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Foreword

59:2022(E)

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.

oo-o_-

Any t
const

rights. ISO shall not be held responsible for identifying any or all such patent righ
htent rights identified during the development of the document will be'in the Intrody
e [SO list of patent declarations received (see www.iso.org/patents).

Fade name used in this document is information given for the convenience of users
tute an endorsement.
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Vorld Trade Organization (WTO) principles im~the Technical Barriers to Tradg

iso.org/iso/foreword.html.

This
Flow

This {4
revisq

Hocument was prepared by Technical Committee ISO/TC 113, Hydrometry, Subcon

measurement structures.

hird edition cancels and replaces.tlie second edition (ISO 4359:2013), which has bee
pd. [t also incorporates the Amendment 1SO 4359:2013/Amd.1:2017.

The mpain changes are as follows:

1.2 a) and 6.2.3.2 b) have’/been revised with respect to the flume approach condition
rrors that were introduced in Amendment [SO 4359:2013/Amd.1:2017 have been cor

n acknowledgenient has been added that some of the specified tolerances can be diffic

) some installations.

he spreadsheets have been revised to provide further advice if parameters are

so it does not appear in the second and third editions of this document.

dherence to
(TBT), see

mittee SC 2,

n technically

S.
rected.

ult to achieve

outside the
ess (6*/L).

afring that the

gauged head h, be not more than 2 m. However there isno technlcal ]ustlflcatlon for thlS restriction,

In 11.4.7 and 12.4.7, although the relationship of C; with mH,/b, 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 first edition of this document, as a single graphical
relationship was provided for trapezoidal flumes. This approximation has been remedied in the
second and third editions of this document.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Flow measurement structures — Rectangular, trapezoidal

and U-shaped flumes

1 Scope

This document specifies methods for the measurement of flow in rivers and artificial channels under

steady

A wi ait f flus as e dvlo, onl thse q

low conditions considered are uniquely dependent on the upstream lead, i.e. suh

also known as

ritical-depth
g, and which

critical flow

must fexist upstream of the flume, after which the flow accelerates through the contraction and passes
throulgh its critical depth (see Figure 1). The water level downstream of-the structure is low enough to

no influence upon its performance.

This

applig
behin|

document is applicable to three commonly used types of flumes, covering a w
ations, namely rectangular-throated, trapezoidal-throated and U-throated. The hyd
d this document was presented in Reference [7].

This

“Venturi” flume) in which the flow remains subcritical¢hroughout.

NOTE
cond
form

The Venturi form of flume is based on the>same principle as a Venturi meter used wj
it system and relies upon gauging the head-at two locations and the application of Berr
a.

2 N

The f
const|
undaf

ormative references

bllowing documents are referred to in the text in such a way that some or all of
tutes requirements of this' document. For dated references, only the edition cited
ed references, the latest€dition of the referenced document (including any amendmg

ISO 7Y 2, Hydrometry —ocabulary and symbols

3 7

For th

erms and-definitions

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

ide range of
raulic theory

locument is not applicable to a form of flume referred to in the literature (sometimes called a

ithin a closed
oulli’s energy

their content
applies. For
ents) applies.

ISO aj

nd1EC maintain terminology databases for use in standardization at the following addresses:

[SO Online browsing platform: available at https://www.iso.org/obp

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

4 Symbols
Symbol Quantity Unit of measurement
A area of cross-section of flow m?
B width of approach channel (width at bed if trapezoidal) m
b width of flume throat (width at bed if trapezoidal) m
C overall coefficient of discharge (rectangular flumes) non-dimensional

© IS0 2022 - All rights reserved
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Symbol Quantity Unit of measurement
C, coefficient of contraction non-dimensional
Cph coefficient of discharge non-dimensional
C, shape coefficient for trapezoidal-throated and U-throated flumes non-dimensional
C, coefficient allowing for the effect of approach velocity non-dimensional
D diameter of base of U-throated flume m
d depth of flow m
E specific energy (relative to local invert) m
Fr Froude number non-dimensional
g gravitational acceleration m/sZA )
H total head (relative to a specified datum, such as a flume invert) );(Q‘l/'
H. correction to the total head . oY

gauged head kop m

< equivalent sand roughness of surface, after Nikuradse A w mm

length of prismatic section of the contraction at a flume \va m

Ly length of bellmouth entrance (-s\\ I m

L, length of slope (if present) between throat and downstream stillidg m

basin or channel floor D
e _ X

Lg length of stilling basin (if present) \\\ m
m side-slope (m horizontal to 1 vertical) hs\\) non-dimensionpl
n number of measurements in series ,{(\U non-dimensiongl

p wetted perimeter of flow cross-section $ m

)
p height of flume invert above the invert of thag}proach channel m
Q Discharge \O m3/s
R instrument range in uncertainties ev@ﬁtion non-dimensiongl
\\\

Re Reynolds number C)\ non-dimensiongl

Dy radius of hump A\ m

R, radius of bellmouth entrar@\‘ m

O

S standard deviation - —

S standard error of Q@éan —

u(E) relative datun(u{‘ﬁlartainty in uncertainties evaluation m

u*(Q)gg ||overall pech‘r?\/ge uncertainty in the determination of discharge ex- . .

o o : - non-dimensionpl
pressed as @ percentage standard deviation at 68 % confidence limits
u*(b) percentage uncertainty in b (or D) non-dimensionpl
u*(C) Bg&éf‘l‘tage uncertainty in the combined coefficient value non-dimensionpl
u*(h) f\grpnmgp uncertaintvin h non-dimensionhl
u*(m) percentage uncertainty in m non-dimensional
vV average velocity through a cross-section, defined by Q/A m/s
w water surface width m
a kinetic energy correction coefficient (taking into account non-uniform- . .
: Lo non-dimensional
ity of velocity distribution)
B coefficient dependent on mean curvature of stream lines non-dimensional
Y, 00 coefficients in the uncertainty computation —
6* boundary layer displacement thickness m
n anumerical coefficient related to the sideslope angle in trapezoidal di ional
flumes non-dimensiona
v kinematic viscosity of the fluid m?/s
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Symbol Quantity Unit of measurement

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

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

Subscripts

a values in approach channel

c values at critical flow

d values downstream of the flume

£E, 4 1 £ h 1l £, L | h £L. 4

CIITLLUIVO vadlutTs artltll 1uou\1us dlluvwdllICT 11Ul uuuuuou_y l(ilyCl CIITCLS

1 values assuming an ideal frictionless fluid

M maximum value

5 Hlume types and principles of operation

5.1
flume
there
that i
sketc
surfa
parar

in Fig
a)
b) ti

—

c U

Site c

The flumes covered by this document are often known as “lohg-throated” or “ci
s and rely fundamentally on the occurrence of critical flow in the flume throat. Whel
is a unique relationship, for a given flume geometry, between'the upstream head and t
s independent of the conditions downstream of the flume’throat. Figure 1 shows
n of where the critical depth typically occurs in a critical' depth flume and the cons¢
Ce profile through a long-throated trapezoidal flumejtogether with key hydraulic ang
heters. Typical field installations of the three typesaf flumes covered by this docume
ure 2. The three types are:

bctangular-throated;
apezoidal-throated;
-throated, i.e. round-bottomed.

bnditions are important and Eigure 3 shows acceptable velocity profiles in the appro

itical-depth”
h this occurs,
he discharge,
a simplified
bquent water
geometrical
nt are shown

hch channel.
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Key
1
2
3

6* has been exjaggerated.

NOTE

Figure 1 -

total ener
typical flg
edge of b

Ad

a) Longitudinal section

gy line
w profile

Wa

\

h+p

1N

b) Section in approach channel upstream fronmi‘throat

dc

¢) Section at downstream end of throat

3

undary layer displacement thickness

hpted from Figure 8 LinReference [6].

- Trapezoidal:throated flume showing key geometrical parameters, water surface
profile and development of boundary layer displacement thickness
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a)| Rectangular-throated b) Trapezoidal-throated (gg -throa ed
flume flume flume

Figure 2 — Examples of rectangular-throated, trapezoidal- thr{ d and U-throatgd flumes

&&JJ

0,9

b)
ST =)
&Y i

)

Figure 3 — Examples of typical dimensionless velocity distributions in approach channels

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

the throat of the flume, the following conditions shall be satisfied:

© IS0 2022 - All rights reserved
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invert, so that hydrostatic pressure conditions occur at the control section.

a)
b)

between
0)

sufficien
5.3

the point where the head is gauged and the point where critical flow occurs.

tly high above the energy level downstream to ensure that the flume is “modular”.

The throat of the flume shall be long enough for the flow to be virtually parallel with the flume
The entrance to the flume throat shall be shaped so that there are virtually no energy losses

The flume throat shall constrict the channel severely enough to raise the energy level in the throat

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

flumes. The Ch01ce of flume type from these three depends upon several factors such as the range of

discharge to
sediment tha
a lesser obst
sediment (w
Annex A proy
aid a prelimi
and stage-di

5.4 There¢

the invert of
that is suffic
sediment acd

5.5 The tr
measured w|
desirable to
raise the iny
flume, so red

5.6 The U-
circular-sect

5.7 The dqg
here in simp
disregarding
derived from

t is llable to accrete It can be observed that in comparlson w1th weirs, flumes 0]
ruction to the passage of sediment, so are less likely to cause significant aceret
hich can affect the approach channel geometry at the flow gauging location)..The gra
ride a means of quickly comparing the idealized performance of a range of fhime desig
hary choice of the size and form of flume needed to deliver the required.discharge ca
scharge relationship.

tangular-throated flume is the simplest to construct. It generally proves necessary tq
the flume throat above the bed of the channel upstream, in order to generate a constr
ently severe to allow low flows to be gauged. However, this ¢an result in a regime of

hpezoidal-throated flume is more appropriate whiere a wide range of discharge is
th consistent accuracy. This shape of throat is*also more likely to be suitable wher
produce a particular stage-discharge relatienship. In some cases, it is not necess
ert of the throat above the approach channel invert when using a trapezoidal-thy
ucing the risk of upstream sediment aceretion.

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

tailed theory for the critical-depth flume is given in Clauses 9 to 12, but is intro

boundary layer effects. The basic discharge formula for a critical-depth flume d
the general energyformula, as shown by Formula (1):

arries

ovide
on of

bhs in

ns, to

bacity

raise

iction

cyclic

retion and erosion upstream, which would affect the acciracy and consistency of gajiging.

to be
eitis
iry to
oated

rom a

duced

lified form, based on.the assumption of a uniform velocity across the flow section and

an be

H:d+2i:d+ Q. (M
2g 2gA”?
where
H isthetotal head above the flume invert;
d isthe depth of flow;
V is the average velocity through the section (= Q/A);
Q isthe discharge;
A is the area of the flow cross-section;
g isthe gravitational acceleration.
6 © IS0 2022 - All rights reserved
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By differentiating the energy in Formula (1) with respect to depth, it can be shown by Formula (2) that,
for critical flow:

Q

_ |94
WC

(2)

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

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

H=d, +—
2w,
5.8 |In general, Formulae (2) and (3) are solved alongside each other for successive va
d. (with the corresponding values of area and surface width) to obtain the relationship bg
Q, but for the special case of a flume with a rectangular throat (see 9.2.2),"they can be
prodyce the explicit relationship, as given by Formula (4):
2 129,15
=—,—=bH™

¢ 3V3

5.9 |[This is readily recognizable as the same formula thatapplies (for an ideal fluid) for

a rou‘Ed—nosed horizontal-crested weir. In order to extend the use of this formula, thrg

coeffi
flums

qQ

wher

5.10
apprd

h isadischarge coefficieptthat takes account of the non-ideal fluid properties, in p3

ients may be introduced, resulting in a genetialized formula for long-throated d

s, as given by Formula (5):

2 /29 15
:§ ?CDCSCVbh

effect of the boundary layer in the throat;
is a shape coefficient, to allow for the effect of a non-rectangular flow section in th

is a velocity coefficient, to allow the upstream gauged head, h, to be used in place
head or spécific energy, H.

Formulae for these coefficients are given in Clauses 9 to 12 and generally requirsg
ackta be adopted.

3

ues of depth
tween H and
combined to

(4)

he flow over
be additional
ritical-depth

(5)

rticular the

e throat;

f the total

an iterative

6 Installation

6.1

Selection of site

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

6.1.2 A preliminary study shall be made of the physical and hydraulic features of the proposed site,
to check that it conforms (or can be constructed or modified so as to conform) to the requirements

© IS0 2022 - All rights reserved
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necessary for measurement of discharge by a flume. Particular attention should be paid to the following
features in selecting the site:

lability of a sufficient straight length of approach channel.

ptable degree of uniformity of the existing velocity distribution (see Figure 3).

The effects of any raised upstream water levels due to the measuring structure.

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

Conditions downstream, including such influences as tides, confluences with other streams, sluice

a) The avai
b) The acce
<)
d)
e)
gates, m
f) The imp
piling, g1
g) The nece
h) The stab
i) Theclea
j)  Wind, w|
these ar
(which
windwa
6.1.3 Ifthg

shall be rejeq

6.1.4 Ifan
then it may H
the flume.

6.1.5 If the
feasible, due
to improving

6.1.6 Seve
distribution:
useful in che
velocity dist}

11l .l | el b 11l £, b ) - | 1 J. L1
1T UdIIlsS dllU ULLITTH CUTILT UGS 1TALUT TS WITILIT LAIT CAUST SUDIIITT gTU 11UV,

outing or other means of controlling seepage.

ssity for floodbanks, to confine the maximum discharge to the channel,

ility of the banks, and the necessity for trimming and/or revetment innatural chann
rance of rocks or boulders from the bed of the approach channel:

hich can have a considerable effect on the flow in a riveryweir or flume, especially
e wide and the head is small and when the prevailing wind is in a transverse dir¢
vould introduce a bias whose direction would dependien whether the gauge were
d or leeward side of the approach channel).

site does not possess the characteristics necessary for satisfactory measurement, tk
ted unless suitable improvements are practicable.

nspection of the stream shows that the existing velocity distribution is reasonably un
e assumed that the velocity distrib@tion will remain satisfactory after the construct

existing velocity distribution is markedly non-uniform and no other site for the fly
consideration shall be given to checking the distribution after installation of the flum
itif necessary.

‘al methods are -available for obtaining a more precise indication of irregular ve
velocity rodsi-floats or dye observations can be used in small channels, the latter
cking conditions at the bottom of the channel. A complete and quantitative assessm|
ribution’thay be made by means of a current meter and other point velocity measuren

NOTE

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

ermeability of the ground on which the structure is to be founded and the necessity for

when
bction
t the

e site

form,
ion of

me is
e and

locity
being
ent of
nents.

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

be taken as acceptable for flow measurement purposes.

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

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

NOTE

Framework Directive (Directive 2000/60/EC), can apply to the gauging structure.

© IS0 2022 - All rights re
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Where it is possible that the movement of aquatic life can be compromised by the installation of a flow
measurement structure, this should be reflected in the design. Alternatively, a fishpass in accordance

with |

SO 26906 should be installed.

6.1.9 Appropriate legislation should be identified before a site for a measuring weir is chosen.

6.2

6.2.1

Installation conditions

General requirements

6.2.1
and a
of the

6.2.1
sectid
down

6.2.1
the fl

6.2.1
disch

6.2.2

6.2.2
withd
with

given

6.2.2
shall
matel
plane
part ¢
the tH

The y

accepftablelin‘the country of operation.

1 The complete measuring installation consists of an approach channel, a measur
downstream channel. The conditions of each of these three components affect theoyé
measurements.

nal shape of channel, the channel roughness and the influence of control devices
stream of the gauging structure.

3 The distribution and direction of velocity have an important influence on the pe
me, these factors being determined by the features mentioned above.

4 Once a gauging flume has been installed, the user shall prevent any change that ¢
hrge characteristics.

Flume structure

1 The structure shall be rigid and watertight and capable of withstanding flood flo
ut distortion or fracture, from outflanking or from downstream erosion. The axis s}
he direction of flow of the upstream channel, and the geometry shall conform to th
in Clauses 10, 11 and 12.

2 The surfaces of the flume throat and the immediate approach channel shall be 3
be constructed in concrete with a smooth cement finish or surfaced with a smooth ng
ial. In laboratory installations, the finish shall be equivalent to rigid plastic, rolled s}
d, sanded and painted timber. The surface finish is of particular importance within {
f the throat but'cdn be relaxed a distance along the profile 0,5H,,,, upstream and do
roat proper:

ser should confirm that the building materials used in the construction of natural

ng structure
rall accuracy

2 Installation requirements include features such as the surface finish-of the flune, the cross-

upstream or

rformance of

an affect the

w conditions
1all be in line
b dimensions

mooth. They
n-corrodible
heet metal or
he prismatic
wnstream of

channels are

6.2.2.3

3—tmordertommimimmize the uncertainty i the discharge; the fottowing toteramcesar

e acceptable,

providing that no tolerance with respect to alignment or dimension is required to be less than 0,001 m:

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

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

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

d) onthe average longitudinal and transverse slopes of the base of the throat, 0,1 %;

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

f) onalength of the throat, 1 % of L;

© IS0 2022 - All rights reserved
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g)
of L;

h)
1
j)
k)

on other

NOTE
effect on the f

on deviation from a plan of the plane surface in the exit transition from the throat, 0,3 % of L;

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.

owmaeasuramant acenracuzof critical danth flamaac
w-HeaStremeRtacetacey-or-crtcaraepeatrtHRes:

on deviation from a cylindrical or a conical surface in the entrance transition to the throat, 0,1 %

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

It is possible that some of the dimensional and gradient accuracies can be relaxed without significant

6.2.2.4 Thq
their standat
of discharge
discharge.

6.2.3 App

6.2.3.1 On
have a veloci
shows typic3
relevant in s
similar to on
In the case d
channel free

e structure shall be measured on completion, and average values of relevant diménsior
d deviations at 68 % confidence limits computed. The former shall be used fer compu
and the latter shall be used to obtain the overall uncertainty in the determinat

"oach channel

all installations the flow in the approach channel shall be fr€e from disturbance and
Ly distribution as uniform as reasonably practicable overthe cross-sectional area. Fig
1 dimensionless velocity distributions in rectangular and trapezoidal channels, whi
te selection. For a given shape of channel, the velocity distribution should be reasd
e of those presented in Figure 3. This can usually béverified by inspection or measure

from projections into the flow.

1s and
ration
on of

shall
fure 3
th are
nably
ment.

f natural streams or rivers, this can only be attained by having a long straight approach

6.2.3.2 Th¢ following are general recommendatiens and requirements related to the approach
channel:
a) Any altefation in the flow conditions owing to the construction of the flume should be considered.

For exarn
affectst
taken in
b) In an ar
a length
location
upstrear

In a naty
straight

ple, there can be a build-uptef shoals or debris upstream of the structure, which iy
e flow conditions. Any liKely consequential changes in the water level therefore need
o account in the designlof gauging stations.

fificial channel, the~cross-section shall be uniform and the channel shall be straig
equal to at leastfive times its water-surface width upstream of the head measurs
but where practicable in new installations for a length of 10 times the water-surface
h of the flume throat.

ral stream or river, the cross-section shall be reasonably uniform and the channel sh
for,a sufficient length to ensure a reasonably uniform velocity distribution.

time
to be

ht for
bment
width

all be

If the en

o 1l locl licila 1 1o A | N ) £] PP 1. Ph IS N i)
(1 y TUTIICT AP PT UAUIT CIHAIIITICT TS TITIT U U ST a UTIIU, UT T TIT TTO W TS UTS LA gTUTTITTU TITC UL

annel

f)

10

through a conduit or a channel of smaller cross-section, or at an angle, then a longer length of
straight approach channel can be required to achieve a reasonably uniform velocity distribution.

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

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

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

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

7 Maintenance

7.1 [Maintenance of the measuring structure and the approach channel is impgartaht, in order to
securg accurate continuous measurements.

7.2 |The approach channel shall be kept free of silt, vegetation and oBbstructions that can have
delet¢rious effects on flow conditions specified for the standard installation. The float well and the
entry| from the approach channel shall also be kept clean and free freth deposits. The [downstream
chanpel shall be kept free of obstructions that can cause the weir to dfown.

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

74 |Head-measurement devices, connecting conduits.@nd 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
perioflically to ensure accuracy.

8 Measurement of head
8.1 |General

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

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

8.2 |Location of head measurement(s)

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

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

8.2.3 A significant error in the calculated discharge will develop if the tailwater level causes the
submergence ratio to exceed the modular limit. A downstream gauge shall be installed to check that
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the modular limit is not exceeded. A simple staff gauge in the downstream channel will normally be the
minimum requirement for this purpose.

8.3 Gauge wells

8.3.1

It is common to measure the upstream head in a gauge well to reduce the effects of water

surface oscillations. Alternatively, data-logged results can be post-processed to eliminate or reduce
such oscillations.

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

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

suitable cond

8.3.4 Both
accommodat

Juits.

the well and the connecting pipe shall be watertight. Where the well is provided f
ion 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
angles to, th
(equivalent {
the centrelin
removable c3
of these hold
weed or silt 4

8.4 Zerog

8.4.1 Accu
the flume inv

84.2 Ana
the form of Ii
wells. These
known.

8.4.3 Instn

connections to the measurement position shall tecmiinate either flush with, or at
e boundary of the approach channel. The channel, boundary shall be plain and sy
o carefully finished concrete) within a distance‘10 times the diameter of the pipes
e of the connection. The pipes may be oblique to the wall only if they are fitted v
ip or plate, set flush with the wall, through-which a number of holes are drilled. The
s shall not be rounded or burred. Perferated cover plates are not recommended ¥
ire likely to be present.

etting

rate initial setting of the zero of the head measuring device with reference to the l¢g
ert and subsequent regular checking of the settings are essential.

curate means ofthécking the zero at frequent intervals shall be provided. Benchmat
orizontal metal plates, shall be set up on the top of the vertical sidewalls and in the
shall be accurately levelled to ensure their elevation relative to the flume invert Iq

ument zeros can be checked relative to these benchmarks without the necess

br the

right
nooth
from
vith a
edges
where

vel of

ks, in
bauge
vel is

ity of

resurveying

the)crest each time. Any settlement of the structure can, however, affect the relatior

ships

between the flume invert and benchmark levels and it is advisable to make occasional checks on these
relationships.

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

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

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

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

=2
E=pd+2— ©)

2g

d| isthe depth of flow;
1| isthe average velocity through the section;

al isthe kinetic energy correction coefficient, which takes\into account the non-unifgrmity in
velocity distribution;

B| s a coefficient which depends on the mean curvature of the streamlines.

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

wher¢

@ isthe discharge;

Al is the area of the flow. dross-section.
Hencg, Formula (8):
an

El=pd +
ZgA2

(8)

9.1.4| Critical flow occurs when E has a minimum value for a given discharge Q, treating depth d and
area fl,Gwhich is related to d for any given cross-sectional geometry, as the variables. It gan be shown
that threspecificenergy s a mimimun witer, a5 givern by Formua {97

_Bg#’
oow

Q* 9)

where w is the water surface width.

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

contraction i

s given by Formula (10):

A3
Q=L (10)
WC

where

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

A. is the area of cross-section;

w, is the surface width of the cross-section.
This is the sgme as Formula (2), in Clause 5.
Formula (10) is not immediately applicable to the theoretical derivation of @a¢'stage-discharge
relationship,|because
a) it does ot take account of the development of boundary layers that result in slower moving fluid

along the bed and sidewalls of the throat, and
b) it is bas¢d on the area and water surface width at the critical séction, the location of which|is ill-

defined, |so that direct measurement of the water level at that seéction is impractical.
Thus, the bagic formula must be transformed into a more praetical form, and adjusted to take adcount
of the boundpry 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 giye the discharge in terms of the head measured a short distance upstream and for each type
of approach fhannel cross-sectional shape and throat shape. See Figures 4 to 6 for the three standard
shapes of flume often used in practiceirectangular-throated, trapezoidal-throated and U-thrpated,
respectively| Reference should alsosbe-made to Figure 1, which shows the general features of flow
through a trapezoidal-throated flume, indicating a typical water surface profile, energy line angl how
the boundary layer displacement-thicknesses reduce the cross-sectional area of the throat. The theory
is now develgped further, initially for flow through a rectangular flume and then generalized for flow in
other types o¢f flume.
9.2.2 For flow in arectangular flume (see Figure 4), the total head under critical flow conditiops, H,,
may be linked to the.critical depth, d_, using Formula (10), as shown by Formula (11):

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

The discharge through a streamlined rectangular contraction may then be expressed in terms of the

total head at

2

(_

°=3

the throat, H,, by linking Formulae (11) and (12) to give Formula (13):

3/2
j gV/2bH3/?

This is the same as Formula (4) in Clause 5, but expressed differently.

14
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a) Isometric of level-invert rectangular-throated flume (p = 0)
R =2(B - b)
T T Py "‘L
_ | LIRS =
I I 7
2 |3y - bhy L ]| 236 b g
15
14
b) Plan view oftectangular-throated flume
16
!
AR ’
_» !
Y |
77777 /
17 18
c) Longitudinal section of rectangular-throated flume with raised invert (huymp)
Key
1  connecting slot or pipe 12 head gauging section
2 stillingwell 13 when recovery of head is not important, the exit transitimll may be
3 approachrcharmmet truncated after halfits length
4  entrance transition 14 in a flume without a hump (p = 0) the invert over this length shall be
5  throat truly level
6  exittransition 15 front view (level invert)
7  example of truncation 16 connection to stilling well
8 standing wave 17 radius that shall be chosen so that the bottom contraction starts at
9  exit channel the same section as the side contractions (for a flume with a bottom

10 horizontal invert
11 flow

18

contraction only, the radius = 4p)

front view (raised invert)

Figure 4 — Rectangular-throated flume in rectangular channel
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b) Plan view (example shown, no hump m, = m, skew cylinder entrance transition)
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s e,
—Lin 3 T
Conical (m, # m, no hump) Plane (m, # m, no hump) Warped (m, # m, no hump)
d) Examples of plans of entrance transitions
Key
1  cpnneetngpipe H—head-gatpsingsecton
2 stilling well 12 radius chosen so that entrance transition lies entirely'within plane
3 flbw defining 1 in 3 contraction
4 eptrance transition 13 not more than 1 in 3 expansion on any horizontal Section
5  throat (or equivalent curve)
6  exit transition 14 1in 6 expansion for high modular limit@ahd head recovery
7  exit channel 15 not more than 1 in 3 (or equivalent clixve)
8 approach channel 16 connection to stilling well
9  standing wave 17 generators are straight lines

10 fiont view with hump (p # 0)

Figure 5 — Trapezoidal-throated flame in trapezoidal channel
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BhM - AhM * L * *Z1,5(Da = D) 4

b) Plan-view

N 18

— =+ —_ /
z z

16 11

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

=
)

invert line

-
[EN

head gauging section

18

front view (raised invert)

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

18
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In order to account for the presence of boundary layers that form in the throat section, growing
progressively from the leading edge, the boundary layer displacement thickness is used to modify the
geometrical parameters of the cross-section of the throat as given by Formula (14):

(14)

3/2
2 1/2, 143/2
Qz(gj 9 / beHce/
where
b,  isthe effective width of flume throat (e.g. for a rectangular cross-section, b, =b
e 1s the effective total head at the throat (i.e. H., =H_—0+), which also equalst
upstream, H;
d«  isthe boundary layer displacement thickness.
9.2.4| The boundary layer displacement thickness is the amount by which a boundary s
to be|moved normal to that surface to compensate for the reduced velocity caused by t

layer.
the r¢

he total head

urface needs
he boundary

It also effectively implies that the fluid may be treated as if it were an ideal fluid throughout

st of the flow domain. Typically, a boundary layer develops frem any leading edge

grows slowly, and the corresponding value of §* is a small proportien of the actual thicknes
indicgtes how these concepts are applied to long-throated flumeés: Figure 7 c) shows how tl

effecﬂ
effec

ive heads are related, both at the throat and at the upstream gauging section. Figure
ive cross-sections of various flumes, illustrating theeffect of the boundary layer

thicknesses on the throat geometry.

of a surface,
s, 6. Figure 7
he actual and
t 8 shows the
lisplacement
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=)
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S A 3
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A~
N L L |
1 2
a) Frictionless flow with an ideal fluid
N
gt g
=] < A
—~—
Ry = j_’
S, el o
BN T 7
Q \
AN
2

1 6
b) Real fluid flow
=)
S N
5 g _/8
KBS o £
RS §S - 3 &
SR S~ B / o
N\ 9
1 2

c) Equivalent ideal fluid with raised crest position

Key

1 gauging section 6  boundary layer displacement thickness, 6*

2 throat 7  d*atend of throat

3 assumption of no energy loss 8  assumption of same energy level as in a)

4  energy loss 9  equivalent crest position moved §* upwards
5 boundary layer, §

Figure 7 — Notation for flow at throat and at upstream gauging section
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Key
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I 1 |
| |
d |
\ /,
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U-shaped throat with water below axis d) U-shaped throat with water a

ge of boundary layer displacement thickness

pure 8 — Effective cross-sections of various flumes showing the effect of bound
displacement thicknesses

Because of the practical difficglties in simply measuring the depth of flow in the tl
it to determine the discharge via Formula (12), it is customary to measure the he
throat, h, in the approachsechannel, as also shown in Figures 1, 4 and 7. Formula
pressed in terms of h.-the effective head gauged upstream of the structure, for

hgular throats, as given'by Formula (15):
3/2
2 1/2 3/2
:(Ej 9 / vaehe/

h_, and t}

» ey

p the effeCtive breadth at the throat, b, the effective gauged head upstream

pcity, Cj,-are given by Formulae (16), (17) and (18):
L =b—25*

he

=h—5*

bove axis

ary layer

hroat, d., and
ad upstream
14) can then
flumes with

(15)

ne coefficient

(16)

(17)

(18)

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

breadth,as g

iven by Formula (19):

5 \3/2
Q =(§j g'*cpC,bh??

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

defined by Formula (20):

be

Y he YV

(19)

b

oo

Substituting

Xn)

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

CD 2[1—

where L is th

9.2.7 For mnost installations with a good surface finish, the value{of‘the relative boundary

displacemen
the value of d

in Figure 9. H
assumed eqy

CD =£1—

Various valu
to well-const

e length of the prismatic section of the contraction in the flume.

 thickness, 6./L, will, in practice, lie in the range 0,002 £t640,004. For rough surface fin

/L is known to vary with the Reynolds number, Re, and'relative roughness, L/k, as §

owever, for good surface finishes, provided 10°> > L/ky>4 000 and Re > 3 x 105, 6.+/L
L

al to 0,003 and Formula (21) then becomes Formiild (22):
1-0,003—

3/2
0,006£
oot

s of C derived from this formula aregiven in Table 1 and these are the values which
ructed installations as detailed @bove.

(20)

(21)

layer
ishes,
hown
lay be

(22)

apply

22
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Y
0,01
0,009 -
0,008 Z NQQ -
' W e L
P g/
0,007 i >
// | \\LYJ\'QQQ i
0,006 / =T
AT 1
\ / V1 I; ,L
0,005 7 L=
1 / P =4 0 |
0,004 // LIKs = S
N /| / =10 000
N/ 5 s
0,003 ;,(;, = LIk = 30 000
0002 2 ySpZ== T Lk =1 000,000 7]
’ \\\ 1 T _—h:xs_ L[ks = (’D L
0,001 3 4
| |
10° 10° 107 108 X
Key
1 lgminar X 7L
2 tifansition to turbulent boundary at Re = 3 x 105 Reynolds number Re = v
3 lqwer limit for smooth laboratory installations Y relative boundary displacement thickress 6*/L
4  simooth
Figure 9 — Variation of the relative boundary layer displacement thickness, §./L, with Reynolds
number, Re, and relative roughness, L/k,
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Table 1 — Discharge coefficients, Cp, for rectangular-throated flumes

3/2
Cp :[1—0,006%)(1—0,003%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]0,9924/0,9919(0,9913|0,9906(0,9898|0,9888|0,9876(0,9860|0,9839|0,9809|0,976 4|0,969 0|0,9542|0,910 3
0,4[0,9912|0,9907(0,9901|0,9894(0,9886|0,987 6|0,9864|0,9848|0,9827|0,9797|0,9752|0,967 8|0,9530/0,909 2
0,610,9900(0,p895]0,9889(0,9883 0,987 50,986 5|0,9852]0,9836|0,9815]0,9785|0,974 10,966 70,951 9]0}908 1
0,8]0,9888|0,p883(0,9878|0,9871(0,9863|0,9853|0,9840(0,9825|0,9803|0,9774|0,9729|0,9655|0,950 20,907 0
1,0/0,9876|0,p872(0,9866(0,9859|0,9851{0,9841{0,9829|0,9813(0,9792|0,9762|0,9711|0,9644|0/949 6|0,9059
1,2(0,9865|0,p860(0,9854(0,9847|0,9839(0,9829(0,9817(0,9801{0,9780{0,9750{0,9706|0,9632{0,9485|0{904 8
1,4(0,9853|0,p848(0,9842(0,9835|0,9827(0,9818(0,9805(0,9789(0,9768|0,9739|0,969 4|0,9620|0,947 4|0{903 8
1,6/09841|0,p836(0,9831|0,9824|0,9816(0,9806(0,9793(0,9778(0,9757|0,9727|0,968.3(0)9609|0,946 2|0[902 7
1,8(0,9829|0,p824(0,9819(0,9812|0,9804|0,9794|0,9782|0,9766|0,9745|0,9715|0,96%1|0,959 8|0,945 1|0[901 6
2,0(0,9818|0,p813(0,9807|0,9800({0,9792|0,9782|09770(0,9754|0,9733|0,970 40,966 0|0,958 60,944 0|0,900 5
2,2109806(0,p801(0,9795|09789|0,9781{0,9771(0,9758|0,9743|0,9722|0,969210,9648|0,9575|0,9429|0{899 5
2,4109794(0,p787|09784|09777|09769(0,9759(0,9747|0,9731(0,9710]0,9681|0,9637|0,9563|0,941 7|0{898 4
2,6(0,9783|0p778(0,9772|09765(0,9757|0,9748|0,9735[0,97200,969:90,966 90,962 5|0,9552|0,940 60,897 3
2,8/09771|0p766(0,9761|09754(0,9746|0,9736|09724|0,9708|0,9687|0,9658|0,9614|0,9541|0,9395|0{896 3

0

0

0

0

0

0

0

0

0

0

0

3,010,9759|0,p755|0,9749|0,9742(0,9734/0,9724|0,9712|0,969 610,967 60,964 6|0,960 20,952 9|0,938 4| (0,895 2
3,2|10,9748|0,p743|0,9733|0,9731{0,9723]0,9713|0,9701|0,9685|0,9664|0,9635|0,9591(0,9518|0,937 3|0,894 1
3,4/109736|0,p731|09726(0,9719(0,9711{0,9701|0,9689(0,967 30,965 3{0,9623|0,9580|0,9507|0,9362|0{893 1
3,6/09725|0,p720(0,9714(0,9708(0,9700(0,969 0|0,967.8(0,9662 (0,964 1{0,9612|0,9568|0,9495|0,9350|0{892 0
3,8/09713|0,p708{0,9703 (0,969 6|0,9688|0,967 840,966 6(0,9651 (0,963 0{0,9601|0,9557|0,9484|0,9339|0{8909
4,0109702|0p697|0,9691|0,9685|0,9677|0,9667(09655|0,9639|0,9618|0,9589|0,9546(0,947 3|0,9328|0,8899
4,210,9690|0,p685|0,9680(0,967 3|0,9665 0,965 60,964 3|0,9628|0,9607|0,9578|0,9534(0,9462(0,9317|0,8888
4,4109679|0p674|0,9668|0,9662|09654}0,964 4|0,9632|0,9616|0,9596|0,9566|0,9523(0,9451{0,9306|0,887 8
4,6(09667|0p663|0,9657|0,9650|09642|0,9633|0,9621|0,9605|0,9584|0,9555|0,9512(0,9439(0,9295|0,8867
4,8|0,9656|0,p651|0,9646|0,963940,9631|0,9621|0,9609|0,95940,957 3{0,9544|0,9500(0,9428|0,928 4| 0,885 7
5,0[09645[0p640[09634(0,9628|0,9620(0,961 0{0,9593|0,9583|0,9562|0,9533[0,9490|0,9418(0,927 4|0,884 7

The number (f significantfigures given in the columns for coefficient of discharge should not be taken to ithply a
corresponding accuracy but only to assist in interpolation and analysis.

== k== =R k=R =R = = = K= K= K= K= R=R =R R=R R0 K=l = e

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

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

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

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

2 /2 1/2 3/2
Q= 3 g '°CsC,b.h (23)
where
C, isanumerical coefficient that takes into account the effect of the non-rectangular flow
section, and which for a trapezoidal section is given by Formula (24):
Cs=f(mH /b, ) (24)
(see Figure 10 and 11.4.6);
H_.. is the effective total head at the critical section.
Y
3,5
_—
3
255 /
2
1,5
1 /
0,5
0
0 0,5 1 1,5 2 2,5 3 3,5 X
Key
X mH./b,
Y shape coefficient, C,
NOTE This curve is based on a specific case but it is of virtually universal application. Curves flor other cases
can bdobtained from the “Shane chart” worksheet g me ee-Annex D

Figure 10 — Shape coefficient relationship for trapezoidal-throated flumes

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

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

where

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

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

o isthe effective diameter of the base of the U-shaped throat (defined in a similar mrainer o b
in a rectangular throat).

Y

1
0,9

0,8 S

0,7
0,6 ,/

05|/
04|/

/

0,3

0,2

0,1

0

¢ 010203040506070809 1 111213141516171819 2 X

Key
X H,/D,

Y shape cogfficient, €3

NOTE Thjs ctrve is based on a specific case but it is of virtually universal application. Curves for othey cases
can be obtainéd fpom the “Shape chart” worksheet of Flume2.xls (see Annex D).

Figure 11 — Shape coefficient relationship for U-throated flumes

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

9.3 Calculation of stage-discharge relationships

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

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

2
v A
He=de + -5 =dg +—— (27)
24 2

3
g [P (28)
ch

9.3.3| The effective total head, H,, can be converted to the total head, H,which can then pe converted
to thg measured gauged head, h, all as described in Clauses 10 to 12. Since’this method i§ easy to use,
and gives the same answers as those based on the coefficient method, described in 9.7, it has been
adopted as the preferred methodology for determining the stage-discharge rating in the $preadsheets
(see Annex D) that accompany this document. This approach may-also be used to determirfe single flow
valuep 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 headby Formula (29):

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

al is the kinetic enengyj coefficient, which takes account of the fact that the kinetic erfergy head in
the approach chafinel exceeds the value based on the mean velocity, if the velocity|distribution
across the section is not uniform.

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

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

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

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

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

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

where

B is the width of the approach channel;

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

Values of C, for rectangular-throated flumes, derived from Formulae (18), (30) and (31), with the

limitation thptar= I, are given in Table Z.
Tgble 2 — Values of velocity coefficients, C,, for rectangular-throated flumes
2 2
i(ﬁ) (Lj cict-c?3+1=0
27\ B h+p
h
b hipP
B 1,0 0,9 0,8 0,7 0,6 0,5 0,4 0,3 g,2
0,10 1,002 2 1,001 8 1,001 4 1,001 1 1,000 8 1,0006 1,000 4 1,000 2 1,000 1
0,15 1,005 1 1,004 1 1,003 2 1,002 5 1,001 8 15001 3 1,000 8 1,000 5 1,000 2
0,20 1,0091 1,007 3 1,005 8 1,004 4 1,003 2 1,002 2 1,001 4 1,000 8 1,000 4
0,25 ,014 3 1,011 5 1,009 1 1,006 9 1,005.1 1,003 5 1,002 2 1,001 3 1,000 6
0,30 1,020 9 1,016 8 1,013 2 1,010 0 1,007 3 1,005 1 1,003 2 1,001 8 1,000 8
0,35 1,029 0 1,023 2 1,018 1 1,013 7 1,010 0 1,006 9 1,004 4 1,002 5 1,001 1
0,40 1,038 6 1,030 8 1,024 0 1,018 1 1,013 2 1,009 1 1,005 8 1,003 2 1,001 4
0,45 1,0500 1,0397 1,030 8 1,0232 1,016 8 1,0115 1,007 3 1,004 1 1,001 8
0,50 1,063 5 1,050 0 1,038 6 1,029 0 1,020 9 1,014 3 1,009 1 1,005 1 1,002 2
0,55 1,079 3 1,062 0 1,047 6 1,0357 1,0255 1,017 5 1,011 0 1,006 1 1,002 7
0,60 1,098 0 1,076 0 1,057 9 1,042 9 1,030 8 1,0209 1,013 2 1,007 3 1,003 2
0,65 ,120 3 1,0921 1,069 5 1,051 3 1,036 7 1,024 8 1,015 6 1,008 6 1,003 8
0,70 ,146 5 1,110 8 1,082 9 1,060 6 1,042 9 1,029 0 1,018 1 1,0100 1,004 4
0,75 1,132\7 1,098 0 1,0711 1,050 0 1,033 6 1,020 9 1,0115 1,0p5 1
0,80 1,115 3 1,082 9 1,057 9 1,038 6 1,024 0 1,013 2 1,005 8
0,85 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 1,030 8 1,016 8 1,007 3
0,95 1,127 5 1,086 4 1,056 4 1,034 6 1,018 8 1,008 2
1,00 1,146 5 1,098 0 1,063 5 1,038 6 1,0209 1,009 1

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

9.4.5 For atrapezoidal approach channel, the flow area is given by Formula (32):

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

where

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

a

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

)

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

h+p
D

a

4, ==Dif (33)

4

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

9.5 |Selection of flume size and shape

In order to be able to identify which size and type of flume is appropriate for a giveh|situation, Annex A
provifles a graphical representation of the stage-discharge relationships for-rectangullar-throated,
trapegoidal-throated and U-throated flumes over a range of flume sizes. Theserating curyves allow for
a preliminary assessment to be made of their discharge potential, based-ena simplified [analysis and
fixed [coefficients, prior to the undertaking of a detailed design for an individual flume tyjpe, based on
one of the following three clauses (Clauses 10 to 12).

10 Rectangular-throated flume

10.1|Description

10.1.1 The rectangular-throated flume consists\of a constriction of rectangular ¢ross-section
dispoped about symmetrically with respect to tie’approach channel. This is a common tlype of flume
and the easiest to construct but cannot be adapted to suit non-rectangular channels when loss of head
is important.

10.1.2 There are three types of rectangular-throated flume:

a) with side contractions only;

b) with bottom contraction‘er hump only;

c) with both side and battom contractions.

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

10.1.8 ,The'invert of the throat shall be level throughout its width and length. The sides|of the flume
throal ' i i i the throat is

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

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

10.2 Location of head measurement section

The head on the flume shall be measured at a point far enough upstream of the contraction to be clear
of the effect of drawdown, but close enough to ensure that the energy loss between the section of

measuremer]t and the throat will be negligible. It is recommended that the head measurement-s¢
be located a glistance of between three and four times the proposed maximum gauged head upstré

the leading e
10.3 Provis

10.3.1 Flow]
the velocity
elevation as
flume shall &
downstream)
possible to r
other hand, i

10.3.2 In ar
rates of flow

is long enoulgh and of constant slope or by reference to the characteristics of controlling fez
downstream|

10.3.3 Ifthe
then be obta

a)
b) the appr
c) thedead

the max

10.4 Evaluation ofdischarge for a given observed upstream head

10.4.1 The

dge of the entrance transition.
jion for modular flow

is modular when it is independent of variations in tailwater levél)and for this to
in the throat must be the critical velocity. The invert level shdll therefore be at su
to produce modular flow for the full range of design discharges. The dimensions

e such that the total head upstream (relative to throat invert) is at least 1,25 time
(assuming subcritical flow exists downstream) at all rates of flow. Nevertheless, it g
bduce this difference, provided that the occurrence offree discharge is confirmed. (
f the expansion is truncated, the ratio shall be at least1,33.

tificial channels, it is frequently possible to determine the depth downstream at vz
with reasonable accuracy, e.g. by means bféa standard resistance formula if the ch

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

mum depth recorded with-an estimate of the rate of flow at that depth;
pximate depths at twe-or more intermediate rates of flow;

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

basic ‘discharge formula for rectangular-throated flumes is given by Formula (]

bction
am of

be so,
ch an
bf the
s that
an be
n the

Irious
annel
tures

hould

19) in

Clause 9 as K

orimula (34):

o-(2)" e

where
C B be he 3/2
Pl | n
be Zb—25*
he :h—5*

30

(34)

(35)

(36)

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

given by Formula (38):
S s LY/?
Cp = 1—2—><£ 1——><£
L b L h
where
L isthe length of prismatic section of the contraction at the flume;

O

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

(38)

10.4.
0,002
thick
For g
0,003

)

10.4.4
and h
these

10.4.
from

=]

10.4.

10.4.7
a spe
using|

accompanies this deeiment. The solution scheme adopted for the coefficient method in the

B For installations with a good surface finish, the value of 6:/L will, in practiee, lie

to 0,004. For rough surface finishes, the value of the relative boundary/layer

ness, 0+/L, varies with the Reynolds number, Re, and relative roughness, L/kg-as show,

od surface finishes, provided 10° > L/k, > 4 000 and Re > 3 x 10°, 6./L fitay be assu
L

and Formula (38) then becomes Formula (39):
1-0,003—

L 3/2
8 :(1—0,006—)( )
b h

I The value of the modular discharge coefficient is obtained by substituting known
into Formula (38) or (39). Various values of Cp, derived-from this formula are given i
are the values which apply to well-constructed installations as detailed above.

b The Reynolds number, which is needed for;the detailed boundary layer treatment,

Formula (40):

()

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

L
P~ —
v

/ In order to apply(the coefficient method to determine the discharge, Q, corrg
cific gauged head, '1pan iterative approach is required. This is most conveniently &
the spreadsheeffor trapezoidal and rectangular flumes in the Flumel.xls file (see A

in the range
Hisplacement

nin Figure 9.
med equal to

(39)

values of L, b
n Table 1 and

is calculated

(40)

sponding to
ccomplished
nnex D) that
spreadsheet

is given below and-this approach is recommended for manual calculations.

10.4.8 Therfollowing basic geometry and parameters are entered into the input datg cells of the

sprealdsheet:

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

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

— b width of throat;

— B base width of approach channel at gauging section;

— p height of throat invert above approach channel bed;

— L length of throat;

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

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

— the detailed boundary layer treatment.

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

Table 3 — Recommended roughness values, k,

Values of k,

Surface classification mm
Good example Normal value
Plastics (and similar)
Perspex, PVClor other smooth-faced plastics — 0,003
Asbestos cemlent — 0,015
Resin-bonde(, glass fibre moulded against smooth forms of sheet metal 0,03 0,06
or well-sandgd and painted timber
Metal
Smooth, machined and polished metal 0,003 0,006
Uncoated sheet metal, rust free 0,015 0,03
Painted sheef metal 0,03 0,06
Galvanized mjetal 0,06 0,15
Painted or copted casting 0,15 0,15
Uncoated casfing — 0,3
Concrete
In situ or predast construction using steel formwerk; with all 0,06 0,15
irregularitieq rubbed down or filled in
In situ or predast construction using plywoed,er wrought timber 0,3 0,6
formwork
Smooth trowglled cement rendering 0,3 0,6
Concrete with thin film or sewagelslime 0,6 1,5
Wood

Planed timbef or plywood 0,3 0,6
Well sanded 4nd painted 0,03 0,06
10.4.10 Defqultvalues of the following parameters are given in the spreadsheet, but may be changed by
the user:
— g gravitational acceleration (default value of 9,807 ms=2);
— v kinematic viscosity of water, required only for the detailed boundary layer treatment

(default value of 1,141 x 10-¢ m2s-1 for water at 15 °C entered, but other values may be

derived from Table 4);
— kinetic energy coefficient for approach channel (default value 1,05);
—  0+/L dimensionless boundary layer displacement thickness for simple boundary layer

treatment (default value 0,003);
— €, value of velocity coefficient to use in the first iteration (default value 1,05).
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Table 4 — Kinematic viscosity of water and its variation with temperature

Temperature Kinematic viscosity

°C m?/s x 10-6
1,79

5 1,52

10 1,31

15 1,14

20 1,01

25 0,90

30 0,81

10.4.11 The spreadsheet then proceeds with the calculations, using the solutien”sequence set out
in thg Table 5. Successive iteration results are set out in tabular form, with~each column containing
an inglividual iteration, so that the user can see that the iterations have sugcessfully copverged. The
spreadsheet includes five iterations.

Table 5 — Spreadsheet solution sequence for rectangular-throated flumes

Step Description Parameter Formula

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

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

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

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

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

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

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

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

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

11| |Effective totaMiead H, as)

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

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

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

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

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

17 |Discharge Q (34), (44)

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

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

2 \3/2
Q=(§} g? chH3/? (41)

where C is an overall discharge coefficient and for preliminary design purposes may be assumed to
have a value between 0,97 and 1,00.
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10.4.13

In cases where the approach channel section is not truly rectangular or trapezoi

the location where h is measured, b can be determined from Formula (42):

Aa

b=
h+p

dal at

(42)

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

10.5 Computation of stage-discharge relationship

10.5.1 The

lbeit

laboriously,

convenient approach, however, is to consider a series of values of the critical depth in the throg

each depth, 3
reducing the
flow theory

the displaceent thickness to obtain the total head. Finally, this is converted te-the gauged he

subtracting t

10.5.2 Beca
(with the sig
discharge re
using the spi
accompanies

10.6 Limits

10.6.1 The practical lower limit of h is related to theimagnitude of the influence of fluid propertig

boundary ro

10.6.2 Ther
from difficu

The recommended upper limit of the ‘ndminal area ratio bh/[B(h + p)] is 0,7. The “Rating” work

within the s
that accomp
included in t

10.6.3 Othe
a) The bed

*fagn-dicr‘hnrgn r'p]nfinnchip for 2o rpr‘fqngn]ar-fhrnafpd flume can be r‘nmpnfnd’

by repeated application of the coefficient method at successive gauged heads.(A

1l the geometric dimensions at the throat are then adjusted for boundary layep effe
m according to the displacement thicknesses, as shown in Figure 8. Standard hyd
is then applied to obtain the critical discharge and effective head, to)which is

he velocity head in the approach channel, this last step being an iterative calculation

1se the rectangular-throated flume is a particular form of the trapezoidal-throated
leslope, m = 0), see 11.5, where the latter procedure for the computation of the s
lationship is fully described. These calculations are “most conveniently accomp
eadsheet for trapezoidal and rectangular flumes in ,the Flume1.xls file (see Annex D
this document.

of application

1ighness. The recommended lower limit of 0,05 m or 0,05L, whichever is the greater.

e is also a limit on the ratio of the areas of the approach channel and the throat a
ties experienced when the.Eroude number in the approach channel exceeds aboy

preadsheet for trapezoidal and rectangular flumes in the Flumel.xls file (see Ann

hnies this document'‘tabulates values of the Froude number and selected values ar
he “Summary” werksheet.

r limitations are as follows.

widthbpshall be not less than 0,10 m.

b) The rati1> h/b-shall be not more than 3.

more
t. For
cts by

raulic

hdded
ad by

flume
tage-
ished
) that

s and

rising
t 0,5.
sheet
lex D)
b also

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

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

10.6.5 The overall uncertainty of measurement, due to experimentally determined coefficients, the
tolerances in the construction of the flume referred to in 6.2.2 and the difficulties in making accurate
upstream head measurements, is described in detail in Clauses 13 and 14.
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10.6.6 With reasonable skill and care in the construction of the flume, the coefficients are expected to
have an uncertainty approaching 1 % in favourable circumstances, e.g. when Cp and C, are not far from
unity. According to Reference [7] an estimate of the standard percentage uncertainty of the discharge

coefficient u*(C) may be obtained from Formula (43):

u (C)=%[0,5+10(C, —Cp)]

11 Trapezoidal-throated flumes

(43)

11.1

Pescription

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

11.1.
circul

P Trapezoidal-throated flumes should have geometry generally asZihdicated in Figul
mstances, however, it is appropriate to make the invert of the throat level with the
apprdach channel, i.e. p = 0, e.g. if sediment has to be conveyed through the flume. Th
coverp only that class of trapezoidal-throated flume in which theloping walls of both th
the approach channel (at the gauging location) extend above the highest water levels.

parti¢ular importance and shall have a level invert and be truly prismatic, the sloping wall
surfages, symmetrically disposed and makifig-a sharp intersection with the invert of the tl

11.1.4 The entrance and exit transitions may be plane or curved surfaces to suit co
constfuction.

11.1.5 The convergence of the enhtrance transition on any plane section, if formed from pl
should not be angled moreSeverely than 1 in 3 (transverse to horizontal) at each side. If cur
are uged, these shall be.well-streamlined, e.g. by using the face of inclined cylinders, or a's

hditions, and
of flow to be

re 5. In some
invert of the
is document
e throat and

the approach
bd at such an
ume shall be
section is of
5 being plane
hroat.

nvenience of

hne surfaces,
ved surfaces
kew cylinder,
es defining a
5 forming the

ngalin 3
ligh modular

11.2 Location of head measurement section

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

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

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

— 1in 20 epchside H/H421,10
— 1in 10 epchside H/H4321,20
— 1in 6 eafh side H/H; 21,25
— 1in 3 eafh side H/H4 21,35

where H is §

11.3.3 In ar
rates of flow
is long enou

11.3.4 Ifthe
then be obta

a) the max
b) the appr

c) thedead

11.4 Evaluation of discharge = Coefficient method

11.4.1 The
Clause 9, wit
the effective

he total head just beyond the exit transition, related to the flumeiinvert.

tificial channels it is frequently possible to determine the.depth downstream at vz

gh and of constant slope, or by reference to the characteristics of controlling fed
downstream|

with reasonable accuracy, e.g. by means of a standard resistance formula if the ch

flume is to be installed in an existing channel'or stream, the following information s
ned at the site:

mum depth recorded with an estimate of the rate of flow at that depth;
pximate depths at two or more intermediate rates of flow;

water level in the stream, ise:sthe level under zero flow conditions.

basic discharge formula for trapezoidal-throated flumes is given by Formula (4
h the breadth) byreplacing the effective breadth, b,, the upstream gauged head, h, rep
head, h

) ey

and-the introduction of the coefficient of discharge, Cp), to give Formula (44):

Irious

annel
tures

hould

13) in

acing

32
2
Q:(gj g% cye.c, bh? (44)
where
b h 3/2
Ch=|—<|-= 45
o[ )%} “
b, =b—2n6: (46)
he =h—06+« (47)
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n= 1+m? —-m (48)
and

0+ 1sthe boundary layer displacement thickness;

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

11.4.2 The modular discharge coefficient, Cp, is given by an expression analogous to that for a

rectangular flume given in Formula (38), as shown by Formula (49):
S L 5 LY/?
Ch=l1-2n—Xx— | 1——X%x— 49
D [ n° bj( > hj 49)

11.4.
0,002
thick
good

B For installations with a good surface finish, the value of 6:/L will, inpractice, lie
to 0,004. For rough surface finishes, the value of the relative Boundary layer
ness, 0+/L, varies with Reynolds number, Re, and relative roughness;.L/k, as shown in
surface finishes, provided 10 > L/k > 4 000 and Re > 3 x 105, §¢/L may be assumed e

in the range
Hisplacement

Figure 9. For
gual to 0,003

and F

L

)

prmula (49) then becomes Formula (50):
1-0,003—

L 3/2
=|1-0,006n—
p=[1-o00em; J 1000

I The value of  is obtained from Formula (48)and the value of the modular dischar
hined by substituting known values of 1, Ly #Zand h into Formula (49) or (50).

(50)

11.4.4
is obt]

e coefficient

11.4.
from

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

Formula (51):
]1/3

1/3
,_L(90Y/
vi b
b The shape coeffiejent, C,, is given by Formula (52), which can be derived from F
3) and the relationship including throat area in Formula (11), as shown by Formula

b

(_

~

(51)
WC

11.4.
and (]

brmulae (10)
52):

)

(52)

11.4.7 The approach to the solution of C; adopted in the spreadsheet is to produce a table and graph
of C, against mH,/b,, then to look up (interpolating as necessary) the value of C; corresponding to the
computed value of mH,/b,. Figure 10 shows a plot of C; versus mH,/b, for a typical trapezoidal-throated
flume. The table and graph for the specific flume geometry and boundary layer displacement thickness
are presented in the “Shape” and “Shape chart” worksheets of the Flume1.xls spreadsheet (see Annex D)
that accompanies this document.

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

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

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

— m sideslope of throat section;

— m, sideslope of approach channel at gauging section;

— b Base width of throat;

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

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

11.4.11 The spreadsheet also requires the user to choose between

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

— the detalled boundary layer treatment.

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

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

changed by the user:

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

— v Kinematic viscosity of water, required only for the detailed boundary layer treatment (default
Value of 1,141 x 10:EmZs1 for water at 15 °C entered, but other values may be derived from
Table 4);

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

—  6+/L dimensienless boundary layer displacement thickness for simple boundary layer treafment
defaultvalue 0,003);

_ C' skalima afvuala afficiant o icain tha ot b npati s (A1t vl n 1 NEN
v dalrucT Ul V\.«IULIL] CULCIITIIVIVITIU LU UoL 1Ir Lt 1rirov iter ativilr LUL/ICIUIL vailuco L,UJJ
11.4.13 The spreadsheet then proceeds with the calculations, using the solution sequence set

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

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

first two iterations)

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

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

7 | | Throat flow width parameter w./b —

8 | [Reynolds number Re 51

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

10 | |Effective gauged head h, “n

11 | | Effective total head H, as)

12| |Effective throat bed width b, 46)

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

14 ‘S/v}lozir;})(;clggtf)flc1ent (interpolated from value of mH,/b, in “Shape c, Fioure 10

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

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

17 | |Discharge Q “44)

11.5|Computation of stage-discharge relationship

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

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

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

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

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

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

A, = (be +md., )dce (54)
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d) Calculate Q using Formula (28).
e) Calculate H, using Formula (27).

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

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

V2

29

h=H-a (55)

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

11.5.6 In applying Formula (55), the cross-sectional area, 4,, of the approachychannel, whijch is

assumed her to be trapezoidal, is given by Formula (56):

p)[B+m, (h+p)]

a

A, =(h+ (56)

where

is th
sect

e height of the flume throat invert above the approach channel invert at the gauging
on;

B is the bed width of the approach channel;

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

a

bssive

11.5.7 Beca
approximati
calculating A
first approxi
until there is

11.5.8 Havi
for the flum
scales, as ad
flumes in th|

with logarithmic scales renders the curve closer to a straight line, which can be of assistance

interpolating
flows.

1se h occurs implicitly in the rightthand side of Formula (55), a method of succ
bn is needed to determine h. In the first iteration, h is approximated to H for the purpo
, and thence the mean velocity and velocity head. Formula (55) is then used to obta
mation to h, which is thenised at the start of the second iteration. The iterations pr
a negligible difference between successive approximations for the gauged head, h.

ng thus worked outpairs of values of Q and h for a series of values of d_, the rating
e may be plotted’to a suitable scale. Conventionally, rating curves are plotted to
ppted in the Rating chart” worksheet of the spreadsheet for rectangular and trape
e Flumel.xls-file (see Annex D) that accompanies this document. Alternatively, pl

values\from it. Logarithmic plotting can also offer improved sensitivity for low head

ses of
in the
bceed

curve
inear
voidal
htting
when
sand

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

Step Description Parameter | Formula
Numerical coefficient related to throat sideslope (equals 1,0 for a
@) rectangular-throated flume) U 48]
(b) |Effective throat bed width b, (46)
c inimum critical depth in throat taken as 0,03 m min. —
(c) [Mini itical depth in th k 0,03 d.(min.)
(d) |Estimated maximum permissible critical depth in throat, increased by 5 %| d.(max.) —
ange of critical depths divided into a series o increments that follow
© Range of critical depths divided i ies of 100 i hat foll . .
an approximately logarithmic series
I'he 101 values of critical depth are listed 1n a column at the left side of the
() d —
worksheet ¢
educt the boundary layer displacement thickness (based on the simple
(@) Ded he boundary layer displ hick (based he simpl d o
& theory) from d. to obtain the effective value &
(h)| |Effective surface width Wee (53)
(i) | |Effective flow area Ace (54)
(j) | |Critical flow in throat Q (28)
(k)| |Reynolds number Re (51)
M Boundary layer displacement thickness (calculated from Reynelds number s .
and throat length in worksheet “Delta-star”) *
m) Slteps (b) and (g) to (j) are repeated using the value of 6. obtained in step b, deoy Weer See above
) Acel Q
(n) | |Critical flow velocity in throat = Q/A.. Vee —
(o) | |Effective total head H, 27)
(p)| |Total head = H,, + 6« H —
()| |Gauged head (iterative calculation as descbibed in 11.5.7) h (55)
(r) | |Froude number in approach channel {for information) Fr (57)
11.6|Limits of application

11.6.

11.6.
from
shall

-

=
a,

:Va

J&Wa Lo [ <o
gAa gAa

| The practical lower limitof h is related to the magnitude of the influence of fluid pr
bounglary roughness. The féecommended lower limit of 0,05 m or 0,05L, whichever is the g1

P There is alse~a-limit on the ratio of the areas of the approach channel and the t
difficulties egperienced when the Froude number in the approach channel exceeds about 0,5. This
be checked\at'each end of the range and at intermediate flows using Formula (57):

operties and
eater.

hroat arising

(57)

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

11.6.3 Other limitations are as follows:

a)
b)
A
d)

The ratio h/b shall be not more than 3.

The ratio h/L should not exceed 0,50.

The bed width, b, shall be not less than 0,10 m. An exception may be made for very small flumes.

At all elevations, the width between the throat walls shall be less than the width between the

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

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

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

11.6.6 With|reasonable skill and care in the construction of the flume, the coefficients are expected to
have an uncqrtainty approaching 1 % in favourable circumstances, e.g. when Cp, and C,, are 110t 'farf from
unity. An esfimate of the standard percentage uncertainty of the discharge coefficient, u*(), may be
obtained from Formula (58):

*

u (C)=4[0,5+10(C, —Cp)] (58)

12 U-throated (round-bottomed) flumes

12.1 Descrjption

12.1.1 Flumes with their inverts in the form of a semi-cylindtical surface with a horizontal axis cannot
cope with sufh a wide variety of situations as the trapezoidal-throated flume, but they have advar|tages
over the rectiangular-throated flume in certain circumsgances, e.g. in sewerage systems where the flow
enters from & circular or U-shaped conduit. The sensitivity of a U-throated flume is greater than that of
a rectangulajr-throated flume, especially in the lower range of discharge lying within the lower [semi-
cylinder.

12.1.2 U-thgoated flumes shall have a geemetry generally as indicated in Figure 6. Two basic typgs are
often deploygd when the approach chanuel is U-shaped also:

a) alevel irfvert arrangement in mwhich 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 diamdtrical
widths df the approach/chdnnel and throat.

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

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

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

12.1.5 The surfaces forming the exit transition shall lie within surfaces defining a 1 in 3 expansion. A

1in6

12.2

expansion gives very good recovery of head and a high modular limit.

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

secti

n of measurement and the throat is negligible. It is recommended that the head n

easurement

sectid
of the
parti
The {
inspe

12.3

12.3.
veloc
an elq
flume
the in

12.3.
upstr

(U

1

wher

12.3.
rates

n be located a distance of between 3 and 4 times the proposed maximum gaugedchd
leading edge of the entrance transition. Because of the hydraulic efficiency of U-shay

resence of supercritical flow at the head measurement point is obseryed)more
ctions of U-throated flumes than in other flume shapes.

Provision for modular flow

L Flow is modular when it is independent of variations in tailwater level, and for thig
ty shall pass through the critical velocity in the throat. The invert level shall therefq
vation as to produce modular flow for the full range of design discharges. The dime|
shall be such that the total head upstream is well in.excess of that downstream wh
vert of the throat (assuming subcritical flow exists}downstream).

P As the modular limit is dependent on head-recovery beyond the throat, the neces
pam to downstream head is dependent on the angle of expansion as follows:

in 6 each side, H/H4 = 1,24, and
in 3 each side, H/H4 = 1,35,

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

of flow with reasonable accuracy, e.g. by means of a standard resistance formula i

is lo

downlstream.

12.3.

then e obtdined at the site:

a) thé&maximum depth recorded with an estimate of the rate of flow at that depth;

g enough and of constant slope, or by reference to the characteristics of control

If the flume is to be installed in an existing channel or stream, the following infornj

ad upstream
ed channels,

ular care must be taken to ensure that subcritical flow occurs at the head measurement section.

ften in field

to be so, the
re be at such
nsions of the
en related to

sary ratio of

B In artificial channels‘it is frequently possible to determine the depth downstream at various

F the channel
ing features

)ation should

b) the approximate depths at two or more intermediate rates of flow;

)

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

12.4.1 The basic discharge formula for U-throated flumes is given by Formula (25) in Clause 9, with the
actual throat diameter, D, replacing the effective diameter, D, the upstream gauged head, h, replacing

the effective

head, h

» ey

2
g? cpc c, Dh3/?

and the introduction of the coefficient of discharge, Cp, to give Formula (59):

2/
== 59

0 (3 ] (59)

where
D h 3/2
h

D, =D -0« (61)

he =h—& (62)
and where 8 is the boundary layer displacement thickness.
12.4.2 The modular discharge coefficient, Cp, is given by an exptession analogous to that|for a
rectangular flume given in Formula (38), as shown by Formula (63);

& LY, 6 LY
Cp=l192—x— | 1——Xx— 63
P ( LD ]( L h ] (63)
12.4.3 For ipstallations 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\walue of the relative boundary layer displac¢ment
thickness, 6.fL, varies with Reynolds number;Re; and relative roughness, L/k, as shown in Figure|9. For
good surfacefinishes, provided 10> > L/k, >4000 and Re > 3 x 10°, §./L may be assumed equal to[0,003
and Formula|(63) then becomes Formula.(64):
L L 3/2
Cp=|1-40,006— | 1-0,003% (64)
D h

12.4.4 The vValue of the mmodular discharge coefficient is obtained by substituting known values ¢f L, D

and h into Fdrmula (63)or"(64).

12.4.5 The Reyndlds number, which is needed for the detailed boundary layer treatment, is calcylated

from Formul

Rezé[
14

44

g9

h(65):

D

D w

C

)

(65)
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12.4.6 The shape coefficient, C,, is given by Formulae (66) and (67), both of which can be derived from
Formulae (10) and (25), the relationship including throat area in Formula (11) and the geometrical
properties of part-circular sections.

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

. 3/2
0, —sin6, cos6,
C,=3%sing,| —— "¢ (66)
4sin@, —5sinf, cosH, +6,
For flows above the axis of the throat semi-cylinder, use Formula (67):
de m 1 V77
32| p, 8 2
=3 (67)
2) |3, m 1
2D, 16 4

12.4.7 The approach to the solution of C; adopted in the spreadsheet isto produce a table and graph
of C, pgainst H,/D,, then to look up (interpolating as necessary) thevalue of C, correspqnding to the
comppted value of H,/D,. Figure 11 shows a plot of C; versus-Hy/D, for a typical U-thrpated flume.
The thble and graph for the specific flume geometry and boGndary layer displacement thickness are
presented in the “Shape” and “Shape chart” worksheets of:the Flume2.xls spreadsheet (§ee Annex D)
that dccompanies this document.

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

2

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

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

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

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

|
S

— L 1

diameter (width) of throat;
,  diameter (width) of approach channel at gauging section;

height of throat invert above approach channel bed;

ength 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 sim;l)le boundary layer treatment, with a fixed value of the dimensionless boundatryjlayer

displace
— the deta

If the detaild

(recommendgd values are shown in Table 3).

12.4.12
changed by t
— 9 §
— v !
q
— !
—  O0/L
— C,
12.4.13

ment (default value 0,003);

ment thickness, 6«/L, and
led boundary layer treatment.

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

Default values of the following parameters are given in the)spreadsheet, but may be
he user:

ravitational acceleration (default value of 9,807 ms2);

finematic viscosity of water, required only for the.déetailed boundary layer treatment]
default value of 1,141 x 10-¢ m2s-1 for water at, 15*°C entered, but other values may b
lerived from Table 4);

W

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

=T
1

limensionless boundary layer displacement thickness for simple boundary layer trea

alue of velocity coefficient tesuise in the first iteration (default value 1,05).

The spreadsheet then proceeds with the calculations, using the solution sequence

given in Tab]e 8. Successive iteration results are set out in tabular form, with each column contgining

an individu
spreadsheet

iteration, so that'the user can see that the iterations have successfully converged. The
includes five ifepations.

46

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=e5bbdd31b4e2ba9011602352fd3ab345

ISO 4359:2022(E)

Table 8 — Spreadsheet solution sequence for U-throated flumes

Step Description Parameter | Formula

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

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

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

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

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

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

irst two iterations)

7 | |Discharge coefficient Cp (60)

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

o | [Thoat i idh parameter Clelated inworkhee"Throat wing | .53 U, | migura 12

10 | |Reynolds number Re (65)

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

12 | |Effective gauged head h, (62)

13| |Effective total head H, 18)

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

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

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

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

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

19 | |Discharge Q 59

47
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Y
1 ——
//

09 //

0,8 //

0,7 4

g / /

0,5 /

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 X
Key
X H,/D,
Y throat width parameter, w../D,
NOTE Thjs curve is based on a specific case but it is of virtuallyauiversal application. Curves for othef cases
can be obtain¢d from the “Throat chart” worksheet of Flume2.xls (see Annex D).
Figure 12 — Throat width parameter relationshipfor U-throated flumes for use in determjning
Reynolds.number

12.5 Compputation of stage-discharge-rélationship
12.5.1 The ptage-discharge relationship for a U-throated flume is most conveniently obtainpd by
considering p series of values of-the critical depth in the throat. For each depth, all the georpetric
dimensions at the throat are then-adjusted for boundary layer effects by reducing them accordjng to
the displacement thicknesses,as shown in Figure 8. Standard hydraulic flow theory is then appljed to
obtain the crjitical discharge and effective head, to which is added the displacement thickness to gbtain
the total hedd. Finally,this is converted to the gauged head by subtracting the velocity head |n the
approach chgnnel, thisbeing an iterative calculation.
12.5.2 The proCess is explained in more detail below, based on the simple boundary layer treatiment,
in which the[value of 6./L is fixed. For the detailed boundary layer treatment, the value of §. depends

on the Reynolds number, which is not available at the start of the calculations, so there is an additional
element of iteration.

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

follows:

a) Deductt

he boundary layer thickness, 6., to obtain the effective critical depth, d_.

b) Calculate the effective throat diameter, D, from Formula (61).

c) Calculate the effective area from Formula (70) or (71) as applicable.
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2
_Ze
ce 4

A (6, —sinB,cosb, ) for d (70)

<De
ce 2
where 6, is the semi-angle (in radians) subtended at the centre of curvature of the invert of the
U-throated flume between the water surface and the vertical at the critical flow section (including
boundary layer corrections in solving the geometry).

D D

A, :ng +(dce —f]De for dgg 2% (71)

F j j i-cyli le 6, and the

effective throat width, w,,, are computed from Formulae (72) and (73), respectively. For greater

depths, w,, = D..

D-2d. D,-2d
dosf, = c=_¢ (e (72)
D—26+« D,

W. =D, sin6, (73)
d) Cplculate Q using Formula (28).
e) Cplculate H, using Formula (27).
12.5.f4 Because the datum for the effective total head, Hg iS 6« above the flume invert, this |s then added
back fo H, to obtain the actual total head, H.
12.5.p The final stage of the process requires the'velocity head in the approach channel tq be deducted
from fhe total head, H, to obtain the gauged head, h, as shown in Formula (74):

Va
29
wher¢ v, is the mean velocity ifi'the approach channel at the gauging section.
12.5.p Inapplying 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 Formula (¥5):
D, —2d
cpsf, =32 (75)
Da

12.5.7 “Because h occurs implicitly in the right-hand side of Formula (74), a method ¢f successive

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

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

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

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

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

) Rangg of critical depths divided into a series of 50 increments below the . ]
flumdq 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

(e) \ d ]
workfheet ¢

) Bounflary layer displacement thickness (based on the simple theory) is d ]
dedugted from d_ to obtain the effective value ce

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

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

(i) |Critigal flow in throat Q (24)

(j) |Reynglds number Re (63)

) Bounflary layer displacement thickness (calculated from ,Reynolds number s ]
and throat length in worksheet “Delta-star”) *

m Steps|(a) and (f) to (i) are repeated using the value of 6. obtained in step D, dioy Wee See allove
(k) A Q

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

(n) |Effective total head H, 27

(o) |Totallhead = H, + 6« H —

(p) |Gaugéd head (iterative calculatiof as'described in 12.5.7) h 74

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

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

12.6.2 Thergds,also a limit on the ratio of the areas of the approach channel and the throat afising

from difficultiesexperienced-whenthe Froude numberintheapproach-channel exceedsabout6:5. This
P PP
shall be checked at each end of the range, and at intermediate flows, using Formula (76):
_ |law ow
Frazva\/ =Q ;" <0,5 (76)
94, 9A

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

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

12.6.4 Other limitations are as follows.

a) Dshall beatleast 0,1 m.

b) T

he ratio h/L should not exceed 0,50.

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

weface lies

S

12.6.
critic
uncer

12.6.
tolers
upstr

12.6.
have

unity:
obtai

<

b The above limitation on h/L arises from the necessity to ensure parallel flow ¢on
h] section in the throat. However, the ratio h,,,,, /L may be allowed to rise to 0;67/vith
tainty in coefficient of 2 % over that derived by Formula (77).

b The overall uncertainty of measurement, due to experimentally{determined coe
nces in the construction of the flume referred to in 6.2.2 and the difficulties in mak
pam head measurements, is described in detail in Clauses 13 and\14.

7 With reasonable skill and care in the construction of the'flume, the coefficients arg
hin uncertainty approaching 1 % in favourable circumstances, e.g. when € and C, arg
An estimate of the standard percentage uncertaintyof the discharge coefficient, 1

hed from Formula (77):
(C)=i[0,5+1O(CV -Cp )]

ncertainties of flow measurement
General

| This clause provides information for estimating and stating the uncertainty of a 1
rharge. The overall undertainty of measurement depends on:

e standard of construction and finish of the flume;

litions at the
hn additional

fficients, the
(ing accurate

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

(77)

neasurement

btermine the

e) the uncertainty of the zero setting;

f) the uncertainty of measurement of the geometry of the flume;

g) the accuracy of the upstream head gauge.

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

13.1.3 A comprehensive measurement result comprises:

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

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

assigned to the various hydraulic coefficients:

a) 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;

13.1.5 The q
from Annex

of performar
In practice,
obtained fro

13.2 Comb

13.2.1 See ]
flow formuld

solution using partial differentials of the discharge formula.

13.2.2 A foy
flumes, but
represented

(

13.2.3 Erro
of the base,

2

3

q

trapezoidal flume. For trapezoidal flumes, additional account is made for uncertainty in the side

m.

13.2.4 The{

_9Q

A
QE)C

i

tv of the dicr‘hnrgp coefficients f'D f'o and f'v

pstimation of measurement uncertainty associated with items a) and b) of 13.1.4%s
C. These values are for illustrative purposes only; they should not be interpreted as 1
ce 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, prefg
M a laboratory operating in conformity to ISO/IEC 17025.

jning measurement uncertainties

Annex B for an introduction to measurement uncertainty."The proportion in which
parameter contributes to flow measurement uncertainty, U(Q), is derived by anal

m of the discharge formula, similar to Formulde (19), (23) and (25), for critical
vith the exponent also made a variable, ¢,.and not fixed at 1,50, as previously assun

by Formula (78):

CpC,CsgY/*bh?
's in g, the acceleration dueto gravity, may be ignored. For U-throated flumes, the dia

D, is substituted for b and C; is retained, but has a formulation distinct from that

ffect on the ¥alife Q due to small dispersions of AC, Ab, Ah and Am is shown by Formul4

AC+8—QAb+a—QAh+a—QAm
ab oh om

The partial d
resultant dis

taken
jorms
erably

each
ytical

depth
1ed, is

(78)

meter
for a
slope,

L (79):

(79)

he di nd A0

persion of Q. Evaluating the partial differentials the relationship can be written as s

by Formula (80):

is the
hown

AQ_AC_ . Ab_ o Ah . Am 0
Q C b h
where ¥, ¢, and 1 are the relative sensitivity coefficients which depend on the flume geometry:
60 60 o) o
—_—=1, —= ’)/ B _Q = , _Q — l//
oc ob oh om

13.2.5 The values AQ/Q, AC/C, Ab/b, Ah/h and Am/m are referred to as dimensionless standard
uncertainties and are given the notation u*(Q), u*(C), u*(b), u*(h), and u*(m). Since the uncertainties of
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b, C, h and m are likely to be independent of each other, probability requires that the components to be

summated in quadrature (see Clause B.7), as shown by Formula (81):

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

(81)

13.2.6 In the straightforward case of a rectangular-throated flume, y =1, ¢ = 1,5, and ¥ = 0 (assuming

the walls are truly vertical).

13.2.7 For a trapezoidal-throated flume, y and ¥ depend on mH_./b, as shown in Figure 13. For
practj i i aHahi ici i urves. These
coefficients can be determined numerically using the relationships shown by Formulaé)(B2), (83) and
(84):
3
Yo (82)
3+2me
b
1Orrll)HCe +9
= 83
9 T (83)
2| 3+
b
2mH
b
Y= (84)
3+2me
b
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Figure 13 — Accuraey coefficients

13.2.8 For alU-throated flume i = 0 (assumingthe walls are truly vertical), yand ¢ depend on H_. /D and
are shown inFigure 13. For practical purposes; the approximation H., ~ H = h is sufficiently accurgte for
use in these ¢urves. These coefficients canbe determined numerically using the relationships shovn by
Formulae (8%) and (86) for flow depths within the semi-cylindrical throat only:

_ AT
H
y= 22/3+_\1f( l;e] +0,54 (85)
3
r 5/2 —1/2
H 3
=|4,8425| =& += 86
0 ( : ] } ’ (26)

133P s 33 d £ A3 Ja £E£3 o3 'y FIa\W 5 43 1 - £l £l
. erce lldgc UIILlTI Ldlllly Ul Uisliidl BU CUCIIILITIIL U Lb) IUl U1 lLlLdl'uCPtll ITUIIIcS

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

u (€C)==%[0,5+10(C, —Cp)] (87)

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

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

a)
b)

)

13.4.2 Apply the values for each source according to Formula (81) to give the combix
uncerjtainty, U .*(Q)4g. A coverage factor k = 2 shall then be applied to define the unceftaint
level of confidence. It is customary to present these steps in tabular form with one rew foj
and g column for each of the items a) to c) in 13.4.1. The table may include, wWhere ap
criticpl thinking behind the subjective allocation of uncertainty to the quantities b, m an
sub-cpmponents. This section of the table may be replicated for a range (©fjvalues of h to
relatipnship between U*(Q) and h.

14 Hxample of uncertainty calculations
14.1(General

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

14.1.2 Uncertainty of the discharge coefficient is a fundamental uncertainty and is
Formyla (87). To determine the overall uncertainty of flow measurement, practical estigations shall
be made of the head measurement uncertainty and the uncertainty of the measuremen
dimepsions. Annex B provides a consistent framework for evaluating these uncertai

com

14.2 |Characteristics — Gauging structure

The ekample relates tp-modular flow conditions for a rectangular-throated, critical-depth

the method of evaluation (from Annex B);

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

the relative sensitivity coefficients.

only used measurement techniques.

QO

gauged head)ph,of 0,3 m;
althroat width, b, of 0,2 m;

ah approach channel width, B, of 0,5 m;

uding datum

ed standard
y at the 95 %
' each source
ropriate, the
h, and their
determine a

between the

defined by

t of physical
hties for the

flume with:

1 1 . ) L
aump ergnt, p; ol Zero;

a throat length, L, of 1,2 m.

The calculations are based on simple boundary layer theory.
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14.3 Chara

cteristics — Discharge calculation

The flow rate is calculated from Formula (34):

5 \3/2
Qz(gj gl/ZCDvah3/2

in which the

coefficient of discharge, C},, is derived using Formula (39):
3/2
0,00651(1—0,0035}
b h

and C, is co
C,=1,035.A

(

2

3

Q

it

mputed from Formulae (30), (31), (36) and (37). It is established that Cp, =-0)94
bplying these values to Formula (34):

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

14.4 Characteristics — Discharge coefficient

The percents
to be a “Type
C,=1,035.A

u (€)=(

ge uncertainty in the discharge coefficient is established fronrFormula (43) and is ass
p B” with a Gaussian (normal) distribution; in 14.3 it was determined that Cp, = 0,94

bplying these values to Formula (43):

0,5+10(1,035-0,947)]=1,38%

14.5 Characteristics — Gauged head instrumerntation

14.5.1 Inth
an elevation
is between 0
triangular pj

u(E)=\/

14.5.2 The {
the sensor. T
at h =0,300
of the range,
therefore:

s example, an air range ultrasonic.gensor is used to determine head. The sensor is fi
pf 0,650 m above the hydraulic datum. The datum procedure determines that the eley

obability distribution is given by:

( Fl

1

J6

max. value —min. value
2

0,651-0,649
2

=0,0004m
b

he measured-distance is 0,350 m. The resultant gauged head measurement is conf
m. The uncertainty of head measurement, as stated by the manufacturer as a perce

/ and

umed
7 and

xed at
ration

,651 m and 0,649 m. Referring-to B.6.1, the relative datum uncertainty, u(E), assuming a

onic range from the sensor to the measured water surface is the primary measuremlent of

rmed
ntage

u(R)siis*1 %. This equates to 0,003 5 m. The combined head measurement uncertainty is

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

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

*

u (h)

_u(h) _0,00352

=1,17%

h 0,300

(88)

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

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

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

(5)=u(b, )? +u(by )’

<

14.6.3 Without more information on the dispersion, it shall be assumedythat thg probability
distripution in acquiring the throat width data, u(b,), is rectangular. From Feriula (B.5)} the value of
uncerftainty of the throat width of the critical depth flume may be written(as

br)=i max. width —min. width =L 0,002 ~0,00058 m
NEY 2 B2

=

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

<=

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

=0,00087 m
5 )
14.6.5 The combined uncertainty in throat'width is therefore:

b)=vJu(b, ) +u(b,, )* =+/0,000582 +0,00087% =0,00104 m

<

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

_u(b) _0,00104
b 0,200

<

(b)

20,52% (89)

14.7 |Overall unicertainty in discharge

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

14.7.2_In the simple case of a rectangular flume and assuming the walls are truly verticaldly =1, ¢ = 1,5

and ¥ = 0, hence Formula (90):

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

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

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

14.7.4 The statement of discharge is therefore

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

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

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

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

u*(C) B/Normal 1,38 % 1,0 From 14.4
u(E) B/Triangular 0,0004 m — From 14.5.1
u(R) By Mamufactarer 109 of Tange — From 1452
u*(h) Combined 1,17 % 1,5 Using Formulal(88)
u(b,) B/Rectangular 0,002 m — Assumeéd resolpition
u(b,,) B/Rectangular 0,000 87 — Medsured range
u*(b) Combined 0,52% 1,0 Using Formula|(89)

u*(Qek Combined 2,29% — Using Formulal(90)

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

Simplified head discharge relationships for flumes

The curves presented in Figures A.1 to A.8 are intended to aid in the selection of an appropriate type
and size of flume to suit a particular discharge range. They are based on a fixed discharge coefficient of

Cp = ;97 and the tread givern 15 the total upstreant iead (inctuding the approactt vetocityjhead) rather
than the gauged head.

Y
1 —
0,9 %
) / 4 I
0,8 ,/ ,// P
07 // , e
/ Ra

0,6 71

/ 21 e
015 //// ”’r
0,4 7 I — b=01m|

/ ———b=02m
03 //'//,' —-—b=03m—

e —-— b=04m

0.2 //{," -------- b=0,6m[ |
0,1 Y-
0

0 01 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 ¥

Key
X  djscharge, m3/s
Y head, m

Figure A.1 — Rectangular flumes — Small
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Figure A.2 — Rectangular flumes — Large
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Figure A.3 — Trapezoidal flumes: sideslope m = 0,5
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Figure A.5 — Trapezoidal flumes: sideslope m = 1,5
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Figure A.7 — U-throated flumes — Small
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