance transmission or high-output transducers, the sensor
output is connected directly to the recorder. All current transducer design
represents a compromise between transducer stability and electronic stability.

In all transducers, water pressure and hence level is measured with respect to
one of three references; this reference gives the transducer classification:

(a) vented gauge — reference to atmospheric pressure
(b) sealed gauge — a fixed known pressure
(c) absolute — vacuum.

Since all open channel flows are subject to atmospheric pressure, the vented
gauge type is the most suitable for application to water level measurement. If
sealed gauge or absolute gauge types are used, atmospheric pressure compensa-
tion arrangements are required. The vented gauge type incorporates a vent pipe
(generally integral with the electrical signal output cable) whose open end is
secured in a position above the highest water level and capped to prevent the
entry of any particulate matter or insects and other organisms. Precautions
need to be taken to eliminate the occurrence of condensation in the vent tube
and the reference chamber of the transducer.



Water level recorders 123

/ pP—>

P—>

(b) (e)

{©

Figure 3.17 Possible electric pressure transducers for water level measurement. (a)
Welded diaphragm operating: strain-gauged beam (shown); discrete gauged
diaphragm; diffused semiconductor diaphragm; wire-wound element. (b) Cap-
sule operating: variable differential transformer (shown); variable capacitor. (c)
Integral diaphragm and: variable inductance sensor (shown); oscillating wire. (d)
Bowdon tube and variable resistor. (e) Bellows and vibrating quartz crystal.

Transducer selection for water level measurement

The following are the criteria necessary in the choice of transducer:

(a) Pressure range. A transducer is selected whose permitted maximum over-
pressure rating is in excess of the greatest head likely to be encountered at
the measurement site.

(b) Non-linearity. The deviation of a calibration curve from a straight line;
independent based or zero based.

(c) Hysteresis. The deviation between an ascending and a descending calibra-
tion curve.

(d) Span error. The deviation from a predetermined output change measured
between zero and full-scale pressure.

(e) Repeatability. The difference between the outputs at identical pressures
during successive pressure cycles.

(f) Thermal zero and span shift. The effects of zero shift and span shift due to
temperature changes within the operating range.
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(g) Long-term stability. The zero and span errors occurring over 1 year.

(h) Thermal stability. The errors of zero and span as a result of thermal cycling.

()  Suitability for measurement in water. Care should be taken in transducer
selection; its housing assembly and cable sheathing should be suitable for
immersion in water to pressures at least 50% greater than the maximum
pressures being measured. Suitable anchorage points require to be provided
for cables liable to flexure.

The final choice of transducer for water level measurement will result from a
best compromise of the criteria outlined above. Amongst the suitable pressure
sensors in current manufacture, the highest performance is achieved by the
resonating quartz transducer.

Sources of error in pressure transducer measurement of
water level

The error response results from the effect of flow past the transducer pressure
port and may be reduced to a minimum by aligning the transducer in such a way
that the flow takes up a direction parallel to that of the pressure sensing surface.
Alternatively, the transducer may be mounted in static conditions, for example
in a stilling well.

The accurate functioning of the pressure transducer is subject to the effects
of waves and other disturbances. These should be minimised using hydraulic or
electronic techniques. Variations of water density can cause errors of depth
measurement, for example in tidal estuaries or in heavily sediment-laden flows.
Sea water of 35 parts per thousand salinity has a density 2.5% greater than
fresh water. Water with a sediment content of the order of 1000 parts per
million exhibits a density of 0.1% above that of freshwater. Parallel measure-
ments of these variables are necessary to effect appropriate correction to the
observed pressure values.

Ultrasonic water level gauge

In the ultrasonic water level instrument (Fig. 3.18), the sensor is located at
either a fixed point above the water surface or a fixed point below the surface
depending on design. In operation the instrument generates an acoustic pulse
which is directed by the sensor at the water surface. The pulse is reflected from
the surface back to the sensor. The time of travel from transmission to reception
is electronically measured by the instrument. From a knowledge of the velocity
of sound in air or water, as the case may be, the distance between sensor and
reflecting water surface can be computed. The time measurement is converted
electronically into a distance signal, which can be adapted to drive an analogue
recorder, or coded into digital form for recording on magnetic tape or other
form of digital ‘memory’ device.
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Figure 3.18 Schematic illustration of a typical ultrasonic water level gauge.

In order to obtain data of acceptable accuracy certain corrections and
adjustments are necessary. The velocity of sound in air or water changes with
density. Hence temperature, humidity and the presence of other gases all affect
the accuracy of the method. Corrections can be readily made for temperature
changes. The velocity of sound varies by approximately 1% for each 5°C
change in temperature. Compensation for other variables is not easily
effected.

In order to ensure effective reflecting characteristics, the beam width of the
ultrasonic pulse is narrow, thus avoiding extraneous reflections from surround-
ing objects. Maximum echo strength is obtained when the reflecting water
surface is flat and at right angles to the direction of travel of the pulse; if waves
occur on the surface of the water during measurement it is likely that no echo
pulse will be received by the sensor due to scattering. Similarly, if transmission
takes place through air moving across the direction of travel of the pulse, it is
possible that little or no echo signal will be received due to deflection of the
beam. For a given wavelength of emission, the strength of the echo signal is not
only dependent on the above conditions, but also on the reflective properties of
the surface to be measured and the distance between sensor and surface.

The acoustic transmitter and receiver are normally encapsulated in a single
unit. The initial and echo pulses are both routed through the one sensor which
is linked by coaxial cable to the pulse generator and control system. Tempera-
ture compensation is also normally incorporated into the sensor but, because of
the high thermal capacity of the sensor block, the instrument will not readily
respond to rapid temperature changes.

The sensor range and span vary according to instrument but individual
sensors may be tailored to specific ranges and spans.

The electronic control circuitry performs a number of functions:
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(a) generation of the acoustic pulse;

(b) electronic measurement of the time between acoustic pulse transmission
and reception of the echo signal;

(c) adjustment of the time value for changes in temperature as sensed by a
temperature correction device in the ultrasonic sensor;

(d) adjustment system to adapt the instrument to site conditions of range,
span and echo strength;

(e) conversion of the adjusted timing signal (measure of the distance from the
sensor to the water surface) to the appropriate signal to drive a recording
device;

(f) arrangement to switch the equipment to the quiescent state of operation
between sampling, thus saving battery power;

(g) memory system to prevent erroneous recording in the event of the
occurrence of a ‘lost echo’.

The data recording device may be:

(a) a servo-operated chart recorder

(b) a magnetic tape recorder

(c) a solid-state memory recording device (Section 3.5).

A number of operational features are considered important:

(a) ability to calibrate the instrument manually under carefully arranged
conditions, with all appropriate controls;

(b) ability to check the echo strength;
(c) ability to check the battery voltage under load conditions;
(d) ability to adjust the frequency of measurement.

The electronic control and recording systems may be located at some distance
from the sensor. This may result in sensor and recording devices being operated
under differing environmental conditions. With the control equipment and
recorder connected by coaxial cable only, it is possible to effect a high level
of sealing in the equipment thus obviating problems resulting from humidity
and dust.

3.4 Optical shaft encoders

The linear movements of a conventional float or point gauge surface level
sensor, which respond to variations of the water surface level, are converted into
angular movements of a shaft and are monitored by a ‘shaft angle transducer’.

The term ‘shaft angle transducer’ is a generic one; there are a variety of
devices which give a variable electrical signal output in response to the rotation
of a shaft. For reliability and high resolution the most suitable form of
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transducer is the optical shaft encoder. Optical shaft encoders are classified as
‘incremental’ or ‘absolute’ and their output can be displayed and recorded on
electromechanical or electronic solid-state recorders.

The principal features of an incremental shaft encoder are shown in Fig. 3.19.
The device comprises a glass disc mounted on a shaft, the rotation of which is
to be monitored. A number of radiating lines etched on to the glass disc divide
them into alternating opaque and transparent sectors. Divided in this way, they
are referred to as ‘gratings’. Light from a ‘point’ source illuminates an area of
the grating and is received by an array of light-sensitive cells placed on the
opposite side of the gratings. On rotation of the disc the cells are alternately
exposed to the light and shielded from it. The output from the light-sensitive
cells is a series of pulses whose resolution depends upon the number of lines
comprising the gratings. Since incremental encoders produce only one pulse per
unit of angular rotation, i.e. one grating interval, signal integration is necessary
to provide a continuous measure of shaft position. Since a rise or fall in water
surface level will result in forward or reverse rotation of the shaft, it is essential
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Figure 3.19 Schematic illustration of principal features of an incremental optical shaft
encoder.
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that the encoder has the capability of subtracting as well as adding incremental
pulses. The disposition of the detector array and the design of the associated
electronics can achieve this function. To present the output from an incremental
encoder as a digital display or to record it in a form suitable for subsequent
retrieval and examination, it is necessary to convert the encoder output into a
recognisable code by a further stage of electronic translation.

The resolution of the incremental shaft encoder, or the smallest detectable
rotation of the shaft, will depend upon the number of lines comprising the
grating; this is commonly as high as 10 000 and may even exceed 30 000. Further
enhancement of resolution can be achieved by electronic multiplication.

The absolute optical shaft encoder shares a similar principle to the incre-
mental encoder. In this instrument the grating is replaced by a glass disc carry-
ing a series of circular tracks which are divided into a regular pattern of opaque
and transparent areas, as shown in Fig. 3.20. A small area of each track is
illuminated. On the opposite side of the disc is a light-sensitive cell which
monitors each track. As the coded disc rotates, the light-sensitive cells corres-
ponding to the transparent areas of the track will transmit a signal, whilst the
light-sensitive cells corresponding to the opaque areas will transmit no signal.
The pattern of ‘signal’ and ‘no signal’ or ‘on’ and ‘off’, as defined by the
disposition of opaque and transparent areas of the tracks, is a binary device
which can be readily displayed or recorded.

To drive the shaft encoder a conventional float or other sensor may be
employed. The sensitivity of the shaft encoder system is limited by the sensitiv-
ity of the primary sensor and incremental movements of 21 mm in the tape or
wire-drive can be detected and transmitted.

Data retrieval

Extracting data from recorder records is sometimes difficult and tedious. It is
not easy to achieve the necessary accuracy. Automatic coordinate plotting
equipment (digitisers) may sometimes be used to advantage for taking data
from charts.
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Figure 3.20 Schematic illustration of an absolute optical shaft encoder (half disc shown).
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At gauging stations, solid-state loggers are now used in which data are
recorded, stored, and subsequently replayed on command and the data
transmitted over a telemetry link.

3.5 Solid-state recorders (loggers)

A new generation of recording devices is available capable of accepting and
storing data within an entirely solid-state system. Such devices have no moving
parts, and, as a result, are not subject to the shortcomings of mechanical or
electromechanical devices. The advantages of solid-state storage include no
wearing parts, unlimited life, physical robustness and portability, low power
consumption and easy data retrieval. They represent significant advances in
data collection and storage technology and contribute significantly to general
scientific advancement.
In simplest form, the function of the solid-state recorder comprises:

(a) the receipt of an input signal produced by a suitable sensor;

(b) the conditioning of that signal to compatibility with the recording format;
(c) recording of time-control/parity information;
(

(

&

recording of data in a solid-state memory;
e) site identification data recording in the data memory; a recorder may be
purpose-made for a single dedicated application.

In more sophisticated form the mode of operation of the recorder may be
controlled by an integral central processing unit which executes the process
entirely electronically. The mode of operation of the processor may be changed
by suitable alteration of the instructions within the recorder circuit systems.
Elements of the system contain:

(a) a unique timing control system, programmed to correct for month length
and leap years;

(b) input signal processing which controls the input signal conditioning (signal
identification, signal damping, signal values relating to stored calibrations);

(c) sampling strategy (basic control of the sampling frequency with the option
of more frequent sampling at critical values);

(d) transfer of data to memory.

Input signals

Being a digital device, the solid-state recorder accepts suitable signals of a
digital form. Analogue signals require appropriate conditioning through an
analogue-to-digital converter with suitable encoding.

The ‘logger’ may need to store primary values of input signals but record
only a single time-integrated value within the memory. Similarly it is necessary
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to damp out any rapid oscillations in input values if these are not representative
of the true variations in water levels.

Solid-state recorders have a facility for inputting suitable test data in order to
check the correct functioning of the equipment. Such test data are designed to
produce a complete operational check of all systems of the recorder. It is also
possible to check the state of internal power supplies and to input station
identification data in order to label the data memory.

Data memory

The data memory may be integral with the instrument or may be detachable
for ease of return to the processing centre. The memory store may be continu-
ously powered or powered only during the actual write/store cycle. Special
safeguards are available to protect data in a memory requiring continuous
power support.

Some memory devices are completely non-volatile in nature and these will
retain data for an indefinite period. In others data can only be retained for a
limited period before degradation sets in. Increased data storage accuracy is
obtained as the number of bits in a word is increased. The stored data word
usually includes a sign bit and a parity bit for subsequent checking. The data
memory is capable of accepting an unlimited number of read/erase cycles.

There are several alternative methods for returning stored data to the pro-
cessing centre. The choice will usually be determined by economic consider-
ations and site accessibility. A need for continuous uninterrupted operation
will also influence the technique used. The following alternatives are
available:

(a) the complete logger is returned to the processing centre for data extraction;

(b) a separate data storage unit is taken to the ‘logger’ and data transferred to a
secondary store for subsequent return;

(c) the storage device (cartridge) itself is extracted from the ‘logger’ and
returned, while it is replaced by an unused memory. (If the memory
requires to be continuously powered, the storage device contains its own
internal power supply.)

The potential flexibility of solid-state recorder systems enables a greater
breadth of data to be gathered than previously. With appropriate system design
the following information can be gathered and processed for storage:

(a) site location and serial number;

(b) actual data and time of record commencement (date corrected for
month length and leap years; time corrected for specific time zones or
energy-saving arrangements);

(c) data inputs received from the water level sensor to be processed and
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recorded as representative water levels related to the datum of the
recorder;

(d) date and time of each water level recording check signal at beginning and
end of each record batch, which may include the total number of level
recordings within the memory;

(e) in order to simplify a complete understanding of the collected data it
may be advantageous to record site observations of air and water
temperatures.

Typical solid-state recording systems for stage measurement at a streamflow
station are shown in Fig. 3.21. In Fig. 3.22 solid-state recorders (loggers) are
shown which are normally used at sewage treatment and water works. These
are usually programmed to give digital displays of head, flow and total flow.
Streamflow recorders are normally battery operated whereas in sewage treat-
ment and water works ‘loggers’ are mains operated.

Figure 3.21 (a) Yangtze River at Hueng Ling Miao, China showing logger.
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Figure 3.21 (b) Yangtze River at Hueng Ling Miao, China showing shaft encoders.

3.6 Stilling wells and intakes

The function of a stilling well is to accommodate the water level recorder and
protect the float system, to provide within the well an accurate representation
of the mean water level in the river and to damp out natural oscillations of the
water surface. The function of the intakes is to allow water to enter or leave the
stilling well so that the water in the well is maintained at the same elevation as
that in the stream under all conditions of flow, and to permit some form of
control with which to limit lag and oscillating effects within the well.

The well itself can be constructed from any suitable building material such as
concrete blocks, bricks or stone, or fabricated from sections of concrete, steel,
fibreglass, galvanised iron or similar type of pipe. It can be set into the bank of
the stream or directly in the stream when attached to a rigid support such as a
bridge pier or abutment. When placed in the bank it should have a sealed
bottom to prevent seepage into or leakage out of the chamber and should be
connected to the stream by one or more intake pipes; when placed directly in
the stream the intakes may take the form of holes or slots cut in the well itself. It
is essential that the well remains stable at all times and it must therefore be
firmly founded when placed in the bank and firmly anchored when standing in
the stream (see Fig. 3.23). Its dimensions should allow unrestricted operation of
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Figure 3.21 (c) Han River at Xian Tao, Wuhan, China showing logger.

all equipment installed in it and it is recommended that where a single float is
used within the well the clearance between walls and float should be at least
75 mm, and where two or more floats are used clearance between them should
be at least 150 mm. In silt-laden rivers it is an advantage to have the well large
enough to be entered and cleaned.

The well and all construction joints of well and intake pipes are made water-
tight so that water can enter or leave only by the intake itself. The well should
be vertical within acceptable limits and have sufficient height and depth to allow
the float to travel freely the full range of water levels. The bottom of the well
should be at least 300 mm below the invert of the lowest intake pipe to provide
space for sediment storage and to avoid the danger of the float grounding at
times of low flow. The well itself should not interfere with the flow pattern in
the approach channel and if set behind a control should be located far enough
upstream to be outside the area of draw-down to the control.
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Figure 3.21 (d) Typical logger (Environment Agency, Thames UK).

To ensure continued operation of the system if the lowest intake pipe
becomes blocked it is often advisable to install two or more intakes, one
vertically above the other. The lowest intake is located at least 150 mm below
the lowest anticipated stage. In cold climates this intake should be below the
frost line.

Stations installed on streams carrying a significant amount of fine sediment
(silt and clay) should be provided with a means of cleaning the stilling well and
intake pipes. The following methods are in general use:

(a) Flushing devices whereby water under considerable head can be applied to
the well end of the intake pipes. Ordinarily, the water is raised from the
well to an elevated tank by use of a hand-pump. The water is then released
through the intakes by the operation of valves. Water may also be raised
from the stream by use of a length of hose connected to the pump or
carried in buckets if a pump is not installed.
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Figure 3.21 (e) Ott Kalesto radar water level gauge.

(b) Pumping water through the intake pipes.

(c) Building up a head of water and stirring up deposited silt in the well with a
stationary hand-pump or a small engine-driven portable pump to force an
obstruction out of the intakes.

(d) Hand cleaning of well and intake pipes by the use of shovel and bucket,
and flexible steel rods.

Figure 3.24 shows a recommended design for a stilling well and Figs 3.25-3.31
show gauging stations with different types of stilling well. Stilling wells will
often fill with sediment, especially those located in arid or semi-arid regions. A
well placed on a stream carrying heavy loads of sediment must be cleaned out
often. In such cases, a sediment trap can greatly reduce the work of removing
the sediment. A sediment trap consists of a large box-like structure located
between the intake and the stilling well. Inside it, baffles are fitted to promote
settling before the sediment reaches the stilling well. The trap is made to open
for easy access and removal of the deposited material.

To reduce and eliminate the silting problem of stilling wells, the vertically
hung pipe well has proved practical (Fig 3.28 and 3.29). This is a 40 cm diameter
steel pipe provided with a so-called hopper bottom that will, in general, keep
itself clear of silt. Figure 3.32 shows a hopper bottom of a 40 cm diameter steel
pipe well with a 25-50 mm inlet hole at the point of the hopper. If such a well is
placed in flowing water, the increased velocity under the point of the hopper
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Figure 3.24 Typical design of stilling well installation in river bank with two intakes and
flushing valves.
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Figure 3.25 Streamflow station (UK) showing instrument house over stilling well, ramp
gauge with access steps and cableway. Note upper intake pipe installed as a
precaution should lower intake become choked with sediment or debris.

prevents the inlet from being choked from the outside, and the steep slope of the
bottom combined with small oscillations and fluctuations of the water surface
will not permit the deposition of silt inside.

Sometimes not even a hopper bottom can keep the well clear of silt. In these
cases, a self-seating cone with an inlet hole at the apex may be provided where
the cone closes a larger hole in the hopper bottom. In order to remove the
accumulated silt, the cone is pulled up by means of a chain (brass or bronze)
and churned up and down until the silt has been worked through the large hole.
When clear, the cone is reset in its place (Fig. 3.33). Instead of a cone, a light
weight may be provided as illustrated in Fig. 3.34. With this arrangement, the
chain is worked up and down through the intake hole and the accumulated silt
cleared away.

The velocity of the stream at the intake of the hopper must not exceed about
1 m s, otherwise the water level in the well will be drawn down. Super-
elevation of the inside water level may also occur at some sites. The draw-down
or super-elevation inside the pipe can be kept to a minimum by drilling a few
small 8 mm diameter intake holes in the side wall of the well at various levels
and at an angle of 30—45° with the direction of flow. In general, for a stilling
well mounted on a pier or wall, the angle should be 38—40°. However, the
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Figure 3.26 Streamflow station (Indonesia) showing instrument house of plastered brick,
stilling well of heavy concrete pipe, bank protection of masonry and ramp
gauge with access steps.

self-cleaning effect of the hopper bottom will be reduced when the side wall of
the well is punctured and it is no longer watertight.

Intake pipes should be laid at 90° to the direction of flow and preferably at a
slight slope to prevent air pockets from forming inside the pipe. A valve may be
fitted at the well end to control surge in the well.

If the velocity past the end of the intake is high, draw-down of the water level
in the stilling well may occur. In order to reduce this draw-down, static tubes are
often placed on the stream end of the intake pipes. The static tube consists of a
short length of pipe, 0.5 m long, attached to a 90° elbow on the end of the
intake pipe and extending downstream in the same horizontal plane as the
intake. The end of the tube is capped and water enters or leaves through holes
drilled in its side-wall (Fig. 3.24). Draw-down is dealt with in Chapter 5.
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Figure 3.27 Streamflow station Han River Xian Tao, Wuhan, China, instrument house and
hydrometric conference centre with satellite and radio communication.

A well gauge is normally installed inside the stilling well to provide a check if
there is a free flow of water between the stream and the well. The datum of this
inside gauge is the same as for the outside reference gauge in the stream.

In cold climates the well is protected from the formation of ice which could
restrict or prevent the free operation of the float system. This is usually done by
the use of well covers, subfloors to act as a frost barrier, heaters or oil on the
water surface. When oil is used the oil surface will stand higher than the water
level in the stream and a correction is applied when setting the recorder. When
discharge in the river increases, the water level in the channel rises and water
flows from the channel into the stilling well. If this flow is appreciable, head
losses in the connecting pipe including any control fittings used (valves, outlet
tees, static tubes, etc.) can cause a difference between water level in the river and
that in the well. This is due to stilling well lag and for any given combination of
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Figure 3.28 Streamflow station (USA) with hung stilling well of corrugated steel pipe fixed
to bridge pier with hoop brackets.

well size, intake size and control fittings the magnitude will be a function of the
rate of change of stage. For a given rate of change of stage the amount of lag
can be determined by this relationship. Lag is dealt with in Chapter 5.

To eliminate surging effectively it may be necessary to restrict the cross-
sectional area of the intakes to 0.1% of the cross-sectional area of the well,
whereas to reduce lag effect to acceptable limits the ratio may have to be at least
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Figure 3.29 Streamflow station (Indonesia) with hung stilling well of steel pipe from bridge
with ‘look-in’ instrument shelter and access ladders to vertical staff gauge.

1%. This will depend on site conditions, the type and length of intakes, and the
surface area of the well. Because of this, no firm rule can be laid down for
determining the best size of intake but it is advisable to make the connection
too large rather than too small, as a restriction may be added if found neces-
sary. As a general guide, the total cross-sectional area of the intakes should not
be less than 1% of the cross-sectional area of the well.

3.7 Instrument house

Some suitable form of housing is essential to protect the recording and measur-
ing equipment from the elements and from unauthorised attention or vandal-
ism, and also to give shelter to the servicing and gauging staff who operate the
station. The size and quality of the housing adopted will depend on conditions
at the site and on the type of equipment to be installed in it, but in general the
minimum required is a well-ventilated, weatherproof and lockfast hut set on a
stable foundation and of such dimensions as will permit normal servicing of the
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Figure 3.30 Streamflow station Yangtze River at Hueng Ling Miao, China showing instru-
ment house and satellite and radio antennas.

recorders and, where relevant, the operation of the cableway traversing gear.
Generally dimensions of 2 m X 2 m X 2 m are a minimum requirement.

There are many locations, however, where timber huts over a concrete well
are adequate and may indeed have certain advantages — for example, in times of
hard frost — but various forms of construction such as brick, stone or reinforced
concrete are used to suit local conditions. There should be provision for heating
the hut in winter conditions, for excluding vermin and insects, and for restrict-
ing the entry of water vapour from the well. Some typical instrument houses are
shown in Figs 3.26-3.31.

The recorder should normally be mounted on a rigid table firmly fixed to the
foundations of the hut but independent of the framework of the building. It
should be placed so that the float and counterweight have ample clearance from
the sides of the stilling well walls throughout their full range of travel, and in a
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Figure 3.31 Streamflow station Qing River at Gao Ba Zhon, China showing instrument
house, satellite and radio communication antennas.

position which allows convenient access for the service staff for chart or tape
changing and general maintenance. Where a cover is placed over the well, the
holes or slots for the various cables and tapes are located accurately to eliminate
any risk of rubbing or fraying.

In humid climates it is advisable to have instrument houses well ventilated
and to have a close-fitting floor to prevent the entry of water vapour from the
well. Screening is used over vent holes and other openings in the instrument
house to prevent the entry of insects, birds, rodents and reptiles.

3.8 Telemetering systems

Telemetering systems are used when current information on stage (or discharge)
is needed at frequent intervals or it is impractical to visit the gauging station
each time the data are needed. Current or real-time data information is usually
necessary for reservoir operation, flood forecasting, prediction of flows, and for
current data reporting. However, it is becoming apparent in some countries that
telemetering the recorded data direct to the central office computer is a cost-
effective alternative to manually collecting the chart or solid-state module on a
regular basis (Fig 3.21).
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Figure 3.32 Hopper bottom for pipe stilling well.

It is not intended to provide in this section a detailed description of the
various telemetry systems available but a short introduction is appropriate.

A schematic of a telemetry system for streamflow showing the main divisions
into sensors, logger, modem, communication link and a PC at the base station
is shown in Fig. 3.35.

Systems of data transmission

System 1

An observer at the gauging station mails the data or initiates a radio or tele-
phone call to the central office based on pre-arranged criteria and supplies
instantaneous readings only.
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Figure 3.33 Section of hopper bottom for pipe stilling well with cone and chain for cleaning
out sediment deposits.
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Figure 3.34 Section of hopper bottom for pipe stilling well with weight and chain for
cleaning out sediment deposits.

System 2

Central office interrogates the remote automatic station by telephone, radio or
radio telephone and receives single discrete values as often as interrogated. It
is possible to have an automatic dialling device in the central office which
interrogates and records responses at regular intervals.
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System 3

Automatic equipment installed at the gauging station is programmed to initiate
a telephone, satellite or radio call to supply selected instantaneous
observations.

System 4

An impulse is transmitted automatically by telephone or radio for a specified
unit of change of a parameter (for example each 10 mm change in stage).

System 5

An impulse is transmitted automatically by telephone or radio at predeter-
mined intervals of time. (Systems 4 and 5 can be combined and unit changes in
the measured parameter stored and transmitted at predetermined intervals of
time.)

System 6

Data are transmitted and recorded digitally on a continuous basis.

System 7

Data are transmitted on a continuous basis over radio or telephone by
equipment that converts observations to a continuous tone or frequency. This
information is reconverted at the central office (frequency modulation).

System 8

Remote field sites equipped with satellite sensors, encoder and radio transceiver
transmit coded information to the central office where the information is
decoded and fed to the computer that initiated the sequence calls.

Table 3.1 outlines the advantages and disadvantages of each system. Systems
1-7 refer specifically to terrestrial methods (radio and land line) in common
use. Included in System 8, however, is the facility of data transmission by
satellite and today there are many hundreds of gauging stations using this
method of telemetry.

Selection of system

Considerations to be given in selecting an automatic data transmission system
are as follows:

(a) Where a station is located in an area with difficult access it is preferable to
have automatic water-level recording and telemetering of the data.

(b) In many cases because of rigorous local climatic conditions the operation
of on-site mechanical recorders may be difficult and it is more reliable to
transmit the data electronically to a central office.

(c) Consideration is given to the time between observations and receipt of the
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data for management purposes; time required to process and analyse the
data; speed with which changes in water level or flow take place; accrued
benefits of forecasts from telemetered data; cost due to lack of or delay in
receiving information.

(d) When designing a system the three main components to develop are:

(i) measuring and encoding equipment
(i) the transmission link
(iii) receiving, decoding and analysing.

(e) The type of transmission link used is determined by the frequency band
requirements and the economics. Availability locally of any one of the
alternative choices is a constraint. Possible choices for transmission links
include dedicated land lines, commercial telephone or direct radio links
and satellite links.

Dedicated land lines

These are perhaps the simplest to install when relatively short distances are
involved and no commercial lines already exist. Land lines are typically able to
transmit frequencies of up to 300 Hz without special techniques. Time division
and frequency multiplexing can be used to provide more economic use of the
transmission line. (Multiplexing is the process of using one transmission line to
transmit several measurements.)

Commercial telephone lines

When the distances involved are long and existing telephone systems are avail-
able, use can be made of these. Equipment is available to enable the instrument
to simulate the behaviour of a relatively normal subscriber to the telephone
service. Measurements and commands can be transmitted to and from the
remote site.

Commercial teletype lines

In this system, data are transmitted via teletype lines to the receiving equipment
in the central office.

Radio links

Radio links are used when the number of calls required exceeds those eco-
nomically practical over land lines or when distances or terrain prevent the
economic installation of wires. Distances of up to hundreds of kilometres may
be spanned by radio transmitters, depending on the techniques used. At the
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higher frequencies, the transmitter and receiver require a clear line-of-sight
transmission path. This limits the range unless repeater stations are installed.

Satellite links

The weather satellites GOES (East and West), GMS, METEOSAT and GOMS
form a system of geostationary satellites contributing to the World Weather
Watch and Global Atmospheric Research Programme. These satellites afford a
virtually complete imagery coverage of the earth’s surface. They are placed in
an orbit coincident with the earth’s equatorial plane at a height of about 36 000
km and since they revolve around the earth at the same speed as the earth
rotates, they appear to be stationary. In the imagery mode they have a constant
view of almost a full hemisphere. They also have a communications facility
which may be used for telemetering purposes. The data are transmitted to the
satellite by a small radio or data collection platform (DCP) (Fig. 3.37).

Analogue Pulse 4
sensors sensors
(_“_Il? LI

I

Interface

Control and
logic circuits|

]

Field station

Logger

Base station

l

Figure 3.35 Schematic of a telemetry system for streamflow showing the main divisions
into sensors, logger, modem, communication link and PC at the base station.
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A DCP is an electronic device, containing a small UHF transmitter, for
collecting, storing and transmitting observations and measurements of the
physical, chemical and biological properties of the oceans, rivers, lakes, solid
earth and atmosphere (Figs. 3.36 and 3.37). Data from the sensor are encoded
through an interface and transmitted in the 402 MHz band to the satellite. In
the European METEOSAT system these data are relayed from the satellite to
the European Space Agency Operations Centre in Germany and retransmitted
to the user’s receiving station. A similar facility is available through the (two)
GOES satellites, but not through the Japanese GMS. The data can also be
received by telex through the global telecommunications system. The receiving
station consists of a low-cost receiver unit with a 1.5 m antenna (Fig. 3.38). An
alert facility also available on the DCP is triggered at any predetermined
threshold level.

The microprocessor in the DCP offers the facility of preprocessing before
transmission. For example, in some DCPs, stage is converted to discharge by
means of the stage—discharge relation programmed into the processor.

METEOSAT
,\
e ’ \ <
LT S
, ’ NI
-’ 7 \ \\
4 4 AY ~
e ’ \ N
’ N
/// / N AN
- ¥ N
7 ;4 2n I

// /
s// < : /// \ //\ N
A F

Ground
¢ station E

Qutstation User .
receiver ESA

Figure 3.36 The METEOSAT DCP telemetry system. The outstation (A) transmits its
measurement data to METEOSAT (B) along path | at set time intervals. The
satellite immediately retransmits these data to the ESA ground station in
Germany (C) along path 2. From here the data are sent by land line to Darm-
stadt (D), 40 km away, where they are quality controlled, archived and returned
to the satellite from a second dish antenna (E) along path 3 for retransmission
to users (F) along path 4. The signal level is such that the user can receive the
data by a 1.5 m dish antenna. Other satellite systems are used for telemetry
communication including those in USA, China, India and Japan.
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Figure 3.37 Basic parts of a DCP system for stage measurement showing pulley, float and
counterweight, optical shaft encoder and DCP. The antenna and fixings are
shown in the foreground.

Figure 3.38 Satellite receiving dish antenna (1.5 m diameter) for METEOSAT. The antenna
receives streamflow data from the satellite within 4 min. of transmission and is
on-line to a central computer.
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Satellite systems have many advantages over terrestrial systems, not least of
which is their reliability. Terrestrial systems often fail when they are most
needed, notably during floods. The availability of a satellite on a permanent
basis is, however, crucial to an operational telemetry system. Nevertheless
transmission of hydrometric data by satellite now offers a cost-effective alterna-
tive to existing systems of telemetry.

Quality control of site data

The installation of a telemetry system does not reduce the need for strict on-site
quality control at the gauging station nor does it avoid the need for site visits
although it may reduce the number. The early fault-finding capability of a
telemetry system has obvious advantages. A fault at a gauging station, which
might not be discovered until the next scheduled visit, can, with telemetry, be
attended to immediately. The introduction of a telemetry system does not
necessarily mean that the on-site recording system may be withdrawn. Indeed it
is an advantage to maintain a record at a gauging station using a data ‘logger’ as
back-up in case of telemetry failures. Monthly visits may then be adequate for
most purposes.
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Chapter 4

The stage-discharge relation

4.1 General

Both the stage and the discharge of a stream vary most of the time. In order to
obtain a continuous record of discharge the stage is recorded and the discharge
computed from a correlation of stage and discharge. This correlation, or
calibration, is known as the stage—discharge relation.

The operations necessary to develop the stage—discharge relation at a
gauging station include making a sufficient number of discharge measurements
and developing a rating curve by plotting the measured discharges against the
corresponding stages and drawing a smooth curve of the relation between the
two quantities. Discharge measurements are carried out over the range of stage
variation in order to establish the rating curve as quickly as possible. Normally
the lower and medium stages present little difficulty but discharges at the higher
stages may take some time and resort may require to be made to careful
extrapolation until such time as the higher discharges are available to be
measured.

If the channel is stable, comparatively few measurements may be required
although very few rivers have completely stable characteristics. The calibration
therefore cannot be carried out once and for all, but has to be repeated as
frequently as required by the rate of change in the stage—discharge relation.

It is therefore the stability of the stage—discharge relation that governs the
number of discharge measurements that are necessary to define the relation at
any time. In order to define the stage—discharge relation in sand-bed channels,
for example, several discharge measurements a month may be required because
of random shifts in the stream geometry.

Sound hydrometric practice requires that the discharge curve is determined as
rapidly as possible after the establishment of a new station. Unless this is done,
and the curve maintained, the record of stage cannot be converted into a
reliable record of discharge.
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4.2 The station control

An analysis of the stage—discharge relation and the construction of the rating
curve require an appreciation of the functioning of the channel control.

In order to have a permanent and stable stage—discharge relation the stream
channel at the gauging station must be capable of stabilising and regulating the
flow past the station so that for a given stage the discharge through the measur-
ing section will always be the same. The shape, reliability and stability of the
stage—discharge relation are normally controlled by a section or reach of
channel at, or downstream from, the gauging station and known as the station
control. The geometry of the station control eliminates the effects of all other
downstream features on the discharge at the measuring section. The channel
characteristics forming the control include the cross-sectional area and shape of
the stream channel, the channel sinuosity (meanders and loops), the expansions
and restrictions of the channel, the stability and roughness of the streambed
and banks, and the vegetation cover, all of which collectively constitute the
factors determining the channel conveyance (see Chapter 8).

In terms of open channel hydraulics, a station control is a critical depth
control, generally termed a section control (Fig. 4.1) if a critical flow section
exists a short distance downstream from the gauging station, or a channel
control (Fig. 4.2) if the stage—discharge relation depends mainly on channel
irregularities and channel friction over a reach downstream from the station. A
control is permanent if the stage—discharge relation it defines does not change
with time, otherwise it is impermanent and generally called a shifting control.

'S

Figure 4.1 Section control (Norway). Low-water part of control is sensitive while high-
water part is non-sensitive.



158 The stage—discharge relation

Figure 4.2 Channel control (Indonesia), moderately stable, probably shifting during and
after major floods.

From the standpoint or origin, a control is either artificial or natural, depending
on whether it is man-made or not.

Natural controls vary widely in geometry and stability. Some consist of a
single topographical feature such as a rock ledge across the channel at the crest
of a rapid or waterfall so forming a complete control (Fig. 4.3) independent of
all downstream conditions at all stages of flow. Some controls are formed by a
combination of two or more features, such as a rock ledge combined with a
channel constriction. Some are V-shaped and thus sensitive to changes in dis-
charge; some are U-shaped and less sensitive to changes in discharge. Some
consist of two or more interacting controls each effective over a particular range
of stage and termed compound controls. A common situation is that a section
control is effective at low flow only and is submerged by a channel control at the
higher discharges. Some controls consist of a long reach of stable bed extending
downstream as the stage increases. In general, the distance covered by such a
control varies inversely with the slope of the stream and increases as the stage
rises. The tendency for a control to extend downstream as the stage rises has a
significant effect on the stage—discharge relation. As the stage increases, low
water and medium water controlling elements are drowned out and new down-
stream elements are successively introduced into the station control causing a
straightening out of the typical parabolic curvature of the rating curve and
at times even causing a reversal of this curvature. For rivers with very flat
slopes the station control may extend so far downstream that backwater
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Figure 4.3 Complete section control (Indonesia) with upstream pool stable and sensitive.

complications, which do not exist at lower stages, are introduced at higher
stages. The simplest and most satisfactory control is the complete control men-
tioned above. First, it ensures permanence; second, it creates a pool or forebay
in which a gauging station is often easily installed; third, favourable conditions
for carrying out current meter measurements may frequently be found within
the reach of such a pool; and, fourth, the point of zero flow is conveniently
located and surveyed in this situation. Whenever practical, this type of control
is utilised for a stream gauging station. Most natural controls, however, are
liable to shift, albeit even slightly. A shifting control exists where the stage—
discharge relation changes frequently, either gradually or abruptly, because
of changes in the physical features that form the station control. The control-
ling features may be modified by a number of factors, of which the principal
ones are:

(a) scour and fill in an unstable channel;

(b) growth and decay of aquatic (weed) growth;

(c) formation of ice cover;

(d) variable backwater in a uniform channel;

(e) variable backwater submerging a control section;

(f) rapidly changing discharge;

(g) overbank flow and ponding in areas adjoining the stream channel.

The corresponding stage—discharge curves for the above hydraulic
conditions are given in Fig. 4.4 and a brief discussion of each follows (see also
Chapter 3).
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Permanent control (Fig. 4.4(a))

If the control is a permanent one, occasional discharge measurements need to
be made for verification. The stage—discharge relation for a permanent control
can be expressed as a simple exponential function.
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Sand-bed channel (Fig. 4.4(b))

The movement of fluvial sediment, particularly in channels in alluvium, affects
the conveyance, the hydraulic roughness, the channel sinuosity and the energy
slope. This makes the determination of a stage—discharge relation difficult. In
addition, since the movement is erratic, determination of the temporal variation
of the stage—discharge relation is complex.

Aquatic vegetation (weeds) (Fig. 4.4(c))

The growth of weeds decreases the conveyance of the channel and changes the
roughness with the result that the stage for a given discharge is increased. The
converse is true when the weeds die and the stage—discharge relation gradually
returns to its original condition. The change in weed growth is closely observed
over the growing season and determined by a series of discharge measurements.
Normally the development of a family of stage—discharge curves for different
conditions of weed growth presents the best means of gauging rivers with
prolific weed growth.

Ice cover (Fig. 4.4(d))

Ice in the measuring section increases the hydraulic radius and the roughness
and decreases the cross-sectional area. As with weed growth, the stage for a
given discharge is increased. The effect of ice formation and thawing is complex
and the temporal stage—discharge relation can only be determined by a series
of discharge measurements, using stage, temperature and precipitation records
as a guide for interpolation between measurements.

Variable backwater — uniform channel (Fig. 4.4(e))

If the control reach for a gauging station has within it a weir or a dam, a
diversion or a confluent tributary which can increase or decrease the energy
gradient for a given discharge, variable backwater, is produced. That is, the
slope in a reach is increased or decreased from the normal. In this case a second
gauge is installed below the control section in order to measure the fall for
developing a stage—fall-discharge relation (see Chapter 9).

Variable backwater — submergence (Fig. 4.4(f))

Some channel reaches below gauging stations contain local control sections
such as falls, rapids or a dam which determine the stage—discharge relation at
low flows, but which may be submerged at times by inflow from a tributary
downstream or by the operation of a dam. As in the case of rating a station
with uniform channel and variable backwater, a second gauge is installed below
the control in order to measure the fall.
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Rapidly changing discharge (Fig. 4.4(g))

At some stations, generally those of low energy slope, the stage—discharge
relation is affected by the rate of change of discharge. If the discharge is increas-
ing rapidly, it will be greater than that for zero rate of change and, conversely, if
it is rapidly decreasing, it will be less.

Out-of-bank flow (overbank) and ponding (Fig. 4.4(h))

At many gauging stations there may be significant out-of-bank flow and pond-
ing areas on the flood plain adjacent to the stream channel. During increasing
discharge, a part of the flow goes into these areas, increasing the slope and
discharge relative to stage. Conversely, when the discharge decreases, water
returning to the channel from the flooded areas causes backwater and the dis-
charge for a given stage is significantly decreased. Each flood produces its own
loop rating. No satisfactory method is available to develop a single rating under
these conditions. A loop rating is required for each flood and is determined by a
series of discharge measurements for the channel flow and for the out-of-bank
flow, the sum of the two giving the total flow.

4.3 The simple stage-discharge curve

The general procedure in establishing the stage—discharge curve is as follows.
The discharge measurements are plotted on arithmetic graph paper with dis-
charge on the horizontal scale (abscissa) and the corresponding gauge height on
the vertical scale (ordinate). If a measurement of discharge was not made at
steady stage, the mean gauge height during the measurement is used. The
plotted observations are labelled in chronological order, and rising and
falling stage during the measurement are indicated by distinguishing symbols if
necessary (Fig. 4.6).

The relation should be defined by a sufficient number of measurements suit-
ably distributed throughout the range in stage, taking into account the shape of
the stage—discharge relation. Ideally, the number and spacing of the observa-
tions are made to conform to the relative frequency of flow at the various
stages. That is, the number of observations at various subranges is in propor-
tion to the probable occurrence of discharge at these same ranges, covering the
whole range of discharge for which the relation is plotted.

Nevertheless, in practice, it is desirable to have as many observations as
possible at the extreme ranges, both at the low flow and at the high flood stages.

The curve of relation, the rating curve, is drawn evenly and smoothly through
the scatter of plotted data points.

Although all current meter discharge measurements are checked and con-
sidered correct before plotting, observations which plot more than, say, 5% in
discharge off the curve should again be checked for possible uncertainties.
Particular attention is paid to the need to adjust or weight the gauge height, to
the correct current meter rating, and to errors in the computation. With respect
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Figure 4.6 Stage—discharge curve, first plotting.

to the latter, it is useful to make a plot of the cross-sectional area of flow and
the mean velocity against gauge height for each discharge measurement. Such
plots reveal the presence of an error and where it is located in the computation,
either in the velocity or in the cross-sectional area. If no apparent error is found
to be caused by the above, the condition of the control is investigated before the
measurement is discarded or a shift correction applied if applicable. From the
above it is evident that a copy of the stage—discharge curve is conveniently
available in the instrument house.

Fitting the stage—discharge curve - visual estimation

There are several methods of fitting a median curve to observed or measured
data points. This can be performed, however, quite satisfactorily by visual esti-
mation of the plot with the aid of drafting curves which are usually designed to
conform to parabolic equations. Very often the trend of discharge measure-
ments plotted on graph paper follows a particular drafting curve due to the fact
that stream discharge tends to vary as some power of the depth of flow.

The criterion used when fitting a median curve to observations by visual
estimation is that there are about the same number of plus and minus devi-
ations. A deviation is considered negative for a measurement lying above the
curve and positive when lying below the curve.
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4.4 The logarithmic method

In many cases the stage—discharge curve may be established by plotting the
logarithms of stage against the logarithms of discharge. The use of logarithmic
graph paper obviates the necessity of computing the logarithms and the plot-
ting of the observations is performed in the same manner as before. There are
certain important advantages in using the logarithmic method:

(a) The logarithmic form of the rating curve can be developed into a straight
line, or straight-line segments, by adding or subtracting a constant value
(datum correction) to the gauge height logarithmic scale.

(b) The straight-line graph can be described by a simple mathematical
equation that is easily handled by pocket calculator or computer.

(c) The straight-line graph may be conveniently analysed for uncertainties.

(d) A percentage distance off the curve is always the same regardless of where
it is located. Thus a measurement that is 10% off the curve at high stage
will be the same distance away from the curve as a measurement that is
10% off at low stage.

(e) It is easier to identify the range in stage for which different controls are
effective.

(f) The gauge height scale may be conveniently altered by halving, doubling or
adding a percentage to the scale (Fig. 4.7). The curve will merely shift
position but retain the same shape.

(g) The curve can be easily extrapolated, if necessary, but caution is required in
extrapolation at either the top or the bottom end of the curve. If the curve
is a single segment and the control is stable, then extrapolation may be
performed with more confidence than if the curve is made up of several
segments.

Theory of the logarithmic curve
The stage—discharge relation may be expressed by an equation of the form
Q=Ch+a) (4.1)
which is the equation of a parabola where Q is the discharge, / is the gauge
height, C and 7 are constants, and a is the stage at zero flow (datum correction).
This equation may be transformed by logarithms to
log QO =log C + nlog (b +a) (4.2)

which is in the form of the equation of a straight line

y=nx+C (4.3)
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where 7 is the gradient and C is the intersection of the line on the y-axis. By
plotting QO against (b + a), therefore, on double logarithmic graph paper a
straight line is obtained.

Often two or more straight lines may be required to fit the data and it is
usually possible, initially, to decide on the approximate location of the break
points of each range by a careful investigation of the controls. The actual break
points may be determined by solving the two equations concerned for Q and 5
or by purely graphical means. For very irregular channels, or for non-uniform
flow, equation (4.1) cannot be expected to apply throughout the whole range of
stage. Sometimes the curve changes from a parabolic to a complex curve or vice
versa and sometimes the constants and exponents vary throughout the range.

The logarithmic rating equation therefore is seldom a single straight line or a
gentle curve throughout the entire range of stage at a gauging station. Even if
the same channel cross-section is the control for all stages, a sharp break in the
contour of the cross-section causes a break in the slope of the rating curve.
Also the other constants C and a in equation (4.1) are related to the physical
characteristics of the stage—discharge control.

If the control section changes at various stages, it may be necessary to fit two
or more equations, each corresponding to the portion of the range over which
the control is applicable. If, however, too many changes in the parameters are
necessary in order to define the relation, it is possible that the logarithmic
method may not be suitable and a curve fitted by visual estimation can be
employed as previously described.

The first derivative of equation (4.1) is a measure of the change in discharge
per unit change in stage, that is the first derivative gives the first-order differences
of the discharge series. The first derivative is

d
—QZCn

m h+ar . (4.4)

Second-order differences are obtained by differentiating again. The second
derivative is

d’0
dh?

=Cnn—-1)h+a" % (4.5)

An examination of the second derivative shows that the second-order differ-
ences increase with stage when # is greater than 2 (section control), and
decrease with stage when 7 is less than 2 (channel control).

Normally in graphical analysis the dependent variable, Q in equation (4.1),
would be plotted on the vertical axis and the independent variable, b, plotted on
the abscissa. It has been a tradition in stream gauging, however, that this pro-
cedure is reversed while still retaining Q as the dependent variable and taking 7,
the slope, as the cotangent instead of the tangent.
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The geometry or shape of the channel section is reflected in the slope, 7, of
the stage—discharge equation (4.1). This property is a useful indicator when
carrying out a preliminary survey at a new site. The following are approximate
relations between 7 and channel sections:

(a) for a rectangular channel section, n = 3/2
(b) for a concave section of parabolic shape, n = 2
(c) for a triangular or semicircular section, n = 5/2.

Changes in channel resistance and slope with stage, however, will affect the
exponent 7. The net result of these factors is that the exponent in equation (4.1)
for relatively wide rivers with channel control will generally vary from about 1.3
to 1.8. For relatively deep narrow rivers with section control, the exponent n
will almost always be greater than two and may often exceed a value of three.

The stage of zero flow

The datum correction 4 is the value of the stage at zero flow and corresponds to
the lowest point on the low water control. It is defined as the gauge height at
which flow over the control ceases. Usually this stage does not coincide with the
zero of the gauge unless this is specifically set to the lowest level of an artificial
control or the crest of a measuring structure. The point of zero flow is therefore
easily determined for artificial controls and in those cases where the control is
well defined by a rock ledge.

The stage of zero flow is determined by subtracting the depth of water over
the lowest point on the control from the stage indicated by the gauge reading. If
the gauge is at some distance from the control, an adjustment is made for the
slope. The difficulty in determining the point of zero flow is in establishing the
lowest point on the control, as not all controls are easily identified. Generally a
cross-section is surveyed across the stream at the first complete break in the
slope of the water surface below the measuring section. This is usually the
location of the upstream lip of the low water control. For a channel-controlled
gauging station, the maximum depth directly opposite the gauge will give a
reasonable approximation of the depth to be subtracted from the gauge reading
in order to obtain the stage of zero flow.

The position of the point of zero flow is best determined at time of low water
when rivers can often be waded. In those cases, however, where the control
section is difficult to identity, it may be located by surveying a close grid of spot
levels or by running a sufficient number of cross-sections over the area of the
assumed control section or reach.

It should be noted that when a quantity has to be added to the gauge
heights in order to obtain a straight line, a is taken as positive, that is the zero
of the gauge is in this case positioned at a level above the point of zero flow.
Conversely when a quantity has to be subtracted from the gauge heights, a is
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taken as negative and in this case the zero of the gauge is positioned at a level
below the point of zero flow. When the zero of the gauge coincides with
the level of the point of zero flow then a is zero. The three cases are given in

Fig. 4.8

There are four methods of estimating the datum correction a apart from
making a field survey. However, if at all possible, the estimates are verified by

field investigation.
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Figure 4.8 The three cases of datum correction a in the discharge equation Q = C(h + a)".
(A) Zero of staff gauge at level of lowest point of control a = 0; (B) zero of staff
gauge below lowest point of control a is negative; (C) zero of staff gauge above

lowest point of control a is positive.
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Trial and error procedure

All discharge measurements are plotted on double logarithmic graph paper
(‘log—log paper’) and a median line is drawn through the scatter of observations.
Usually this line will be a curved line. Various trial values, one value for each
trial, are added or subtracted to the gauge heights of the measurements until
the plot obtained forms a straight line. The trial value forming the straight line
is the required value of a (Fig. 4.9). All the plotted observations may be used in
the trial operation. However, it is better to use only a few points selected from
the median line first fitted to the points.

Arithmetic procedure

All discharge measurements are plotted on log—log paper. If the mean line
drawn through the observations results in a curve then a datum correction is
required (Fig. 4.10). Three values of discharge, Q,, O, and Qj, are selected in
geometric progression, that is two values Q, and Qj; are chosen from the curve
and the third value Q, is then computed according to

0/0, = 0,/0; (4.6)

then

03 = 0,0;. (4.7)

If the corresponding gauge heights read from the plot are b, b, and h;, then
from

0=Clh-a)" (4.1)

(note that a is negative since the curve in Fig. 4.10 is ‘concave up’) and substitut-
ing for Q in equation (4.7)

CA by — a)" = Clh, — a)'C(h, — a)’".
Therefore

(hy=a)* = (b~ a)(h; - a)

b5 —=2ah, + a* = hh,— ab, — ah, + &*
b5 —=2ab, = hhy—alh, + hy)

a@h, — b, = by) = b3 = h,b,.



*D SUIUIWIIBP JO POYISW JOLID PUE [BlI] §4°f 94nSi4

{,_5 ) abreyosig

=mwm = 0 n

oooLe 8 £ 9 © ¢ £ c poOLGE B L 9 S
1] |
i 1 G
| |
N\\ ..m .W
1 1 L
m r 8
1 6
. v -
G‘\: 9z | | | o]
l =
\ﬁ\ _ i E
- @
= 2
LA 2
\.\._\ k\_ N_W..
I =
Ed L
L»\\ |1 ” 4
B | B
!
T T 1°
| || a
000LE6E 8 £ 9 § ¥ £ [ wLe g £ 9 S



172  The stage—discharge relation

Gauge height
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Figure 4.10 Transforming a curved line into a straight line on logarithmic graph paper:

_ hih; — b3 do?=
a_h,+h3—2h2an Q:=Q,Qs.
Hence
hhy— b3
a=—" (4.8)
b+ bhy—2b,

If the curve is ‘concave down’ (a positive) then proceeding as above since

O=C(h+a),
by = hh,

g=———15 (4.9)
hy+ hy—2h,

Example

In Fig. 4.12, if O, is taken as 200 m* s', and Q; as 1000 m’® s

, = X ‘m’s
0, = (200 x 1000)"? m? 7!
=447 m’s7!

and the corresponding 5 values are

b, =1.150 m
b, =2.041 m
b, = 3.260 m.
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The curve in Fig. 4.12 is ‘concave down’, therefore

b= b,
T T b2,
4.164 — 3.749
- 4,410 — 4.082
0.415
T 0328
=1.26 m.

Graphical procedure

As above, three values of discharge in geometric progression are selected but
this time from a plot on arithmetic graph paper. Let the points be A, B and C as
illustrated in Fig. 4.11. Vertical lines are drawn through A and B and horizontal
lines drawn through B and C intersecting the verticals at D and E, respectively.
Let DE and AB meet at E Then the ordinate of F is the value of a which takes
the sign as before.

The last two methods are based on the assumption that the lower part of the
stage—discharge relation, including the selected points, is part of a parabola.
In most cases this assumption holds and the methods will give acceptable
results on condition that there are enough discharge measurements available to
satisfactorily define the curvature of the lower part of the rating curve.

T R e

~

N

Gauge height, h
LR
|
Y\}\
el

Discharge, Q

Figure 4.1 Graphical determination of a.
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Computer programme procedure

If automatic data processing by computer is available, the datum correction can
be conveniently found by a computer programme which is designed essentially
to carry out an iteration procedure until the best straight line is obtained. In the
iteration programme, different values of a are tested against the correlation co-
efficient for the line of best fit. The value of a giving the maximum correlation
coefficient is the value selected. Usually about 20 or more iterations are neces-
sary. This is a purely mathematical procedure and probably gives the best
results but every endeavour is made to ensure that the result can be confirmed
by a site investigation.

Estimating the constants Cand n

After a straight-line plot of the discharge measurements on log—log graph paper
has been obtained, the constants C and 7 of the rating equation (4.1) can be
computed by any of three methods, namely arithmetically by a least squares
procedure, or graphically.

The stage—discharge relation is first analysed from a plot on log-log graph
paper in order to establish whether the rating curve is composed of one or more
straight-line segments, each having its own constants C and n. The constants
for each separate segment are calculated separately.

Arithmetic procedure

A series of discharge measurements at a gauging station is given in Table 4.1.
The datum correction has been computed as + 1.26 m. It is required to deter-
mine the constants C and 7 and therefore the rating equation.

To the gauge heights of the measurements given in Table 4.1, 1.26 m is added
and the observations plotted on log—log graph paper, the gauge heights on the
vertical scale and the discharges on the horizontal scale. The plot defines a
straight line (Fig. 4.12). Select two points on this line as far from each other as
possible but within the range of measured discharges. Let the two selected
points (Q, /) be (97, 1.80) and (1300, 5.00). Now the equation of the straight
line passing through two points (x,, y,) and (x, y,) is written as

)’_3’1:3’2_)’| (4.10)
X=X, X=X '

It follows that
logy—logy, _logy,—logy, 4.11)

log x — log x, B log x, — log x,



The logarithmic method 175

Table 4.1 Stage and discharge data for calculating the stage—discharge equation

Observation h Q Observation h
no. (m) (m*s™) no. (m) (m*s™)
| 1.55 300 15 3.87 1374
2 1.44 287 16 2.33 540
3 1.26 235 17 3.49 1152
4 1.05 193 18 3.93 1452
5 0.73 125 19 2.03 440
6 0.69 113 20 1.61 306
7 0.70 124 21 2.13 469
8 1.70 340 22 1.37 246
9 0.96 169 23 1.05 189
10 0.94 168 24 091 163
I 1.35 240 25 0.79 139
12 1.17 202 26 0.68 120
13 1.79 387 27 0.6l 104
14 3.09 930 28 0.53 94.6

In the present case, after changing the notation and inverting both sides of
equation (4.11), it follows that

logO—-logQ;, logQ,—logQ,

- . (4.12)
log (h+a)—logh, logh,—logh,
Substituting the given values in equation (4.12) gives
log O — log 97 _ log 1300 — log 97 (4.13)
log (b + 1.26) —log 1.80  log 5.00 — log 1.80’ '
Then
log O — 1.9868 _3.1139-1.9868
log (b + 1.26) —0.2553  0.6990 — 0.2553
and
log O = 2.54 log (b + 1.26) + 1.3383.
Therefore
0 =21.79(h + 1.26)>*, (4.14)

Equation (4.14) is therefore the rating equation for the stage—discharge curve
shown in Fig. 4.12.
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Least squares procedure

The values of C and 7 may be computed by the method of least squares; that is,
the sum of the squares of the deviations between the logarithms of the
measured discharge and the estimated discharge from the curve should be a
minimum.

The values of C and # are obtained from the following equations

LY - N(log C) — n£X = 0 (4.15)
$(XY) - 2(X)(log C) — nE(X?) = 0 (4.16)

where Y is the sum of all the values of log O
2X is the sum of all the values of log (b + a)
%(X?) is the sum of all the values of the square of X
2(XY) is the sum of all the values of the product of X and Y
N is the number of current meter observations.

In order to illustrate the method, the data in Table 4.1 are prepared as shown
in Table 4.2. Substituting the calculated values from Table 4.2 into equations
(4.15) and (4.16) gives

68.0506 — 28 log C—n12.0182 =0 (4.17)
30.4351 - 12.0182 log C — n 5.6430 = 0. (4.18)

Solving the above equations for 7 and C gives n = 2.53 and C = 22.10 which
is in close agreement with equation (4.14) developed by the arithmetic
method.

The least squares method is the method conveniently employed in computer
processing but the stage—discharge curve is normally first plotted on log—log
graph paper for examination. As already discussed, the observations may not
plot as one straight line but as two or more straight-line segments differing in
slope with each segment having its own equation. If break points are apparent
they are best fed into the computer programme from the log—log plot rather
than developing a programme to perform this exercise.

Graphical procedure

The graphical method of determining C and » is simple and normally as
effective in giving results as good as the two methods described above.

The value of 7 is found by scaling the horizontal and vertical projections of
the line and calculating this ratio. In Fig. 4.12 the horizontal projection has been
scaled as 135 mm and the vertical projection as 53 mm. The value of # is
therefore calculated as
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Table 4.2 Tabulation of data for determination of the constants C and n*

No. h Q h+a logQ=Y logth+a)=X (XY X3
[ 155 300 28I 24771 0.4487 1115 02013
2 144 287 270 2.4579 04314 1.0603 0.1861
3 126 235 252 23711 0.4014 09518 0.1611
4 105 193 23l 2.2856 03636 08310 0.1322
5 073 125 1.99 2.0969 0.2989 0.6268 0.0893
6 069 113 195 2.0531 0.2900 05954 0.084]
7 070 124 1.9 2.0934 0.2923 06119 0.0854
8 170 340 2.9 2.5315 04713 11931 02221
9 09 169 222 22279 0.3464 07717  0.1200
10 094 168 220 2.2253 0.3424 07619 0.1172
f 135 240 26l 2.3802 0.4166 09916 0.1736
2 117 202 243 2.3054 0.3856 0.8890 0.1487
13 179 387  3.05 2.5877 0.4843 12532 0.2345
14 309 930 435 2.9685 0.6385 1.8954 0.4077
I5 387 1374 5.3 3.1380 0.7101 22283  0.5042
l6 233 540 359 2.7324 0.5551 15168 0.3081
17 349 1152 475 3.0615 0.6767 20717  0.4579
I8 393 1452 5.9 3.1620 0.7152 22615 05115
19 203 440 329 2.6435 05172 13672 0.2675
20 16l 306 287 2.4857 0.4579 11382 0.2097
200 213 469 339 26712 0.5302 14163 02811
22 137 246 263 2.3909 0.4200 1.0039 0.1764
23 105 189 23l 2.2765 03636 0.8277 0.1322
24 091 163 217 22122 0.3365 0.7444 0.1132
25 079 139 205 2.1430 03118 0.6682  0.0972
26 068 120  1.94 2.0792 0.2878 0.5984 0.0828
27 06l 104 187 2.0170 02718 0.5482  0.0739
28 053 946 1.79 1.9759 0.2529 0.4997  0.0640
b3 68.0506 120182 304351 5.6430

*N=128;a=+I.26.

135
n=——=254
53

which is the same as the value of # calculated by the arithmetic method.
The value of C is given by the numerical value of the discharge when
(h + a) = 1 since by equation (4.2)
log QO =log C +nlog (h +a)
and when (b + a) =1, nlog (b + a) = 0 and therefore Q = C.

Referring to Fig. 4.12, it will be observed that the logarithmic stage—dis-
charge curve does not go through the line (5 + a) = 1. If the line is projected,
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however (not shown in Fig. 4.12), it is found that when (b +a) =1, O =21.9
and therefore C = 21.9. Otherwise, knowing 7, C may be found by solving the
rating equation (4.1) for C as follows:

From
Q - C(l’] + a)2.54
when
Q=355
(h+ a) =3.00
and
355
- 3254
=21.79.
Therefore
O =21.79(h + 1.26)**. (4.19)

4.5 Examples of logarithmic stage-discharge
curves

Table 4.3 gives details of a stage—discharge curve where the current meter
gaugings and corresponding stage values are shown in columns 2 and 3, respect-
ively. These values are plotted on log—log graph paper in Fig. 4.13 and a curve
drawn through the points. From an examination of this curve and an inspection
in the field it was clear that the high water control became operative at a gauge
height of 0.306 m. The curve therefore had two segments. The computer pro-
gramme procedure gave a values for the lower range of 0.015 m and for the
upper range 0.063 m (the trial and error procedure would give similar results).
These values of a are scaled off graphically in Fig. 4.13 and two straight lines of
relation established as shown. The ordinate scale for these lines now becomes
(h —a) (both a values are negative). The values of the slope, n, of each line are
scaled off as shown and the C values obtained on the abscissa at (h—a) = 1. It
will be observed that in order to obtain C for the lower line, the line requires to
be projected to (h —a) = 1.
The equations of the lines of relation are therefore

O =47.3(h—0.015)*2 (4.20)
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for values of 4 up to 0.306 m, and

Q =24.0(h—0.063)"". (4.21)
The equations may also be found by the least squares method from equations
(4.15) and (4.16) as follows. The values of X, Y, XY and X?* are shown in Table
4.3, columns 5-8, and from equations (4.15) and (4.16)

2Y - N(log C) —nXX =0
2(XY) - Z(X)(log C) — nZX*=0.

For the lower range

—3.5308 — 16 log C + 7 13.6391 =0 (4.22)
4.4731 + 13.6391 log C —n 12.2845 = 0, (4.23)

equation (4.22) x 13.6391/16 gives
—3.0098 — 13.6391 log C + 11.6266n = 0, (4.24)
equation (4.23) + equation (4.24) gives

0.6579n = 1.4633 (4.25)
n=2224. (4.26)

Substituting #n = 2.224 in equation (4.22) gives

~3.5308 — 16 log C + 2.224 X 13.6391 =0 (4.27)
16 log C = 26.8025 (4.28)
C = 47.326. (4.29)

The rating equation is therefore
Q =47.326(h — 0.015)>**. (4.30)
For the upper range

20.4184 —221log C +n6.7763 =0 (4.31)
—4.9415 + 6.7763 log C — 1 2.9986 = 0, (4.32)

equation (4.31) X 6.7763/22 gives
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6.2891 — 6.7763 log C + 2.0872n = 0, (4.33)
equation (4.32) + equation (4.33) gives

0.9114n = 1.3476 (4.34)
n = 1.4786. (4.35)

Substituting 7 = 1.4786 in equation (4.31) gives

20.4184 — 22 log C + 6.7763 X 1.4786 = 0 (4.36)
—22log C = — 30.4378 (4.37)
C = 24.185. (4.38)

The rating equation is therefore
Q =24.185(n — 0.063)"7%, (4.39)

If the rating equations are established entirely by graphical means, it is often
convenient to obtain a by the graphical procedure already described. If the
stage—discharge relation consists of one segment only, the a value so obtained
will normally be acceptable as producing the required straight line relation. If
more than one segment is involved the datum corrections for the upper seg-
ments, found by the graphical procedure, may be considered as initial trial
values and may require modification to produce a straight line of relation. This
is demonstrated in Fig. 4.14 for the above example.

For the lower segment (Fig. 4.14), O, and Q; have been taken as 0.50 m’® s™
and 2.50 m’ s™', respectively, then (equation (4.7))

Qé =0,0;
=0.5x2.50
O, =112m*s™.

The datum correction of — 0.015 m so obtained is the same as that obtained by
computer.

For the upper segment Q, and O, have been taken as 5 m’> s and 20 m’ s,
then (equation (4.7))

Q% =0,0;
=5x20
0,=10m’s™".
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186 The stage—discharge relation

The datum correction of —0.090 m so obtained, however, does not agree with
that obtained by computer (mainly because of scaling) and requires to be
adjusted to —0.063 to obtain the best straight line of relation.

4.6 Rating table

When a computer programme is used to convert stage to discharge, the rating
equation is normally built into the programme. However, when the conver-
sion is performed manually a rating table is constructed. A typical rating
table is shown in Table 4.4. This table has been constructed from the rating
equations in the previous example and the break in the stage— discharge curve
can be seen in the (b — a) column (column 2) at gauge height 0.300 m.

The rating table shown gives discharge values (Q,) for every 10 mm increment
in gauge height (b) and intermediate values are obtained by interpolation.

For a stage—discharge curve plotted on arithmetic graph paper column 2
would not be required, otherwise the construction of the table is the same, but
in this case Q, values are taken directly from the stage—discharge curve.

When the rating table has been constructed as shown in Table 4.4 it is
often more convenient to prepare a working table in the form shown in
Table 4.5.

4.7 Sensitivity

The sensitivity of a stage—discharge relation is an indication of the extent of
the response to an increase in discharge by an increase in stage. Where a small
increase in discharge produces a relatively large increase in stage the relation is
said to be sensitive; where a relatively large increase in discharge produces a
small increase in stage, the relation is said to be non-sensitive. The degree of
sensitivity affects the record of the station at all stages of the flow and is
reflected in the accuracy of the flow data. It follows that a sensitive record of
stage can be converted more accurately into a record of discharge than a non-
sensitive one. For example, it may be sufficient at a sensitive station to read
water level to an accuracy of 5 mm, but at a less sensitive station the accuracy
required may have to be 1 mm to obtain the same accuracy of discharge. At any
station sensitivity varies with discharge and in most cases tends to decrease as
discharge decreases. For a true comparison to be made, it should be calculated
for each station at the same level.

Table 4.6 shows a sample of UK streamflow stations where sensitivity has
been related to the percentage change in flow associated with a 10 mm
change of stage corresponding to the 95% exceedence flow that flow which is
exceeded 95% of the time. The required accuracy of stage measurement,
shown in millimetres in the last column of the table, is that necessary to
restrict errors in the computed flows from this source, at the 95% exceedence
flow to less than 5%.
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Table 4.4 Typical rating table (part)

(1 (2) 3) (4) (3) ()
Stage h (h—a) Q. AQ, Ah Increment for
(m) (m) (m*s™) (m*s™) (m) | mm stage
(m’s”)
0.080 0.065 0.108
0.090 0.075 0.149 0.041 0.010 0.004
0.100 0.085 0.197 0.048 0.010 0.005
o.110 0.095 0.252 0.055 0.010 0.005
0.120 0.105 0.315 0.063 0.010 0.006
0.130 0.115 0.386 0.071 0.010 0.007
0.140 0.125 0.464 0.078 0.010 0.008
0.150 0.135 0.551 0.087 0.010 0.009
0.160 0.145 0.646 0.095 0.010 0.010
0.170 0.155 0.749 0.103 0.010 0.010
0.180 0.165 0.861 0.112 0.010 0.011
0.190 0.175 0.981 0.120 0.010 0.012
0.200 0.185 I.110 0.129 0.010 0.013
0.210 0.195 1.248 0.138 0.010 0.014
0.220 0.205 1.395 0.147 0.010 0.015
0.230 0.215 1.551 0.156 0.010 0.016
0.240 0.225 1.716 0.165 0.010 0.017
0.250 0.235 1.890 0.174 0.010 0.017
0.260 0.245 2.073 0.183 0.010 0.018
0.270 0.255 2.266 0.193 0.010 0.019
0.280 0.265 2,469 0.203 0.010 0.020
0.290 0.275 2.68l 0.212 0.010 0.021
0.300 0.285 2.902 0.197 0.010 0.020
0.310 0.247 3.057 0.181 0.010 0.018
0.320 0.257 3242 0.185 0.010 0.019
0.330 0.267 3432 0.188 0.010 0.019
0.340 0.277 3.624 0.192 0.010 0.019
0.350 0.287 3.819 0.195 0.010 0.020
0.360 0.297 4018 0.199 0.010 0.020
0.370 0.307 4219 0.201 0.010 0.020
0.380 0.317 4.424 0.205 0.010 0.021
0.390 0.327 4.632 0.208 0.010 0.021
0.400 0.337 4.843 0.211 0.010 0.021
0410 0.347 5.057 0.214 0.010 0.021
0.420 0.357 5.274 0.217 0.010 0.022
0.430 0.367 5.494 0.220 0.010 0.022
0.440 0.377 5.717 0.223 0.010 0.022
0.450 0.387 5.942 0.225 0.010 0.023
0.460 0.397 6.171 0.229 0.010 0.023
0.470 0.407 6.402 0.231 0.010 0.023
0.480 0.417 6.636 0.234 0.010 0.023
0.490 0.427 6.873 0.237 0.010 0.024

0.500 0.437 7.112 0.239 0.010 0.024
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4.8 Semi-logarithmic graph paper

On this type of graph paper values of 4 are plotted linearly on the ordinate and
discharge values plotted logarithmically on the abscissa. Referring to Fig. 4.15

h=h, logQ—logQ,

= (4.40)
h,—h, log Q,—log O,
= M (4.41)
log O,/O,
Therefore
1 1 /
OgQ: OgQZQl(b—bl) (4.42)
Ql hl - h]
and letting
1 /
e O/ _ (4.43)
hy—h,
then
1
089 _ yihop. (4.44)
O}
Therefore
g = 104" (4.45)
1
hy, Q4
h, Q
h
h2r 02
Q

Figure 4.15 Determining the stage—discharge equation on semi-logarithmic graph paper.
(‘h’ plotted linearly and ‘Q’ plotted logarithmically).
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and

_ 9
o= o x 10" (4.46)

and letting

O,
W = (4.47)
then
Q=B-10". (4.48)

An example of a stage—discharge curve at the Ganges at Faraka, plotted on
semi-logarithmic graph paper is shown in Fig. 4.16. It can be seen that the curve
has three break points dividing the relation into four straight-line segments
having a gauge zero at 14.5m. The rating equations are derived as follows:

(1) The following values are obtained from the curve and equations (4.43),
(4.47) and (4.48)

0,=1500 h,=0.50
0,=2500 h,=1.60

2500
og ——
A= log O,/O, 8 1500 0.202
h,—h, 1.60-050
_ O, _ 1500 _
- 104k - 10202 % 0.50 = 1190
then
O=B- 104"
=1190 - 100.202h
and
O =119 - 1.59". (4.49)

Similarly rating equations (2), (3) and (4) can be calculated and these are shown
in Fig. 4.16.

Stage—discharge curves are rarely plotted on semi-logarithmic graph paper
but may have some advantages in exceptional cases.



‘suonenba 3uneu jo uoneuiwaalap pue saded yde.s siwysiedol-iwas uo panojd aAund adueydsip—adels jo ajdwexy 9|4 andi4

(,_s ¢w) 8bureyosig

000 001t 000 O} 0001t
[ 1 | 1 1 1 1 1 11 1 1 1 1 1 1 1
ads
]
wLriviee =0 @ WGyl 1e osz abnen ! -St
1
46%'1-005H =0 (B) _ ol
_ ! ®
#5129t =0 (2) | “ -1
] ]
1
651061k =0 (1) “ ® e
suonenbs Buney m
! -6}
H
1
i 02
-ic
-cc
~€c
® 2
eyele je sebuen L gz




0§ oy

‘letwouA|od aa43sp-yaanoy Aq panlly 9AInd a3.aeydsip—o8els /|y a4ndi{

(0001 X ,_S W) O ‘abeydsiq

o€ (014

ol

|9A8] 80UBPYUOD %G6 BU) Je Ajufeusdun wopuey
uonouny [elwouAiod

sbuibnen

o

L480'9 + ¢4y22t — YELOL + Yev.E — 008Y

I

€l

vl

(w) y ‘ebeYg



Further reading 195

4.9 Polynomial curve fitting

Values of b are plotted on the ordinate and corresponding discharges on the
abscissa on arithmetic graph paper. The general polynomial expression is

O=by,+bh+bh+...+b,h"m’s™". (4.50)

Procedures for fitting a quadratic, cubic or higher-degree polynomial to a set of
stage—discharge data using the least squares criterion, and of assessing the
uncertainty associated with the resulting stage—discharge curve are described
in ISO 7066/2. Because it is generally not practicable to carry out this type of
curve fitting and assessment of uncertainty without using a computer, 1SO
7066/2 provides a FORTRAN programme for this purpose. An example of a
fourth-degree polynomial fitting for the curve in Fig. 4.16 is presented in Fig.
4.17. To compare these figures graphically it should be noted that the ordinate
scale in Fig. 4.17 requires to be adjusted by adding the value of 10 to each stage
value. Using the equations for comparative purposes we have, for the
polynomial

O = 4800 — 3742h + 1073h* — 122h° + 6.0811 m* s~ (4.51)
and at a stage value of 10 m, say,

O = 4800 — 3742 x 10 + 1073 x 10> - 122 X 10’ + 6.0811 X 10*
=13490 m’s™". (4.52)

From Fig. 4.16 the corresponding stage is (20 — 14.5) = 5.5 m and from rating
equation (3) (see Fig. 4.16)

O = 1500 x 1.49%°
=13450 m’s™". (4.53)

As these results are within about 0.3% of each other, it would appear that the
polynomial procedure may have some potential in fitting stage—discharge
curves having break points or inflexions which cannot be treated satisfactorily
by other means. However, some user experience is still required with this
method before it is accepted as an alternative to the existing methods.

Further reading

Ezekiel, M. and Fox, K.A. Methods of Correlation and Regression Analysis. John Wiley
and Sons, New York 1996.

Framji, K.K. Determination of stage—discharge relations for estimation of discharge
from gauges. Contribution to Field Methods and Equipment Used in Hydrology and
Hydrometeorology. United Nations Secretariat, New York 1962.
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Chapter 5

Special problems in streamflow
measurement

5.1 Depth corrections for sounding line and weight

When current meter measurements are made with a cable-suspended current
meter in deep swift water, the current meter and the sounding weight will be
carried downstream for a certain distance before the weight touches the bot-
tom. This is often the case when measurements are made from a bridge or
cableway which is at a vertical distance above the water surface. In such cases,
corrections have to be applied in order to determine the correct depth of water
and the depth to which the current meter should be lowered.

Figure 5.1(a) shows the position assumed by the sounding line as the weight,
just off the bed of the stream, is supported by the line only. It is seen that from
the length of line af, the distance ae and the difference between the length of ef
and bc must be deducted in order to determine the depth bc, assuming the
stream bed cf is horizontal. Both these corrections are functions of the vertical
angle 0 and are given in Tables 5.1 and 5.2.

The values in Tables 5.1 and 5.2 are based on the assumptions that the drag
force on the weight in the comparatively still water near the bottom can be
neglected and that the sounding line and weight are designed to offer little
resistance to the flow of water. The uncertainties in these assumptions are
such that significant errors may be introduced if the vertical angle is more than
30°. If the direction of flow is not normal to the measuring cross-section, the
corrections as shown in the tables will be too small.

The same conditions that cause errors in sounding the depth of the stream
also cause errors in placing the current meter at the selected depths in the
vertical. The correction tables are not strictly applicable to the problem of
placing the current meter because of the increased drag force on the current
meter assembly caused by the higher velocities encountered as the current meter
assembly is raised from the streambed. A current meter placed in deep swift
water by the ordinary methods for observations at selected fractions of the
depth will therefore be too high in the vertical. The use of the correction tables
will tend to eliminate this error in placing the current meter and, although not
strictly applicable, their use has become general for this purpose.
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Figure 5.1(a) Assumed position taken up by sounding line and weight in deep swift water.
Corrections to be made to determine depth, bc are air-line correction, de and
wet-line correction as a percentage of ef.

The routine procedure for applying depth corrections is as follows (Fig.
5.1(a)):

(a) Measure the vertical distance ab from the guide pulley on the gauging reel
to the water surface. This will give the vertical distance to be used with the
air-line correction table (Table 5.1).

(b) Place the bottom of the weight at the water surface and set the depth
counter on the gauging reel to read zero.

(c) Lower the sounding weight to the bed of the stream. Read and record the
sounded depth df and the vertical angle 6 of the cable when the weight is at
the bed of the stream, but entirely supported by the cable.

(d) With the aid of the correction tables compute and record:

(i) the air correction de as a percentage of ab (Table 5.1);
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(i1) the wet-line depth ef = df — de;

(iii) the wet-line correction as a percentage of ef (Table 5.2);

(iv) add both corrections together and subtract them from the sounded
depth df; this will give the revised depth bc

(v) if the 0.2D + 0.8D method (See Chapter 2 Section 2.4) is used to locate
the current meter for velocity measurement, raise the current meter
from the sounding position at the streambed a distance equal to 0.2 of
the wet-line depth ef minus the distance from the current meter to the
bottom of the weight; this places the current meter approximately at
the 0.8 depth position;

(vi) raise the current meter to the surface of the water and set the depth
counter to read ae then lower the current meter until it is at a distance
equal to ae plus 0.2 of the wet-line depth ef; this places the current
meter approximately at the 0.2 depth position.

A
—_—
Lw
a
- water surface
)
flow
—>
{
v /
B B
streambed
N
C Cy

Figure 5.1(b) Position of current meter affected by velocity of water.



200 Special problems in streamflow measurement

Table 5.1 Air-line correction

Vertical angle Correction Vertical angle Correction
(degrees) (%) (degrees) (%)
4 0.24 18 5.15
6 0.55 20 6.42
8 0.98 22 7.85
10 1.54 24 9.46
12 2.23 26 11.26
14 3.06 28 13.26
16 4.03 30 15.47

Table 5.2 Wet-line correction

Vertical angle Correction Vertical angle Correction
(degrees) (%) (degrees) (%)
4 0.06 18 1.64
6 0.16 20 2.04
8 0.32 22 248
10 0.50 24 2.96
12 0.72 26 3.50
14 0.98 28 4.08
16 1.28 30 4.72
Examples

In a gauging measurement in a deep swift stream using cableway, the total depth
by sounding line and weight was found to be 7.55 m. The depth from the guide
pulley to the surface was measured as 3.00 m and the vertical angle was 20°.
Find the true depth and the positions for the current meter using the two point
(0.2D and 0.8D) method. The distance from the centre line of the current meter
to the bottom of the weight was 0.3 m.

From Fig. 5.1 (a)

af=7.55m
ab=3.00 m
0 = 20°.

Therefore df = 7.55 — 3.00 = 4.55 m.

Air-line correction, de, from Table 5.1 for 20° = 6.42%,
therefore air-line correction = 6.42% X% 3.00 = 0.19 m.
Therefore wet-line depth ef = df — de =4.55 - 0.19 = 4.36 m.
Wet-line correction, from Table 5.2 for 20° = 2.04%,
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therefore wet-line correction = 2.04% X 4.36 m = 0.09 m.
Therefore true depth bc = 4.36 — 0.09 = 4.27 m.
To place the current meter at the 0.8D position in the vertical

0.2 X wet-line depth = 0.2 X 4.36 = 0.87 m.

Therefore the current meter should be raised a distance of (0.87 —0.3) m
= 0.57 m to locate it at 0.87 m from the bed.

To place the current meter at 0.2D from the surface, raise the meter to the
surface and set the depth counter to read ae then lower the meter until it is at a
distance ae plus 0.2 of the wet-line depth ef, that is,

(3.00 + 0.19 + 0.2 X 4.36) m = 4.06 m.

Another method of obtaining depth and locating the current meter may be
used where the cross-section is stable. The bed cross-section is surveyed and the
water levels related to the reference gauge. At any stage therefore the depth at
each vertical may be taken either from the cross-sectional drawing or from a
table prepared from that drawing. To locate the meter for velocity measurement
the actual depth bc is related to the reading ef (Fig. 5.1(a)). In the above example

ef 4.36
—=——=1.021.
bc 4.27

Then

0.2 x4.27 x1.021 = 0.87 m.

Therefore the current meter is located at 0.87 m from the surface and 0.87 m
from the bed as before. The actual operation in placing the meter is carried out
as detailed above.

Figure 5.1(b) shows a typical situation where the position of a current meter
is affected by the velocity of the water. The required position for the current
meter is at point B a distance L from the point of suspension. The velocity of
the water will cause the current meter to be pulled downstream so that the angle
of suspension is a.

From Fig 5.1(b)

L
cosa=—
and L, =L+¢

L
cos a =

L+¢€



202 Special problems in streamflow measurement

“L+€=
cos a

L
0= - L.
cos a

If the cross-section is pre-surveyed then the value of L is either known or can be
measured on site. The angle a can be measured and the correction factor €,
calculated. The process may be iterative as the angle a will alter as the current
meter is lowered into the water. This method assumes that the bed is horizontal
between points C and C1. If the cross-section is not pre-surveyed then the
current meter can be lowered to the bed at point C1 and the distance AC1
measured. At the same time the angle a can be measured and thus the distance
AC can be calculated

cos a. = AC/ACL1.

Echo sounders or ultrasonic devices are also used to determine the actual
depths of flow at each vertical. These devices may also be incorporated in the
sounding weight as shown in Fig. 2.16. The location of the meter, however,
follows the same procedure whether the cable suspension is from cableway, boat
or bridge (Fig 5.2).

It is evident that the procedure outlined above requires to be carried out with
care in order to avoid magnifying the errors involved. There are also two main
difficulties involved in the measurement from a cableway: (a) employing a suf-
ficiently heavy sounding weight to maintain the suspension in an almost vertical
position, and (b) measuring the vertical angle 6. The main uncertainties
involved in the measurement are:

(a) Unless the cross-sections within the area of measurement are substantially
similar there will be an additional error in depth because the sounding
weight is dragged downstream. The depth measured therefore will not be
that at the measuring cross-section. This uncertainty can be disregarded if
an echo sounder is used to measure depth.

(b) The location of the meter is approximate because of the sounding weight
being dragged downstream. The meter will therefore be unavoidably
located higher in the vertical than it should. In addition the velocity will be
measured downstream of the measuring cross-section.

(c) The measurement of angle 0.

(d) The assumptions made in developing the air-line and wet-line correction

tables (Tables 5.1 and 5.2).

5.2 Oblique flow

The angle of the current, as applied to stream gauging, is the difference between
the normal to the measuring section and the angle made by the current with the
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Figure 5.2 Direct depth measurement by sounding weight.

measuring section. To eliminate errors introduced by such angles, it is necessary
to obtain the component of the velocity normal to the cross-section. To make the
correction for oblique flow for a rod-supported meter the current meter is held
rigidly in line with the direction of flow (Fig. 5.3(a)). For a current meter sus-
pended from a cable the meter will automatically take up the direction of the
current. The velocity in the direction of the current and the angle of deflection are
measured. The measured velocity when multiplied by the cosine of the angle of
the current gives the velocity component normal to the measuring cross-section.
For small angles, say less than 8°, the correction is negligible.

Propeller-type current meters with a component propeller measure the vel-
ocity component normal to the measuring section in oblique flow up to an
angle of 45° and no correction is therefore necessary if the current meter is held
rigidly at right angles to the measuring section (Fig. 5.3(b)).
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- -
4 |

(a) (b)

Figure 5.3 Correction for oblique flow (a). (@) Current meter is held rigidly in direction of
flow AB; required velocity component normal to measuring section is V cos a.
(b) Component propeller-type current meter is held in direction AB normal to
measuring section; meter gives velocity component V cos a automatically.

The assumption is made that the point velocity corrections apply to the
whole vertical or between velocity points in the vertical.

5.3 Stilling well lag and draw-down

During periods of rapid change of stage, water levels in the stilling well may lag
behind those in the stream because of head loss in the intake system. This
phenomenon is known as stilling well lag and may occur on a rising or falling
stage. In addition, the protruding end of the intake pipe may cause a disturb-
ance of flow past the pipe producing a reduction of the water level in the stilling
well. This effect is known as draw-down.

Stilling well lag

The stilling well lag is a measure of the head loss in the intake system. Referring
to Fig. 5.4 which shows the falling stage case:

Let h; = lag or head loss between the water level in the well and the water level

in the stream (m);

A = area of stilling well (m?);

a = area of intake pipe (m?);

A =a non-dimensional coefficient dependent on the relative roughness
and Reynolds number (see Section 16.2);

D = diameter of stilling well (m);

d = diameter of intake pipe (m);

L = length of intake pipe (m);

Ab

A = rising velocity in stilling well (m s™');
t

n = number of intake pipes;
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0.50*
5 = head loss due to entry or exit (intake pipe) (m);
34
2.007 .
5 = head loss due to a valve if fitted (m);
34

2

;j— = head loss due to static tube if fitted (m).
4

Then the velocity in the intake pipe is

AAbT
v=—"——"—ms .

a At n

From Bernoulli’s theorem' and equation 10.4 (Chapter 10)

0.5/ 2.0 o ALV
by = e (5.1)
2g 2¢ 2g 2gd
U2
=—(0.5+2.0+1+ AL/d). (5.2)

2g

Example

Determine the stilling well lag on a rising stage given the following information
(there are no valves or static tubes):

L=10m
D=1.00m
d=0.076 m
Ah .
—=5mms
At

k = 0.03 mm (effective roughness) (Chapter 15, Section 15.2)
v =1.14 x 10~ ° (kinematic viscosity) (Chapter 15)
=1.

n
k 0.03
—=———=0.0004,
d 1000 x 0.076

1 Bernoulli was one of the foremost scientists during the 18th century and his theorems greatly
accelerated the beginning of hydraulic and hydrostatic studies.
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_AAb1_ 0785

YT A Atn 00045

X 0.005=0.872ms .

Therefore

0.872 x 0.076 _
Ro=——————=06x 10°
1.14 % 10°°

and from Fig. 15.8 4 = 0.02 (Chapter 15).
From equation (5.1)

0.872 0.02 x 10
b, =lag = 0.5+
19.62 0.076
=0.122 m.

It can be seen from the above that the lag varies inversely with the square of the
number of intakes for a given rate of change of stage and in direct proportion to
the square of the ratio of well area to intake area. Thus the lag for a given well
would be reduced by a factor of four if two intakes were used instead of one
and by a factor of nine if three intakes were used.

As an aid to design, curves may be constructed by plotting different values of
lag b, against the rate of change of stage Ab/At, b, against A and b; against a.

Draw-down

Unless the stream end of the intake pipe is protected from the dynamic effects
of the water flowing past it, there may be a draw-down (rising stage) or a
building up of the height of water in the well (falling stage) as compared with
the height of water in the river channel at the end of the pipe. These differences
in height may be as much as 0.3 m, and they vary not only for different stages
but also for the same stage of the river. Stilling wells attached to bridge piers or
abutments are generally provided with small openings whereby the water is
admitted directly into the wells, without the use of intake pipes. Under these
circumstances the dynamic effects of the water may be even more pronounced
than those experienced where the connection is made through intake pipes.
Except in rivers where heavy silt loads make the use of intake pipes impractic-
able, it is sometimes possible to make intake connections to stilling wells on
bridge piers and abutments similar to that used with stilling wells in river
banks. Various devices attached to the ends of intake pipes are used in an
attempt to eliminate the so-called ‘draw-down’, or difference in the heights of
the water in the well and in the river.
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Static tubes

The static tube appears to be the most satisfactory device for eliminating draw-
down at intakes to gauge wells.

The static tube device may be made in various designs and in any size corres-
ponding to the size of the intake pipe with which it is to be used. A typical
design of static tube showing dimensions and arrangement of openings is given
in Fig. 5.5. A suitable arrangement of openings to provide the required area for
a 100 mm diameter static tube may be obtained by using six rings of holes
with six holes in each ring, the rings being about 25 mm apart and the holes
staggered in alternate rings as shown in Fig. 5.5.

Generally the minimum length of static tube should be about four times
the diameter of the intake pipe and the total area of the holes should be about
20-25% greater than the cross-sectional area of the pipe, in order that
deposits of mud and silt may be effectively removed by flushing of the intake.
The outer end of the tube may be threaded for a standard pipe coupling and
closed by means of a standard plug, or it may be closed by a plug specially fitted
to the inside of the pipe. If preferred, a cap may be used instead of a coupling
and plug.

The static tube may be connected to the intake pipe by means of a 90° elbow
or by a standard tee. If the intake pipe points upstream from an artificial
control, the connection may be made as shown in Fig. 5.6. The tube is fixed
securely in a horizontal position, and provision is made so that it will not tilt
downward by the turning of the coupling under its own weight or any add-
itional weight that may be placed upon it. In using a standard tee connec-
tion the static tube is attached to the leg of the tee, the run of the tee opposite
the well being closed with a plug. Figure 5.7 shows a typical installation of a
static tube.

(=P =) !
e 170mm —| Q|8 &|&] &|=— 170mm —=
Six holes per ring

—_— T T
Flow ~20mm 100 mm pipe and fittings

100 mm Intake pipe

Note: Edges of holes are free of burrs but not rounded.
The tube is fixed in a horizontal position.

Figure 5.5 Typical design of static tube to mitigate draw-down.
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Coupling and plug Control
Intake pipe to gauge well '

O / I

L —
Static tube | | Slip tee o
TSRS

Pile, rock or concrete base

Steel sheet piling

Figure 5.6 Static tube connected to intake pipe from an artificial control.

Figure 5.7 Typical installation of intake pipe fitted with static tube.

Baffles

A baffle piece inserted in the end of the intake pipe may be used instead of a
static tube to mitigate draw-down if the direction of flow is at an angle of 90° to
the intake. However, the baffle is not so effective if the direction of flow is at an
angle considerably greater or less than 90°.

A typical baffle for a 100 mm diameter intake is shown in Fig. 5.8. The length
of baffle for a 50 mm diameter intake may be taken as about 100 mm and for a
75 mm diameter intake as about the same as for the 100 mm diameter intake.
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Steel plate
—————— [ p
) 160 .
100 mm diameter mm
Intake pipe
80_,1, 80
L mm mm
\ End of pipe Fillet weld
cut square to pipe

Baffle to be fixed in a vertical position normal to the current

Figure 5.8 Baffle inserted in end of intake pipe as an alternative device to a static tube.

5.4 Rapidly changing discharge

At stream gauging stations located in a reach where the slope is very flat, the
stage—discharge relation is frequently affected by the superimposed slope of
the rising and falling limb of a passing flood wave. During the rising stage, the
velocity and discharge are normally greater than they would be for the same
stage under steady flow conditions. Similarly, during the falling stage the dis-
charge is normally less for any given gauge height than it is when the discharge
is constant.

The method used in developing rating curves at single-gauge stations is, as
discussed in Chapter 4, to draw a median curve through a scatter of plotted
discharge measurements. This procedure gives a correct result when all dis-
charge measurements are made under steady or nearly steady flow conditions.
In fact, if each plotted measurement had been tagged as to whether it had been
measured on a rising or falling stage, the curve might have taken the shape of a
loop (Fig. 5.9(a)). This effect is especially noticeable for larger rivers having very
flat slopes with channel control extending far downstream. For smaller rivers
having section control or steeper slopes, and the measuring section not too far
from the site where the stage is observed, the looping effect is seldom of such a
magnitude as to have any practical consequence. The looping effect is due to
several causes. The first is channel storage. If a discharge measurement is made
at some distance from the station control during a period of rising or falling
stage, the discharge passing the measuring section will not be the same as the
discharge at the control: a correction for the channel storage has to be applied
to the measured discharge by adding or subtracting from the measured dis-
charge a quantity equal to the product obtained by multiplying the water sur-
face area between the measuring section and the control by the average rate of
change in stage in the same river reach. If the measurement is made above the
control, the correction will be positive for falling stages and negative for rising
stages. If made below, it will be the converse.
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Figure 5.9 A typical loop rating (a) and the US. rating curve (b) during conditions of rapidly
changing discharge.

Example

A measurement is made 1000 m upstream from the control; average width of
channel in the reach is 100 m; average rate of rise of water surface in the reach
during measurement is 0.15 m h™'; measured discharge is 120 m’ s™.

Then, the rate of change of storage in the reach is given by

ds = 1000 x 100 x 0.15 = 15000 m’ h™'

=42m’s .

The discharge measurement is plotted as (120 —4) m®* s™' = 116 m® s™' (rounded)
since this is the discharge passing the control to which the mean gauge height
during the measurement corresponds.

The second reason for the looping of rating curves is the variation in surface
slope which occurs as a flood wave passes a river gauging station. Discharge
measurements taken on either side of a flood wave may be corrected to the
theoretical steady-state condition by application of the following equation

O, 1 dhy»
=+ —— (5.3)
O, ( US. dt)
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where O, = measured discharge;
Q, = estimated steady-state discharge from the rating curve;
U = wave velocity (celerity);
S. = energy slope for steady-state flow;
dh/dt = rate of change of stage, positive for rising stage and negative for
falling stage.
Rearranging equation (5.3) gives

1 _OJ/0)r-1 (5.4)
Us ' '

. dh/de

If a sufficient number of measurements have been made at a gauging station
during both rising and falling stage and under steady-state conditions, equation
(5.4) may be solved for Q, by a graphical method, the so-called Boyer method,
without having to compute the energy slope and the velocity of the flood wave.

The discharge measurements are plotted in the usual manner and a rating
curve is drawn as a median curve through the uncorrected values (Fig. 5.9(a)).
The steady-state discharge O, is estimated from this median curve. Q,, and
dh/dt have been measured and are therefore known quantities; by substituting
in equation (5.4), the term 1/US, is obtained for each discharge measurement.
This term is plotted against stage and a mean curve fitted to the plotted points
(Fig. 5.9(b)). From the 1/US, against stage relation, new smoothed values are
obtained and inserted in equation (5.4) in order to obtain the steady-state Q..
The new values of Q, are then plotted against stage to obtain a corrected
steady-state rating curve.

Example

Referring to Fig. 5.9(a) on a rising stage, the measured discharge is 3550 m® s,
the stage measurement is 5.60 m and the rate of change of stage is 0.11 ms™".
Calculate the steady-state value of discharge (equation (5.3))

%: 1+i% 1/2‘
0, US. dt

From Fig. 5.9(b), US, is 0.42 for a stage value of 5.60. Then

3550 1 i
= (1+—xo0.11
o, 0.42

3550

T1.123
=3160 m> s !



Shifting control 213

which is the steady-state value of discharge through which the steady-state O,
rating curve is drawn. It will be noted that to determine the discharge from the
Q. rating curve for known values of stage and rate of change of stage, the above
procedure is reversed, the required discharge being QO,,.

For gauging stations situated in tidal reaches with significant unsteady flow,
calculation of the discharge is generally carried out by special methods such as
the method of cubature and unsteady flow mathematical modelling.

The method of cubature is based on the law of continuity. The rate of rise and
fall of the water surface is used to determine the rate of gain and loss of channel
storage in a reach. The discharge at the downstream end of the channel reach is
calculated from the known inflow to the reach and the computed gain or loss in
channel storage during the time required for the water surface to rise and fall.

Unsteady flow mathematical models are based on assumptions of moderately
unsteady, homogeneous and one-dimensional flows and prismatic channel
geometry. On these assumptions, a system of unsteady flow equations can
readily be set up to describe the tidal flow. Initial and boundary conditions are
determined by field measurements. The actual computation of discharge is
conveniently performed by digital computer.

5.5 Shifting control

General

Shifts in the control features occur especially in alluvial sand-bed streams.
However, even in stable stream channels shifts will occur, particularly at low
flow because of weed growth in the channel, or as a result of debris caught in
the control section.

In alluvial sand-bed streams, the stage—discharge relation usually changes
with time, either gradually or abruptly, due to scour and silting in the channel
and because of moving sand dunes and bars. These variations will cause the
rating curve to vary with both time and the magnitude of flow, and observations
and measurements have to be carried out in the best way possible.

Characteristics of sand-bed channels

In sand-bed channels, the configuration of the bed varies with the magnitude of
the flow. The bed configurations occurring with increasing discharge are ripples,
dunes, plane bed, standing waves, anti-dunes and chute and pool (Fig. 5.10).
The bed forms are associated with a particular mode of sand movement and
with a particular range of resistance to the flow of water. The resistance to the
flow is greatest in the dunes’ range. When the dunes are washed out and the sand
is rearranged to form a plane bed, there is a marked decrease in bed roughness
and resistance to the flow causing an abrupt discontinuity in the stage—
discharge relation.
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; Water surface , Water surface

{(a) Ripples (e) Plane bed

(b) Dunes with ripples (f) Standing waves

(c) Dunes {g) Anti-dune, breaking waves

(d) Transition (washed out dunes) (h) Chute and pool

Figure 5.10 Bed and surface configurations found in sand-bed channels.
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The sequence of bed configurations shown in Fig. 5.10 is arranged as
developed by increasing discharge. The bed configurations are grouped into
two regimes. The lower regime, a—c, occurs with lower discharges, the upper
regime, e—h, with higher discharges; an unstable discontinuity, d, in the depth—
discharge relation appears between these more stable regimes.

Fine sediment present in the water influences the configuration of the sand-
bed and thus the resistance to flow. A concentration of fine sediments in the
order of 40 000 mg litre™ may reduce the resistance to flow in the dune regime
by as much as 40%. Thus the stage—discharge relation for a stream may vary
with the sediment concentration if the water is heavily loaded with fine
sediments.

Changes in water temperature may also alter the bed form, and hence rough-
ness and resistance to flow in sand-bed channels. The viscosity of the water will
increase with lower temperatures and thereby the mobility of the sand will
increase.

Discharge rating of sand-bed channels

For sand-bed streams where neither bottom nor sides are stable, a plot of stage
against discharge will very often scatter widely and thus be indeterminate (Fig.
5.11). By changing variables, however, a hydraulic relationship will become

09 .
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Figure 5.11 Plot of discharge against stage for a sand-bed channel with indeterminate
stage—discharge relation.
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apparent. The effect of variation in bottom elevation is eliminated by replacing
stage by mean depth (hydraulic radius). The effect of variation in width is
eliminated by using mean velocity instead of discharge.

Plots of mean depth against mean velocity are very useful in the analysis of
stage—discharge relations, provided the measurements are referred to one and
the same cross-section. These plots will identify the bed-form regime associated
with each individual discharge measurement (Fig. 5.12). Thus only the meas-
urements associated with the upper flow regime are used to define the upper
part of the rating curve and, similarly, only measurements identified with the
lower flow regime are used to define the lower part. Measurements made in the
transition zone will scatter widely and may not be taken as representing shifts in
the more stable parts of the rating.

Knowledge of the bed-form which existed at the time of the individual dis-
charge measurements is helpful in developing discharge ratings. Indication of
bed-forms may be obtained by visual observation of the water surfaces.

A very smooth surface indicates a plane bed, large boils and eddies indicate
dunes, standing waves indicate smooth bed waves in phase with surface waves,
and breaking waves indicate anti-dunes. The visual observations of the
water surfaces should be recorded on the note sheet when making discharge
measurements in sand-bed channels.

The upper part of the stage—discharge relation associated with the upper flow
regime for a sand-bed channel is usually comparatively stable. The middle part
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Figure 5.12 Relation of mean velocity to hydraulic radius of channel in Figure 5.11.
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of the stage—discharge relation associated with the transition zone between the
upper and lower regimes varies almost randomly with time, and frequent dis-
charge measurements are necessary in order to define this part of the relation.

At low flow when the water is not covering the whole width of a sand-bed
channel, the flow tends to meander in the course of time. Under this condition,
it is not possible to observe a systematic gauge height and a record of the
discharge can therefore not be obtained.

A continuous definition of the stage—discharge relation for a sand-bed
stream at low flow is difficult. If at all feasible, a permanent control structure
for the lower flow may be considered in these cases.

The Stout method

For making adjustment for shifting control the Stout method is commonly used.
In this method, the gauge heights corresponding to discharge measurements
taken at intervals are corrected so that the discharge values obtained from the
established rating curve may be the same as the measured values. From the plot
of these corrections against the chronological dates of measurements, a gauge
height correction curve is made. Corrections from this curve are applied to the
recorded gauge heights for the intervening days between the discharge
measurements.

A staff gauge is established at the best available site on the river and readings
taken at appropriate intervals, say once a day. Discharge measurements are
made as often as found necessary, and may be required as often as once or twice
a week. How often discharge measurements need to be taken depends on several
factors, such as the hydraulic conditions in the river, the accuracy and the
feasibility based on economic and other factors.

The measurements are plotted against observed gauge heights on arithmetic
graph paper and a median curve is fitted to the points. Most of the subsequent
discharge measurements will deviate from the established curve. For points
lying above the curve, a small height, Ab, is subtracted from the observed gauge
height in order to make these points lie on the curve. That is, minus corrections
are applied to all points above the curve and plus corrections are applied to
points lying below the curve (Fig. 5.13(a)).

Next, a correction graph is made as shown in Fig. 5.13(b). The plus and
minus corrections are plotted on the date of measurement and the points con-
nected by straight lines or a smooth curve. Gauge height corrections for each
day are now obtained directly from this correction graph, remembering that the
parts of the graph below the abscissa axis give minus corrections and the parts
above give plus corrections.

When discharge measurements plot within 5% of the rating curve, with some
plus and some minus deviations, it is acceptable to use the curve directly with-
out adjustment for shifting control. For computation purposes special forms
may be made.
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Figure 5.13 The Stout method for correcting stage readings when control is shifting.

It is not too important how the median curve is drawn between the measure-
ments. Different curves will give different corrections and the final result will be
approximately the same. Extrapolation of the curve, however, has to be done
with care.

A rating of this type requires much work in order to obtain good results. The
accuracy depends on the hydraulic conditions in the river and on the number
and accuracy of the discharge measurements and the gauge height readings.
The reliability is much less than for a station with a permanent control.

The Stout method presupposes that the deviations of the measured dis-
charges from the established stage—discharge curve are due only to a change or
shift in the station control, and that the corrections applied to the observed
gauge heights vary gradually and systematically between the days on which the
check measurements are taken.

In fact, the deviation of a discharge measurement from an established rating
curve may be due to:

(a) gradual and systematic shifts in the control;
(b) abrupt random shifts in the control; and

(c) error of observation and systematic errors of both an instrumental and a
personnel nature.

-

The Stout method is strictly appropriate for making adjustments for the first
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type of error only. If the check measurements are taken frequently enough, fair
adjustments may be made for the second type of error also. However, the
drawback of the Stout method is that the error of observation and the system-
atic errors are disregarded as such and simply mixed with the errors due to shift
in control, although, at times, the former errors may be of a higher magnitude
than the latter. This means that ‘corrections’ may be applied to a discharge
record when in reality the rating is correct. The apparent error is not due to
shifting control but to faulty equipment or careless measuring procedure.

Erosion

A shift in control may often be caused by erosion (scour). When this occurs it
will appear in the discharge rating curve as a shift to the right of the previous
curve indicating an increase in the channel conveyance over that previously
found for a given stage. The more common situation is that the lower part of
the rating curve may change as a result of erosion of the low water control only,
while the upper part of the curve may retain its original trace because the high
water elements of the control come into effect at the high stages maintaining
the previous stage—discharge relation. On the other hand, the opposite situ-
ation may often occur where the low water control is essentially permanent, as
in the case of a rock ledge across the stream, while the high water elements of
the control, such as alluvial banks, are subject to erosion during high floods.

If a radical change has affected the controlling reach downstream from the
station in streams with channel control, the variation in the stage—discharge
relation may extend over the entire range of stage and discharge. In such cases,
some degree of parallelism may exist between the new and the old discharge
rating curves.

Deposition

The effect of deposition (fill) on the controlling section and in the controlling
reach is opposite to that of erosion and the discharge rating curve representing
the new stage—discharge relation will be positioned to the left of the previous
curve.

The effect of deposition on a low water control will be drowned out when
full submergence occurs and the downstream high water controlling elements
take effect. Usually, deposits on a low water section control will be washed
away at high water. Typically, low water controls subject to erosion and
deposition produce a series of discharge rating curves spreading out fanwise at
the lower end and converging for stages above the beginning of submergence of
the low water control.
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Shifts in channel above the station control

Shifts and changes in the stream channel above the station control may signifi-
cantly affect the velocity of approach at the gauging site as a result of changes
in the slope or the cross-sectional area of the channel. If scouring of the channel
takes place, the greater capacity of the forebay upstream from the control
results in a lower velocity of approach and thus a decrease of the discharge for a
given stage. If deposition occurs, an increase in the velocity of approach and a
consequent increase in the discharge for a given stage will result.

In Chapter 4, Fig. 4.5 shows a complex stage—discharge curve for the
Yangtze River due to deposition and scour among other factors.

Weed growth in the stream channel

Weed growth in the stream channel will affect both the roughness and the
effective cross-sectional area of the channel and thereby also the stage—dis-
charge relation. The growth is generally greatest in streams polluted by organic
wastes.

Weed growth on and at the control may have greater effects at low water than
at high water, and except for the seasonal characteristics, the effects will
resemble those due to scour and deposition. Floods may remove part of the
effect from weed growth by flattening them out.

In a measuring structure weed growth on the crest or throat may cause
significant errors in discharge. Weed growth causes a head rise and a con-
sequent overestimate of the discharge. The remedy is to maintain the structure
in good order by frequent brushing or scraping during the weed-growing
season.

5.6 Extrapolation of rating curves

General

Extrapolation of the rating curve in both directions is often necessary. If the
point of zero flow has been obtained, the curve may be interpolated between
this point and the lowest discharge measurements without much error. But if
the point of zero flow is not available, it is not advisable to extrapolate far in
this direction.

In the upper part of the curve extrapolation is almost always necessary. Only
in a few cases are discharge measurements available at about the highest flood
peak observed.

Logarithmic extrapolation has proved to be a reliable method for shorter
extensions (Chapter 4). If, however, extended extrapolations have to be made,
special methods must be used.
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The stage-velocity—area method

The best method to use is the extension of the stage against the mean velocity
curve. A plot with stage as the ordinate and the mean velocity as the abscissa
gives a curve which, if the cross-section is fairly regular and no bank overflow
occurs, tends to become asymptotic to the vertical at higher stages. That is, the
rate of increase in the velocity at the higher stages diminishes rapidly and this
curve can therefore be extended without much error. Further, by plotting the
stage—area curve (stage as ordinate, area as abscissa) for the same cross-section
as that from which the mean velocity was obtained, the area can be read off at
any stage desired. Multiplication of the area by the mean velocity gives the
discharge (Fig. 5.14).

The area is obtained by a field survey up to the highest stage required and is
therefore a known quantity.

The Manning equation method

The uniform flow equation as developed by Manning, expressed as
O =1/n AR*® §" (5.5)

where # = a constant,
A = area of cross-section,
R = hydraulic radius,

Gauge height

an velocity

Area
Discharge

Figure 5.14 The stage—area—velocity method for extrapolating a stage—discharge curve.
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S = slope of water surface and

Q = discharge,

may be used for extrapolation of rating curves. In terms of mean velocity the
equation may be written (Chapter 8)

1
v= (—) RS (5.6)

n

1
where — S is a constant K.
n

For the higher stages, the factor #S"> becomes approximately constant.
Equations (5.5) and (5.6) can therefore be rewritten as

O = KAR*? (5.7)
and
v = KR*. (5.8)

By using various values of v from the known portion of the stage against the
mean velocity curve and the corresponding values of R, values of K can be
computed by equation (5.8) for the range in stage for which the velocity is
known. By plotting these values of K against the gauge height, a curve is
obtained that should asymptotically approach a vertical line for the higher
stages (Fig. 5.15). This K-curve may then be extended without much error and
values of K obtained from it for the higher stages. These high stage values of K
combined with their respective values of A and R** using equation (5.7) will

Gauge height
~

Y

K= VIR

Figure 5.15 The Manning equation method for extrapolating a stage—discharge curve.
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give values of the discharge QO which may be used to extrapolate the rating
curve. A and R are obtained by field surveys and are known for any stage
required.

The Stevens method

The so-called Stevens method is a variation of the method described above. It is
based on the Chezy formula for uniform flow (Chapter 8)

O = AC(RS)"™. (5.9)

For shallow streams with a relatively small depth—width ratio, the mean depth
D does not differ much from the hydraulic radius R. Then, by substituting D for
R, equation (5.9) may be written

O = CS™AD'"™, (5.10)

At higher stages, the slope S in most cases may be considered constant. Then, by
plotting AD"* against Q in equation (5.10), an approximately straight line is
obtained which is readily extended.
As illustrated in Fig. 5.16, values of AD" are plotted against both gauge
height / and discharge O, and the latter curve extended up to the higher stages.
Both A and D are obtained by field surveys and are therefore known factors.

5.7 Overflow

Streams with large overflow or out-of-bank flow present many complications in
streamflow measurement and in the determination of the stage—discharge
relation, particularly during rising and falling stage. It is frequently practicable

AD1/2
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|
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1
!

Gauge height Discharge

Figure 5.16 The Stevens method for extrapolating a stage—discharge curve.
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to establish separate discharge rating curves for the flow in the main channel
and in the overflow area, the total discharge being the sum of these. Bridging
over the overflow area is a practical solution, where possible, and gaugings can
be made from the bridge.

5.8 Current meter measurements from ice cover

Current meter measurements made under ice cover require special equipment
for cutting holes in the ice through which to suspend the current meter. The
development of power drills has facilitated what was formerly a laborious
procedure and 150 mm holes can now be cut with ease and speed.

When holes are cut in ice the water, which is usually under pressure because
of the weight of ice, rises in the hole. To determine the effective depth of flow,
ice measuring sticks are used to measure the distance from the water surface to
the bottom of the ice. The ice measuring stick consists of a bar about 1.2 m
long, graduated in 10 mm divisions and having an L-shaped projection at the
lower end. The horizontal part of the L is held on the underside of the ice and
the depth to that point is read at the water surface on the graduated part of the
ice stick. The horizontal part of the L is at least 100 mm long so that it may
extend beyond any irregularities on the underside of the ice.

In order to measure the depth of flow and to suspend the current meter, a
special assembly may be used because a normal sounding weight will not fit
through the hole. The weight and meter are placed in a framework that will
pass through the drilled hole.

A special vane ice meter is used in the United States for use under ice cover
(Fig. 5.17) because the vanes do not become filled with slush ice as the cups of a
cup-type meter often do. Further, the vane meter will fit into the hole made by
the ice drill, and the yoke and ice rod can serve as an ice measuring stick.

In Russia equipment has been developed which enables the current meter to
be lowered vertically into the hole and then rotated into the horizontal position.

The measurement of streamflow follows the same principles as those
described in Chapter 2. At least 20 holes are made for the measurement, spaced
so that no segment has more than 10% of the total discharge (Fig. 5.18). On
narrow streams, however, it may often be simpler to remove all the ice in the
cross-section.

The SonTek ADCP River Surveyor 100 mm diameter transducer head is used
as a hand-held current meter for measuring under ice cover (Fig. 5.19). The
meter has a user-friendly software package and is custom-designed for both
velocity and discharge measurements using the mid-section method. While
measuring under ice cover, the electronics may be conveniently carried by
backpack.

Because of the roughness of the underside of the ice cover, the location of the
filament of maximum velocity is some distance below the underside of the ice.
In making a discharge measurement, the 0.2 and 0.8 depth method is preferred
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Figure 5.17 Vane ice current meter (upper) and vane meter with cable suspension yoke
(lower).

for depths greater than 0.75 m and the 0.6 depth method is recommended for
depths less than 0.75 m. It is also recommended that several vertical velocity
curves be defined when ice measurements are made in order to determine
whether any coefficients are necessary to convert the velocity obtained by the
above point measurements to the mean velocity. When measuring the velocity,
the meter is kept as far upstream as possible to avoid any effect that the vertical
pulsation of water in the hole might have on the current meter. The current
meter is kept free of ice when the velocity is being observed and it is therefore
important to eliminate, as far as possible, the exposure of the meter to the cold
air during the measurement. This can often be done by placing the meter in a
bucket of river water or in a hot-air chamber during transportation between
verticals.

Partial ice cover

When partial ice cover is observed at a gauging station discharge measurements
are carried out in the ice-covered portion as described above. In the ice-free part
of the stream normal gauging methods are employed using wading, footbridge,
cableway, boat or floats. Floating ice can often serve as floats (Chapter 7). In
Russia, ice floes distributed over the channel are photographed from aircraft in
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Figure 5.18 Dirilling holes in ice (foreground); ice rod being used to support current meter
for a velocity measurement under ice cover (background).

order to determine the discharge in large ice-melt streams or special floats are
released from aircraft and photographed to determine the discharge of the
ice-free portion of a stream.

Multi-layered ice conditions

When several layers of ice have formed at the measuring site, it is usually more
convenient to obtain a better site and have the discharge measurement correl-
ated to the permanent station. If this is impractical, several holes may be drilled
at the measuring site to ascertain the location of the main portion of flow
within the layers. The discharge is measured by separately determining the
effective depths and velocities between the ice layers.
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Figure 5.19 The SonTek ADCP River Surveyor 100 mm diameter transducer head being
used as a hand-held current meter during a measurement under ice in the
Amur River in China. Note software electronics being carried on site in
operator’s backpack.

Water above the ice

If flow is over the ice surface, discharges both above and under the ice are
measured separately. In this case, depth measurements under the ice cover may
usually be omitted but it is necessary to measure the depth from the water
surface to the upper surface of the submerged ice.

Channel completely frozen

If the channel freezes to the bed in winter and is completely filled with ice and
snow, it is sometimes practical to cut a ditch about 0.5 to 1.0 m wide and at
least 20 m long to convey the first flow of spring meltwater when discharge
measurements can commence.
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Safety measures

The danger of working on ice-covered streams can never be underestimated. As
a general rule, measurements are not conducted on ice unless the thickness of
the ice is at least 100 mm and the air temperature no higher than — 5°C. Nor-
mally, testing the actual strength of the ice is made by solid blows using a sharp
ice chisel. Ice thickness may be irregular, especially late in the season when a
thick layer of snow may act as an insulator or when water appears on the
surface of the ice or new layers of ice are formed. Vehicle speeds on ice should
be low since the hydrometric wave increases pressure on the ice and observers
making measurements should wear non-slip footwear.

5.9 Streamflow in arid regions

Streamflow measurement is made difficult in arid catchments because of the
fact that runoff only occurs when conditions are favourable and sometimes only
on a few days per year. Intense rainfall may produce catastrophic floods of a
fairly short duration and the problem of measurement is intensified. Further,
many streams may have very low flows for some of the time but yield significant
discharges during sudden floods. The problem of access and transport is made
more difficult because of poor roads and observers are scarce because of
the sparseness of the population. These problems and others are often only
alleviated by improvisation.

Discharge measurements are generally carried out by the velocity—area
method. Natural controls are rare however, and if possible bed controls are
installed to stabilise the stage—discharge relation. Gabions are frequently used
in this connection, consisting of baskets, each of about 3 m’, filled with
boulders (Fig. 5.20). These gabions require to be anchored to the alluvial bed by
iron bars.

Stations in arid zones require to be designed to measure flows from zero to
major floods. These floods are often accompanied by velocities of the order of
6 m s”'. Measurement by current meter then becomes impracticable and the
measurements are made by floats (Chapter 7).

It is more convenient to use cableways under normal flow conditions rather
than footbridges which may be unsafe or swept away in floods.

Where access is difficult, for one reason or another, during floods crest—stage
gauges may be installed and discharge computed later by the slope—area
method (Chapter 8). Alternatively, the surface slope during floods may be
obtained by refuse marks or traces left by the flood. Historical floods may often
be estimated by ancient traces in uninhabited areas. In inhabited regions the
historical floods of wadis may be estimated from the results of making enquir-
ies amongst local villagers. The date of such floods however, may only be
obtained by their having coincided with some notable event in the village, the
birth of a child for example, or something of note which has occurred in village
life, and extreme caution has to be exercised as to the reliability of witnesses.
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Figure 5.20 Installation of bed control using gabions in arid-zone streams.

In arid regions the bed is usually unstable and is therefore susceptible to
scouring and deposition during floods. However, if the bed geometry is altered
with each flood the mean depth often remains the same, except for low flows,
and the stage—discharge relation remains substantially unchanged. In many
wadis, however, a violent flood may gouge out the bed by several metres and
it may then be necessary to wait some years in order to establish the same
cross-sectional profile which existed prior to the flood.

In order to obtain the actual level of the bed at the time of a flood peak it is
sometimes convenient to bury a pile of bricks in the bed prior to the flood.
The layers of top bricks are washed away in the flood and even if deposition
occurs as the flood subsides, the minimum bed level may be obtained by
uncovering the bricks. A better method makes use of a sounding weight and
chain which are buried in the bed to a depth greater than is expected during
scouring. The free end of the chain should just reach the bed level prior to
the flood and should be installed vertically. For recovery of the chain, it is
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lengthened by means of a rope to which a float is attached. Several such devices
are installed in the cross-section. The section of chain which is cleared by the
flood by removal of the surrounding alluvium follows the direction of the cur-
rent and will take up a position at right angles to the remaining buried portion
of the chain. The entire chain is buried once again with alluvium as the flow
subsides, and the chain can be exposed by digging and the minimum bed level
obtained.

5.10 Non-standard indirect methods for measuring
discharge and peak flow

General

There are occasions when a measurement of flow is required where there are no
gauging stations available. In these circumstances resort has often to be made to
non-standard methods as such a measurement may be considered ‘better than
no measurement at all’. This situation may occur in estimating flood peaks
where very few large floods have been measured directly.

There are numerous methods that can be used either for direct or indirect
measurements or for post- or historic measurements (palaeofloods). A selection
of these methods that could be interrelated follows.

Manning’s ‘n’ and Chezy’s ‘C’

Discharges, especially floods, may be estimated by the Chezy or Manning
equations and the slope—area method by noting flood trash marks or flood
wrack, from which slope may be estimated, and an estimation of roughness
coefficients. (see Chapter 8). At the present state of knowledge, the selection of
roughness coefficients (Manning’s ‘n” or Chezy’s ‘C’) remain an art and often
developed from experience. Generally ‘n” may be selected by ‘visual’ estimation
or based on the following semi-empirical equations:

Darcy-Weisbach:
n= (le/3) 1/2/(8g) 12
where ‘f” is the Darcy-Weisbach friction factor and R is the hydraulic radius.

Jarrett:
n =0.328%38 R0
where S is between 0.002 and 0.04.

Limerinos:
0.113R1/6

n =
1.16 + 2 log,, (R/Dyg,)
where Dy, is the 84th percentile of particle b axis size distribution.
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Strickler:

n=0.0151 (Dy,")
where Dy, (mm) is the 50th percentile of particle b axis size distribution
expressed as D = (21.1n)°.

In some cases hydrologists have recorded ‘n’ or ‘C’ values at gauging stations
as part of normal gaugings so that a series of these values may be made avail-
able for estimating current or historic floods or other discharges in the catch-
ment or basin. By estimating roughness coefficients during gaugings, seasonal
values may also be obtained.

In the UK, an example in the application of the slope—area method to esti-
mate a previous flood was the Glen Ample flood in Scotland in 2004. No
gauging stations existed and slope was estimated from trash lines left by the
flood. Three ‘n’ values were chosen in the cross-section, 0.030 for the bed
section, 0.080 for the banks and 0.035 for the bank overflow on one side (Fig.
5.21) (see Further reading).

A study in the UK to estimate ‘#’ values found values in the range 0.041 to
0.785 in one day in one river, the latter value being under extreme weedy condi-
tions. This demonstrates the difficulty in choosing ‘%’ values (see Further
reading).

In the US, 50 different rivers were examined for ‘z’ values. These rivers were
stable but with a wide range of hydraulic conditions from boulder-strewn
mountain rivers of the western US to the heavily vegetated flat-sloped rivers of
the south (see Further reading).

In the US study, ‘%’ values ranged from 0.024 to 0.075 and coloured photo-
graphs of each river studied were presented (Figs 5.22 and 5.23). In general, in
the US study, ‘»’ values increased with discharge.

ISO 1070 gives suggested values of ‘> and ‘C’ ranging from 0.016 for gravel
beds to 0.200 for rivers with dense willow trees in mid-summer; ‘C’ values are

N

h=0035

n=0.080 n=0.030 n=0.080

-

Figure 5.21 Estimating the Glen Ample flood in 2004, showing a diagrammatic view of the
cross-section with the selection of three ‘n’ values (Cargill, SEPA UK).
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in the range 5 to 91. and these are presented for various values of ‘R’ (the

hydraulic mean depth). Fig. 5.24 shows an envelope of the world’s maximum

floods, many of which have been determined in this way (see Further reading).
It can be seen from Fig. 5.24 the equation of the world envelope is

0 =500 A™
and for catchments under 100 km?
0 =100 A,
(For Europe the envelope has the equation

O =230 A™¥).

Floats (see Chapter 7)

Floats can be used to good effect and especially if flood debris is being carried in
the flow from which velocity can be estimated. Generally an uncertainty of

Figure 5.22 Indian Fork below Atwood Dam, near New Cumberland, Ohio.n = 0.026.
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Figure 5.23 Rock Creek near Derby, Mon.n = 0.075.

some 15-20% may be expected but ISO 748 may be referred to in this
connection.

Weirs and flumes (see Chapter 10)

Existing non-standard river weirs, or flumes, may be used employing the simple
basic equation Q = Cbh** where Q is discharge, C the coefficient of discharge,
b the length of crest or width of flume and » the head. The units in this
equation may be metric or U.S.

In Chapter 10, simplified equations are presented for spot measurements of
discharge of standard and other weirs that may be used for river weirs of similar
geometry. The United States Geological Survey ‘Manual on the measurement of
peak discharge over river dams by indirect methods’ using the above equation
(see Further reading) presents 14 weirs of unusual shape from which a selection
is made of a comparative weir. Note that in the tables accompanying the
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manual, the units are US units. Simon has presented a series of 48 broad-crested
weir shapes with their coefficients of discharge determined from laboratory
calibration (see Further reading).

Width contractions

Measuring peak discharges at width contractions, notably under road or rail-
way bridges is presented in the United States Geological Survey ‘Manual on the
measurement of peak discharge at width contractions by indirect methods’ (see
Further reading).

The equation used is

O =CA (2g (Ab + aV*¥2g - hy))
where

Q is discharge,
C is coefficient of discharge,
A is area of section between abutments,

Ab is the difference in elevation of the water surface between upstream and
downstream of the flow through the contraction,

AV?/2g is the velocity head,

h; is the head loss due to friction between the upstream and downstream of
the flow through the contraction.

The units are US units.

Culverts

The flow through culvert has been studied by the United States Geological
Survey and reported in their ‘Manual on the measurement of peak discharge at
culverts by indirect methods’.

The equation given for any shape of culvert is

O = A%* (gd)"* in US units
where

A is the cross-section of flow,

d is the maximum depth of water in the critical flow section.
For rectangular sections the equation is given as
QO = 5.67 bd* in US units

where b is the width of section.
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For circular culverts the equation giVCl’l is

where D is the inside diameter of the circular section.

Runoff from small watersheds

Peak rates of runoff were studied by the US Bureau of Public Roads for small
watersheds with areas of 25 square miles or less (65 square kilometres) in 1961
(see Further reading).

The objective was to estimate the volume of streamflow to be expected at
peak periods in the design of bridges and culverts.

The research consisted of examining some 246 ungauged watersheds and 96
gauged watersheds over five geological and physiographical zones east of the
105th meridian. Runoff from these zones was predicted from the area of the
watersheds, the rainfall, topographic indexes and drainage density.

From the research, a procedure was presented to estimate the peak rate of
runoff from a small basin. The results showed that 68% of the estimated values
of O from ungauged watersheds had a difference between the estimated values
and the true values of O of less than 20%, and for 95% of the ungauged
watersheds, the difference was 40%.

The measurement of velocity from standing waves

An indirect measurement of velocity can be made in rockbed rivers, which are
essentially free from sediment, by measuring the wavelength of the standing
wave train. Wavelengths between 0.5 m and 7m have been studied so far (see
Further reading).

In rocky rivers with beds in either eroded bedrock or very coarse to boulders,
standing wave trains are quite common at virtually all stages of flow. The wave
trains indicate critical flow conditions and normally stand in marked contrast
to subcritically flowing water (Froude number less than unity) immediately
adjacent which is either slower moving slackwater, or often a backwater. The
standing wave appears stationary to an observer on the bank because it is
moving upstream at the same velocity as the stream as the flow is moving
downstream.

The minimum wavelength 4 of stationary waves is related to mean velocity
from

A =2mlg

where v is the velocity of the wave.
Therefore, solving for v gives

v =1.2495V .
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It is also possible to estimate velocity from the travel time of floats from wave
crest to wave crest through a wave train. From the above equations it can be seen
that wavelength increases as the square of velocity and therefore travel time, ¢,
will increase. Dividing travel distance from crest to crest by velocity gives

¢ =0.8003V

where ¢ is in seconds.
Velocity is therefore related by the ratio 1.2495/0.8003 to give

v =1.5613t.

Thus, taking travel time from crest to crest along a wave train using a stopwatch
an estimate of velocity may be made and, if area is known, a measurement of
discharge can be made.

Estimation of ungauged peak discharge in bedrock rivers

Using bedrock blocks an equation may be established of the form
o= 3.06.10" 'Ad 20§ V6,1
where

O is the discharge (m?/s)

A is the cross-section area of flow (m?)

d is the mean boulder diameter (m)

n is Manning’s n.
Another method for estimating Q in a bedrock river having a ‘plunge pool’ at
the downstream end of a reach of a drop structure in a flat bedrock river.
Normally this method is used to design outfalls where the discharge is given.
However provided that the approach channel and pool sections are of uniform

width and depth and floored by bedrock, the standard equation for drop
structures takes the form

O = 9.4wy"’
where

w is the width of the approach channel
y is the critical depth (m)
O is the discharge (m?/s).
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The use of boulders to estimate flood peak

The use of boulders to measure streamflow measurement relates to the ‘sixth
power law” which states that the weight of a rock particle is proportional to the
sixth power of channel velocity (see Further reading).

The use of unit stream power, w, and critical stream power, w,, are used to
estimate the flow needed to initiate boulder movement where

w = pQs/wb
where

w = unit stream power (kg m™'ps™)
p = density of water (kg m™)

Q = discharge (m’s™)

s = water surface slope (m m™)

w = width of channel (m).

Boulders of a given size will move when

w,=290D 1.5 log (12Y)/D (kg m™'s™)
D = median diameter of boulders (m)

Y = mean depth of flow (m).

In a major flood in Cornwall, UK in August 2004, the above equation was
used to estimate the flow in what is now classed as an historical flood.

The median boulder diameter, D, used was 0.76m giving a peak discharge of
310 m’s™.

Estimating discharge from superelevation in bends

A fundamental characteristic of streamflow measurement is the deformation of
the free surface in a bend because of the action of centrifugal force. The water
surface rises on the concave or outside bank of the bend and lowers along the
convex or inside bank of the bend. The difference in water surface elevation
between the banks is the superelevation. Superelevation varies with angular
distance in the bend because of acceleration of the flow entering and leaving the
curve and because of the varying curvature of streamlines within the bend.
The discharge is given by the following equation

O = A (ghlk)"”
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where

O = discharge (m%/s)
A = average radial cross-section in the bend (m?
g = acceleration of gravity (9.81 ms™)

h = superelevation (maximum difference in water surface elevation
measured along a radius of the bend between inner and outer banks of the

bend (m)

K = superelevation coefficient.
The value of K is determined from the equation
K = 5/4 tanb (r, 0/b) In (r /7).

Note: tanb is the hyperbolic tangent.

Figure 5.25 shows a plan of a bend and the symbols used in the above
equations. It should be noted that the method only applies to (1) bends having
no overbank flow and (2) superelevations greater than 0.08 m (mainly because
of the uncertainties in the high water marks on the bank.

{beginning
of curve)

Figure 5.25 Plan showing water surface superelevation at outer and inner banks (from
USGS WSP 2175).
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An alternative approach by applying Newton’s second law of motion gives
se = v wlgr,
where

se is the superelevation

v is the mean velocity
w 1s the width of channel and

7. is the radius of curvature at the centre of the bend.

Modelling the transverse surface profile as logarithmic curve, the equation
becomes

se = 2.30 v¥/g log r/r,
where

7o and 7, are the outer and inner radii respectively.

Other empirical flood formulae (see Further reading)

Dickens formula for moderate sized basins in North and Central India
Q = CAO.75

where

C = 11-14 where average annual rainfall is 60—120 cm.
Ryve formula for South India

Q - CAO.66

where C varies between 6 and 10 depending on location.

Ingles formula for fan shaped catchments of Bombay State
(Maharashtra)

O =124 A/(A + 10.4)"~

Myers formula
0 =175 A",

Ali Nawab Jang Bahadur formula for Hyderabad State
Q =C A(OA99371/1410gA)

where C varies from 48 to 60.
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Fuller’s formula (1914)
Q=CA™ (1+0.8log Ty) (1+2.67A7"%

where constants derived from USA basins. C varies from 0.026 to 2.77 and T is
the recurrence interval in years.

Greager’s formula for USA
O - C<0.386A)0'894(0'386A) to the power — 0.048

where C is 130 (140.5 for areas subject to large floods).

Burkii Ziegler formula for USA
O =412 A7,

Rational formula

O = CiA

where C is the runoff coefficient (0.2 —0.8) and i is the intensity of rainfall
corresponding to the time of concentration for the catchment in cm h™".
In the above formulae QO is in m*/s and A is in km?.

Uncertainty

It is difficult to place an uncertainty in any of the above methods. Each may
have a place to be used under special circumstances: especially in floods when
no gauging stations are available and they may be the only methods available.

5.11 Safety measures in streamflow measurement

The safety record in streamflow measurement over the past 100 years has been a
good one. Nevertheless, fatal accidents have occurred, notably drowning, which
with adequate safety measures could have been avoided. The main hazard is of
course the proximity to water and the main considerations towards safety
measures are to be found in BS 3680 Part 3Q to which reference may be made.
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Chapter 6

The ADCP method of
streamflow measurement

6.1 General

The acoustic Doppler current profiler is a velocity area method using a boat,
launch or towed platform to traverse the river to make a single measurement of
discharge normally for plotting on the stage—discharge relation. The ADCP
collects measurements of velocity depth and position as it passes across the
measuring section. The velocity is measured by the Doppler principle and the
area is measured by tracking the bed to provide river depth and boat position.
The method has therefore similarities to the moving boat method (Chapter 2)
where a current meter is used instead of the acoustic Doppler profiler.

In the Doppler principle, the reflection of sound waves (backscattering) from
a moving particle of sediment or air bubbles in the flow, causes an apparent
change in frequency. This difference in frequency between the transmitted and
reflected sound waves is a measure of the relative velocity of flow in both
magnitude and direction and known as Doppler shift (Fig. 6.1).

An ADCP is basically a cylinder with a transducer head on the end being a
ring of three or four transducers with their faces angled to the horizontal and at
right angles to each other.

6.2 Depth cells

In applying the Doppler principle, the ADCP subdivides the water column
being sampled by each of three beams into depth cells or bins, ranging from
0.01m to 1m or more. A centre-weighted radial velocity is measured for each
depth cell in each beam. Using trigonometric relations, a three-dimensional
water velocity is determined and assigned to a given depth cell in the water
column (Fig. 6.2). The water set-up parameters are adjusted to optimise the
system for geometric characteristics of the river cross-section being measured.
These parameters include the depth cell size, the number of depth cells, the
number of pulses and velocity reference commands. It should be noted that
when combining ‘along-beam’ velocity data from different beams, the velocity
seen at a given depth cell is the same for all beams (which are measuring in
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Figure 6.1 Doppler shift: reflection of sound waves by a moving particle resulting in appar-
ent change in frequency of the sound waves; this frequency shift is known as the
Doppler effect.
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different physical locations). This is substantially true in open water conditions
but may not be so in conditions near bridges. In its simplest form the equipment
may be deployed by the use of a tethered boat and tow rope. Two ropes are
required that will stretch across the river. Two operators are needed, one who is
able to cross the river with the end of a rope. It may be possible to set up a
pulley system with a single loop of rope. If a bridge is available it may be
possible to use a single rope. These methods are normally suitable for small
rivers.

6.3 ADCP moving boat method

In applying the ADCP moving boat method, the Doppler profiler is mounted on
the boat (Fig. 6.3) and the boat moved across the river perpendicular to the flow.
Water velocities are measured when the acoustic Doppler profiler transmits
pulses along three beams for vertical current profiling (two or four beams are
available for special studies). The pulses are transmitted at a constant frequency
of between 75 and 3000 kHz. The beams are positioned at precise horizontal
angles from each other at 120° for a three-beam instrument and 90° for a four-
beam instrument. The beams are directed at a known angle from the vertical,
typically 20° or 30° (Fig. 6.2). (These beams may be upward looking or down-
ward looking depending on the method of measurement employed.) The
instrument processes echoes throughout the water column along each beam.
The difference in the frequency (shift) between transmitted pulses and received
echoes, known as the Doppler effect, is used to measure the relative velocity
between the instrument and suspended material in the water that reflect the
pulses back to the instrument.
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Figure 6.2 Schematic arrangement of ADCP depth cells or bins. The ADCP sub-divides the
water column by each beam into depth cells ranging from 0.0l m and | m or
greater. A centre-weighted radial velocity is measured for each depth cell in each
beam. With these results and using trigonometric relations a 3-dimensional
velocity is estimated and assigned to a given depth cell in the water column. This
is analogous to a velocity—area vertical from a point-velocity current meter.
The system may be down-looking or up-looking (as in the Figure) depending on
the method and instrument used.

If the system has a built-in magnetic compass the route taken across the river
does not need to be straight or perpendicular to the bank. The instrument
collects measurements of velocity, depth and position as it proceeds across the
river (Fig. 6.3). If no magnetic compass system is available it is important to
ensure that the ADCP is deployed perpendicular to the flow avoiding any
movement of the instrument as is the case with an ordinary current meter

gauging.
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Acoustic Doppler current profiler (ADCP)
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Figure 6.3(a) Diagrammatic view of ADCP mounted on a boat crossing the measuring
section and having four beams and depth bins.

Figure 6.3(b) ADCEP, in its simplest form for discharge measurement being moved across
the river by an operator on each bank.

Source: Hydro-Logic.
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Figure 6.3(c) An ADCP mounted on a motor launch on the Huanpu River in China.

Source: SonTek.

6.4 Bottom tracking — determining boat velocity,
depth and distance travelled

The flow velocity determinations incorporate both flow velocity and boat vel-
ocity, the latter being measured by using the Doppler shift of separate acoustic
pulses reflected from the bed. This technique is known as bottom tracking. In
addition to measuring boat speed, the flow depth is determined by analysing the
bottom track echoes. Bottom tracking also incorporates determination of
movement and distance along the cross-section. As an alternative, the Differen-
tial Global Positioning System (DGPS) may be used to measure the boat
velocity.

Bottom tracking measurements are similar to water velocity measurements
but separate pulses are used. Bottom tracking pulses are longer and are used to
measure depth. The sound pulses are reflected from the channel bed and used to
calculate the velocity of the instrument relative to the bed. The bed is then
assumed stable as seen by the instrument. The on-board magnetic compass can
combine this data with bottom tracking data to determine speed and direction
(see also 6.14 and 6.15). Compasses used by most ADCPs include a calibration
facility to correct for ambient magnetic fields (see also 6.16).

For bottom tracking to be reliable, it should be noted that the channel bed
does need to be stationary (not being moved by the water velocity).
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Figure 6.3(d) Schematic of typical ADCP route across river demonstrating that path need
not be straight or perpendicular to the bank.

Source: United States Geological Survey.

6.5 Measurement of discharge

An ADCP determines the velocity in each depth cell and knowing the depth cell
size and distance between successive profiles (‘verticals’), the discharge for that
cell can be calculated. When the ADCP is used to determine discharge, a series
of acoustic pulses are transmitted, known as pings. Pings for measuring the flow
velocity are known as water pings, and pings for measuring the boat velocity are
known as bottom tracking pings. A group of these pings are referred to as an
ensemble and an ensemble is analogous to a vertical in the conventional velocity—
area method (Chapter 2) whereby current meter velocity measurements are
taken at one or more points in the vertical. An ADCP measurement in a river,
say 5 m deep for example, may make up to 18 averaged velocity measurements
spaced at 0.25 m cells in the vertical which are then used to compute a discharge
for each cell. Because velocity information cannot be collected near the water
surface or near the bed (typically 7-10% of total depth) the velocity cells are
used to produce a vertical velocity curve which estimates discharge within the
unmeasured sections (top and bottom) of the profile. An alternative sometimes
used is to estimate discharge on the top and bottom based on a constant
extrapolation from the first and last cell for the top and bottom discharge
estimates, respectively.
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6.6 Equipment

Making a discharge measurement with the ADCP, requires three main pieces of
equipment: the boat, launch or platform for mounting the instrument and the
acoustic instrument—transducer assembly; because the system software pro-
duces and displays a large amount of data, a laptop computer with a minimum
200 MHz processor and greater than 64 MB of RAM memory is recommended.
The computer screen display should be visible in direct and diffuse sunlight.
The instrument includes a pressure case that contains most of the electronics, a
transducer assembly and normally a DGPS on board. The electronics include a
CPU and firmware, a flux-gate compass and a pitch-roll sensor.

The choice of appropriate instrument depends on the size of river and char-
acteristics of the site and the type of mounting to be used. Small units available
are less than 30 cm tall and weigh only a few kilograms.

A communication cable is connected to the pressure case that enables users
to configure the ADCP software running on the laptop computer. This
arrangement enables the system to transmit data to the computer for post-
processing. When ADCPs, however, are run from tethered platforms, wireless
communication is normally used (e.g. radio modems, Bluetooth).

6.7 Making an ADCP measurement

A discharge measurement is made by traversing the river cross-section with the
boat or platform (e.g. catamaran) (Figs 6.4 and 6.5). A single traverse, called a
transect, consists of a collection of ensembles. A typical transect may contain
thousands of velocity measurements collected continuously across the river
width compared to a conventional current meter measurement of, for example,
20 verticals. Usually four or more transects are made under relatively steady
flow conditions and averaged, but under high water or flood conditions it may
only be possible to make one transect. In order to arrive at an acceptable
average and to discard outliers, if the measured discharge on any given transect
is, say, for example, more than 5% of the mean discharge, a further set of
transects is best made.

An ADCP measurement consisting of 4 transects or more typically takes
up to ten times less than that of a conventional measurement by current
meter.

6.8 Calibration

Like the ultrasonic method of discharge measurement (Chapter 12), the ADCP
does not have independent calibration and verification facilities at the present
time and resort is made to a check by current meter where necessary. However
work is proceeding to discover a suitable special rating tank. Many comparative
measurements, however, both in the USA, China and other countries have
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Figure 6.4 A side-mounted ADCP on a large boat in China.
Source: SonTek.

shown that differences between conventional methods and the ADCP are in
general agreement.

In the USA for example, comparison measurements at 12 sites across the
country, in rivers ranging in width from 43 to 1100 m were made. Measured
discharges varied from 21 to 1690 m’s™ and all 31 of the measurements made
with the ADCP differed from measurements made by conventional current
meter methods by less than 8% and 26 of the measurements were within 5%.

In China, comparison measurements were made on nine gauging stations on
the Changjiang (Yangtze) River with DGPS, magnetic compass and bottom
tracking functions. Discharges ranged from 5,000 m’s™ to 65,000 m’s™ and vel-
ocities from 0.45 ms™ to 3.62 ms™'. Velocities were measured by current meters
in 537 verticals in over 82 cross-sections at a total of 1,537 measuring points in
the verticals. Some 337 ADCP measurements were made at 153,700 points in
53,700 verticals. The depths of flow were 6.0-70 m.

The comparison results between current meters and the ADCP for a single
discharge measurement showed a relative standard deviations of 6.5%—7%.
Using DGPS and magnetic compass, comparison errors were within an average
relative standard deviation of 2% to 5%. This difference between the bottom
tracking and DGPS referenced measurements may be the result of bias intro-
duced into the bottom tracking measurements due to a moving bed. DGPS
compensates for the bias if used carefully with a calibrated compass.
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Figure 6.5(a) A small ADCP catamaran mounted on a small motor launch on the Vaal River
at Gladdedrif.

Source: Republic of South Africa.

6.9 Methods of deployment and mountings

motorised launch (Fig. 6.6)

floating platform (eg catamaran) (Fig.6.7)

tethered deployment on a tow rope (Fig. 6.8, 6.13)

tethered deployment from a cableway (Fig.6.9)

tethered from a cable (Fig.6.7)

tethered from a bridge (Fig 6.10)

ADCP side-mounted on gauging launch (Fig 6.11)

customised off-road trailer accommodating ADCP catamaran and equip-
ment (Fig. 6.12)

(i) measurement under ice cover (see Chapter 5).
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Deployment of the ADCP on (a) or (b) above or on a remote-controlled plat-
form are the preferred methods where there is no cableway or cable and no way
for the operator to cross the river. In the remote-controlled mode, it is advisable
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Figure 6.5(b) An ADCP gauging on the Vaal River at Gladdedrif.
Source: Republic of South Africa.

that a light line is attached in case of failure of the motor or motor control
device for recovery of the ADCP.

6.10 Stationary operation

The ADCP can be used effectively in place of the conventional current meter, on
a cableway or from a bridge for example, and its horizontal position identified
similarly to conventional flow measurement using verticals. The stationary
method is somewhat simpler for the operator with few chances of error and
may avoid a variety of problems such as determining boat motion and moving

bed.

6.11 Number of transects for discharge
measurements

A minimum of four transects, two in each direction, are usually taken, preferably
under steady flow conditions, and averaged.

6.12 Size and frequency

The size and frequency of the ADCP to be used depends on the characteristics
of the river being measured and the platform used for deployment. In large deep
rivers, a large unit mounted on a motor gauging launch is used (Fig. 6.4). The
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Figure 6.6(a) A small catamaran with aluminium jib-mounting for small boats.
Source: Republic of South Africa.

Figure 6.6(b) An ADCP gauging in operation.

Source: Republic of South Africa.
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Figure 6.7(a) Details of an ADCP catamaran on a small motor vessel tethered from a cable
on the Vaal River at Goose Bay Canyon.

Source: Republic of South Africa.

depth of the river determines the frequency of the system because the higher the
frequency of the transmitted signal, the greater the attenuation of the acoustic
signal and so the shorter the usable range. A 300 kHz unit may be used for a
depth of, say, 130 m, while a 1200 kHz ADCP may be used to a depth of 20 m.
The maximum depth for a given frequency will vary depending on the amount
of material in the water column.

6.13 Small rivers with shallow depths

Small rivers with tranquil flow may be measured with the ADCP installed in
small powered launches or tethered boats or catamarans. Models of 1200 and
3000 kHz are capable of measuring rivers with depths as shallow as 0.3 m. Flow
disturbances can become significant in these minimum depths and care should
be made in order to reduce them as much as possible (using smaller transducers
or a hydrodynamic float).

6.14 Moving bed conditions

The number of suspended particles in the water can affect the range of the
velocity and depth measurement. Too few particles may result in a limited
number of return signals from each cell depth of the ensembles, although this
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Figure 6.7(b) Details of the mounting of an ADCP with a motorised catamaran on the Vaal
River at Goose Bay Canyon.

Source: Republic of South Africa.

Figure 6.7(c) ADCP gauging on the Vaal River at Goose Bay Canyon.

Source: Republic of South Africa.
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Figure 6.8 An ADCP gauging with motor launch and catamaran under tow cable on the
Songhua Jiang River in China.

Source: SonTek.

Figure 6.9 ADCP gauging using current meter cableway with current meter and sounding
weight to move the small catamaran across the measuring section. Aksu River,
China.

Source: SonTek.
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Figure 6.10 ADCP gauging downstream of bridge using small catamaran on the Vaal River
at Blaukop.

Source: Republic of South Africa.

condition may be rare. On the other hand, too many suspended particles is a
more common occurrence, especially during floods having a sediment concen-
tration of perhaps as much as 10 kg/m® or more. The penetration of the acoustic
pulses to the lower depths is reduced as the suspended sediment concentration
increases. Rivers with a large part of the sediment load transported as bed-load,
or having high sediment concentrations near the bed, create additional prob-
lems. In such cases, bottom track measurements are contaminated with returns
from near-bed sediments. As a result, bottom track measurements of the boat
position may be located upstream of the true location and velocity measure-
ments may be biased low because the ADCP measures not only the boat speed,
but also the speed of the moving sediments near the bed. The changing pattern
of the moving bed prevents the bottom tracking mode of the ADCP from
accurately measuring the traverse of the measuring platform and the width of
the river.

A DGPS may be used to measure the boat location and velocity, perhaps with
increased uncertainty depending on conditions. Alternatively stationary meas-
urements may be made using a traditional measurement method which refer-
ence only the fixed position of the ADCP rather than a moving position based

on bottom tracking or DGPS references
The higher the bed-load speed, the larger is the ADCP deviation when
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Figure 6.1 1(a) Gauging with a front (bow) mounted ADCP on a modern motor launch.

Source: United States Geological Survey.

compared to current meter measurements and conversely, the smaller the mov-
ing bed speed, the closer are the current meter measurements.

6.15 Moving bed test

Before conducting an ADCP measurement where moving bed conditions may be
suspect, a moving bed test may be carried out. This may be performed by taking
the boat to various locations on the river, often to the centre or areas where fast
currents are observed. At these locations, the boat is anchored or its position is
maintained by other means. This is usually done for, say, 15 minutes at each
location. During this time the operator observes the boat’s position on the
laptop, commonly called the track position. If the boat is seen to be moving
upstream, even though the boat is anchored, then a moving bed has been
detected. This is the method adopted in China where moving beds may have
velocities as high as 1.3 m/s.

In this case the DGPS system is used to measure the boat’s motion and hence
computes the water velocities. This information is keyed into the laptop in real
time and merged with the ADCP velocities to compute actual velocities. Where
no DGPS system is available, a satellite system is necessary using a rover and
base station. Such a system was used in Zhengzhou in Henan Province in China
to measure the flow in the Yellow River.
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Figure 6.11(b) Gauging with a side-mounted ADCP on a modern motor launch on the
Pearl River Estuary in China.

Source: SonTek.

Figure 6.12 Customised off-road trailer accommodating the ADCP catamaran and
equipment.

Source: Republic of South Africa.
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Figure 6.13 Details of a complete ADCP assembly of a SonTek catamaran with tow rope
connection.

Source: SonTek.

Failing the use of the DGPS or satellite systems, the stationary method may
be used as described in Section 6.10 using the mid-section method.

It is practice by many hydrological services to carry out a moving bed test
prior to a measurement.

6.16 Interference under external magnetic
field conditions

Tests in China have deployed the ADCP on boats with iron hulls and on boats
with wooden hulls using the DGPS mode, the bottom tracking mode and also
with a magnetic compass on board.

The object of the tests was to examine the effect of the magnetic compass on
magnetic declination. It was discovered that when there is no external mag-
netic field interference the ADCP results were close to current meter results but
that boats with wooden hulls were much closer than boats with iron hulls.

6.17 Interference from boundaries and reflection of
side lobes

ADCP systems are unlikely to be able to measure velocities accurately all the
way from the surface to the river bed. There are direct reflections of the pulses
from the boundary and reflections of side-lobe energy that take a direct path
to the boundary (Fig 6.14). Also, the ADCP cannot measure velocities near
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Figure 6.14(a) Diagram showing acoustic Doppler limitations for discharge measurement
near the surface and near the bed; velocities near the surface are not meas-
ured because of the draft of the transducer (depth of transducer face below
surface) and blanking distance of the instrument. This is typically 0.2 to | m
and a typical blanking distance is 0.3 m. Velocities near the bed are not
measured because of interference from side lobes of acoustic energy at
some 3040 angles from the main beams.

Source: United States Geological Survey.
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Figure 6.14(b) Schematic showing that the velocity is measured in the central area only;
area hatched is estimated by extrapolation by a software package.
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the edge of the river cross-section being measured. If the unmeasured discharge
area is assumed to be triangular, the velocity for the unmeasured section V_, say,
may be estimated by the equation

V.=0.707 V., (6.1)

where V is the mean velocity at the first or last ensemble.

The assumption that the unmeasured flow area is triangular is reasonable for
many situations where the bed gradually slopes upwards towards the shore (Fig
6.14b). However, sometimes the edge of the water is a vertical wall and as the
ADCP approaches, the acoustic beams impinge the wall and cause a false bot-
tom return. The distance at which the acoustic beam impinges the wall depends
on the depth of water near the wall and the orientation of the transducers on
the instrument relative to the wall. This distance is typically equal to the depth
of the stream. Velocities for the unmeasured edge sections may then be esti-
mated by setting V, = V. However, since the velocity decreases to zero as the
wall is approached, therefore the velocities near the walls may be estimated
from

V.=091V,. (6.2)
The edge discharge may then be estimated from

0.=(CV,Ld,) (6.3)
where

Q, = estimated edge discharge

C = coefficient equal to 0.707 or 0.91 depending on channel shape

L = distance to the shore from the first or last ADCP measured subsection
d,, = depth at the first or last ADCP measured subsection.

The ADCP software packages, however, provide procedures to estimate the
unmeasured discharge using optional algorithms for estimating unmeasured
discharge near the ends of the cross-section, the unmeasured discharge due to
side lobe interference and the unmeasured discharge due to blanking distance
and transducer draft. The software display typically provides a comparison of
the measured discharge and the estimated discharge for each of the unmeasured
areas.

6.18 Site selection
For the best results of an ADCP measurement, the following should be noted:

(a) sites with excessive weed growth should be avoided;
(b) sites with excessive moving bed should be avoided;
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(c) sites with excessive aeration or turbulence should be avoided;

(d) velocities should be greater than the minimum response speed of the sensor
and less than the maximum;

(e) reflectors such as suspended solids etc. should be available under the full
range of flows;

(f) for safety purposes the average velocity in the cross-section should not
exceed 4m/s, and may be less depending on flow conditions;

(g) the faces of the transducers are susceptible to damage and measuring
sections should be free of rocks;

(h) for many situations the depth should not be less than 0.2 m but reference
should be made to the manufacturer’s manual. It should be noted that at
least three depth cells plus blanking distance, transducer depth and
unmeasured area of the bed should be advised by the manufacturer;

(i) the ADCP equipment was originally designed and manufactured in the
1970s specifically for application in oceanography; research and investiga-
tion bringing the system successfully into the present day rivers application
has been carried out since the early 1990s.

6.19 Training

The ADCP is a complex expensive piece of equipment and in order to get the
best use of its application and use in measurement, staff training is essential.
Figure 6.15 shows an ADCP training exercise being carried out on the Songhua
Jiang River in China by the Bureau of Hydrology.

6.20 Advantages of the ADCP over velocity—-area
methods

normally quicker than existing current meter methods

the largest of the world’s rivers may be measured as well as the smallest
floods may be more conveniently measured

may be used to check existing methods

easily transported from site to site

may be conveniently used from bridges or cableways

—_— 2

generally less expensive than conventional methods
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better for measurement under ice-cover than conventional methods
less expensive than existing velocity—area methods
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used for sediment discharge measurements
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used for bathymetric surveys especially in lakes.

6.21 Uncertainties

Uncertainty calculation of an ADCP measurement of discharge is more com-
plex than that of the conventional methods of streamflow measurement (see



Uncertainties 265

Figure 6.15 ADCP training exercise by the Bureau of Hydrology on the Songhua Jiang
River (tributary of the Amur River) in China.

Source: SonTek.

Chapter 13) but the principle is the same in that the velocity in each of »
verticals is measured and the discharge estimated from the mid-section method.

From experience so far, it is estimated that the uncertainty of an ADCP
measurement under good conditions is similar to the uncertainty of a current
meter measurement. For a stationary ADCP measurement the estimation of the
uncertainty is similar to that of the uncertainty in a current meter measurement
with minor modifications. Generally, the error sources in an ADCP measure-
ment consist essentially of the following:

u, spatial resolution (velocities estimated by monastatic diverging multibeam
geometry)

u, noise (may be large in low flows with high turbulence)

u; velocity ambiguity (ADCP measures phase angle difference between pulses)

u, side lobe interference (estimated by power curve fitting)

us temporal resolution (velocity data sampled as time series at equally spaced
intervals)

us sound speed (ADCP assumes speed of sound and salinity constant)

u, beam angle (like u, is due to instrument tolerances)

ug boat speed (high ratios of boat-to-flow velocity may affect this error)
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u, sampling time (may not be as critical for discharge measurements as it is for
estimating mean velocity)

u,, near transducer (ringing waiting time-blanking period causing errors in
velocities in upper bins)

u,, reference boat velocity (boat-mounted ADCPs measure in water column
relative to boat movement)

u,, depth (transmit time for bottom tracking profiling and immersion depth of
ADCP)

u,; cell positioning (maintaining top of first cell at constant position across
section)

u,, rotation (pitch, roll, heading, attitude, and motion related to instrument
configuration)

u,s time (needed to establish boat velocity and gating the return signal)

u,, edge (distance of ADCP from bank from assumed velocity distribution and
discharge algorithm)

u,, vertical velocity profile model (depends on moving or fixed boat)

u,s discharge model (velocity area methods of estimation may be used in the
algorithm)

u,, finite summation (as in velocity area the uncertainty in number of verticals
may be taken)

uy, site selection and operation (secondary currents, aspect ratios, bed,
turbulence, etc.)

Research and experience of providing values for each of the above
uncertainty components is at an early stage but components u;, u,, 1, u,; may
be considered small or insignificant or may be included with other sources:

The total uncertainty may then be estimated by the root-sum-squares method
as follows

— 2 2 2 2 2 2 2 2 2 2 2
u(Q) = (uy +uy” +us” +ud tug +uy” + g Foug tuy Ty +ougs
2 2 2 2 112
tu tuy tug oy touy) (6.4)

The above component uncertainties are at the 68% confidence level and u#(Q) is
multiplied by two to present the result at the 95% confidence level (see Chapter
13, Accuracy). Values for the component uncertainties in equation 6.4 are esti-
mated by both the user and manufacturer of the equipment.
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Chapter 7

Measurement by floats

7.1 General

The float method is used in the measurement of streamflow where excessive
velocities, depths and floating drift prohibit the use of a current meter. The
method consists essentially of observing the time required for a float to traverse
a course of known length and noting its position in the channel so that

(7.1)

L

v==
t
where v is the float velocity (m s™), L is the distance travelled (m), and ¢ is the
time of travel over distance L (s).

For float measurements, ideally three cross-sections are selected — one at the
beginning of the reach, one midway and one at the end of the reach, but
depending on site conditions the midway section is sometimes omitted. The
upstream and downstream cross-sections are made far enough apart so that the
time, t, which the float takes to pass from one cross-section to the other can be
measured accurately. A travel time of at least 20 s is recommended but a shorter
time may be used for streams with high velocities when it may not be possible to
find a straight reach of channel having adequate length. As a guide, the distance
between the upstream and downstream cross-sections should be about four or
five times the width of the midway section or the average width of the river.

The midway section, where employed, is used for checking the measurement
of velocity and the location of the float in the cross-section.

7.2 Cross-sections

The selected cross-sections, normal to the direction of flow, are demarcated on
the banks by clearly visible markers. Staff gauges, set to the same datum, are
established at each section and are read at regular intervals during the meas-
urement. Where there is a likelihood of a difference in water level between the
banks, auxiliary staff gauges are installed on the opposite bank. The mean of
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the two readings is used as the mean stage. Stage data can be used as a check on
float results during floods by use of the slope—area method (Chapter 8). In
order to obtain the average cross-section for the reach, sufficient cross-
sections are surveyed to obtain a reliable value. If the reach is fairly uniform,
this may only involve a survey of the upstream (starting) and downstream
(finishing) cross-sections but where the channel is irregular several of them have
to be surveyed.

7.3 Floats

Surface floats

The surface float (Fig. 7.1(a)) is the simplest form of float although it is
influenced by wind. Nevertheless, this type of float is valuable when quick
measurements are needed.

Canister (or subsurface) floats

Canister floats (Fig. 7.1(b)) consist of a submerged canister or subsurface float
connected by a thin adjustable line. The canister dimensions and its immersed
depth are chosen so that the float velocity is equal to the mean velocity in the
vertical.

Rod floats

Rod floats (Fig. 7.1(c)) are cylindrical rods, weighted so that they float vertically
in still water with only the tip protruding above the surface. These are used
to measure the mean velocity in the vertical and are designed so that they
extend through as much of the stream depth as possible without the lower end
touching the bed.
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Figure 7.1 Floats: (a) surface float, (b) canister float, (c) rod float.
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Drift or ice cakes

Selected pieces of drift or ice cakes will often indicate velocity more reliably
than ordinary surface floats. The results are comparable to those obtained with
canister or rod floats. Floating ice cakes and heavy drift comprising logs and
trees that are largely submerged hold their courses well against surface disturb-
ances and if observed at a sufficient number of points distributed across the
cross-section give a fairly accurate measurement of the surface velocity.

Use of distinctive float colours

A most important aspect of measurement by floats is that the float should be
easily recognisable and the use of distinctive colours is recommended. If a series
of colours is used, it assists in the performance of the measurement if the
colour sequence is laid down in advance. For example, it may by decided that
the first batch of floats will be red, the second yellow, the third green, and so on.

7.4 Placing of floats

In making a float measurement the floats are placed in the stream so that they
are distributed across the stream width. If groups of floats are used the floats
are placed in accordance with the distribution of segments. The position of
each float with respect to the distance from the bank or zero point is noted and
the floats introduced a short distance upstream from the upper cross-section so
that they will take up the speed of the current when they reach the upper cross-
section. A stopwatch is used to time their travel between the end cross-sections
of the reach. The estimated position of each float with respect to the bank, or
zero point, is noted at the downstream cross-section and at the midway section
if available. If there is no bridge or cableway from which to introduce the floats
into the stream, the floats are tossed in from the bank. In a wide stream it may
be impracticable to position any floats in the central part of the stream where
most of the flow occurs and a boat is normally used for this purpose. In a
method used in China for night gauging, using searchlights, the dispensable
floats are illuminated by small disposable batteries and triggered by a launching
device from the cableway.

7.5 Position fixing

The position of a float in the river may be found as follows. Two stopwatches
are used, one to measure the time taken for a float to pass from the upstream
cross-section to the downstream cross-section (¢;) and the second to measure
the time taken for the float to cross the diagonal between the upstream reference
point on the left bank and the downstream reference point on the right bank
(t,). If the upstream and downstream cross-sections are parallel, then from
Fig. 7.2
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Figure 7.2 Determining the float position.
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A temporary telephone line or walkie-talkie set is useful for communication
between the upstream and downstream operators where this method is used.
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7.6 Determination of mean velocity

The float velocity is determined by taking several float readings, if possible, in
each segment and the mean velocity in each segment multiplied by a reduction
coefficient to reduce the surface velocity to the mean velocity in the segment.
The appropriate coefficient is best determined from current meter measure-
ments which include a surface velocity measurement. If the relation between
velocity at various stages in the vertical and mean velocity is plotted for all
measurements, it is possible to establish a relation for stages above those actu-
ally measured by extrapolation. When determining the mean float velocity the
results for floats which behave erratically or which lie, say 20%, outside the
mean velocity should be discarded and a new mean derived from the remainder
of the group.

If it is not possible to estimate the coefficient directly, it may be taken, in
general, to vary between 0.8 and 0.9 depending on the shape of the vertical
velocity distribution. The higher values are usually obtained for a smooth river
bed. With canister or rod floats the coefficient may be taken as approximately
1.0 when the subsurface float is located at the 0.6 depth position. This coef-
ficient, k say, may also be found approximately from the Manning and Chezy
equations (Chapter 8) as follows

1
v = — R¥$" (Manning) (7.6)
n
and
v = CR"S" (Chezy) (7.7)

where v is the velocity (ms™), R is the hydraulic radius (m), S is the surface
slope, n is the Manning roughness coefficient and C is the Chezy roughness
coefficient. Then

1
CRl/Zsl/Z — ; R2/381/2 (78)
and
1
C=-R'", (7.9)
n

Therefore, estimating the value of # for the hydraulic conditions (Chapter 8), C
can be found. k may then be computed from

_cC
T C+6

(7.10)
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7.7 Computation of discharge

A simple float gauging is shown diagrammatically in Fig 7.3 where the upper
and lower sections are shown divided into a suitable number of segments of
equal width. Generally the number of segments for a float gauging should be at
least four but preferably more. If the channel is very irregular each segment
should have approximately the same discharge in preference to making them
equal in width. Increasing the number of floats used in each segment improves
the accuracy of the determination of velocity.

By averaging, the areas of the segments can be determined. A midway section
MN is drawn, as shown in Fig. 7.3, parallel to the cross-sectional lines. The
starting and finishing points of each float are then plotted and joined by firm
lines as shown. The surface points separating the segments of the two cross-
sections are joined by dotted lines.

Where the firm lines cross the line MN, the corresponding mean velocity
(float velocity multiplied by the appropriate coefficient) is plotted normal to
MN and the points joined to form a velocity distribution curve. From this curve
the mean velocity for each segment may be computed by planimeter or an
approximate value may be adopted equal to the velocity halfway across the
segment. The procedure for computing discharge is then similar to that of the
velocity—area method (Chapter 2). The mean areas of corresponding segments
of the upper and lower cross-sections are multiplied by the mean velocity.

When it is impracticable to obtain satisfactory movement of the floats across
the whole width of the river, or if the floats move towards the centre of the flow,

Upstream

Cross-section

0
Mean E ‘v
velocity L=
distribution
curve

Downstream

w
<
Q
I
-3
£
{
=3
<{
>
+
>

Cross-section

Figure 7.3 Computation of discharge from float measurement. ¥,, v, . . ., v, are the mean
velocities in each of the four panels.
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an unadjusted discharge may be determined by measuring the mean of the
surface velocities. The discharge is then multiplied by the appropriate coef-
ficient determined, if possible, from the results of current meter measurements
carried out simultaneously with the float measurements.

7.8 Example

In order to illustrate the procedure of a float measurement, the following
example is taken from practice adopted in Russia.

1. Details of each float observation are given in Table 7.1. The mid-section is
taken as the measuring cross-section and distances to crossing points of the
floats are observed along this section. The total length between the upstream
and downstream cross-sections is 50 m.

2. Details of segments are given in Table 7.2 and a sketch of the gauging is
shown in Fig. 7.4 where the grouping of the floats is illustrated together with
the average group travel times (the average of the float times). The depth verti-
cals, 2.50 m apart, are also shown in Fig. 7.4 and it will be seen that these
segments do not necessarily coincide with the float group boundaries. The final
segments, therefore, are defined with respect to the nearest matching verticals.

Table 7.1 Float observation

(1) 2) 3) 4) (3) () (7)
Float Crossing point  Travel time Total Float Surface
gauging of mid-section travel group velocity
number with reference  Upstream Downstream time (s)  number (ms™)
to zero mark section section
(m) (min,s) (min, s)
| 132 0.00 3.42 222 | 0.225
2 31.5 0.00 1.08 68 v 0.735
3 14.0 0.00 2.59 179 | 0.279
4 17.5 0.00 2.11 131 I 0.382
5 322 0.00 2.24 144 v :
6 50.1 0.00 1.36 96 \' 0.521
7 46.1 0.00 1.24 84 \ 0.596
8 42.0 0.00 .14 74 \' 0.675
9 26.2 0.00 1.22 82 1] 0.610
10 24.1 0.00 1.40 100 i 0.500
I 35.0 0.00 2.19 139 - :
12 337 0.00 .17 77 v 0.649
13 20.4 0.00 1.29 89 I 0.562
14 56.0 0.00 1.54 114 \' 0.438
15 64.5 0.00 2.59 179 \l 0.279
16 61.8 0.00 3.32 212 Vil 0.236
17 41.0 0.00 1.23 83 \' 0.602

? Discarded.
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Figure 7.4 Method used in Russia to determine discharge by floats (see Tables 7.1 and 7.2).
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Figure 7.5 Determination of segments from float group boundaries (see Table 7.2).

This is demonstrated in Fig. 7.5 and Table 7.3. For example, the boundary
between groups I and II crosses at a distance of 16.3 m (Fig. 7.5), the nearest
vertical being at 17.5 m. Therefore, in column 9 of Table 7.2 the cross-sectional
areas, or segment areas, between the verticals at 17.5 m are summed as
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1.26 m* +2.95 m* =421 m’

and this value is inserted in column 10 of Table 7.2.

3. The segment discharges summed in column 13 (55.2 m® s™) are multiplied
by the reduction coefficient which in this example was found, by current meter
gaugings, to be 0.866. The discharge is then calculated as

55.2 X 0.866 = 47.8 m’s™".

If no current meter gaugings are available, the procedure demonstrated in
Section 7.6 may be followed, where R = hydraulic radius = 1.79 m (average
depth) and # = Manning’s roughness coefficient = 0.033 (approximately). Then
(equation (7.9))

C - lRl/é
n

0.033
=334

x 1.79"6

and from equation (7.10)
k = reduction coefficient = ——
C+6
33.4
394
=0.848.

4. An alternative graphical method of processing the results is demonstrated
in Fig. 7.6 and Table 7.4. In this case a horizontal surface velocity distribution

Table 7.3 Float groups and segment boundaries

(1 2) 3)
Group number Average distance from  Semi-total of average
zero point to group distance (m)

gravity centre (m)

I 13.6

Il 19.0 16.3
1l 25.2 221
v 326 289
\ 43.0 378
N 53.0 48.0

Vil 63.2 58.1
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Figure 7.6 Alternative graphical method of processing the results (see Table 7.4).
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Table 7.4 Alternative (graphical) method of processing float gauging data (Fig.7.6)

g = —
g — ‘\'% § '§ g"& 5 qﬁ)"&
E & < E sy £T@ 2 S
2 g < g 85 feg £% g g
K 3 2 € £5 w2z £ gz
3 3 8 & g2 288 dg 28
(m) (m) (ms')  (m's’)  (m’s) () (m’s”)
WELB 12.2 0.00 0.00 0.00 0.090 2.80 0.252
| 15.0 0.90 0.30 0.270 0.433 2.50 1.08
2 17.5 1.45 0412 0.597 0.745 2.50 1.86
3 20.0 1.86 0.478 0.893 1.030 2.50 2.58
4 225 2.24 0518 1.160 1.240 2.50 3.10
5 25.0 2.45 0.545 1.320 1.460 2.50 3.55
6 27.5 2.72 0.592 1.600 1.660 2.50 4.15
7 30.0 2.64 0.650 1.720 1.820 2.50 4.55
8 325 2.80 0.684 1.930 1.820 2.50 4.55
9 35.0 2.52 0.680 1.710 1.650 2.50 4.12
10 375 2.34 0.677 1.590 1.540 2.50 3.85
I 40.0 2.26 0.658 1.490 1.420 2.50 3.55
12 42.5 2.18 0.623 1.350 1.300 2.50 3.25
13 45.0 2.06 0.598 1.240 1.180 2.50 2.95
14 47.5 2.0l 0.560 1.130 1.040 2.50 2.60
15 50.0 1.86 0.521 0.967 0.908 2.50 227
16 52.5 1.77 0.480 0.850 0.799 2.50 2.00
17 55.0 1.70 0.438 0.748 0.678 2.50 1.70
18 57.5 1.60 0.380 0.608 0.520 2.50 1.30
19 60.0 1.35 0.321 0.432 0.382 2.50 0.955
20 62.5 1.28 0.259 0.333 0.274 2.50 0.685
21 65.0 1.08 0.220 0.216 0.175 2.50 0.438
22 67.5 0.96 0.135 0.134 0.086 2.50 0.215
23 70.0 0.74 0.052 0.038 0.012 2.10 0.025
z 55.6

curve is drawn by joining the float velocities shown dashed in Fig. 7.6. The

velocities for each vertical are taken from this curve and entered in Table 7.4.

The computation may be performed by the mid-section method (Chapter 2).
Alternatively the discharge per unit width at a vertical is

Aq.. =vdm*s™ (7.11)
and the discharge per segment is

1+
d, a4,

: b (7.12)

qscg =

where b is the distance between verticals.
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For example, in Table 7.4, serial number 2
A, = 1.45 %X 0.412 = 0.597 m* s
and

0.597 + 0.893

Qoeg = f 2.5

=0.745x 2.5
=1.86m’s\.

7.9 Therising air float technique

Theory

The theory of the rising air float technique can be explained by considering a
buoyant float released from the bed in a moving stream of water (Fig. 7.7). As it
rises to the surface, the float is displaced downstream according to the flow
velocity (v,) at each successive level through which it passes. The total dis-
placement of the float (L) in reaching the surface is a function of both depth of
flow and the average velocity of flow and, providing the float rises at a constant
terminal velocity (v,), the product of depth and velocity, i.e. discharge per unit
width, g, is given by

t
q= L v v, dt (7.13)

Water surface - -

A

*] Direction y
D 7 of flow )
Typical

Typical float path
velocity profile

X

RN
WS 9%‘7% 3\ a /‘\3

Y

RS
:-[.\Q"ZOOO'DQ

Figure 7.7 Rising bubble (air float) technique for determining discharge: schematic illustra-
tion (section).
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in which ¢, is the time of rise of the float which reduces to
q=vlL, (7.14)
thus the rising float essentially integrates the velocity profile, through which it
passes, together with the depth.
This result can also be derived directly from a consideration of Fig. 7.7. The
distance through which the float rises (depth) is given by
D=uvt. (7.15)

In this same period of time, the horizontal displacement is

L=t (7.16)

D L
t=—=7
v, U
giving
Di=qg=vlL. (7.17)

If we then have a number of release points across the channel the total discharge
Q can be calculated as

b
Q=L g db (7.18)

where b is the channel width. In discrete form this becomes

o= Z q:b; (7.19)

in which # is the number of release points across the section.

In the rising air float technique, the floats are a succession of air bubbles
produced by a specially manufactured pipe laid across the channel bed. This
produces a semi-continuous envelope of air bubbles on the water surface (Fig.
7.8). In this case

b b
0= L gdb= J v, L db (7.20)

0
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Direction

of flow
—————» b

f
Line of |
air supply pipe |

Figure 7.8 Rising bubble (air float) technique for determining discharge: schematic illustra-
tion of bubble envelope.

b
= urL Ldb=v,A (7.21)

where A is the area formed on the surface between the bubble envelope and the
line of the air supply pipe. Thus to calculate Q, v, must be known and A must
be determined for each gauging.

Laboratory experiments have found v, to have an average value of 0.218 m s~
and Ab and L (area A in Fig. 7.8) are found by photographing the water surface.
The cross-section of the channel therefore need not be known.

Equipment

The equipment consists of 20 mm diameter rubber high-pressure air hose
mounted in 20 m lengths on hose trolleys. Lengths are connected in the field
using self-sealing snap connectors. The pipe is fitted with commercially avail-
able drip irrigation nozzles spaced at 250 mm centres in order to produce a
semi-continuous bubble envelope on the water surface. The air supply is
provided by a small portable petrol-engine-driven compressor unit.

Data capture and analysis

With the pipe laid across the channel and the air supply connected, a semi-
continuous curve of bubbles is formed on the water surface. Upstream of the
point of surfacing the surface is clear, whilst downstream a trail of bursting
bubbles is formed. The front of the bubbles is then clearly visible by eye in all
except very turbulent or very windy conditions.

If the displacement of the bubbles from their point of issue can be deter-
mined at a number of points across the channel, and with the rise velocity
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relating to the nozzle configuration being known, the discharge can be
calculated.

In order to produce a method both simple and quick to use, and to provide
‘hard-copy’ of the resulting bubble envelope, the data are captured by photo-
graphing the water surface. One camera is used from any convenient position
on the bank and the calculation of discharge is performed, preferably by micro-
computer. The input data required are the camera position, the location in the
same coordinate system of a single ground control point, normally on the far
bank, the water level relative to the camera elevation, the camera focal
length and the magnification of the projected image or print from which the
measurements are taken.

Photographic data may be taken off manually but it is more convenient and
quicker to use a chart digitiser which can be interfaced directly into the micro-
computer. Having calculated the area on the water surface between the bubble
envelope and the line of the pipe, and multiplying this area by the bubble rise
velocity, the discharge is calculated.

The above technique is suitable for streams of up to about 50 m in width, but
for greater widths it is necessary to subdivide the surface into two or more
segments, using lenses of different focal lengths and with the advantage that the
furthest segment can be magnified.

The rising air float technique has been used in UK rivers with satisfactory
results and the uncertainties claimed compare favourably with those of current
meter measurements. The main limitations appear to be the assumed value of
the bubble rise velocity, which should be established in field tests, and the
requirement for reasonably unbroken water surface. It will be noted that
the method produces a measurement of instantaneous discharge and, since the
cross-sectional area is not measured, does not produce a measurement of the
average velocity.

A typical gauging in progress is shown in Fig. 7.9.

7.10 Float gauging using aircraft

Measuring discharge in large and inaccessible rivers in Russia has been success-
fully carried out using floats dropped from aircraft. Two methods are used. One
measures surface velocity and the other uses the method of the rising float
technique, the principle being similar to that described in Section 7.9.

Surface velocity method

In this method, floats are dropped from an aeroplane and their paths traced by
aerial photography, photographs being taken twice during travel of the floats.
Normally the floats contain dyes for clearer identification. Since the scale of the
photographs are known, the travel distance L during time ¢ is determined and
the surface velocity found, as before (Section 7.1, equation (7.1)), from
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.ﬁ" q

Figure 7.9 Typical gauging by rising bubble (air float) method: note the line of bubbles on
the surface.

L
v=-
t

A reduction coefficient is applied to reduce the surface velocity to mean velocity.

Rising float method

In this method floats are dropped containing oil. On impact with the bed, oil is
released and traces the distribution of velocity.

Ground markers are required to determine the photographic scale and
the theory is similar to the rising bubble technique so that, from Section 7.9
(equation (7.21))

O=vA

and in this case the laboratory value of v, may be checked on site from the aerial
photographs by timing from the point of ejection of the oil to its appearance on
the surface.
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Chapter 8

The slope-area method of
streamflow measurement

8.1 General

The most important use of the slope—area method is for the indirect determin-
ation of flood discharge, normally after the flood has passed. It may also be used,
however, where the flow is affected by backwater. The method consists of the
estimation of three basic factors. First, the area of the average cross-section in a
longitudinal reach of channel of known length second, the slope of the water
surface or the slope of the energy gradient in the same reach of channel and third,
the character of the streambed so that a suitable roughness factor may be chosen.

When these factors are known, the mean velocity of the stream may be
computed by either the Chezy equation or the Manning equation.

8.2 Chezy and Manning equations

Chezy: 7= CR"S" ms™" (8.1)
1

Manning: 7=-— R¥S" m ™ (8.2)
n

where # = mean velocity of stream (m s™);
where R = hydraulic radius = A/P (m) is the mean cross-sectional area and P the
wetted perimeter (m);
S = slope or energy gradient;
C = Chezy roughness coefficient;
n = Manning roughness coefficient.

It will be recalled (equation (7.9)) that by equating equations (8.1) and (8.2),
C may be related to # in the form

R1/6
C=—-
n

Generally the Manning equation is preferred in practice because it is simple
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to apply and many years of experience in its use have shown that it produces
reliable results.

The product of the mean velocity so obtained from either equation (8.1) or
equation (8.2) and the area A of the average cross-section provides an
estimation of the discharge.

If the mean velocity does not remain constant from section to section along the
reach of channel, the surface slope may not coincide with the energy gradient,
and for those conditions the energy gradient is used instead of the surface slope.

The Manning equation, like the Chezy equation, was developed for condi-
tions of uniform flow in which the water surface slope and energy gradient are
parallel to the streambed, and the area, hydraulic radius and depth remain
constant throughout the reach. For lack of a better solution, it is assumed that
the equations are also valid for non-uniform reaches that are often encountered
in natural channels, if the water surface gradient is modified by the difference in
velocity head between the cross-sections.

8.3 The energy equation

The energy equation for a reach of non-uniform channel between cross-section
1 (upstream) and cross-section 2 (downstream), shown in Fig. 8.1, is

-2 =2
by = <zl + %> - (zz + am) (8.3)
28 28

where b = energy loss between sections 1 and 2;
Z, = elevation of water surface at section 1 above a common datum (m);
Z, = elevation of water surface at section 2 above a common datum (m);

mean velocity at section 1;

7, = mean velocity at section 2;

a, = energy coefficient at section 1 (= 1.0);

energy coefficient at section 2 (= 1.0);

acceleration due to gravity = 9.81 m s,

The energy slope S, therefore, to be used in equations (8.1) and (8.2) is (from
equation (8.3))

Z-z)+ (35))

29 2
S= & =8 (8.4)
L

where L is the length of channel reach (m). Equation (8.4) applies to contracting
reaches (7, greater than 7).

For expanding reaches where the velocity at the downstream section is
less than that in the upstream section (7, less than ;) and where there is a
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Figure 8.1 Schematic definition of slope—area reach.

tranformation of kinetic energy into potential energy, it is customary to assume
the actual recovery to be 50% of the theoretical recovery.
Therefore, for 7, less than 7, the following equation is used
-2 -2
U4 Uy
(Z,—Z,) + 0.5 (2— - —)

S = . . (8.5)

8.4 Calculation of velocity head

The velocity head, 7%/2g, has to be calculated when using equations (8.4) and
(8.5) where non-uniform flow conditions are encountered. The slope—area
method is normally used to estimate discharge after the flood has passed or
under conditions of major floods. In either situation the direct measurement of
velocity is not made and # has to be calculated by an iterative procedure, similar
to that shown in Chapter 10, Section 10.2, as follows.

A first approximation of the discharge is made from equation (8.1) or equa-
tion (8.2) using the actual value of the fall in the stream. Knowing the values of
A, and A,, 7, and 7, can be calculated from

v, = O/A,
7, = O/A,, (8.7)

hence #7/2g and 75/2g can be computed. S can then be calculated from equation
(8.4), contracting reach, or equation (8.5), expanding reach.
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In equations (8.4) and (8.5) the energy coefficient, or the velocity head
adjustment factor, a, has been taken as 1.0. The energy coefficient a is the ratio
of the true velocity head to the velocity head computed on the basis of mean
velocity and for most cases its value will be unity or will have little significant
variation from unity.

However, in compound channels the value of @ may be greater than 1.0 and
may be calculated from

SK/A?
a= 3 2
Ki/Ax

(8.8)

where subscript i refers to the conveyance or area of the subsections of the
channel cross-section and subscript T refers to the conveyance or area of the
whole cross-section. The conveyance K is a measure of the carrying capacity of
the channel and has the dimensions m® s™ (equation (8.12)).

The conveyances of each portion of the cross-section are therefore calculated
separately and then added (Section 8.6) according to equation (8.8).

8.5 Estimation of Manning’s n and Chezy’s C

At the present state of knowledge, the selection of the roughness coefficient, n
or C, remains mainly an art. There are no resistance diagrams or relationships
available similar to those used in uniform pipe-flow. Consequently in view of
the large range of conditions in open channels the ability to evaluate roughness
coefficients is developed through experience. Otherwise, only by direct meas-
urement of discharge, from which roughness values may be calculated, is it
possible to obtain reliable values.

To the untrained beginner the selection of a roughness coefficient can be no
more than a guess and different individuals may often obtain different results.

The experience necessary for the proper selection of roughness coefficients
can be obtained from (a) an understanding of the factors that affect the value of
the roughness coefficient, (b) an examination to become acquainted with the
appearance of some typical channels whose roughness coefficients have been
established from gaugings, and (c) consulting a table of typical roughness coef-
ficients for channels of different types. Table 8.1 is such a table for suggested
values of n and C (see also Chapter 3, Section 5.10).

8.6 Calculation of discharge

If the channel is straight, comparatively narrow, and the slope of the water
surface essentially uniform, a reference gauge at each end of the reach is nor-
mally sufficient and discharge may be calculated from

O=Arm’s™! (8.9)
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where A is the average cross-sectional area calculated from a convenient number
of cross-sections and # is the mean velocity in the channel found from equation
(8.1), or equation (8.2), or

1
Q=-AR”’S" m’s" (Manning) (8.10)
n

or
O = CAR"S§" m?s™' (Chezy) (8.11)

where S may be taken as the difference in the reference gauge readings, set to a
common datum, divided by L.

In applying the Manning equation, however, it is normal practice to compute
first the conveyance, K, for each cross-section, as

1 2
K =~ AR, (8.12)

n

The mean conveyance in the reach is then calculated as the geometric mean
of the conveyances at the two cross-sections. This procedure is based on
the assumption that the conveyance varies uniformly between sections. The
discharge is then computed from

0 =V(K,K,S) (8.13)

noting that, if the reach is contracting or expanding, S is found from equation
(8.4) or equation (8.5), respectively.
Note that the conveyance in the Chezy equation is

K = CAR™. (8.14)

Conveyance is a measure of the carrying capacity of the channel and has
dimensions m’s™". The discharge in a uniform channel is therefore equal to the
product of the conveyance and the square root of the slope (equation (8.13)).
One advantage of this concept is that the conveyance of separate portions of a
compound cross-section can be added to obtain the total conveyance of the
section. Conveyance is also used to compute the relative distribution of dis-
charge in an approach section downstream from which division of flow occurs
through separate channels.

Simplified slope-area method

In recent years, the US Geological Survey has analysed slope—area data in
US rivers and suggested a simple logarithmic model for the computation of
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discharge in uniform channels. The analysis has indicated a relation between
channel roughness and water surface slope. With the assumption that slope
may replace # and that hydraulic radius is related to cross-sectional area, the
Manning equation is reduced to

log O =0.191 + 1.33 log A + 0.05 log S — 0.056(log S)* (8.15)

where Q is in m*s" and A is in m*.
The model upon which equation (8.13) is based, is of the form

O = aA’S (8.16)

where S is the water surface slope, and 4, b and ¢ are constants.

The simplified slope—area method appears to give good results in channels
having uniform flow with no significant difference in velocity head between the
upstream cross-section and the downstream cross-section.

8.7 Selection of reach

If the slope—area method is used for a direct measurement of discharge,
reference gauges, whether staff or inclined, are set to a common datum at the
upstream and downstream cross-sections (primary installations). Water level
recorders are normally installed at these sections. If the channel is essentially
straight, the cross-sections are the same or similar and the water surface slope
uniform (that is, the water surface slope is essentially the same as the bed slope),
these two gauges will suffice. The slope, S, may then be calculated from the
difference in the gauge readings read simultaneously.

In some reaches, however, it may be advisable to have reference gauges placed
on the banks opposite the primary installations or, if information is desired
regarding the uniformity of the slope or gradient line, gauges may be placed at
various strategic locations along the reach. The length of reach required
depends largely on channel conditions and, as a fairly uniform slope is neces-
sary, it may be convenient to select a shorter reach than might otherwise have
been chosen. Nevertheless, it is advisable to select a reach as long as practicable
and in large rivers reaches of 300 m or more are desirable having at least 0.3 m
difference in height of the water surface between the upstream and downstream
gauges. Generally a useful rule is to estimate the reach required as being four
times the channel width or 75 times the mean depth in the channel.

In determining the average area and the hydraulic radius for a reach of chan-
nel, enough cross-sections are measured to ensure representative averages. One
such determination may suffice for an artificial channel of uniform cross-
section, whereas in natural streams variations in the channel may necessitate
several measurements of the cross-section at carefully selected points along the
reach before reliable averages can be determined.
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When the slope—area method is used where no reference gauges are installed
and reliance has to be placed on flood marks to obtain the slope, such marks
require to be carefully surveyed and interpreted.

Some good reaches are rendered useless when heavy rains follow the peak and
destroy marks. Marks on the ground or those left by quiet water are usually
preferable, the best types being drift, silt lines, wash lines, seed lines on trees or
poles, and slit or stain lines on buildings.

Examples
1. Compute the flood discharge through a uniform, straight river reach of

200 m length given the following data

Upstream cross-sectional area
. 2
= downstream cross-sectional area = 120 m”

Fall of water surface =0.15m

Average width of channel =60 m

Average cross-sectional depth =2m

Manning’s 7 value = 0.030.
Then

A 120
R=2m (or—=—"=2m
( P 60 )

and since the reach is straight and uniform and the cross-sectional areas similar,
v is computed from equation (8.2) with S = 0.15/200 n

5= 1 RY3G12

n
C L (015
0.030 200

=52.91 x (0.000 75)"2

=52.91 x 0.0274,
therefore

7=145ms™"
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Then
0=Ai (8.9)
=120 x 1.45
=174 m*s".

Using the simplified equation (8.15) gives

log Q =0.191 + 1.33 log A + 0.05 log S — 0.056(log S)*
=0.191 + 1.33 log 120 + 0.05 log 0.000 75 — 0.056(log 0.000 75)*
=2.2533

and
0=179m’s™.

2. Compute the flood discharge through a river reach of 200 m length given the
following data

A, (upstream) =1231m?
A, (downstream) =1222 m?

Fall of water surface = 0.30 m

P, (upstream) =320m
P, (downstream) =310 m
n =0.030.
Now
A, 1231
| =—=—""—"=385m
P, 320
A, 1222
,=—=—""=39%m
P, 310

S =0.30/200 = 0.001 50.
Then from equation (8.12)

— 1 213 _ L 2/3
K,=—AR”= x 1231 x 3.85%% = 100 787
n 0.030
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2/3 1 2/3
K, =—-A,R;" =—— %1222 X 3.94" = 101 603.
0.030

And from equation (8.13)

0 =V(KK,S)
=~(100 787 x 101 603) 'S
=101 194 V0.001 50

giving
0=3919m’s™".

This is a first approximation of discharge since a velocity head adjustment has
to be made.

Second approximation of Q

g7 (O 1 /3919 1
——(—)x —<—>X—=O.51658m

22 \A,) “2g \1231) T 19.62

72 D1 39190 1

2 (Y L2V L o ssim.
22 \4,) T2g \1222) T 1962

The velocity head difference is therefore —0.007 63 m, and, since 7, is less than
¥,, the flow is contracting. The adjusted fall is therefore (equation (8.4))

0.30 —0.007 63 =0.292 37 m
and S becomes

0.292 37
200

=0.001 4619

and

O=K\VS where K=V(K, K,
=101 194Y0.001 4619
=3869 m®s .
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Third approximation of Q

The above procedure is repeated using the new value of O = 3860 m® s™

7 /3869\2

—=[——) x——=10.503 480 m
2g  \1231 19.62

75 /3869\2 1

—=—) x——=0.510 924 m;
2¢ \1222)  19.62

velocity head difference = — 0.007 444 m;
adjusted fall = 0.30 — 0.007 444 = 0.292 556;

o2 0292556
200

0 =101 1940.001 4628

=0.001 4628

=3870 m*s™\.

Fourth approximation of Q

i 3870\2 1
— = <—> X ——=10.503 740 m

2g  \1231 19.62

75 /3870\2 1

—=|——| X——=0.511 188 m;
2 \1222 19.62

velocity head difference = — 0.007 448 m;
adjusted fall = 0.30 — 0.007 448 = 0.292 552 m;

0.292 552
0 =101 194 ———
200

=3870m’s™!

which is the same value as calculated by the third approximation. Therefore
0O=3870m’s™.

Further reading

Barnes, H. H. Roughness Characteristics of Natural Channels. US Geological Survey
Water Supply Paper 1849 1967.

Barnes, H. H. Indirect methods. In Hydrometry: Principles and Practices (ed. R. W.
Herschy). John Wiley and Sons, Chichester 1978.
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ISO 1070. Liquid Flow Measurement in Open Channels: Slope — Area Method. 1SO,
Geneva, Switzerland 1992.

Powell, K.E.C. Weed growth — a factor of channel roughness. In Hydrometry: Principles
and Practices (ed. R. W. Herschy). John Wiley and Sons, Chichester 1978.

Rodier, J. and Roche, M. River flow in arid regions. In Hydrometry: Principles and
Practices (ed. R. W. Herschy). John Wiley and Sons, Chichester 1978.



Chapter 9

The stage-fall-discharge
method of streamflow
measurement

9.1 General

Relatively simple relations between stage and discharge are presented in Chap-
ter 4 and normally most streamflow records are based on this principle. By
simply recording stage, therefore, and developing the stage—discharge relation,
a continuous record of discharge can be obtained. Several factors, however, can
cause scatter of discharge observations about the stage—discharge relation at
some stations. Backwater is one of these factors whereby the velocity is retarded
so that a higher stage is necessary to maintain a given discharge than would be
necessary if the backwater were not present. Backwater is caused by constric-
tions such as narrow reaches of a stream channel or artificial structures down-
stream such as dams or bridges or downstream tributaries. All of these factors
can increase or decrease the energy gradient for a given discharge and cause
variable backwater conditions. If, however, the backwater caused by a fixed
obstruction is always constant at any given stage, the discharge rating is a
function of stage only. Constant backwater, as caused by section controls for
example, will not adversely affect the simple stage—discharge relation. The
presence of variable backwater, on the other hand, does not permit the use of
simple stage—discharge relations for the accurate determination of discharge.

Regulated streams may have variable backwater virtually all of the time,
while other streams will have only occasional backwater from downstream
tributaries or from the return of overbank flow. A complex situation arises
when all of the above factors are present plus scour and deposition of the bed.
Such an example is shown in Chapter 4, Fig. 4.5 for the Yangtze River at Wuhan
where stage has been plotted against current meter discharge observations
taken over a period of a year. The complex rating is due to many factors
including variable backwater, variable slope, scour and deposition.

Many of these sites can be operated by the so-called stage—fall-discharge
method using a reference gauge (base gauge), at which stage is measured con-
tinuously and current meter measurements are made occasionally, and an aux-
iliary reference gauge some distance down-stream where stage is also measured
continuously. When the two reference gauges are set to the same datum, the
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difference between the two stage records is the water surface fall and this
provides a measure of water surface slope. The shorter the slope reach, the
closer the relation between fall and water surface slope. On the other hand,
the longer the slope reach, the smaller the percentage uncertainty in the
recorded fall.

Precise time synchronisation between base gauge and auxiliary gauge is very
important if stage changes rapidly, or when fall is small. Reliable records can
usually be computed when fall exceeds about 0.1 m. Timing and gauge height
uncertainties which may be negligible at high flows become significant at very
low flows. Likewise, at low flows, poor measuring conditions or wind can
contribute to measurement uncertainties.

Stage—fall-discharge ratings are established from observation of (1) stage at a
base gauge, (2) the fall of the water surface between the base gauge and an
auxiliary gauge downstream, and (3) the discharge.

The plotting of the discharge measurements with the fall marked against
each measurement, will reveal whether the relationship is affected by variable
slopes at all stages or is affected only when the stage rises above a particular
level. If the relationship is affected by variable backwater at all stages, a correc-
tion is applied by the constant-fall method; on the other hand, however, when
the relation is affected only when the stage rises above a particular value, the
normal-fall method is applied.

In order to observe the fall, an auxiliary gauge is established a distance L
downstream from the base gauge at the station and set to the same datum as the
base gauge. With a difference in gauge reading of F (fall), the surface slope is
approximated by

S F (9.1)
I .
The Manning uniform flow formula may be written in the form
QO = NAR‘S 9.2)

where N = a constant
A = area of cross-section
R = hydraulic radius
S = slope of water surface
a,b = two exponents.

Substituting for S, equation (9.2) becomes

F b
O = NAR (Z) . (9.3)
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The roughness factor N and the conveyance AR are functions of stage, then for
a given stage the relation between discharge and fall can be developed, thus

0t o
0, \F

c

in which Q,, and F,, are the measured discharge and fall, and O, and F, are the
adjusted discharge from the rating curve and a selected constant fall on which
the rating curve is based.

From fluid mechanics, the exponent b in equation (9.3) would be expected to
equal 0.5. However, where the slope S is only approximated by F/L, the
exponent b would then not necessarily equal 0.5 and must be deter-
mined empirically; this is done by a graphical plot of Q,/Q,, against F,/F, as
explained below.

The procedure of the constant-fall method in developing a stage—fall-
discharge relation is as follows:

(1) Plot the discharge measurements against stage in the usual manner and
indicate the observed fall beside each point. Select a constant fall for which
a rating curve can be drawn through the measurements and draw the curve
by visual estimation; for curve (a) in Figure 9.1 a constant fall of 0.50 m has
been selected.

(2) Read the discharge O from the rating curve for each measurement and
compute the ratios Q,/Q, and F,/F.. Plot these ratios and draw a smooth
curve through them, i.e. curve (b) in Figure 9.1: Note that curve (b)
expresses the exponent b in equation (9.4).

(3) From the curve of relation between discharge ratios and fall ratios, curve
(b) in Figure 9.1, select the smoothed discharge ratio for each measurement.

Adjust each measurement by dividing it by its smoothed discharge ratio, then
replot the adjusted discharge measurements. Examine the plot. If the first
approximation of the rating curve does not appear to be well-balanced among
the adjusted discharge measurements, then adjust the rating curve and repeat
the procedure. Usually, not more than one repeat is necessary.

A constant-fall rating is not the usual case in natural streams. However, if
discharge measurements cover the whole range of flow and if the measurements
conform to a constant-fall rating, the constant-fall method is sufficient and
there is no need to use a more complicated technique. If the stream geometry
is not too far from uniform and the velocity head increments are negligible,
the relation between the discharge ratio and fall ratio should approach a
single curve.
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Example

(See Table 9.1 and Figure 9.2)

14 discharge measurements are available at a twin-gauge station. In columns 2,
3 and 5 of Table 9.1, values of observed gauge height (H), measured discharge
(O,,), and measured fall (F,) are shown. It is desired to develop a stage—fall—
discharge relation for this station:

(1)

Plot the discharge measurements in the usual manner indicating measured
fall beside each point. Select a constant fall for which a rating curve can be
drawn. Here a suitable fall would be F, = 0.30m. Draw the curve (Figure
9.2a).

Compute the fall ratios F,/F. and enter in column 6.

Read the discharge O, from the rating curve for each measurement and
enter in column 4. Compute the discharge ratio Q,,/Q, and enter in column 7.
Plot the fall ratios F,/F. against the discharge ratios Q,/O, and draw a
smooth mean curve of relation. Here it appears that the curve of relation
approaches a straight line. Usually this curve bends downward (Figure 9.2b)
Entering the curve of relation with the fall ratios, adjusted values of the
discharge ratios are obtained and entered in column 8.

Now, divide each value in column 3 by its corresponding value in column 8
obtaining adjusted values for Q, which are entered in column 9.

Replot the adjusted values of Q,. It appears that in this case the original
rating curve has a well-balanced fit to the new adjusted values of Q,; there-
fore, no repeat is necessary.

Table 9.1 Developing a stage—fall-discharge relation

(1) (2) A3) (4) %) (6) (7) 8 9
N H Q, X F,  FJF.  QJQ  Adusted Adusted
m’lsec  mlsec m Q./Q, Q, m’/sec
| 1.62 580 550 0.33 1.10 1.05 1.05 552
2 |.64 526 560 029 097 0.94 0.99 531
3 1.85 668 642 0.32 1.07 1.04 1.04 642
4 1.86 468 645 0.16 0.53 0.73 0.75 642
5 2.02 568 715 0.18 0.60 0.79 0.79 719
6 2.26 710 810 024 0.80 0.88 0.90 789
7 2.75 922 1015 0.24 0.80 091 0.90 1024
8 298 1018 1115 0.24 0.80 091 0.90 1131
9 3.00 1035 1125 0.25 0.83 0.92 091 1140
10 392 1562 1560 0.29 097 1.00 0.99 1578
I 4.05 1620 1625 0.30 1.00 1.00 1.00 1620
12 4.56 1960 1935 0.30 1.00 1.01 1.00 1960
13 485 2130 2125 0.31 1.03 1.00 1.02 2088
14 4.85 2230 2125 0.31 1.03 1.05 1.02 2186

F.=030m
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The procedure of converting observed gauge height and fall to discharge by
means of the stage—fall-discharge relation as developed in Figure 9.2 is as
follows:

Observed gauge height: H = 340m
Observed fall: F, = 022m
Selected constant fall: F, = 030m
Computed fall ratio: 0.22/0.30 = 0.73
Discharge ratio corresponding to a fall ratio of = 0.86
0.73 (curve b):
Discharge of rating curve corresponding to a = 1300 m%/sec
gauge height of 3.40m:
True discharge, 1300 m*/sec x 0.86: = 1118 m¥/sec

The normal-fall method

At some stations, a simple single-gauge rating is applicable at low discharge
when the surface slope is comparatively steep, while at higher discharges when
the slope becomes flatter the discharge is affected by variable backwater. Crit-
ical values of the fall (or slope) dividing these two regions are termed the
normal-fall. The value of normal-fall at any discharge can be defined by study-
ing the plot of stage against discharge (Figure 9.3).

The points at which backwater has no effect will group to the extreme right.
This is the simple single-gauge rating with no backwater effects. A plot of the
normal-fall values from this curve is made against the corresponding stage and
a curve of normal-fall obtained. This permits drawing a curve of discharge
ratios against fall ratios when normal-fall is used in place of constant-fall. The
rest of the procedure is similar to that of the constant-fall method (Figure 9.3).

The normal-fall procedure in developing a stage—fall-discharge rating is as
follows:

(1) Plot the discharge measurements and write the fall beside each as indicated
in Figure 9.3a (the fall values are not shown in the figure). A smooth curve
is fitted to the measurements grouped to the extreme right. This curve is the
stage—discharge relation for a condition of no backwater effects at the base
gauge.

(2) The fall for the measurements used to fit the rating curve are plotted
against stage as illustrated in Figure 9.3b; curve is fitted to the plotted
points. This curve, the normal-fall curve, shows the fall at which backwater
begins at any stage. That is, there are no backwater effects at a fall value to
the right of the normal-fall curve; for fall values to the left of the curve
there is backwater present.

(3) Each fall ratio F,/F, is plotted against its corresponding discharge ratio
0O,/0, and a smooth curve of relation drawn (Figure 9.3c).
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The rest of the procedure is identical to that of the constant-fall method. The
only difference is that a normal-fall value varying with stage is used instead of a
constant-fall value.

Further reading

Corbett, D.M. and others. Stream-gauging Procedures. U.S. Geological Survey, Water
Supply Paper 888 1942.

ISO 9123. Liquid Flow Measurement in Open Channels: Stage—Fall-Discharge Method.
ISO, Geneva, Switzerland 2001.

Tilrem, O.A. Manual on procedures in operational hydrology. Ministry of Water, Energy
and Minerals of Tanzania and the Norwegian Agency for International Development
1979.

World Meteorological Organization. Manual on Stream Gauging. WMO Report No.
13, Pub. No. 519, Geneva 1980.



Chapter 10

Weirs and flumes

10.1 General

On small rivers it is often convenient to measure flow by means of a weir or
flume. Such structures have the advantage that they are less sensitive to the
downstream conditions, the channel roughness and the influence of backwater
than the velocity—area method for example. A good example of the use of
measuring structures is to be found in the UK where, mainly because of the
small rivers and the influence of backwater, the hydrometric network of some
1400 streamflow stations contains about 750 measuring structures. Practically
all of these are of a type which has been precalibrated in the laboratory, some
of which have been check-calibrated in the field. In this chapter, those weirs and
flumes which have been precalibrated and standardised by the International
Organization for Standardization or the British Standards Institution will be
discussed with an additional section on non-standard weirs.

The philosophy of the method is founded on the premise that the relation of
discharge to water level is found empirically or is based on physical principles.

The water level, or head, is measured at a prescribed distance upstream of the
structure. In the simple (and usual) case where the downstream water level is
below some limiting condition and where it does not affect the upstream head,
there is a unique relation between head and discharge. This condition is termed
the free-flow or modular condition. If, however, the tailwater level affects the
flow, the weir is said to be drowned, or submerged, and operates in the non-
modular condition. For this condition an additional downstream measurement
of head is required and a reduction factor is required to be applied to the
modular or free-flow discharge equation. When the flow in the non-modular
condition increases until the weir is almost or wholly submerged, the structure
no longer performs as a measuring device.

There is a significant degradation in the accuracy of discharge measurements
in the non-modular flow condition. This degradation is due mainly to the
difficulty in measuring the downstream head because of turbulence and the
uncertainty in the coefficient of discharge in the non-modular range. However,
discharge equations are presented for the non-modular range for the triangular
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profile (Crump) weir and the Flat V weir where crest tappings are incorporated
in the design. A typical design is shown in Fig. 10.20.

One of the problems of crest tappings in recent years has been the silting of
the intake pipe and blocking of the tappings. A system now available is designed
to remedy this situation by employing a small submersible pump with the inlet
pipe connected to the crest tapping by means of a manifold. The crest tapping is
kept clear by operating the pump intermittently for short periods (say periods
of 20 seconds) each day as necessary. The pump operates on electrical power
from the mains or from a battery charged by a solar cell.

In order to increase the range of a structure in the free-flow condition, it is
sometimes convenient to raise the design height; otherwise for a weir the device
may be used as a section control in the non-modular condition, and rated by
a current meter in this range.

Section controls are dealt with in Chapter 4 and a weir or flume is basically a
section control designed and built to specific criteria. The rating equation for a
stage—discharge relation and a measuring structure, therefore, take the same
form. However, because of the application of theoretical concepts of flow, the
rating equations for weirs and flumes take constant exponents of the head 5.
This similarity can be simply demonstrated as follows.

For the velocity—area method with section control the rating equation may
be expressed in the form

o=cCh (10.1)

and if the reference gauge is set with its zero at the level of the control, then #,
the exponent of b, is constant within the flow range of the control. For a weir or
flume, a simplified form of rating equation is

O = Cbh* (10.2)

where C is the coefficient of discharge, b is the width of crest and 5 is the head
over the weir with staff gauge zero set at crest level. For unit width of weir

0 = Ch™ (10.3)

(Note that for a V-shaped weir the exponent of / is 5/2.)

Civil engineering construction

The installation of a measuring structure in a river requires major civil engin-
eering works and each device needs to be designed as such with due attention to
foundations. Ground conditions may require sheet piling and cut-offs to
prevent the seepage of water under or around the structure or risks to stability.
If provision for energy dissipation downstream is not included in the
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construction, for example, there may be a tendency to scour depending on the
ground conditions. If this becomes excessive the stability of the structure will be
in danger. If the structure, however, is founded on rock, for example, such
problems may not be severe but nevertheless due attention may still be required
with regard to energy dissipation. The energy downstream of a structure is
normally dissipated by a hydraulic jump and generally design and construction
considerations involve the installation of a stilling basin and a suitable elevation
for the floor of the basin.

Measuring structures are normally constructed in concrete although many
have been successfully built of fibreglass, masonry or timber. To avoid abrasion
or damage, steel or granite capping is often used to form the crest of triangular
profile weirs and steel corners to form the edging to rectangular broad-crested
weirs. The capital cost of installing a measuring structure is much greater than
the capital cost of installing a velocity—area station but the operational costs
of a structure are very much lower. This is due to the calibration costs in
manpower in establishing the stage—discharge relation for a velocity—area
station. The advantage in this respect, of a standard measuring structure is that
records of discharge are obtained immediately on completion of the
installation.

Theoretically there is no limit to the design width of a measuring structure.
In practice, however, cost of construction usually limits the width of a weir to
about 50 m. Present-day costs may be as much as US$20 000 per metre width of
crest mainly due to the risks contractors have to take in dealing with water
during construction. The largest triangular profile weir built in the UK has a
crest width (compounded) of 52.5 m with a maximum capacity of 630 m’s™".
The cost of construction of this weir 40 years ago was some US$6000 but at
today’s prices a similar weir would probably cost somewhere in the region of
$1 million. Cost is therefore of considerable importance in deciding on the use
of a weir for stream gauging.

Existing non-standard river weirs may be used for measuring flow but these
require to be calibrated on site. The most important non-standard weir in the
UK, calibrated by current meter, is on the River Thames in London (Ted-
dington) (Fig. 10.1) where 100 years of records were completed in 1982. This
weir was originally built to serve navigational needs but became a prescribed
control point for the abstraction of London’s water supply from the Thames.
The weir is a complex one for streamflow and has 37 sluices, 34 radial gates and
a 21.34 m long thin plate weir to measure low flows. The lowest flow ever
recorded at the station approached zero discharge in 1976 and the highest was
1059 m’ s7! in 1894. Records are now obtained from an ultrasonic gauging
station installed in 1974 just upstream of the weir.
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Figure 10.1 Aerial view of River Thames at London (Teddington Weir) used for streamflow
measurement |883—1982; weir comprises 34 radial gates, 37 sluice gates and a
thin plate weir for measuring the lowest flows.

10.2 Principles and theory

The flow conditions upstream of a measuring structure are governed by the
geometry of the structure and the approach channel, and by the physical prop-
erties of the water. They are not affected by the flow conditions in the channel
downstream or by the roughness and geometry of the channel upstream.

At the control section critical flow conditions occur, where, for a given
discharge, the depth is such that the total head is a minimum. The total head
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is the total energy of the flow per unit weight of water and, by Bernoulli’s
theorem, this is the sum of the potential head, the pressure head and the
velocity head. It is generally referred to the crest of the structure as a datum.

In many structures the streamlines are curved in the region of the crest and
the pressure distribution within the flow is not known so it is not possible to
deduce an algebraic equation to describe the head—discharge relation. The
coefficients of discharge of standard measuring structures in this chapter have
been determined under rigorously controlled laboratory conditions.

In presenting the theoretical analysis for the establishment of the discharge
equation, the broad-crested weir is used (Fig. 10.2). Taking the critical section
to occur where the flow is parallel near the end of the crest of the weir, then the
Bernoulli equation gives

H=z+—+_— (10.4)

where H is the total head;
z is the height of the streamline;
p is the pressure;
g 1is the acceleration due to gravity;
p is the density of water;
u is the velocity on the streamline.

As the streamlines are parallel the pressure is hydrostatic.
Therefore

p=gpld-2) (1.5

where d is the depth of flow, so

%,

Figure 10.2 Schematic illustration of principle and theory of flow over broad-crested
weir.
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I/l2
H=d+—. (10.6)
2g

If the approach channel is deep, the total head H is the same for all stream-
lines and it follows from equation (10.6) that the velocity at the critical section
is constant with depth and equal to 7, the mean velocity. The discharge per unit
width of crest is

g=id (10.7)
and substituting from equation (10.6)
g=d\ [2g(H - d)]. (10.8)

Differentiating equation (10.8), treating H as a constant and putting dg/dd =0
gives the following equation for critical flow conditions

d =2H (10.9)
and substituting d. in equation (10.8)

q=NGgH" (10.10)
or

0 = ()b (g)H™™. (10.11)

Equation (10.11) is derived from theoretical concepts and calibration of a struc-
ture imposes on the equation a coefficient of discharge. The equation then
becomes

0 = " C(gH". (10.12)

Since the total head H cannot be measured in practice, an iterative procedure
is necessary to compute the discharge from equation (10.12) (see the section on
velocity of approach, below). In order to avoid this cumbersome procedure the
discharge equation can be presented as

0 = 3)*C,C N (g)h™"? (10.13)

which is the basic equation for measuring structures where C, is the dimension-
less coefficient of velocity allowing for the velocity of approach, and Cj is the
coefficient of discharge.

From an inspection of equations (10.12) and (10.13) it can be seen that
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H 32
C, = (—) . (10.14)

Values of C, for measuring structures may be obtained from Table 10.1 where
C, has been plotted against (C,;bh)/A, where A is the cross-sectional area of flow
at the head measurement section.

Velocity of approach

In the derivation of equation (10.12) it will be noted that the total head H
determines the depth and velocity at the critical section and the discharge
equation is independent of the velocity in the approach channel.

In practice, the discharge is determined from a measurement of the gauged
head which is converted to total head by the Bernoulli equation

02
H=h+— (10.15)
2g

where v is the average velocity in the approach channel at the head measurement
section.
Now from

O=Ai (10.16)

where A is the cross-sectional area of flow in the approach channel at the head
gauging section, and substituting # = Q/A in equation (10.15),

Table 10.1 Coefficient of approach velocity C, for values of C;bh/A, where A is the area of
cross-sectional flow at the head measuring section, h is the gauged head and P is the height
of the weir (or flume). For trapezoidal flumes C, is replaced by C, for U-shaped flumes C; is
replaced by C,

Chbh 000 00/ 002 003 004 005 006 007 008 0.09

0.1 1.003 1.004 1.004 1.005 1.006 1.006 1.007 1.008 1.008 1.009
0.2 1.010 1.0l 1012 1.013 1.014 1.015 1.0l6 1.018 1019 1.020
0.3 1.021 1.023 1.024 1.026 1.028 1.030 1.032 1.034 1.036 1.038
0.4 1.040 1.042 1.044 1.046 1.049 1.051 1.054 1.056 1.059 1.06l
0.5 1.064 1.067 1070 1.073 1.076 1.080 1.082 1.086 1.090 1.093
0.6 1.097 1.101 [.105 [.110 1.115 1.120 1.125 1.130 1.135 [.140
0.7 1.144 1.150 1.156 1.163 1.170 1.177 1.184 1.192 1.200 1.208

0.8 1218 1226 1236 1.246 1.225
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QZ

H=h+ -
2gA

(10.17)

Therefore the discharge requires to be calculated by an iterative procedure (suc-
cessive approximations) as follows:

(a) determine A from a given value of b;

(b) obtain a first estimate of discharge (equation (10.12)) using the given value
of b;

(c) calculate the total head from equation (10.17);

(d) recalculate the discharge from equation (10.12) using this value of the total
head;

(e) using this discharge recalculate the total head from equation (10.17) and
repeat the procedure until two successive values of discharge differ by less
than, say, 1%. Generally four or five trials will suffice.

Although computer programmes are available to carry out the above procedure,
it is now becoming practice to use the form of equations of discharge having
gauged head and the coefficient of velocity factor (equation (10.13)).

Limitations on the use of discharge equations

With each of the discharge equations for measuring structures, limitations are
imposed as to their use in practice. Such limitations concern the range in head
under which a laboratory calibration was made, the distance upstream to the
head measurement section, the limits on certain ratios such as h/P, where P is
the height of the weir, and others which will be presented in Section 10.5. The
values and uncertainties of the coefficients of discharge and velocity are
dependent on maintaining these limitations in the field installation. If the limi-
tations are relaxed for any reason the measuring structure may still produce a
record of streamflow but the uncertainty of the measurement will be impaired.
In most, if not all; of these cases no data are available to give values of
uncertainties in the coefficients, and therefore in the discharge measurements
where the specified limitations have been relaxed. The only resort in these
circumstances is to field calibration (Section 10.4).

Coriolis coefficient
The total head is related to the gauged head by the equation

7
H=h+a— (10.18)
2g

where 7 is the mean velocity in the approach channel at the head measurement
section, and a is a coefficient, known as the kinetic energy or Coriolis coef-
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ficient which takes account of the fact that the kinetic energy head exceeds #*/2g
if the velocity distribution across the section is not uniform. In applying the
equations in this chapter, @ may be taken as unity. However, if any suspicion of
non-uniform flow arises at any particular station it is advisable to take a current
meter measurement at the head measurement cross-section, compute  and
calculate a from equation (10.18).

Froude number

The discharge coefficients of many structures vary when the velocity head
becomes large in relation to the depth of flow. A dimensionless parameter which
describes this ratio is the Froude number, Fr, which for a river of approximately
rectangular geometry with sensibly parallel flow is defined as

v
Fr= ed (10.19)

where 7 is the average velocity in the cross-section under investigation and d is
the average depth of flow. When the Froude number exceeds about 0.5, measur-
ing structures suffer a loss of accuracy and generally good design practice
dictates that Fr is less than 0.5. If Fr approaches unity however, debris is liable to
accumulate behind the weir, particularly on a rising stage and in practice this
debris has to be cleared out, and in the worst case the weir abandoned as a
measuring structure.

At the design stage therefore, it is important to determine the Froude number
in the natural channel corresponding to the highest anticipated discharge to be
gauged accurately and if it does not exceed a value of 0.5 it can be assumed that
this value will not be exceeded after construction of the weir.

10.3 Measurement of head

Uncertainty

The measurement of head is the most important measurement in assessing the
flow over a weir. Whilst much attention is rightly paid to the uncertainty in the
coefficient of discharge, the uncertainty in head measurement is critical. This is
particularly the case when measuring low discharges and head values are small.
The percentage uncertainty in discharge under these conditions, for even a
small uncertainty in head, may be significant.

The uncertainty in discharge measurement by weirs and flumes is dealt
with in Chapter 13 but Table 10.2 illustrates the possible uncertainty in
discharge over a triangular profile (Crump) weir, arising from uncertainties
in head only, at a gauged head of 0.15 m (the percentage uncertainty in
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Table 10.2 Uncertainty in discharge of a triangular profile
(Crump) weir due to uncertainties in head measurement at a
given head of 0.15 m

Uncertainty in head (mm) Percentage uncertainty in discharge
2 12
4 4
6 6
8 +8
10 10

discharge being numerically equal to the uncertainty in head measurement is
coincidental).

Instruments

The instruments for recording the measurement of stage are described in
Chapter 3. In addition, hook and point gauges are often used at structures,
particularly on small structures or on laboratory devices. Although it is cus-
tomary to fix a staff gauge to the wing wall of a weir, it is usually placed on the
opposite bank to the recorder and intake pipe and is therefore often difficult to
read to the required accuracy. It is thus advisable to have an additional and
more precise method available for the head measurement. This can be achieved,
for example, using an electric-tape gauge or steel tape, marked in millimetres,
from a datum plate on the wing wall immediately above the intake pipe. By this
means it is possible to measure head to an uncertainty of 3 mm or better. Such
measurement may be a single measurement used to compute discharge or, more
usually, a measurement to set or check the recorder (Fig. 10.3).

Gauge zero

In measuring structures, the reference gauge zero is set to the crest level of weirs
or the throat invert level of flumes. For V-notches or flat V weirs it is set to the
lowest level (vertex) of the notch or weir. The initial setting of the reference
gauge, and subsequent checking, is therefore extremely important. The setting
is best performed by surveyor’s optical level reading to 1 mm or better, the
procedure being as described in Chapter 3. Generally it is better to level from
the crest or throat to the datum on the wing wall above the intake pipe and then
relate the water level and setting of the reference gauge to this datum. Because
of possible movement of the structure after completion, regular checks of the
zero are advisable. With careful attention to the levelling procedure it is possible
to set and maintain the zero to 3 mm or better. It will be noted that whereas the
head measurement contains a random uncertainty, the zero error will be
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Figure 10.3 The photograph shows the electric-tape gauge (Fig. 3.8) being held against
the datum plate to make a measurement of water level. As the buzzer sounds
on contact being made with the water surface, the tape is read to the nearest
millimetre. The distance from the datum plate to the bed of the channel being
already measured by surveyors level, or other means, the depth of flow (head)
is the difference between the two readings (no hump). The photograph also
shows the staff gauge and an ultrasonic look-down water level gauge (see also
Fig. 3.18) in the approach channel of a rectangular standing wave flume. Note
the sun shade over the ultrasonic transducer to avoid faulty water level record-
ing due to temperature change.

systematic and, if known, should be added to, or subtracted from, the head
measurement before the computation of discharge. If regular checks are made
(for example, once a year) the uncertainty in the zero setting may be random-
ised and taken as +3 mm, or better, and added by the root-sum-square method
to the uncertainty in the recorded head measurement (Chapter 13).



Check calibration in the field 321

Location of head measuring section (gauging section)

The location of the measuring section where the head is measured upstream of
the structure will be given later for each device, but generally this is specified as
two to four times the maximum head to be measured. The water surface
upstream of a gauging structure is not horizontal and therefore the location for
the head measurement will affect the uncertainty in measurement. The designer
is required to make a decision as to what he considers the most important range
of flows to be measured and base the choice of location on these criteria. For
example, it is better to take the design head, for the purpose of locating the
gauging section, as less than the maximum anticipated gauged head if 95% of
the flows are expected to be in the low or medium flow range. The design head
for this purpose would be taken as that applying to the upper end of the range
required to be measured accurately.

10.4 Check calibration in the field

The ‘standard’ measuring structures presented in this chapter are those which
have been calibrated in the laboratory. The discharge equation so established is
therefore used immediately after construction of the weir. The detailed design
and construction of the measuring structure are required to follow the specifica-
tions laid down in International Standards.

However, it may be necessary to check the calibration of a measuring struc-
ture in the field should any suspicion arise as to its reliability. Since the labora-
tory calibration normally has a reliable rating, and coefficients of discharge so
established are generally of the order of, typically 2-3%, it is necessary to use
special equipment and methods in a check calibration in order to make field
measurements of comparable accuracy.

Experience has shown that the main sources of error to receive attention in
the check calibration of a measuring structure are:

(a) incorrect gauge zero resulting in a systematic error in the head measure-
ment and therefore discharge;

(b) incorrect measurement of crest width or flume throat resulting in a system-
atic error in the discharge;

(c) incorrect measurement of other geometric dimensions resulting in an error
in the coefficient of discharge and measurement of head;

(d) incorrect design of intake pipe and stilling well resulting in an uncertainty
in head measurement;

(e) uncertainty in recording instruments.

Normally the check on discharge is carried out by current meter and, as dis-
cussed in Chapter 2, it is essential that due attention is given to the selection of
the measuring cross-section, to the number of verticals used and to the number
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of velocity points selected in the vertical. For such a discharge measurement it is
desirable that at least 30 verticals are taken and that the time of exposure of the
current meter is at least one min — preferably three one min readings should be
taken — if stage remains constant. If the dilution method is used (Chapter 11) an
injection section is chosen which will ensure complete mixing. Multiple
injection and multiple sampling techniques are also desirable.

Unfortunately river flows cannot normally be controlled during a check cali-
bration investigation unless a regulating reservoir is sited upstream of the
measuring structure. Added problems occur when the river is either rising or
falling when neither head nor discharge remains constant for sufficient time to
obtain a satisfactory discharge measurement which can be compared with that
computed from the laboratory equation of discharge. Therefore, obtaining a
series of reliable measured discharges over the full range of the structure is a
time-consuming and expensive operation and resort has usually to be made to
being content with a few measurements at low and medium flows.

In comparing the measured discharge with the computed discharge given by
the equation of discharge, it is normally more convenient to use the form of
discharge equation having gauged head (equation 10.13)) rather than total head
(equation (10.12)). It will be observed that for thin plate weirs the discharge
equations are already given in the form of gauged head (equations (10.20),

(10.25) and (10.26)).

10.5 Types of measuring structure

Measuring structures may be divided into the following categories:

a) thin plate weirs
) broad-crested weirs
c) flumes
d) compound measuring structures.

Thin plate weirs
Rectangular thin plate weir

A diagrammatic illustration of the basic weir form is shown in Fig. 10.4. This
particular form of the thin plate rectangular weir is often referred to as a
rectangular notch weir or ‘contracted’ weir, so called because the nappe is
contracted. When b/B = 1, or when the width of the notch is equal to the width
of the channel, the weir is termed a full width rectangular thin plate weir or
sometimes a ‘suppressed’ weir because the nappe does not have side
contractions.



Types of measuring structure 323

Direction
of tlow

Enlarged view of crest
and side of rectangular
notch, showing chamfer on
downstream edge of notch

Figure 10.4 Diagrammatic illustration of thin plate weir.

Rectangular notch weir

The equation for discharge for a rectangular notch (contracted) weir is
0 =iV 2g)Cib bl

where Q is the discharge (m®s™);
g is the acceleration due to gravity (9.81 m s7™);
Cy is the coefficient of discharge;
b, is the effective breadth (m);
b, is the effective gauged head (m).

b,=b +0.003 m
h.=h+0.001 m

b
Cd:a+ﬁl_3

(10.20)

(10.21)
(10.22)

(10.23)
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where P (m) is the height of the crest above the upstream bed, and a and f
depend on the ratio b/B, where B (m) is the upstream width of the approach
channel. This relationship is shown in Table 10.3 where intermediate values
may be interpolated.

A more useful equation which avoids the calculation of the coefficient of
discharge is

h
o= 0.554(1 ~0.0035 E) (b + 0.0025)(g) (b + 0.001)* (metric units).
(10.24)

Provided the respective limitations are observed, this equation should give flows
within about 2%.
The limitations on the use of equations (10.20) and (10.24) are:

b, (or b) should not be less than 0.03 m;

b should not be less than 0.15 m;

P should not be less than 0.10 m;

h/P should not exceed 2.5;

(B — b)/2 should not be less than 0.10 m;

the head measurement section should be located at a distance of two to
four times the maximum head upstream from the weir.

P
secoe

o0
— -

Example

Calculate the discharge over a rectangular notch weir having a notch width of
4 m and an approach channel width of 8 m under a measured head of 1 m.
The height of the notch (P) is 0.75 m.

(a) Check limitations
b is greater than 0.03 m;
b is greater than 0.15 m;
P is greater than 0.10 m;

Table 10.3 Relationship between b/B,a and B

b/B

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

a 0588 0589 0590 0591 0592 0.593 0594 0596 0.598 0.602
B —0.002 —-0.002 0.002 0.006 0.011 0.018 0.030 0045 0.064 0.075
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1 4
= —— = —, therefore less than 2.5;
075 3
-b 8-4

5 —= N = 2, therefore greater than 0.10 m.

(b) From Table 10.3 b/B = 4/8 =0.5.
Therefore a = 0.592
and f=0.011.

O:J ~ s

h
(€ Cy=a+f7=0.592+(0.011 x 1.333) = 0.607.
(d) From the equation of discharge (equation (10.20))

Q_;\/ (2g)Cyb hw
=2+/(9.81 x 2) x 0.607 X 4.003 % 1.001*>
=7.180 m* s\

Using equation (10.24) gives

1
0 =0.554 <1 —0.0035 % ﬁ) %X 4.0025 % 3.132 x 1.0015

=6.923 m’ s\

Full width rectangular thin plate weirs Fig. 10.9 (b) (see p. 334)

The discharge equation for a full width thin plate weir is
0 = Cy N@g)bh"
in which

C, = 0.602 + 0.083h/p
h.=h +0.001 m.

An alternative equation is

O =0.564 (1 + (0.150h/p) b\/(g)(b + 0.001)*? (metric units).

Practical limits on the use of the above equations are

(a) h/p should not exceed 4.0
(b) b should be between 0.03 and 1.0 m

(10.25)

(10.25a)
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(c) b should not be less than 0.30 m

(d) p should not be less than 0.06 m

(e) the head measurement section should be located at a distance upstream
from the weir of 2 to 4 times the maximum head to be measured.

Example
Calculate the discharge over a rectangular full width thin plate weir having a
crest breadth 4 m under a measured head of 1 m with a p value of 0.75.

(a) check limitations

h is1m

b is greater than 0.30 m

p  is greater than 0.06 m

blp is 1/0.75 = 4/3 = 1.333 therefore less than 4.

(b) discharge

O = (0.602 + 0.083 x 1.333) V(2 x 9.81) x 4 x 1.001°>
=8.41 m’s™

from equation 10.25(a)

O =0.564 (1 +0.150 x 1.333) x 4 x 3.13 x 1.001*
=8.47 m’~..

Triangular (V-notch) thin plate weir

A diagrammatic illustration of the basic weir form is shown in Fig. 10.5. The
three sizes of V-notches commonly used are (Fig. 10.6):

(a) A 90° notch in which the dimension across the top is twice the vertical
depth (tan 0/2 = 1). This is the most common type of V-notch.

(b) A half 90° notch (0 = 53°8’) in which the dimension across the top is equal
to the vertical depth (tan 6/2 = 0.5).

(c) A quarter 90° notch (0 = 28°4’) in which the dimension across the top is
half the vertical depth (tan 6/2 = 0.25).

Notches (b) and (c) above nominally deliver a half and a quarter of the dis-
charge, respectively, of the 90° notch.
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Direction

Enlarged view of V notch,
showing chamfer on down-
stream edge of notch

Figure 10.5 Diagrammatic illustration of V-notch thin plate weir.

The BSI equation of discharge is
8 0 512
O =1V(2g2)C, tan z b (10.26)

and the experimentally determined values of C; may be found from Fig. 10.7
Tabulated values of C; and Q for a 90° notch are given in Table 10.4.
Practical limitations applicable to the use of equation (10.26) are:

a) h/P should not exceed 0.4;
b) h/B should not exceed 0.2;
c) b should be between 0.05 and 0.38 m;

(
(
(
(d) P should be not less than 0.45 m;
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2

1
g1

90° V-notch

1
53°8/

—_

1/2 90° V-notch

Y2

[ 28°4
7
:

Y4 90° V-notch

Figure 10.6 Commonly used V-notches.

(e) B should be not less than 1 m;
(f) the head measurement section should be located at a distance upstream of
the notch of 4 to 5 times the maximum head.

It should be noted that the maximum head to be used with equation (10.26)
is 0.38 m. If larger heads are to be measured, a loss of accuracy in the
discharge measurement has to be accepted. There is, however, insufficient
experimental data available to give guidance on this aspect. However, if a 90°
notch is used, and this is the most common form, the maximum head to be
gauged may be increased provided the 4/P ratio is within the range 0.2 to 2.0,
P is not less than 0.09 m and P/B is between 0.10 and 1.0. When B is large
compared with P (P/B = 0.1), the coefficient C, is substantially constant and
equal to 0.578.

For the above conditions for the 90° notch, b in equation (10.26) is replaced
by (b +0.001) m. This adjustment compensates for the combined effects of
viscosity and surface tension and may be an advisable adjustment at very low
heads but becomes unnecessary at large heads.
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0.61
0.60
hed
O 0.59 ™ — -
5 {Negligible velocity of approach;
g \ effects of hip and p/B negligible)
3 0.58 ~— —
0.57
0.56
0 z 2n = 4n on 2n
9 9 3 9 ] 3
(20°) (40%) (60°%) {80°) (100°) (120°)

Value of notch angle, 8 (radians)

Figure 10.7 V-notch thin plate weir: coefficient of discharge C, related to notch angle 0.

Table 10.4 Discharge of water over a 90° V-notch

Head Coefficient Discharge Head Coefficient Discharge
h G, h G,
(m) (m*s'x107")  (m) (m*s'x107)
0.060 0.603 2 0.012 57 0.085 0.5955 0.029 61
0.061 0.602 8 0.01309 0.086 0.594 8 0.030 48
0.062 0.602 3 0.01362 0.087 0.594 5 0.031 36
0.063 0.601 9 0.014 17 0.088 0.5942 0.032 25
0.064 0.601 5 0.01473 0.089 0.5940 0.033 16
0.065 06012 001530 0.090 05937 003409
0.066 0.600 8 0.01588

0.091 0.5935 0.03503
0.067 0.600 5 0.016 48

0.092 0.5933 0.03598
0.068 0.600 | 0.017 10
0.069 0599 8 001772 0.093 0.593 | 0.036 96

’ ’ ) 0.094 0.5929 0.037 95

0.070 0.599 4 0.018 36 0.095 0.5927 0.038 95
0.071 0.599 0 0.019 0l 0.096 0.5925 0.039 97
0.072 0.598 7 0.019 67 0.097 0.5923 0.041 0l
0.073 0.5983 0.020 35 0.098 0.592 1 0.042 06
0.074 0.598 0 0.021 05 0.099 0.5919 0.043 12
0.075 0.5978 0.02176 0.100 0.5917 0.044 20
0.076 0.597 5 0.022 48

0.101 0.591 4 0.045 30
0.077 0.597 3 0.02322

0.102 0.591 2 0.046 41
0.078 0.597 0 0.023 97
0.079 0.596 7 0024 73 0.103 0.591 0 0.047 54

) ) ) 0.104 0.5908 0.048 69

0.080 0.596 4 0.02551 0.105 0.590 6 0.049 85
0.081 0.596 1 0.026 30 0.106 0.590 4 0.051 03
0.082 0.5958 0.027 10 0.107 0.5902 0.052 22
0.083 0.5855 0.027 92 0.108 0.590 | 0.053 44
0.084 0.5953 0.028 76 0.109 0.588 9 0.054 67
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Table 10.4 Continued

Head Coefficient Discharge Head Coefficient Discharge
h C, Q h o Q
(m) (m*s'x107")  (m) (m*s'x107)
0.110 0.589 8 0.055 92 0.155 0.585 9 0.130 93
0111 0.589 7 0.057 19 0.156 0.585 9 0.133 04
0.112 0.589 6 0.058 47 0.157 0.585 8 0.135 17
0.113 0.589 4 0.059 77 0.158 0.585 8 0.137 32
0.114 0.589 2 0.061 08 0.159 0.585 7 0.139 50
0.1'5 0.589 | 0.062 42 0.160 0.585 7 0.141 69
0.116 0.589 0 0.063 77
0.161 0.585 7 0.143 91
0.117 0.588 9 0.065 14
0.162 0.585 6 0.146 14
0.118 0.588 8 0.066 53
ol P P 0.163 0.585 6 0.148 40
: : : 0.164 0.585 5 0.150 67
0.120 0.588 5 0.069 35 0.165 0.585 5 0.152 97
0.121 0.588 3 0.070 79 0.166 0.585 5 0.155 29
0.122 0.588 2 0.072 24 0.167 0.585 4 0.157 63
0.123 0.588 | 0.073 72 0.168 0.585 4 0.159 99
0.124 0.588 0 0.075 22 0.169 0.585 3 0.16237
0.125 0.588 0 007673 0.170 0.585 3 0.164 77
0.126 0.587 9 0.078 27
0171 0.585 3 0.167 19
0.127 0.587 8 0.079 82
0.172 0.585 2 0.169 64
0.128 0.587 7 0.081 39
oo ol o o 0.173 0.585 2 0.172 10
: : : 0.174 0.585 | 0.174 59
0.130 0.587 6 0.084 58 0.175 0.585 | 0.177 09
0.131 0.587 5 0.086 21 0.176 0.585 | 0.179 63
0.132 0.587 4 0.087 85 0.177 0.585 | 0.182 19
0.133 0.587 3 0.089 51 0.178 0.585 | 0.184 78
0.134 0.587 2 0.091 19 0.179 0.585 | 0.187 38
0.135 0.5872 0.09289 0.180 0.585 | 0.190 01
0.136 0.587 | 0.094 61
0.181 0.585 | 0.192 65
0.137 0.5870 0.096 34
0.182 0.5850 0.195 31
0.138 0.586 9 0.098 10
o3 o aae s 00998y 0.183 0.5850 0.198 00
: : : 0.184 0.585 0 0.200 71
0.140 0.586 8 0.101 67 0.185 0.585 0 0.203 45
0.141 0.586 7 0.103 48 0.186 0.585 0 0.206 21
0.142 0.586 7 0.105 32 0.187 0.585 0 0.208 99
0.143 0.586 6 0.107 17 0.188 0.585 0 021180
0.144 0.586 6 0.109 04 0.189 0.585 0 021463
0.145 0.586 5 0.11093 0.190 0.5850 0217 48
0.146 0.586 4 0.112 84
0.191 0.585 0 0.220 34
0.147 0.586 3 0.11476
0.192 0.584 9 022322
0.148 0.586 2 0.11671
o o2 el 0.193 0.584 9 0226 12
: : : 0.194 0.584 9 0.229 06
0.150 0.586 | 0.120 66 0.195 0.584 9 0.232 03
0.151 0.586 | 0.122 67 0.196 0.584 9 023501
0.152 0.586 0 0.12471 0.197 0.584 9 0.238 02
0.153 0.586 0 0.126 76 0.198 0.584 9 0.241 06
0.154 0.585 9 0.128 83 0.199 0.584 9 0244 11
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Table 10.4 Continued

Head Coefficient Discharge Head Coefficient Discharge
h C, Q h o Q
(m) (m*s'x107) (m) (m*s'x107)
0.200 0.584 9 0247 19 0.245 0.584 6 0.410 34
0.201 0.584 9 0250 28 0.246 0.584 6 0.414 54
0202 0.5848 0.253 39 0247 0.584 6 041877
0.203 0.5848 0.256 52 0.248 0.584 6 0.423 02
0.204 05848 0.259 69 0.249 0.584 6 0.427 30
0.205 0.5848 0.262 88 0.250 0.584 6 0431 60
0.206 0.5848 0.266 10
0.251 0.584 6 0.435 93
0.207 05848 0.269 34
0.252 0.584 6 0.440 28
0.208 0.5848 0272 61
020 o oat o oarEes 0.253 0.584 6 0.444 66
' : : 0.254 0.584 6 0.449 07
0210 05848 027921 0.255 0.584 6 0.453 50
0211 0.5848 0.282 54 0.256 0.584 6 0.457 96
0212 0.584 8 0.285 88 0.257 0.584 6 0.462 45
0213 0.584 7 0.289 24 0.258 0.584 6 0.466 96
0214 0.584 7 0292 64 0.259 0.584 6 0471 50
0215 0.5847 0.296 07 0.260 0.584 6 0.476 06
0216 0.584 7 0299 53
026 0.584 6 0.480 65
0217 0.584 7 030301
0.262 0.584 6 0.485 27
0218 0.584 7 0.306 51
oz ol e 0.263 0.584 6 0.489 91
: : : 0.264 0.584 6 0.494 58
0.220 0.584 7 031359 0.265 0.584 6 0.499 28
0221 0.584 7 031717 0.266 0.584 6 0.504 00
0222 0.584 7 032077 0267 0.584 6 0.508 76
0223 0.584 7 032439 0.268 0.584 6 051353
0.224 0.584 7 032803 0.269 0.584 6 0.518 34
0.225 0.5846 0.331 68 0.270 0.584 6 0523 17
0.226 0.584 6 033535
0271 0.584 6 0.528 02
0227 0.584 6 033907
0272 0.584 6 053291
0.228 0.584 6 034282
oo o oat e O aas oo 0273 0.584 6 0.537 82
: : : 0.274 0.584 6 0.542 76
0.230 0.584 6 0.350 39 0.275 0.584 6 0.547 72
023 0.584 6 035421 0276 0.584 6 0.552 72
0232 0.584 6 0.358 06 0277 0.584 6 0.557 74
0233 0.584 6 0361 93 0278 0.584 6 0.562 82
0.234 0.584 6 0.365 82 0279 0.584 7 0.567 94
0.235 0.5846 0.36974 0.280 0.584 7 0.573 06
0.236 0.584 6 0373 69
028 0.584 7 0578 19
0237 0.584 6 0377 66
0.282 0.584 7 0.583 35
0.238 0.584 6 0.381 66
oo e Pt 0.283 0.584 7 0.588 53
: : : 0.284 0.584 7 0.593 75
0.240 0.584 6 038973 0.285 0.584 7 0.598 99
0.241 0.584 6 0.393 80 0.286 0.584 7 0.604 25
0242 0.584 6 0397 90 0287 0.584 7 0.609 55
0.243 0.584 6 0.402 02 0.288 0.584 7 0.61487
0.244 0.584 6 0.406 17 0.289 0.584 7 062023
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Table 10.4 Continued

Head Coefficient Discharge Head Coefficient Discharge
h G Q h G Q

(m) (m*s'x107")  (m) (m*s'x107)
0.290 0.584 7 0.625 60 0.336 0.5850 0.904 48
0.291 0.584 7 0.631 01 0.337 0.585 | 091128
0.292 0.584 7 0.636 45 0.338 0.585 | 0918 11
0.293 0.584 7 0.641 95 0.339 0.585 | 0.924 91
0.254 0.5848 0.647 48 0.340 0.585 | 0.93175
0.295 0.5848 0.653 03 0.341 0.585 | 0.938 62
0.296 0.5848 0.658 58 0.342 0.585 | 0.945 51
0.297 0.5848 0.664 16 0.343 0.585 | 0.952 44
0.298 0.5848 0.669 76 0.344 0.585 | 0.959 40
0.299 0.5848 0.675 39 0.345 0.585 | 0.966 38
0.300 0.584 8 0.681 06 0.346 0.585 | 0.973 40
0.301 0.584 8 0.686 75 0.347 0.585 | 0.980 45
0.302 0.584 8 0.692 46 0.348 0.585 | 0.987 53
0.303 0.584 8 0.698 21 0.349 0.585 | 0.994 71
0.304 0.5848 0.703 98 0.350 0.585 2 1.001 92
0.305 0.584 8 0.709 80 0.351 0.585 2 1.009 12
0.306 0.584 8 0.715 68 0.352 0.585 2 1.016 33
0.307 0.584 9 0.721 59 0.353 0.585 2 1.023 56
0.308 0.584 9 0.727 50 0.354 0.585 2 1.030 82
0.309 0.584 9 0.733 41 0.355 0.585 2 1.038 12
0.310 0.5849 0.739 36 0.356 0.5852 1.045 45
0.311 0.584 9 0.745 34 0.357 0.585 2 1.052 80
0312 0.5849 0.751 35 0.358 0.5852 1.060 19
0313 0.584 9 0.757 38 0.359 0.5852 1.067 67
0314 0.5849 0.763 44 0.360 0.585 3 1.075 19
0.315 0.584 9 0.769 54 0.361 0.585 3 1.082 73
0.316 0.584 9 0.775 66 0.362 0.585 3 1.090 24
0.317 0.584 9 0.781 81 0.363 0.585 3 1.097 78
0.318 0.584 9 0.788 02 0.364 0.585 3 1.105 36
0.319 0.5850 0.794 28 0.365 0.585 3 1.11297
0.320 0.5850 0.800 57 0.366 0.585 3 1.120 63
0.321 0.585 0 0.806 85 0.367 0.5853 1.128 37
0.322 0.5850 0813 14 0.368 0.585 4 1.136 15
0.323 0.5850 0.819 47 0.369 0.585 4 1.14391
0.324 0.585 0 0.825 83 0.370 0.585 4 1.151 67
0.325 0.5850 0.83222 0.371 0.585 4 1.159 47
0.326 0.585 0 0.838 63 0.372 0.585 4 1.167 30
0.327 0.585 0 0.845 08 0.373 0.585 4 1.175 16
0.328 0.5850 0.851 55 0.374 0.585 4 1.183 10
0.329 0.585 0 0.858 06 0.375 0.585 5 1191 11
0.330 0.5850 0.864 59 0.376 0.5855 1.199 14
0.331 0.5850 0.871 16 0.377 0.5855 1.207 12
0333 0.585 0 0.884 38 0.379 0.585 5 1.22320
0.334 0.585 0 0.891 03 0.380 0.585 5 1231 28
0.335 0.585 0 0.897 72 0.38l 0.585 5 1.239 40

Note: In the above table each discharge requires to be divided by 10, e.g. for h = 0.381, discharge =
0.1239m*s™".
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Design of thin plate weirs

For small installations (e.g. up to 2 m wide) the plate is generally manufactured
of stainless steel sheet 6 mm thick. The profile of the notch is normally cham-
fered at 45° (or 60° for a V-notch) and the crest is normally made 1-2 mm thick
and carefully machined (Fig. 10.8). For large installations the plate is made
thicker but not normally more than 25 mm. However the crest should not
exceed 2 mm even at this thickness. Crests should not be allowed to become
rounded with time and if the rounding is significant the plate is best replaced.
Slight rounding of the upstream edge of the crest may increase the discharge by
as much as 2%.

The fabrication of V-notches to any specified angle requires strict tolerances
to be observed. The angle 0 should therefore be measured after fabrication of
the notch (top width divided by vertical height) and that value, if different from
the specified value, should be entered into equation (10.26).

For V-notches the uncertainty in the coefficient of discharge may be taken as
+ 1.0%. This makes the V-notch potentially the most accurate of all measuring
devices in open channel measurement.

Site installations of rectangular thin plate weirs and a V-notch weir are shown
in Figs 10.9 and 10.10.

Simplified discharge equations for design or spot measurements

For design purposes or for spot measurements, the following discharge
equations may be used:
Rectangular notch (contracted thin plate weir)

0=173bh"m’s., (10.27)

—

1-2mm 1-2mm
90°/«1 90°/‘—~‘
/ 45° / 60°

Sharp edge Sharp edge

Rectangular notch V-notch

Figure 10.8 Details of the crest sections of thin plate weirs and orifices.
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Figure 10.9(b) Rectangular thin plate full width (suppressed) weir.
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Figure 10.10 V-notch thin plate weir.

Full width rectangular thin plate weir
= 1.766(1 + 0.150h/p)bb>>.
p

V-notch thin plate weir (90°)
0=1365b"m’s".

V-notch thin plate weir (3 90°)
0=0.682b"m’s.

V-notch thin plate weir (5 90°)
0=0347h" m’ s\,

Broad-crested weirs

The triangular profile (Crump) weir

(10.28)

(10.29)

(10.30)

(10.31)

This form of weir is the one most used in United Kingdom rivers over the past
50 years and has given good operational service providing reliable records.
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Radius = Hpax

Head gauging

é& section
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~ || Stiling well
|
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~,. )
R >
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Figure 10.11 Diagrammatic illustration of the triangular profile (Crump) weir.

A diagrammatic illustration of the basic weir form is shown in Fig. 10.11.
The weir has a slope of 1:2 (one vertically to two horizontally) on the upstream
face and 1:5 on the downstream face, a geometry that tests have shown to give
an essentially constant coefficient of discharge and a high modular limit (75%).

The equation of discharge is

0 = C,C(g)bh** (10.32)
or

O = 0.633CN(g)bh*>. (10.33)
In terms of total head, H, the discharge equation becomes

O = 0.633V(g)bH>">. (10.34)

Note:

(a) In the form of equation (10.13), equation (10.33) would become
0= ()" x 1.16C N\ (g)bh™ (10.35)
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since
(3)** x 1.16 = 0.633.

(b) When computing C, from Table 10.1 the coefficient 1.16 should be used to
calculate (C bh)/A.
(c) Since A = b(h + P) at the head measuring section

Cybh b b
becomes C, =1.16 .
h+P h+P

This assumes that the width of river at the head measuring section is the same
as the width of the weir (see Fig. 10.11).

Practical limitations applicable to the use of equations (10.33) and (10.34)
are:

(a) b should not be less than 0.03 m (for a crest of smooth metal or equivalent);
(b) h should not be less than 0.06 m (for a crest of fine concrete or equivalent);
(c) P should not be less than 0.06 m;

(d) b should not be less than 0.3 m

(e) h/P should not be exceed 4.0;

(f) b/h should not be less than 2.0;

(g) the Fr number should not be greater than 0.5;

(h) the head measuring section should be located at a distance of twice the

maximum head (2H,,,,) from the crest-line of the weir;
(i)  h,/b should not be greater than 0.75, where b, is the downstream gauged
head (modular, or free flow, limit).

Example

Calculate the discharge for a single crest triangular profile weir for the following
conditions
crest breadth (b) =15.24 m
weir height (P) = 0.61 m

gauged head (b) = 1.219 m.
(a) Check limitations

b is greater than 0.03 m;
P is greater than 0.06 m;
b is greater than 0.3 m;



338 Weirs and flumes

h/P is less than 4;
blh is greater than 2.

(b) To find C,

b 1219
h+P 1219+ 0.61

=0.666
1.16 X 0.666 = 0.773 (notes 2 and 3 above)

and C, from Table 10.1 is 1.194. Equation (10.32) gives

Q= C.C(g)bh™

=1.194 x 0.633\/(9.81) x 15.24 x 1.219%?
=48.553 m?s7".

Alternatively, the discharge may be calculated by the successive approximations
method using the total head equation as follows
(a) Cross-sectional area of flow at the head measuring section (A) is
A= (1.219 + 0.61)15.24 = 27.874 m>.
(b) First approximation of discharge is (equation (10.34))
O = 0.633V(g)bH™
=0.633V(9.81) X 15.24 x 1.219**
=30.215 x 1.219*2
=40.666 m>s™ .

(c) Second approximation

O 40.666 o
r=—=—"—"=1459ms
A 27.874
7 1.459
=—= =0.109 m
2¢g 2x9.81

H=1.219 + 0.109 = 1.328 m
O =30.215 x 1.328%?
=46.240 m*s7\.
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(d) Third approximation

46.240 .
U= 1.659 m s~
27.874
1.659*
= =0.140 m
2 X 9.81

H=1.219+0.140=1.359 m
0 =30.215 x 1.359%*
=47.869 m’ s\

(e) Fourth approximation

47.869 .
U= =1.717 m s~
27.874
1.717%
h=———=0.150m
2 X 9.81

H=1219+0.150=1.369 m
0O =30.215 x 1.369%?
=48.398 m* s7\.

Difference in successive values of Q = 1.1%.

The flat V weir

The flat V weir has the same section as the triangular profile weir, 1:2 upstream
slope and 1:5 downstream slope, but in elevation has a crest slope of 1:10, 1:20
or 1:40 so that it takes the form of a shallow V when viewed in the direction of
flow. With this geometry, it is therefore sensitive to low flows but at the same
time has a wide flow range.

A diagrammatic illustration of the basic weir form is shown in Fig. 10.12.
The discharge over a flat V weir may be within the V, above the V and within
vertical side walls, or above the V and within trapezoidal side walls. To allow
for these conditions, a shape factor, Z, is included in the discharge equation.
The equation of discharge is

0 =c,CN(gmzZh™. (10.36)
In terms of total head the discharge equation is

0 =iCN(g)mzH" (10.37)
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Radius = 2H,,.,

Head gauging

/ section
Upstream tappin
o Upstream tapping
illing wells

2 Crest tapping

Figure 10.12 Diagrammatic illustration of the flat V weir.

where m is the cross-slope 1:10, 1:20 or 1:40. Other cross-slopes, less than 1:10,
are unusual and undesirable (1 vertical: 7 horizontal).

To calculate Z, if /’ is the height of the V (difference in crest elevation), then
for the V full condition

h
—=1 and Z=1.0;

’

when 5 is greater than »” (flow above the V full condition) within vertical side
walls

Z=[1.0-(1.0-HK1h)"%; (10.38)

within trapezoidal side walls

- {hm _ [1 _r (h _ i)”ﬂ (10.39)
m 2m
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where 7 is the channel side slope (1 vertical: n horizontal). The discharge
equations then become

for flow within vertical side walls
0 =1C,CN(gmh™[1.0 = (1.0 — b'/h)*?] (10.40)
and

for flow within trapezoidal side walls

0 =scicligmh—(1-2) (- i)‘m]. (10.41)

m 2m

Note that when # = 0 (vertical side walls), equation (10.41) reduces to equa-
tion (10.40) and when n = m (flow within the V) equation (9.41) reduces to
equation (10.36).

Limitations

The approach flow to a flat V weir is three-dimensional whilst all of the other
broad-crested weirs presented in this chapter are two-dimensional. In addition,
the crest slopes may vary and for these reasons the limitations and coefficients
of discharge are presented only for weirs having crest slopes of 1:10, 1:20 and
1:40. These are given in Table 10.5.

In addition the coefficient of velocity, C,, is related to the coefficient of
discharge C,, the ratio 4/P and the ratio h/h’. Values of C,Z are given in Table
10.6 and of Z in Table 10.7.

The head measuring section should be set at 10 4" upstream of the crest.
However, if 105" < 2H,,.., the tapping should be set at 2H,,,, upstream of the
crest.

max

Example

Calculate the discharge for a flat V weir for the following conditions
crest slope (m) = 1:20.3
crest breadth (b) = 36.0 m
crest height at lowest point (vertex) (P) = 0.82 m

(a) for a head of 0.621 m;
(b) for a head of 2.000 m (within vertical side walls).

Limitations

The h/P ratios are less than 2.5 for (a) = 0.76 and for (b) = 2.44.
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Table 10.5 Flat V limitations and uncertainties in the coefficient of discharge (note
P, = height of weir at downstream end)

Flat V weir Crest cross-slope
1:40 or less 1:20 1:10
Flow within the V,
hih" <1
(o8 0.625 0.620 0.615
h 25 25 25
-=<
P
h 25 25 25
— =
P,
Upstream tapping from crest line 10k’ 10K’ 10n’
Modular limit 0.70 0.70 0.70
Uncertainty in C, (%) 3.0 3.0 3.0

Flow above the V within vertical or
trapezoidal side walls, h/h" > |

Cq 0.630 0.625 0.620
n 2.5 25 2.5
— =

P

W 8 8 4

— =

P,

Upstream tapping from crest line  10h” 10h 10h
Modular limit 0.75 0.75 0.75
Uncertainty in Cg (%) 3.0 3.0 3.0

(a) The flow is within the V, therefore the discharge equation (10.36) is
Q =:C,CN(QmZh™

where m = 20.3. From Table 10.5, C; = 0.620. Now

b 36
h =—=———=0.887,
2m  2x20.3
then
b  0.621
—=——=0.70
b 0.887
and
b 0.887
—=—=1.08
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From Table 10.6, C,Z = 1.008. Then

O =0.8 x0.620 x 1.008 X \/(9.81) x 20.3 x 0.621°?
=9.66 m’s\.

(b) The flow is above the V within vertical walls

Cy = 0.625 (from Table 10.5)

h 20
—=———=225
K 0.887

h/

—=1.08.

P

With these values Table 10.6 gives a value of C,Z of 0.862. Then

0O =0.8x0.625 X 0.862 X \/(9.81) x 20.3 x 2°?
=155.02 m*s".

Note: when computing discharge using total head a similar procedure to the
example on the triangular profile weir is adopted.

The rectangular profile weir

Of all the precalibrated broad-crested weirs in operational use today there has
probably been more research carried out on the rectangular profile weir than
on any other. This has not been because of the merit of the weir as a gauging
structure but rather due to the hydraulic considerations in the variable coef-
ficient range. Indeed, reported installations of the weir have been few com-
pared to other types of weir. However, there are many existing rectangular
profile weirs which are used for operational purposes such as irrigation
devices or for compensation water measurement from reservoirs which were
built before the International Standard on the weir was published. Some of
these weirs might conform, even approximately, to the limitations given later
although a degradation in the uncertainty in discharge has to be accepted.
The weir is one of the easiest to construct in the field, the main requisite
being that it has to have sharp right-angle corners. The main disadvantages of
the weir are that silt and debris collect behind the structure and it has a low
modular limit. A diagrammatic illustration of the weir form is shown in
Fig. 10.13.
The equation of discharge is

0 = (**C,CN(gbh™. (10.42)
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Radius = 2Hna

~Fiead gauging
section

Figure 10.13 Diagrammatic illustration of the rectangular broad-crested weir.

The coefficient of discharge C, is a constant value of 0.86 in the range

< 0.5

=S

and
b
—=<0.3
L

where L (m) is the length of the weir in the direction of flow.

The coefficient of velocity C, is obtained from Table 10.1. In the variable
coefficient range, C; may be obtained from Fig. 10.14, in terms of 4/P and h/L.
Intermediate values may be interpolated.

For computer processing C; may be obtained from the following equation,
derived from the contour plot of Fig. 10.14

C,;=0.888 —0.093y + 0.133y* — 0.021y’ — 0.151x
+ 0.102xy — 0.065xy* + 0.310x> + 0.028x%y
—-0.102x° (10.43)
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2.4

1.6

hip 1.2

0.8

[~ Constant
coefficient |
| range |
Cy=086 |

0.4

Figure 10.14 Rectangular broad-crested weir: C, values from h/P and h/L values.

where x = b/L and y = h/P.
Other practical limitations for the use of equation (10.42) are

b should not be less than 0.06 m;

b should not be less than 0.3 m;

P should not be less than 0.15 m;

L/P should not be less than 0.15 nor greater than 4.0;

h/P should not be greater than 1.6 (variable coefficient range);
h/L should not be greater than 1.6 (variable coefficient range).

The location of the head measurement section is at 3—4h,,,. upstream from the
weir block.

Example

Calculate the discharge for a rectangular profile weir for the following
conditions
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h=04m
b=10m
L=0.5m
P=03m
h/P =0.4/0.3 = 1.333
h/L =0.4/0.5 =0.8.
Therefore Cj, is in the variable coefficient range. From Fig. 10.14, for the above

values C, is found to be 1.014.
Now for C,

C,bh 1014 x 10 X 0.4
A 10 (0.3+0.4)

=0.579

and from Table 10.1 C, = 1.09. Now from equation (10.42)

Q= ()"C,CN(R)bh™
=0.544 X 1.014 x 1.09 X 3.132 x 10 x 0.253
=4.764m’s™".

Alternatively, C, can be calculated from equation (10.43) as follows

=1333=9y.

~I >

Then from equation (10.43)

Cy=0.888 — 0.093(1.333) + 0.133(1.333)> — 0.021(1.333)°
—0.151(0.8) + 0.102(0.8)(1.333) — 0.065(0.8)(1.333)*
+0.310(0.8)* + 0.028(0.8)*(1.333) — 0.102(0.8)°

=1.014.
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The round-nose horizontal crest weir

The standard weir comprises a level crest with an upstream rounded corner so
that flow separation does not occur as it does in the rectangular profile weir.
Downstream of the horizontal crest there may be:

(a) arounded corner
(b) a downward slope
(c) a vertical face.

A diagrammatic illustration of the weir form is shown in Fig. 10.15.
The equation of discharge is

0 = **C,C.bV(g)h*". (10.44)

The coefficient of discharge C, is a function of b, the crest length L in the
direction of flow and the ratio 4/b and is expressed by the equation

0.006L 0.003L\32
Cd:<1— . )(1— p ) (10.45)

Radius = 2Hax

Head gauging
section

(|/ Stilling weli
1

|
|
|
1
A

Alternative geometries
of downstream face of weir

Figure 10.15 Diagrammatic illustration of round-nose horizontal crested weir.
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Values of C, derived from the above equation are given in Table 10.8.
Practical limitations in the use of equation (10.44) are

b should not be less than 0.06 m;

b should not be less than 0.30 m;

P should not be less than 0.15 m;

h/P should not be greater than 1.5;

h/L should not be greater than 0.57.
The location of the head measurement section is at 2-3H . upstream from the
weir block.

max

Example

Calculate the discharge for a round-nose weir for the following conditions

h=10.67m
b=10m
L=2m
P=1m.
C,= (1 B 0.006L> (1 B O.OO3L>3/2
b h
_ (1 B 0.006 % 2) (1 B 0.003 % 2)3/2
10 0.67
=0.999 x (0.99)*?
=0.985.
Now for C,

Cybb 0985 x 10 x 0.67
A 10(1+0.67)

=0.395

and, from Table 10.1, C, = 1.039. Now from equation (10.44)

0=0(CyC, b\ (gh"
=0.544 X 0.985 X 1.039 x 10 X 3.132 X 0.548
=9.555m’s7L.
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Flumes
General

A flume is a flow measurement device which is formed by a constriction in the
channel. The constriction can be a narrowing in the channel or a hump, or both.
A flume with a hump in the invert has a discharge equation identical to that of
the broad-crested weir. An advantage of the flume over a weir is its capacity to
transport sediment. The following standard flumes will be covered:

(a) rectangular
(b) trapezoidal
(c) U-shaped
(d) Parshall.

Rectangular throated flume

The rectangular flume consists of a constriction of rectangular cross-section
symmetrically disposed with respect to the approach channel. There are three

types:

—

T®

with side contractions only;
with bottom contraction (or hump) only; and

—
(g]
NG5

with both side and bottom contractions. A diagrammatic illustration of the
rectangular flume is shown in Fig. 10.16.

The discharge equation is
0 = ()*C.CbN(g) 1™ (10.46)

where, as in the case of the round-nose weir (equation (10.45))

b h

0.006L 0.003L\32
(=500

where L is the length of flume throat and b is the width of throat (Table 10.8).
C,
A, as

is found from Table 10.1 taking the cross-sectional area of flow,

A=B(h+P) (10-47)

where B is the width of the approach channel and P is the height of the hump
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(with no hump, P = 0). Practical limitations on the use of the above discharge
equation (10.46) are:

(a) b should not be less than 0.10 m;

(b) h/b should not be more than 3;

(c) h/L should not be more than 0.50 but may be permitted to increase to 0.70
with an additional uncertainty in the coefficient of discharge of 2%;

d) /4 should not be more than 2 m;

b should not be less than 0.05 m;

(bh)/[B(h + P)] should not be greater than 0.7;

g) the head measurement section is located at a distance of between three and
upstream of the leading edge of the entrance transition.

~ o~ o~
R
— —

four times b

max

Simplified discharge equation for design or spot measurements

For design purposes or for spot measurements, the following discharge equation
may be used.
Rectangular throated flume

O =1.8bh"*m’s™. (10.48)

Trapezoidal throated flume

The trapezoidal flume has a throat, entrance and exit of trapezoidal cross-
section. The construction therefore requires entrance and exit transitions. The
flume is normally constructed in the field with the level of the invert of the
throat level with the invert of the approach channel. However, the flume may
also be constructed with a hump in the throat. A diagrammatic illustration of
the trapezoidal flume is shown in Fig. 10.17.

The discharge equation is

0 = 3)°C,C,CN(g)h* (10.49)
where
L\/  0.003L\*
C,= (1 —~0.006x ;)(1 -— > ; (10.50)

values of x for values of m are obtained from Table 10.9.

Note: m is the slope of the flume sides (72 horizontal: 1 vertical).

Before C, can be calculated, C, requires to be found. C; is a function of mH/b,
where H is the total head allowing for velocity of approach.

This leads to a slightly more complicated calculation since only gauged head
is known and whilst gauged head is satisfactory for design purposes for a
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Table 10.9 Values of x for use in determining C, for trapezoidal

flumes

Side slope X Side slope X

m m

0.1 0.90 1.5 0.30
0.2 0.80 20 0.24
0.3 0.75 3.0 0.17
0.4 0.67 4.0 0.13
0.5 0.60 5.0 0.10
0.6 0.57 6.0 0.08
0.7 051 7.0 0.07
0.8 0.48 8.0 0.06
0.9 0.45 9.0 0.06
1.0 0.41 10.0 0.05

trapezoidal flume, in order to evaluate discharge successive approximations are
required to deduce C,. This is performed as follows:

as a first approximation assume

and obtain C, from Table 10.10. Find the initial value of C, from Table 10.1.
(Note that in Table 10.1 C, is used instead of C,.) Calculate the first approxi-
mation of discharge Q from equation (10.49) with the above values of C,, C,
and C,.

Table 10.10 Shape coefficient C, for trapezoidal flumes

mh C, mh C, mh C, mh C,
b b b b

0.02 1.02 0.90 1.64 1.90 2.36 2.90 3.08
0.05 1.03 1.00 1.70 2.00 2.42 3.00 3.15
0.10 1.07 1.10 1.77 2.10 2.50 3.50 3.50
0.20 1.14 1.20 1.85 2.20 2.58 4.00 3.90
0.30 1.20 1.30 1.93 2.30 2.65 4.50 430
0.40 1.30 1.40 2.00 2.40 2.72 5.00 5.00
0.50 1.35 1.50 2.08 2.50 2.80 6.00 5.60
0.60 1.42 1.60 2.15 2.60 2.88 7.00 6.10
0.70 1.48 1.70 2.23 2.70 2.95 8.00 7.00
0.80 1.55 1.80 2.30 2.80 3.02 9.00 7.60
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Practical limitations on the use of the discharge equation (10.49) are:

(a)
(b)
(©)
(d)

b should not be less than 0.1 m;

b should not be more than 2 m;

b should not be less than 0.05 m;

h/L should not be more than 0.50 but may be permitted to rise to 0.70 with
an additional uncertainty in the coefficient of discharge of 2% (L is the
length of throat);

at all elevations, the width between the throat walls should be less than the
width between the approach channel walls at the same elevation;

the sloping walls of the throat should continue upwards, without change of
slope, far enough to contain the maximum discharge to be measured;

the Froude number should not be more than 0.5 and is calculated from

v

= Jeaw)

where ¥ is the average velocity in the approach channel at the head meas-
urement section, A is the cross-sectional area of flow in the approach chan-
nel at the head measurement section, and W is the water surface width in
the approach channel at the head measurement section;

the head measurement section is located at a distance of between 3 and
4b ... upstream from the leading edge of the entrance transition.

max

Example

Calculate the discharge for a trapezoidal throated flume for the following
conditions

m =1.00

m, = 1.00 (side slopes of approach channel — 7 horizontal: 1 vertical)

b=0.50m

B =2.00 m (bed width of approach channel)

P=0.15m
L=3.00m
2=9.81ms™

h =1.00 m.
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(a) First approximation

Calculate C,,.
From Table 10.9 for a throat slope m of 1.00

x =0.414.

From equation (10.50)

L 0.003L\32
Cy= (1 —0.006 X 0.414 E) (1 - )

h
=0.985 X 0.973
=0.958.

Note: C, retains its value.
Calculate (mH/b).

mh
— =2.00.
b

C, from Table 10.10 is 2.420;

Cbh  2.420x0.50%x 1

A (h+P)[B+m,(bh+D)]

1.210
= =0.334.
(1.15)[2.0 + 1(1.15)]

Calculate C,.
From Table 10.1 C, = 1.027.
Calculate Q from equation (10.49).

0 = (**C,C,CV(gh™
=0.544 x 1.027 X 0.958 X 2.435 x 0.5 X 3.132 x 1>?
=2.041.

(b) Second approximation
From equation (10.14)

C, = (H/h)*~
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Therefore
mH mbh .
—=—(C)"
b b
1x1
= x 1.027%
= 2.036.

C, from Table 10.10 is 2.445.

Cbh 2445 % 0.50 x 1
A 1.15%x3.15
=0.337.

C, from Table 10.1 is 1.028.
Therefore

0 =0.544 % 1.028 X 0.958 x 2.445 x 0.5 x 3.132 x 132
=2.051m’s".

(c) Third approximation

— X (CV)Z/J - 1

x 1
x 1.028%°
b 5

=2.037.
C, from Table 10.10 is 2.450.

Cbh 2450 x0.50 x 1
A 1.15%x3.15
=0.338.

C, from Table 10.1 is 1.028.

0 =0.544 x 1.028 x 0.958 x 2.450 x 0.5 X 3.132 x 1**
=2.055m’s™".
It will be noted that in this example the difference in discharge between the first
approximation and the third approximation is less than 1%.

For spot checks or preliminary design requirements and taking C,C; as 1.00,
the following relation may be used

0 =1.704bC** m’ s~ 1.
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Taking the above values of b, b and C, from Table 10.10 gives a value for O of
2.062 m’ s~

U-throated (round bottomed) flumes

Flumes with cylindrical-shaped inverts are mainly used in sewerage systems
where the flow enters from a U-shaped conduit. The sensitivity of a U-shaped
flume is greater than that of a rectangular flume especially in the lower range of
discharge within the lower semicylinder. However, U-shaped flumes do not have
a large variety of situations as do the trapezoidal flumes. A diagrammatic
illustration of the U-shaped flume is shown in Fig. 10.18.

The discharge equation is

0 = (** C,CyC,.DV(g)h? (10.51)

where C, is the shape coefficient and D is the diameter of the throat

(10.52)

0.006L\ /. 0.003L\3
(1))

D

Values of C4 may be obtained from Table 10.8.
The practical limitations on equation (10.51) are:

a) b should not be less than 0.05 m;

b) b/ should not be more than 2 m;

¢) D should not be less than 0.1 m;

d) A/L should not be more than 0.50 but may be permitted to increase to 0.70
with an additional uncertainty in the coefficient of discharge of 2%;

(e) the Froude number should not exceed 0.5;

(f) at all elevations the width between the throat walls should be less than the
width between the approach channel walls at the same elevation;

(g) the head measurement section is located at 354, to 4h,,,. upstream of the

leading edge of the entrance transition.

max max

Computation of discharge

The procedure is similar to that for computing discharge for a trapezoidal flume
and is essentially one of calculating C4, C, and C,:

(a) List the values of D, L, P, D,, where D, is the width of the approach channel
and P is the height of the hump (where installed).

(b) Compute the approach channel cross-sectional area of flow: if the water
level lies within the semicircular base portion, (b + P) less than D,/2,

A =1DX0 - sin 0 cos 0) (10.53)

where
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(10.54)

_[1=2(h+P)
0 = cos 1[—]

D

a

If the water level is above the semicircular base portion and (b + P) is
greater than D,/2,

A= g D+ [(h+P)-1D]D, (10.55)

(c) As a first approximation assume H/D = h/D and obtain C, from Table
10.11.

(d) Calculate (C,Dh)/A and obtain a first approximation for C, from Table
10.1 (replacing C; by C, and b by D).

(e) Compute C, from Table 10.8 (C, retains its value).

(f) Calculate H from H/h = (C,)** (equation (10.14)). C, and C, now require

refining.

g) Evaluate H/D and obtain a new value of C, from Table 10.11.

h) Evaluate (C,Dh)/A and obtain a new value of C, from Table 10.1.

(i) Calculate the new value of H from H/b = (C,)*°.

—

The above procedure is repeated until sufficient precision has been obtained.
Generally three approximations are sufficient.

Example

Calculate the discharge from a U-throated flume for the following conditions

D =0.40 m
L=1.00m
D,=0.60 m

Table 10.11 Shape coefficient C, for U-throated flumes

h C, h C, h C,

D D D

0.1 0.350 11 0.859 2.1 0.924
0.2 0.480 1.2 0.870 22 0.928
03 0.576 1.3 0.880 2.3 0.931
0.4 0.645 .4 0.889 2.4 0.934
0.5 0.700 1.5 0.896 2.5 0.939
0.6 0.745 1.6 0.901 2.6 0.940
0.7 0.780 1.7 0.908 2.7 0.943
0.8 0.807 1.8 0912 2.8 0.945
0.9 0.828 1.9 0917 2.9 0.948
1.0 0.842 2.0 0.920 3.0 0.950
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P =0 m (no hump)
g=9.81ms™
h=0.25m

(a) Cross-sectional area of flow

T
=3 D;+ [(h + P) =3D,ID,

T
= g X 0.60* + (0.25 — 0.30)0.60

=0.1115 m™.

(c) C,=0.754 (Table 10.11).

C,Dh 0754 X 0.40 X 0.25
A 0.1115

=0.676.
(¢) C.=1.133 (Table 10.1).
_( 0.006 % 1) (1 0.003 x 1
d— - -

04 025 )3/2 (or from Table 10.8)
=0.985 x 0.982
=0.967.
(8 H=h(C)”
=0.25 x 1.133%
=0.2717.

Refine C, and C, (second approximation).

H 02717
(h) —= =0.6793.
D 04

(i) C,=0.776 (Table 10.11).

C,Dh _0.776 X 0.40 X 0.25
A 0.1115

= 0.696.
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(k) C,=1.144 (Table 10.1).
() H=hcC)?”
=0.25 x 1.144*
=0.2734.
Refine C, and C, (third approximation).

H 0.2734
m) —=
D

= 0.6834.

(n) C,=0.777 (Table 10.11) (no change).
C,Dh

(0) =0.697.

(p) C, = 1.144 (no change).
(@) H =0.2734 (no change).

Therefore O = 0.544 X 1.144 X 0.967 X 0.777 X 0.40 X (g)x 0.25%2
(eq. (10.51))

=0.073m’s™ .

For spot checks or preliminary design requirements and taking C,C, as 1.00, the
following relation may be used

0=1704DCh" m*s™".

Taking the values of D, h and C, from Table 10.11 gives a value of Q of
0.064 m*s™".

The Parshall flume

The Parshall flume has a rectangular cross-section and comprises three main
parts: a converging inlet section with a level floor, a throat section with a
downward sloping floor and a diverging outlet section with an upward sloping
floor.

The control section of the flume is not located in the throat as in the previous
flumes described, but near the end of the level floor, or crest, in the converging
section. Because of this, Parshall flumes are considered as short throated
flumes. Laboratory calibration has been carried out in the modular, free flow
range but because of their low modular (submergence) ratio the Parshall flume
is sometimes used with a tapping for measuring the downstream water level. A
diagrammatic illustration of the Parshall flume is shown in Fig. 10.19.
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Figure 10.19 Diagrammatic illustration of the Parshall flume.

The discharge equation is
O =Kh" (10.56)

where K is a dimensional factor which is a function of the throat width b. The
power u varies between 1.522 and 1.600.

Table 10.12 summarises the dimensions for the range of Parshall flumes
normally used and Table 10.13 gives details of the equations of discharge,
discharge range for flumes and the head range.

Practical limitations for the application of equation (10.56) are:

(a) b should not be less than 0.015 m;
(b) h should not be more than 1.83 m;
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Table 10.13 Discharge characteristics of Parshall flumes

Throat Discharge range (m*s™ x  Equation Head range (m) Modular
width b 107) Q=Khn" limit
(m) Minimum Maximum (m*s™) Minimum Maximum  h,/h
0.025 0.09 5.4 0.0604h'*  0.015 0.21 0.50
0.051 0.18 13.2 0.1207h'%  0.015 0.24 0.50
0.076 0.77 32.1 0.1771h'  0.03 0.33 0.50
0.152 1.50 11 0.3812h'*®  0.03 0.45 0.60
0.229 2.50 251 0.5354h'5*  0.03 0.61 0.60
0.305 3.32 457 0.6909h'2  0.03 0.76 0.70
0.457 4.80 695 1.056h"*  0.03 0.76 0.70
0610 12.1 937 1.428h'*°  0.046 0.76 0.70
0.914 17.6 1427 2.184h'%¢¢  0.046 0.76 0.70
1.219 358 1923 2.953h'®  0.06 0.76 0.70
1.524 44.1 2424 3.732h'%  0.06 0.76 0.70
1.829 74.1 2929 4519n'%  0.076 0.76 0.70
2.134 85.8 3438 5.312n'%%"  0.076 0.76 0.70
2.438 97.2 3949 6.112n'%7 0,076 0.76 0.70
inm?s™!
3.048 0.16 8.28 7.463h'%° 0.09 1.07 0.80
3.658 0.19 14.68 8.859h'4° 0.09 1.37 0.80
4.572 0.23 25.04 10.96n'¢°  0.09 1.67 0.80
6.096 0.31 37.97 14.45h" < 0.09 1.83 0.80
7.620 0.38 47.14 17.94h'" 0.09 1.83 0.80
9.144 0.46 56.33 21.44h'°  0.09 1.83 0.80
12.192 0.60 74.70 28.43h'4° 0.09 1.83 0.80
15.240 0.75 93.04 35.41h'° 0.09 1.83 0.80

Note: Each of the discharges in the upper half of the table requires to be divided by 10°.

(c) the head measurement section (c) for free flow is located at (b/3) + 0.813 m
(or 2/3A) upstream from the downstream end of the horizontal crest. Note
that this distance is measured along the wall and not axially (see Fig.
10.19).

Dimensions to be strictly followed are given in Fig. 10.19 and Table 10.12.

Compound measuring structures

A compound gauging structure consists of a series of individual weirs or flumes
disposed across the width of an open channel. The individual sections of the
compound structure are separated by divide walls so that each separate struc-
ture is treated as a simple weir or flume and three-dimensional flow conditions
are minimised. The computation of discharge for individual sections is based
on the established discharge equations.

Compound measuring structures can be tailored to the needs of particular
sites and the measurement of low flows can be confined to narrow crest sections
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therefore increasing their accuracy. High afflux (difference between the
upstream and downstream water levels) at peak flows can be avoided by provid-
ing wide flanking crests.

Compound structures can be designed to operate in the drowned flow range
but the difficulties already stated in Section 10.1 are further exacerbated with
compounding.

A diagrammatic illustration of a typical compound triangular profile weir is
shown in Fig. 10.20.

The following design guidelines apply to compound measuring structures:

(a) The head measurement section should be based on the recommendations
already given for individual structures. It is advisable to have the intake pipe
in the vertical side wall with its soffit at or just below the lowest crest level,
in the case of a weir, or lowest throat level, in the case of a flume.

(b) For this condition, the divide walls should not extend beyond the head
measurement section. Downstream they should extend to the limit of the
individual weir or flume.

(c) Divide walls should be at least 0.3 m thick and preferably have semi-
circular or semi-elliptical noses.

(d) In order to minimise cross-flows at the cutwaters of the divide walls, the
difference in levels between adjacent crests or flume inverts should not
exceed 0.5 m.

(e) The heights of the divide walls should normally be the same as the vertical
side walls. If they are less, an error will arise in the computation of dis-
charge when the flow reaches the top of the divide walls.

(f) Flow conditions at or near the divide wall cutwaters may be improved if the
top level of the foundation slab upstream from a low-crest weir section (or
flume) is set below that of the adjacent high crest sections. The increase in
approach depths to the lower-crest sections achieved in this way will result
in approach velocities to all sections being more nearly equal to one
another.

(g) The vertical side walls should be straight and parallel, and continued
upstream from the tapping point for a length equal to the maximum head
to be gauged before beginning the side-wall curves.

The example given in Fig. 10.20 shows a compound triangular profile weir
having three crests, a lower crest of 3 m length and two flanking crests each of
6 m length. The lower central crest is 0.3 m lower than the flanking crests and
the approach floor to the central crest has been set 0.3 m lower than the
approach floor to the flanking crests. The P value of all three crests is 0.6 m. The
weir has been designed to have a modular limit of » =1 m and a crest tapping
provided for discharge measurements beyond that head.
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Figure 10.20 Diagrammatic illustration of a typical compound triangular profile (Crump)
weir showing crest tapping, arrangement for measuring non-modular
(drowned) flow.



372 Weirs and flumes

Example

Calculate the discharge of a compound triangular profile weir in the free flow
condition for the following conditions

flank weir breadth, 2 X 6.10 m = 12.20 m

low central weir breadth =3.05m
difference in crest levels =0.305 m
height of low weir =0.50 m
gauged head over low weir =1.219 m.
(a) For C,
Csbh  Ciph h \ _
A bh+P) d<h+P>_ (h+P)

(See under the triangular profile weir section and note that C, is taken as
1.16.) Then

h 0.914
1.16 =1.16 =0.617
(h + P) (0.914 + 0.805)

(note: the flanking weirs are used in the calculation of C,), and C, from
Table 10.1 is 1.104.
(b) For the low crest

0O =0.633 X 1.104 x \/(g) x b x1.219%% (from equation (10.33))
=0.633 x 1.104 X 3.132 x 3.05 x 1.346
=8.985 m’s ™.
(c) For the flanking crests
0 =0.633 X 1.104 x 3.132 x 12.20 x 0.914>>
=23.333m’s ..
(d) The total discharge is therefore
8.985 +23.333=32.318m’s™ .

10.6 Non-modular (drowned) flow

In the drowned flow range, the discharge is dependent upon both upstream and
downstream water levels. Because of the difficulty of measuring the down-
stream head to an acceptable accuracy, due to turbulence, a crest tapping
arrangement is often incorporated in the design of Crump weirs. A typical



Non-modular (drowned) flow 373

arrangement is shown in Fig. 10.20 where it can be seen that a separate stilling
well is required to measure the crest tapping pressure head (h,). The ratio b /b is
related to the drowned flow reduction factor (f) to be applied to the Crump weir
modular discharge equation (10.34). Equation (10.34) becomes

0 = fC,CiN(g)h™"? (10.57)
and fC, can be found from Table 10.14.
It should be noted that if total head (H) is used in the computation (equation

(10.34)), f may be found from Table 10.15.

h b
Table 10.14 Values of fC, in terms of h /h and C, m B where C, = 0.633 for the Crump

weir (drowned flow)

h,/h h b

Co—=

h+pB

0.1 0.2 03 0.4 0.5 0.6
0.20 1.00 1.03 1.08 .17 135
0.24 1.00 1.02 1.08 .17 1.35
0.30 0.98 1.0l 1.05 113 .32
0.40 0.95 0.98 1.02 1.09 1.27
0.50 0.92 0.94 0.98 1.07 1.20
0.60 0.88 0.90 0.93 0.99 113 1.40
0.70 0.82 0.83 0.87 0.92 1.03 1.35
0.80 0.71 0.73 0.76 0.82 0.91 1.20
0.90 0.55 0.58 0.60 0.65 0.70 0.90
0.95 0.40 0.42 0.45 0.46 0.52 0.65

Table 10.15 Values of fin terms of h,/H (Crump weir drowned

flow)

h, f

H

0.20 1.00
0.24 1.00
0.30 0.98
0.40 0.95
0.50 0.92
0.60 0.88
0.70 0.8l
0.80 0.71
0.90 0.55

0.95 0.40
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Under modular flow conditions h,/h is constant at 0.20 and the value of f
is 1.00. The modular limit (downstream head, b, divided by upstream head, 5)
is 0.75.

A crest tapping may also be incorporated in the design of flat V weirs in order
to extend the modular range into the drowned flow range (see Figure 10.12).
The discharge equation for drowned flow becomes

0= %vaCd\/ (@mZh™. (10.58)

Values of f may be found from Table 10.16 in terms of h /b and 2C,Zmhb*/
b(h + P). In the drowned flow range b /H > 0.4 and the modular limit is 70%.

Example

Calculate the drowned flow discharge for a flat V weir having the dimensions
given in the example on page 341 but with the additional information in the
drowned flow range

head =0.69 m
h,=0.52 m.

Therefore

b, 0.52
—L=—"==07s,
b 0.69

Table 10.16 Values of fin terms of h /h and 2Czmh?/b(h + p) for the flat V weir (drowned
flow)

hJh  2Czmh¥b(h + p)

P

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.88

040 0995 0996 0996 0997 0998 0999 1.000 1.000 1.000
045 0984 0984 0985 098 0987 0988 0990 0992 0.9%4
050 0968 0969 0969 0970 0971 0973 0975 0978 0.98I
055 0950 0951 0951 0953 0954 0956 0958 0962 0.965
060 0929 0930 0931 0932 0934 0937 0940 0943 0.947
065 0905 0906 0907 0909 0912 0914 0918 0922 0927
070 0877 0878 0879 0.88/ 0884 0.887 0892 0.897 0.902
075 0843 0.844 0845 0848 0851 0855 0.860 0.867 0.873
080 0789 0800 0802 0.805 0809 0814 0820 0828 0836
085 0738 0.739 0742 0.746 0751 0.758 0766 0.776 0.786
090 0635 0.638 0642 0649 0.657 0667 0.679 0.694 0.708
093 0483 0488 0497 0510 0525 0545 0567 0593 0615
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i 2 % 0.620 X 1 % 20.3 X 0.49
2CZmb*lb(h + p) =
36(0.69 + 0.82)

=0.23

and from Table 10.16 this value with b /b = 0.75 gives a value of f = 0.844.
Therefore from equation (10.58)

0 =0.8 % 0.84 x 1.008 x 0.620 X \(9.81) x 1 x 20.3 x 0.69°>
=10.56 m*s™ .

10.7 Summary of the range of discharge for
standard weirs and flumes

Table 10.17 provides a comparison guide to the range of maximum and min-
imum discharges for similar dimensions for the measuring structures discussed
in this chapter. The table is based on the limitations given under each device and
is for conditions of free (modular) flow. It is usual in practice, however, that the
measurement of discharge will unavoidably go beyond these limitations and
records will be required outside the imposed conditions. When this occurs a
degradation in the accuracy of the measuring structure has to be accepted.

A column has been added to the table to give the approximate modular
(submergence) limit of free flow for each device where relevant. This is given
as a percentage of the downstream gauged head divided by the upstream
gauged head.

10.8 Summary of uncertainties in the coefficients
of discharge

Table 10.18 provides a guide to the uncertainties attainable in the coefficients of
discharge of standard weirs and flumes if reasonable skill is taken in their
design, construction and operation.

10.9 Non-standard weirs

This chapter has been devoted to measuring structures which have been stand-
ardised internationally as a result of considerable research and field application
over many years. Provided these structures are designed, maintained and oper-
ated according to the relevant international standards, high accuracy can be
expected. There are, however, many cases where the need arises to use non-
standard weirs for flow measurement. Such weirs are often built for other pur-
poses but may be rated by a current meter if a suitable measuring cross-section
is available. Over the years, however, equations of discharge have been
developed for many non-standard weirs and these equations may provide
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Table 10.18 Uncertainties attainable in the coefficients of discharge (C;) of weirs and
flumes

Measuring structure Uncertainty attainable in the coefficient of
discharge (68% level)
Rectangular thin plate weirs 4|
Thin plate V-notch |
Triangular profile (Crump) weir x|
Rectangular broad-crested weir +2
Round-nose broad-crested weir +2
Flat V weir +2
Rectangular flume +2
Trapezoidal flume +2
U-throated flume +2
Parshall flume +2

acceptable results probably within an accuracy of about 10% at high values of
head. The weirs of this type considered below are compound thin plate weirs,
round crested weirs and the Cipoletti weir.

Compound thin plate weirs

Where, in addition to measuring compensation water or prescribed flows in a
reservoired catchment, it is required to measure flood flows, compound thin
plate weirs without divide walls are often used. These weirs may have several
crest levels, the lowest crest or V-notch being designed to measure very low
flows. Coefficients of discharge obtained from standard thin plate weirs are
used in the computation of flow but a problem arises in estimating the flows
over different crests as the head increases. Also, the permitted limitations for
standard weirs may be exceeded — for example the h/p ratio or the maximum
permitted head — upon which the standard equations of discharge have been
based. Figure 10.21 shows a typical compound thin plate weir having a low flow
V-notch, two crest levels and a circular orifice. When the flow is within the V, an
accurate estimate of the discharge is obtained, but as the head increases, the
accuracy decreases for the above reasons and because of the disturbances
caused at the corners of the crests and V-notch.

Round crested weirs

The overflow spillways of dams and barrages may have crest sections of circular
or parabolic form and can often be adapted for flow measurement (Figure
10.22). The advantage of the parabolic crest is that, for a given discharge, the
minimum possible head is required over a given length of crest.

The general equation of discharge for these weirs is

0 =Chh?m’s™! (10.59)
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Figure 10.2] Compound thin plate weir having a low flow V-notch, two crest levels and a
circular orifice. The circular orifice ensures that compensation water from
the reservoir flows downstream when the water level falls below the V-

notch.
T
R
(a) CIRCULAR (b) PARABOLIC

Figure 10.22 Round crested weirs, (a) circular and (b) parabolic, being sections of spillways
of dams and often adapted for flow measurement.

where
C for circular weirs = 2.03(h/R)*" (10.60)
and

C for parabolic weirs = 1.86/"", (10.61)
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where R is the radius of the circular crest. The equations of discharge are then

circular weirs: O = 2.03(h/R)*bh*> m? s~ (10.62)
parabolic weirs: QO = 1.86bh"* m®s™". (10.63)

The limits of application for the above equations are (approximately):

(a) b should not be less than 0.05 m;

(b) h/p should not be less than 3;

(c) h/P, should be less than 1.5 (where P, is the height of the weir above the
downstream channel);

N>

b
(d) Z should not be less than 2;

(e) the modular limit A/,h, = 0.3 (where b, is the downstream head above crest
level);

(f) the upstream head, b, should be measured at a distance two to three times
b,... upstream from the weir face.

It should be noted that the discharge coefficient C in equations (10.59), (10.60)
and (10.61) has dimensions of the square root of gravity acceleration; that is, it
includes g. Many discharge equations for non-standard weirs have in the past
been presented in this form and in imperial units. To convert the equation

Q = Cbh™

where b and b are in feet, Q is in ft* s and C is in dimensions of the square root
of gravity acceleration, to the metric equation

Q= Cbh™

where b and b are in metres, O is in m’ s™' and C is in dimensions of the square
root of gravity acceleration, the imperial equation is multiplied by 0.552.

Note: the above equations of discharge are valid for weirs with vertical
upstream faces. For sloping upstream faces (three vertical to three horizontal;
two vertical to three horizontal; one vertical to three horizontal) correction
factors for the coefficient of discharge are given in Table 10.19. Table 10.20
provides drowned flow reduction factors as a function of h,/h; and h,/P,.

Cipoletti weir

The Cipoletti thin plate weir has a trapezoidal section with side-slopes 1:4
(horizontal to vertical) (Fig. 10.23). Cipoletti, who designed the weir in 1887,
argued that the inclination of the sides compensated for the decrease in
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Table 10.19 Correction factors for the coefficient of discharge
for circular and parabolic weirs for various upstream slopes as a
function of the h/p ratio (round crested weirs)

Slope of upstream face

hip 33 2:3 1:3

3 1.02 1.02 1.0l
2 1.01 1.02 1.00
I 1.00 1.0l 1.00
0.5 0.99 1.00 1.00

Table 10.20 Drowned flow reduction factors as a function of h,/h, and h,/P, where h, is the
downstream head, h, is the upstream head and P, is the height of the weir above the
downstream channel (round crested weirs)

h, hy/h,
P,
0.1 03 0.5 0.7 0.9
0.25 .00 0.99 0.97 0.93 0.70
0.50 1.00 0.99 0.98 0.95 0.75
1.00 1.00 0.99 0.99 0.97 0.80
2.00 0.98 0.98 0.98 0.96 0.80
2—3hmay

e .. .- . -
.o L - Approach

channel

Upstre.am viex;v
Figure 10.23 Cipoletti thin plate weir showing dimensions.

discharge over a contracted rectangular thin plate weir as the head increased.
The equation of discharge is

0=2V2g)C,Chh*"> m’s™! (10.64)
where
C,=0.63

and C, can be obtained from Table 10.1.
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The limits of application of equation (10.64) are:

(a) P should be less than 24,

(b) the distance from the sides of the weir to the sides of the approach channel
should not be less than 25, with a minimum value of 0.3 m;

c) b should be not less than 0.06 m;

d) b should not exceed 0.6 m;

e) h/b should not exceed 0.5 m;

f) the tailwater level should not be less than 0.05 m below crest level to ensure
aeration of the nappe.

with a minimum value of 0.3 m;

The head measuring section should be at 4-55,,,, upstream from the weir. If

necessary, the weir may be placed in a non-rectangular channel.

max

10.10 Orifices and sluices

Orifices (Fig. 10.24) are normally used in waterworks or in irrigation works to
measure small discharges but can also be designed to provide constant
discharge under constant head. They are generally circular, rectangular or
U-shaped. The general equation for flo