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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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INTERNATIONAL STANDARD

ISO 4359:2013(E)

Flow measurement structures — Rectangular, trapezoidal

and U-shaped flumes

1 Scope

This International Standard specifies methods for the measurement of flow in rivers and artificial

channpels—under steac
critical-depth, flumes.

oh its critical depth (see Figure 1). The water level downstream ofthe structure is 1
no influence upon its performance.

This
range
insta
profi

nternational Standard is applicable to three commonly @ised types of flumes, cov|
of applications, namely rectangular-throated, trapezoidal-throated and U-throated,
‘tations are shown in Figure 2. Site conditions are important and Figure 3 shows accepf

s in the approach channel.

Detai
a)
b) ti
c) U

edillustrations of the three types of flumes coveredby this International Standard are giy
rectangular-throated (see Figure 4);
apezoidal-throated (see Figure 5);
-throated, i.e. round-bottomed (see Figure 6).

Itisn
—in

pt applicable to a form of flume referred to in the literature — sometimes called a “V¢
which the flow remains subgtritical throughout.

NOTE
relies

This form is based on the same principle as a Venturi meter used within a closed condy
upon gauging the head)at two locations and the application of Bernoulli’s energy equation.

2 N

The f
indis
refer

ormative references

bllowingsdocuments, in whole or in part, are normatively referenced in this docur
ensable for its application. For dated references, only the edition cited applies.

ing-wave, or
bptance after

e considered.

critical flow
n and passes
w enough to

ering a wide
Typical field
able velocity

en as follows:

enturi” flume

lit system and

nent and are
For undated
ies.

q)nces, the latest edition of the referenced document (including any amendments) app

ISO 772, Hydrometry — Vocabulary and symbols

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 772 apply.

© IS0 2013 - All rights reserved
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4 Symbols
Units of measurement are metres (m) and seconds (s) or derivatives of these.
Symbol Quantity Unit of measurement

A area of cross-section of flow m?2

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
Cc coefficient of contraction non-dimensional
Cp coefficient of discharge non-dimensional
Cs shape coefficient for trapezoidal throated and U-throated flumes non-dimeénsional
Cy coefficient allowing for the effect of approach velocity nomsdimensional
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?2

H total head (relative to a specified datum, such as aflume invert) m

H+ correction to the total head m

h gauged head m

ks equivalent sand roughness of surface, after Nikuradse mm

L length of prismatic section of the contraction at a flume m

Ly length of bellmouth entrance m

Ly length of slope (if present) between throat and downstream still- m

ing basin or channel floor

L3 length of stilling basin'(if present) m

m side-slope (m horizental to 1 vertical) non-dimensional
n number of measlirements in series non-dimensional
P wetted pertureter of flow cross-section m

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

Q discharge m3/s

R radius m

Re Reynolds number non-dimensional
'p radius of hump m

R1 radius of bellmouth entrance m

S standard deviation —

S standard error of the mean —

v average velocity through a cross-section, defined by Q/A m/s

w water surface width m

2 © IS0 2013 - All rights reserved
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Symbol Quantity Unit of measurement
u*(Q)eg |overall percentage uncertainty in the determination of discharge| non-dimensional
expressed as a percentage standard deviation at 68 % confi-
dence 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
128 kinmettcenergy correctiomrcoeffictent{taking-intoaccountmon= mor=dimensional
uniformity of velocity distribution)
B coefficient dependent on mean curvature of stream lines non-dimensional
Y, Ip, ¥  |coefficients in the uncertainty computation —
5 * boundary layer displacement thickness m
n a numerical coefficient related to the sideslope angle in trapezoi- non-dirpensional
dal flumes
v kinematic viscosity of the fluid n2/s
semi-angle subtended at the centre of curvatureofithe invertofa| non-dithensional
U-throated flume between the water surface and'the vertical
o semi-angle subtended at the centre of curvature of the invertofa| non-dithensional
U-throated flume between the water surface and the horizontal
Subgcripts
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 vdlue
5 FKlume typesand principles of operation
5.1 |[The flunhies covered by this International Standard are often known as “long-throated” or “critical-
depth” fluries and rely fundamentally on the occurrence of critical flow in the flume throat. When this
occurp,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. Figuite 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.

A =Y

—_— ! | N———

© IS0 2013 - All rights reserved
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Key

1 total enerngy line

2 typical flqw profile

3  edge of bpundary layer displacement thickness

6* has been exjaggerated.

Figure 1 -

profile and development of boundary layer displacement thickness (after Figure 8.1, Ref.|

5.2 Becauq
fundamental
to derive the

013(E)

Wa

Wc

a

¢) Section at downstream end of throat

- Trapezoidal-throated flume showing key géometrical parameters, water surf

e the flume design is based on critical flow, this International Standard is largely bag
hydraulic theory, without the need fot the large-scale volumetric testing that has beer

ace

P1)

ed on
) used

coefficients for other forms of flow measurement structure. In order to obtain criticdl flow

within the thiroat of the flume, the following conditions shall be satisfied.

a) The thrgat of the flume shall be~long enough for the flow to be virtually parallel with the flume
invert, sp that hydrostatic pressure conditions occur at the control section.

b) The entrpnce to the flumethroatshall be shaped so that there are virtually no energy losses befween
the poinf where the head)is gauged and the point where critical flow occurs.

c) The flurle 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”.

5.3 Figure|2”shows examples of flow in rectangular-throated, trapezoidal-throated and U-throated

flumes. The thorceof ftummetypefromrthesethree depernds upomrseveratfactors, suctras thre tamge of

discharge to be measured, the accuracy required, the head available and whether or not the flow carries
sediment that is liable to accrete. The graphs in Annex A give the user of this International Standard 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.

© ISO 2013 - All rights reserved
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a) R¢ctangular-throated flume b) Trapezoidal-throated flume c) U- thl;ﬁ;ed flume
Figure 2 — Examples of rectangular-throated, trapezoidal-throate 6&5d U-throated flumes
5.4 [The rectangular-throated flume is the simplest to construct. gsg\lerally proves necegsary to raise
the invert of the flume throat above the bed of the channel upstream, in order to generate g constriction
that i$ sufficiently severe to allow low flows to be gauged. HO\? this may result in a regime of cyclic

sedinjent accretion and erosion upstream, which would affe e accuracy and consistency|of gauging.
5.5 |The trapezoidal-throated flume is more appros@’te where a wide range of discharge is to be
measfired with consistent accuracy. This shape of at is also more likely to be suitable where it is
desirgble to produce a particular stage-discharge refationship. In some cases, it is not necegsary to raise
the infvert of the throat above the approach channel invert when using a trapezoidal-throafted flume, so
reduding the risk of upstream sediment accretion.
O
5.6 |The U-throated flume is useful forinstallation in a U-shaped channel or where the flow is from a
circulpr-section conduit. It has fog particular application in sewers and at sewage works.
5.7 |The detailed theory for ritical-depth flume is given in Clauses 9 to 12, but is introgluced here in
simpljfied form, based on assumption of a uniform velocity across the flow section and|disregarding
boundlary layer effects. asic discharge equation for a critical-depth flume can be derived from the
generpl energy equatidg\
Q~ 0
H=d + —2
2 Q 2

wheré C_)

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 s the gravitational acceleration.
© IS0 2013 - All rights reserved 5
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By differentiating the energy Formula (1) with respect to depth, it can be shown that, for critical flow:

where subscript c refers to conditions at the critical-flow section.

(2)

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

H=d_+]

C

5.8 In geng
(with the cor
for the speci:
the explicit r

_z\ﬁ
3V 3

5.9 Thisis
a round-nos
coefficients 1

Q

where the co

effect ¢f the boundary layer in the throat;

Cp isadis
Cs is a shd
C, isavel

head o

Pw .

responding values of area and surface width) to obtain the relationshiphetween H and

blationship:

J pH 1S

) cpC.C, bR

efficients are as follows:

charge coefficient that'takes account of the non-ideal fluid properties, in particular t

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

pcity coefficient, to allow the upstream gauged head, h, to be used in place of the total
I specific energy, H.

(3)

bral, Formulae (2) and (3) are solved alongside each other for successive,vdlues of depth d.
Q, but
1l case of a flume with a rectangular throat (see Figure 4), they can be combined to prpduce

(4)

readily recognizable as the same equation that dpplies (for an ideal fluid) for the flow over
bd horizontal-crested weir. In order to extend'the use of this equation, three additional
hay be introduced, resulting in the following'generalized equation for long-throated crjitical-
depth flumesg:

(5)

5.10 Equations 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.

© ISO 2013 - All rights reserved
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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 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 straight length of approach channel of at least 10 times the maximum head
anticipated.

b) The existing velocity distribution.

c¢) The avoidance of a steep channel, the characteristics of which would induce supercritical flow.

d) TJhe effects of any raised upstream water levels due to the measuring structure.

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

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

g) e necessity for floodbanks, to confine the maximum discharge to\the channel.

h) e stability of the banks, and the necessity for trimming and/or revetment in natural channels.

i) e clearance of rocks or boulders from the bed of the apptoach channel.

i) ind, 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 thé’ prevailing wind is in a transvefse 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 pniform, then

it mayf be assumed that the velocitydistribution will remain satisfactory after the construction pf the flume.

6.1.5| If the existing velacity distribution is markedly non-uniform and no other site for| the flume is
feasiljle, 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

distripution; ¥elocity rods, floats or concentrations of dye can be used in small channels, thg latter being

usefu| in checking conditions at the bottom of the channel. A complete and quantitative assessment of
veloclty-distribution may be made by means of a current-meter and other point velocity mefasurements.

NOTE

Information about the use of current-meters is given in ISO 748. Further information

river velocities and using acoustic Doppler profilers can be found in ISO/TS 24154.

on measuring

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

taken as acceptable for flow measurement purposes.

Figure 3 gives typical examples of velocity distributions in channels of varying shape that can be

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 affect on the aquatic ecology where this might be an issue. In addition, the gauging structure
may be subject to compliance with national or supranational legislation or regulations, such as the

© IS0 2013 - All rights reserved 7
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European Parliament EU Water Framework Directive (Directive 2000/60/EC). Where the movement of
aquatic life could 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 Reference to appropriate legislation should be made before a site for a measuring weir is chosen.

6.2

Installation conditions

6.2.1 General requirements

6.2.1.1 Thgq
and a downs
of the measu

6.2.1.2 Ins
sectional shd
downstream

6.2.1.3 Thq
the flume, th

6.2.1.4 On
discharge ch

6.2.2 Flum

6.2.2.1 Th¢
without dist
with the dird
given in Clay

6.2.2.2 Th{
shall be cons|
material. In |
planed, sand
part of the tk
the throat pr

The user shd
acceptable in

e complete measuring installation consists of an approach channel, a measuring strt
'ream channel. The conditions of each of these three components affect the overall*acg
rements.

fallation requirements include features such as the surface finish of thé flume, the
pe of channel, the channel roughness and the influence of control-devices upstre
of the gauging structure.

b distribution and direction of velocity have an important influence on the performa
bse factors being determined by the features mentioned abgve:

Ce a gauging flume has been installed, the user shall prevent any change that could affd
hracteristics.

e structure

b structure shall be rigid and watertight'and capable of withstanding flood flow con

rtion or fracture, from outflanking or-from downstream erosion. The axis shall be i
ction of flow of the upstream channel, and the geometry shall conform to the dimer
ses 10,11 and 12.

e surfaces of the flume throat and the immediate approach channel shall be smooth
tructed in concrete with-a smooth cement finish or surfaced with a smooth non-corr
aboratory installations, the finish shall be equivalent to rigid plastic, rolled sheet mg
ed and painted timber. The surface finish is of particular importance within the prig
roat but can be'velaxed a distance along the profile 0,5Hnax upstream and downstre
Dper.

uld confirm that the building materials used in the construction of natural channe
the éountry of operation.

icture
uracy

CroSS-
pm or

hce of

ct the

itions
line
Isions

They
dible
tal or
matic
am of

Is are

6.2.2.3
a)
b)
c)
d)
€)
f)
g)

In

TUer to TTTiZe the urncertainty i the discharge, the fottowing toterances are accep

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

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

on the average longitudinal and transverse slopes of the base of the throat, 0,1 %;
on a slope of inclined surfaces in the throat, 0,1 %j;

on a length of the throat, 1 % of L;

able:

on the width between vertical surfaces in the throat, 0,2 % of this width with a maximum of 0,01 m;

on deviation from a cylindrical or a conical surface in the entrance transition to the throat, 0,1 % of L;
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on deviation from a plane of the plane surfaces in the entrance transition to the throat, 0,1 % of L;

on deviation from a plan of the plane surface in the exit transition from the throat, 0,3
on other vertical or inclined surfaces, deviation from a plane or curve, 1 %;

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

% of L;

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 fromcdisturbance and shall

have & velocity distribution as uniform as reasonably practicable over the cross-Sectional grea. Figure 3

shows typical dimensionless velocity distributions in rectangular and trapezeidal channels, which are

relevgnt in site selection. For a given shape of channel, the velocity distribution should be reasonably
similgr to one of those presented in Figure 3. This can usually be verified by inspection or njeasurement.

In the|case of natural streams or rivers this can only be attained by haviag a long straight apprjoach channel

free ffom projections into the flow.

6.2.3)2 The following are general recommendations and requirements related to the appr¢ach channel.

a) Ay alteration in the flow conditions owing to the construction of the flume should b¢ considered.
Fpr example, there might be a build-up of shoals erdebris upstream of the structure, which in time

ight affect the flow conditions. Any likely consequential changes in the water level therefore need
¢ be taken into account in the design of gauginlg stations

b) Im an artificial channel the cross-sectionshall be uniform and the channel shall be gtraight for a
lgngth equal to at least 10 times its watér-surface width

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

d) Ifthe entry to the approdch channel is through a bend, or if the flow is discharged int¢ the channel
through a conduit or achannel of smaller cross-section, or at an angle, then alonger lenglth of straight
approach channel miay be required to achieve a reasonably uniform velocity distribution.

e) Vpnes to strajghten the flow shall not be installed closer to the points of measurgment than a
diistance 10 tithes the maximum head to be measured.

f)  Under certdin conditions, a standing wave may occur upstream of the gauging flume, for example if

the approach channel is steep. Provided that this wave is at a distance of not less than
ax1mum head upstream flow measurement 1s fea51b1e sub]ect to conflrmatlon that

30 times the
a reasonably
in this section

is no more than 0,6. Ideally, hlgh Froude numbers should be av01ded 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.

.

0,9

0.8

© IS0 2013 - All rights reserved
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\ N—115

S

Figure 3

6.2.4 Dow

6.2.4.1 The
been so desi
provided to 1

6.24.2 Ifd

particular m¢

=)

)

— Examples of typical dimensionless velocity distributions in approach channg

hstream conditions

e channel downstream of the structure is usually~of no importance as such if the flunj
rned that the flow is modular under all operating conditions. A downstream gauge sH
heasure tailwater levels to determine if and\when drowned flow occurs.

ownstream scouring (which could Jead to instability of the structure) is anticipated|
pasures to prevent this may be necessary.

7 Maintegnance

7.1 Mainte
accurate con

7.2 The af
deleterious ¢
from the app

nance of the measuring structure and the approach channel is important, in order to s
[inuous measurements.

proach chanhnel shall be kept free of silt, vegetation and obstructions that might]
ffects ondflow conditions specified for the standard installation. The float well and the
Foach ¢hiannel shall also be kept clean and free from deposits. The downstream channe

bls

1e has
all be

then

ecure

have
entry
| shall

be kept free Tf obstructions that might 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.

10
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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, ultrasonics 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
upstr
enoug
sectig
Claus

Stations for the measurement of head on the flume shall be located @t-a sufficlent distance
bam from the flume to avoid the region of surface drawdown. On the otherhand, they ghall be close
th to the flume to ensure that the energy loss between the section of measurement and the control
n within the flume throat shall be negligible. The location for head-neasurement is |[dealt with in
ps 10,11 and 12.

dition is met
rence ratio at
bated flumes.

8.2.2| Flow is modular when it is independent of variations.-in tailwater level. This con|
when|the tailwater total head above flume invert level is less than or equal to the submerg
the mjodular limit, as defined in Clauses 10, 11 and 12 for rectangular, trapezoidal and U-thr

I causes the
o check that
'mally be the

8.2.3| A significant error in the calculated discharge will develop if the tailwater levg
submprgence ratio to exceed the modular limit. Aldownstream gauge shall be installed {
the modular limit is not exceeded. A simple staffigauge in the downstream channel will no
minimhum requirement for this purpose.

8.3 |Gauge wells
8.3.1
surfa
oscill

cts of water
reduce such

It is common to measure-the upstream head in a gauge well to reduce the effg
e oscillations. Alternatiyely,/data-logged results can be post-processed to eliminate oj
htions.

8.3.2

8.3.3
levels
exped

Periodic checks-on the measurement of the head in the approach channel shall be

Gauge wells shall be vertical and of sufficient height and depth to cover the full rg
In fieldinstallations they shall have a minimum height of 0,3 m above the highest
ted. Gatige wells shall be connected to the appropriate head measurement positions

ade.

nge of water
water levels
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.
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8.4 Zeros

etting

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 Anaccurate 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 eac
flume invert

8.4.4 Fors
begins) is su

9 Generd
9.1 Disch

9.1.1 Critid
for free disch

of an ideal flyiid, an additional coefficient, known as the coefficient of discharge, Cp, has to be intro

to deal with {
layers that o¢
studies or de
shape coeffici
any cross-se
known as th

T tire- Ay settlenmment of the structure may, trowever, affect the Tetatiomships betwee
hnd benchmark levels and it is advisable to make occasional checks on these relations

mall installations, a zero check based on the water level (either when the flow)ceases ¢
ceptible to serious errors due to surface tension effects and shall not be relied upon.

1 equations for discharge
arge based on critical flow in the flume throat

al depth theory, augmented by experimental data, may bé-used to deduce the basic equ
arge through streamlined contractions. Since the simpletheory relates to the frictionles

he flow of a real fluid, such as water, and to take into account the development of bou

duced by considering a modification to the-simple theory. Another coefficient, known
ent, Cs, is then required to generalize the'simple theory to make it applicable to flow th
'tional shape, rather than just flow threugh a rectangular flume. Finally, a third coeff
e velocity of approach coefficient~Cy;is then used to relate the head in the throat wi

n the
hips.

rjust

htions
s flow
Huced
ndary

cur within the throat. The value of the coefficient Cp is usually either based on experimental

hs the
rough
cient,
th the

(6)

gauged head] typically measured a short distance upstream of the throat in the approach channel.
9.1.2 The gpecific energy, E, of flow-in.an open channel is given by:
=2
oV
E=Bd+F—
29
where
d isthe depth of flow;
vV  is theaveragevelocity-throushthe section:
a is the kinetic energy correction coefficient, which takes into account the non-uniformity in
velocity distribution;
B is a coefficient which depends on the mean curvature of the streamlines.

9.1.3 The equation of continuity is

12
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=Av

(7)
where
Q isthe discharge;
A is the area of the flow cross-section.
Hence:
2
E|l=pBd+ Q 5
9.1.4| Critical flow occurs when E has a minimum value for a given discharge Q, treating depth d and
area 4, 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
3
D A
of P94 ©)
oaw
where w is the water surface width.
9.1.5| Experimentally observed velocity profiles indicate that the velocity distribution is aljnost uniform
in the throat of a flume, and it may be assumedctherefore that « = 1 under certain conditions. If the

streamnlines are not significantly curved, a condition approached if the throat is in excess

of a certain

minimum length, then § = 1. Hence the basi¢ equation defining critical flow through al streamlined
contraction is:
3
gA
QF, /—C (10)
WC
wher¢ the subscript c indicates critical flow, assumed to occur within the throat of a flume, A is the area
of crofs-section and wc isthe'surface width of the cross-section. This is the same equation a§ Formula (2),
in Clajuse 5.
9.1.6| Formulas(10) is not immediately applicable to the theoretical derivation of a stage-discharge

relatipnship, because

a) itf doés'not take account of the development of boundary layers that result in slower moving fluid
ajong 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 equation has to 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, trapezoidal and U-throated. Reference should also be made
to Figure 1, which shows the general features of flow through a trapezoidal-throated flume, indicating a
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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 follows:

2
A
chdc+ Q =dC+ ¢ =dc+bdczgdc (11)
ngCZ 2w, 2b 2
Applying Formula (10) to a rectangular section:
szzg(bdc)3 (12)

The discharge through a streamlined rectangular contraction may then be expressed'in terms pf the
total head atlthe throat, H, by linking Formulae (11) and (12) to give

2 342
Q=[§] g'?*bH3? (13)

This is the sgme as Formula (4) in Clause 5, but expressed differentlys

a) Isometric of level-invert rectangular-throated flume (p = 0)
R=2(B-b) 13

2hw

15

b) Plan view of rectangular-throated flume
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7

o

17 18

c) Longitudinal section of rectangular-throated flume with raised invert (hump)

Key
1  cénnecting slot or pipe 10 horizontal invert
2 stilling well 11 flow
3 approach channel 12 head gauging section
4  enhtrance transition 13 when recovery of head is not important, the exit trans
truncated after half its length
5 throat 14 in a flume without a hump (p = 0) the)invert over this
be truly level
exit transition 15 front view (level invert)
example of truncation 16 connection to stilling well
8 sfanding wave 17 radius that shall be chosen so that the bottom contrac
the same section as:the side contractions (for a flume
contraction only, the'radius = 4p)
9  exit channel 18 front view (raiséd invert)

Figure 4 — Rectangular-throated flume in rectangular channel

ition may be

length shall

tion starts at
with a bottom

© IS0 2013 - All rights reserved
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11
= Y o ok
3L hy L Z

12 13

b) Plan view (example shown, 110 hump m, = m, skew cylinder entrance transition)

i oL

7771 7
16 15

¢)Longitudinal section of flume with raised invert (hump)

Conical (my # m, no hump) Plane (m, # m, no hump) Warped (m, # m, no hump)

d) Examples of plans of entrance transitions
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Key

1 connecting pipe 10 front view with hump (p # 0)

2 stilling well 11 head gauging section

3 flow 12 radius chosen so that entrance transition lies entirely within plane defining
1in 3 contraction

4  entrance transition 13 notmore than 1 in 3 expansion on any horizontal section (or equivalent curve)

5 throat 14 1in 6 expansion for high modular limit and head recovery

6  exittransition 15 notmore than 1 in 3 (or equivalent curve)

7  exit channel 16 connection to stilling well

8 awprn:\r‘h channel 17 generators are ch':lighf lines

9  sfanding wave

Figure 5 — Trapezoidal-throated flume in trapezoidal channel
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a) Isometric view
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b) Plan view
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|
|
|
%

> U

7 P 7

16/X

17 18

c) Longitudinal section of flume with raised invert (hump)

Key

1 approach|channel

2 entrance fransition

3 throat

4  exittransjtion

5 exit chanfel

6 flow

7  connectirg slot or pipe
8 stilling well

9 standing vave

10
11
12

13
14
15
16
17

18

Figure 6 — U-throated flume in U-shaped channel

invert line
head gauging section

the straight-sided contraction may be replaced by curved surfaces, provided
they lie within the full lines

in a flume without a hump (p = 0), the invert over this length-shall be truly level
1 in 6 expansion for high modular limit and head recoveéry
front view (level invert)

connection to stilling well

13

in a level flume, p = 0; for a flume with a hunip,a convenient value of p is
(Da-D)

front view (raised invert)

18
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OLVaz/Zgl vcz/Zgl ;
H h de He
S << X
1 ‘ 2

ocvaZ/Zgl ch/zgl _LA

=
H h |
5 —T 1130
E I S N T %#7
p
AN
1 ‘ 2
b) Real fluid flow
8

owaz/Zgl VCZ/ZgL _/
[N U - . M ———— ¥

h e He dc | dee Hee

} o / RS

SO NN

] 2
c) Equivalent ideal fluid with raised crest position
Key
1 ghuging section 6  boundary layer displacement thicknegs, 6*
2 throat 7  &*atend of throat
3 agsumption of no energy loss 8 assumption of same energy level as ina)
4 enérgy loss 9  equivalent crest position moved 6* upwards
5 boundary layer, §
Figure 7 — Notation for flow at throat and at upstream gauging section
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 follows:
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2 \3/2
Q:(—] g'/?b H3/? (14)

be is the effective width of flume throat (e.g. for a rectangular cross-section, b, =b—20+);

Hee  is the effective total head at the throat (i.e. H., =H—&x«), which also equals the total head
upstream, He;

Ox is the boundary layer displacement thickness.

9.2.4 The boundary layer displacement thickness is the amount by which a boundary stxface negds to
be moved nofmal to that surface to compensate for the reduced velocity caused by the‘boundary Igyer. It
also effectivelly 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 correspopding value of 6+ 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 heagls are
related, both(at the throat and at the upstream gauging section. Figure 8 shews effective cross-sectipns of
various flumgs, showing the effect of the boundary layer displacement thieknesses on the throat geojnetry.

8: 11, Wee 0. | Wee |
Il Il | |
i I |1
dl -0+ | |‘ de
I ]
8- | b |
b
S« |, Wee o 8.
| |
i i
I 1 I
|
ac
c) U-shaped throat with water below axis d) U-shaped throat with water above axis

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 he, the effective head gauged upstream of the structure, for flumes with rectangular throats, as follows:
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2 \3/2
Q=(—j g'/%C,behd” (15)

where the effective breadth at the throat, be, the effective gauged head upstream, he, and the coefficient
of velocity, Cy, are given by:

be =b—25+ (16)
he =h—8+ 17)
3/2
c =[&J (18)
he

Defingd in this way, C, is a dimensionless coefficient allowing for the effect of;approach vglocity on the
meashired water level upstream of the weir.

9.2.6| The basic discharge equation for rectangular throated flumes, Formula (15), may also|be written in
termg of more useful parameters, such as the actual gauged head upstream and the actual flunje breadth, as

2 \3/2
Q=[§] g'/%cyc, bh3/? (19)

wherg Cp is defined as the coefficient of discharge,which takes into account the boyindary layer
effects, defined by

b h 3/2
b5 %)

Substfituting Formulae (16) and (17) int¢o-Formula (20) gives:

32
c)=[1—2§x£J(1—§x£) (21)
L b

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

9.2.7| For most nstallations with a good surface finish the value of the relative bolindary layer
displgcement thickness, 6+/L, will, in practice, lie in the range 0,002 to 0,004. For rough surface finishes,
the vqlue of 6</L)is known to vary with the Reynolds number, Re, and relative roughness, L/[ks, as shown
in Figure 9-However, for good surface finishes, provided 105 > L/ks > 4000 and Re > 3 x 105} §«/L may be
assurTed equal to 0,003 and Formula (21) then becomes

L L 3/2
CD:(1_0'006E][1_0'003ZJ (22)

Various values of Cp derived from this equation are given in Table 1 and these are the values which apply
to well-constructed installations as detailed above.

9.2.8 The user of this International Standard 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, 6%, 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:
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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 the standard.

The detailed boundary layer option may be used for standard structures under any permitted
hydraulic conditions.

9.2.9 An analogous relationship to Formula (15) can be derived for flumes with trapezoidal throats
(see Figure 5) as:

2 3/2
Q:(_J gl/ZCszbehg/z (23)

3

where

Cs is apumerical coefficient that takes into account the effect of the non-rectangular flow s¢
tion)and which for a trapezoidal section is given by

@)

Co=f(mH /b,) (24)

(see|Figure 10 and 11.4.6);

Hce is the effective total head at the critical section.
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Cp =[1—0,006%Il—0,003£

3/2
h j

h
L L
b
0,70 0,65 0,60 0,55 0,50 0,45 0,40 0,35 0,30 0,25 0,20 0,15 0,10 0,05

0,2]109924 0991909913 (09906 (0989809888 |0,9876|09860| 09839 |0,9809 | 09764 |0,9690 | 09542 | 09103
0410991209907 (09901 {09894 (09886 | 09876 |09864 (0984809827 | 09797 | 09752 | 09678 | 0,9530 | 0,909 2
0,6 | 0900 0,9895 [ U,9889 [ 0U,9883 | 0,9875 | U,9860 |0,9852]0,9836]| 0981509785 | 0,974 1 0,960 7 ,9519 | 0,908 1
0,8 0[9888|0,9883|0,9878(0,9871(09863|0,9853|0,9840(09825| 09803 | 09774 | 09729 | 0,9655_{+,9502 | 0,907 0
1,0 0/9876|0,9872 0986609859 (09851 (09841 (0982909813 09792 | 09762 | 09711 | 0,9644 | 4,9496 | 0,9059
1,2/ 0/9865 (09860 | 0985409847 (0983909829 |09817|09801| 09780 | 09750 | 0,9706-[0,9632 | 9485 | 0,904 8
1,4]0/9853|0,9848|09842|09835|09827|09818 0980509789 | 09768 | 09739 | 0,969-4 | 0,9620 | (4,947 4 | 0,903 8
1,6 (0/9841(09836(09831|09824|09816| 09806 |0,9793|0,9778| 09757 | 09727( 09683 | 09609 | 9462 | 09027
1,8]0[9829|0,9824|09819|09812 09804 | 09794 [ 0978209766 | 09745 | 097154 0,9671 | 0,9598 | 4,9451 | 0,901 6
2,0(0/9818(0,9813|0,9807|0,9800|09792|0,9782|0,9770| 09754 0,9733,| 0,9704 | 0,9660 | 09586 | 9440 | 09005
2,2|0[9806 09801 (0,9795(0,9789(0,9781|0,9771 (0975809743 | 09722409692 | 09648 | 09575 | 49429 | 0,899 5
2,410[9794 (09787109784 |09777 (09769 | 09759 [ 09747 |09731(.09710 | 09681 | 09637 | 09563 | (0,9417 | 0,898 4
2,6 0]9783(0,9778|0,9772|09765|0,9757 | 09748 | 0,973 5| 0,972¢0.[\0,9699 | 0,9669 | 0,9625 | 09552 | 9406 | 0,897 3
2,8(0[9771|09766|09761|09754|09746| 09736 | 09724 |0,970,8 | 09687 | 09658 | 09614 | 09541 | (9395 | 0,896 3
3,0/0[9759 | 09755 | 0,9749 | 09742 | 09734 | 09724 | 09712,/ 09696 | 0,967 6 | 09646 | 09602 | 09529 | ]9384 | 0,895 2
3,2/ 09748 | 09743 {09733 (0,9731{0,9723| 09713 | 0,970°1"| 09685 | 0,9664 | 09635 | 09591 | 09518 | 9373 | 0,894 1
3,4]0/9736|09731|09726|0,9719 (0971109701 [.0,9689|0,9673 | 09653 | 09623 | 09580 | 09507 | 49362 | 0,893 1
3,6 |0[9725 (09720 | 09714 {0,9708|0,9700 | 0,969 0 0,967 8 | 0,966 2 | 09641 | 0,9612 | 09568 | 09495 | 9350 | 0,8920
3,8[0/9713|0,9708|0,9703 | 0,9696 | 09688 [0;967 8 | 09666 | 09651 | 09630 | 09601 | 09557 | 09484 | 4,9339 | 0,8909
4,01 0[9702|0,9697 09691 |0,9685|0,967,710,9667 | 0965509639 | 09618 | 09589 | 09546 | 09473 | 49328 | 0,8899
4,210]9690 | 0,9685|0,9680 | 0,967 3 | 0;966 5 | 0,9656 | 0,9643|0,9628 | 0,9607 | 0,9578 | 09534 | 09462 | 9317 | 0,8888
4,4 0[9679 | 0,967 4 | 0,966 8 | 0,9662 10,9654 | 0,964 4 | 09632 | 09616 | 09596 | 09566 | 09523 | 09451 | 49306 | 0,887 8
4,6 | 0]9667 | 09663 | 0,965 7 | 049650 | 0,964 2| 09633 | 09621|09605| 09584 | 09555 | 09512 | 09439 | (49295 | 0,8867
4,8 109656 | 09651 | 0,964 6,10/9639|0,9631| 09621 |0,9609| 09594 | 09573 | 09544 | 09500 | 09428 | (,9284 | 0,8857
5,0/0/9645 (09640 | 09634/| 09628 |0,9620 | 09610 [ 09593 |09583| 09562 | 0953309490 | 09418 | (4,9274 | 0,8847

The humber of sighificant figures given in the columns for coefficient of discharge should not be taken to imply a
corregponding aceuracy but only to assist in interpolation and analysis.
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Key
1 laminar
2 transition] to turbulent boundary at Re = 3 x 105
3 lower limfit for smooth laboratory installations
4  smooth
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Figure 9 — Variation of the relative(boundary layer displacement thickness, 6+/L, with Reyholds
number; Re, and relative roughness, L/ks

9.2.10 Althqugh theoretical-désign and flume computation procedures exist utilizing the above equdtions,
they are cumpersome. Thigislargely because Cs is dependent on Hce which may differ significantly frqm the
gauged head|h. An alterhative method of computing the discharge for trapezoidal flumes is given in|[11.5.

9.2.11 The ¢orresponding relationship for U-throated flumes (see Figure 6) is:
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2 \3/2
Q=(—j g'*c €, D h3? (25)

Cs is anumerical coefficient that takes account of the effect of the non-rectangular flow section,
which for a U-shaped section is given by

Cs:f(Hce/De) (26)

L I 11 d. 192 4 20
LD‘:C L 15ulc 4 1L dIlu _LL..T.UJ’

D is the effective diameter of the base of the U-shaped throat (defined in a similar'mpnner to be
in a rectangular throat).

9.2.12 Theoretical procedures using the above equations are cumbersome, largely because Cs is
depenpdent on Hce which may differ significantly from the gauged headf h An alternatiye method of
comppting the discharge for U-throated flumes is given in 12.5.
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Figure 10 — Shape coefficient relationship for trapezoidal-throated flumes
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&
Figure 11 — Shape coefficient relatip&ﬁ\ip for U-throated flumes
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Figure 12 — Throat width parameter relationship for U-throated flumes for use in determining
Reynolds number
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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 and U-throated flumes, 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 cahbratlon for a gauglng structure for the whole range of dlscharge can be derived by

: A o ] d discharges.
The p 1nc1ple ofthe method is to select aseries ofvalues ofdc, the cr1t1ca1 depth in the throat and calculate
correfponding values of He and Q using Formulae (27) and (28):

2
A
H|, =dce+‘;£=dce+2 ce (27)
g Wee
3
gA
o [ 94 (28)

ce

9.3.3| The effective total head, He, can be converted to the taotal head, H, which can then be|converted to
the measured gauged head, h, all as described in Clauses 10:6 12. Since this method is eady to use, and
gives [the same answers as those based on the coefficient,method, described in 9.2, it has peen adopted
as thq preferred methodology for determining the stagé-discharge rating in the spreadsheets (see Annex
D) thdt accompany this International Standard. Thissapproach 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

=2
o
H|, =h, +222 (29)
29
where
vl is the mean.velocity in the approach channel at the gauging section;

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

9.4.2 In applying the equations in this International Standard, the default value for a 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
Cy for trapezoidal and rectangular flumes can be derived as
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2/3 _
231 _ 2 (behe g o G0
o 3W3' A,

where A, is the cross-sectional area of the approach channel flow. For U-throated flumes, D¢ is substituted
in place of be in Formula (30).

9.4.4 For arectangular approach channel:

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

where

B is th[ width of the approach channel;

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

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

9.4.5 For altrapezoidal approach channel:

A, =(h+p)[B+m, (h+p)] (32)

where

B s th[ bed width of the approach channel;

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

9.4.6 For alU-shaped approach channel:

A, =Epéf[h+_PJ (33)
Da
where Dj is the diametricalwidth of the approach channel.

The detailed|geometrictreatment of part-circular sections is covered in Clause 12.

9.5 Selection offlume size and shape

In order to He able to identify which size and type of flume may be appropriate for a given situation,
Annex A provides a graphical representation of the stage-discharge relationships for rectangular,
trapezoidal and U-throated flumes over arange 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).
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Table 2 — Values of velocity coefficients, C,, for rectangular-throated flumes

2
%[%T[%J ctc?-ciP+1=0
b o
B
1,0 0,9 0,8 0,7 0,6 0,5 0,4 0,3 0,2
0,10 1,002 2 1,001 8 1,001 4 1,0011 1,000 8 1,000 6 1,000 4 1,000 2 1,0001
0,15 1,0051 1,004 1 1,003 2 1,002 5 1,001 8 1,001 3 1,000 8 1,000 b 1,000 2
0,30 1,0091 1,007 3 1,005 8 1,004 4 1,003 2 1,002 2 1,001 4 000 B 1,000 4
0,45 1,014 3 1,0115 1,009 1 1,006 9 1,0051 1,003 5 1,002 2 1,001 B 1,000 6
0,30 1,0209 1,016 8 1,013 2 1,010 0 1,007 3 1,0051 1,003.2 1,001 8 1,000 8
0,35 1,029 0 1,023 2 1,018 1 1,0137 1,0100 1,0069 1,004 4 1,002 1,0011
0,40 1,038 6 1,030 8 1,024 0 1,0181 1,013 2 1,0091 1,005 8 1,003 ¢ 1,001 4
0,45 1,050 0 1,0397 1,030 8 1,023 2 1,016 8 1,0115 1,007 3 1,004 L 1,001 8
0,30 1,063 5 1,050 0 1,038 6 1,029 0 1,0209 1014 3 1,091 1,005 I 1,002 2
0,35 1,079 3 1,062 0 1,047 6 1,0357 1,0255 1,017 5 1,011 0 1,006 L 1,0027
0,40 1,098 0 1,076 0 1,057 9 1,0429 1,030:8 1,0209 1,013 2 1,007 B 1,003 2
0,45 1,1203 1,092 1 1,069 5 1,051 3 1,036 7 1,024 8 1,015 6 1,008 6 1,003 8
0,70 1,146 5 1,1108 1,082 9 1,060 6 1,042 9 1,029 0 1,0181 1,010 0 1,004 4
0,15 1,1327 1,098 0 1,071 1,050 0 1,033 6 1,0209 1,011 5 1,0051
0,80 1,115 3 1,082 9 1,057 9 1,038 6 1,024 0 1,013 2 1,005 8
0,45 1,1355 1,096 0 1,066 4 1,044 1 1,027 2 1,014 9 1,006 5
0,90 1,110 8 1,076 0 1,050 0 1,0308 1,016 8 1,007 3
095 1,127 5 1,086 4 1,056 4 1,034 6 1,018 8 1,008 2
1,9q0 1,146 5 1,098 0 1,063 5 1,038 6 1,020 9 1,009 1
The niimber of significant figuresgiven in the columns for coefficient of velocity should not be taken to imply alcorresponding
accurgcy but only to assist infinterpolation and analysis.
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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 sid¢ contractions only;
b) with botftom contraction or hump only;

c) with both side and bottom contractions.

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

10.1.3 The
throat shall b
from top to t
they may be
(In laborator

nvert of the throat shall be level throughout its width and~length. The sides of the [flume
e vertical and parallel and square with the invert, so thatthe'width of the throat is ac¢urate
ottom and end to end. The surfaces of the throat and entrance transition shall be smooth;
onstructed in concrete with a smooth finish, or lined with a smooth non-corrodible mafterial.

y applications rigid plastic, metal surfaces and paintéd timber sheet material are commonly

deployed.) T
the case of fl
and at no po

he centreline of the throat shall be in line with the centreline of the approach chan
imes without a hump (bottom contraction), the floor of the approach channel shall be
nt higher than the invert of the throat, for-a distance of at least 2hyax upstream of thg

el. In
level,
head

measurement section.

e bed
1d the

10.1.4 The flume geometry shall be as showmin'Figure 4. The radius of the curved transition to th
and walls of [the throat shall be at least 4p and 2(B - b) respectively. The 1 in 6 expansion beyor

throat may b truncated when recovery efthead is not important.
10.1.5 When the required recovery, of head is more than 80 %, the alternative flume geometry with side
and bottom dontractions can bedised. The slope downstream of the throat shall be 1 in 20 for a lenjgth of

th of
overy
hould

2H (where H|
the sidewalls
of heads, the
be given up t

is the total headZabove the sill of the hump) beyond which it may be steeper. The len
downstream.of throat shall be 4H and their divergence shall be 1 in 10. For greater reg
sidewalls shall'be parallel up to the toe of the slope and then a hyperbolic expansion s
D the poinnitywhere the downstream channel begins.

10.2 Location ef 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 3 and 4 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 has to 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 may be possible to
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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, for example 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 equation for rectangular throated flumes-is given by Forjnula (19) in
Clausg 9 as

9 3/2
Q=[§] g'%CoC, b2 (39
wher¢
3/2
b h
cl=|2& | == 35
304G e
bl =b-26- (36)
hl =h—6« (37)

10.4.2 Substituting Formulae (36) and (37) into Formula (35), the modular discharge coefficient, Cp, is
given|by

3/2
c)=[1—2§x£](1—§x£] (38)
L’ b

where L is the length of prismatic section of the contraction at the flume and &+ 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/ks, as shown in Figure 9. For good
surface finishes, provided 105 > L/ks > 4000 and Re > 3 x 105, 6+/L may be assumed equal to 0,003 and
Formula (38) then becomes

L L 3/2
CD:(1_0'006E](1_0'003Z] (39)

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 Cp derived from this equation are given in Table 1 and
these are the values which apply to well constructed installations as detailed above.
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10.4.5 The Reynolds number, which is needed for the detailed boundary layer treatment, is calculated from

1/3
Rezé(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 Flume1.xls file (see Annex D) that accompanies
this Internatjonal Standard. The solution scheme adopted for the coefiicient method In the spreadsheet is
given below ind this approach is recommended for manual calculations.

10.4.8 Thefpllowingbasicgeometry and parametersare entered into the input data cells ofthe spreadfheet:
m sideslgpe of throat section (set to 0 for a rectangular-throated flume);

m,  sideslgpe of approach channel at gauging section (set to 0 if the approach’¢hiannel is also reg¢tan-
gular);

b width ¢f throat;
B base wlidth 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.

10.4.9 The gpreadsheet also requires the user.to chose between

— the simple boundary layer treatment, with a fixed value of the dimensionless boundary|layer
displacement thickness, 6*/L, and

— the detajled boundary layertreatment.

If the detailgdd treatment is~e¢hosen, an additional input item, the roughness amplitude, ks, is required
(recommendgd values ar€ shown in Table 3).
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Table 3 — Recommended roughness values, ks

Values of kg
Surface classification 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

Paintpd sheet metal 0,03 0,06

Galvanized metal 0,06 0,15

Paintgd or coated casting 0,15 0,15

Uncoated casting — 0,3

Concrete

In-sith or precast construction using steel formwork, with all irregu- 0,06 0,15

lariti¢s rubbed down or filled in

In-sith or precast construction using plywood or wroughttimber form- 0,3 0,6

work

Smooth trowelled cement rendering 0,3 0,6

Concijete with thin film or sewage slime 0,6 1,5

Wood

Planed timber or plywood 0,3 0,6

Well §anded 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 kinematicviscosity of water, required only for the detailed boundary layer treatment (default
value ¢of 1,14 x 10-6 m2s-1 for water at 15°C entered, but other values may be derivdad from
Table™4);

a Kinetic energy coefficient for approach channel (default value 1,05);

6+/L  dimensionless boundary layer displacement thickness for simple boundary layer treatment

(default value 0,003);

Cy 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 m2/s x 10-6
0 1,79
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 Below. Successive iteration results are set out in tabular form, with each{eolumn containing
an individua| iteration, so that the user can see that the iterations have successfully converged. The
spreadsheet [ncludes five iterations.
Step Description Parameter | Formula
1 |Area pfapproach channel (non-iterative) Ay (32)
2 |Numgdrical coefficient related to throat sideslope (non-iterative, equals 1,0 n (49)
for a rectangular-throated flume)
3 |Relatjve boundary layer displacement thickness (default value taken for 6+/L —
first iwo iterations)
4 |Dischirge coefficient Cp (38), (49)
Velocjty coefficient (default value for first iteration, then value from previ- Cy —
ous iteration)
6 |Intermediate parameter (zero for rectangular-throated flume) mH/b —
7 | Throdt flow width parameter (unity for rectangular-throated flume) we/b —
8 |Reyn¢lds number Re (40), (51)
9 |Bounflary layer displacementthickness (calculated from Reynolds number O —
and throat length in worksheet ‘Delta-star’)
10 |Effective gauged head he (37),87)
11 |Effective total head He 19
12 |Effective throathéd width be (36), (46)
13 |Interediateparameter (zero for rectangular-throated flume) mHe/be —
14 |Shapg ceefficient (unity for rectangular-throated flume) Cs —
15 |Intermediate parameter (Used in Step 16) Cs e e/ 243 =
16 |Velocity coefficient (computed from a, A,, current values of C, be, he and Cy (30)
value of Cy 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 equation can be expressed approximately by

34
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(41)

where Cis an overall discharge coefficient and for preliminary design purposes may be assumed to have
a value between 0,97 and 1,00.

10.4.13

b=

zoidal at the

(42)

In cases where the approach channel section is not truly rectangular or trape
location where h is measured, b can be determined from
Aa
n+p

wher
10.5

10.5.
labor
conve
depth
them
is the

Computation of stage-discharge relationship

I The stage-discharge relationship for a rectangular-throated flume can be com
ously, by repeated application of the coefficient method at suce€ssive gauged he
nient approach, however, is to consider a series of values of the critical depth in the thi
, all the geometric dimensions at the throat are then adjusted.for boundary layer effect
according to the displacement thicknesses, as shown inigtre 8. Standard hydrauli
n applied to obtain the critical discharge and effectivethead, to which is added the

thickmess to obtain the total head. Finally, this is converted‘tothe gauged head by subtractin

head

10.5.
(with
proce
are m
Flum¢

10.6

10.6.

n the approach channel, this last step being an iterative calculation.

P Because the rectangular-throated flume.iga particular form of the trapezoidal-th
the sideslope, m = 0), the user of this International Standard is referred to 11.5, wh
dure for the computation of the stage-discharge relationship is fully described. Thesg
ost conveniently accomplished usingthe spreadsheet for trapezoidal and rectangular
1.x1s file (see Annex D) that accompanies this International Standard.

Limits of application

I The practical lower limit of h is related to the magnitude of the influence of fluid p1

bounglary roughness. The'vecommended lower limit of 0,05 m or 0,05L, whichever is the gr

10.6.
from

P There is alsova limit on the ratio of the areas of the approach channel and the t
difficulties experienced when the Froude number in the approach channel exceeds a

reco

mendedupper limit of the nominal area ratio bh/[B(h + p)]is 0,7. The “Rating” workshg

spreafdsheétfor trapezoidal and rectangular flumes in the Flume1.xls file (see Annex D) that
this International Standard tabulates values of the Froude number and selected values are

in th

“Simm -;n*y" workshoot

e A, is the actual cross-sectional area of the approach channel at that location afid water level.

puted, albeit
ads. A more
oat. For each
5 by reducing
c flow theory
Hisplacement
o the velocity

roated flume
bre the latter
calculations
flumes in the

operties and
bater.

hroat arising
bout 0,5. The
pet within the
Accompanies
hlso included

10.6.3 Other limitations are as follows.

a T
b) T
c T

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

he ratio 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 hyax/L may be allowed to rise to 0,67, with an additional
uncertainty in coefficient of 2 % over that derived by Formula (43).
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10.6.5 The previous edition of this International Standard (ISO 4359:1983) required that the gauged
head, h, be not more than 2 m. However, there is no technical justification for this restriction, so it does
not apply in the present edition.

10.6.6 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.

10.6.7 With reasonable skill and care in the construction of the flume, the coefficients are expected to
have an uncertainty approaching 1 % in favourable circumstances, for example when Cp and Cy are not
far from uni i i i ici

tﬁﬁﬂa&i&&@@ﬂmﬁg&m&@@i@ﬂﬁgﬂcﬂﬁa&ﬁf may
be obtained from

[1+20(C, —Cp)]% (43)

11 TrapeZoidal-throated flumes
11.1 Descrfption

nd the

11.1.1 Trap
optimum thr
measured an

11.1.2 Trap
circumstance

pzoidal throated flumes can be designed to cope with many/different flow conditions, a1
pat geometry (in terms of bed width and sideslope) will*depend on the range of flow
d on the characteristics of the stream or channel in which it is to be installed.

pzoidal throated flumes should have geometry\generally as indicated in Figure 5. In
s, however, it will be appropriate to make the invert of the throat level with the iny

the approach channel, i.e. p = 0, for example if sediméent has to be conveyed through the flume

Internationa
both the thrqg

11.1.3 The

channel. Sub
elevation as
of smooth c
particular in
surfaces, syn

11.1.4 The
construction

11.1.5 The ¢

Standard covers only that class of trapezoidal throated flume in which the sloping w|
at and the approach channel (at the gauging location) extend above the highest water

to be

some
ert of
. This
nlls of
evels.

lume shall be installed withsthe throat centreline in line with the centre of the approach

critical flow shall exist inthe' flume approach, and the flume shall be installed at su
to operate with free disScharge throughout the range. The surfaces of the flume sh
ncrete, stainless steghor other smooth non-corrodible material. The throat sectior
portance and shallchave a level invert and be truly prismatic, the sloping walls being
metrically dispdsed and making a sharp intersection with the invert of the throat.

entrance and’ exit transitions may be plane or curved surfaces to suit convenier

onvergence of the entrance transition on any plane section, if formed from plane suf

ch an
all be

is of
plane

1ce of

faces,

should not b
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faces

are used, these shall be well-streamlined, for example 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 1 in 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
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be located a distance of between 3 and 4 times the proposed maximum gauged head upstream of the
leading edge of the entrance transition.

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 necegsary ratio of
upstream to downstream head is dependent on the angle of expansion, as follows:

1)in 20 each side H/Hg=1,10
1)in 10 each side  H/Hg=1,20
1|in 6 each side H/Hg=1,25

1lin 3 each side H/Hg=1,35

wher¢ Hq is the total head just beyond the exit transition, related to the flume invert.

11.3.3 Inartificial channelsitis frequently possible to determine the depth downstream at vqrious rates of
flow With reasonable accuracy, for example by means'of a standard resistance formula if the channel is long
enough and of constant slope, or by reference to thé’characteristics of controlling features dgwnstream.

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

a) the maximum depth recordedswith 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 levelin.the stream, i.e. the level under zero flow conditions.
11.4 |Evaluation of discharge — Coefficient method

11.4.1 The basic discharge equation for trapezoidal-throated flumes is given by Formula (23) in Clause 9,
with the breadth, b, replacing the effective breadth, be, the upstream gauged head, h, replacing the effective
head,|he,and the introduction of the coefficient of discharge, Cp, to give

2 P/ 1/2 3/2
Q:[gJ g / CpCsCybh / (44)
where
3/2
b h
Cn=|=28 | & 45
b, =b—-2n0+« (46)
he =h—06+« 47)
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n=vl+m®-m (48)

and
6+ isthe 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 ip Formula (387J:

3/2
CD=£1—217 ﬁ><£j[1—é><éj (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. Fort rough surface finishes, the value of the relative boundary layer. displacement thickness,
6x/L, varies With Reynolds number, Re, and relative roughness, L/ks, as shown in Figure 9. For| good
surface finishes, provided 105 > L/ks > 4 000 and Re > 3 x 105, §«/L may be assumed equal to 0,003 and
Formula (49] then becomes

L L 3/2
Cp :[1—0,006773](1—0,00%) (50)

11.4.4 The Yalue of 1 is obtained from Formula (48) and:the value of the modular discharge coefficient
is obtained by substituting known values of n, L, b and hinto Formula (49) or (50).

11.4.5 The Reynolds number, which is needed forthe detailed boundary layer treatment, is calculated from

1/3 1/3
Re zé(ﬁ) [i] (51)
vi|b w,

11.4.6 The ghape coefficient, Cg-is.given by Formula (52), which can be derived from Formulae (1() and
(23) and the [relationship including throat area in Formula (11):

3/2
1+[mhce ]
b
C.=| 1+ Mhee ¢ (52)
1+E Mhee
3| b, ||

11.4.7 The approach to the solution of Cs adopted in the spreadsheet is to produce a table and graph
of Cs against mHe/be, then to look up (interpolating as necessary) the value of Cs corresponding to the
computed value of mHe/be. Although this relationship varies very slightly with flume geometry and the
value of the boundary layer displacement thickness, this variation was disregarded when applying the
coefficient method in the previous edition of this International Standard, as a single graphical relationship
was provided for trapezoidal flumes. Figure 10 of the present edition shows a plot of Cs versus mHe /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 Flumel.
xls spreadsheet (see Annex D) that accompanies this International Standard.

€

11.4.8 The value of C} is computed from Formulae (30) and (32).
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11.4.9 Inorder 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 Flume1.xls file (see Annex D) that accompanies
this International Standard. The solution scheme adopted for the coefficient method in the spreadsheet is
given below and this approach is recommended for manual calculations.

11.4.10The 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 chese between

— the simple boundary layer treatment, with a fixed, value of the dimensionless bofindary 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-33-

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 x10-6 m2s-1 for water at 15°C entered, but other values may be derivgd from
Table 4);

a kinetic.€nergy coefficient for approach channel (default value 1,05);

6+/L |dimensionless boundary layer displacement thickness for simple boundary layer treptment
(default value 0,003);

Cy  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 below. 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.

© IS0 2013 - All rights reserved 39


https://standardsiso.com/api/?name=9f9b6149b3831f2a9ea6292700f7155f

ISO 4359:2013(E)

Step Description Parameter Formula

1 |Area of approach channel (non-iterative) Aa (32)

2 |Numerical coefficient related to throat sideslope (non-iterative) n (48)

3 Relative l?ound.ary layer displacement thickness (default value taken for 5+/L -
first two iterations)

4  |Discharge coefficient Cp (49)
Velo_city cpefficient (default value for first iteration, then value from previ- c .
ous iteration) v

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

7 | Throgt flow width parameter we/b —

8 |Reyn¢lds number Re (51)

9 |Bounflary layer di-splacement thickness (calculated from Reynolds number 5 ]
and throat length in worksheet “Delta-star”)

10 |Effective gauged head he 47

11 |Effective total head He (19)

12 |Effective throat bed width be (49)

13 |Interinediate parameter (used in step 14 for determination of Cs) mHe/be —

14 i}}]lsgt( coefficient (interpolated from value of mHg/be in “Shape” work- C, Figurk 10

15 |Interinediate parameter (used in step 16) Cs be he/Aq —

16 |Velocjty coefficien_t (computt?d from a, A,, current values, ofCs, be, he and c 3d
value|of Cy at previous iteration)

17 |Dischprge Q 44

11.5 Compputation of stage-discharge relationship
11.5.1 The gtage-discharge relationship.for a trapezoidal-throated flume is most conveniently obtained

by consideri
dimensions 4§
displacemen
the critical d

g a series of values of the)critical depth in the throat. For each depth, all the geometric
t the throat are then adjusted for boundary layer effects by reducing them according ffo the
F thicknesses, as shown)in Figure 8. Standard hydraulic flow theory is then applied to ¢btain
ischarge and effective head, to which is added the displacement thickness to obtaln 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-séxplained in more detail below, based on the simple boundary layer treatmént, in

which the va

ue of\d%/L is fixed. For the detailed boundary layer treatment, the value of 6+ depends

bn the

Reynolds nu1nber, which is not available at the start of the calculations, so there is an additional el¢ment

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, dce.

b) Calculate the effective bed width, be, from Formula (46).

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

Wee =b +2md .,

Acez(be

40

+md )d e

(53)

(54)
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d) Calculate Q using Formula (28).

e) Calculate He using Formula (27).

11.5.4 Because the datum for the effective total head, He, is 6+ above the flume invert, this is then added
back to He 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

=2
hEH=TO—= (55)
29
wher¢ 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 approachichannel, whigh is assumed
here fo be trapezoidal, is given by

Al =(h+p)[ B+mj (h+p)] (56)
whereg

p| isthe height of the flume throat invert above the approach channel invert at the gauging sec-

tion;

B isthe bed width of the approach channel;

my is its sideslope (m, horizontal to 1 vertieal).
11.5.Y Because h occurs implicitly ifi the right-hand side of Formula (55), a method pf successive

apprd
calcul
first g
until 1

ximation is needed to determine h. In the first iteration, h is approximated to H for th
ating A; and thence the mean‘velocity and velocity head. Formula (55) is then used
pproximation to h, which\is then used at the start of the second iteration. The iterat]
here is a negligible difference between successive approximations for the gauged hea

11.5.

B Having thus worked out pairs of values of Q and h for a series of values of d,, the rat

e purposes of
to obtain the
ions proceed
, h.

ing curve for

the flime may be pletted 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
Flume¢1.xls file (see Annex D) that accompanies this International Standard. Alternatively, plotting with
logarithmic §cales renders the curve closer to a straightline, which may be of assistance when|interpolating
value$ fronyit. Logarithmic plotting may also offer improved sensitivity for low heads and flpws.

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 Flume1.xls (see Annex D) are set out below. 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.
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Step Description Parameter Formula
@) Numerical coefficient related to throat sideslope (equals 1,0 for a rectan- 48)
gular-throated flume) 1
(b) |Effective throat bed width be (46)
() |Minimum critical depth in throat taken as 0,03m dc(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 . .
an approximately logarithmic series
) The 101 values of critical depth are listed in a column at the left side of the o
workfheet v
(@) Deduft the boundary layer displacement thickness (based on the simple d |
&) |theor}y) from d. to obtain the effective value ce
(h) |Effective surface width Wee (53)
(i) |Effective flow area Ack 54
(j) |Criticpl flow in throat Q (29)
(k) |Reyn¢lds number Re (51
0 Bounflary layer displacement thickness (calculated from Reynolds number 5 |
and throat length in worksheet “Delta-star”)
(m) Steps|(b) and (g) to (j) are repeated using the value of §+ obtained\instep be, dce, Wee, See alove
Q) Ace, Q
(n) |Criticpl flow velocity in throat = Q/Ace Ve —
(o) |Effective total head He 27
(p) |Totallhead = He + 6+ H —
(@) |Gauggd head (iterative calculation as described:in11.5.7) h (59)
(r) |Froude number in approach channel (for infermation) Fr 571

11.6 Limits

of application

11.6.1 The practical lower limit of h-is related to the magnitude of the influence of fluid propertigs and

boundary rof

11.6.2 Ther
from difficul
shall be ched
worksheet of
the “Summat

y” M;orksheet.

ighness. The recommended lower limit of 0,05 m or 0,05L, whichever is the greater.

b is also a limit on the ratio of the areas of the approach channel and the throat afrising
ies experienced when the Froude number in the approach channel exceeds about 0,5. This
ked at eacht end of the range and at intermediate flows using Formula (57). The “Rating”
Flumet:xls tabulates values of the Froude number, and selected values are also inclugled in

Fr

a~Va

ow 4 ZQ O!W:::l SO,S
gAa gAa

11.6.3 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.

(57)

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.

42
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e) Thesloping 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 hpax/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 previous edition of this International Standard (ISO 4359:1983) required that the gauged
head, h, be not more than 2 m. However, there is no technical justification for this restriction, so it does
not apply in the present edition.

11.6.
tolerg
upstr

11.6.
have {
from

b The overall uncertainty of measurement, due to experimentally determined,C0g
nces in the construction of the flume referred to in 6.2.2 and the difficulties ifi\mal
bam head measurements, is described in detail in Clauses 13 and 14.

/ With reasonable skill and care in the construction of the flume, the coefficients ar
in uncertainty approaching 1 % in favourable circumstances, for examiple when Cp and
Inity. An estimate of the standard percentage uncertainty of the discharge coefficient,

fficients, the
xing accurate

e expected to
Cyare not far
L1 *(C), may be

obtaiped from

uf(C)=%[1+20(C,-Cp)]% (58)

12 U-throated (round-bottomed) flumes

12.1|Description

12.1.
cope \

| axis cannot
Fantages over
here the flow
tThan that of a
emi-cylinder.

| Flumes with their inverts in the form*of a semi-cylindrical surface with a horizontz
vith such a wide variety of situations.asthe trapezoidal-throated flume, but they have ad;
the rgctangular-throated flume in certain circumstances, for example in sewerage systems w
enters$ from a circular or U-shaped«conduit. The sensitivity of a U-throated flume is greater
rectanpgular throated flume, espeeially in the lower range of discharge lying within the lower 3

12.1.2 U-throated flumes(shall have a geometry generally as indicated in Figure 6. Two bgsic types are

often|deployed when the-approach channel is U-shaped also:

a) allevel invert arrahgement 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 efthe approach channel and throat.

The fonmer has advantages where heavy sediments are carried; the latter has the advantagp of a simpler

transttionrgeometry—Fhespreadsheetfor Y-throatedflumes—inctuded— tsTtermational Standard

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 and be truly prismatic. 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 1 in 3 at each
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side (transverse to horizontal). If curved surfaces are used, these shall be well streamlined, for example
generated by circular curves, and shall lie entirely inside the alternative part-conical-part-plane 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 pomt far enough upstream of the contraction to be

clear of the e

of measure
be located a
leading edge

12.3 Provis

12.3.1 Flowj
velocity shall

elevation as §o produce modular flow for the full range of design discharges: The dimensions of the

shall be such
of the throat

12.3.2 As th
upstream to

lin6ea

1in 3 ea

where Hg is fhe total head just beyond the exjt transition, related to the flume invert.

12.3.3 Inart
flow with rea
enough and d

12.3.4 If the
then be obta

a)
b) the appr

the max

ent and the throat is neghglble It is recommended that the head measurements
distance of between 3 and 4 times the proposed maximum gauged head upstream
of the entrance transition.

sion for modular flow

is modular when it is independent of variations in tailwater level;dand for this to be {
pass through the critical velocity in the throat. The invert level shall therefore be at sy

that the total head upstream is well in excess of that downs$tream when related to the
(assuming subcritical flow exists downstream).

e modular limit is dependent on head recovery_béyond the throat, the necessary r4g
Hownstream head is dependent on the angle of gkpansion as follows:

ch side, H/Hg = 1,24, and
ch side, H/Hq = 1,35,

ificial channelsitis frequentlypossible to determine the depth downstream at various r4
sonable accuracy, for example by means of a standard resistance formula if the channel i
f constant slope, or by.reference to the characteristics of controlling features downstre

flume is to be installed in an existing channel or stream, the following information g
ned at the site"

mum depthirecorded with an estimate of the rate of flow at that depth;

pximate depths at two or more intermediate rates of flow;

ection
pf the

o, the
ch an
flume
nvert

tio of

tes of
s long

hould

c) thedea

water level in the stream, i.e. the level under zero flow conditions

12.4 Evaluation of discharge — Coefficient method

12.4.1 The basic discharge equation for U-throated flumes is given by Formula (25) in Clause 9, with the
actual throat diameter, D, replacing the effective diameter, De, the upstream gauged head, h, replacing the
effective head, he, and the introduction of the coefficient of discharge, Cp, to give
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5 \3/2

0 =(§J g'?cyc.c, Dh3/? (59)

where
3/2
D, \ h

Cp=| = | = 60

DE = D - 25* (61)

h)=h-8. (62)
and where 6+ is the boundary layer displacement thickness.
12.4.2 The modular discharge coefficient, Cp, is given by an expression analogous to that for p rectangular
flume given in Formula (38):

3/2
ch=[1-295x L |10k 63)
L D L h
12.4.B For installations with a good surface finish the value.0f 6+/L will, in practice, lie in the range 0,002
to 0,J04. For rough surface finishes, the value of the relative boundary layer displacement thickness,
6x/L, varies with Reynolds number, Re, and relativesroughness, L/ks, as shown in Figurd 9. For good
surfage finishes, provided 105 > L/ks > 4 000 and Re:> 3 x 105, §+/L may be assumed equal|to 0,003 and
Formpla (63) then becomes
L L 3/2
C):[l_O'O%EJ[l_O'OOBZ] (64)

12.4.
and h

12.4.,

i The value of the modulardischarge coefficient is obtained by substituting known
into Formula (63) or (64.).

(g0 V2D )"
“vl D w,

yalues of L, D

b The Reynolds numbet, which is needed for the detailed boundary layer treatment, is callculated from

(65)
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12.4.6 The shape coefficient, Cs, 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:

] 3/2
0. —sin@ 0
C,=3%%sing,| — e >M7e 0 (66)
4sinf, —5sin6, cos, +06,
For flows above the axis of the throat semi-cylinder:
dce T 1 3/2
32 N To o
3 D, 8 2
C.=| = e 67
S [2 j 3dce 1_1 ( )
2D, 16 4
12.4.7 The gdpproach to the solution of Cs adopted in the spreadsheet is to produce a table and graph of Cj
against He/ D}, then to look up (interpolating as necessary) the value of Cs corresponding to the computed

value of He/!
boundary lay
method give

was providedl for U-throated flumes. Figure 11 of the present edition shows a plot of Cs versus

for a typical
displacemen
spreadsheet

12.4.8 The J
the approach
channel at t
U-shaped, an
area, A,, with

channel required for use in Formula*(30) is obtained from the geometry of the ap
given water level. In most applications of a U-throated flume, the approach channel {
this is the assumption of the Flume2.xls spreadsheet. Formula (68) gives the approac
the water level lying withintthe semi-circular base portion and Formula (69) applies if

De. Although this relationship varies very slightly with flume\geometry and the value pf the
rer displacement thickness, this variation was disregarded”when applying the coefficient
h in the previous edition of this International Standardy as a single graphical relatignship

e/De

J-throated flume. The table and graph for the specific flume geometry and boundary| layer
F thickness are presented in the “Shape” and ‘Shape chart” worksheets of the Flumle2.xls
[see Annex D) that accompanies this International Standard.

halue of C, is computed from Formula (30), with D, substituted in place of be. The afea of

itlies

above that pgrtion:

Da

0, —sinf,cos6,).for' d, S7 (68)

D

5 (69)

b +[da —%)Da ford, >

is the depth of water in the approach channel at the gauging section relative to the invert level

at that point, thatis dy = h + p;
is the approach channel width and invert diameter;

is the 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 Inorder 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.
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12.4.10The following basic geometry and parameters are entered into the input data cells of the spreadsheet:

D
Da

p
L

diameter (width) of throat;
diameter (width) of approach channel at gauging section;
height of throat invert above approach channel bed;

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 dimensianless bo
diisplacement thickness, 6«/L, and

— the detailed boundary layer treatment.

If the
(reco

12.4.
chang

g

1%

S¢/L

Cy

12.4.
below
iterat
five it

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

W Default values of the following parameters are given in the spreadsheet
ed by the user.

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

kinematic viscosity of water, required only;for the detailed boundary layer treatme

Table 4);
kinetic energy coefficient for appreach channel (default value 1,05);

dimensionless boundary layer-displacement thickness for simple boundary layer tr|
(default value 0,003);

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

13 The spreadsheet then proceeds with the calculations, using the solution seq
. Successivesiteration results are set out in tabular form, with each column containing
on, so thatthe user can see that the iterations have successfully converged. The spreads
Prations,

indary layer

, is required

but may be

nt (default

value of 1,14 x 10-6 m2s-1 for water at 15\°C entered, but other values may be derived from

eatment

lience set out
an individual
heetincludes
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Step Description Parameter Formula
1 |Approach channel flow depth = h + p (non-iterative) da —
2 |Approach channel flow depth relative to semicircle axis (non-iterative) dy—Dy/2 —
3 |Angle (radians) from axis to edge of water surface (non-iterative) 0a=T/2 - 0, —
4 |Water surface width at gauging section (non-iterative) Wy —
5 |Area of approach channel (non-iterative) A, —
6 F_elative l?ound_ary layer displacement thickness (default value taken for 5¢/L .
irst two iterations)
7 | Dischargecoefficient Ch (6Q)
8 Velqc ty cpefficient (default value for first iteration, then value from previ- c |
ous iteration) v
9 3;11;(: (t)ffl[f[):\//g:ig-tohn?g;i:/r;(e)flesriggilactlil(l)?lt)ed in worksheet “Throat” using Wee/De Figure 12
10 |Reyn¢lds number Re (69)
11 Bounflary layer digplacement thickness (calculated from Reynolds number e ]
and throat length in worksheet “Delta-star”)
12 |Effective gauged head he (Y]
13 |Effective total head He (19)
14 |Effective throat diameter (width) De (61)
15 Intercmediate parameter (used in step 16 for determination ofCs and in He/De |
step 9 for determination of w¢e/De)
16 [Shapg coefficient (interpolated from value of He/De in-worksheet “Shape”) Cs Figure 11
17 |Interiediate parameter (used in step 18) Cs De he/Ay —
18 Veloc|ty coefficien_t (computgd from a, A,, current values of Cs, De, he and c (30) (Pein
value|of Cy at previous iteration) place qf be)
19 |Dischiarge Q (59)
12.5 Compputation of stage-discharge relationship
12.5.1 The |stage-discharge rélationship for a U-throated flume is most conveniently obfained

by consideri
dimensions 3
displacemen
the critical d

g a series of valugs of the critical depth in the throat. For each depth, all the georetric
t the throat ar'e then adjusted for boundary layer effects by reducing them according
[ thicknesses,‘as shown in Figure 8. Standard hydraulic flow theory is then applied to ¢btain
ischarge{and effective head, to which is added the displacement thickness to obta

to the

n the

total head. Finally, this is converted to the gauged head by subtracting the velocity head in the appfroach

channe], this

beifigian 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 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.

12.5.3 Selectarange 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, dce.

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
Ace =T“"(9e —sinf,cos6,) for d,, S?e (70)

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 —fjbe for dee 2 =2 (71)
F i i i-cyli le 6 and the
effective throat width, wee, are computed from Formulae (72) and (73) respectively. For greater
depths, wee = De.
D-2 D,-2
cqs6, = de _De—2dee (72)

© p-25. D

e

Wl =D, sinf, (73)

d) Cplculate Q using Formula (28).

e) Cplculate He using Formula (27).

12.5.4 Because the datum for the effective total head, Hg, 1S 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 thevelocity head in the approach channel tq be deducted
from the total head, H, to obtain the gauged head, h, as in
‘72

hEH -2 (74)
29

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

12.5.6 In applying Formula [74), the cross-sectional area, 4,, of the approach channel, whigh is assumed
here fo 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

D, —2d
ccsGa=aD—2a (75)
a

12.5.F CBecause h occurs implicitly in the right-hand side of Formula (74), a method pf successive
approXimation 1s needed to determine /1. In the first iteration, /1 1s 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, 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 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 U-throated flumes presented in Flume2.
xls (see Annex D). Alternatively, plotting with logarithmic scales renders the curve closer to a straight
line, which may be of assistance when interpolating values from it. Logarithmic plotting may also offer
improved sensitivity for low heads and flows.

© IS0 2013 - All rights reserved 49


https://standardsiso.com/api/?name=9f9b6149b3831f2a9ea6292700f7155f

ISO 4359:2013(E)

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 set out below. 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.

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

() |Estinfated maximum permissible critical depth in throat, increased by 5%/| d.(max.) —]

) Range of critical depths divided into a series of 50 increments below the . |
flumd 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

© | workbheet de o

) goun lary layer displacement thickne_ss (based on the simple theory) is dhe |
edugted from d. to obtain the effective value

(g) |Effective surface width (from “Circularl” worksheet) Wee (73) dr De

(h) |Effective flow area (from “Circularl” worksheet) Ace (70) o1 (71)

() |Criticpl flow in throat Q (29)

(j) |Reyng¢lds number Re (63)

X Bounglary layer displacement thickness (calculated from Reyfblds number e |

and throat length in worksheet “Delta-star”)

0 ?Sps (@) and (f) to (i) are repeated using the value of & obtained in step De,f::, gce, See alove
(m) |Criticpl flow velocity in throat = Q/Ace Vee —

(n) |Effective total head He 27
(o) |Totalfhead = He + 6+ H —

(p) |Gaugéd head (iterative calculation-as-described in 12.5.7) h (74)
(q) |Froude number in approach channel (for information) Fr (769)

12.6 Limits of application

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

12.6.2 Ther¢ js also a limit on the ratio of the areas of the approach channel and the throat arising from
difficulties e3 pnriphrnd whenthe Froude numberinthe npprnarh channel exceeds about n,': This shall be
checked at each end of the range, and at intermediate flows, using Formula (76). 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.

Fr, =7, \/O‘Wa =0 |2 <05 (76)
gAa gAa

12.6.3 It may be necessary in some situations (for example 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
additional uncertainty in coefficient of 2 % over that derived by Formula (77) should be allowed when
0,6 > Fry > 0,5.

50 © IS0 2013 - All rights reserved


https://standardsiso.com/api/?name=9f9b6149b3831f2a9ea6292700f7155f

ISO 4359:2013(E)

12.6.4 Other limitations are as follows.

a)
b)

c)

D shall be atleast 0,1 m.
The ratio h/L should not exceed 0,50.

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

critic

l section in the throat However the ratio h

n additional

<L may he allowed to rise to 0 67 with

peeies

uncerjtainty in coefficient of 2 % over that derived b3; Formula (77).

12.6.
head,

b The previous edition of this International Standard (ISO 4359:1983) required tha
h, be not more than 2 m. However, there is no technical justification for this restricti

not apply in the present edition.

12.6.

/ The overall uncertainty of measurement, due to experimentally’determined cog

tolergnces in the construction of the flume referred to in 6.2.2 and ghe difficulties in mal
upstream head measurements, is described in detail in Clauses 134nd 14.

12.6.

B With reasonable skill and care in the construction of\the flume, the coefficients ar

have 4n uncertainty approaching 1 % in favourable circumstances, for example when Cp and

from

inity. An estimate of the standard percentage uncertainty of the discharge coefficient,

obtaiped from

uf(C)=+[1+20(C,-Cp)]%

t the gauged
bn, so it does

fficients, the
xing accurate

e expected to
Cy are not far
L *(C), may be

(77)

asurement of

btermine the

13 Uncertainties of flow measurement

13.1(General

13.1.1 This clause providésjinformation for estimating and stating the uncertainty of a me

dischjrge. The overall uncertainty of measurement depends on

a) the standard pf eenstruction and finish of the flume,

b) the uncertainty of the formula for the coefficient of discharge,

c) the uneertainty in the value for kinetic energy coefficient, a, which is required to d
totalhead 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, and

g) theaccuracy of the upstream head gauge.

13.1.2 Annex B presents an introduction to measurement uncertainty, providing supporting information
based on ISO/IEC Guide 98-3[6] and ISO 5168I[3].

13.1.3 A comprehensive measurement result comprises

a)

an estimate of the measured value, and
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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
ofuncertainty, 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) uncertai
b) uncertai

<)

uncertai

nty of the measurement of head in the channel, h;
nty of the dimensions of the structure, b, D or m;

tv of the diqr‘hnrgp coefficients Cp (¢ and C,

13.1.5 The
from Annex
performance
In practice,

obtained fromn a laboratory with accreditation to ISO/IEC 17025.

13.2 Comb

13.2.1 See A
equation par
using partial

pstimation of measurement uncertainty associated with items a) and b) of 13.14 is
[. These values are for illustrative purposes only; they should not be interpreted @s noj
for the types of equipment listed. Item c) is assessed using the approach §et‘out in 1
ncertainty estimates should be taken from test certificates for the equipment, pref{

jning measurement uncertainties

nnex B for an introduction to measurement uncertainty. The’proportion in which eacl
hmeter contributes to flow measurement uncertainty, Y(Q)J, is derived by analytical so
differentials of the discharge equation.

taken
ms of
erably

h flow
ution

13.2.2 A form of the discharge equation, similar to Formulag\(19), (23) and (25), for critical depth flumes,
but with the gxponent also made a variable, ¢, and not fixed@t1,50, as previously assumed, is represenfed by
2 342
Q=[§] CpC,Ceg'/?bh? (78)
13.2.3 Errofsin g, the acceleration due to'gravity, may be ignored. For U-throated flumes the diamgter of
the base, D, if substituted for b and C isTetained, but has a formulation distinct from that for a trapefoidal
flume. For trgpezoidal flumes additional account is made for uncertainty in the sideslope, m.
13.2.4 The ¢ffect on the value Q-due to small dispersions of AC, Ab, Ah and Am is
AQ:a—QAC+a—QAb+a—QAh+a—QAm (79)
aC ob h om

The partial ¢
the resultant

erivatives are the sensitivity coefficients that relate to the discharge equation, and
dispersion of Q. Evaluating the partial differentials the relationship can be written g

AQ is

AQ_AC_ Ab_ Ah . Am 0
Q ¢ b h
where ¥, ¢, and 1 are the relative sensitivity coefficients which depend on the flume geometry:
s, s0_ 80 80_
8¢ ' 8b "' Sh " &m

13.2.5 The values AQ/Q, AC/C,Ab/b,Ah/hand Am/mare 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 b,
C, h and m are likely to be independent of each other, probability requires that the components to be
summated in quadrature (see B 7).
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u; (Q)gq EJu*(C)zwz-u*(b)zwz'u*(h)2+w2~u*(m)2

(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 atrapezoidal-throated flume, y and ) depend on mH¢e/b, as shown in Figure 13. For practical
purposes the approximation Hee # H # h is sufficiently accurate for use in these curves. These coefficients
can be determined numerically using the following relationships:

14

14

13.2.
are sH

use ir
for flq

5/2
= 4,8+25[hj ] +E
D 2

w

2mH

ce

b

34 2mH .,
b

B For a U-throated flume ¢ = 0 (assuming thewalls are truly vertical), y and ¢ depend

own in Figure 13. For practical purposesythe approximation Hee # H * h is sufficiently
these curves. These coefficients can be“determined numerically using the following
w depths within the semi-cylindricalthroat only:

. N
J3

D

-3
- 22/3+i(h] +0,54

=1/2

(82)

(83)

(84)

bon Hee/D and
r accurate for
relationships

(85)

(86)
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Figure 13 —\Accuracy coefficients

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

Coefficients [p and C, are assumgd to be covered by the combined percentage uncertainty u*({). For
trapezoidal flumes Cs is dependent upon knowledge of the sideslope, m; additional allowance is made in
the uncertaipty budget by estithating and including the uncertainty in m. With reasonable skill ang care
in the constrjuction of theflume, the coefficients are expected to have an uncertainty approaching 1 %
in favourabl¢ circumstances, for example when Cp and C, are not far from unity. An estimate pf the
standard pejjcentageluncertainty of the discharge coefficient u*(C) may be obtained from

u*(C)=4[1420(C, —Cp )| % (87)

NOTE The previous edition of this International Standard expressed the uncertainty of discharge coefficient
u*(C) at the 95 % level of confidence. This version expresses discharge coefficient as standard uncertainty at
around 68 % level of confidence. This is in accordance with ISO/IEC Guide 98-3.[6] See Annex B for the definitions.

13.4 Uncertainty budget

13.4.1 Inreports, 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);
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c) therelative sensitivity coefficients.

13.4.2 Applythevaluesforeachsourceaccording to Formula (81) to give the combined standard uncertainty,
U:*(Q)es. 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) above. 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 equations given in Clause 13 define the relationship|between the
parameters which determine flow rate.

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

14.2 |Characteristics — Gauging structure

The example relates to modular flow conditions for astectangular-throated, critical-depth flume with a
gaugdd head, h, of 0,3 m; a throat width, b, of 0,2 m; anlapproach channel width, B, of 0,5 m; a hump height,
p, of Zero and a throat length, L, of 1,2 m. The calculations are based on simple boundary layer theory.

14.3 [Characteristics — Discharge calculation

The flow rate is calculated from Formula (34):

2 \3/2
QF [gj gl/ZCDvahg/2

in whiich the coefficientofdischarge, Cp, is derived using Formula (39):

3/2
Cp :[1—0,006%j[1—0,003%j

and C}, is computed from Formulae (30), (31), (36) and (37). Itis established that Cp = 0,947 apd C,,=1,035.
Applyiing, these values to Formula (34):

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

14.4 Characteristics — Discharge coefficient

The percentage uncertainty in the discharge coefficient is established from Formula (91) and is assumed
to be a “Type B” with a Gaussian (normal) distribution; in 14.3 it was determined that Cp = 0,947 and
Cy =1,035. Applying these values to Formula (91):

u*(C)=%[1+20(1,035-0,947) |=+2,76 %
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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

1

u(E)=

the sensor. T
h=0,300 m.
range, u(R), i

J6

14.5.2 The sonterange

max. value —min. value
2

_ L

J6

0,651-0,649
2

|

Jz0,000 4m

he measured distance is 0,350 m. The resultant gauged head measurement is confir
The uncertainty of head measurement, as stated by the manufacturer as a percefitage
5 1 %. This equates to 0,003 5m. The combined head measurement uncertainty is ther

(E)? +u(R)? = \/0,000 421+0,0035% =0,00352m

as a percentage of h = 0,300 m:

ent of
ed at
of the
efore:

u*(h)zﬂ@zwzl,n% (88)
h 0,300
14.5.3 If thg flume datum is liable to accumulate algal or otheg growth, the uncertainty value of head

measurement shall be increased accordingly.

14.6 Charaicteristics — Throat width

14.6.1 Dimd
measured. N

Instead, the yiser shall estimate any additionaltuncertainties arising and include these in the uncer

budget. This
better than 2

nsional uncertainties depend upon the accuracy to which the flume, as constructed, ¢
pither the methods of measuremeénts nor the way in which they were made are spe

example assumes that measurements can be practically determined with a resolution
mm or +1 mm.

an be
rified.
fainty
to no

14.6.2 The rombined uncertainty/in throat width, u(b), in this example, is given by the follpwing
relationship:

u(b)z\/u b, ) +u(by )
14.6.3 Withputmore information on the dispersion it shall be assumed that the probability distribution

in acquiring {

he'throat width data, u(by), is rectangular. From Formula B.5, the value of uncertainty

of the

throat width

(br)

1

J3

of the critical depth flume may be written as

| Fal

1

V3

max. width —min. width 0,002

2

)z 0,00058 m

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

u(bp)

J3

1 1

J3

max. width —min. width
2

0,201-0,198
2

| Fal

]z 0,00087m

14.6.5 The combined uncertainty in throat width is therefore:
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U(b)=\/u(br)2 +u(by, )’ =/0,000582 +0,00087% =0,001 04 m

Or is expressed as a percentage of b = 0,200 m:

_u(b) 0,00104

u” (b) =0,52%
b~ 0,200

14.7 Overall uncertainty in discharge

ISO 4359:2013(E)

(89)

14.7. I'ne combined uncertainty value 1s determined Irom rormula (ol), In 15.4.95.

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

and | = 0, hence:

(Q)gg =\/2,762 +0,522 +(1,5><1,17)2 =3,3%

14.7.B The uncertainty at the 95 % confidence level is therefore given’by

UL (Q)gs =2xu, (Q) 5 =6,6%

14.7.4 The statement of discharge is therefore

— alflow rate of 0,054 9 m3/s, with

— ah uncertainty of 6,6 % at the 95 % level of confidence.

14.7.5 An uncertainty budget for the example is given in Table 5.

(90)

(91)

Table 5 — Uncertainty budget for example of flow in a rectangular-throated flume

Sensitivity coeffi-

Parameter Typej/evaluation u and u* values cients Cgmment
u*(C) B/Normal 2,76 % 1,0 Frdm 13.2.2
u(E) B/Triangular 0,000 4 m — From Table B.1
u(R) B/Manufacturer 1,0 % of range — FrorJ1 Table B.1
u*(h Combined 1,17 % 1,5 Using Formula (88)
u{by) B/Rectangular 0,002 m — Assumed resolution
(b B/Rectangular 0,00087 — Meashired range
u*(b) Combined 0,52 % 1,0 Using Formula (89)

u*(Q)es Combined 3,3 % — Using Formula (90)
u*(Q)os Combined 6,6 % — Using Formula (91)
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Annex A
(informative)

Simplified head-discharge relationships for flume

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 anfithe fread given 15 the totat upStreant tread (Inciuding the approacit vetocity fread) Tather
than the gauged head.

1,0 ......
Y09 B B i R B
A I
0,8 A L |
7 P N
0’7 ‘ o -
s
0,6 L
' 7
0,5 / /] / ”””””
' /// =
0,4 Af D b=0,1m
s = — — b=0.2m
031777 —— b=03m
1Y —--— b=0,km
V2 M ------------- b=0.6m
0,1 il
0,0
00 01 02 03 04,05 06 07 08 093 10

Key
X  dischargg m3/s
Y head,m

Figure A.1 — Rectangular flumes — Small

58 © IS0 2013 - All rights reserved


https://standardsiso.com/api/?name=9f9b6149b3831f2a9ea6292700f7155f

ISO 4359:2013(E)

2,0 .
Y Ay drdns
1,8 / A+
-
1,6 2
. 1 v
14 y ,/ v /
' TV T PR b=0,4m
12 - ——— b=0,6m
L) 4/ 0 A —-— b=0,9m
1.0 /’,‘,. % —--— b=12m
e e b=1,5m
0,8 -
ST - b=1,8m
06 // L —— — b=21m
—— b=2,5m p
0.4 17 / - b=3,0m N
20 L] e b=k,0m| | A
0.2 5
0,04 \a
01 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 &518 19 20
@) X
Key g\\%
X d|scharge, m3/s e
Y hpead,m Q<<
L
Figure A.2 — Rectangular @nes — Large
%
3\‘0
2,0 / / /i\\‘Q) A R ]
A // //’ //‘O//' —
' - i L1
16 /| /' ,/i\c\,f/ 1
: 7\
ol |
1,4 // y 9’ ) |
12 // ,-.S’ ‘ /
// S AT LA b=0,2m
WO é T ——— b=05m
0.8 /G’\, / —_——— E:],gm
—--— b=15m
0,e<&>,{:2// ------------- b=2,0m
‘?g-bf/’/// b=3.0m
Sufp
<7 g0l
% 0 1 2 3 & 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
X
Key
X  discharge, m3/s
Y head,m

© IS0 2013 - All rights reserved

Figure A.3 — Trapezoidal: sideslope m = 0,5

59


https://standardsiso.com/api/?name=9f9b6149b3831f2a9ea6292700f7155f

ISO 4359:2013(E)

2,0
' 9% -1 T L -
Y 1,8 e B e B P I P |
' ¢/ S L
16 ///// ot > /’ - L
1 -7 AT e —
14 ///'/ - '/. """ —
/ / //”’,... /
1,2 7 A—
NV 7 b=0,2m
1,0 /{.»” — —— b=0,5m
os| /YL —-— b=1,0m
' 7V —--— b=15m
06 /// 2t T b=2.0m
oL [ b=3,0m 0y
a1 QY
0.2 v
0,01 @
12 3 &5 6 7 8 9 10 1 12 13 14 15 16 17 18 @S?ZO
Key g\\%
X  dischargd m3/s )
Y head,m QQ
L
Figure A.4 — Trapezoidal: sideslé& m=1
%
s@
2.0 ~ \‘\% A L
Y 18 » A1 x&' 1T - —
A :\/" """""
16 Pela )ﬁ’ 1
' A T |
MENREDZS2ic 2apE
'] 2 //‘ // f&t‘” /
' y 7 -
Vo P b=0,2m
1.0 4/'/< <A ——— b=0,5m
08 A D —-— b=1,0m
' // ACAC —--— b=15m
0,6 2157 N T N N N N N N ) PR b=2,0m
AN -
o /S/(g’i b=3,0m
0
OJO 12 3 456 78 910 111213141516 17 18 19 20 2122 23 24 25
X
Key
X  discharge, m3/s
Y head,m
Figure A.5 — Trapezoidal: sideslope m=1,5
60 © IS0 2013 - All rights reserved


https://standardsiso.com/api/?name=9f9b6149b3831f2a9ea6292700f7155f

Key

Key
X
Y

2,

0

ISO 4359:2013(E)

_r - = ]
Y 18 //,f’ e ]
' AT | |
16 Priatetan L
1.4 46/,//,/,1 """"" A
' P
12 /////// e s
W
, /// 7T — —— b=0,5m
Y e —-— b=1,0m
08 V%3 —--— b=1,5m
04 __}// 2l ot O I S 1 b=2.0m
/// b=3,0m
0,4t N
02 V4 q(b
. <O_y
0,04 e
0 1 23&56789101112131&151617181920&?232A25
O X
N
d|scharge, m3/s (@)
head, m QQQ
D
Figure A.6 — Trapezoidal:@eslope m=2
%
s@
0.9 \\\QJ
LY D 2l
. . .
RS i
0,7 ) -
/
0,6 S~ ="
! v /r' .
0. o
O A b=0,1m
03—+~ ~ ———b=0,2m
N /// —_— b:0,3m
/
QL
&?“é 0,14
0,0
% 0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40
X
discharge, m3/s
head, m

© IS0 2013 - All rights reserved
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