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Hydrometry Sectional Committee, WRD 01

NATIONAL FOREWORD

This Indian Standard (Second Revision) which is identic@ ISO 4359 : 2022 ‘Flow measurement
structures — Rectangular, trapezoidal and U-shaped flumes’ issued by the International Organization
for Standardization (ISO) was adopted by the Bureau of Indian Standards on the recommendation of
the Hydrometry Sectional Committee and approval of the Water Resources Division Council.

This standard was first published in 2000 based on ISO 4359 : 1983. The first revision was undertaken
in 2016 to align it with the then latest version of ISO 4359 : 2013. This second revision has been brought
out to align it with the latest version of ISO 4359 : 2022.

The text of ISO standard has been approved as suitable for publication as an Indian Standard without
deviations. Certain conventions are, however, not identical to those used in Indian Standards. Attention
is particularly drawn to the following:

a) Wherever the words ‘International Standard’ appear referring to this standard, they should be
read as ‘Indian Standard’; and

b) Comma (,) has been used as a decimal marker, while in Indian Standards, the current practice
is to use a point (.) as the decimal marker.

In this adopted standard, reference to certain International Standards appears for which
Indian Standards also exists. The corresponding Indian Standards, which are to be substituted in their
place, are listed below along with their degree of equivalence for the edition indicated:

International Standard Corresponding Indian Standard Degree of Equivalence
ISO 772 Hydrometry — Vocabulary IS 1191 : 2016 Hydrometry — Technically Equivalent
and symbols Vocabulary and symbols

(third revision)

For the purpose of deciding whether a particular requirement of this standard is complied with the final
value, observed or calculated expressing the result of a test or analysis shall be rounded off in
accordance with IS 2 : 2022 ‘Rules for rounding off numerical values (second revision). The number
of significant places retained in the rounded off value should be the same as that of the specified value
in this standard.
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Highlight

Inno
Highlight

Inno
Sticky Note
1) AS the degree of equivalence of these two referred standard is modified, so in view of Clause 4.3(d) of IS 12 (Part 2) : 2019/ISO/IEC Guide 21-1 : 2005 this standard shall fall under the category of modified adoption. Kindly check and confirm.  
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Indian Standard

FLOW MEASUREMENT STRUCTURES — RECTANGULAR,
TRAPEZOIDAL AND U-SHAPED FLUMES

( Second Revision )

1 Scope

This document specifies methods for the measurement of flow in rivers and artificial channels under
steady or slowly varying flow conditions, using certain types of critical-depth flumes (also known as
“standing-wave flumes”). A wide variety of flumes has been developed, but only those critical-depth
flumes which have received general acceptance after adequate research and field testing, and which
therefore do not require in situ calibration, are considered herein.

The flow conditions considered are uniquely dependent on the upstream head, i.e. subcritical flow
must exist upstream of the flume, after which the flow accelerates through the contraction and passes
through its critical depth (see Figure 1). The water level downstream of the structure is low enough to
have no influence upon its performance.

This document is applicable to three commonly used types of flumes, covering a wide range of
applications, namely rectangular-throated, trapezoidal-throated and U-throated. The hydraulic theory
behind this document was presented in Reference [7].

This document is not applicable to a form of flume referred to in the literature (sometimes called a
“Venturi” flume) in which the flow remains subcritical throughout.

NOTE The Venturi form of flume is based on the same principle as a Venturi meter used within a closed
conduit system and relies upon gauging the head at two locations and the application of Bernoulli’s energy
formula.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

ISO 772, Hydrometry — Vocabulary and symbols

3 Terms and definitions
For the purposes of this document, the terms and definitions given in [SO 772 apply.
[SO and IEC maintain terminology databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

4 Symbols
Symbol Quantity Unit of measurement
A area of cross-section of flow m?
B width of approach channel (width at bed if trapezoidal) m
b width of flume throat (width at bed if trapezoidal) m
C overall coefficient of discharge (rectangular flumes) non-dimensional
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Symbol Quantity Unit of measurement
C, coefficient of contraction non-dimensional
Cph coefficient of discharge non-dimensional
C, shape coefficient for trapezoidal-throated and U-throated flumes non-dimensional
C, coefficient allowing for the effect of approach velocity non-dimensional
D diameter of base of U-throated flume m
d depth of flow m
E specific energy (relative to local invert) m
Fr Froude number non-dimensional
g gravitational acceleration m/s?

H total head (relative to a specified datum, such as a flume invert) m
H. correction to the total head m
gauged head m
< equivalent sand roughness of surface, after Nikuradse mm
length of prismatic section of the contraction at a flume m
Ly length of bellmouth entrance m
L, length of slope (if present) between throat and downstream stilling m
basin or channel floor
Lq length of stilling basin (if present) m
m side-slope (m horizontal to 1 vertical) non-dimensional
n number of measurements in series non-dimensional
P wetted perimeter of flow cross-section m
D height of flume invert above the invert of the approach channel m
Q Discharge m3/s
R instrument range in uncertainties evaluation non-dimensional
Re Reynolds number non-dimensional
y radius of hump m
R, radius of bellmouth entrance m
S standard deviation —
S standard error of the mean —
u(E) relative datum uncertainty in uncertainties evaluation m
u*(Q)sg |overall percentage uncertainty in the fie‘Fermination of d_ischargt_e ex- non-dimensional
pressed as a percentage standard deviation at 68 % confidence limits
u*(b) percentage uncertainty in b (or D) non-dimensional
u*(C) percentage uncertainty in the combined coefficient value non-dimensional
u*(h) percentage uncertainty in h non-dimensional
u*(m) percentage uncertainty in m non-dimensional
vV average velocity through a cross-section, defined by Q/A m/s
w water surface width m
a kinetic energy c_orr_ectipn coefficient (taking into account non-uniform- non-dimensional
ity of velocity distribution)
B coefficient dependent on mean curvature of stream lines non-dimensional
Y, @0 coefficients in the uncertainty computation —
6* boundary layer displacement thickness m
n a numerical coefficient related to the sideslope angle in trapezoidal non-dimensional
flumes
v kinematic viscosity of the fluid m?2/s
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Symbol Quantity Unit of measurement

6 semi-angle subtended at the centre of curvature of the inv_ert ofa radians
U-throated flume between the water surface and the vertical

o semi-angle subtended at the centre of curvature of the inyert ofa radians
U-throated flume between the water surface and the horizontal

Subscripts

a values in approach channel

c values at critical flow

d values downstream of the flume

e effective values after making allowance for boundary layer effects

1 values assuming an ideal frictionless fluid

M maximum value

5 Flume types and principles of operation

5.1 The flumes covered by this document are often known as “long-throated” or “critical-depth”
flumes and rely fundamentally on the occurrence of critical flow in the flume throat. When this occurs,
there is a unique relationship, for a given flume geometry, between the upstream head and the discharge,
that is independent of the conditions downstream of the flume throat. Figure 1 shows a simplified
sketch of where the critical depth typically occurs in a critical depth flume and the consequent water
surface profile through a long-throated trapezoidal flume, together with key hydraulic and geometrical
parameters. Typical field installations of the three types of flumes covered by this document are shown
in Figure 2. The three types are:

a) rectangular-throated;

b) trapezoidal-throated;

c) U-throated, i.e. round-bottomed.

Site conditions are important and Figure 3 shows acceptable velocity profiles in the approach channel.
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NOTE Adapted from Figure 8.1 in Reference [6].

Figure 1 — Trapezoidal-throated flume showing key geometrical parameters, water surface
profile and development of boundary layer displacement thickness
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a) Rectangular-throated b) Trapezoidal-throated c¢) U-throated
flume flume flume

Figure 2 — Examples of rectangular-throated, trapezoidal-throated and U-throated flumes
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Figure 3 — Examples of typical dimensionless velocity distributions in approach channels

5.2 Because the flume design is based on critical flow, this document is largely based on fundamental
hydraulic theory, without the need for the large-scale volumetric testing that has been used to derive
the coefficients for other forms of flow measurement structure. In order to obtain critical flow within

the throat of the flume, the following conditions shall be satisfied:
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a) The throat of the flume shall be long enough for the flow to be virtually parallel with the flume
invert, so that hydrostatic pressure conditions occur at the control section.

b) The entrance to the flume throat shall be shaped so that there are virtually no energy losses
between the point where the head is gauged and the point where critical flow occurs.

c) The flume throat shall constrict the channel severely enough to raise the energy level in the throat
sufficiently high above the energy level downstream to ensure that the flume is “modular”.

53 Figure 2 shows examples of flow in rectangular-throated, trapezoidal-throated and U-throated
flumes. The choice of flume type from these three depends upon several factors, such as the range of
discharge to be measured, the accuracy required, the head available and whether or not the flow carries
sediment that is liable to accrete. It can be observed that, in comparison with weirs, flumes provide
a lesser obstruction to the passage of sediment, so are less likely to cause significant accretion of
sediment (which can affect the approach channel geometry at the flow gauging location). The graphs in
Annex A provide a means of quickly comparing the idealized performance of a range of flume designs, to
aid a preliminary choice of the size and form of flume needed to deliver the required discharge capacity
and stage-discharge relationship.

5.4 Therectangular-throated flume is the simplest to construct. It generally proves necessary to raise
the invert of the flume throat above the bed of the channel upstream, in order to generate a constriction
that is sufficiently severe to allow low flows to be gauged. However, this can result in a regime of cyclic
sediment accretion and erosion upstream, which would affect the accuracy and consistency of gauging.

5.5 The trapezoidal-throated flume is more appropriate where a wide range of discharge is to be
measured with consistent accuracy. This shape of throat is also more likely to be suitable where it is
desirable to produce a particular stage-discharge relationship. In some cases, it is not necessary to
raise the invert of the throat above the approach channel invert when using a trapezoidal-throated
flume, so reducing the risk of upstream sediment accretion.

5.6 The U-throated flume is useful for installation in a U-shaped channel or where the flow is from a
circular-section conduit. It has found particular application in sewers and at sewage works.

5.7 The detailed theory for the critical-depth flume is given in Clauses 9 to 12, but is introduced
here in simplified form, based on the assumption of a uniform velocity across the flow section and
disregarding boundary layer effects. The basic discharge formula for a critical-depth flume can be
derived from the general energy formula, as shown by Formula (1):

H:d+ﬁ:d+ QZ 1)

2g 2gA°
where

H is the total head above the flume invert;

d isthe depth of flow;

V is the average velocity through the section (= Q/A);

Q isthe discharge;

A is the area of the flow cross-section;

g isthe gravitational acceleration.
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By differentiating the energy in Formula (1) with respect to depth, it can be shown by Formula (2) that,
for critical flow:

3
0= ,gAc (2)
We

where w is the water surface width and the subscript “c” refers to conditions at the critical-flow section.

Substituting Formula (2) into Formula (1) and disregarding any energy losses between the gauging
section and the critical-flow section, Formula (3) is obtained:

A
H=d, +— (3)
¢ 2w
C

5.8 In general, Formulae (2) and (3) are solved alongside each other for successive values of depth
d. (with the corresponding values of area and surface width) to obtain the relationship between H and
Q, but for the special case of a flume with a rectangular throat (see 9.2.2), they can be combined to
produce the explicit relationship, as given by Formula (4):

2 |29 .15
=—,|—=bH" 4
Q 3\ 3 (4)

5.9 This is readily recognizable as the same formula that applies (for an ideal fluid) for the flow over
a round-nosed horizontal-crested weir. In order to extend the use of this formula, three additional
coefficients may be introduced, resulting in a generalized formula for long-throated critical-depth

flumes, as given by Formula (5):

Q:%,/%g CpCsC,bh® (5)

where

Cp isadischarge coefficient that takes account of the non-ideal fluid properties, in particular the
effect of the boundary layer in the throat;

. s ashape coefficient, to allow for the effect of a non-rectangular flow section in the throat;

C, isavelocity coefficient, to allow the upstream gauged head, h, to be used in place of the total
head or specific energy, H.

5.10 Formulae for these coefficients are given in Clauses 9 to 12 and generally require an iterative
approach to be adopted.

6 Installation
6.1 Selection of site

6.1.1 The flume shall be located in a straight section of channel, avoiding local obstructions,
roughness or unevenness of the bed.

6.1.2 A preliminary study shall be made of the physical and hydraulic features of the proposed site,
to check that it conforms (or can be constructed or modified so as to conform) to the requirements
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necessary for measurement of discharge by a flume. Particular attention should be paid to the following
features in selecting the site:

a) The availability of a sufficient straight length of approach channel.

b) The acceptable degree of uniformity of the existing velocity distribution (see Figure 3).

c¢) The avoidance of a steep channel, the characteristics of which would induce supercritical flow.
d) The effects of any raised upstream water levels due to the measuring structure.

e) Conditions downstream, including such influences as tides, confluences with other streams, sluice
gates, mill dams and other controlling features which can cause submerged flow.

f) The impermeability of the ground on which the structure is to be founded and the necessity for
piling, grouting or other means of controlling seepage.

g) The necessity for floodbanks, to confine the maximum discharge to the channel.
h) The stability of the banks, and the necessity for trimming and/or revetment in natural channels.
i) The clearance of rocks or boulders from the bed of the approach channel.

j) Wind, which can have a considerable effect on the flow in a river, weir or flume, especially when
these are wide and the head is small and when the prevailing wind is in a transverse direction
(which would introduce a bias whose direction would depend on whether the gauge were at the
windward or leeward side of the approach channel).

6.1.3 If the site does not possess the characteristics necessary for satisfactory measurement, the site
shall be rejected unless suitable improvements are practicable.

6.1.4 Ifaninspection of the stream shows that the existing velocity distribution is reasonably uniform,
then it may be assumed that the velocity distribution will remain satisfactory after the construction of
the flume.

6.1.5 If the existing velocity distribution is markedly non-uniform and no other site for the flume is
feasible, due consideration shall be given to checking the distribution after installation of the flume and
to improving it if necessary.

6.1.6 Several methods are available for obtaining a more precise indication of irregular velocity
distribution: velocity rods, floats or dye observations can be used in small channels, the latter being
useful in checking conditions at the bottom of the channel. A complete and quantitative assessment of
velocity distribution may be made by means of a current meter and other point velocity measurements.

NOTE Information about the use of current meters is given in ISO 748.

The user should confirm that the dye material used is acceptable for flow measurement purposes
within a natural channel in the country of operation.

6.1.7 Figure 3 gives typical examples of velocity distributions in channels of varying shape that can
be taken as acceptable for flow measurement purposes.

6.1.8 Flumes can act as obstacles to the movement of fish and other aquatic species. Care should
therefore be taken to ensure that the installation of gauging structures such as flumes does not have a
detrimental effect on the aquatic ecology where this can be an issue.

NOTE National or supranational legislation or regulations, such as the European Parliament EU Water
Framework Directive (Directive 2000/60/EC), can apply to the gauging structure.
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Where it is possible that the movement of aquatic life can be compromised by the installation of a flow
measurement structure, this should be reflected in the design. Alternatively, a fishpass in accordance
with ISO 26906 should be installed.

6.1.9 Appropriate legislation should be identified before a site for a measuring weir is chosen.
6.2 Installation conditions
6.2.1 General requirements

6.2.1.1 The complete measuring installation consists of an approach channel, a measuring structure
and a downstream channel. The conditions of each of these three components affect the overall accuracy
of the measurements.

6.2.1.2 Installation requirements include features such as the surface finish of the flume, the cross-
sectional shape of channel, the channel roughness and the influence of control devices upstream or
downstream of the gauging structure.

6.2.1.3 The distribution and direction of velocity have an important influence on the performance of
the flume, these factors being determined by the features mentioned above.

6.2.1.4 Once a gauging flume has been installed, the user shall prevent any change that can affect the
discharge characteristics.

6.2.2 Flume structure

6.2.2.1 The structure shall be rigid and watertight and capable of withstanding flood flow conditions
without distortion or fracture, from outflanking or from downstream erosion. The axis shall be in line
with the direction of flow of the upstream channel, and the geometry shall conform to the dimensions
given in Clauses 10, 11 and 12.

6.2.2.2 The surfaces of the flume throat and the immediate approach channel shall be smooth. They
shall be constructed in concrete with a smooth cement finish or surfaced with a smooth non-corrodible
material. In laboratory installations, the finish shall be equivalent to rigid plastic, rolled sheet metal or
planed, sanded and painted timber. The surface finish is of particular importance within the prismatic
part of the throat but can be relaxed a distance along the profile 0,5H,,, upstream and downstream of
the throat proper.

ax

The user should confirm that the building materials used in the construction of natural channels are
acceptable in the country of operation.

6.2.2.3 In order to minimize the uncertainty in the discharge, the following tolerances are acceptable,
providing that no tolerance with respect to alignment or dimension is required to be less than 0,001 m:

a) on the bottom width of the throat, 0,2 % of this width with an absolute maximum of 0,01 m;

b) on deviation from a plane of the plane surfaces in the throat, 0,1 % of L;

c) onthe width between vertical surfaces in the throat, 0,2 % of this width with a maximum of 0,01 m;
d) on the average longitudinal and transverse slopes of the base of the throat, 0,1 %;

e) on aslope ofinclined surfaces in the throat, 0,1 %;

f) onalength of the throat, 1 % of L;
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g) on deviation from a cylindrical or a conical surface in the entrance transition to the throat, 0,1 %
of L;

h) on deviation from a plane of the plane surfaces in the entrance transition to the throat, 0,1 % of L;
i) ondeviation from a plan of the plane surface in the exit transition from the throat, 0,3 % of L;

j) onother vertical or inclined surfaces, deviation from a plane or curve, 1 %;

k) on deviation from a plane of the bed of the lined approach channel, 0,1 % of L.

NOTE It is possible that some of the dimensional and gradient accuracies can be relaxed without significant
effect on the flow measurement accuracy of critical depth flumes.

6.2.2.4 The structure shall be measured on completion, and average values of relevant dimensions and
their standard deviations at 68 % confidence limits computed. The former shall be used for computation
of discharge and the latter shall be used to obtain the overall uncertainty in the determination of
discharge.

6.2.3 Approach channel

6.2.3.1 On all installations the flow in the approach channel shall be free from disturbance and shall
have a velocity distribution as uniform as reasonably practicable over the cross-sectional area. Figure 3
shows typical dimensionless velocity distributions in rectangular and trapezoidal channels, which are
relevant in site selection. For a given shape of channel, the velocity distribution should be reasonably
similar to one of those presented in Figure 3. This can usually be verified by inspection or measurement.
In the case of natural streams or rivers, this can only be attained by having a long straight approach
channel free from projections into the flow.

6.2.3.2 The following are general recommendations and requirements related to the approach
channel:

a) Any alteration in the flow conditions owing to the construction of the flume should be considered.
For example, there can be a build-up of shoals or debris upstream of the structure, which in time
affects the flow conditions. Any likely consequential changes in the water level therefore need to be
taken into account in the design of gauging stations.

b) In an artificial channel, the cross-section shall be uniform and the channel shall be straight for
a length equal to at least five times its water-surface width upstream of the head measurement
location, but where practicable in new installations for a length of 10 times the water-surface width
upstream of the flume throat.

c) Inanatural stream or river, the cross-section shall be reasonably uniform and the channel shall be
straight for a sufficient length to ensure a reasonably uniform velocity distribution.

d) Ifthe entry to the approach channel is through a bend, or if the flow is discharged into the channel
through a conduit or a channel of smaller cross-section, or at an angle, then a longer length of
straight approach channel can be required to achieve a reasonably uniform velocity distribution.

e) Vanes to straighten the flow shall not be installed closer to the points of measurement than a
distance 10 times the maximum head to be measured.

f) Under certain conditions, a standing wave can occur upstream of the gauging flume, e.g. if the
approach channel is steep. Provided that this wave is at a distance of not less than 30 times the
maximum head upstream, flow measurement is feasible, subject to confirmation that a reasonably
uniform velocity distribution exists at the gauging station and that the Froude number in this
section is no more than 0,6. Ideally, high Froude numbers should be avoided in the approach channel
for accurate flow measurement. If a standing wave occurs within this distance, the approach
conditions and/or the flume shall be modified.

10
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6.2.4 Downstream conditions

6.2.4.1 The channel downstream of the structure is usually of no importance as such if the flume has
been so designed that the flow is modular under all operating conditions. A downstream gauge shall be
provided to measure tailwater levels to determine if and when drowned flow occurs.

6.2.4.2 If downstream scouring (which can lead to instability of the structure) is anticipated, then
particular measures to prevent this may be necessary.

7 Maintenance

7.1 Maintenance of the measuring structure and the approach channel is important, in order to
secure accurate continuous measurements.

7.2 The approach channel shall be kept free of silt, vegetation and obstructions that can have
deleterious effects on flow conditions specified for the standard installation. The float well and the
entry from the approach channel shall also be kept clean and free from deposits. The downstream
channel shall be kept free of obstructions that can cause the weir to drown.

7.3 The flume structure shall be kept clean and free from clinging debris, particularly within the
throat section, and care shall be taken in the process of cleaning to avoid damage to the structure.

7.4 Head-measurement devices, connecting conduits and stilling wells shall be cleaned and checked
for leakage. The hook or point gauge, float or other instrument used to measure head shall be checked
periodically to ensure accuracy.

8 Measurement of head
8.1 General

8.1.1 Where spot measurements are required, the heads can be measured by vertical gauges, hooks,
points, wires or tape gauges. Where continuous records are required, recording gauges shall be used,
typically based on float and shaft encoders, cameras, ultrasonics, radar or pressure transducers.

8.1.2 As the size of the flume and head reduces, small discrepancies in construction and in the zero
setting and reading of the head measuring device become of greater relative importance.

8.2 Location of head measurement(s)

8.2.1 Stations for the measurement of head on the flume shall be located at a sufficient distance
upstream from the flume to avoid the region of surface drawdown. On the other hand, they shall be
close enough to the flume to ensure that the energy loss between the section of measurement and the
control section within the flume throat shall be negligible. The location for head measurement is dealt
with in Clauses 10,11 and 12.

8.2.2 Flow is modular when it is independent of variations in tailwater level. This condition is met
when the tailwater total head above flume invert level is less than or equal to the submergence ratio at
the modular limit, as defined in Clauses 10, 11 and 12 for rectangular-throated, trapezoidal-throated
and U-throated flumes, respectively.

8.2.3 A significant error in the calculated discharge will develop if the tailwater level causes the
submergence ratio to exceed the modular limit. A downstream gauge shall be installed to check that

11
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the modular limit is not exceeded. A simple staff gauge in the downstream channel will normally be the
minimum requirement for this purpose.

8.3 Gauge wells

8.3.1 It is common to measure the upstream head in a gauge well to reduce the effects of water
surface oscillations. Alternatively, data-logged results can be post-processed to eliminate or reduce
such oscillations.

8.3.2 Periodic checks on the measurement of the head in the approach channel shall be made.

8.3.3 Gauge wells shall be vertical and of sufficient height and depth to cover the full range of water
levels. In field installations, they shall have a minimum height of 0,3 m above the highest water levels
expected. Gauge wells shall be connected to the appropriate head measurement positions by means of
suitable conduits.

8.3.4 Both the well and the connecting pipe shall be watertight. Where the well is provided for the
accommodation of the float of a level recorder, it shall be of adequate size and depth.

8.3.5 The pipe shall have its invert not less than 0,06 m below the lowest level to be gauged.

8.3.6 Pipe connections to the measurement position shall terminate either flush with, or at right
angles to, the boundary of the approach channel. The channel boundary shall be plain and smooth
(equivalent to carefully finished concrete) within a distance 10 times the diameter of the pipes from
the centreline of the connection. The pipes may be oblique to the wall only if they are fitted with a
removable cap or plate, set flush with the wall, through which a number of holes are drilled. The edges
of these holes shall not be rounded or burred. Perforated cover plates are not recommended where
weed or silt are likely to be present.

8.4 Zero setting

8.4.1 Accurate initial setting of the zero of the head measuring device with reference to the level of
the flume invert and subsequent regular checking of the settings are essential.

8.4.2 An accurate means of checking the zero at frequent intervals shall be provided. Benchmarks, in
the form of horizontal metal plates, shall be set up on the top of the vertical sidewalls and in the gauge
wells. These shall be accurately levelled to ensure their elevation relative to the flume invert level is
known.

8.4.3 Instrument zeros can be checked relative to these benchmarks without the necessity of
resurveying the crest each time. Any settlement of the structure can, however, affect the relationships
between the flume invert and benchmark levels and it is advisable to make occasional checks on these
relationships.

8.4.4 For small installations, a zero check based on the water level (either when the flow ceases or
just begins) is susceptible to serious errors due to surface tension effects and shall not be relied upon.

9 General formulae for discharge
9.1 Discharge based on critical flow in the flume throat

9.1.1 (ritical depth theory, augmented by experimental data, may be used to deduce the basic
formulae for free discharge through streamlined contractions. Since the simple theory relates to the
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frictionless flow of an ideal fluid, an additional coefficient, known as the “coefficient of discharge, CD"'
must be introduced to deal with the flow of a real fluid, such as water, and to take into account the
development of boundary layers that occur within the throat. The value of the coefficient C}, is usually
either based on experimental studies or deduced by considering a modification to the simple theory.
Another coefficient, known as the “shape coefficient, C,”, is then required to generalize the simple
theory to make it applicable to flow through any cross-sectional shape, rather than just flow through
a rectangular flume. Finally, a third coefficient, known as the “velocity of approach coefficient, C,”, is
then used to relate the head in the throat with the gauged head, typically measured a short distance
upstream of the throat in the approach channel.

9.1.2 The specific energy, E, of flow in an open channel is given by Formula (6):

=2
E=Bd+% ©6)
29

where
d isthe depth of flow;
v isthe average velocity through the section;

a isthe kinetic energy correction coefficient, which takes into account the non-uniformity in
velocity distribution;

B is acoefficient which depends on the mean curvature of the streamlines.

9.1.3 The formula of continuity is given by Formula (7):
Q=AV (7)

where

Q isthe discharge;
A is the area of the flow cross-section.

Hence, Formula (8):
an

E=pd+
2gA*

(8)

9.1.4 (Critical flow occurs when E has a minimum value for a given discharge Q, treating depth d and
area A, which is related to d for any given cross-sectional geometry, as the variables. It can be shown
that the specific energy is a minimum when, as given by Formula (9):

3
Qz:ﬁgA (9)
ow

where w is the water surface width.

9.1.5 Experimentally observed velocity profiles indicate that the velocity distribution is almost
uniform in the throat of a flume, and it may be assumed therefore that « = 1 under certain conditions. If
the streamlines are not significantly curved, a condition approached if the throat is in excess of a certain
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minimum length, then f = 1. Hence the basic formula defining critical flow through a streamlined
contraction is given by Formula (10):

‘ (10)

where

“«_n

subscript “c indicates critical flow, assumed to occur within the throat of a flume;

A is the area of cross-section;

C

w is the surface width of the cross-section.

C

This is the same as Formula (2), in Clause 5.

Formula (10) is not immediately applicable to the theoretical derivation of a stage-discharge
relationship, because

a) it does not take account of the development of boundary layers that result in slower moving fluid
along the bed and sidewalls of the throat, and

b) it is based on the area and water surface width at the critical section, the location of which is ill-
defined, so that direct measurement of the water level at that section is impractical.

Thus, the basic formula must be transformed into a more practical form, and adjusted to take account
of the boundary effects.

9.2 Discharge based on observed upstream head

9.2.1 For the flow of a real fluid through a streamlined contraction, Formula (10) may be developed
further to give the discharge in terms of the head measured a short distance upstream and for each type
of approach channel cross-sectional shape and throat shape. See Figures 4 to 6 for the three standard
shapes of flume often used in practice: rectangular-throated, trapezoidal-throated and U-throated,
respectively. Reference should also be made to Figure 1, which shows the general features of flow
through a trapezoidal-throated flume, indicating a typical water surface profile, energy line and how
the boundary layer displacement thicknesses reduce the cross-sectional area of the throat. The theory
is now developed further, initially for flow through a rectangular flume and then generalized for flow in
other types of flume.

9.2.2 For flow in a rectangular flume (see Figure 4), the total head under critical flow conditions, H,,
may be linked to the critical depth, d_, using Formula (10), as shown by Formula (11):

2
A bd
H.=d.+ ¢ =d.+——=d.+— :EdC (11)
2 gAcz 2w, 2b 2
Applying Formula (10) to a rectangular section gives Formula (12):
3
Q*b=g(bd,) (12)

The discharge through a streamlined rectangular contraction may then be expressed in terms of the
total head at the throat, H, by linking Formulae (11) and (12) to give Formula (13):

2/ 1/24.143/2
Q:(—j g*bH3/ (13)

3

This is the same as Formula (4) in Clause 5, but expressed differently.
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a) Isometric of level-invert rectangular-throated flume (p = 0)
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c) Longitudinal section of rectangular-throated flume with raised invert (hump)
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head gauging section
when recovery of head is not important, the exit transition may be
truncated after half its length

in a flume without a hump (p = 0) the invert over this length shall be
truly level

front view (level invert)

connection to stilling well

radius that shall be chosen so that the bottom contraction starts at
the same section as the side contractions (for a flume with a bottom
contraction only, the radius = 4p)

front view (raised invert)

Figure 4 — Rectangular-throated flume in rectangular channel
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Plane (m, # m, no hump) Warped (m, # m, no hump)

d) Examples of plans of entrance transitions

Key

1 connecting pipe 11
2 stilling well 12
3  flow

4  entrance transition 13
5 throat

6  exittransition 14
7  exit channel 15
8 approach channel 16
9 standing wave 17

10 front view with hump (p # 0)

head gauging section
radius chosen so that entrance transition lies entirely within plane
defining 1 in 3 contraction

not more than 1 in 3 expansion on any horizontal section
(or equivalent curve)

1 in 6 expansion for high modular limit and head recovery
not more than 1 in 3 (or equivalent curve)

connection to stilling well

generators are straight lines

Figure 5 — Trapezoidal-throated flume in trapezoidal channel
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c) Longitudinal section of flume with raised invert (hump)
Key
1 approach channel 12 the straight-sided contraction may be replaced by curved surfaces,
2 entrance transition provided they lie within the full lines
3 throat 13 in a flume without a hump (p = 0), the invert over this length shall be
4 exit transition truly level
5 exit channel 14 1 in 6 expansion for high modular limit and head recovery
6 flow 15 front view (level invert)
7  connecting slot or pipe 16 connection to stilling well
8 stilling well 17 in alevel flume, p = 0; for a flume with a hump, a convenient value of p
9 standing wave is 0,5 (D, - D)
10 invertline 18 frontview (raised invert)
11 head gauging section

Figure 6 — U-throated flume in U-shaped channel
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9.2.3 In order to account for the presence of boundary layers that form in the throat section, growing
progressively from the leading edge, the boundary layer displacement thickness is used to modify the
geometrical parameters of the cross-section of the throat as given by Formula (14):

2V 15 3
Qz(gj g / beHce/ (14’)
where

R is the effective width of flume throat (e.g. for a rectangular cross-section, b, =b—206x);

H

ce Is the effective total head at the throat (i.e. H., = H_ —§«), which also equals the total head

upstream, H,;

0« isthe boundary layer displacement thickness.

9.2.4 The boundary layer displacement thickness is the amount by which a boundary surface needs
to be moved normal to that surface to compensate for the reduced velocity caused by the boundary
layer. It also effectively implies that the fluid may be treated as if it were an ideal fluid throughout
the rest of the flow domain. Typically, a boundary layer develops from any leading edge of a surface,
grows slowly, and the corresponding value of §* is a small proportion of the actual thickness, 6. Figure 7
indicates how these concepts are applied to long-throated flumes. Figure 7 c) shows how the actual and
effective heads are related, both at the throat and at the upstream gauging section. Figure 8 shows the
effective cross-sections of various flumes, illustrating the effect of the boundary layer displacement
thicknesses on the throat geometry.

19



IS 14869 : 2024
ISO 4359 : 2022

=)
S N
= S
S A 3
T = ] o
A~
o S
@I L ] \
AN
1 2
a) Frictionless flow with an ideal fluid
N
gt g
=] < A
—~—
Ry = j_‘
S RPN i I
I Ne— T 7
Q \
AN
1 6 2
b) Real fluid flow
=)
S N
= S _/8
£S | o| T
< ) ) S RS
R S / o
Q
N\ 9
2

c) Equivalent ideal fluid with raised crest position

Key

1 gauging section
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5 boundary layer, §
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boundary layer displacement thickness, §*
6*at end of throat

assumption of same energy level as in a)
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Figure 7 — Notation for flow at throat and at upstream gauging section
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Key

1 edge of boundary layer displacement thickness

Figure 8 — Effective cross-sections of various flumes showing the effect of boundary layer
displacement thicknesses

9.2.5 Because of the practical difficulties in simply measuring the depth of flow in the throat, d., and
using it to determine the discharge via Formula (12), it is customary to measure the head upstream
of the throat, h, in the approach channel, as also shown in Figures 1, 4 and 7. Formula (14) can then
be expressed in terms of h,, the effective head gauged upstream of the structure, for flumes with
rectangular throats, as given by Formula (15):

2 /2 1/2 3/2
Q:(Ej g*?c, b, (15)

where the effective breadth at the throat, b, the effective gauged head upstream, h,, and the coefficient

» Veay y ey

of velocity, C,, are given by Formulae (16), (17) and (18):

be =b-26- (16)
he =h- (17)
3/2
H
C =| =& 18
’ (he ] ( )

Defined in this way, C, is a dimensionless coefficient allowing for the effect of approach velocity on the
measured water level upstream of the weir.
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9.2.6 The basic discharge formula for rectangular-throated flumes, Formula (15), may also be written
in terms of more useful parameters, such as the actual gauged head upstream and the actual flume

breadth, as given by Formula (19):
2 \3/2
Q=(§j g2CoC, b2 (19)

where Cj, is defined as the coefficient of discharge, which takes into account the boundary layer effects,

defined by Formula (20):

b, \ h, }/?
o))

Substituting Formulae (16) and (17) into Formula (20) gives Formula (21):

3/2
Cp =[1—25T*x£j(1—5—*x£] (21)

b

where L is the length of the prismatic section of the contraction in the flume.

9.2.7 For most installations with a good surface finish, the value of the relative boundary layer
displacement thickness, 6+/L, will, in practice, lie in the range 0,002 to 0,004. For rough surface finishes,
the value of 6,/L is known to vary with the Reynolds number, Re, and relative roughness, L/k,, as shown
in Figure 9. However, for good surface finishes, provided 10> > L/k >4 000 and Re > 3 x 105, 6+/L may be
assumed equal to 0,003 and Formula (21) then becomes Formula (22):

L L 3/2
CD:[1_O'OO6E)(1_O'003ZJ (22)

Various values of C, derived from this formula are given in Table 1 and these are the values which apply
to well-constructed installations as detailed above.
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Figure 9 — Variation of the relative boundary layer displacement thickness, §./L, with Reynolds
number, Re, and relative roughness, L/k,
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Table 1 — Discharge coefficients, Cp, for rectangular-throated flumes

3/2
Cp :[1—0,006%)(1—0,003%}

h
L

L
b

0,70 | 0,65 | 0,60 | 0,55 | 0,50 | 0,45 | 040 | 0,35 | 0,30 | 0,25 | 0,20 | 0,15 | 0,10 | 0,05

0,210,9924|0,9919{0,9913(0,9906|0,9898/0,9888|0,9876(0,9860(0,9839{0,9809|0,9764|0,9690|0,9542(0,910 3
0,410,9912(0,9907{0,9901{0,9894|0,9886(0,987 6|0,9864(0,9848(0,9827(0,9797|0,9752|0,9678|0,9530(0,909 2
0,6{0,9900{0,9895|0,9889|0,9883[0,9875/0,9865|0,9852|0,9836|0,9815|0,9785|0,9741|0,9667|0,9519|0,908 1
0,8(0,9888(0,9883|0,9878(0,9871{0,9863|0,9853|0,9840|0,9825|0,9803|0,9774|0,9729(0,9655|0,9502|0,907 0
1,0(0,9876(0,9872]0,9866(0,9859(0,9851/0,9841|0,9829{0,9813|0,9792|0,9762(0,9711|0,9644|0,9496|0,9059
1,2]/0,9865(0,9860(0,9854|0,9847|0,9839(0,9829/0,9817(09801|0,9780|0,9750{0,9706|0,9632|0,9485|0,904 8
1,410,9853|0,9848(0,9842|0,9835(0,9827(0,9818(0,9805(0,9789|0,9768|0,9739(0,9694|0,9620{0,947 4|0,903 8
1,6/0,9841|0,9836(09831|0,9824|0,9816(0,9806(0,9793(09778|0,9757|0,9727{0,9683|0,9609|0,9462|0,9027
1,8/0,9829(0,9824(0,9819|0,9812(0,9804(0,9794|0,9782(09766|0,974 5|0,9715(0,967 10,9598(0,9451|0,901 6
2,0/0,9818|0,9813(0,9807(0,9800{0,9792(0,9782|0,9770(0,9754(0,9733{0,9704|0,9660|0,9586|0,9440(0,900 5
2,2109806(0,9801{0,9795(0,9789(0,9781|0,9771|0,9758(0,9743|0,9722{0,969 2|0,9648|0,9575|0,9429(0,899 5
2,4109794|0,9787(09784(09777|09769(0,9759|0,9747/09731{0,9710{0,9681|0,9637|0,956 3|0,9417(0,8984
2,6/09783|0,9778(09772(09765|0,9757(0,974 8/0,9735(0,9720(0,9699(0,9669|0,9625|0,9552|0,9406|0,897 3
2,8|09771|0,9766|0,9761|0,9754(0,9746(0,9736|0,9724|0,9708|0,9687|0,9658|0,961 4|0,9541|0,9395|0,896 3
3,010,9759(0,9755|0,9749|0,9742{0,9734/0,9724|0,9712|0,9696|0,967 60,964 6|0,960 20,952 9|0,938 4| 0,895 2
3,2|0,9748(0,9743|0,9733|0,9731{0,9723]0,9713|0,9701|0,9685|0,9664|0,9635|0,9591(0,9518|0,937 3|0,894 1
3,4109736|0,9731|09726(09719(0,9711{0,9701|0,9689|0,967 3|0,965 3{0,9623|0,9580|0,9507|0,9362|0,893 1
3,6/09725|0,9720(0,9714(0,9708(0,9700(0,969 0|0,9678{0,9662 (0,964 1{0,9612|0,9568|0,9495|0,9350(0,892 0
3,8/09713|0,9708{0,9703 (0,969 6|0,9688|0,967 8|0,9666(0,9651 (0,963 0{0,9601|0,9557|0,9484|0,9339(0,8909
4,010,9702|0,9697|0,9691|0,9685|0,9677|0,966 7|0,9655|0,9639|0,9618|0,9589|0,9546(0,947 3/0,9328|0,8899
4,210,9690/0,9685|0,9680(0,967 3|0,9665|0,9656|0,9643|0,9628|0,9607|0,9578|0,9534(0,9462{0,9317|0,8888
4,4109679|09674|0,9668|0,9662|0,9654|0,964 4|0,9632|0,9616|0,9596|0,9566|0,9523(0,9451{0,9306|0,887 8
4,6(09667|09663|0,9657|0,9650|09642|09633|09621|0,9605|0,9584|0,9555|0,9512(0,9439(0,9295|0,8867
4,8|0,9656|0,9651|0,9646|0,9639|0,9631|0,9621|0,9609|0,95940,957 3{0,9544|0,9500(0,9428|0,928 40,8857
5,0[09645[09640(0,9634[0,9628|0,9620(0,961 0{0,9593|0,9583|0,9562|0,9533[0,9490|0,9418(0,927 4|0,884 7

The number of significant figures given in the columns for coefficient of discharge should not be taken to imply a
corresponding accuracy but only to assist in interpolation and analysis.

9.2.8 The user of this document may choose between two options for determining the effect of
roughness on the coefficient of discharge, Cp, when computing discharges through long-throated flumes.
A simple boundary layer approach assumes a fixed numerical value for the boundary layer displacement
thickness, 8x, whereas a more detailed approach uses a variable boundary layer displacement thickness
that depends upon the estimated roughness of the flume throat and the flow conditions. The simple
approach may be used for the following applications:

a) The determination of approximate discharges at an early stage in the design process.

b) The determination of reasonably accurate discharges for large structures which are compliant in
every way with this document.

The detailed boundary layer option may be used for compliant structures under any permitted
hydraulic conditions.
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9.2.9 An analogous relationship to Formula (15) can be derived for flumes with trapezoidal throats
(see Figure 5) as Formula (23):

2 /2 1/2 3/2
Q= 3 g '°CsC,b.h (23)
where
C, isanumerical coefficient that takes into account the effect of the non-rectangular flow
section, and which for a trapezoidal section is given by Formula (24):
Cs=f(mHe /b,) (24)
(see Figure 10 and 11.4.6);
H_, is the effective total head at the critical section.
Y
3,5
_—
3
#5 /
2
1,5
1 /
0,5
0
0 0,5 1 1,5 2 2,5 3 3,5 X
Key
X mH./b,
Y shape coefficient, C
NOTE This curve is based on a specific case but it is of virtually universal application. Curves for other cases

can be obtained from the “Shape chart” worksheet of Flumel.xls (see Annex D).

Figure 10 — Shape coefficient relationship for trapezoidal-throated flumes

9.2.10 Although theoretical design and flume computation procedures exist utilizing the above
formulae, they are cumbersome. This is largely because C; is dependent on H_, which can differ
significantly from the gauged head, h. An alternative method of computing the discharge for trapezoidal
flumes is given in 11.5.
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9.2.11 The corresponding relationship for U-throated flumes (see Figure 6) is given by Formula (25):

2 /2 1/2 3/2
Q:(gj g*?c,c,p.nY/ (25)

where

C, is anumerical coefficient that takes account of the effect of the non-rectangular flow section,
which for a U-shaped section is given by Formula (26):

Cs=f(He /D.) (26)
(see Figure 11 and 12.4.6);

D, isthe effective diameter of the base of the U-shaped throat (defined in a similar manner to b,
in a rectangular throat).
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NOTE This curve is based on a specific case but it is of virtually universal application. Curves for other cases
can be obtained from the “Shape chart” worksheet of Flume2.xls (see Annex D).

Figure 11 — Shape coefficient relationship for U-throated flumes

9.2.12 Theoretical procedures using the above formulae are cumbersome, largely because C; is
dependent on H. which can differ significantly from the gauged head, h. An alternative method of
computing the discharge for U-throated flumes is given in 12.5.

9.3 Calculation of stage-discharge relationships

9.3.1 In the case of a flume with a rectangular throat, Formula (15) can be used to compute the
stage-discharge relationship for the structure. Since Formulae (23) and (25) are not particularly
convenient for use in computing these relationships for trapezoidal-throated and U-throated flumes,
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an alternative approach is suggested. As the rectangular-throated flume is a particular case of the
trapezoidal-throated flume (with m = 1), the alternative approach for the trapezoidal-throated flume is
also a convenient approach for the rectangular-throated flume.

9.3.2 A theoretical calibration for a gauging structure for the whole range of discharge can be
derived by considering flow conditions in the throat of the flume and deducing corresponding heads
and discharges. The principle of the method is to select a series of values of d, the critical depth in the
throat, and calculate corresponding values of H, and Q using Formulae (27) and (28):

2
A
H,=d., +‘;£:arce 4ot 27)
g Wee

3
0= [Pee (28)
ch

9.3.3 The effective total head, H,, can be converted to the total head, H, which can then be converted
to the measured gauged head, h, all as described in Clauses 10 to 12. Since this method is easy to use,
and gives the same answers as those based on the coefficient method, described in 9.2, it has been
adopted as the preferred methodology for determining the stage-discharge rating in the spreadsheets
(see Annex D) that accompany this document. This approach may also be used to determine single flow
values by interpolation of the rating relationship.

9.4 Approach velocity and coefficient of velocity

9.4.1 The total head is related to the gauged head by Formula (29):

—2
ov
H, =h, +—2 (29)
29
where
v, isthe mean velocity in the approach channel at the gauging section;

a is the kinetic energy coefficient, which takes account of the fact that the kinetic energy head in
the approach channel exceeds the value based on the mean velocity, if the velocity distribution
across the section is not uniform.

9.4.2 In applying the formulae in this document, the default value for « is taken as 1,05. The overall
uncertainty of measurement, due to such coefficients, the tolerances in the construction of the flume
referred to in 6.2.2 and the difficulties in making accurate upstream head measurements, is described
in detail in Clauses 13 and 14.

9.4.3 From Formulae (18) and (29), coupled with Formulae (15) and (23), an implicit relationship for
C, for trapezoidal and rectangular flumes can be derived as Formula (30):

c23 1 b.h
(| _ 2 D e CC, (30)
o 3V3 4,

where A, is the cross-sectional area of the approach channel flow.

For U-throated flumes, D, is substituted in place of b, in Formula (30).
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9.4.4 For arectangular approach channel, the flow area is given by Formula (31):

A, =B(h+p) (31)

where

B is the width of the approach channel;

p isthe height of flume invert above the invert of the approach channel.

Values of C, for rectangular-throated flumes, derived from Formulae (18), (30) and (31), with the
limitation that a = 1, are given in Table 2.

Table 2 — Values of velocity coefficients, C,, for rectangular-throated flumes

2 2
é%(é)(—ﬁ—jc%cf—c?3+1:0

B h+p
h

b hipP

5 1,0 09 0,8 0,7 0,6 0,5 0,4 0,3 0,2
010 | 1,0022 | 1,0018 | 1,0014 | 1,0011 | 1,0008 | 1,0006 | 1,0004 | 1,0002 | 1,0001
015 | 1,0051 | 1,0041 | 1,0032 | 1,0025 | 1,0018 | 1,0013 | 1,0008 | 1,0005 | 1,000 2
0,20 | 1,0091 | 1,0073 | 1,0058 | 1,0044 | 1,0032 | 1,0022 | 1,0014 | 1,0008 | 1,000 4
025 | 1,0143 | 1,0115 | 1,0091 | 1,0069 | 1,0051 | 1,0035 | 1,0022 | 1,0013 | 1,0006
030 | 1,0209 | 1,0168 | 1,0132 | 1,0100 | 1,0073 | 1,0051 | 1,0032 | 1,0018 | 1,0008
0,35 | 1,0290 | 1,0232 | 1,0181 | 1,0137 | 1,0100 | 1,0069 | 1,0044 | 1,0025 | 1,0011
040 | 1,0386 | 1,0308 | 1,0240 | 1,0181 | 1,0132 | 1,0091 | 1,0058 | 1,0032 | 1,001 4
045 | 1,0500 | 1,0397 | 1,0308 | 1,0232 | 1,0168 | 1,0115 | 1,0073 | 1,0041 | 1,0018
050 | 1,0635 | 1,0500 | 1,0386 | 1,0290 | 1,0209 | 1,0143 | 1,0091 | 1,0051 | 1,0022
0,55 | 1,0793 | 1,0620 | 1,0476 | 1,0357 | 1,0255 | 1,0175 | 1,0110 | 1,0061 | 1,0027
0,60 | 1,0980 | 1,0760 | 1,0579 | 1,0429 | 1,0308 | 1,0209 | 1,0132 | 1,0073 | 1,0032
0,65 | 1,1203 | 1,0921 | 1,0695 | 1,0513 | 1,0367 | 1,0248 | 1,0156 | 1,0086 | 1,0038
070 | 1,1465 | 1,1108 | 1,0829 | 1,0606 | 1,0429 | 1,0290 | 1,0181 | 1,0100 | 1,004 4
0,75 1,1327 | 1,0980 | 1,0711 | 1,0500 | 1,0336 | 1,0209 | 1,0115 | 1,005 1
0,80 1,1153 | 1,0829 | 1,0579 | 1,0386 | 1,0240 | 1,0132 | 1,0058
0,85 1,1355 | 1,0960 | 1,0664 | 1,0441 | 1,0272 | 1,0149 | 1,0065
0,90 1,1108 | 1,0760 | 1,0500 | 1,0308 | 1,0168 | 1,0073
0,95 11275 | 1,0864 | 1,0564 | 1,0346 | 1,0188 | 1,0082
1,00 1,1465 | 1,0980 | 1,0635 | 1,0386 | 1,0209 | 1,009 1

The number of significant figures given in the columns for coefficient of velocity should not be taken to imply a
corresponding accuracy but only to assist in interpolation and analysis.

9.4.5 For atrapezoidal approach channel, the flow area is given by Formula (32):
Ay =(h+p)[B+m, (h+p)]

where

B

28

is the bed width of the approach channel;
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m, is the sideslope of the approach channel walls (1:m,, vertical:horizontal).

a

9.4.6 For a U-shaped approach channel, the flow area is given by Formula (33):

Aa=ED§f[”+p] (33)

4 D

a

where D, is the diametrical width of the approach channel.

The detailed geometric treatment of part-circular sections is given in Clause 12.

9.5 Selection of flume size and shape

In order to be able to identify which size and type of flume is appropriate for a given situation, Annex A
provides a graphical representation of the stage-discharge relationships for rectangular-throated,
trapezoidal-throated and U-throated flumes over a range of flume sizes. These rating curves allow for
a preliminary assessment to be made of their discharge potential, based on a simplified analysis and
fixed coefficients, prior to the undertaking of a detailed design for an individual flume type, based on
one of the following three clauses (Clauses 10 to 12).

10 Rectangular-throated flume
10.1 Description

10.1.1 The rectangular-throated flume consists of a constriction of rectangular cross-section
disposed about symmetrically with respect to the approach channel. This is a common type of flume
and the easiest to construct but cannot be adapted to suit non-rectangular channels when loss of head
is important.

10.1.2 There are three types of rectangular-throated flume:
a) with side contractions only;

b) with bottom contraction or hump only;

c) with both side and bottom contractions.

The type to be used depends on downstream conditions at various rates of flow, the maximum rate of
flow, the permissible head loss and limitations of the h/b ratio, and whether or not the stream carries
sediment.

10.1.3 The invert of the throat shall be level throughout its width and length. The sides of the flume
throat shall be vertical and parallel and square with the invert, so that the width of the throat is
accurate from top to bottom and end to end. The surfaces of the throat and entrance transition shall
be smooth; they may be constructed in concrete with a smooth finish, or lined with a smooth non-
corrodible material. (In laboratory applications rigid plastic, metal surfaces and painted timber sheet
material are commonly deployed.) The centreline of the throat shall be in line with the centreline of the
approach channel. In the case of flumes without a hump (bottom contraction), the floor of the approach
channel shall be level, and at no point higher than the invert of the throat, for a distance of atleast 2h .,
upstream of the head measurement section.

10.1.4 The flume geometry shall be as shown in Figure 4. The radius of the curved transition to the
bed and walls of the throat shall be at least 4p and 2(B - b), respectively. The 1 in 6 expansion beyond
the throat may be truncated when recovery of head is not important.
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10.1.5 When the required recovery of head is more than 80 %, the alternative flume geometry with
side and bottom contractions can be used. The slope downstream of the throat shall be 1 in 20 for a
length of 2H (where H is the total head above the sill of the hump) beyond which it may be steeper.
The length of the sidewalls downstream of throat shall be 4H and their divergence shall be 1 in 10. For
greater recovery of heads, the sidewalls shall be parallel up to the toe of the slope and then a hyperbolic
expansion should be given up to the point where the downstream channel begins.

10.2 Location of head measurement section

The head on the flume shall be measured at a point far enough upstream of the contraction to be clear
of the effect of drawdown, but close enough to ensure that the energy loss between the section of
measurement and the throat will be negligible. It is recommended that the head measurement section
be located a distance of between three and four times the proposed maximum gauged head upstream of
the leading edge of the entrance transition.

10.3 Provision for modular flow

10.3.1 Flow is modular when it is independent of variations in tailwater level, and for this to be so,
the velocity in the throat must be the critical velocity. The invert level shall therefore be at such an
elevation as to produce modular flow for the full range of design discharges. The dimensions of the
flume shall be such that the total head upstream (relative to throat invert) is at least 1,25 times that
downstream (assuming subcritical flow exists downstream) at all rates of flow. Nevertheless, it can be
possible to reduce this difference, provided that the occurrence of free discharge is confirmed. On the
other hand, if the expansion is truncated, the ratio shall be at least 1,33.

10.3.2 In artificial channels, it is frequently possible to determine the depth downstream at various
rates of flow with reasonable accuracy, e.g. by means of a standard resistance formula if the channel
is long enough and of constant slope or by reference to the characteristics of controlling features
downstream.

10.3.3 If the flume is to be installed in an existing channel or stream, the following information should
then be obtained at the site:

a) the maximum depth recorded with an estimate of the rate of flow at that depth;
b) the approximate depths at two or more intermediate rates of flow;

c) the dead water level in the stream, i.e. the level under zero flow conditions.
10.4 Evaluation of discharge for a given observed upstream head

10.4.1 The basic discharge formula for rectangular-throated flumes is given by Formula (19) in
Clause 9 as Formula (34):

2 V% 1), 3/2
Q=(§] g'*cpC, b (34)
where
Ch=|=L | == 35
o5 %) )
b, =b—-25. (36)
he =h— 6+ (37)
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10.4.2 Substituting Formulae (36) and (37) into Formula (35), the modular discharge coefficient, Cp, is

given by Formula (38):

3/2
Cp =(1—2%x%)[1—5—*x£) (38)

L h

where

L isthe length of prismatic section of the contraction at the flume;

6« is the boundary layer displacement thickness at the end of the throat.

10.4.3 For installations with a good surface finish, the value of §./L will, in practice, lie in the range
0,002 to 0,004. For rough surface finishes, the value of the relative boundary layer displacement
thickness, 6./L, varies with the Reynolds number, Re, and relative roughness, L/k, as shown in Figure 9.
For good surface finishes, provided 105 > L/k, > 4 000 and Re > 3 x 105, §./L may be assumed equal to

0,003 and Formula (38) then becomes Formula (39):

L L 3/2
Ch = 1-0,006= | 1-0,003= (39)
D b h

10.4.4 The value of the modular discharge coefficient is obtained by substituting known values of L, b
and h into Formula (38) or (39). Various values of C}, derived from this formula are given in Table 1 and
these are the values which apply to well-constructed installations as detailed above.

10.4.5 The Reynolds number, which is needed for the detailed boundary layer treatment, is calculated

from Formula (40):

1/3
Re zﬁ(ﬂ] 40)
vi b

10.4.6 The value of C, is computed from Formulae (30) and (31).

10.4.7 In order to apply the coefficient method to determine the discharge, Q, corresponding to
a specific gauged head, h, an iterative approach is required. This is most conveniently accomplished
using the spreadsheet for trapezoidal and rectangular flumes in the Flumel.xls file (see Annex D) that
accompanies this document. The solution scheme adopted for the coefficient method in the spreadsheet
is given below and this approach is recommended for manual calculations.

10.4.8 The following basic geometry and parameters are entered into the input data cells of the
spreadsheet:

— m sideslope of throat section (set to 0 for a rectangular-throated flume);

sideslope of approach channel at gauging section (set to 0 if the approach channel is also
rectangular);

— b width of throat;

— B base width of approach channel at gauging section;
— p height of throat invert above approach channel bed;
— L length of throat;

together with the gauged head, h, for which discharge is to be computed.
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10.4.9 The spreadsheet also requires the user to choose between

— the simple boundary layer treatment, with a fixed value of the dimensionless boundary layer

displacement thickness, 6*/L, and

— the detailed boundary layer treatment.

If the detailed treatment is chosen, an additional input item, the roughness amplitude, k,, is required

(recommended values are shown in Table 3).

Table 3 — Recommended roughness values, k,

Surface classification

Values of k,
mm

Good example

Normal value

Plastics (and similar)

Perspex, PVC or other smooth-faced plastics — 0,003
Asbestos cement — 0,015
Resin-bonded, glass fibre moulded against smooth forms of sheet metal 0,03 0,06
or well-sanded and painted timber
Metal
Smooth, machined and polished metal 0,003 0,006
Uncoated sheet metal, rust free 0,015 0,03
Painted sheet metal 0,03 0,06
Galvanized metal 0,06 0,15
Painted or coated casting 0,15 0,15
Uncoated casting — 0,3
Concrete
In situ or precast construction using steel formwork, with all 0,06 0,15
irregularities rubbed down or filled in
In situ or precast construction using plywood or wrought timber 0,3 0,6
formwork
Smooth trowelled cement rendering 0,3 0,6
Concrete with thin film or sewage slime 0,6 1,5
Wood
Planed timber or plywood 0,3 0,6
Well sanded and painted 0,03 0,06

10.4.10 Default values of the following parameters are given in the spreadsheet, but may be changed by

the user:

— g gravitational acceleration (default value of 9,807 ms=2);

— v kinematic viscosity of water, required only for the detailed boundary layer treatment
(default value of 1,141 x 10-¢ m2s-1 for water at 15 °C entered, but other values may be
derived from Table 4);

— kinetic energy coefficient for approach channel (default value 1,05);

—  0+/L dimensionless boundary layer displacement thickness for simple boundary layer
treatment (default value 0,003);

— C value of velocity coefficient to use in the first iteration (default value 1,05).
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Table 4 — Kinematic viscosity of water and its variation with temperature

Temperature Kinematic viscosity

°C m?/s x 10-6
1,79

5 1,52

10 1,31

15 1,14

20 1,01

25 0,90

30 0,81

10.4.11 The spreadsheet then proceeds with the calculations, using the solution sequence set out
in the Table 5. Successive iteration results are set out in tabular form, with each column containing
an individual iteration, so that the user can see that the iterations have successfully converged. The
spreadsheet includes five iterations.

Table 5 — Spreadsheet solution sequence for rectangular-throated flumes

Step Description Parameter Formula

1 |Areaof approach channel (non-iterative) A, (32)

2 |Numerical coefficient related to throat sideslope (non-iterative, equals 1,0 n “48)
for a rectangular-throated flume)

3 |Relative boundary layer displacement thickness (default value taken for 6+/L —
first two iterations)

4  |Discharge coefficient Cp (38), (49)
Velocity coefficient (default value for first iteration, then value from C, —
previous iteration)

6 |Intermediate parameter (zero for rectangular-throated flume) mH/b —

7  |Throat flow width parameter (unity for rectangular-throated flume) w./b —

8 |Reynolds number Re (40), (51)

9 |Boundary layer displacement thickness (calculated from Reynolds number Ox —
and throat length in worksheet ‘Delta-star’)

10 |Effective gauged head h, (37), (47)

11 |Effective total head H, (18)

12 |Effective throat bed width b, (36), (46)

13 |Intermediate parameter (zero for rectangular-throated flume) mH,/b, —

14 |Shape coefficient (unity for rectangular-throated flume) C, —

15 |Intermediate parameter (used in step 16) C, b, h,/A, —

16 |Velocity coefficient (computed from a, A, current values of C, b, h, and C, (30)
value of C, at previous iteration)

17 |Discharge Q (34), (44)

10.4.12 Although the full procedure described above is recommended for determining the

discharge for a specific gauged head, for preliminary design purposes only, in the case of the flume
shown in Figure 4, the discharge formula can be expressed approximately by Formula (41):

2 \3/2
Q:(E] g? chH3/? (41)

where C is an overall discharge coefficient and for preliminary design purposes may be assumed to
have a value between 0,97 and 1,00.
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10.4.13 In cases where the approach channel section is not truly rectangular or trapezoidal at
the location where h is measured, b can be determined from Formula (42):

4 (42)

b=
h+p

where 4, is the actual cross-sectional area of the approach channel at that location and water level.
10.5 Computation of stage-discharge relationship

10.5.1 The stage-discharge relationship for a rectangular-throated flume can be computed, albeit
laboriously, by repeated application of the coefficient method at successive gauged heads. A more
convenient approach, however, is to consider a series of values of the critical depth in the throat. For
each depth, all the geometric dimensions at the throat are then adjusted for boundary layer effects by
reducing them according to the displacement thicknesses, as shown in Figure 8. Standard hydraulic
flow theory is then applied to obtain the critical discharge and effective head, to which is added
the displacement thickness to obtain the total head. Finally, this is converted to the gauged head by
subtracting the velocity head in the approach channel, this last step being an iterative calculation.

10.5.2 Because the rectangular-throated flume is a particular form of the trapezoidal-throated flume
(with the sideslope, m = 0), see 11.5, where the latter procedure for the computation of the stage-
discharge relationship is fully described. These calculations are most conveniently accomplished
using the spreadsheet for trapezoidal and rectangular flumes in the Flumel.xls file (see Annex D) that
accompanies this document.

10.6 Limits of application

10.6.1 The practical lower limit of h is related to the magnitude of the influence of fluid properties and
boundary roughness. The recommended lower limit of 0,05 m or 0,05L, whichever is the greater.

10.6.2 There is also a limit on the ratio of the areas of the approach channel and the throat arising
from difficulties experienced when the Froude number in the approach channel exceeds about 0,5.
The recommended upper limit of the nominal area ratio bh/[B(h + p)] is 0,7. The “Rating” worksheet
within the spreadsheet for trapezoidal and rectangular flumes in the Flumel.xls file (see Annex D)
that accompanies this document tabulates values of the Froude number and selected values are also
included in the “Summary” worksheet.

10.6.3 Other limitations are as follows.

a) The bed width, b, shall be not less than 0,10 m.
b) The ratio h/b shall be not more than 3.

c¢) Theratio h/L should not exceed 0,50.

10.6.4 The above limitation on h/L arises from the necessity to ensure parallel flow conditions at
the critical section in the throat. However, the ratio h,,,/L may be allowed to rise to 0,67, with an
additional uncertainty in coefficient of 2 % over that derived by Formula (43). During the preparation
of this edition, evidence has been presented which indicates that this additional uncertainty does not
always apply and that h,,,/L may be allowed to rise to 1,0.

10.6.5 The overall uncertainty of measurement, due to experimentally determined coefficients, the
tolerances in the construction of the flume referred to in 6.2.2 and the difficulties in making accurate
upstream head measurements, is described in detail in Clauses 13 and 14.

34



IS 14869 : 2024
ISO 4359 : 2022

10.6.6 With reasonable skill and care in the construction of the flume, the coefficients are expected to
have an uncertainty approaching 1 % in favourable circumstances, e.g. when Cp and C, are not far from
unity. According to Reference [7] an estimate of the standard percentage uncertainty of the discharge
coefficient u*(C) may be obtained from Formula (43):

u (C)=%[0,5+10(C, —Cp)] (43)

11 Trapezoidal-throated flumes
11.1 Description

11.1.1 Trapezoidal-throated flumes can be designed to cope with many different flow conditions, and
the optimum throat geometry (in terms of bed width and sideslope) depends on the range of flow to be
measured and on the characteristics of the stream or channel in which it is installed.

11.1.2 Trapezoidal-throated flumes should have geometry generally as indicated in Figure 5. In some
circumstances, however, it is appropriate to make the invert of the throat level with the invert of the
approach channel, i.e. p = 0, e.g. if sediment has to be conveyed through the flume. This document
covers only that class of trapezoidal-throated flume in which the sloping walls of both the throat and
the approach channel (at the gauging location) extend above the highest water levels.

11.1.3 The flume shall be installed with the throat centreline in line with the centre of the approach
channel. Subcritical flow shall exist in the flume approach, and the flume shall be installed at such an
elevation as to operate with free discharge throughout the range. The surfaces of the flume shall be
of smooth concrete, stainless steel or other smooth non-corrodible material. The throat section is of
particular importance and shall have a level invert and be truly prismatic, the sloping walls being plane
surfaces, symmetrically disposed and making a sharp intersection with the invert of the throat.

11.1.4 The entrance and exit transitions may be plane or curved surfaces to suit convenience of
construction.

11.1.5 The convergence of the entrance transition on any plane section, if formed from plane surfaces,
should not be angled more severely than 1 in 3 (transverse to horizontal) at each side. If curved surfaces
are used, these shall be well-streamlined, e.g. by using the face of inclined cylinders, or a skew cylinder,
or a vertical-axis cone. The surfaces shall lie entirely on the channel centreline side of planes defining a
1in 3 convergence on each side, and if curved shall terminate truly tangential to the planes forming the
throat.

11.1.6 The surfaces forming the exit transition shall lie entirely inside planes defining a 1 in 3
expansion on each side. An expansion of 1 in 6 gives very good recovery of head and a high modular
limit.

11.2 Location of head measurement section

The gauged head of the flume shall be measured at a point far enough upstream of the contraction to be
clear of the effects of drawdown, but close enough to ensure that the energy loss between the section
of measurement and the throat is negligible. It is recommended that the head measurement section be
located a distance of between three and four times the proposed maximum gauged head upstream of
the leading edge of the entrance transition.
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11.3 Provision for modular flow

11.3.1 Flow is modular when it is independent of variations in tailwater level, and for this to be so, the
velocity shall pass through the critical velocity in the throat. The invert level shall therefore be at such
an elevation as to produce modular flow for the full range of design discharges. The dimensions of the
flume shall be such that the total head upstream is well in excess of that downstream when related to
the invert of the throat (assuming subcritical flow exists downstream).

11.3.2 As the modular limit is dependent on head recovery beyond the throat, the necessary ratio of
upstream to downstream head is dependent on the angle of expansion, as follows:

— 1in20eachside H/H421,10
— 1in10eachside H/H421,20
— 1in 6 eachside H/H;21,25
— 1in 3 eachside H/H; 21,35

where Hy is the total head just beyond the exit transition, related to the flume invert.

11.3.3 In artificial channels it is frequently possible to determine the depth downstream at various
rates of flow with reasonable accuracy, e.g. by means of a standard resistance formula if the channel
is long enough and of constant slope, or by reference to the characteristics of controlling features
downstream.

11.3.4 If the flume is to be installed in an existing channel or stream, the following information should
then be obtained at the site:

a) the maximum depth recorded with an estimate of the rate of flow at that depth;
b) the approximate depths at two or more intermediate rates of flow;

c) the dead water level in the stream, i.e. the level under zero flow conditions.
11.4 Evaluation of discharge — Coefficient method

11.4.1 The basic discharge formula for trapezoidal-throated flumes is given by Formula (23) in
Clause 9, with the breadth, b, replacing the effective breadth, b,, the upstream gauged head, h, replacing

the effective head, h,, and the introduction of the coefficient of discharge, Cp,, to give Formula (44):

)y ey

(2 3/2 1/2 3/2
Q—(gj g'“CphC,C,bh (44)
where
a0l
be =b—2n3. (46)
h, =h—58. (47)
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n=v1l+m" -m (48)

and

0+ 1sthe boundary layer displacement thickness;

m is the slope of flume sides (m horizontal to 1 vertical).

11.4.2 The modular discharge coefficient, Cp, is given by an expression analogous to that for a
rectangular flume given in Formula (38), as shown by Formula (49):

S L 5. LY/
Ch=|1-2n—X— [ 1——Xx— 49
[ ”be]( Lxhj (49)

11.4.3 For installations with a good surface finish, the value of §./L will, in practice, lie in the range
0,002 to 0,004. For rough surface finishes, the value of the relative boundary layer displacement
thickness, 6./L, varies with Reynolds number, Re, and relative roughness, L/k, as shown in Figure 9. For
good surface finishes, provided 105 > L/k > 4 000 and Re > 3 x 10°, §./L may be assumed equal to 0,003
and Formula (49) then becomes Formula (50):

L L 3/2
Cp =(1—o,006nz)(1—0,003ﬂ (50)

11.4.4 The value of n7 is obtained from Formula (48) and the value of the modular discharge coefficient
is obtained by substituting known values of n, L, b and h into Formula (49) or (50).

11.4.5 The Reynolds number, which is needed for the detailed boundary layer treatment, is calculated

from Formula (51):

1/3 1/3
Re = E(QJ (i] (51)
vi b w

C

11.4.6 The shape coefficient, C, is given by Formula (52), which can be derived from Formulae (10)
and (23) and the relationship including throat area in Formula (11), as shown by Formula (52):

mh 3/2
1+ ce
mh ( b ]
C :[1+2[ ce ﬂ € (52)
1

11.4.7 The approach to the solution of C; adopted in the spreadsheet is to produce a table and graph
of C, against mH,/b,, then to look up (interpolating as necessary) the value of C; corresponding to the
computed value of mH,/b,. Figure 10 shows a plot of C; versus mH,/b, for a typical trapezoidal-throated
flume. The table and graph for the specific flume geometry and boundary layer displacement thickness
are presented in the “Shape” and “Shape chart” worksheets of the Flume1l.xls spreadsheet (see Annex D)
that accompanies this document.

11.4.8 The value of C, is computed from Formulae (30) and (32).

11.4.9 In order to apply the coefficient method to determine the discharge, Q, corresponding to
a specific gauged head, h, an iterative approach is required. This is most conveniently accomplished
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using the spreadsheet for trapezoidal and rectangular flumes in the Flume1l.xls file (see Annex D that
accompanies this document. The solution scheme adopted for the coefficient method in the spreadsheet
is given below and this approach is recommended for manual calculations.

11.4.10 The following basic geometry and parameters are entered into the input data cells of
the spreadsheet:

— m sideslope of throat section;

— m, sideslope of approach channel at gauging section;
— b base width of throat;

— B base width of approach channel at gauging section;
—  p height of throat invert above approach channel bed;
— L length of throat;

together with the gauged head, h, for which discharge is to be computed.

11.4.11 The spreadsheet also requires the user to choose between

— the simple boundary layer treatment, with a fixed value of the dimensionless boundary layer
displacement thickness, §*/L, and

— the detailed boundary layer treatment.

If the detailed treatment is chosen, an additional input item, the roughness amplitude, k,, is required
(recommended values are shown in Table 3).

11.4.12 Default values of the following parameters are given in the spreadsheet, but may be

changed by the user:

— g gravitational acceleration (default value of 9,807 ms=2);

— v kinematic viscosity of water, required only for the detailed boundary layer treatment (default
value of 1,141 x 10-4 m2s~1 for water at 15 °C entered, but other values may be derived from
Table 4);

— kinetic energy coefficient for approach channel (default value 1,05);

—  0+/L dimensionless boundary layer displacement thickness for simple boundary layer treatment
(default value 0,003);
— C

,  value of velocity coefficient to use in the first iteration (default value 1,05).

11.4.13 The spreadsheet then proceeds with the calculations, using the solution sequence set
out in the Table 6. Successive iteration results are set out in tabular form, with each column containing
an individual iteration, so that the user can see that the iterations have successfully converged. The
spreadsheet includes five iterations.
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Table 6 — Spreadsheet solution sequence for trapezoidal-throated flumes

Step Description Parameter | Formula
1 |Area of approach channel (non-iterative) A, (32)
2 |Numerical coefficient related to throat sideslope (non-iterative) n “48)
3 Relative bound_ary layer displacement thickness (default value taken for 5./L .

first two iterations)

4 | Discharge coefficient Cp “49)
Velocity coefficient (default value for first iteration, then value from c .
previous iteration) v

6 |Intermediate parameter (using values from previous iteration) mH/b —

7 | Throat flow width parameter w./b —

8 |Reynolds number Re 51

9 |Boundary layer displacement thickness (calculated from Reynolds number 5. .
and throat length in worksheet “Delta-star”)

10 |Effective gauged head h, “n

11 |Effective total head H, as)

12 |Effective throat bed width b, 46)

13 |Intermediate parameter (used in step 14 for determination of C,) mH./b, —

14 ‘SNhOarpl)(Z}clgstf)ﬁaent (interpolated from value of mH,/b, in “Shape c, Fioure 10

15 |Intermediate parameter (used in step 16) Csby ho/A, —

16 |Velocity coefficien.t (compute_d from a, A,, current values of C, b, h, and C (30)
value of C, at previous iteration) v

17 |Discharge Q “44)

11.5 Computation of stage-discharge relationship

11.5.1 The stage-discharge relationship for a trapezoidal-throated flume is most conveniently
obtained by considering a series of values of the critical depth in the throat. For each depth, all the
geometric dimensions at the throat are then adjusted for boundary layer effects by reducing them
according to the displacement thicknesses, as shown in Figure 8. Standard hydraulic flow theory is then
applied to obtain the critical discharge and effective head, to which is added the displacement thickness
to obtain the total head. Finally, this is converted to the gauged head by subtracting the velocity head in
the approach channel, this being an iterative calculation.

11.5.2 The process is explained in more detail below, based on the simple boundary layer treatment,
in which the value of 6«/L is fixed. For the detailed boundary layer treatment, the value of 6« depends
on the Reynolds number, which is not available at the start of the calculations, so there is an additional
element of iteration.

11.5.3 Select a range of values of d,, the critical depth in the throat (a roughly logarithmic series being
more convenient than an arithmetic one) and for each value of d_ proceed as follows:

a) Deduct the boundary layer thickness, 6* to obtain the effective critical depth, d_.
b) Calculate the effective bed width, b, from Formula (46).

c) Calculate the effective surface width and effective area from Formulae (53) and (54):

Wee = b, +2md,, (53)

A, = (be +md., )dce (54)

39



IS 14869 : 2024
ISO 4359 : 2022

d) Calculate Q using Formula (28).
e) Calculate H, using Formula (27).

11.5.4 Because the datum for the effective total head, H,, is 6« above the flume invert, this is then added
back to H, to obtain the actual total head, H.

11.5.5 The final stage of the process requires the velocity head in the approach channel to be deducted
from the total head, H, to obtain the gauged head, h, as in Formula (55):
172
h=H-o-2% (55)
29

where v, is the mean velocity in the approach channel at the gauging section.

11.5.6 In applying Formula (55), the cross-sectional area, 4,, of the approach channel, which is
assumed here to be trapezoidal, is given by Formula (56):

Ay =(h+p)[B+m, (h+p)] (56)

where

p  is the height of the flume throat invert above the approach channel invert at the gauging
section;

B isthe bed width of the approach channel;

m, 1is its sideslope (m, horizontal to 1 vertical).

a

11.5.7 Because h occurs implicitly in the right-hand side of Formula (55), a method of successive
approximation is needed to determine h. In the first iteration, h is approximated to H for the purposes of
calculating A, and thence the mean velocity and velocity head. Formula (55) is then used to obtain the
first approximation to h, which is then used at the start of the second iteration. The iterations proceed
until there is a negligible difference between successive approximations for the gauged head, h.

11.5.8 Having thus worked out pairs of values of Q and h for a series of values of d_, the rating curve
for the flume may be plotted to a suitable scale. Conventionally, rating curves are plotted to linear
scales, as adopted in the “Rating chart” worksheet of the spreadsheet for rectangular and trapezoidal
flumes in the Flumel.xls file (see Annex D) that accompanies this document. Alternatively, plotting
with logarithmic scales renders the curve closer to a straight line, which can be of assistance when
interpolating values from it. Logarithmic plotting can also offer improved sensitivity for low heads and
flows.

11.5.9 The key steps used for the rating calculations in the “Rating” worksheet of the spreadsheet
for rectangular and trapezoidal flumes presented in Flumel.xls (see Annex D) are given in Table 7.
Successive iteration results are set out in tabular form, with each column containing an individual
iteration, so that the user can see that the iterations have successfully converged. The spreadsheet
includes four iterations to obtain the gauged head from the total head, but only one iteration for the
boundary layer displacement thickness when using the detailed boundary treatment.

40



IS 14869 : 2024
ISO 4359 : 2022

Table 7 — Key steps for rating calculations for trapezoidal-throated flumes

Step Description Parameter | Formula
Numerical coefficient related to throat sideslope (equals 1,0 for a
@) rectangular-throated flume) g (48]
(b) |Effective throat bed width b, (46)
() [Minimum critical depth in throat taken as 0,03 m d.(min.) —
(d) |Estimated maximum permissible critical depth in throat, increased by 5 %| d.(max.) —
© Range of critical depths divided into a series of 100 increments that follow L o
an approximately logarithmic series
e values of critical depth are listed in a column at the left side of the
) The 101 val f critical depth are listed i 1 he left side of th d .
worksheet ¢
educt the boundary layer displacement thickness (based on the simple
(@) Ded he boundary layer displ hick (based he simpl d o
& theory) from d, to obtain the effective value ce
(h) |Effective surface width Wee (53)
(i) |Effective flow area Ace (54)
(j) |Critical flow in throat Q (28)
(k) |Reynolds number Re (51)
M Boundary layer displacement thickness (calculated from Reynolds number s .
and throat length in worksheet “Delta-star”) *
m) ?lt)eps (b) and (g) to (j) are repeated using the value of 6. obtained in step be,zice, Szce, See above
ce’
(n) |Critical flow velocity in throat = Q/A.. Vee —
(o) |Effective total head H, 27)
(p) |Totalhead=H, + 8- H —
(q) |Gauged head (iterative calculation as described in 11.5.7) h (55)
(r) |Froude number in approach channel (for information) Fr (57)

11.6 Limits of application

11.6.1 The practical lower limit of h is related to the magnitude of the influence of fluid properties and
boundary roughness. The recommended lower limit of 0,05 m or 0,05L, whichever is the greater.

11.6.2 There is also a limit on the ratio of the areas of the approach channel and the throat arising
from difficulties experienced when the Froude number in the approach channel exceeds about 0,5. This
shall be checked at each end of the range and at intermediate flows using Formula (57):

Fr, :va\/“wa = |2 <05 (57)
944 9A;

The “Rating” worksheet of Flumel.xls (see Annex D) tabulates values of the Froude number, and selected
values are also included in the “Summary” worksheet.

11.6.3 Other limitations are as follows:

a) The bed width, b, shall be not less than 0,10 m. An exception may be made for very small flumes.
b) The ratio h/b shall be not more than 3.

c¢) Theratio h/L should not exceed 0,50.

d) At all elevations, the width between the throat walls shall be less than the width between the
approach channel walls at the same elevation, i.e. there shall be a contraction wherever the water
surface lies.
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e) The sloping walls of the throat shall continue upwards without change of slope far enough to
contain the maximum discharge to be measured.

11.6.4 The above limitation on h/L arises from the necessity to ensure parallel flow conditions at the
critical section in the throat. However, the ratio h,,, /L may be allowed to rise to 0,67, with an additional
uncertainty in coefficient of 2 % over that derived by Formula (58).

11.6.5 The overall uncertainty of measurement, due to experimentally determined coefficients, the
tolerances in the construction of the flume referred to in 6.2.2 and the difficulties in making accurate
upstream head measurements, is described in detail in Clauses 13 and 14.

11.6.6 With reasonable skill and care in the construction of the flume, the coefficients are expected to
have an uncertainty approaching 1 % in favourable circumstances, e.g. when Cp, and C, are not far from
unity. An estimate of the standard percentage uncertainty of the discharge coefficient, u*(C), may be

obtained from Formula (58):

u (C)==%[0,5+10(C, —Cp)] (58)

12 U-throated (round-bottomed) flumes
12.1 Description

12.1.1 Flumes with their inverts in the form of a semi-cylindrical surface with a horizontal axis cannot
cope with such a wide variety of situations as the trapezoidal-throated flume, but they have advantages
over the rectangular-throated flume in certain circumstances, e.g. in sewerage systems where the flow
enters from a circular or U-shaped conduit. The sensitivity of a U-throated flume is greater than that of
a rectangular-throated flume, especially in the lower range of discharge lying within the lower semi-
cylinder.

12.1.2 U-throated flumes shall have a geometry generally as indicated in Figure 6. Two basic types are
often deployed when the approach channel is U-shaped also:

a) alevel invert arrangement in which no rise in invert level occurs at the throat;

b) a raised invert level, in which the rise, p, in invert level is half the difference in the diametrical
widths of the approach channel and throat.

The former has advantages where heavy sediments are carried; the latter has the advantage of a simpler
transition geometry. The spreadsheet for U-throated flumes included in this document allows any (non-
negative) value of p to be used.

12.1.3 The flume shall be installed with the throat centreline in line with the centre of the approach
channel. Subcritical flow shall exist in the flume approach, and the flume shall be installed at such an
elevation as to operate with free discharge throughout the range. The surfaces of the flume shall be
of smooth concrete, stainless steel or other smooth non-corrodible material. The throat section is of
particular importance and shall have a level invert. The lower part shall accurately conform to the
surface of a semi-cylinder, and the walls shall be plane vertical surfaces parallel to the axis of the semi-
cylinder, the distance between them accurately matching the invert diameter.

12.1.4 The lower part of the entrance transition, if formed of a part-conical, or part of a skewed conical,
surface shall generate a convergence in any plane radial to the flume axis of not more than 1 in 3. The
upper part of the entrance transition, if formed of plane surfaces, shall converge at not more than 1in 3
at each side (transverse to horizontal). If curved surfaces are used, these shall be well streamlined,
e.g. generated by circular curves, and shall lie entirely inside the alternative part-conical-part-plane
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entrance shown by the full lines in Figure 6. They shall terminate truly tangential to the surfaces
forming the throat.

12.1.5 The surfaces forming the exit transition shall lie within surfaces defining a 1 in 3 expansion. A
1 in 6 expansion gives very good recovery of head and a high modular limit.

12.2 Location of head measurement section

The gauged head of the flume shall be measured at a point far enough upstream of the contraction
to be clear of the effects of drawdown, but close enough to ensure that the energy loss between the
section of measurement and the throat is negligible. It is recommended that the head measurement
section be located a distance of between 3 and 4 times the proposed maximum gauged head upstream
of the leading edge of the entrance transition. Because of the hydraulic efficiency of U-shaped channels,
particular care must be taken to ensure that subcritical flow occurs at the head measurement section.
The presence of supercritical flow at the head measurement point is observed more often in field
inspections of U-throated flumes than in other flume shapes.

12.3 Provision for modular flow

12.3.1 Flow is modular when it is independent of variations in tailwater level, and for this to be so, the
velocity shall pass through the critical velocity in the throat. The invert level shall therefore be at such
an elevation as to produce modular flow for the full range of design discharges. The dimensions of the
flume shall be such that the total head upstream is well in excess of that downstream when related to
the invert of the throat (assuming subcritical flow exists downstream).

12.3.2 As the modular limit is dependent on head recovery beyond the throat, the necessary ratio of
upstream to downstream head is dependent on the angle of expansion as follows:

— 1in 6 eachside, H/H4 2 1,24, and
— 1lin3eachside, H/H 2 1,35,

where H; is the total head just beyond the exit transition, related to the flume invert.

12.3.3 In artificial channels it is frequently possible to determine the depth downstream at various
rates of flow with reasonable accuracy, e.g. by means of a standard resistance formula if the channel
is long enough and of constant slope, or by reference to the characteristics of controlling features
downstream.

12.3.4 Ifthe flume is to be installed in an existing channel or stream, the following information should
then be obtained at the site:

a) the maximum depth recorded with an estimate of the rate of flow at that depth;
b) the approximate depths at two or more intermediate rates of flow;

c) the dead water level in the stream, i.e. the level under zero flow conditions.
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12.4 Evaluation of discharge — Coefficient method

12.4.1 The basic discharge formula for U-throated flumes is given by Formula (25) in Clause 9, with the
actual throat diameter, D, replacing the effective diameter, D, the upstream gauged head, h, replacing
the effective head, h,, and the introduction of the coefficient of discharge, Cp, to give Formula (59):

) ey

2 /2 1/2 3/2

Q=(§] g"/2 pC,C, Dh (59)
where

D\ b B2
Cn=| =& | =& 60
o5 ) =
D, =D-26. (61)
he =h- 6 (62)

and where J« is the boundary layer displacement thickness.

12.4.2 The modular discharge coefficient, Cp, is given by an expression analogous to that for a
rectangular flume given in Formula (38), as shown by Formula (63):

3/2
Cp =(1—25T*x%](1—5—*x5] (63)

12.4.3 For installations with a good surface finish, the value of §./L will, in practice, lie in the range
0,002 to 0,004. For rough surface finishes, the value of the relative boundary layer displacement
thickness, 6./L, varies with Reynolds number, Re, and relative roughness, L/k, as shown in Figure 9. For
good surface finishes, provided 10> > L/k, >4 000 and Re > 3 x 10°, §./L may be assumed equal to 0,003

and Formula (63) then becomes Formula (64):

L L 3/2
CD:[1_0'0065](1_0'OOBEJ (64)

12.4.4 The value of the modular discharge coefficient is obtained by substituting known values of L, D
and h into Formula (63) or (64).

12.4.5 The Reynolds number, which is needed for the detailed boundary layer treatment, is calculated

from Formula (65):

1/3 1/3
re-2(92) [A] ©5)

v D w,
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12.4.6 The shape coefficient, C,, is given by Formulae (66) and (67), both of which can be derived from
Formulae (10) and (25), the relationship including throat area in Formula (11) and the geometrical
properties of part-circular sections.

For flows within the throat semi-cylinder, use Formula (66):

. 3/2
0, —sin6, 0,
C, =3%%sing, | e M7 0% (66)
4sin@, —5sinf, cosH, +6,
For flows above the axis of the throat semi-cylinder, use Formula (67):
dee ™ 1 &
392 D, T8 2
C,=| = — (67)
2) |3, m 1
2D, 16 4

12.4.7 The approach to the solution of C; adopted in the spreadsheet is to produce a table and graph
of C, against H,/D,, then to look up (interpolating as necessary) the value of C; corresponding to the
computed value of H,/D,. Figure 11 shows a plot of C; versus H,/D, for a typical U-throated flume.
The table and graph for the specific flume geometry and boundary layer displacement thickness are
presented in the “Shape” and “Shape chart” worksheets of the Flume2.xls spreadsheet (see Annex D)
that accompanies this document.

12.4.8 The value of C, is computed from Formula (30), with D, substituted in place of b.. The area of
the approach channel required for use in Formula (30) is obtained from the geometry of the approach
channel at the given water level. In most applications of a U-throated flume, the approach channel is
also U-shaped, and this is the assumption of the Flume2.xls spreadsheet (see Annex D). Formula (68)
gives the approach flow area, 4,, with the water level lying within the semi-circular base portion and
Formula (69) applies if it lies above that portion:

2

A, =%"(49a —sin@,cos6, ) for d, S%‘ (68)
A, :%Df +(da —%‘]Da for d, z%ﬂ 69)
where
d, 1isthe depth of water in the approach channel at the gauging section relative to the invert level
at that point, thatisd, = h + p;
D, 1isthe approach channel width and invert diameter;
0, isthe semi-angle (in radians) subtended at the centre of curvature of the invert of the

U-shaped approach channel between the water surface and the vertical.

12.4.9 In order to apply the coefficient method to determine the discharge, Q, corresponding to a
specific gauged head, h, an iterative approach is required. This is most conveniently accomplished using
the spreadsheet for U-throated flumes presented in Flume2.xls (see Annex D). The solution scheme
adopted for the coefficient method in the spreadsheet is given below and this approach is recommended
for manual calculations.

12.4.10 The following basic geometry and parameters are entered into the input data cells of the
spreadsheet:
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— D diameter (width) of throat;
D,  diameter (width) of approach channel at gauging section;

height of throat invert above approach channel bed;

|
S

— L length of throat;

together with the gauged head, h, for which discharge is to be computed.

12.4.11 The spreadsheet also requires the user to choose between

— the simple boundary layer treatment, with a fixed value of the dimensionless boundary layer
displacement thickness, d«/L, and

— the detailed boundary layer treatment.

If the detailed treatment is chosen, an additional input item, the roughness amplitude, k,, is required
(recommended values are shown in Table 3).

12.4.12 Default values of the following parameters are given in the spreadsheet, but may be

changed by the user:

— g gravitational acceleration (default value of 9,807 ms=2);

— v kinematic viscosity of water, required only for the detailed boundary layer treatment
(default value of 1,141 x 10-¢ m2s-1 for water at 15 °C entered, but other values may be
derived from Table 4);

— kinetic energy coefficient for approach channel (default value 1,05);

—  0+/L dimensionless boundary layer displacement thickness for simple boundary layer treat-
ment (default value 0,003);

— (€, value of velocity coefficient to use in the first iteration (default value 1,05).

12.4.13 The spreadsheet then proceeds with the calculations, using the solution sequence
given in Table 8. Successive iteration results are set out in tabular form, with each column containing
an individual iteration, so that the user can see that the iterations have successfully converged. The
spreadsheet includes five iterations.
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Table 8 — Spreadsheet solution sequence for U-throated flumes

Step Description Parameter | Formula

1 |Approach channel flow depth = h + p (non-iterative) d, —

2 |Approach channel flow depth relative to semicircle axis (non-iterative) d,-D,/2 —

3 |Angle (radians) from axis to edge of water surface (non-iterative) o,=m/2-0, —

4  |Water surface width at gauging section (non-iterative) w, —

5 |Area of approach channel (non-iterative) A, —

6 Eelative l?oundgry layer displacement thickness (default value taken for 5./L -

irst two iterations)

7  |Discharge coefficient Cp (60)

8 Velogity c_oeffic_ient (default value for first iteration, then value from C .
previous iteration) v

o [Thoatiow widh parameter Colelated nworkheet Throat wing | /o, | pigua 12

10 |Reynolds number Re (65)

11 Boundary layer di_splacement thickness (calculated from Reynolds number 5. .
and throat length in worksheet “Delta-star”)

12 |Effective gauged head h, (62)

13 |Effective total head H, 18)

14 |Effective throat diameter (width) D, (61)

15 Intermediate parameter (used in step 16 for determination of C5 and in H./D .
step 9 for determination of w,./D.) e

16 |Shape coefficient (interpolated from value of H,/D, in worksheet “Shape”) C Figure 11

17 |Intermediate parameter (used in step 18) C,D,h/A, —

18 Velocity coefficien-t (computgd from a, A,, current values of C,, D, h, and C (30) (D, in
value of C, at previous iteration) v place of b,)

19 |Discharge Q 59)
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NOTE This curve is based on a specific case but it is of virtually universal application. Curves for other cases
can be obtained from the “Throat chart” worksheet of Flume2.xls (see Annex D).

Figure 12 — Throat width parameter relationship for U-throated flumes for use in determining
Reynolds number

12.5 Computation of stage-discharge relationship

12.5.1 The stage-discharge relationship for a U-throated flume is most conveniently obtained by
considering a series of values of the critical depth in the throat. For each depth, all the geometric
dimensions at the throat are then adjusted for boundary layer effects by reducing them according to
the displacement thicknesses, as shown in Figure 8. Standard hydraulic flow theory is then applied to
obtain the critical discharge and effective head, to which is added the displacement thickness to obtain
the total head. Finally, this is converted to the gauged head by subtracting the velocity head in the
approach channel, this being an iterative calculation.

12.5.2 The process is explained in more detail below, based on the simple boundary layer treatment,
in which the value of §./L is fixed. For the detailed boundary layer treatment, the value of 6« depends
on the Reynolds number, which is not available at the start of the calculations, so there is an additional
element of iteration.

12.5.3 Select a range of values of d, the critical depth in the throat, and for each value of d_ proceed as
follows:

a) Deduct the boundary layer thickness, 6., to obtain the effective critical depth, d_.
b) Calculate the effective throat diameter, D, from Formula (61).

c) Calculate the effective area from Formula (70) or (71) as applicable.
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D? _ D,
A.e =—(6, —sinf,cos6, ) for d <7 (70)

ce ce =
4

where 6, is the semi-angle (in radians) subtended at the centre of curvature of the invert of the
U-throated flume between the water surface and the vertical at the critical flow section (including
boundary layer corrections in solving the geometry).

D D
A, :ng +(dce —f]De for dgg 2% (71)

For water levels in the throat below the axis of the semi-cylinder, the value of the angle 6, and the
effective throat width, w,,, are computed from Formulae (72) and (73), respectively. For greater
depths, w,, = D..

D-2d. D,-2d

cosf, = c=_¢ (e (72)
D—26. D,

W, =D, sin@, (73)

d) Calculate Q using Formula (28).
e) Calculate H, using Formula (27).

12.5.4 Because the datum for the effective total head, H,, is 6« above the flume invert, this is then added
back to H, to obtain the actual total head, H.

12.5.5 The final stage of the process requires the velocity head in the approach channel to be deducted
from the total head, H, to obtain the gauged head, h, as shown in Formula (74):

‘72
h=H-oa-2 (74)
2g

where v, is the mean velocity in the approach channel at the gauging section.
12.5.6 Inapplying Formula (74), the cross-sectional area, 4,, of the approach channel, which is assumed

here to be U-shaped, is given by Formula (68) or (69) as appropriate, where the angle 6, for approach
depths below the centre of curvature of the semi-cylindrical portion is given by Formula (75):

D, -2d
cosf, =—2—32 (75)

a

12.5.7 Because h occurs implicitly in the right-hand side of Formula (74), a method of successive
approximation is needed to determine h. In the first iteration, h is approximated to H for the purposes
of calculating A, and thence the mean velocity and velocity head. Formula (74) is then used to obtain the
first approximation to h, which is then used at the start of the second iteration. The iterations proceed
until there is a negligible difference between successive approximations for the gauged head, h. In the
spreadsheet Flume2.xls (see Annex D), worksheets “Circular2a” to “Circular2e” are used to calculate
the approach flow area, 4,, for successive iterations.

12.5.8 Having thus worked out pairs of values of @ and h for a series of values of d_, the rating curve for
the flume may be plotted to a suitable scale. Conventionally, rating curves are plotted to linear scales, as
adopted in the “Rating chart” worksheet of the spreadsheet for U-throated flumes presented in FlumeZ2.
xls (see Annex D). Alternatively, plotting with logarithmic scales renders the curve closer to a straight
line, which can be of assistance when interpolating values from it. Logarithmic plotting can also offer
improved sensitivity for low heads and flows.
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12.5.9 The key steps used for the rating calculations in the “Rating” worksheet of the spreadsheet
for U-throated flumes presented in Flume2.xls (see Annex D) are given in Table 9. Successive iteration
results are set out in tabular form, with each column containing an individual iteration, so that the
user can see that the iterations have successfully converged. The spreadsheet includes five iterations to
obtain the gauged head from the total head, but only one iteration for the boundary layer displacement
thickness when using the detailed boundary treatment.

Table 9 — Key steps for rating calculations for U-throated flumes

Step Description Parameter Formula
(@) |Effective throat diameter (width) D, (61)
(b) |Minimum critical depth in throat taken as 0,03 m d.(min.) —

(c) |Estimated maximum permissible critical depth in throat, increased by 5 %| d.(max.) —

B Range of.critical depths divided into a serlies of 50 increments below the . o
flume axis (d, = D/2) and 50 above the axis

© The 101 values of critical depth are listed in a column at the left side of the d .
worksheet ¢

) Boundary layer displacerpent thickngss (based on the simple theory) is d .
deducted from d_ to obtain the effective value ce

(g) |Effective surface width (from “Circular1l” worksheet) Wee (73)or D,

(h) |Effective flow area (from “Circular1” worksheet) Ao (70) or (71

(i) |Critical flow in throat Q (28)

(j) |Reynolds number Re (65)

) Boundary layer di.splacement th”ickness (ca}culated from Reynolds number 5. .
and throat length in worksheet “Delta-star”)

m Steps (a) and (f) to (i) are repeated using the value of . obtained in step D, dioy Wee See above
(k) A Q

(m) |Critical flow velocity in throat = Q/A., Vee —

(n) |Effective total head H, 27

(o) |Total head = H, + 6« H —

(p) |Gauged head (iterative calculation as described in 12.5.7) h (74)

(q) |Froude number in approach channel (for information) Fr (76)

12.6 Limits of application

12.6.1 The practical lower limit of h is related to the magnitude of the influence of fluid properties and
boundary roughness. The recommended lower limit of 0,05 m or 0,05L, whichever is the greater.

12.6.2 There is also a limit on the ratio of the areas of the approach channel and the throat arising
from difficulties experienced when the Froude number in the approach channel exceeds about 0,5. This
shall be checked at each end of the range, and at intermediate flows, using Formula (76):

o (04
Fr, =\7a\/ Y _g [ <05 (76)
94, 9A

The “Rating” worksheet in the spreadsheet for U-throated flumes presented in Flume2.xls (see Annex D)
tabulates values of the Froude number, and selected values are also included in the “Summary”
worksheet.

12.6.3 It can be necessary in some situations (e.g. where coarse sediment is being carried which would
deposit in the approach channel) to allow Fr, to rise to 0,6 but, because of surface irregularities at
high Froude numbers, the measurement of head and performance of the flume are less certain, and an
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additional uncertainty in coefficient of 2 % over that derived by Formula (77) should be allowed when
0,6 >Fr,>0,5.

12.6.4 Other limitations are as follows.
a) Dshall beatleast 0,1 m.
b) The ratio h/L should not exceed 0,50.

c) At all elevations, the width between the throat walls shall be less than the width between the
approach channel walls at the same elevation, i.e. there shall be a contraction wherever the water
surface lies.

12.6.5 The above limitation on h/L arises from the necessity to ensure parallel flow conditions at the
critical section in the throat. However, the ratio h,,,,/L may be allowed to rise to 0,67, with an additional
uncertainty in coefficient of 2 % over that derived by Formula (77).

12.6.6 The overall uncertainty of measurement, due to experimentally determined coefficients, the
tolerances in the construction of the flume referred to in 6.2.2 and the difficulties in making accurate
upstream head measurements, is described in detail in Clauses 13 and 14.

12.6.7 With reasonable skill and care in the construction of the flume, the coefficients are expected to
have an uncertainty approaching 1 % in favourable circumstances, e.g. when Cp and C, are not far from
unity. An estimate of the standard percentage uncertainty of the discharge coefficient, u*(C), may be

obtained from Formula (77):
u (C)=%[0,5+10(C, —Cp)] (77)

13 Uncertainties of flow measurement
13.1 General

13.1.1 This clause provides information for estimating and stating the uncertainty of a measurement
of discharge. The overall uncertainty of measurement depends on:

a) the standard of construction and finish of the flume;
b) the uncertainty of the formula for the coefficient of discharge;

c) the uncertainty in the value for kinetic energy coefficient, @, which is required to determine the
total head upstream using the velocity of approach;

d) the correct application of the installation conditions;
e) the uncertainty of the zero setting;
f) the uncertainty of measurement of the geometry of the flume;

g) the accuracy of the upstream head gauge.

Annex B presents an introduction to measurement uncertainty, providing supporting information
based on ISO/IEC Guide 98-3 and ISO 5168.

13.1.3 A comprehensive measurement result comprises:

a) an estimate of the measured value;
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b) astatement of the uncertainty of the measurement.

13.1.4 A statement of the uncertainty of a flow measurement in a channel has at least seven
components of uncertainty, grouped together here in three broad categories, dealing with inaccuracies
in measurement, uncertainties in the flume dimensions and uncertainties in the values that should be
assigned to the various hydraulic coefficients:

a) uncertainty of the measurement of head in the channel, h;
b) uncertainty of the dimensions of the structure, b, D or m;

¢) uncertainty of the discharge coefficients, Cp, C5and C,.

13.1.5 The estimation of measurement uncertainty associated with items a) and b) of 13.1.4 is taken
from Annex C. These values are for illustrative purposes only; they should not be interpreted as norms
of performance for the types of equipment listed. Item c) is assessed using the approach set outin 13.2.2.
In practice, uncertainty estimates should be taken from test certificates for the equipment, preferably
obtained from a laboratory operating in conformity to ISO/IEC 17025.

13.2 Combining measurement uncertainties

13.2.1 See Annex B for an introduction to measurement uncertainty. The proportion in which each
flow formula parameter contributes to flow measurement uncertainty, U(Q), is derived by analytical
solution using partial differentials of the discharge formula.

13.2.2 A form of the discharge formula, similar to Formulae (19), (23) and (25), for critical depth
flumes, but with the exponent also made a variable, ¢, and not fixed at 1,50, as previously assumed, is

represented by Formula (78):

2 3/2 1/2
Qz(gj CpC,Csg /2bh? (78)

13.2.3 Errorsin g, the acceleration due to gravity, may be ignored. For U-throated flumes, the diameter
of the base, D, is substituted for b and C; is retained, but has a formulation distinct from that for a
trapezoidal flume. For trapezoidal flumes, additional account is made for uncertainty in the sideslope,
m.

13.2.4 The effect on the value Q due to small dispersions of AC, Ab, Ah and Am is shown by Formula (79):

AQza—QAC+8—QAb+a—QAh+a—QAm (79)
aC ob oh om

The partial derivatives are the sensitivity coefficients that relate to the discharge formula, and AQ is the
resultant dispersion of Q. Evaluating the partial differentials the relationship can be written as shown

by Formula (80):

AQ AC Ab Ah Am
— e 4 Y — 4O —+V — 80
0 ¢ v et (80)

where ¥, ¢, and 1 are the relative sensitivity coefficients which depend on the flume geometry:

s_, s0_ 80 50

sc 'ob Von Psm ¥

13.2.5 The values AQ/Q, AC/C, Ab/b, Ah/h and Am/m are referred to as dimensionless standard
uncertainties and are given the notation u*(Q), u*(C), u*(b), u*(h), and u*(m). Since the uncertainties of
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b, C, h and m are likely to be independent of each other, probability requires that the components to be
summated in quadrature (see Clause B.7), as shown by Formula (81):

U (Q)gg z\/u* (€)? +72 -u" (b)? +92 -u" ()% +y2 -u" (m)> (81)

13.2.6 In the straightforward case of a rectangular-throated flume, y =1, ¢ = 1,5, and ¢ = 0 (assuming
the walls are truly vertical).

13.2.7 For a trapezoidal-throated flume, y and ¥ depend on mH_/b, as shown in Figure 13. For
practical purposes, the approximation H_, ~# H ~ h is sufficiently accurate for use in these curves. These
coefficients can be determined numerically using the relationships shown by Formulae (82), (83) and

(84):

3
Y=——m— (82)
3+2me
b
1OmHCe +9
b (83)

p=—"——
2[3+Zche )
b

2mH

ce

b
= 84
Y i (84)

b
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Figure 13 — Accuracy coefficients

13.2.8 ForaU-throated flume ) = 0 (assuming the walls are truly vertical), yand ¢ depend on H_./D and
are shown in Figure 13. For practical purposes, the approximation H., ~ H = h is sufficiently accurate for
use in these curves. These coefficients can be determined numerically using the relationships shown by
Formulae (85) and (86) for flow depths within the semi-cylindrical throat only:

I BTV
H
y= 2”%%(%] +0,54 (85)
3
r 5/2 —1/2
H 3
=|4,8+25| —=& += 86
oofura e 7] o

13.3 Percentage uncertainty of discharge coefficient u*(C) for critical-depth flumes

Coefficients Cp, and C, are assumed to be covered by the combined percentage uncertainty u*(C). For
trapezoidal flumes, C; is dependent upon knowledge of the sideslope, m; additional allowance is made in
the uncertainty budget by estimating and including the uncertainty in m. With reasonable skill and care
in the construction of the flume, the coefficients are expected to have an uncertainty approaching 1 %
in favourable circumstances, e.g. when Cp and C, are not far from unity. An estimate of the standard
percentage uncertainty of the discharge coefficient u*(C) may be obtained from Formula (87):

u (€C)==%[0,5+10(C, —Cp)] (87)

NOTE This document expresses the uncertainty of discharge coefficient u*(C) at around the 68 % level of
confidence. This is in accordance with ISO/IEC Guide 98-3. See Annex B for the definitions.
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13.4 Uncertainty budget

13.4.1 In reports, an uncertainty budget table may be presented (or referenced) to provide the
following information for each source of uncertainty:

a) the method of evaluation (from Annex B);

b) the determined value of relative standard uncertainty u*(C), u*(b), u*(m) and u*(h), including datum
uncertainly of u*(h);

c) therelative sensitivity coefficients.

13.4.2 Apply the values for each source according to Formula (81) to give the combined standard
uncertainty, U *(Q)4g. A coverage factor k = 2 shall then be applied to define the uncertainty at the 95 %
level of confidence. It is customary to present these steps in tabular form with one row for each source
and a column for each of the items a) to c) in 13.4.1. The table may include, where appropriate, the
critical thinking behind the subjective allocation of uncertainty to the quantities b, m and h, and their
sub-components. This section of the table may be replicated for a range of values of h to determine a
relationship between U*(Q) and h.

14 Example of uncertainty calculations
14.1 General

14.1.1 In presenting examples, the formulae given in Clause 13 define the relationship between the
parameters which determine flow rate.

14.1.2 Uncertainty of the discharge coefficient is a fundamental uncertainty and is defined by
Formula (87). To determine the overall uncertainty of flow measurement, practical estimations shall
be made of the head measurement uncertainty and the uncertainty of the measurement of physical
dimensions. Annex B provides a consistent framework for evaluating these uncertainties for the
commonly used measurement techniques.

14.2 Characteristics — Gauging structure

The example relates to modular flow conditions for a rectangular-throated, critical-depth flume with:
— agauged head, h, of 0,3 m;

— athroat width, b, of 0,2 m;

— an approach channel width, B, of 0,5 m;

— a hump height, p, of zero;

— athroatlength, L, of 1,2 m.

The calculations are based on simple boundary layer theory.
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14.3 Characteristics — Discharge calculation

The flow rate is calculated from Formula (34):
3/2
Q :(gj g%cpc, bh®?
in which the coefficient of discharge, Cp), is derived using Formula (39):

3/2
Cp= 1—0,006£ 1—0,003£
b h

and C, is computed from Formulae (30), (31), (36) and (37). It is established that C, = 0,947 and
C,=1,035. Applying these values to Formula (34):

3/2
Q:(gj 9,8071/2x0,947x1,035%0,2x0,3%/% =0,0549m3 /s

14.4 Characteristics — Discharge coefficient

The percentage uncertainty in the discharge coefficient is established from Formula (43) and is assumed
to be a “Type B” with a Gaussian (normal) distribution; in 14.3 it was determined that C, = 0,947 and
C,=1,035. Applying these values to Formula (43):

u’ (€)=[0,5+10(1,035-0,947)]=1,38%

14.5 Characteristics — Gauged head instrumentation

14.5.1 In this example, an air range ultrasonic sensor is used to determine head. The sensor is fixed at
an elevation of 0,650 m above the hydraulic datum. The datum procedure determines that the elevation
is between 0,651 m and 0,649 m. Referring to B.6.1, the relative datum uncertainty, u(E), assuming a
triangular probability distribution is given by:

J6

1 max.value—min.value) 1 (0,651—0,649

u(E)zﬁ( 2 2

14.5.2 The sonic range from the sensor to the measured water surface is the primary measurement of
the sensor. The measured distance is 0,350 m. The resultant gauged head measurement is confirmed
at h = 0,300 m. The uncertainty of head measurement, as stated by the manufacturer as a percentage
of the range, u(R), is 1 %. This equates to 0,003 5 m. The combined head measurement uncertainty is
therefore:

)=0,0004m

u(h)=\/u(E)2 +u(R)? :\/o,ooo 4% +0,0035% =0,00352m

or expressed as a percentage of h = 0,300 m, as shown by Formula (88):

o (h)= u(h) _0,00352
h 0,300

=1,17% (88)

14.5.3 If the flume datum is liable to accumulate algal or other growth, the uncertainty value of head
measurement shall be increased accordingly.
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14..6 Characteristics — Throat width

14.6.1 Dimensional uncertainties depend upon the accuracy to which the flume, as constructed, can be
measured. Neither the methods of measurements nor the way in which they were made are specified.
Instead, the user shall estimate any additional uncertainties arising and include these in the uncertainty
budget. This example assumes that measurements can be practically determined with a resolution to
no better than 2 mm or +1 mm.

14.6.2 The combined uncertainty in throat width, u(b), in this example, is given by the following
relationship:

u(b)=\u(b, > +u(b,, )’

14.6.3 Without more information on the dispersion, it shall be assumed that the probability
distribution in acquiring the throat width data, u(b,), is rectangular. From Formula (B.5), the value of
uncertainty of the throat width of the critical depth flume may be written as

max. width —min. width j \/15 (M ): 0,00058 m

u(br>=%( _

14.6.4 Also, the value of uncertainty of the throat width of the critical depth flume, u(b,,), is assumed
as arectangular distribution:

V3

1 ( max. width —min. width 1(0,201-0,198
u(bm ) = =
3 2 2

14.6.5 The combined uncertainty in throat width is therefore:

jz 0,00087 m

u(b)=lu(b, 2 +u(b, )2 =1/0,00058% +0,000872 =0,00104m

or is expressed as a percentage of b = 0,200 m, as shown by Formula (89):

+ . u(b) 0,00104

b =0,52% 89
u(b)==} 0,200 ° (89)

14.7 Overall uncertainty in discharge

14.7.1 The combined uncertainty value is determined from Formula (81), in 13.2.5.

14.7.2 Inthe simple case of a rectangular flume and assuming the walls are truly vertical: y=1, ¢ = 1,5

and ¥ = 0, hence Formula (90):

u (Q), =1/1,38%+0,52% +(1,5%1,17)% =2,29% (90)
68

14.7.3 The uncertainty at the 95 % confidence level is therefore given by Formula (91):

U (Q)gs =2xU, (Q)gg =4,58% (91)

14.7.4 The statement of discharge is therefore

— aflow rate of 0,054 9 m3/s, with
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— an uncertainty of 4,58 % at the 95 % level of confidence.

14.7.5 An uncertainty budget for the example is given in Table 10.

Table 10 — Uncertainty budget for example of flow in a rectangular-throated flume

Parameter Type/evaluation u and u*values cS:enf?:g‘e,:tys Comment

u*(C) B/Normal 1,38 % 1,0 From 14.4
u(E) B/Triangular 0,0004 m — From 14.5.1
u(R) B/Manufacturer 1,0 % of range — From 14.5.2
u*(h) Combined 1,17 % 1,5 Using Formula (88)
u(b,) B/Rectangular 0,002 m — Assumed resolution
u(b,,) B/Rectangular 0,000 87 — Measured range
u*(b) Combined 0,52 % 1,0 Using Formula (89)

u*(Q@es Combined 2,29% — Using Formula (90)

u*(Qos Combined 4,58 % — Using Formula (91)
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Annex A
(informative)

Simplified head discharge relationships for flumes

The curves presented in Figures A.1 to A.8 are intended to aid in the selection of an appropriate type
and size of flume to suit a particular discharge range. They are based on a fixed discharge coefficient of
Cp = 0,97 and the head given is the total upstream head (including the approach velocity head) rather
than the gauged head.
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Annex B
(informative)

Introduction to measurement uncertainty

B.1 General

Results of measurements or analysis cannot be exact. The discrepancy between the true value - which
is unknowable - and the measured value is the measurement error. The concept of uncertainty is a
way of expressing this lack of knowledge. For example, if water is controlled to flow at a constant rate,
then a flow meter will exhibit a spread of measurements about a mean value. If attention is not given
to the uncertain nature of data, incorrect decisions can be made which can have financial or judicial
consequences. A realistic statement of uncertainty enhances the information, making it more useful.

The uncertainty of a measurement represents a dispersion of values that can be attributed to it.
Statistical methods provide objective values based on the application of theory. Standard uncertainty is
defined as:

“Standard uncertainty equates to a dispersion of measurements expressed as a standard deviation.”
From this definition, uncertainty can be readily calculated for a set of measurements.

Figure B.1 a) shows the probability that a measurement of flow under steady conditions takes a
particular value due to the uncertainties of various components of the measurement process, in the
form of a probability density function.

Figure B.1 b) shows sampled flow measurements, in the form of a histogram.

Figure B.1 c) shows standard deviation of the sampled measurements compared with a limiting value.
The mean value is shown to exceed the limiting value, but is within the band of uncertainty (expressed
as the standard deviation about the mean value).

64



IS 14869 : 2024
ISO 4359 : 2022

X

a) Example of probability against flow measurement (probability density function)

Y

X

b) Example of sampled flow measurements (histogram)

Y

3

X

c) Example of standard deviation of the sampled measurements
compared with a limiting value

Key
X  flow value
Y a) probability; b) number of samples

1 limit
2  standard deviation
3  mean value

Figure B.1 — Pictorial representation of some uncertainty parameters
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B.2 Confidence limits and coverage factors

For a normal probability distribution, analysis shows that 68 % of a large set of measurements lie
within one standard deviation of the mean value. Thus, standard uncertainty is said to have a 68 %
level of confidence.

However, for some measurement results it is customary to express the uncertainty at a level of
confidence which will cover a larger portion of the measurements, e.g. at a 95 % level of confidence (see
Figure B.4). This is done by applying a factor known as the coverage factor, k, to the computed value of
standard uncertainty.

For a normal probability distribution, 95,45 % (effectively 95 %) of the measurements are covered for a
value of k = 2. Thus, uncertainty at the 95 % level of confidence is twice the standard uncertainty value.

In practice, measurement variances rarely follow closely the normal probability distribution. They
can be better represented by triangular, rectangular or bimodal probability distributions and only
sometimes approximate to the normal distribution. So, a probability distribution must be selected to
model the observed variances. To express the uncertainty of such models at the 95 % confidence limit
requires a coverage factor that represents 95 % of the observations. However, the same coverage factor,
k = 2, is used for all models. This simplifies the procedure while ensuring consistency of application
within tolerable limits.

B.3 Random and systematic error

The terms “random” and “systematic” have been applied in hydrometric standards to distinguish
between:

— random errors, which represent an inherent dispersion of values under steady conditions;

— systematic errors, which are associated with inherent limitations of the means of determining the
measured quantity.

A difficulty with the concept of systematic error is that systematic error cannot be determined without
pre-knowledge of true values. If its existence is known or suspected, then steps shall be taken to
minimize such error, either by recalibration of equipment or by reversing its effect in the calculation
procedure - at which point, systematic error contributes to uncertainty in the same way as random
components of uncertainty.

For this reason, ISO/IEC Guide 98-3 does not distinguish between the treatment of random and
systematic uncertainties. Generally when determining a single discharge, random errors dominate and
there is no need to separate random and systematic errors. However, where (for example) totalized
volume is established over a long time base, the systematic errors, even when reduced, can remain
dominant in the estimation of uncertainty.

B.4 Measurement standards

ISO/IEC Guide 98-3 and ISO 5168 provide rules for the application of the principles of measurement
uncertainty: in particular on the identification of components of error, the quantification of their
corresponding uncertainties and how these are combined using methods derived from statistical
theory into an overall result for the measurement process.

The components of uncertainty are characterized by estimates of standard deviations. There are two
methods of estimation:

— Type-A estimation: By statistical analysis of repeated measurements from which an equivalent
standard deviation is derived. This process may be automated in real time for depth or for velocity
measurement.
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— Type-B estimation: By ascribing a probability distribution to the measurement process. This is
applicable to:

— human judgement of a manual measurement (distance or mass);
— manual readings taken from instrumentation (manufacturer’s statement);

— calibration data (from manufacturer).

B.5 Evaluation of Type-A uncertainty

Defined in Clause B.1, standard uncertainty equates to a dispersion of measurements expressed as
a standard deviation. Thus, any single measurement of a set of n measurements has by definition an

uncertainty, as given by Formula (B.1):

u(x)=t, LZ‘I(x—)?)z (B.1)

_ 1
X=—(x1 +Xx3 +...X}) (B.2)
n
and ¢, is a factor derived from statistical theory to account for the increased uncertainty when small
numbers of measurements are available (see Table B.1).

If, instead of a single measurement from the set, the uncertainty is to apply to the mean of all n values,
then, as shown by Formula (B.3):

A=t | LS %)
u(x)—\/H "—1;()( X) (B.3)

For continuous measurement, Type-A evaluations may be derived as a continuous variable from the
primary measurement: i.e. from water level or water velocity.

By taking average values over large numbers, n, of measurements, the uncertainty of the mean value

=y . 1 . o
u(x) is reduced by a factor of — compared to the uncertainty u(x) of an individual measurement. For

Jn

this reason, monitoring equipment should specify measurement performance in terms including both
u(x) and u(x) to show the extent to which averaging is applied. It should be stressed that this

formulation only applies if the individual measurements are truly independent.
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Table B.1 — Values of ¢,

Degree of freedom Confidence level %

90 95 99

1 6,31 12,71 63,66

2 292 4,30 9,92

3 2,35 3,18 5,84

4 2,13 2,78 4,60

5 2,02 2,57 4,03
10 1,81 2,23 3,17
15 1,75 2,13 2,95
20 1,72 2,09 2,85
25 1,71 2,06 2,79
30 1,70 2,04 2,75
40 1,68 2,02 2,70
60 1,67 2,00 2,66
100 1,66 1,98 2,63
Infinite 1,64 1,96 2,58

B.6 Evaluation of Type-B uncertainty

B.6.1 General

When there is no access to a continuous stream of measured data or a large set of measurements is not
available, then the type-B method of estimation is used to:

a) assign a probability distribution to the measurement process to represent the probability of the
true value being represented by any single measured value;

b) define upper and lowers bounds of the measurement;

c) then determine a standard uncertainty from a standard deviation implied by the assigned
probability distribution.

The Type-B methods allow estimates of upper and lower bounding values to be used to derive the
equivalent standard deviation.

Four probability distributions are described in ISO/IEC Guide 98-3 and these are described in B.6.2 to
B.6.5.

B.6.2 The triangular distribution

The triangular distribution is represented in Formula (B.4) and Figure B.2. This usually applies to
manual measurements where the mean value is most likely to be closer to the true value than others
between the discernible upper and lower limits of the measurement.

1 ( Xmax —Xmin
u(xmean)_ﬁ[#] (B.4)
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P(ai)

P(ai)

Figure B.2 — The triangular distribution

B.6.3 The rectangular distribution

The rectangular distribution is represented in Formula (B.5) and Figure B.3:

1 Xmax ~ Xmin
u(xmean)_ﬁ[#) (B-S)

P(&'i)

U(Xi) = —

- ai + ai
Figure B.3 — The rectangular distribution

This probability distribution is usually applied to the resolution limit of the measurement
instrumentation (i.e. the displayed resolution or the resolution of internal analogue/digital converters).
However, this is not the only source of uncertainty of measurement equipment. There can be uncertainty
arising from the measurement algorithm used and/or from the calibration process. If the equipment
measures relative values, then there will also be uncertainty in the determination of its datum.
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B.6.4 Normal (Gaussian) probability distribution

The normal (or Gaussian) probability distribution is represented in Formula (B.6) and Figure B.4:

_ u(specified)

u(xmean - k (B6)

where k is the coverage factor applying to the specified uncertainty value.

2

1 68 % A~ 1 3

90 % / \\ 1,65
95 % / \ 2

/ N
I I I I
-4 -3 -2 -1 0 1 2 3 4
4

Key

1  per cent of readings in bandwidth

2 probability

3 coverage factor

4  standard deviations

Figure B.4 — Normal probability distribution

These are uncertainty statements based on “off-line” statistical analysis, usually as part of a calibration
process where they have been derived using a Type-A process. When expressed as standard uncertainty,
the uncertainty value is to be used directly with an equivalent coverage factor of k = 1.

B.6.5 The bimodal probability distribution

The bimodal probability distribution is represented in Formula (B.7) and Figure B.5. Measurement
equipment with hysteresis can only exhibit values at the upper and lowers bounds of the measurement.
An example of this is the float mechanism, where friction and surface tension combine to cause the float
to move in finite steps.

_ (xmax _Xmin) (B.7)

u(xmean) 2
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P(ai)

ulx) = a

Key
1 Pay)

Figure B.5 — Bimodal probability distribution

B.7 Combined uncertainty value, u,

For most measurement systems, a measurement result is derived from several variables. For example,
flow measurement Q in a rectangular channel can be expressed as a function of independent variables,

as shown by Formula (B.8):
Q=bxhxv (B.8)

where

b isthe channel width;
h  isthe depth of water in the channel;
V  is the mean velocity.
These three components are measured independently and combined to determine a value for Q.

Just as b, h, and V are combined to determine the value Q, so each component of uncertainty must be
combined to determine a value for u.(Q). This is done by evaluating the sensitivity of Q to small change,
A,in b, h or v. Thus, as shown by Formula (B.9):

AQ:a—QAb+a—QAh+a—(gAI7 (B.9)
ob oh ov
where the partial differentials, g—g, (—;—g and g—? , are sensitivity coefficients.
V

For Formula (B.8), this is equal to Formula (B.10):
AQ Ab Ah AV

o st ntT (B.10)

: : AQ Ab AV Ah . . -
In uncertainty analysis, values ? > T, correspond to dimensionless standard uncertainties
7

(although, technically, the dimensionless standard uncertainties are given by the square roots of the
squares of the above values, in order to return a positive uncertainty value in the event of any negative
changes).
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They are given the notation u *(Q), u*(b), u*(v) and u*(h). Since the uncertainties of b, v and h are
independent of each other, probability considerations require summation in quadrature, as in

Formula (B.11):

ul (Q)=u" (7)2 +u” ()2 +u’ (h)? (B.A1)
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Annex C
(informative)

Sample measurement performance for use in hydrometric worked

examples

See Table C.1.
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Annex D
(informative)

Spreadsheets for use with this document

D.1 General
Two spreadsheet files are provided for use with this document at the following web address:

https://standards.iso.org/iso/4359/ed-3/en/

—  Flume 1: This spreadsheet covers trapezoidal and rectangular flumes, with trapezoidal and
rectangular approach channels. A rectangular flume can have a trapezoidal approach or
(albeit an unlikely scenario) vice versa. The flume invert can be flush with the approach
channel floor (p = 0) or can be raised above it.

—  Flume 2: This spreadsheet covers a U-throated flume, with a U-shaped approach channel. Again, the
flume invert can be flush with the approach channel floor (p = 0) or can be raised above it.

The data entry cells do not, in general, include error trapping, to prevent inappropriate entries or
combinations of entries from being made. However, for the spreadsheets to accompany this document,
the value of L/k, used in the detailed boundary layer calculations has been constrained so as not to fall
outside the range 400 to 30 000 upon which the curve-fitting formulae were based.

In order to avoid potential instability and other problems that can result in spreadsheets from the use
of implicit formulae to handle iterations, all iterations used in the spreadsheets are accomplished by
setting out successive iterations in different rows or columns of the worksheets. No macros are used.

D.2 Structure of spreadsheets

Both spreadsheets are structured so that data are entered on only one worksheet, whose tab title is
“Summary”. This worksheet also includes the results of calculations of discharge for a single gauged
head. The other worksheets contain detailed workings, together with the results of the stage-discharge
rating calculations, in both tabular and graphical form.

The contents are tabulated in more detail in Tables D.1 and D.2. The U-throated flume spreadsheet
contains worksheets that correspond to all those in the trapezoidal flume spreadsheet, plus a number
of additional worksheets that are needed to handle the additional geometrical complexities.
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Table D.1 — Flume 1 — Spreadsheet for trapezoidal (and rectangular) flumes

Worksheet Contents
Summary All the usual data to be entered covering the flume geometry
The choice of whether to use the simple or detailed boundary layer approach
The single gauged head for which the calculated discharge is required
The results of the calculated discharge by three methods (see below)
The calculated Froude numbers in the approach channel (for the single gauged head and
the maximum in the rating table)
Rating The stage-discharge rating table calculations and results (101 points)
Rating chart A graph of the stage-discharge rating
Single The detailed workings for the calculated discharge by three methods:
a) Coefficient method
b) Interpolated from the rating table
c) Iterative calculation using the rating table method
Shape Calculation of a table of shape factor (C,) against mH,/b,
Interpolation of shape factors for use in the coefficient method
Shape chart A graph of shape factor (C,) against mH,/b,
Delta-star Calculations of §*/L values from Reynolds number (Re) and L/k, for use in the coefficient

method and in the rating table calculations
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Table D.2 — Flume 2 — Spreadsheet for U-throated flumes

Worksheet Contents
Summary All the usual data to be entered covering the flume geometry
The choice of whether to use the simple or detailed boundary layer approach
The single gauged head for which the calculated discharge is required
The results of the calculated discharge by three methods (see below)
The calculated Froude numbers in the approach channel (for the single gauged head and
the maximum in the rating table)
Rating The stage-discharge rating table calculations and results (101 points)
Rating chart A graph of the stage-discharge rating
Single The detailed workings for the calculated discharge by three methods:
a) Coefficient method
b) Interpolated from the rating table
c) Iterative calculation using the rating table method
Shape Calculation of a table of shape factor (C,) against H,/D,
Interpolation of shape factors for use in the coefficient method
Shape chart A graph of shape factor (C,) against H,/D,
Throat Calculation of a table of throat width factor (w../D,) against H,/D,
Interpolation of throat width factors for use in the coefficient method
Throat chart A graph of throat width factor (w../D,) against H./D,
Delta-star Calculations of §*/L values from Reynolds number (Re) and L/k, for use in the coefficient
method and in the rating table calculations
Circular 1 Supplementary geometrical calculations for the flume throat used in the rating tables
calculations
Circular 2ato 2e |Supplementary geometrical calculations for the flume approach channel (gauging section)
used in the rating tables calculations, each individual worksheet being for a successive
iteration
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