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FOREWORD
The construction and maintenance of river discharge measurement
stations constitute a major item of expenditure in any hydrological
data-collection programme.
The utilization, for this purpose, of hydraulic
structures which already exist at reservoirs and dams, canals, navigation
locks, intake and outlet facilities, installations at power stations, pumping
stations and on pressure conduits, as well as hydraulic measuring structures
and devices installed for measuring purposes, could result in substantial
savings of financial resources.
Recognizing that in many cases these
structures could form part of a country's regular hydrological network, the
WMO Commission for Hydrology (CHy) decided that guidelines should be prepared
on methods of measurement and estimation of discharges at hydraulic structures
and industrial and domestic intakes and outlets, and assigned this task to
Mr. O. Tilrem (Norway), CHy Rapporteur on Levels and Discharge Measurements.
This report, which was approved by CHy at its seventh session (1984),
supplements the Guide to Hydrological Practices (WMO-No. 168) and the Manual
on Stream Gauging (WMO-No. 519). It is hoped that it will provide useful and
practical guidance to hydrologists, water engineers, hydrological technicians
and other individuals engaged in discharge measurements.
It is with great pleasure that I express the gratitude of WMO to
Mr. O. Tilrem for the time and effort he has devoted to the preparation of
this report.

G. O. P. Obasi
Secretary-General
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SUliARY
This report is a review of methods for the measurement and estimation
of discharges at hydraulic structures and pressure conduits with the aim of
utilizing such facilities, where they already exist, as an alternative to the
construction of discharge measurement stations. It focuses largely on methods
of flow estimation at structures conunonly installed in reservoirs, dams and

canals as well as standard methods for the measurement of open-channel and
pipe flow. Mention is also made of the use of pumping stations and navigation
locks. In the majority of cases the discussion is brief and and the reader is
referred to the literature for further information.
In many cases, flow
estimation formulae are given.
A comprehensive list of references is also provided.

RESUME
Le present rapport passe en revue les methodes permettant de mesurer
et d'evaluer Ie debit d'amenagements hydrotechniques et de conduites a charge,
en vue d'utiliser ce type d'installations, la ou elles existent deja, au lieu
de construire des stations de mesure du debit. II est largement axe sur les
methodes d'estimation de l'ecoulement d'amenagements qui soit couramment
associees aux reservoirs, barrages et canaux, ainsi que sur des methodes
normalisees pour la mesure de l'ecoulement a surface libre ou dans des
conduites.
L'utilisation de stations de pompage et d'ecluses est egalement
evoquee. Dans Ie plupart des cas, la question est etudiee briE!Vement et Ie
lecteur est renvoye, pour de plus amples renseignements, a la documentation
deja publiee a ce sujet.
L'auteur donne souvent des formules pour
l'estimation de l'ecoulement.
Le rapport contient aussi une liste complete de references.
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RESUMEN
En el presente informe se exarninan los metodos de medicion y
estimacion del caudal en las estructuras hidraulicas y conductos de presion
con objeto de utilizar esas instalaciones, donde ya existen, como alternativQ
a la construccion de estaciones de medicion del caudal.
El informe estudia
ampliamente
los metodos de estimacion del flujo en las estructuras
corrientemente instaladas en los embalses, presas y canales, aSl como metodos
normalizados para la medicion del flujo en cauce abierto y en conducciones.
Tambien se menciona la utilizacion de estaciones de bombeo y de esclusas para
la navegacion. En la mayoria de los casos el tema se discute con brevedad y
se remite al lector a la literatura sobre el tema para mayor informacion. En
muchos casos se dan formulas para la estimacion del flujo.
Se proporciona tambien una lista completa y detallada de referencias.

Discharge measurements at and the calibration of hydraulic structures*
1.

RESERVOIRS AND DAMS

To create a reservoir, a dam must be built across the river valley to
impound the water. Such dams are often large. Types of dams include gravity
dams, arch dams, earth dams and rock fill dams. Almost every dam must have
facilities to permit the discharge of water downstream.
A spillway is
necessary to discharge floods and to prevent the dam from being overtopped and
thus damaged. Gates on the spillway crest, together with sluiceways, permit
the operator to control the release of water downstream for various purposes.
In some cases facilities to regulate the flow into canals, tunnels, and
pipelines leading from the reservoir to the place of intended use are also
necessary.

1.1

Fixed-crest spillways

A spillway may be termed the safety valve of a dam.
Its discharge
capacity must be sufficient to pass the greatest flood to be expected from the
drainage basin without damage to the dam, at the same time keeping the
reservoir level below a predetermined maximum.
The flow over spillways is often used to determine peak discharge.
The peak discharge is the combined flow over the spillway and through other
outlets such as control gates and turbines.
1.1.1

An overflow spillway is a section of a dam designed to permit water to
pass over its crest. The flow follows the general formula for flow over dams
and weirs, which is
Q

= CLH'.

5

where Q is discharge, C is the coefficient of discharge, L is the effective
length of crest and H is the head on the crest (vertical distance from crest
to reservoir level).

*Note:
The hydraulic structures considered in this report are those
associated with reservoirs and dams, canals and related structures, closed
conduits, turbines and pumps, and shiplocks for inland navigation.
The
content is based on many sources given in the list of references, of which
references (1), (9) and (30) are specially recommended.
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Shapes and profiles of overflow dams and weirs and their crests may
vary a great deal (Figure 1) and, consequently, the coefficients of discharge
also vary.
No general solution for the discharge coefficient is therefore
available.

u~

II U

uuilil
Fig. 1 - Types of overflow spillway.
One of the following methods is generally used to establish the
discharge coefficient for a particular overflow dam or weir (1):
(a)
(b)
(c)
(d)
(e)

Model tests of the particular dam in question;
Comparison with similar crests for which the discharge
coefficient is known;
Nappe-fitting method;
Index-measuring method;
Calibration in situ by the use of current-meter or other
types of measurement in the channel downstream of the dam.

Model tests are likely to be available only on very large dams.
Perhaps the most widely used method is that of comparing the weir crest with
one for which the discharge coefficient is known. For good comparison, it is
necessary that reasonably good correspondence of the crest profiles be
obtained, especially from the spring point to the crown; that the relative
heights of the weirs be similar, especially if one weir is low; and that the
width-contraction aspects of the calibrated weir be reasonably similar to
those of the weir being used for flow measurement. A proportional rather than
an equal value of head must be used for determination of the discharge
coefficient.
The nappe-fitting method gives good results if the crest of the weir
follows the form of the lower nappe from a full-width thin-plate weir. The
method involves determining a reference head on a sharp-crested weir, which
produces a lower nappe that coincides with the crest profile. Reference (2)
provides tables and curves to help determine the reference head and from that
to determine the appropriate discharge coefficient.
The index-measurement method depends on a measurement of discharge to
define the discharge coefficient, Ci, for a corresponding total head, Hi.
The coefficient for other heads may then be determined from the relationship
between C/C i and H/H i (2).
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Reference (2) gives corrections for the discharge coefficient for
submergence of round-crested weirs. If the degree of submergence is greater
than about 0.6. other methods of measurement should be investigated as the
measurement will be unreliable.
The reader is referred to reference (1) for further discussion on the
subject and to references (3) and (4) for the effects of abutments and piers
on the effective length of the spillway.
For automated gauging at fixed overflow spillways see reference (5).
I t is recommended that the calibration should be checked or wholly
determined by measurements in the field.

1.1.2

Siphon spillways are associated with gravity dams (Figure 2). At low
flows. the siphon acts as a covered overflow spillway. At higher flows. after
the siphon has primed. the discharge is given by the expression

Q = CA(2gH)° . 5
where C is the coefficient of discharge. A is cross-sectional area of the
siphon throat or the narrowest portion. and H is the head. If the outlet of
the siphon is not submerged. the head is measured vertically from the
reservoir level to the centre of the discharge opening of the siphon; at
submerged state. the head is the difference in elevation between reservoir
level and tailwater level (4).

Head available for weir

~
/
I=f ' " " " .,..-

Air vent

r

at same IOC_".ion_....-i

Energy grade line

1
h

1
{a)

Free discharge

(b)

Submerged outlet

Fig. 2 - Cross-section of siphon spillway. from ref. (44).

1.1.3

Shaft spillways have a funnel-shaped inlet at reservoir level and a
vertical shaft to a horizontal conduit which conveys the water past the dam
(Figure 3).
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:a) Outlet conduit p'artly full

Ie) Submerged inlet

[bl Intermediate condition

(weir flow)

(pipe flow)

Fig. 3 - Flow conditions in a shaft spillway, from ref. (44).

There are three conditions of flow in a shaft spillway. At low heads
on the inlet perimeter (HI), the outlet conduit flows partly full.
Under
this condition the perimeter of the inlet serves as a weir and the discharge
of the spillway can be expressed as
Q=CLfI,

1.5

As the head is increased, water rises in the shaft, and the outlet may
flow partly full or full.
Where the shaft is completely filled with water and the inlet is
submerged, the flow approximates pipe flow and the discharge can be expressed
as

Q = CA(2gH2)o.5
where H2 is the total head on the centre of the outlet opening (4).
1.2

Crest control gates

Additional storage capacity can be obtained by the installation of
moveable gates on the spillway crest. As a general rule, the moveable gates
are not calibrated as such; instead, a standard stream-gauging station is
established in the channel downstream in order to record the flow that
bypassed the dam. However, in some instances it will not be practicable to
establish a gauging station in the downstream channel, and the moveable gates
have to be calibrated.
The flow at moveable dam-crest gates may be placed in two general
categories: weir flow over the gate or dam crest, and orifice flow under the
gate. Each of those types of flow may be either free or submerged, depending
on the relative elevations of headwater, tailwater, and pertinent elements of
the dam crest and gate.
Listed below are the crest gates which will be
discussed:
(a)
(b)

Drum gates (Figure 4);
Radial or Tainter gates (Figure 5);
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(c)
(d)
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Vertical lift gates (Figure 6);
Roller gates (Figure 7).

A gated dam usually has several gates along its crest. The gates are
installed in bays that are separated by piers. All other conditions being
equal, the discharge through a single gate, when adjacent gates are open, will
be about five per cent greater than the discharge through that same gate when
adjacent gates are closed. The various types of gates should be calibrated by
discharge measurements, and as an aid in shaping the calibration curves
experimental ratings. if available. should be used.
Discharge measurements
for
the
purpose
of
determining
gate
coefficients will almost always be made in the downstream channel and will
include the flow for all the gates that are open.
Furthermore, for given
stages upstream and downstream from the gates, the gate coefficient will
commonly vary with the gate opening or setting. Consequently, if discharge is
to be measured with more than one gate open. arrangements should be made for
all gates to be set identically. I f the differences in the setting of the
gates are minor and if the gate coefficient does not vary significantly with
the gate opening, a discharge measurement may be made. In the computation of
the gate coefficient an average gate setting will be assumed for each of the
bays carrying flow.
1.2.1

A drum gate consists of a segment of a cylinder which, in the open or
lowered position, fits in a recess in the top of the spillway. When water is
admitted to the recess. the hollow drum gate is forced upward to a closed
position. Drum gates are not adapted to small dams because of the large
recess they require in the lowered position.
With regard to
its calibration.
the drum gate resembles a
sharp-crested weir with a curved upstream face over the greater part of its
travel. Given an adequate positioning indicator, the drum gate can serve as a
satisfactory stream-gauging control.

Hollow
drum

Hinge and

seal-;?f.::N,I.-",,;: Seal

;.:
(al

Hinge and seal

Seal

-

(bl

Fig. 4 - Two types of drum gate, from ref. (44).
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1.2.2

The damming face of a radial or Tainter gate is essentially a segment
of a hollow steel cylinder spanning piers on the dam crest. The cylindrical
segment is supported on a steel framework that pivots on trunnions embedded in
the downstream part of the piers. The gate is raised or lowered by hoisting
cables that are attached to each end of the gate; the cables lead to winches
on a platform above the gate. In its closed position the lower lip of the
gate rests on the dam crest. The flow under radial gates on a curved crest or
sill is controlled by the geometry of three inter-related variables: the crest
shape, the gate and the gate setting.
Therefore, experimentally-derived
discharge coefficients for various prototype dams cannot be transferred to
other installations unless the several variables involved are similar.
Consequently, radial gates will invariably require rating by current-meter
discharge measurements.
As already mentioned, when discharge measurements for calibration
purposes are made with several gates open, it is highly desirable that all
gate openings be identical, unless of course the gates are all raised
sufficiently for their lower lips to be clear of the water. If gate openings
are different under orifice flow conditions, it will be necessary to use an
average gate opening in computing discharge coefficients for the gates from
the measured discharge.
Winch
r¥i!:5S~L~ Concrete bridge
between piers

Concrete
pier
Gate

Trunnion

-..,"..
'

'"

;

....•..
,..
."

"~

..•.

';.:."
t', '_'
", .. !'•..• ::. Ii

..

..'.,:,';'.'
.;

Fig. 5 - Tainter gate, from ref. (44).

1.2.3

Vertical lift gates are simple rectangular gates of wood or steel
spanning piers on the dam crest. The gates move vertically in slots in the
piers, and all but the smallest gates are mounted on rollers to reduce the
friction caused by the hydrostatic force on the gate. The vertical lift gate,
like the radial gate, must be hoisted at both ends, and the entire weight is
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suspended from the hoisting cables or chains.
Piers must be extended to a
considerable height above high water to provide guide slots for the gate in
the fully raised position.
Discharge may occur either over the gate or over the spillway crest.
Discharge over the spillway crest may occur as weir flow, if the gate is
raised above the water surface, or as orifice flow if the raised gate does not
clear the water surface.
The principles that govern the rating of radial gates likewise apply
to vertical-lift gates.
When a closed gate is overtopped by water, the upper edge of the gate
acts as a weir. The upper edge of a vertical-lift gate commonly has the shape
of a modified horizontal broad-crested weir. Coefficients of discharge are
determined from discharge measurements.

-,"Hoisting cables

.":::.<:..\~:.~:.: ~
::~:.~

:::- Roller train

•

Side roller

.'!
.....

~.!~.

;., "

.•..

~'

_.-.4="I1r..•
water seal
Rubber

..-.

:.:

..
:."
':

Fig. 6 - Stoney gate, from ref. (44).

1.2.4
A roller (or rolling) gate is a horizontal, internally braced metal
cylinder spanning piers. Rings of gear teeth at the ends of the cylinder mesh
with inclined metal racks supported by the piers. When a pull is exerted on
the hoisting cable or chain, the gate rolls up the rack.
As in the case of radial and vertical-lift gates, orifice flow will
occur under partly raised rolling gates, weir flow over the dam will occur
when the gates are raised sufficiently (two-thirds or more of the headwater
elevation) to be clear of the water surface, and weir flow over the gates will
occur when the closed gates are overtopped.
The principles of rating gates
are similar to those discussed for radial gates and vertical-lift gates.
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The content of this chapter is based on reference (7) where the
calibration of miscellaneous hydraulic facilities is discussed. Reference (5)
gives an automated procedure for computing continuous streamflow data at
multi-purpose control structures including crest-gate flow, fixed-spillway
flow, gate flow, turbine flow, and lockage flow.

Fig. 7 - Rolling gate, from ref. (44).

1.3

Reservoir storage - Determination of flow by adjustments for gain or
loss in storage

Storage reservoirs are potentially valuable gauging structures capable
of producing good quality discharge data (8).
When the capacity (gain or loss in storage) and the inflow to a
reservoir are known, the discharge from the reservoir may be computed.
Likewise, when the capacity (gain or loss in storage) and the discharge from
the reservoir are known, the inflow may be computed.
In each of the computations the gain and loss in storage in a given
period are taken from the reservoir capacity table, which gives the capacity
for various stages of water in the reservoir. The change in reservoir storage
converted to discharge for the period over which the change occurred,
increased by the inflow or decreased by the release, will give the average
discharge or inflow, respectively.
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Adjustments for evaporation and wind effect on gauge readings may be
necessary in large reservoirs.
Bank storage is, of course, a factor of
varying and usually indeterminate influence. It will tend to decrease the
rate of drop in stage, when the net rate of withdrawal is slow, and will
retard somewhat the rise in stage during a slow increase in storage.
The usefulness of this method is highly dependent on the proper
recording by the darn operators of reservoir levels and of the operation of the
release gates, including gate openings, settings and times.

2.

DIVERSION DAMS (OVERFLOW DAMS)

Diversion darns are often used for irrigation purposes and serve to
raise the water level of a stream high enough to provide gravity flow to the
irrigation canals.
A diversion darn may be a fixed-crest spillway without gates.
More
often, in order to keep the diversion flow constant, a gate is provided at the
diversion intake for regulation. Further, in order occasionally to wash away
sediment that may accumulate in front of the diversion sill, a sluiceway is
provided at the darn just downstream of the sill.
Discharge over diversion darns follows the general discharge formula
given under overflow spillways (see paragraph 1.1.1 above).
However, in
contrast to spillways, which are always designed for free flow, diversion darns
allow submerged flow.
For a detailed treatment of discharges over darns
broad-crested weirs, the reader is referred to reference (2).

3.

and horizontal
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Two types of conduits are used to convey water: the open channel and
the pressure conduit. The open channel may take the form of a canal, tunnel
or partly filled pipe.
Open channels are characterized by a free water
surface in contrast to pressure conduits, which always flow full.
For the
proper operation of open channels, numerous structures are necessary (26):
Diversion structures. Where water is drawn from a stream, the usual
diversion structure is an overflow darn built across the river to maintain the
water level above the floor of the intake structure for the canal. Diversion
darns are often provided with sluiceways and gates for flushing sediment
deposits from the pool above the darn.
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Intakes.
Intakes are ordinarily located a short distance upstream
from the diversion structure and serve to regulate the flow into the canal.
On small installations a simple slide gate may be sufficient, while more
elaborate gates may be necessary for larger canals. When water is withdrawn
from a reservoir, the intake is usually an integral part of the dam or other
structure.
Chutes and drops.
If the overall change in elevation for a canal is
large, it may be necessary to use chutes or drops to avoid excessive slope in
the canal.
A chute ordinarily consists of an intake structure, a long
inclined section and an outlet designed to dissipate excessive energy. A drop
is similar to a chute, but the change in elevation is effected over a short
distance. In some cases a vertical drop is used.
Culverts,
tunnels,
flumes and siphons.
If a canal meets an
obstruction such as a highway embankment or hill extending above the canal
grade, a culvert or tunnel may be used to carry water through the
obstruction. If -the canal must cross a depression, stream or gully, a flume
or a pipe may be used to convey the water.
In some cases an inverted siphon
may be used in preference to an elevated crossing.
In all cases a suitable
transition structure is required at the inlet and outlet of the special
section.
Checks, turnouts and wasteways.
Regulation of flow in the canal and
the distribution of the water are facilitated by various structures. A check
is a short structure placed in the canal and provided with piers so that
flashboards or gates can be used for flow regulation. The main purpose of the
check is to raise the upstream water level to permit diversion.
Automatic
water-level gates are used where it is desired to prevent the water level from
exceeding some pre-set height.
Turnouts are usually pipes through the canal
embankment for diversion of flow from the main canal to a smaller distribution
canal.
In some cases true siphons are used to carry the flow over the canal
bank, thus avoiding the need to place pipes through the embankment.
The
intake to a turnout is provided with a gate or stop logs so that it may be
opened or closed as required.
Wasteways are canals or pipes used to return
excess water to the stream. They are necessarily provided with gates and are
sometimes used for sluicing sediment from the canal system.
There are many different methods of measuring discharge in open
channels. The choice depends partly on the frequency of the observations, the
duration of the measurement programme, and the purpose of the measurements
(29) •

Ocwional meamement and calibration methodj
These are measurements which are made occasionally, or for a limited
period of time, in order to calibrate a length of a channel reach Or a
structure, or to measure a discharge under particular flow conditions.
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Velocity-area method.
The mean velocity of the flow and the
cross-sectional area of the channel are measured so that the discharge can be
computed. The velocity may be measured by use of various instruments, which
are described in standard textbooks.
Slope-area method. Measurements of the slope of the water surface and
of the channel cross-section over a straight reach of channel provide data
from which the discharge can be calculated, assuming a roughness for the
channel boundaries. A better method is to extrapolate the channel roughness
from a few discharge measurements by a current-meter at low-medium stage.
Dilution gauging. A tracer is added to the flow, which is sampled at
a location downstream where thorough mixing has occurred. The discharge is
calculated from the dilution of the tracer.
Existing facilities.
This includes the use of structures not
specifically constructed for the measurement of discharge, but that can be
calibrated and utilized to measure discharge.

Conlinuouj meamemenl melhoJj
These are observations which are made regularly at intervals of hours
or days for a long or unlimited period in order to establish the variation of
discharge with time.
Stage-discharge method.
In a stable channel with no variable backwater effects, a unique relation is established between water level or stage
and discharge.
The water level is subsequently measured, from which the
discharge is derived.
Slope-stage-discharge method.
In a stable channel affected by
variable backwater, a relation is established between water level, water
surface slope and discharge. Measurements of the water level are made at two
(or more) locations along the channel to obtain the slope, and hence the
discharge.
Weir method. The relation between the discharge over a standardized
weir and the water level at a short distance upstream is precalibrated
empirically. The discharge is then derived from measurements of water level
only.
Flume method. The relation between the discharge and the water level
is pre-calibrated empirically, sometimes at two points within a standardized
flume. The discharge is then derived from measurements of water level only.

12
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Ultrasonic method.
In a stable prismatic channel the discharge is
computed from measurements of the water level and the velocity of flow. The
latter is determined by measuring the difference in velocity of an ultrasonic
compression wave transmitted diagonally back and forth across the channel.
The difference in velocity is caused by the velocity component of the water in
the direction of the ultrasonic wave.
Electromagnetic method.
In a stable prismatic channel the discharge
is computed from measurements of the water level and the velocity of flow.
The latter is obtained by measuring the electric current induced in a moving
conductor (the flowing water) by a magnetic field established across the
stream.
Existing structures.
As discussed under "occasional measurement
methods", existing structures can be calibrated and utilized for measurement
of discharge.
Most of the measuring methods summarized above are commonly used in
regular stream-gauging work on natural rivers.
Obviously, they are equally
well suited for measuring discharge on canals.
These methods are fully
described in many manuals, reports and textbooks and will not be gone further
into here (see references (1), (6), (7), (8), (9), (39».
Also see the
relevant
Standards
issued
by
ISO
(International
Organization
for
Standardization).
Methods particularly suitable for measuring discharge
(irrigation and others) are discussed in the following paragraphs.

3.1

on

canals

Measuring weirs

A measuring weir is a precalibrated overflow structure built across an
open channel to measure discharge.
For free flow, the discharge is a function of the water in the pool
upstream from the crest relative to the crest elevation, and of the size and
shape of the weir. Free flow occurs when the water level in the downstream
channel is sufficiently below the crest to allow free access of air to the
underside of the nappe and aeration of the nappe is not suppressed by the
walls. If the nappe is not ventilated, the discharge may be increased because
of the low pressure beneath the nappe. When the downstream water level rises
above the crest elevation, the flow is submerged. The effect of submergence
on the rating will depend on the degree of submergence.
Free flow is
generally desired for measuring weirs.
When complete contractions occur on
the sides and bottom of the channel, the weir is called a contracted weir (see
Figure 8).
If the weir extends across the entire channel, it is called a
suppressed weir.
Suppressed weirs will usually have to be vented for full
underside aeration of the nappe in order properly to use the free-flow
equations (1).
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When using weirs, some of the following aspects may need consideration
(29) :

If their sole purpose is for stream gauging, weirs may only be used in
relatively small rivers.
In large rivers, their cost is only
justified if they can be used for storage or water level control for
irrigation, water supply or fishery purposes;
They should only be used in channels where bed sediment transport
rates are low.
If the channel carries much sediment, severe accretion
will occur upstream, affecting the calibration and necessitating
dredging. The trapping of sediment upstream of the weir may also lead
to a deficiency of bed material downstream, with resultant scour
tending to degrade or flatten the downstream bed slope;
If the crest level is high enough to ensure free flow at all discharges, including those at and above bankfull, flooding may occur
upstream more frequently;
If the weir is designed to be drowned above a particular level (often
bank-full flow), it is not possible to determine the discharge by a
single measurement of water level. In some cases, it is not possible
to measure the discharge at all once the flow ceases to be free. The
range of discharge over which the weir may be used is therefore
limited;
The high velocities downstream of a weir may cause scour of the bed
unless precautions are taken to change thesupercritical flow in a
stilling basin.
3.1.1
Sharp-crested weirs (also known as thin-plate weirs) commonly have
rectangular,
trapezoidal,
or
90-degree
V-notch
shapes
(Figure
8).
Sharp-crested weirs have the advantage of being relatively simple to construct
and install.
Their main disadvantage is that solids collect behind the weir
plate which, if allowed to continue, will affect the discharge.
Damage by
debris or by sediment abrasion of the crest and pitting by rust also affect
the calibration (6), (8), (9), (27), (30), (31), (32), (38).

3.1.2

Broad-crested weirs

The broad-crested weir can be rectangular, triangular or trapezoidal
in lateral section. The cross-section in the flow direction can be either a
rectangle (Figure 9) or a rectangle with rounded edges (Figure 10).
The
broad-crested weir is simple in configuration and easy to build.
It has a
certain structural stability which sharp-crested weirs lack and permits a
higher downstream water level without submergence effects than do the
thin-plate weirs. On the other hand, it also possesses the main disadvantages
of the sharp-crested weirs, namely trapping of debris, sensitivity of the
calibration to edge and crest condition, and susceptibility to leading-edge
damage (6), (9), (30), (33), (36), (38).
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3.1. 3

Triangular profile weirs (Figure 11) may be constructed with a
horizontal crest (Crump weirs, Figure 12) or with the crest sloping gently
down towards the centre (flat-V weirs, Figure 13). These weirs can be used to
measure flow both in the free and in the drowned flow range.
In the latter
case, however, it is necessary to measure one additional water level at the
weir crest.
The triangular profile weir has become popular in recent years.
It can accommodate a wide variation in flow and is little affected by sediment
transport. The ability of this weir also to operate in the drowned flow range
allows the crest to be constructed comparatively low, thereby reducing the
cost of the structure and the danger of upstream flooding.
The triangular
profile flat-V weir also seems to be less affected by ice than other types
(30), (35), (37), (39).

I

~Mea$

...n head at
H~/p· from toe

Fig. 11 - The triangular-profile weir, from ref. (9).

r

H." ,,""0' ''''''0

I

0

3104hm.~

"'-- /I'~ Stilling well

Slope 1

Fig. 12 - Crump weir, from ref. (35).
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Fig. 13 - Triangular flat-V weir, from ref. (37).
3.2

Measuring flumes

A measuring flume is a precalibrated, short. rigid-walled reach of
channel designed to constrict the flow and thus create critical velocity. The
upstream water level is thus unaffected by downstream water levels and a
unique relation will exist between upstream water level and discharge. The
flow is usually returned to subcritical stage before leaving the flume
structure.
If downstream water levels rise sufficiently to drown out and suppress
the development of critical velocity, downstream water levels will influence
those upstream. To measure the discharge under drowned conditions, therefore,
water levels have to be measured both upstream and downstream.
A measuring flume has the following general characteristics (29):
It is only suitable for small channels, as its cost would be too high
for large channels;
It is preferable to a weir in a steep channel and where sediment
transport rates are high;
It raises the water level less than a weir and is thus preferable to
the weir when little slope (head) is available;

17
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It can operate in the drowned-out condition but will then require the
observation of two water levels;
If not carefully designed, it may produce high velocities which would
cause scour downstream.
A variety of flumes have been developed and used for measuring
discharge. No flume, however, will meet all the criteria for a good measuring
structure in all situations. A particular flume should be selected carefully,
and consideration should be given to such factors as amount of sediment to be
passed, range of stage, expected discharge frequency relation, shape of the
stream cross-section compared to the flume, and construction cost (1).
3.2.1

Parshall
- - - -flumes
---

The Parshall flume is a critical-depth measuring device developed
primarily to measure irrigation water, but is today frequently used in water
delivery and wastewater systems as well (Figure 14).
The flume has been
standardized and calibrated for a wide range of capacities, from approximately
0.1-90 m3 /s.
The principal advantages of the Parshall flume are its
capability for self-cleansing and its relatively low head loss (6), (8), (9),
(27), (30), (34).
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Fig. 14 - The Parshall flume, from ref. (9).
A modified portable Parshall flume for measuring discharge when the
depths are shallow and the velocities are low is described in reference (8).
3.2.2

H-flumes

The H-flume is a type of flume in wide use where the discharges to be
measured do not exceed approximately 2.8 m3 /s.
This flume must be
constructed in strict accordance with specifications, the various dimensions
specifying a predetermined rating (28), (30).
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Cut-throat
- - - - -flumes
---

The cut-throat flume is a flat-bottomed flume whose main advantage is
extreme simplicity of form and construction.
It has a horizontally
contracting entrance and flared exit section but no parallel-wall throat
section (9), (27), (30).
3.2.4
The San Dimas flume was developed specifically to pass large amounts
of sediment and debris. The floor of the flume is set on a 3° slope and the
flow is funnelled into the flume, producing supercritical flows. The flume
has a rectangular cross-section and, except for the rounded entrance,
contraction is of equal width throughout its length. The San Dimas flume is
not sensitive or accurate at low flows (9).
3.2.5
The trapezoidal supercritical flume has sloping sidewalls and bottom
to produce supercritical flow (Figure 15).
This flume has both greater
capacity and better sensitivity at low flow than San Dimas flumes (9), (27).

"

Fig. 15 - Trapezoidal supercritical flow flume, from ref. (9).

3.2.6

Palmer-Bowlus
flumes
--------

The Palmer-Bowlus flume is formed by placing inserts into canals and
sewer conduits to raise the bottom and constrict the sidewalls. The flume is
easily constructed and installed.
Its principal advantage lies in its
simplicity of construction and ease of installation through manholes (9).
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3.2.7
The standing wave flllille is essentially a canal-drop structure which
has been standardized and calibrated to measure discharge in irrigation
systems (27).
3.3

Orifices

An orifice used as a measuring device is a well-defined, sharp-edged
opening in a walloI' bulkhead through which flow may occur. If the upstream
water surface drops below the top of the opening, the flow ceases to follow
the laws of orifice flow and tends to follow those of flow over a weir. Flow
through orifices may either discharge freely into the air or into water as
submerged flow. The submerged orifice conserves head and is therefore used
where there is insufficient fall for a weir and where, for some reason, a
flllille cannot be justified. Both free and submerged orifices may be contracted
or suppressed. A suppressed orifice is one whose perimeter partly or fully
coincides with the sides of the approach channel.

The equation for discharge through the fully contracted and submerged
standard rectangular orifice, when the velocity of approach is negligible, is
(1) :

Q

= 0.61A(2gH)o.s

where Q is discharge, A area of the orifice, g acceleration due to gravity and
H head on the orifice, this being equal to the difference between the water
levels upstream and downstream of the orifice.
A negligible velocity of approach, complete orifice contractions, and
an effective head large enough to minimize errors in its measurement are
essential for obtaining accurate results. Canals having a heavy silt load may
deposit silt in the approach and change the approach velocity, thus producing
error.

When the velocity of approach becomes
equation becomes (1):

appreciable,

the

discharge

Q = 0.6lA(2g(H+h»o.s
where h is the velocity head in the approach to the orifice.
Where part of a submerged
discharge equation becomes (1):

rectangular orifice

is

suppressed,

the

Q = 0.61(1 + O.15r)A(2gH)o.s
where I' is the ratio of the suppressed portion of the orifice perimeter to the
total perimeter.

20

MEASUREMENT AND ESTIMATION OF DISCHARGES

In reference (8) are described both a standard orifice (Figure 16) and
a special constant-head orifice used for regulation and measurement of flow,
along with their installation and operation procedures.

B

View from upstream

Fig. 16 - Submerged orifice structure, from ref. (9).

3.4

Free overfall

When an open channel discharges with free fall in air (Figure 17), the
ratio of the brink depth to the critical depth is a function of channel shape,
slope and roughness. Because critical depth can be used as a measure of the
discharge, brink depth can be used as a measure of the discharge. The brink
depth must be measured by some kind of surface probe (9).

Fig. 17 - Free overfall into atmosphere, from ref. (9).
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Calibration of measuring structures

Calibration of a measuring structure is required in order to
establish, in numerical values, the exact relationship between water stage or
gauge height and discharge for any given water depth or opening (in the case
of orifices). Most of the standardized measuring weirs and flumes have been
extensively calibrated through laboratory or field tests and the results are
available in published rating tables or graphs. I f the individual measuring
structures are built to these standard dimensions, these tables will be
directly applicable with a high degree of accuracy, e.g. from ± 1% to ± 5%.
However, if in practice dimensions and materials of structures built in situ
differ so much from standards that application of standard rating tables would
cause errors > ± 5%, individual field calibration may be necessary in order to
increase accuracy to acceptable values. Calibration is usually required where
ordinary gates, sluices or other existing structures are to be used for water
measurement (27).
Almost any structure that partially restricts the flow of water in a
channel can be used as a measuring device, provided it can be calibrated.
Thus, it may be emphasized that many hydraulic structures and related
facilities, although not originally intended for the purpose of measuring
flow, often may be calibrated and used with little or no modification for the
recording of discharge. This applies especially to gates, orifices, valves,
sluices, and chutes and drops whose intended and original purpose was to
control and regulate the flow but not to record it.
In calibrating an individual gate, a series of discharge measurements
covering the range of gate openings are made and the mean operating heads
upstream and downstream from the gate are recorded for each measurement. From
this information rating curves and rating tables are prepared to provide the
discharge for each gate opening and series of operating heads.
For
calibration measurements, the current-meter method is commonly used as
described in many manuals and textbooks (6), (39). The measurements are made
in a downstream or upstream rating section.
The rating section should be
situated in a uniform channel reach, free from disturbances caused by upstream
conditions such as bends, waves and other distorting influences.
A large
number of current-meter readings are required to obtain a good match curve as
individual readings may vary considerably (8).
In calibrating sluices, the calibration consists of measuring the
discharge for various depths of flow in the sluice and plotting the discharges
against depths (8).
In irrigation canal systems, drop or chute structures are commonly
used to adjust the canal grades to the topography of the land. The intakes of
these structures are so designed that uniform flow and normal depth are
maintained in the canal upstream of the structures at any discharge. A water
level gauge set in the canal a short distance upstream from the intake may be
used as a gauging station. The intake structure is calibrated by standard
stream-gauging methods, usually by current-meter measurements (8), (22).
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PRESSURE CONDUITS

There are many instruments and methods available for the measurement
of discharge in pressure conduits, ranging from rudimentary methods where
estimations only are needed, through the traditional differential head meters
to sophisticated modern methods based on electomagnetic and acoustic
principles.
4.1

Trajectory methods

Trajectory methods consist basically of measuring the horizontal and
vertical co-ordinates of a point in the jet issuing from the end of a
horizontal pipe flowing full (Figure lB). Trajectory methods have application
in irrigation and in estimation of discharge at industrial wastewater outfalls.

T

-------:;,--.
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Fig. lB - Purdue method of trajectory measurement, from ref. (9).
One trajectory method is the Purdue method, in which published
discharge curves are based on laboratory experiments on jets issuing from
pipes two to six inches in diameter. The second trajectory method simply uses
the theoretical trajectory equations for freely falling bodies to deduce the
average velocity of the jet as it issues from a pipe of known area (1).
The "California" pipe method can be used where water is discharged
into air at low velocity from the end of a pipe.
It involves measuring the
ovedall depth in a short horizontal pipe flowing partly full, which is
connected to the end of the discharge pipe.
The flow-rate is related by an
empirical equation to the measured overfall depth and pipe diameter
(Figure 19). The method is related to the open channel free overflow method
of flow estimation. All three methods are described in (B) (see also (9».

4.2

Differential-head flowmeters

Differential-head flowmeters have been in use for a long time to
obtain accurat'e measurements of flow.
These meters relate the flow-rate to
the difference in head produced when the flow is forced through a
constriction, thereby producing a pressure drop. A substantial amount of
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Fig. 19 - California pipe method, from ref. (9).

of literature exists on the subject including standards and recommended
practices, only some of which will be referred to. For information on tubing
and conduits leading to the measuring devices, see (10) and (14).
4.2.1

Venturi
meter
-----

A venturi meter is considered to be one of the most accurate type of
flow measuring devices in closed conduit systems (Figure 20).
It has the
advantage of low head loss and capability for self-cleansing.
Small-sized
venturi meters are made of bronze, larger meters usually of cast iron; still
larger venturi meters have been constructed of concrete, the upstream end and
the throat being of finished metal (1), (8).

Pressure taps

,,-. ~---t
/~

Fig. 20 - Venturi meter, from ref. (9).

Recommended practices for venturi meter installation and use are given
in (10), (12), (13), (18) and (21).
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Flow
- -nozzle
---

Flow nozzles operate on the same basic principle as venturi meters.
In fact, the flow nozzle is a simplified venturi meter (Figure 21) (8). Flow
nozzles have a larger head loss than venturi meters, but they are less subject
to corrosion and wear (1). Flow nozzles are often used to measure irrigation
water. Suggested references are (10), (11), (18) and (19'.

Fig. 21 - Nozzle meter, from ref. (9).

4.2.3

Orifice
meter
-----

This meter consists of a thin-plate orifice inserted across a pipeline
and is used to measure flow in much the same way as a flow nozzle
(Figure 22). Orifice meters are relatively inexpensive and easy to install
(1),

(8).

Flange taps

Fig. 22 - Orifice meter, from ref. (9).

Because of large head loss caused by orifice plates, they are not used
in pumping systems where head is an important engineering or economic factor.
Their geometry also makes them unsuitable for some solids-bearing flows, e.g.
raw domestic sewage (9).
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A related device is an orifice plate at the end of a pipe with fluid
trajectory issuing into air. Such mechanisms are frequently used to measure
irrigation water, and require the measurement of only a single pressure
upstream of the orifice. This method has not been refined to the accuracy
level of the conventional orifice flow-meters discussed in section 3.3, but it
nevertheless may satisfy important field needs (1). The method is described
in (9) and (19).
4.2.4
A segmental orifice is shown in Figure 23. It is used mainly for pipe
flow which is heavily debris-laden, i.e. bedload (9), (10).

Fig. 23 - Segmental orifice meter, from ref. (9).

4.2.5

Elbow
meter
----

Pressure differences associated with the centrifugal forces generated
in flow around a pipe bend can be measured and used to determine flow-rate
(Figure 24) (1). Guidelines for use are given in (10).

Fig. 24 - Elbow meter, from ref. (9).
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4.2.6
If a pressure-conduit system has high velocities and low pressures, it
may not be practical to install a venturi meter in the line because cavitation
will occur in the throat along with excessive vibration. In such a situation,
the installation of a manometer between two piezometer taps in the conduit,
several hundred feet apart, may be the most feasible method of metering the
flow.
One, but preferably two discharge measurements would suffice to rate
the manometer and a third measurement could be made to check the rating
equation which is
Q

= Khih

where Q is discharge, K a constant, and 6h the head differential.
If two discharge measurements are used in the initial calibration, the
two computed K values, which should agree, are averaged (7).

4.3

Turbine (propeller) flowmeters

The turbine flowmeter consists of a flow tube in which a bladed
turbine rotor is mounted, supported by one or more bearings, together with a
means of generating an electrical signal proportional to the angular velocity
of the rotor. These meters have the advantage of covering a large flow range
- up to ten to one - and, according to manufacturers, have high accuracy and
long-term repeatability. The disadvantages are that precision turbine meters
can be used only in very clean liquids and they are susceptible to error from
uneven upstream conditions, particulary swirl (1).
Turbine flowmeters are
discussed in (10).
11 related device is the propeller meter, which is similar to the
turbine meter except that the enclosing flow tube is not an integral part of
the device.
It can therefore be installed, for example, near the end of a
full-flowing pipe discharging into atmosphere and is sometimes used in this
way to measure irrigation water. These meters are somewhat less accurate than
turbine meters, but they can tolerate some impurities in the water.
The
bearings are the most common trouble spots as far as maintenance is concerned
(1). These meters are discussed in (8).
4.4

Velocity-area methods

Velocity-area integrations of circular (or other shaped) closed
conduits can be accomplished either with pitot tubes or with current-meters.
In this method, the performance of the velocity sensor itself must be known,
corrections to this performance must be applied where necessary (e.g. blockage
effects and turbulence effects), the velocity measurement locations must be
properly selected and the velocity-area integration correctly performed. 1111
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of these factors are discussed in the standard cited below.
Only
propeller-type current-meters (as distinguished from vertical-axis meters) are
used in this work. They are used either singly and moved from point to point,
or in multiples in fixed mounted arrays.
The quantitative effect of
turbulence on current-meters, which are virtually always calibrated in still
water, is under investigation and has not been included in published
standards. The references cited claim that accuracy can be as high as one to
two per cent with careful work (1).
Guidelines for the velocity traversing of circular pipes with pitot
tubes are given in (20). Because pitot tube performance has been investigated
in detail, this method has a potential for high accuracy.
Procedures for
traversing circular and some non-circular conduits with current-meters are
given in (23). A detailed description of current-meter surveys in rectangular
turbine intakes with limited access is provided in (24).
Reference
(15)
rectangular conduits.
4.5

treats

current-meter

traverses

of

circular

and

Chemical methods

Chemical-addition methods are of two types. The first, a transit-time
method, uses the chemical as a tracer to determine the average velocity in the
length of conduit under consideration.
The velocity so determined is then
multiplied by an average area to obtain a flow-rate. The salt-velocity method
is the best known of these transit-time methods but others, such as
colour-velocity and radioisotope-velocity methods, are also used. The second
type of chemical-addition method uses the dilution of a known amount or rate
of added tracer material to determine the flow-rate.
The additives for this
method are usually salt (NaCl), fluorescent dyes, sodium dichromate or
radioisotopes. Both types of methods require full mixing of the additives
across the conduit before transit-time or concentration measurements are
made.
Recommended lengths for adequate mixing are given in several
references, such as the International Organization for Standardization (17).
The transit-time method requires accurate measurements of the conduit
geometry, while the dilution methods require accurate measurements of the
concentrations of the total amount added. The advantages and disadvantages of
the transit-time and the dilution methods are discussed in (16) along with the
advantages of the various common chemical or tracer materials (1).
Chemical addition methods appear to have in common requirements for
special equipment. scrupulous care, and often considerable time for their
execution; they therefore tend to be expensive. However, there frequently are
flow situations for which no other methods are fUlly suitable (e.g. raw sewage
flows).
These methods also have the potential for high accuracy when
carefully done, so they are often used for field calibration of other flow
measurement devices (1).
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Electromagnetic flowmeters

The magnetic flowmeter operates on the same principle as an electric.
generator.
An electromotive force is induced in a conductor moving in a
magnetic field.
In this case the conductor is the flowing water, and
insulated e·lectrodes in the pipe (in a diametric plane normal to the magnetic
field) connected to a voltmeter measure the induced emf.
The obvious
advantages of this meter are that it is non-intrusive and contributes no added
head loss to the flow.
The effect of variation in water conductivity is
minimal provided a certain threshold value exists.
Velocity-distribution
effects, particularly of pipe flow distributions which are not axisymmetric,
are still uncertain and caution should be exercised in that regard. Build-up
of deposit or scale can cause error depending upon the conductivity of the
deposit. No standards or recommended practices for magnetic flowmeters have
been published.
Reference (10) gives a useful description and other
information (l).

4.7

Acoustic flowmeters

Acoustic flowmeters usually employ the difference in transit-time of
upstream- and downstream-directed ultrasonic pulses, this difference being.
caused by the velocity of the water along the paths.
Different electronic'
methods can be used to implement this principle, i. e. direct measurement of
the travel-time difference or measurement of phase or frequency shifts. Other
acoustic flowmeters USe the acoustic Doppler principle to determine point
velocities (which have to be converted to flow-rates), while still others
measure the deflection of an acoustic beam transmitted transversely to the
flow.
Like
the
magnetic
flowmeters,
acoustic
meters
are
generally
nonintrusive and add no head loss to the flow.
In the travel-time flowmeters,
which are currently the most common type, accuracy depends upon the capability
of the electronic circuitry and on the accuracy with which the measured
chordal velocities can be integrated over the flow section.
There
are
no published standards regarding the use of this
instrument.
A good summary of the principles of these meters as well as
information on possible effects of velocity distribution are provided in
(25).
These meters are not suitable for water flows containing many gas
bubbles, appreciable sediment or large amounts of particular matter (1).

4.8

The Gibson method

The Gibson method was developed for computing the discharge of a
conduit, pipe or penstock controlled by a valve, turbine or regulating device
located at the downstream end. The closed pressure conduit should be at least
25 feet in length, and preferably much longer.
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The discharge is computed from 1) pressure measurements taken over a
measured period of time during which the valve or regulating device is closed,
2) the cross-sectional area of the conduit, and 3) its length. The variation
of pressure is automatically recorded with respect to time on apparatus
especially devised for this method.
Use of the Gibson method requires
specially trained personnel (8).
A complete description of the analytical basis for this method can be
found in (10), and a detailed description of procedures for conducting the
test is given in (23).
4.9

The thermodynamic method

The
The method
output of
temperature

thermodynamic method has been in use for about the last 20 years.
requires that the efficiency of the turbine and the electrical
the generator be known; the velocity, pressure, stage and
of the water are measured upstream and downstream of the turbine.

The loss of available hydraulic energy in the turbine will cause a
small increase in the temperature of the water. By combining this temperature
increase with the efficiency of the turbine and the output of the generator,
the water discharge through the turbine may be calculated. The method is not
practical for heads < 50 m.
For larger heads attainable accuracy may be
within + 1% (41, 42, 43).

5.

POWER STATIONS AND PUMPING STATIONS

In some hydraulic systems it may be desirable, or perhaps necessary,
to consider the turbines, pumps, gates or valves themselves as flowmeters for
the system. To do that, it is necessary that the pertinent hydraulic element
be calibrated.
The calibration is often done in the laboratory using
hydraulic models, but it is preferable that the hydraulic element be
calibrated in place, or at least have its laboratory-derived calibration
checked by field measurements of discharge. For field calibration, discharge
measurements are made by one of the methods discussed in section 4. (i.e. the
velocity-area method, chemical methods or the Gibson method) if they cannot be
made by current-meter in the forebay or afterbay of the system where
open-channel conditions exist.

5. 1

Turbines

In the calibration of turbines of a hydroelectric power plant, it is
generally desirable to define the relation between the discharge (or water
use) and the power output by the generator at various load conditions. This
is done by determining the average output of each unit during the period of

30

MEASUREMENT AND ESTIMATION OF DISCHARGES

the discharge measurement. The effective head for each measurement must be
recorded, and the measurement should be made while the units are running at or
near constant load.
Based on the data, suitable curves and tables are
developed to show the discharge for different heads and specific types of
operation. For best results, ratings should be made for the individual units
and for the combination of units as ordinarily used. The calibration will
change with time if there is a change in the efficiency of the turbines
resulting from long service or from other factors that cause deterioration
(40).

Instead of defining the relation between the water discharge and the
power output one may, in the case of impulse turbines, calibrate the settings
of the needle valve forming the jet of the turbine for the various appropriate
operating heads.
In the case of reaction turbines, the discharge may be measured by
manometers that measure the pressure drop in the scroll case. The scroll case
of a reaction turbine has a decreasing diameter which is largest at its
upstream end where it is joined to the penstock. A set of piezometer taps is
installed at each end of the scroll case forming, in effect, a type of venturi
section. Discharge is computed by use of the equation
Q = K(t.h)O.

5

where Q is discharge, K a constant and t.h the head differential.
K is determined from discharge measurements, preferably made over the
complete range of output, and simultaneous observations of the pressure drop.
The calibration will remain constant as long as the turbine efficiency does
not change (7).
Reference (5) gives an automated procedure for the computation of
discharges at multi-purpose control structures, including turbines.

5.2

PUmps

Pumps may be calibrated following the same principles as for turbines
using the power input to the pump analogous to the power output by the
generator.
For pumps operated by a combustion engine where power is not metered
but where rotational speed may be automatically recorded, the following
calibration scheme can be used. For the most commonly used rotational speed,
(RPM) r, a base rating of discharge (Qr) versus head is defined by
current-meter discharge measurements.
To obtain the discharge (Qm) for
other rotational speeds,
(RPM)m, an empirical adjustment relation of
Qm/Qr
versus
(RPM) ml (RPM) r
is
defined
by
additional
discharge
measurements at constant head. Then to obtain the discharge (Qm) for a
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given head and a given rotational speed, (RPM)m, the ratio (RPM)m to
(RPM)r is first computed.
That ratio is then used in the adjustment
relation to obtain the ratio Qm/Qr.
The value Qr is the discharge
corresponding to the given head in the base rating. The desired discharge
(Qm) is then computed by multiplying Qr by the ratio Qm/Qr (7).
5.3

Gates and valves

For gates and valves, relations of discharge versus gate opening for
various appropriate heads are desired. They may be defined by observing the
gate or valve openings during periods when discharge measurements are made for
various operating heads.
Measurements made over the full range of gate
openings and heads will provide the data for establishing the required curves
or tables. Generally, the relations are in the form of discharge for gate
openings, expressed as a percentage of full opening, for pertinent operating
heads. As with turbines and pumps, the calibrations for gates and valves are
subject to change with time as wear or deterioration occurs (7).

6.

NAVIGATION LOCKS

6.1

Determination of flow by adding up amount of water used in each lockage

Navigation locks are required for boat traffic to overcome the
difference between headwater and tailwater elevations at a dam.
The boat
enters the open gate of the lock; the lock is closed behind the boat; valves
are used for filling or emptying the locks, as the case may be, to bring the
water level in the lock to that of the pool ahead of the boat; the other lock
gate is opened and the boat proceeds on its journey.
The flow through navigation locks is computed as the total volume of
water released during a finite time interval, usually one day. The volume of
water discharge for anyone lockage is the product of the plan or
water-surface area of the lock and the difference between headwater and
tailwater at the time of lockage. These volumes are summed for the day and
divided by 86 400, which is the number of seconds in a day, to obtain the
average lockage flow (in cubic feet per second or cubic metres per second).
Usually, it will be sufficiently accurate to compute the daily average lockage
discharge (QL) by use of the equation (7):
N

86 400
where
= the number of lockages in a day,
A = the plan or surface area of the lock,
E. = the daily mean headwater elevation, and
E, = the daily mean tailwater elevation.

N
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If appreciable leakage through the lock occurs between boat lockages,
the daily average leakage must be added to the daily average lockage discharge.
A detailed procedure for computation of leakage through navigation
locks is given in (7).

7.

INTAKE AND OUTLET STRUCTURES

7.1

Intake structures

An intake structure is required at the entrance to a conduit through
which water is withdrawn from a surface-water source such as a river, lake or
reservoir.
Types of intake structures include intake towers, submerged
intakes, intake pipes or conduits, shore intakes and movable or floating
intakes (26).

Intake towers are used to draw water from lakes, reservoirs and rivers
in which there is a wide fluctuation in water level or where it is desirable
to draw water from specific depths. An intake tower may often be an elaborate
structure that rises above the water surface and may contain multiple intake
ports, gates, valves, racks and screens, pumps, venturi meters and other
measuring devices for the control and regulation of flow.
Intakes in reservoirs and diversion pools are often incorporated into
the impounding structure itself. Where a reservoir serves many purposes, the
intake structure may house devices, sluiceways and machinery for the control
and regulation of water for the several purposes such as water supply,
generation of hydroelectric power, regulation of low-water flow, release of
irrigation water, control of floods, navigation locks and fish ladders.
Submerged intakes are constructed entirely under water and have such
advantages over exposed structures as lower cost and presenting little
obstruction to navigation and no danger from floating material or ice. This
type of structure is commonly used for intakes of moderate size.
Moveable intakes are used on streams with sloping banks and wide
variation in surface levels. Intake pumps are mounted on carriages that are
moved up and down an incline on the river bank so as to stay within required
suction lift as flow rises and falls.
Floating intakes are used where
shifting shoals, lack of foundation in the stream bed or other conditions
prevent the construction of an intake in the stream.
Shore intakes may be suitable for industrial plants where water
quality is not a primary consideration or for public water supply where
quality and other conditions permit.
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The primary function of the intake is to allow a controlled withdrawal
of water from the water-source and to protect the conduit carrying the water
to its destination from damage or clogging due to ice. trash. waves or
currents.
Intakes where the water must be lifted from the source to distribution
reservoirs and elevated tanks must be provided with pumping stations.
Most intakes where gravity flow can be utilized are provided with some
type of crest gate or sluice gate at their entrance. On projects with heads
< 30 m. entrance gates may act as flow regulators. but with higher heads the
partly open gates will be subject to cavitation and vibration; hence. at heads
> 30 m entrance gates are ordinarily used only as emergency gates to permit
inspection and repair of the conduit.
Interior gate valves are located in the conduit or Sluiceway
downstream from the entrance. For heads under 25 m. interior gate valves are
often used to regulate flow. but for greater heads they are ordinarily used
only in the fully open or fully closed position.
Standard cast-iron gate
valves of the type used in pipelines in water-distribution systems are often
utilized for interior valves in circular conduits up 1.2 m in diameter under
heads less than 90 m.
Larger interior valves consist of a rectangular gate
sliding in a frame formed by two castings bolted together.
Slide gates are not suitable for flow regulation under high heads
because of the hazard of cavitation at partial gate openings. On high-head
intallations. needle valves and tube valves are widely used for flow
regulation. Needle valves are also used to form the jet for impulse turbines
as discussed in section 5.1.
High-head regulation valves should always be
provided with guard gates to permit inspection and repair. Several sluiceways
will serve as a precaution against one or more becoming inoperative. and also
permit regulation of the flow by fully closing one or several of the valves as
required.
7.1.1
From the foregoing discussion it appears that the measurement of
discharge at intakes may be performed by methods and operations already
covered in the previous sections.
That is. the dicharge may be measured by
1) calibrating the various control and regulation devices such as pumps. gates
and valves (refer to sections 1.2 • 3.5 and 5. and 2) installing measuring
devices and flowmeters such as venturi meters. electromagnetic meters and
acoustic meters (refer to sections 4.2 • 4.6 and 4.7).
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7.2

Outlet structures

7.2.1

Outlets from reservoirs
-----------

Outlet structures must be provided to control the release of water
from a reservoir.
Thus, an intake in a reservoir, as discussed in section
7.1, is an outlet from the reservoir.
For most purposes, other than to supplement spillway capacity or to
control reservoir elevation, outlets are placed low in the reservoir so that
its full capacity may be available or that it may be completely emptied.
Locations at intermediate elevations are often desirable in deep reservoirs.
Control devices at outlet structures include spillways, crest-control gates,
sluice gates and valves; refer to section 7.1.
7.2.2
Discharge measurements at outlet structures for reservoirs are
performed by 1) calibrating the various control and regulation devices such as
gates and valves and 2) installing flowmeters in the sluiceways such as
venturi meters, electomagnetic meters and acoustic meters; refer to section
7.1.
7 .. 3

Wastewater systems

Measurement of flow in wastewater systems may usually be carried out
by standard procedures and devices.
Venturi meters operate without much difficulty in pressure mains
carrying wastewater.
If the content of solids is high, the venturi meter
should be of the eccentric type with a flat bottom. Segmental orifice meters
may also be used in pipe flow (section 4.2).
Electromagnetic flowmeters
perform well in sewage mains (section 4.6).
In the measurement of wastewater flow in open canals, flumes such as
the Parshall, San Dimas, Palmer-Bowlus and the trapezoidal supercritical flume
usually operate without trouble (section 3.2).
Where self-cleansing velocities are maintained in the conduit,
orifices and broad-crested weirs may be used, especially the triangular flat-V
weir (section 3.1).
Wastewater discharge may in some instances be determined by use of
dilution methods (section 4.5).
Measuring methods that may be particularly applicable at wastewater
outfalls into receiving water bodies include the free overfall method for open
canals (section 3.4) and the "California" pipe method for pipe flow (section
4.1) .
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