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Foreword

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

Interngtional Standards are drafted in accordance with the rules given in the ISO/IEC Directives, |Part 2.

The npain task of technical committees is to prepare International Standards. Draft Internatiopal Standards
adopted by the technical committees are circulated to the member bodies faryvoting. Publjcation as an
Internptional Standard requires approval by at least 75 % of the member bodie$ casting a vote.

Attentjon is drawn to the possibility that some of the elements of this dociment may be the sulpject of patent
rights] ISO shall not be held responsible for identifying any or all such patent rights.

ISO 6416 was prepared by Technical Committee ISO/TC 113, Hydrometry, Subcommittee SC 1) Velocity area
methqds.

This third edition cancels and replaces the second edition (ISO 6416:1992), which has be¢n technically
revised.
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INTERNATIONAL STANDARD ISO 6416:2004(E)

Hydrometry — Measurement of discharge by the ultrasonic
(acoustic) method

1

cope

This Ipternational Standard describes the establishment and operation of an ultrasonic (transit-fime) gauging
station for the continuous measurement of discharge in a river, an open channel or a-closed cpnduit. It also
describes the basic principles on which the method is based, the operation and performance |of associated

instrumentation and procedures for commissioning.

It is lin
of the
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The fi
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document (including any amendments) applies.
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4 Applications

4.1

hited to the “transit time of ultrasonic pulses” technique, and is not applicable to systems that make use
“Doppler shift” or “correlation” or “level-to-flow” techniques.

nternational Standard is not applicable to measurement in rivers with ice.

ormative references

pbllowing referenced documents are indispensable for the application of this document. For dated
hces, only the edition cited applies. For undated references, the latest edition of the referenced

y2:1996, Hydrometric determinations —Vocabulary and symbols

B73:1995, Measurement of liquid.flow in open channels — Water-level measuring devices

erms and definitions

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

Open channels

411

The method is suitable for use in river flow measurement, a significant advantage being additional

freedom from siting constraints in comparison with other available techniques. In particular, the method does
not demand the presence of a natural control or the creation of a man-made control at the proposed gauge
location, as it does not rely upon the establishment of a unique relation between water level and discharge.

41.2

Gauges using the method are capable of providing highly accurate flow determinations over a range

of flows contained within a defined gauge cross-section. They are tolerant of the backwater effects created by

tides,

downstream tributary discharges, downstream weed growth, reservoir or head-pond water level

manipulation, and periodic channel obstruction.

NOTE

For locations subjected to significant bed level or profile instability, it may not be possible to use gauges.

© 1SO 2004 - All rights reserved 1
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4.1.3 Use of the method usually creates no obstruction to navigation. It creates no significant hazard or loss
of amenity for other channel users or riparian interests. However, some species of fish may be sensitive to
some types of ultrasonic signal. The gauge can be designed to be physically unobtrusive.

4.1.4 For use in remote locations, the electronic equipment can be designed to operate from battery power.
To economise on power consumption, the system is usually set to sample the flow for short periods and to
return to a quiescent condition between samples. (see 10.1.3 and 13.9.5).

41.5 The method is not really suitable for use when the channel is covered with ice, because of the
difficulty of determining the cross-sectional area of the water. Although this is a limitation of use, the method
may still have value in determining water velocity under the ice, if transducers can be positioned in unfrozen
water.

4.2 Multiple channels

4.2.1 At lodations where the total flow is divided between two or more physically separate ‘channels| such
as under a multiple-arched bridge, the instrumentation can be configured to determine \individual channel
flows separately and then to combine these to create a single unified determination of flow:

4.2.2 If flow may not readily be contained within a single well-defined cross-section;"and in particular if there
is significant flow that bypasses the main gauge cross-section by way of an extensive flood plain, it may be
possible to subdivide the flood plain into a series of “channels” in which the flow can be measured.

4.2.3 A station designer may decide to provide a comprehensive flood-plain measurement capability by this
means or maly, alternatively, simply provide a flow or velocity samplingfacility. In the latter situation, gauged

cross-section
provide locati

5 may be constructed in the flood plain. These do not mormally provide total coverage, but merely
bns at which flood-plain flow can be sampled for subsequent examination and analysis.

4.2.4 |t shg actical

difficulties of

uld be noted that systems designed to determine flood-plain flow may suffer from the pr.

a) inability tp commission the system due to theredeing no water in the measurement section,

b) maintengnce of the section, including weed cutting, debris clearance and repair of vandalism.

4.3 Closed conduits

The ultrasonit method can also be-applied to the measurement of flow in closed conduits, including both
storm-water gnd foul sewers, under both free-flowing and surcharged conditions.

For systems dsed in foul sewers, special attention should be paid to the following:

a) the sourge of theswater, especially whether it is from an aeration tank or from a section of channel
containing agrators or from a hydro-electric plant. The air dissolved in the water from such sources may
cause bupbles to form, and these may inhibit the operation of the flow gauge (see 10.3.1);

b) possible aeration of the water caused by a hydraulic jump or weir upstream of the measurement section,
especially under storm conditions (see 10.3.1);

c) the design of transducer mountings, to eliminate the risk of fouling by grease, rags and paper;

d) the need for the system to meet local codes of practice for electrical equipment installed in potentially
explosive atmospheres. This usually requires a certified intrinsically safe design for both the transducers
(which can be piezo-electric sources of ignition) and for the electronic unit (see for example EN 50014);

e) the change in the flow computation algorithm when the conduit is surcharged.

2 © ISO 2004 - All rights reserved
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For foul sewers which are less than about 4 m in width, a high loading of suspended solids is unlikely to
present a serious problem of signal attenuation (see 6.2.3).

5 Method of measurement

5.1

5.1.1

Discharge

Discharge, as defined in ISO 772, is the volume of liquid flowing through a cross-section

in a unit time.

It is usually denoted by the symbol ¢ and expressed in cubic metres per second (m3/s). The definition of
discharge is the product of the wetted cross-sectional area and the mean velocity vector perpendicular to it.

5.1.2
the tin
dischd
to as
veloci

The t
equip

5.2

5.2.1

currer
of me
the veg
by ex
differe
arithm

5.2.2
(horiz

b

The measurement methods may either determine the bulk quantity discharge ¢ direCtly,
e taken to fill a tank of known volume, or the methods may be indirect and require’calq
rge from measured flow velocities in all points of the wet cross-section. The latterare gen
“velocity-area methods”. In practice it is not possible to measure velocities, at all point
y-area methods deal with only a limited number of measuring points.

nsit-time method is a velocity-area method using flow velocities whiehy have been dete
ent, and which are averaged along one or more lines which are usually, but not necessar

Calculation of discharge from the transit-time measurement

Flow measurement by the ultrasonic transit-time technique is analogous to flow me
t meters. However, while the most commonly used cusrent-metering method is based on
An velocity at a series of verticals dispersed across:the gauged cross-section, in the transi
locity samples are horizontally orientated (and vettically distributed). In principle, flow can
actly the same methods applied to a current. meter gauging (see 1ISO 748). However, in
nt graphical methods available do not lend“themselves easily to automatic computation,
etic methods are useable.

Discharge can be computed, provided that a relation can be established between
pntally averaged) flow velocity and'the mean cross-sectional velocity. If the measured velo

elevatjon is not sufficient to establish\this relation, measurements at more elevations can be ca

resulti
veloci

5.2.3

transit
but al
details
execu
deterrn

ng samples of flow velocity can be vertically integrated to provide an estimate of mean ¢
Y.

Discharge calculation also requires the cross-sectional area of the water to be known.
-time system will{-therefore, normally be capable not only of making sample measuremer
50 of determining/or accepting a signal from some other device determining) water depth,

of the relation between water depth and cross-sectional area. It will also normally K
ting the <mathematical functions necessary to compute flow from the relevant stored
nined data.

by measuring
ulation of the
erally referred
5, and so the

mined by the
ly, horizontal.

bsurement by
he estimation
[-time method
be computed
practice, the
and only the

he estimated
ity at a single
rried out. The
ross-sectional

An ultrasonic
ts of velocity,
and of storing
e capable of

and directly

6 Flow velocity determination by the ultrasonic (transit time) method
6.1 Principle
6.1.1  An ultrasonic pulse travels in a downstream direction faster than a similar pulse travels upstream. The

speed of a pulse of sound travelling diagonally across the flow in a downstream direction will be increased by
the velocity component of the water. Conversely, the speed of a sound pulse moving in the opposite direction
will be decreased. The difference in the transit time in the two directions can be used to resolve both the
velocity of sound in water as well as the component of the velocity along the path taken by the ultrasonic
pulses.

© 1SO 2004 - All rights reserved
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Vpath COMP bnent of water velocity along the path

Viine COMpdnent of water velocity in the direction of the flow
direction of flow
channel width

ultrasonic path

transducgrs
angle betveen the path and the direction of flow
downstregm distance between transducers

Figure 1 — Schematic illustrating the general principle

6.1.2 For the path between transducers A and B in;Figure 1, the transit time for the ultrasonic pulses gre:

where

Res

tag = L/(d— v cos@) and tgp = Li(c + v cos8) )

tpg s tfhe transit time from gransducer A to B, in seconds;
fga  is the transit time,from transducer B to A, in seconds;

L is fhe pathength (distance between transducer A and transducer B), in metres;

c is {he’speed of sound in water, in metres per second;

Vine IS the line velocity or the average velocity of the water across the channel in the direction of flow, in
metres per second;

0 is the angle between the path and direction of flow.

olving for line velocity:

Vline:LX (tAB—lBA)/(tABXlBAX2C039) (2)

© ISO 2004 - All rights reserved
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6.1.3 The transit times in Equation (2) are for the water path only, and do not include the fixed delays due to
the travel times through the faces of the transducers and cables, delays in the transmitter and receiver circuits,
and delays in signal detection (which may be affected by signal distortion). These fixed delays do not affect
the transit-time difference (tpg — tga), but will affect the term (zag x tgp)- This factor is of particular importance
for small channels or where long cable runs to the transducers are required.

Typical delay times for the transducers and electronic circuits are between 4 ys and 20 ps.

The delay time for the cables is typically 1 uys per 200 m of cable, i.e. for 100 m each way, transmit and
receive.

Taking the signal delays into account, Equation (2) for the computed water velocity becomes:

<

L L x (tr — tg) | [(tr — ) % (g — &) x 2 cosd] 3)

wherg

~

g is the transit time from the electronic unit via transducer A to B and bagk to’the unit, in sconds;

~

d is the transit time from the electronic unit via transducer B to A and back to the unit, in sconds;

o] is the signal delay.

For a|channel of width 1 m, with path angle of 45° and total signal delay of 10 ys, an error |of 2 % in the
compuited water velocity would be introduced if the delay effect-were to be ignored.

For wjder channels, the effect of the signal delay is reduced in proportion to the path length| and may be
insignfficant.

6.1.4 | It should be noted that the calculation of‘water velocity is

irldependent of the speed of sound in‘water,

— pfoportional to the difference in_transit times,

irversely proportional to the product of the transit times,

|
O

itically dependent onthe angle between the path and the direction of flow (see Table 1).

Tablle 1 — Systematic errors incurred if the assumed direction of flow is not parallel to the channel

axis
Path angle Velocity error for 1° difference between
0 actual and assumed flow direction
degrees 76
30 1,0
45 1,7
60 3,0

© 1SO 2004 - All rights reserved 5
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6.1.5 In open-channel flow measurement, practical considerations will normally dictate that

a) the transducers at either end of an “ultrasonic path” are located on opposite banks of the watercourse;

b) the line joining them is at an angle to the mean direction of flow, which should be between 30° and 65°.

6.1.6 The following limitations are encountered in open-channel flow measurement.

a) At intersection angles greater than 65°, the time difference between sound pulses in opposite directions

may become small and therefore subject to a relatively large uncertainty, especially at low velocities

cannot b¢ determined.

c) With large angles, there is also an increase in the error in velocity computation that results
assumptipbns made in the assessment of the angle. This is due to the presence of the ¢osine func
the equation relating time difference to velocity (see 6.1.3). Table 1 demonstrates this_éeffect.

d) Atintersgction angles less than 30°, the following problems can arise.

1) The |length of the channel occupied by the gauge can become excessive, and cease to be
unifgrm.

2) The fdirection of flow relative to the path may not be constant.

3) There can be practical problems with site selection, due tothe length of the channel which is re
to bg set aside for the flow gauge, and maintained free ef.debris and weeds.

4) The pxcessive length of the paths can cause problems of signal strength and/or signal reflectio
the ghannel bed or water surface, especially if vertical temperature gradients are present.

6.1.7 To calculate discharge, the flow gauge should contain a means of storing details of the rg

6.2 Sound propagation in water

6.2.1 Genetlal

Sound is a mechanical disturbance of the medium in which it propagates. It encompasses a wide ra
frequencies. The audible‘range is from approximately 50 Hz to 15 000 Hz, and is generally referred
“sonic”. Freqyenciesdess than 50 Hz are usually termed “subsonic”, and those above 15 000 Hz “ultras
Transit-time systems operate in the ultrasonic range at frequencies typically between 100 kHz and 1 MH

from
tion in

quasi-

quired

N from

tlation
ity for
m the

nge of

to as
sonic”.
z.

The performa
These characteristics are briefly described here.

6.2.2 Speed of sound in water

water.

The speed of sound in water is independent of frequency, but depends on the temperature, salinity and
pressure of the water. In open channels, the effect of pressure is negligible. Over the normal ambient
temperature range, the speed of sound in fresh water varies from about 1400 m/s to a little over 1 500 m/s

(see Table 2).
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Table 2 — Speed of sound in non-saline water at different temperatures

416:2004(E)

The s

8}

wherg

d

6.2.3

Only
propa

Spreal
energ
diame
the in
meas
follow
water

Absor
moled
gener

Temperature Speed of sound (approximate)

°C m/s

0 1402

10 1447

20 1482

30 1509

40 1529
NOTE 1 The above figures apply to the water in most natural fresh-water rivers and foul
Sewers.
NOTE 2 In seawater the corresponding speeds are approximately 50 m/s higher.

peed of sound ¢ in water is given by [6l:

=1402,4 + 5,017~ 0,055 1 72 + 0,000 22 73 + 1,33S + 0,000 1352 — 0,013(7)S + 0,000 1 725

is the speed of sound in water, in metres per second;
is the water temperature, in degrees Celsius;
is the salinity of the water, in grams salt per litre water;

is the depth of water, in metres.

Propagation losses

b portion of the acoustic energy transmitted reaches the target. The loss in signal stre
jation loss, and consists of spreading'loss and attenuation loss.

ding loss is the reduction in-acoustic intensity due to the increase in area over which the ¢

ter of the ultrasonic transducer and its characteristic frequency. Spreading occurs in ac
verse square law, whieh applies in general to all forms of radiant energy. However,
ired as voltages,~where energy is proportional to the square of the voltage, then the s
5 an inverse law:This effect can only be observed over short path lengths, up to about 2
Above this valug, attenuation losses due to absorption and scattering start to take effect.

ption is‘the process by which acoustic energy is converted into heat by friction betws
ules, tas* the sound wave is subjected to repeated compressions and expansions of th
hl-this'loss is a function of frequency squared.

L 0,016d  (4)

ngth is called

Jiven acoustic

y is distributed. Losses ,[due’ to this cause depend upon the relation between the path length, the

cordance with
f signals are
preading loss
0 m, in clean

ien the water
e medium. In

Scattering is the modification of the direction in which acoustic energy is propagated, caused by reflections
from the innumerable inhomogeneities in the water, for example microscopic air bubbles and suspended
particulate matter. These inhomogeneities result in changes in specific acoustic impedance, causing the

signal

to reflect and scatter. The effect is greater at higher transducer frequencies.

Losses due to absorption and scattering increase exponentially with increasing path length. This means that if
the suspended solids loading in sewer water were such as to cause a loss of half the signal energy when the
signal propagates through a metre of water, then that signal would be halved again after passing through
another metre of water. For a path length of 20 m, the signal would be reduced to one millionth of the value

expec

ted for clean water.

For a 5 m path length in a foul sewer, a signal reduction of a factor of 30 (a factor of about 5,5 in voltage)

would

be tolerable, but for a 20 m path length it is unlikely that any signal would be observable.

© 1SO 2004 - All rights reserved
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For these reasons, transducers of lower frequency are used for the longer paths. The range of values of
transducer frequency ffor a given path length L is illustrated in Figure 2.

f, kHz

100

200

6.2.4 Signal path bending

6.2.4.1 Tl
significantly ir
sun upon the
bend towards|

The acoustic
that ray which
gradient of 0
Figure 3) will
with salt wate

Similar effect
with partial sh
waters of con

2

5 10 20 50 100 200 500

L, m

Figure 2 — Commonly used transducer frequencies for various path lengths

he path taken by an acoustic pulse is bent if the water through which it is propagating
either temperature or salinity. In slow-movinggrjvers, with poor vertical mixing, the effect
surface produces a vertically distributed temperature gradient. This causes the acoustic g
the river bed.

wave propagates across the channel-as a cone. If a vertical temperature gradient exist

starts in a certain upward direction’ will arrive at the other end of the path. With a tempe
5 °C per metre of depth, ovena-path length of 50 m the vertical deflection D, (as defi
be about 0,5 m. In contrast;“the effect of vertical density gradients (such as may be asso
F intrusion into the gauged reach) is to bend the path towards the surface.

5 can be produced, by horizontally distributed temperature or density gradients, as is the
ading of the watet-surface from insolation such as found at the confluence where a tributa
rasting characferistics joins.

he approximate degree to which the signal path is bent is given by:

- d1) { (C1 - C2)

varies
of the
ath to

, only
rature
hed in
ciated

case
y with

6.2.4.2 T
R =cq (d;
where
R

is the radius of curvature of the ultrasonic path, in metres (see Figure 3);

c¢q, ¢o is the speed of sound at depths d4 and d, respectively, in metres per second [which can be

cal

culated using Equation (4)].
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wherg L is the path length, in metres.
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Dr

h length
Jius of curvature of the ultrasonic path

Figure 3 — Signal bending as a result of a vertical temperature gradient

eflection D, of the ultrasonic path from a straight line is given by

Reflection

| Sound is reflected from the water surface and, to a lesser extent, from the channel
ally a net absorber of sound.-As\the acoustic wave propagates across a channel (generall
H 5° width), some part of it will'intersect with the water surface and be reflected, suffering
e in the process. The seconhdary wave will proceed across the channel and arrive at the g
val will be sensed by the target transducer later than the direct wave, and the difference
a function of the difféerence in the respective lengths of the direct and indirect paths.

in signal timingvwill occur if the secondary signal interferes with the first cycle of the dir
this effectj»the difference in the two paths should exceed one acoustic wavelend
frequency). This will be achieved if the depth of water above the acoustic path exceeds

(6)

bed. The bed

as a cone of
a 180° phase
pposite bank.
in arrival time

ect signal. To
th (speed of
that given by

Equatjon (7):
[1
min = 27\/7 (7)
where
Dpin is the minimum depth of water above the path and also the minimum clearance between the bed

L

f

and the path, in metres;
is the path length, in metres;

is the transducer frequency, in hertz.
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6.2.5.2 The minimum depth of water above the path for the various transducer frequencies and path
lengths is given in Table 3.

Table 3 — Examples of minimum clearance for various transducer frequencies and path lengths

Path length Transducer frequency Minimum depth

L S Dijin
m kHz m

1 1500 0,02
1 1000 0,03
1 500 0.04
3 1000 0.045
3 500 0.065
10 500 0,12
10 200 0,19
30 500 0,21
30 200 0,38
50 500 0,27
50 200 0,43
100 200 0,60
100 100 0,90

6.2.5.3 A similar restriction may apply to the channel bed, particularly if it is smooth and reflects [rather

than absorbing an acoustic signal. Signals reflected fron the bed do not suffer a phase change.

7 Gauge [configuration

7.1 General

711 Flow measurement stations’using the ultrasonic method may be configured in many ways to take into
account

a) local site|circumstangces,

b) the measurement uncertainty and operational reliability required,

c) the range_offlows for which reliable data are required

d) the resources available to the user to maintain the gauge in an operational state.

7.1.2 The number of depth sensors, number of paths, vertical spacing, angle to flow, the use of in-line,
crossed or reflected configurations may all be specified.

The water depth shall be measured, using either one or more devices as specified in ISO 4373, or using
upward-looking ultrasonic devices which are incorporated into the flow meter’s electronic system. An error in
the determination of depth by this method will occur if there is a difference between the mean temperature of
the river and that where an ultrasonic depth transducer is positioned. A temperature difference of 5 °C will
produce an error of about 1 %, depending on the offset between the transducer and the bed. The system
designer should be aware of the possibility of such an effect occurring and include it in the estimate of
uncertainty or, in extreme cases, select another method of depth determination. The designer should also be
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aware that if there are such temperature differences in the river it is likely that serious beam bending would
occur and the ultrasonic method of flow determination may not be suitable anyway (see 6.2.4).

It should be stressed that a suitable site is of prime importance (see Clause 10). Although the effects of some
undesirable site characteristics can be reduced by the installation of a more sophisticated system, a superior
performance at a lower equipment cost will be achieved on a better site. It is recognized that the system
designer often has to accept the site characteristics which are presented, but these can ultimately limit the

achievable performance, both in terms of measurement uncertainty and reliability under adverse

7.2 Single-path systems

single pa

locity determination. This

ingle “line” ve
ed horizontally.

ir of transducers need not/ n

Provig
dischd
that o
deterr

ed that a relation can be established between this sample and the mean velocity in the
rge can be computed. However the uncertainty of the flow determinations will/inevitably b
[ the methods used to calibrate the velocity relationship. The cost of calibration, which w
hinations by an alternative method at various flows and seasons, can bg high.

If the
an un
capab

relationship is estimated using the mean figures for velocity coeffiCient C, from Table 4 (
certainty of 15 % can usually be expected. Under limited circumstances, a single-path
le of an uncertainty much better than this. These circumstances-are

e depth range is limited to d/D between 0,4 and 0,7,
He velocity profile can be quantified,
e velocity profile does not vary significantly with-level or flow variations.

7.2.2 | Transducer mountings may be constructed to be movable in the vertical plane. Using

conditions.

of transducers,

ecessarily be

cross-section,
b greater than
Il involve flow

see 9.2), then
installation is

this facility, a

vertical velocity profile can be determined employing the gauge instrumentation in a manner analogous to the

use of the rotating-element current metér,*The transducers can then be set, for operational pu
elevation that provides as close an estimate as possible of the mean velocity in the crosg
Figurg 10).

7.2.3
into a
be m4g

In this variant, transducer settings may also be altered seasonally, to take differences
ccount, but there can-be practical limitations to the frequency with which such alterations c
de and therefore Jimitations to the general utility of this configuration.

rposes, at an
-section (see

n flow regime
hn reasonably

e gauge site
tions in water
undwater-fed
fferent winter
[ levels on a

7.2.4 | For the singlepath gauge with movable transducers, the range of water levels at tf
should normally.be”small or, at least, such changes as do occur should be slow. Quite wide variz
level ¢an sometimes be accommodated if the phenomenon is seasonal, for example in a grg
stream where discharges vary only slowly from day to day but where there may be distinctly d
and sumimer regimes. The slowness of these variations can permit resetting of transduce
seasopal-basis.

7.2.5 The single-path gauge also relies upon there being a relatively stable velocity profile, essentially
unaffected by changes in the relation between water level and flow. It is unsuited to locations that experience
a significant change in velocity profile caused by upstream weed growth or silt deposition, and also to sites
which experience significant backwater effects.

7.2.6 The single-path gauge is inherently vulnerable to transducer damage or malfunction. There is no built-
in component redundancy capability (see 7.3.3). However, the system is simple and of low cost.
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7.3 Multi-path systems

7.31  Itwil
a)

b)
seasonal
c) there are

7.3.2 Then

be necessary to install a multi-path flow meter system at sites where

there is wide and frequent variation in water level and/or flow,

weed growth,

significant backwater effects affecting the vertical velocity profile.

umber of pgfhe that can be installed-is limited hy the cost of the installation and h\]/ the de.

the velocity distribution in the vertical deviates significantly from the theoretical, and may vary with

ign of

the gauge ins
the gauge crg

The uncertairn
configuration,

7.3.3 Ifah
also a goal i
sensors, such

frumentation. The aim is to achieve an acceptable representation of the vertical velocity pr
ss-section, at all levels and flows, from the highest to the lowest required to be measured.

ty in flow determination should be evaluated using the methods given in Clause\d4. For a
the calculations should be performed for a range of water levels and flows.

igh level of performance security (i.e. freedom from operational interpuption or degradat
h the system, it is desirable to provide additional “redundant” paths-as well as water
that physical damage, obstruction or malfunction of one or more ©of*them has a minimal

upon the ovefrall uncertainty of measurement.

7.34 In so
technologies
arbitration rou

7.3.5 Multid
channels, ang
so for channe

me channels, especially where surcharge is possible, water-depth sensors using di
and ranges may be required to provide data over the wwhole range of operation. An aut
tine to select the most appropriate sensor will be needed.

path gauge configurations are also appropriate for sites where the flow is split between m
where the cross-section of the channel variesdn a complex way with depth. This is parti
s which surcharge or where the flow meter section is located under a bridge.

7.4 Crosse¢d-path systems

741 One
individual pat
in this angle d

7.4.2 In prd
assumption t
range, but ng
growth can af

7.4.3 If the
cannot be co
large that the

pf the fundamental requirements’of the ultrasonic technique is to know the angle at which
h in a system intersects the_line representing the mean direction of flow at that elevation.
irectly affect the computation/(see Table 1).

at it is parallel to-the"banks may not always hold. It may be true at some parts of the floy
[ at others. At low-flows in particular, the effects of complex bed geometry and upstream
fect the mean direction relative to the banks.

flow is_hot parallel to the banks (often referred to as “skew flow”), it follows that the dir
stant’across the channel. Indeed, the variation in flow direction across the channel can
approximation formula as given in Equation (3) is erroneous, and a more complex trea

bfile in

given

on) is
depth
effect

ferent
bmatic

ultiple
cularly

each
Errors

ctice, it can be difficult’to determine precisely the mean direction of flow at a given sit¢. The

v/level
weed

ection
be so
tment

would be des

rable Haowever_since this rpqllirpe some knnwlndgn of the anafial variation of flow directi

n, it is

not normally possible to do anything other than apply the approximation, so such a situation is best avoided.

7.4.4

If there is a bend or asymmetric change in the channel shape less than 10 channel widths upstream

or 3 widths downstream, it may be assumed that the flow will not be parallel to the channel banks. It will
therefore be necessary to introduce an element of self-correction by configuring the gauge to have one or
more sets of paths installed as pairs, set at the same elevation but laid out in the form of a symmetrical cross
(see Figure 4).
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trgnsducer
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t
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]
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=

Figure 4 — Planfor crossed-path gauge

7.4.5| The twin paths should normally/be disposed so as to intersect in mid-stream, and to form the equal
sides |of a pair of congruent isosceles triangles. Gross mismatch between path lengths should be avoided,
because of the likelihood of there being significant differences in cross-sectional geometry befween the two
paths

The ppth angle, 6, for the uppermost paths should be between 40° and 65°. If the path angle is |ess, the flow-
meter| section will be long;“and the flow direction may not be constant throughout the sectiop. This would
impaif the compensating.effect of the crossed-path configuration.

In trapezoidal channels, if it has been decided to mount the transducers on each bank in gloping arrays
normal to the flow direction, the angles for the paths near to the bed may be much less than 40°.

7.4.6 | Within the system instrumentation, each line velocity in a crossed pair should be computed separately.
If the fwo/velocities computed for a pair of crossed paths are similar (within computational and measurement
error), then the path angle assumed by the system design may be taken to be correct. If the two velocities are
significantly different, then the assumed path angle is incorrect. Neither of the computed line velocities will be
correct; one will be high and the other low. In natural rivers, typical differences between the velocity
determinations of crossed paths may be as high as 20 % (9.2.7 and 9.2.8 deal with the computation of
resultant velocity, and Clause 15 deals with the basic measurement uncertainties inherent in this component
of the system).

7.4.7 The use of crossed paths will compensate completely for skew flow.

A large difference between the pair of paths should be taken as a warning that flow direction is not well
defined, and errors can result even after averaging.
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7.4.8 At locations where high gauge reliability is required, the principle of measurement redundancy (see
7.3.3) may be combined with the use of crossed-path geometry to reduce the risk of system failure through
physical damage, by having transducer arrays that are physically separated on the channel bank.

7.4.9 |Interleaved crossed paths are paths which cross at different elevations. This arrangement is
sometimes used to reduce the number of paths to save cost. The affordable number of paths is spread
throughout the channel height to try to obtain good sampling of the vertical velocity profile whilst attempting to
achieve some compensation for skew flow.

Whilst there is some justification for this approach where all the interleaved crossed paths are under water at
all states of depth, significant errors could result if changes in water level cause one path to stop whilst its
crossed partner continues to operate

7.5 Reflected-path systems

7.5.1 The hasic ultrasonic system normally requires that there be sets of transducers on both banks|of the
channel. It is fequired that signal cables should cross the channel, either overhead, or onthe:bed, or trepched
into the bed. Alternatively, there may be situations in which it is inappropriate to providelive transducers on
both banks. Qne bank may be inaccessible, making system servicing difficult.

In such situalons, a system configuration may be used that has both transmitting and receiving transducers

on the same hank, communicating via a passive reflector located on the oppesite bank (see Figure 5).
{/\
\
// \
N
/ \
/ \
/ \
/ \ 1
/ N —_—
/ N
\
7 D
\
Y . A
/
B/ @_\/
/f L

NOTE Tofal path length L = AR + RB.

Key

1 direction offlow

A downstream transducer

B upstream transducer

R reflector

L' projected distance parallel to the direction of flow

Figure 5 — Plan for reflected-path gauge
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The equation for calculation of water velocity is:

:L2 X (tAB — lBA) / (2 L' x tAB X lBA)

is the average velocity of the water across the channel in the direction of flow;

is the path length (distance from transducer A to the reflector R and to transducer B);

tag s the transit time from transducer A to transducer B via the reflector R;

(8)

7.5.3
paths
greatg

7.5.4
the di
correq

7.5.5
aligne

deviafjon of the beam will be twice the misalignment of the reflector, making it particularly sensiti

7.6

7.6.1
to refl

A ftrar
receivi
D,itc

7.6.2

where

A is the transit time from transducer B to transducer A via the reflector R;

is the projected distance parallel to the direction of flow, between transducefs A and B.

As a result of this configuration, the paths become approximately twicehas long. Ho
can be a disadvantage, requiring possibly larger transducers of a lower)frequency and
r chance of signal attenuation under conditions of high sediment load:

The configuration of a reflector system is not that of symmetrical crossed paths, and it
ection of flow to change within the gauging section. The reflector system therefore will ng
tion for skew flow.

A disadvantage of the reflector system is that of alignment. Not only do the transduce

vever, longer
presenting a

s possible for
t give reliable

rs have to be

d but so does the reflector. Indeed, most reflector designs are such that in at least one plane the angular

Systems using transponders

In rivers, where it is impractical to install cables across the river, transponders (which 3
pctors) may be used.

sponder is a system of transducers and electronic circuits, installed as indicated in Figu
es a signal from A, it causes a new signal to be transmitted from C to D. When C receives
huses a new signal to be transmitted from B to A.

The Equation (9)\below for water velocity is derived from Equation (8):

:L2 X (tAD — tDA) / (2 x L' x tAD X tDA)

is the average velocity of the water across the channel in the direction of flow;

e (see 13.3).

re analogous

re 6. When B
a signal from

9)

is the path length (distance from transducer A to B plus from transducer C to D);

tap is the transit time from transducer A to D via the transponder;

tpa is the transit time from transducer D to A via the transponder;

between transducers B and C.

© 1SO 2004 - All rights reserved
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NOTE Tofal path length L = AB + CD

Key

1 transpondgr unit
2  direction of flow

3 electronic it

A downstream transducer
B transducer

C transducer

D upstream tfansducer

Figure 6 — Plan for a-gauge employing a transponder
7.6.3 In this configuration the paths_are no longer than for a conventional system, and so the prgblems
experienced by a reflector system (see7.5.3) are avoided.

7.6.4 The donfiguration of a_transponder system can be made similar to that for symmetrical crossed paths;
it can therefore provide auternatic correction for skew flow.

7.6.5 A digadvantage)of the transponder configuration is in the complexity of the electronics pf the
transponder ynit, especially if the system is multi-path or has to be battery-powered.

7.7 Systems-using divided cross-sections

7.7.1  Modern instrumentation technology allows the adoption of exceedingly complex path configurations,
the resulting system control and computational implications being accommodated with relative ease.

7.7.2 If site geometry is complex (for example a main channel with flood berms), if there is a need for
measurement over a wide flood plain, or if there is an exceedingly wide main channel to gauge, it may be
possible to achieve operational viability by dividing the cross-section into a number of separate channels,
each channel being treated as a relatively simple gaugeable entity, and adding together the individual results
(see 4.2).
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7.8 Sloping paths

It may be appropriate to install paths which are not horizontal, particularly with but not restricted to single path
systems. For example, the lowest path of a multiple path system may be deployed in this manner.

The reasons for this are

a) if a single-path system is being used in deep water (e.g. for reasons of economy), a better estimate of
velocity can be obtained if the path is sloping because it will obtain contributions from a “band” of water
rather than a single line, and

b) if the _channel cross-section is much dnnpnr on-one-side than the other g horizontal a} th would not
sample the velocity in the deeper part. Thus, a potentially large part of the cross-sectiopal area would
then be assigned to a velocity measured at a higher level. To avoid this, the bottom| path can be
cpnstructed to be lower on the deeper side than on the other. The level assigned to that'path will be equal
tq the average level of the two transducers.

8 (Qalculation of discharge

8.1 [Single-path systems
In sydtems where only a single-path determination of velocity is¢made, it will be necessary {o establish a
relatign between this and the mean velocity in the cross-section(see 9.2). If this relation is stable, calculation
can bé straightforward, with flow derived as
ql= C, v4 (10)
where

g| s the discharge rate, in cubic metrestper second,;

is a velocity factor, derived empirically or by modelling, varying with the ratio of the path elevation to
the water depth;

v| is the velocity, in metres)per second, determined in a single path perpendicular to the cfoss-sectional
area 4

A| is the cross-sectional area, in square metres, which is a function of the water depth.
In sygtems wheresthe single path is located at a depth that is representative of mean velocity| in the cross-

sectiop, the valug of C, may be unity. It may take some other value and still be stable, or it may vary with
depthjof flow.Nt'will be necessary to establish the value(s) of function C, by calibration (see Clauge 9).

In the|abSence of an established calibration, the relationship for mean C, for different depths giyen in Table 4
may be used initially, although care shall be taken to ensure that the conditions are applicable as stated in
9.2.3. However see 7.2.1.

This formula can also be used to calculate flow for single-path systems utilizing the reflected-path system (see
7.5).

8.2 Multi-path systems

8.21 General
8.21.1 A multi-path system is one in which there are at least two ultrasonic paths at different elevations

beneath the water surface It may be thought of as being built up by a series of panels on top of one another.
The panel dimensions can be derived from the fixed geometry of the channel, in which a panel elevation is

© 1SO 2004 — Al rights reserved 17


https://standardsiso.com/api/?name=24fff5507171475004ef2e7d251b99a1

ISO 6416:2004(E)

determined by the positions of the acoustic paths, and a panel thickness is defined by the differences in
elevations of these paths. Flow computation may utilise either the mid-section or the mean-section method.

8.2.1.2 In practice, more line-velocity determinations are available from active paths, and the closer they
are to bed and surface, the less the uncertainty associated with these aspects of velocity estimation. In station
designs where the lowest path is close to the bed, predetermined assumptions can be made concerning the
estimation of the near-bed velocity, without the need for current metering, and without increasing the
uncertainty in total flow measurement.

8.21.3 There will be times when individual paths in a multi-path system are rendered inoperative, either
because of obstruction or through physical damage to transducers or through failure of other parts of the

instrumentati
even if uncer
operational p
distribution of
be greater th3

8.2.1.4 A
determine the
surface boun
metering. Wit
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n if they are not.

n alternative to the above integration methods is to use the measured)path velocit

general form of the velocity profile. This general form should account for proper botto
Hary conditions. Such a form is likely to be site-specific, and requires-confirmation by c
n this information, and the cross-section geometry, the discharge can'be calculated.

emembered that the relationship can be affected by upstream weed growth, and may the
hd change with the seasons.

he arithmetic mean of the readings obtained from the: crossed paths at the same el¢
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er, if the angles to flow direction of the two crossed paths are substantially unequal, an er
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or may vary with flow and season (as a'result of asymmetric weed growth). If an atte
blish the factor automatically, care should be taken to ensure that it is not developed at ve
b differences between the readings-ofithe two crossed paths can be very great; nor when
when its readings may be erroneous.

n alternative method for dealing with crossed paths is to calculate two discharge figures, d
paths, utilizing either the(mid-section or mean-section method. The channel flow is calcula

a simple average of the two resultsIf all active paths are operating, there will be no difference in the
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ulti-path configurations utilizing the reflected-path or transponder system should calculate flow

8.2.2.1

In the mid-section method (see Figure 7), each path velocity should be taken to be the mean for

the panel defined by the two lines mid-way between the path in question and the next highest and the next
lowest in the transducer array; the panel “width” should be the channel width at the elevation of the path.

8.2.2.2

The highest panel in the vertical stack is defined as being bounded below by the line that is

halfway between the line of the highest “active” path and the one immediately below it. It is bounded above by
the water surface. The mean velocity in this highest panel is taken to be the velocity measured in the highest

active path.

8.2.2.3

The mean “width” of the top panel is the mean of the width of the channel in the plane halfway

between the highest active path and the one immediately below it, and at the water surface. This latter value
may have to be derived by interpolation between the known widths of the channel at the elevation of the
highest submerged path, and that at the next highest submerged path.
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Hg 1 / Path 4, H,

2

qr=Va{Hs-12(Hs+ H3)} W, W,
M2 (Hy+Hg) \ oo Path 3, H,
qs= 1/2vy (Hy- Hy) W,y Ws
12 (Hy+Hy) \ e Path 2, H,
qs= 112vy (H3- Hy) W, W,
12 (Hy+Hy) \» — — — — Path 1, H,
qs= 12vi(Hy- Hy) W, w;
M2 H+Hy) \ o Bed, H,
3 qS= 1/2kV1 (H1' Ho) WBed /
Ho
WBed
Key
1 wgter surface
2 top panel
3 bgttom panel

fagtor which relates the mean velocity of the lowest panel to that determined by the path 1. Normally fthis is between
0,4 and 0,8

g flow in the corresponding panel or slice
g1 flow in the top panel which contains the highest working path

Tatal flow ¢ = g + g4 + g5 ... g7

Figure 7 — Example(of flow calculated by mid-section method using four operationgl paths

8.2.2.1 The “thickness” of the highest panel is the difference in elevation between the watgr surface and
a point midway between the two highest paths.

line which is
midway bétween the lowest “active” path and the bed. The mean width of the lowest panel is the width of the
channel at a pomt mldway between the lowest ° actlve path and the bed. Some mterpolatl( n of channel
geometry 1T . nel will be that
measured by the lowest path, multiplied by a factor which will normally lie between 0,4 and 0,8. This factor,
which is site-specific and may vary with stage, can be determined empirically by current-metering (see 9.1.2
and I1SO 748).

8.2.3 Mean-section method

8.2.31 In the mean-section method (see Figure 8), the mean panel velocity is the mean of the two
velocities measured by the paths which bound the panel. In the highest panel, the mean velocity is calculated
from a limited extrapolation of the velocities determined in the top two active paths. In the lowest panel, the
mean velocity is the mean of the velocity measured by the lowest path and the near-bed velocity. The near-
bed velocity, which will be site-specific and may vary with stage, can be determined empirically by current-
metering (see ISO 748).
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+ (v — va)-hkg (Hg — Hy)l (Hy — Hj)

a multiplying factor between 0 and 1/but\imited to a value of v, + (v, — v3) in the event of (H - H,
n (H, — Hy).

h relates the velocity at the bed to that determined by path 1; normally between 0,4 and 0,8
corresponding panel or slice

op panel which contains'the:highest working path

q9=499t44+t4qy ... 47

— Example of flow calculated by mean-section method using four operational paths

mean~panel “width” is computed from site-survey data stored in the flow computer; it
fined by the transducer positions. Panel “thickness” is determined by the difference in ele

being

O

is not
vation

d the

between path

£ o ] F Y o o PAH H ] 'H ot 4+l 1 4 o
, TUTUIC TUWTOLU paliTl Uio VCUUITITO UTT UTNTTTTTIVT T TITVAUUTT DTUWTTIT 1T TUWTOU patlll ad

bed, and for the highest panel this becomes the difference in elevation between the highest “active” path and
the water surface.

If the channel becomes surcharged, the algorithm for the flow in the highest panel should be changed to one

similar to that

20

for the lowest panel, to take into account the friction of the top of the conduit.
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8.3 Systems with transducers in the channel

In channels where the banks are irregular in cross-section or covered in weed, it may be acceptable to install
the transducers on piles placed at a distance from the banks (see Figure 9).

The proportion of the “unmeasured” to the “measured” flows will vary with depth and weed accumulation on
the banks. It will usually be necessary to assess the “unmeasured” components at various flow conditions
using current meters (see 9.1.2) and to add an allowance for the “unmeasured” flow to produce a total flow for
the channel. However, if the proportion is small, the corrections to be applied may be small, and the
uncertainty generated by these effects may be acceptable.

— =

3
L

Key
1 water surface
2 measured flow
3 unmeasured flows
4  veftical transducer stack
5 bed

Figure 9— Installation with transducers in the channel

9 System calibration

9.1 |General

9.1.1 | The J(ravel-time technique provides an absolute determination of velocity from travgl times, path
angles and'lengths, without requiring any calibration (see Clause 6). Provided that the acoustid pulses in the
two oppesite directions are transmitted practically simultaneously, the determination of the path flow velocity

componeht does not depend on the velocity of sound [see Equation (3]
L J L 1 \- /1

9.1.2 Calibration, in principle, is required only for the computation of discharge from single-path systems,
(see 8.1); and for systems where the transducers are located in the channel at a distance from the channel
banks (see 8.3). For single-path systems, the calibration is mainly related to the vertical distribution of the flow
velocity. This distribution is included in the measurements of multi-path systems, and if the paths provided in
the system design are sufficiently numerous, there should be no need for calibration. However, if the bottom
panel represents a large part of the total cross-sectional area, either current-meter calibration of this panel’s
flow, or a careful analysis of its likely profile will be necessary.

9.1.3 Even with multi-path systems, where the velocity distribution is inherently well-sampled, there will

often be a user's demand for “verification” by means of an alternative method. Often, the verification will have
a greater uncertainty than the determination made by the multi-path flow meter.
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Verification differs from calibration. The ultrasonic flow meter is deemed to be verified if the uncertainty bands
of the flow determinations from the two methods overlap. The results of the alternative method should not be
used to change the parameters of the ultrasonic flow meter.

9.1.4 Single-path systems (or systems with a small number of separate paths) require calibration to
establish the relation between line velocity and mean velocity for the range of stages likely to be experienced,
and to conduct periodic checks to ensure that the relation remains stable. Calibration may be completely
theoretical if the velocity distribution is well known. Calibration may be achieved using current meters or the
ultrasonic system itself.

9.2 Single-path systems

9.2.1
average velo

vertical veloc
transducers 3

(see Figure 1

9.2.2
observed dist
defined by mg
from 0,1 to O

surface. Thug|the optimum elevation of the transducers is at the value of @/Dwhen C, = 1 (see Figure 10).

9.2.3

Wher

ity in the cross-section of that part of the flow range of particular interest to the(user.

D).

In sitpations where the vertical velocity distribution is not logarithmic, appropriate analysis

a single pair of transducers is fixed in position, it should be set at an elevation which-gives the

If the

ty distribution is logarithmic, then the average velocity will be sampled by positioning the
t approximately 0,6 D from the surface, where D is the depth of flow above the mean bed level

of the

ribution will yield positioning information for the transducers. Verticalovelocity distributions ¢an be
ans of the velocity coefficient C, = v /v, determined for various valugs of the relative positipn d/D
9, where v is the vertically averaged velocity and v, is the lingé{velocity at distance d frgm the

Howgver, when the stage changes the transducers will no longer give the average velocity. Th

by will

underestimate it for an increase in stage and overestimate it for, a decrease in stage. An indepgndent

calibration sh

buld establish the relevant relations. This can be done through the procedure explained ir

9.2.2

for several stages of flow. The measured values of C, are to.be related to the d/D values (see Figure 10 and

Table 4). The

distributions.
When the sta

data points will have some scatter, depending upon the geometrical similarity of the vertical
The standard deviation should be computed for each value of d/D at the 95 % confidence
e changes, the appropriate value of C,, can be found from Figure 10 at the corresponding| value

level.

of d/D. It shoyld be noted that Figure 10 is an exampleonly, which depends heavily on local site conditiops.
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d/D

0,8 0,9 1,0 11 1,2 1,3 1,4 1,5
Cv = V/Vd

Key
1 98 % confidence level for C, 2 x & (Table 4)

Figure 10 — Plot of mean of C, values against d/D values, based upon data from Table 4
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Table 4 — Examples of observed coefficients of velocity C, (=v/vy4) for values of d/D between 0,1 and

0,9
CV
Example for values of d/D
number
0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9
1 0,839 0,854 0,874 0,898, 0,930 0,973 1,044 1,189 1,508
2 0,845 0,854 0,874 0,894 0,924 0,971 1,047 1,196 1,495
3 0,840 0,857 0,878 0,897 0,925 0,967 1,034 1,186 1,499
4 0,852 0,800 0,884 0,907 0,931 0,904 ;025 152 1440
5 0,838 0,857 0,881 0,914 0,944 0,982 1,042 1,149 11420
6 0,847 0,867 0,884 0,909 0,940 0,977 1,036 1,448 11401
7 0,851 0,871 0,893 0,923 0,951 0,989 1,046 1,138 11373
8 0,863 0,873 0,896 0,920 0,932 0,972 1,030 1,113 11430
9 0,871 0,882 0,888 0,905 0,929 0,968 1,018 1,115 11367
10 0,893 0,900 0,914 0,929 0,953 0,985 1,012 1,078 1]229
11 0,769 0,806 0,829 0,880 0,928 1,005 1,095 1,275 1|642
12 0,845 0,871 0,899 0,929 0,960 0,994 1,018 1,097 1/300
13 0,856 0,870 0,894 0,918 0,944 0,981 1,032 1,112 1|335
14 0,868 0,883 0,900 0,917 0,944 0,983 1,035 1,094 1|284
15 0,810 0,832 0,849 0,878 0,913 0,969 1,068 1,264 11629
Mean C, 0,846 0,863 0,882 0,908 0,937 0,979 1,039 1,154 11424
Standard 3% 3% 2% 2% 1% 1% 2% 5% B9%
deviation, o
NOTE Based upon field observations, at mean water depths between 1,939 m and 2,201 m, of seven separate ultrasopic line
velocities deternpined at depths between 0,149 m and-1,613 m.
10 Site selection
10.1 Practic¢al constraints
10.1.1 The gite at:which the ultrasonic flow meter is to be installed should be easily accessible. Durng its
installation, cjvil.engineering works may be required, and heavy construction equipment may be needed on
site. The tedhnique relies upon the application of electronic technology, and both commissioning and

subsequent servicing require the use of specialized electronic equipment. The need to manhandle such
equipment over long distances should be avoided.

10.1.2 If there is a demand for verification measurement by means of an alternative method, it is prudent to
bear in mind the needs of acceptable alternative measuring methods.

10.1.3 Continuous operation of sophisticated multi-path systems from a battery-powered source for short
periods (48 h) is feasible. Long-term operation (3 months to 6 months) employing systems having a low
sampling rate (e.g. 20 s sample every 30 min) is also feasible. However for reliable sustained operation of a
multi-path flow-meter, the technique requires provision of a continuous source of electrical energy.
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Physical constraints of the measurement site

10.2.1 The channel to be gauged should be straight, with its opposite banks parallel. The bank-to-bank bed
profile should be as nearly horizontal as possible. There should be a minimum change in cross-section
geometry between the upstream and downstream extremities of the gauged section.

10.2.2 The flow calculation requires a cross-sectional shape to be stable with respect to time. Locations that
are subject to significant bed level or profile instability should be avoided.

10.2.3 The gauge cross-section should be free of weed growth, as it seriously attenuates the acoustic signal.
Different types of weed can have different effects, because it is the air included within the plant structure

which.causes Qraﬂnring aof the acoustic wave

10.2.

may result (see 6.2.4). Channel reaches that maintain deep water during low-flow periods”(
low mean velocities) may suffer from this problem during periods of high insolation.

10.2.5
intrusi
6.2.4)
brack
intrusi

become uniform, before measurements can be achieved.

10.2.6
scatte]
1 500
under

If such conditions are considered likely, a signal propagation survey should be performed (see 1

10.2.7
transg
resulti
interp
bed o
gover
standi

In ge
partic
opera

10.2.8

Refraction of the acoustic signal can be caused by temperature gradients in the water)

Problems may be encountered at sites with variable water density, e.g. Sites subject {
on of saline or brackish water. The effects are similar to those due to water-temperature ¢

sh or saline waters, but signal loss due to refraction or reflection can*occur. In estuaries, &
ons can cause cross-gradients and time may need to be allowed for the flow to stabilize ar

Suspended solids in the water may significantly affect. signal attenuation, causing both
r. In rivers having a width of the order of 30 m or more, and where concentrations great
mg/l can be experienced for significant periods, or.Where reliable measurement is particul
such conditions, the ultrasonic technique may not\be suitable.

ucer will intersect with the bed and the water surface before reaching the related receivir
ng in signal reflection (see 6.2.5) This may present the instrumentation with difficu
etation, and spurious measurement may result. The minimum clearance D,;, between a
- water surface can be calculated using Equation (7). However, more severe practical lim
ned by boulders on the bed which may obstruct a path, temperature or salinity gradients
ng waves which may €ither obscure the path or entrain air at high velocities.

eral, the ultrasonic 'system is unsuitable for use in wide, shallow channels. Limiting ¢
lar site depends upon the number of paths to be installed and the number of pat
ional duringJow water, the roughness of the bed and the amplitude of surface waves at hig

only

chandingvelocity profile should be avoided. If no alternative sites are available, consideration sh

For_effective operational use of the gauge, velocity profiles in the gauged cross-section
inimal differences between the upstream and downstream extremities. Reaches that exhih

W?I“I]

d signal loss
consequent

b the periodic
yradients (see

The key factor is the periodic nature of the intrusion. The technique is not precluded from use in

rackish water
d densities to

reflection and
er than about
arly important

5).

Sound propagates through water-as cones of projection. Usually, the cone of a transmitting

g transducer,
ties in signal
path and the
ts may apply,
, and surface

bnditions at a
hs remaining
h velocities.

should show
it significantly
ould be given

in the
a)
b)

c)

10.3

gauge design to

making the gauged reach as short as possible,
incorporating additional paths to achieve better velocity sampling in the vertical, or

making provision to correct for non-parallel flow by means of a crossed-path system.

Physical constraints which are distant from the measurement site

10.3.1 The presence of entrained air bubbles in the water may cause problems due to reflection and
scattering of the propagated acoustic wave. Locations which are downstream of aeration tanks, dams, weirs,
waterfalls, hydraulic jumps, mill or power-plant tail-races suffer from this problem, which can persist for many
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hundreds of metres downstream from the source. The ultrasonic gauge should be located at least 3 min flow
travel time downstream of the source of aeration for narrow channels, 10 min for channels of 30 m width and
up to 30 min for wider channels. For channels containing sewage, the effect of aeration is more pronounced
and longer recovery times are necessary.

If aeration is possible, a signal propagation survey as described in 11.5 should be done.

10.3.2 The physical properties of the water in the channel reach to be gauged should be as homogeneous as
possible. Signal attenuation can result if an upstream tributary is injecting water of a significantly different
physical character (water temperature or salinity). Full mixing of the water may not be achieved for a
considerable distance downstream of the confluence.

10.3.3 Veloo
confluence c(
generated hy
near severe |

the main stream, should be avoided.

10.3.4 Somq
a distance fro

in compliance¢ with EN 50082-2. Signal cables may incorporate a screen to reduce the effects of

Another precs
manufacturer
electromagne]

10.3.5 If the
particular type

11 Site su

11.1 Gener

Detailed site
from each o
performance
than once, a
seasonal clim

11.2 Visual

A visual survg
and a short
performance

jraulic effects can be present during some channel-flow states, but not during othérs:-'Log
ends in the channel, or close to tributary streams of hydrological regimes diffefent from

instrumentation can suffer significantly from ambient electrical noise, whi¢h can originatg
m the gauge location. To reduce this risk, the electronic equipment of the flow meter sho
ution which can be taken is to employ signal amplification at the transducers. Depending
s advice about the instrument's sensitivity to noise, a survey t6 check the presence of exc

tic interference may be advisable.

free migration of fish is important, tests may have to“be performed to demonstrate th
s of ultrasonic signal generated by the proposed flow~gauge do not inhibit the migration.

rvey — Before design and construction

Al
survey work should be carriedwout to evaluate the risks to system performance that migh
f the constraining factors—~outlined in Clause 10. Their likely effect upon overall s
should be known befores/gauge design is undertaken. All surveys should be carried out

atic and vegetation extremes.

survey

y should<be 'undertaken on both banks of the watercourse, for an appreciable distance upg
distanGe™ downstream of the potential site, to check that no obvious hazards to s
breevident.

ity profiles departing significantly from the ideal can be generated by bed, bank or itripbutary

T

nditions at remote locations, but can persist to have an effect at the gauge. These\renotely-

ations
hat of

quite
uld be
noise.
bn the
Bssive

at the

arise
ystem
more

times that are representative of both high- and low-channel stages and flow states, and of

tream
ystem

The factors o

Interest include

a) water-level range,

b) weed growth,

c) possible sources of aeration,

d) sediment concentration,

e) location of bends and weirs,

f)  location of confluence and discharges into the channel,
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g) river traffic,

h) the effects of the operation of navigation locks or power-generation facilities,
i)  security from unauthorized interference,

j) land ownership,

k) bed and bank condition (shape and stability),

[)  velocity profiles,

m) afcess for construction, operation and servicing.

11.3 [Survey of the cross-section

The cfoss-section of the proposed gauge should be surveyed thoroughly. If circumstances allow, the survey
should extend from as much as ten channel widths upstream to two channelwidths downstream. No fewer
than three cross-sections should be surveyed, but more are preferable. The_results of cross-sgction surveys
should be compared for evidence of bed and bank stability.

Crosstsections should be selected that are representative of

a) ektreme low-flow conditions,

b) cpnditions immediately after a significant flood or tidal €vent,

c) cpnditions representative of any seasonal variations'in the channel regime.

Ideally, a history of the cross-section geometry should be obtained over a number of years. If gt all possible,
surveys should be undertaken just before and;immediately after the high flow season.

11.4 [Survey of velocity distribution

For many channels it is obvious whether there is likely to be skew flow or an unusual velocity distribution, and
the optimum configuration of paths can be specified with a reasonable degree of confidence. However, often
this is|not the case, for example in natural rivers where the approach conditions are not constant for sufficient
distanice. If such doubt exists, a detailed velocity profile survey should be carried out at the potehtial site early
in the|design process, to-ascertain whether a crossed-path configuration is required. This should demonstrate
the eXistence (or otherwise) of effective hydraulic uniformity in the reach of channel to be gauged. Particular
effortqy should be ymade to obtain measurements that are representative of extreme low-flow conditions since,
in general (butfot'always), this is where the effects of any non-uniformity are likely to be greatei

The sprvey may be done using current meters (see ISO 748). Not less than three cross-sectiong in the gauge
reach|should be profiled, one each at the upstream and downstream extremities, and one at a cgntral location.
If resources attow, the vefocity-profite—survey shoutd match—the detait—of the physicatsurvey of the
cross-section, and extend both upstream and downstream of the proposed gauge location.

Results of the velocity-profile survey should be plotted graphically to show velocity isopleths in each surveyed
cross-section, and the results inspected for evidence of distortion or change in the direction of the velocity
vector through the reach.

Alternately, the survey may be done using temporary ultrasonic gauging equipment. The survey installation
should consist of at least four transducers, deployed to form a pair of crossed paths (see 7.4.5), and capable
of being moved vertically to sample velocity at different depths.

Analysis of the computed water-velocity data for pairs of crossed paths at different elevations (see 7.4.6) will
indicate whether or not skew flow is present.
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11.5 Survey of signal propagation

In some cases there will be reasons to suspect that sound propagation could be a problem and the risk of
proceeding with an installation is high. The presence of possible sources of interference, the proposed use of
long transducer cables or the presence of an upstream source of aeration (aeration tanks, dams, weirs,
waterfalls, hydraulic jumps, mill or power-plant tail-races) are examples of such reasons.

The site should be checked for excessive levels of electrical noise or radio interference. Potential sources
include public broadcasting transmitters, emergency services communications, or power installations. The
characteristic frequency and amplitude of any interference, as seen by the transducers, should be noted and
incorporated in the system specification.

Sources of electrical noise do not always operate continuously. It is prudent to carry out a survey orj more
than one occasion and, in addition, to inspect potential sources in the locality of the proposed site;~whether or
not any noise|has been observed.

In these circumstances, it is recommended that an acoustic survey be carried out to determine whether sound
propagation and noise conditions are likely to be satisfactory. The equipment should consist of sets of
transducers with support systems suitable for temporary mounting in the channel\and a dual time-base
oscilloscope ¢r other method capable of displaying the signal waveform. The wayeform to be displayefl may
consist of a few cycles having a characteristic frequency between 100 kHz and4000 kHz, delayed frgm the
transmit signgl by about 0,7 ms per metre of path length.

Tests should pe made to observe in particular the strength, shape, variability and signal-to-noise ratio |of the
signal. The presence of a distorted received waveform, which appears to be inverted or which exhibits a
longer than ugual rise time, indicates the presence of aeration.

This work maly be carried out in conjunction with the survey of ¥elocity distribution using the ultrasonic method
(see 11.4).

11.6 Other survey activities

11.6.1 Wate[-temperature surveys should be carried out, at a time when there is a reasonable combipation
of low velocity and high insolation at the site, to ascertain whether or not temperature gradients are likely to be
present in thel water.

Surveys of salinity (or electrical conduetivity) should also be carried out if it is suspected that the channel
could contain|brackish water.

From these, the vertical deflection of the ultrasonic path should be computed, using the method given |n The
minimum distance betweer the surface and the highest working path should be the greater of (D, + D,,,},) and
Din from Equiations (6)-and (7). (In the case of salinity gradients, D, will be in the negative direction.)

11.6.2 In wdtercourses that are known to carry a high suspended-sediment load, and at locations where
there is a mafked\tidal effect, a suspended-sediment survey should be undertaken. Such a survey shopld be
designed to b i ili ' ick up and
take into suspension sediment from the channel bed should be verified.

12 Operational measurement requirements

12.1 General

For successful operation, an ultrasonic flow gauge requires the input of a number of different items of
information. The manner in which these are accommodated will depend to some extent upon the detailed
design of the instrumentation itself, but all are essential to the process of determining flow.
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12.2 Basic components of flow determination
The essential components in the computation of flow are

a) the variables of water velocity and depth; which are provided by the specialised instrumentation,

b) the constants of bed elevation and cross-section widths throughout the wetted cross-section, which are
provided by survey during system commissioning.

All data in the system are subject to measurement uncertainty (see Clause 14). However, system constants
(e.g. channel width and bed elevation) or data derived by reference to some fixed datum (water depth),

requir: particular attention during-the operational life of the gauge to minimize svystematic errors
L ~J L J =4 J

There| should be provision in the system design for relatively stable data (cross-section width gnd mean bed

level) |to be easily altered, in the event that the geometry of the cross-section undergoes some significant
change.

Transfucer locations should not normally be subject to movement, but it is“prudent to resurvey them
periodically.

12.3 Water velocity determination

The water velocity determination is normally the primary function performed by the ultrasonic insfrumentation.
Each pdequately submerged path should be sampled as frequently as possible, and over as lorjg a period as
possilfle, commensurate with the need to obtain a compuied result before a significant change in flow can
occur| A well-engineered system should be capable of “‘executing at least 30 complete cycleq of the entire

transdg

a relagively high likelihood of any single sample failing, for some reason. If reliable computatio

path v

All the
that n
It may
allow

In mu
sampl
confu

ucer array per minute. Multiple sampling of individual paths is an essential system feature,
elocities is to be attained, then a large number of samples should be available for averagin

submerged paths in a multi-path system should be sampled sequentially, at a rate suffic
D significant changes in flow occufr during the time taken to carry out one complete measu

be detrimental to transducers,to fire” them when they are out of the water, and system
or those that are above waterlevel to be inactive.

ed sequentially, it is\possible to start one before the previous transit is finished wi
Bion.

Determination of water stage or depth

since there is
n of individual

g.

ent to ensure
rement cycle.
Hesign should

ti-path systems with very'tong paths, the transit time could limit the cycle rate. Though paths should be

hout causing

nctionsmay be incorporated within the ultrasonic instrumentation, or may be derived from separate

instrumentsY The variable is normally derived in surrogate form. The actual determinant is normally the water
level, d level in the
gaug 5 2; relationship
should be checked periodically, since its stability depends upon the stability of the channel bed. Any one of a

wide variety of available water-level measurement methods conforming to ISO 4373 may be used.

Mean bed level refers to the mean elevation of the channel bed within the area bound by the banks of the
channel and the upstream and downstream transducer arrays. This can be adequately determined by
surveying detailed cross-sections of the channel at five equidistant points, the limits of which are the upstream
and downstream transducer arrays. In addition, cross-sections can be taken along the line of the lowest
path(s). It is appropriate to take the arithmetic average of all points surveyed which lie below the elevation of
the lowest path. The number of points should not be less than 50.

In channels of width 100 m and greater, it may be appropriate to use alternative techniques such as echo
sounding, and a graphical value of mean bed level may be determined.
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These surveys should be repeated annually and/or after a major flood event which may have changed the bed

geometry.

Until the stability of the channel bed is established, frequent resurveys should be made. If the channel bed
moves significantly, the cross-section area for a given water level will change. The computed flow will then be
in error by approximately the same proportion as the relative change of the cross-sectional area.

12.5 Chann

el width

Channel width is not continuously measured, but is ascertained by conventional land survey techniques, and
thereafter exists as one or more system constants, entered into the computation system as part of a system

Set-up procequre at-the-timeof bUIIIIII;OO;UII;IIH.

The measurgments of channel width may sometimes be mathematically derivable from measureq
lengths and angles. If the sides of the gauge cross-section are, in fact, defined by the civil engineering
upon which the transducers are mounted, then the width of the flow cross-section can also be-defined

way.

If, on the oth
separate me3

The channel
degree of acqg
unusual meth
the fundamen
quite varied d
can intersect

13 Gauging station equipment

13.1 Gener
The equipme
— pairs of t
— oneorm
— electroni
— recording

The electronig

r hand, the transducer locations do not define the lateral extremities of the cross-section
surements of channel width are necessary.

width should be checked periodically (although not as frequently as bed geometry). A
uracy (better than 0,1 %) is readily attainable in the determination of distance, without re
bds or equipment. This degree of accuracy should be sought since acoustic path length is
tal system measurements. The basic ultrasonic flow-méasurement technique can accomni

hannel bank geometries. Individual paths in a multi-path system can be of different length
he mean direction of flow at different angles, if the ‘physical design of the gauge demands

al
ht of a gauging station consists ' of
ansducers located at the'ends of each path in the gauge configuration,
bre depth or stage_transducers,

unit, connected+o the transducers and depth transducers,

or telemetry equipment, which may be integral with the electronic unit.

unitor flow computer performs the following operations:

path
works
in this

, then

\ high
sort to
bne of
odate
s and
t.

a) stores parameters describing the paths, depth devices and channel cross-section;

b) determines the depth of flow and decides which pairs of transducers (paths) to operate;

c) energizes the transducers in sequence;

d) receives the resulting signals which have traversed the paths;

e) performs

tests on the signals to determine whether they are acceptable;

f)  measures the times of travel between the energizing of a transducer at one end of a path and the receipt
of a signal at the other end of this path;

30
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h)

i)
)

ISO 6

using these measured times, and also the differences in times between forward and reverse
same path, computes path velocities for all paths in use;

performs tests on the computed data to determine whether they are acceptable;
computes flow from water depth, path velocities and site geometry;

outputs the resulting data to a data recorder or a telemetry system.

13.2 Design and construction of equipment

13.2.

The

a)

b)

c)

The

larger|the diameter, the narrower the cone and hence the greater the energy density of the soun
width |s also related to frequency. The higherthe frequency, the narrower the cone.

In gerjeral, the cone angle, expressed. in degrees, of the sound pulse is equal to arcsin g:

wherg

f| is the transducer frequency, in hertz;

13.2
The
a)

b)

c)

416:2004(E)

signals in the

Transducers

the signal attenuation (described in 6.2.3) is acceptable. Generally the lowerthe characterig
the lower the signal loss;

the minimum depth criterion (see 6.2.5) is met. The lower the characteristic frequency, th
re¢quired depth of water above and below the path;

the timing accuracy needed to resolve the minimum flow is achieved (see 13.9.6). T|

QO

bgree to which the exact frequencies of the transdueers at either end of each path are m
itically important, especially if the signal detection method involves detection after the firs
Re signal waveform.

= O

dlameter of the transducer is directly relatedto the width of the cone of projection of the sou

3700
fxd

d| is the diameter of the transducer, in metres.

transducers are usually operated in a pulsed mode. They are stressed electrically byya-shont high-voltage
pulse |and then allowed to emit. They are mechanically damped so that they emit for-between
20 cygles. The transducer characteristics are chosen such that

6 cycles and

tic frequency,

e greater the

he lower the

naracteristic frequency, the greater the uncertainty in defining the exact time of arrival of the signal. The

atched is also
t half-cycle of

nd pulse. The
H pulse. Cone

(11)

design of the transducer mountings should allow for

adjustment of direction in the horizontal plane, independent of any adjustment in the vertical

plane,

accurate indication, to the nearest + 1°, of direction above the water surface when adjustment is being

made (by use of a portable jig, if necessary),

accurate alignment, to the nearest + 1°, in the vertical plane, preferably integrated in the
mounting itself,
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d)

easy removal for cleaning and transducer replacement where practical , without the need to use divers or

special equipment. Realignment should not be required during re-assembly after adjustment or repair.

The mounting
any build

siltand d

s should be designed so that:
up of silt does not obscure the ultrasonic path;

ebris can be removed without undue difficulty;

signal cables are not easily damaged by floating debris, stones or other objects falling on them, the

passage of boats dragging anchors, ice, rodents or the removal of transducers for cleaning or repair;

the trans
interferer

they do n

their sha
measure

13.2.3 Trans|

If the cables
lengths, there
differential tinj

This problem
transducers f

circuitry or the location of electronic circuits at the transducers can be used. If this is done, it is importa

asymmetrical
implication.

13.3 Reflec|

13.3.1 Two {
may be flat (
pulses accord

13.3.2 The f
extends the f
bent, and the
plane will be

13.3.3 The gngular reflector (see Figures 12 and 13) is suited to channels with sloping banks, and is ¢

ducers are not easily misaligned or damaged by debris, the passage of boats, unauth
ce, frost or ice;

ot corrode in such a way as to collapse or be difficult to disassemble;

be does not cause air to be trapped in the water in front of a transducer, at any stage
ment range over which it is required to operate.

ducer cables

between the transducers and the electronic unit are shorteér/than about 100 m and of di
is a potential problem with reflection of electronic signals.causing distortion, resulting in s
ing errors. These errors are most significant for small channels or low water velocity.

can be avoided by ensuring that the lengths of\the cables to the upstream and downs

delays are not introduced by poor matching of the electronic circuits. There could also be

tors

ypes of reflector may be used in situations where this variant of the method is appropriate
see Figure 11), or of angular construction (see Figures 12 and 13). Both devices reflect
ing to the normal laws of optical reflection.

lat reflector is most suited to channels with vertical banks, where a single sheet of m
LIl depth of water. However, if vertical temperature gradients exist, the acoustic beams
condition ilfustrated in Figure 11 will occur. Only rays normal to the reflector in the hor
eflected.fowards the receiving transducer.

prised

in the

ferent
erious

tream

br a given path are of the same length, (£ 2im). Alternatively, suitable impedance-matching

ht that
a cost

They
sound

aterial
will be
zontal

pable

of functioning atUsites subject to a small temperature or salinity gradient. However, separate reflectors are
required for each ultrasonic path, and they should be located so that reflections from the wrong reflectors
(generally those at lower depths) do not arrive at a receiver at a time that can be mistaken for the correct
signal (see also 13.5.3.1). Note that Figure 12 only indicates the signal “B to A”. To obtain a complete

determination
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, the signal “A to B” is also required.
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Key

1 trgnsducers
2 flag plate reflector

NOTE Only the ray which is normal to the reflector will be reflected back to the receiver.

Figure 11 — Flat reflector showing effect of temperature gradients

1 bdamcurved hy h:mpnrgh e gr’adinnf

2 direction of flow

R Reflector
A Receiver
B Transmitter

Figure 12 — Angular reflector showing effect of temperature gradients
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chamfer ed
minimum p
chamfer eq
incident an

13.3.4 Both
depth at whic

ge
ossible radius

ge

d reflected beams travelling in the same direction

Figure 13 — Detail of angular reflecton

ypes of reflector should be aligned accurately. The flatreflector should be vertical, otherwi
h the signal is reflected becomes uncertain. The uneertainty in this case is equal to:

0,5 L tan|e
where
« is thé angle, in degrees, between the réflector and the vertical;

L

An error of 0
reflection of
operation of g

The accuracy
unlikely to inh

13.3.5 The 4
reflector; the |

is the path length, in metres.

3° in verticality, on a totat-path length of 100 m (across the channel and back), would re|
he acoustic signal at-a depth 0,26 m different from that required, and would preclug
path that was set-at.0,3 m below the water surface.

of vertical alignment is less critical in the case of the angular reflector. Errors up to
bit operation (see Figure 13).

ccuragy of alignment required in the horizontal plane is related to the horizontal length
ppger the reflector, the less critical is its horizontal alignment.

se the

sult in
e the

b° are

of the

13.3.6 The alignment of flat reflectors shall be adjustable in both vertical and horizontal planes. The angular
reflector need only be adjustable in the horizontal plane. Both adjustments should be capable of being made
independently, and under water.

13.3.7 The material of the reflector should be rigid. Stainless steel and galvanised steel are suitable. The
surface roughness and waviness per 100 mm should be better than + 0,05 wavelength of the acoustic signals
over the active area. The thickness of the reflecting material should be at least (2 000//) m, where f'is the
acoustic frequency (in hertz), otherwise the signals will pass through the reflector, and not be reflected (i.e. at

least 4 mm th

34

ick for an acoustic frequency of 500 kHz).
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13.4 Civil engineering works
During gauge construction installation, the channel banks and bed should not be altered from their natural

state more than is absolutely necessary. If significant changes are made, there is a strong likelihood that they
will revert to their original state after a certain time.

13.5 Signal timing and processing

13.5.1 General

The process of detecting the point in time at which an ultrasonic signal arrives at the receiving transducer shall
be cafried out with the greatest precision. Errors in the detection process lead to errors in the determination of
velocity. In particular, it is the difference in transit times that is significant [see Equation (3)], éspecially when

the pdth length is small and/or the velocity low.
Distortion of the signal, for example by ultrasonic or electronic reflections, or interference from an external
electrpmagnetic source can create uncertainty in the detection time. Attenuation ofthe signal carn also confuse

the dg
gauged

If the
veloci
turbul
requir
of narf

tection circuitry. The design of the flow gauge should minimize these effects, and ultimafely cause the
to fail to a definite recognizable state when it can no longer detect correctly with certainty.

Fesolution of the electronic timer used to measure the transit times_is too low, the uncertainty in water-
y determination may be increased. However, the transit times vary randomly as a r¢sult of water
bnce, and the water velocity is computed from the mean ofza ‘large number of readings. Therefore, the
bd time resolution of e.g. 10 ns can be achieved with a timer having a resolution of perhaps many tens
oseconds.

13.5.3 Signal-to-noise ratio

13.5.2.1 Electromagnetic interference

To redluce the effect of interference and improve the signal-to-noise ratio, it may be necessary
systemn so that the signal amplifiers arellocated close to or integral with the transducers.
balan¢ed feeder connection to the transducers may be employed. Decisions on these te
goverped by the results of the site_survey, as well as by the overall design of the instrumentati

should be taken over the earthing (grounding) of screened and armoured cables, and especia

to design the
Alternatively,
chniques are
bn itself. Care
ly over bank-

side
(grour
transdg

plectronic units, otherwise,"damage from lightning may be unduly frequent. In gen
ding) should be effected-at one point only (at the instrument housing), and all remote e
ucers should be isolated from earth (ground) with insulation capable of withstanding

bral, earthing
quipment and
not less than

2 000|V.

where these
in the design
up either with
ved for in the

Ampli
are si
othery
closel
proce

iers in or near the transducers will introduce small delays or phase shifts. In applicationg
gnificant .cempared with the transit time differences, they shall be taken into account
vise the-useé of such amplifiers should be avoided. The amplifiers shall be designed or set
y matched delays or measured delays; and both the delays and differential delays alloy
5sing software.

13.5.2.2 Electronic filtering

The effect of noise which is of a frequency different to that of the transducer may be reduced by employing an
electronic filter (which may be achieved using inductor-capacitor-resistor networks or by a digital signal
processor). The passband of the filters should be designed such that the signals from the transducers are
passed without excessive attenuation of the leading edge of the waveform. If the band is too limited, the first
few cycles of the signal become difficult to detect, and this will greatly increase the uncertainty with which the
exact time of arrival of the signals can be detected.

Electronic filters introduce small delays or phase shifts. In system designs where separate filters are used at
either end of a path (i.e. where signal amplifiers are located close to or integral with the transducers), the
differential delays may be significant compared with the transit time differences. These shall be taken into
account as described in 13.5.1.1, or else the use of such filters should be avoided.
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13.5.3 Signal maintenance (gain control)

When signals are attenuated by sediment loading, scattering, temperature gradients, debris or transducer
deterioration, the first cycle may be so reduced that a simple detector may trigger off the second cycle. The
resulting timing error may be equal to the period of the transducer frequency. If this occurs in only one
direction, the error in the time difference could be serious (2 ps for 500 kHz transducers). For many gauges,
designed for low flow determination, an error of many hundreds of percent could result.

The receiving amplifier shall be able to cope with the resulting large dynamic range of signal. In practice this
may be difficult without it becoming saturated when conditions are such that the attenuation is small. The
saturation could lead to timing errors which would be serious in many applications.

A system of gutomatic gain control (AGC) may be used to prevent the saturation of the amplifiers.

When using AGC, increasing the gain increases the interfering noise whilst attempting to maintain-the
In order to cope fully with signal attenuation in the presence of noise, the transducer drive voltage has
set to maximym.

signal.
to be

The continuodis use of maximum transducer drive voltage may be undesirable for the following reasons.

a) There may be a detrimental effect on the operating life of the transducers.

b) The “degd time” which occurs after the transducer is energized may/bé.increased. This is particularly
important when using transducers for depth measurement, since it_determines the minimum depth of
water thgt can be measured.

c) The powgr consumption may be increased. This may be significant for systems designed to opergate on
batteries

A system of qutomatic adjustment of the transducer drive voltage to compensate for signal strength variations

may be emplpyed. It is unlikely that this would be acceptable if used alone without AGC, because thg gain

would then have to be set to maximum to cope with the worst case, thus making the system susceptjble to

interference.
be desirable.

\ combined system, using an algorithm to adjust both the gain and transducer drive voltags
This would optimise the signal-to-noise ratio, whilst maintaining a minimum drive voltage.

13.5.4 Signal detection

13.5.4.1

Having produ
translate the

process appli
recognizable

longer is to 1
uncertainty d
13.2.1).

General

ced as good an ‘electronic version of the ultrasonic signal as possible, the next proces
point of arrival-fe_an accurate time scale. The most important thing is the time difference,
bd to signals being received in both directions shall be identical. It is necessary to wait
part of the\waveform is received, usually after not more than a complete wavelength. T|
sk distortion from reflections from the water surface (see 6.2.5), and to suffer an incrn
le fo mismatch of the characteristic frequency of the transducers at either end of a pat

b, may

5 is to
50 the
until a
o wait
eased
h (see

If there is any doubt about the validity of the signal, it is better to reject it than to produce a potentially grossly
erroneous determination of velocity.

13.5.4.2 Time gating

Since the water velocity in practice has a minimal effect on the ultrasonic transit time, the time of arrival of
sound pulses is predictable. Initially, the knowledge of the velocity of sound limits the precision to which the
arrival would be expected, allowance having to be made for the whole range of velocities expected (see 6.2.2).
Once operating, the velocity of sound will be known more accurately from measurements of transit times.

The amplifier outputs should be observed starting just a short time before the sound pulses are expected. By
this means, spurious interference at other times is ignored.
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When reflectors are used in a trapezoidal channel, signals from the wrong reflector may be received early.
These can be rejected if accurate determinations of sound velocity can be obtained from other paths
guaranteed not to suffer from stray reflections.

13.5.4.3 Shape analysis

The simplest detection process should have at least three thresholds, which shall be passed in a prescribed
sequence for the signal to be considered detectable with confidence.

In critical applications, more complex methods of shape analysis should be employed. These would be
expected to involve digitization of the whole or a substantial part of the received signals and real time
mathematical annlyeit to determine the time of arrival of the first (‘\I/r*lt:\, Qar alfprn:\fi\/ply the in\/alidity of the

signal

13.5.5 Post-detection filtering

Once fthe signals have been converted into transit time and time differences, water.vélocities can be computed.
Many|samples should be used in the velocity calculations to reduce random effects. Before inclusion in the
calculgtions, the measurements from each ultrasonic path should be examined-in order to rejec{ any spurious
result$ which may have passed the detection process.

The cyiteria depend on the particular site, but should include
a) ekcessive deviation of water velocity from an absolute limit expected for the path,
b) ekcessive rate of change of velocity compared with preyious determinations,

c)

)

xcessive difference from other paths,
d) ppth timing corresponding to an anomalous velocity of sound.

The al|gorithm for accepting or rejecting results shall be very carefully designed to ensure that the system does
not agcept spurious results whilst rejecting @ood ones. In particular, the start-up conditions or those when a
rejecte¢d path is being re-introduced are(critical. Special care shall be taken in respect of the third criterion —
comparison between paths — when a small number of paths (e.g. less than 4) are in use.

Apparently valid data should also.be rejected if they are obtained during periods when the majority of data fail
these[tests.

13.6 [System self-checking

The most likely elements of a system to fail are those associated with the “wet” end: transducers}, drive circuits,
amplifiers, multiplexes and signal detectors. Processing systems are generally reliable, and|usually work
either|correcthy~or not at all.

System, design should provide for regular, automatic testing of the following:

a) signal amplitude, as a check on transducer performance and amplifier gain;

b) transmit and receive circuit delays, as a check on drive circuits and multiplexes. A simple test is to
measure the time delay between the initializing of the transmit command and the observation of this event
in the receiver connected to the transmitter;

c) the accuracy of the pulse-timing circuits;
d) the ringing of the transducers when they are energized.
These tests should be conducted on all paths, including those which are not submerged [except for test a)].

Tests made using a dedicated dummy path will not highlight failures in multiplexes or individual transducer
drivers.
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13.7 Site-specific data (or site parameters)

Numbers characterizing a particular site should be stored in the processor system, in an alterable form which
can be checked easily, but which is protected against accidental alteration, power failure and circuit card
removal for maintenance. The amount of this data depends upon the range of configurations and channel
dimensions which the system is designed to suit.

The list is likely to include

a) number and type of depth gauges,

b) elevation,of anfh gauges,

c) elevation|of channel bed,

d) acceptabje range of depths,

e) number qgf velocity paths,

f)  units of flow to be computed,

g) averaging period for data,

h) individua| path elevations,

i) individua| path lengths,

j)  individua| path angles or factors related to these angles,

k) channel yidths at various elevations,

I) acceptable range of velocities for individual paths; and rates of change,

m) factors used to derive the water velocity,in the lowest panel (or at the bed) and at the surface,
n) depth of water above a path before-it.is brought into operation,

o) fixed delgy times (in transducers,/cables, transmitter- and signal-detector electronics),

p) delay tes} times.

13.8 Clock pnd calendar

A means shopld, bedprovided to mark data collected by the gauge with time and date, using an on-sitg clock
unit that is either-part of the gauge instrumentation, or as part of a separate telemetry system.

13.9 System performance criteria

13.9.1 General

The principal system performance criteria should be defined by the prospective user, within the technical limits
described in this International Standard, and those of current technology.

13.9.2 Operating environment
The operating conditions, including information on the extremes of temperature, humidity, atmospheric quality

(for example, corrosive or explosive gases present) and also the likelihood of vandalism or of animals which
could cause damage, should all be communicated to the system designer. For sophisticated systems, a
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temperature range of —15°C to +60 °C can usually be accommodated without elaborate precautions or
excessive cost. No condensation or corrosive gases should be allowed to contact the electronic circuit

elements. Special cabinets may have to be provided, if gas or humidity problems exist.

13.9.3 Water environment

The range of water temperatures, depths, and suspended solids concentrations should be stipulated. Likely
maxima are 35 °C, 50 m and 1 500 mg/I respectively. The presence of bubbles shall be avoided.

13.9.4 Mechanical environment

Indicaffions of possible shocks during transportation to site should be provided to the system des

The s

Trans
boats

13.9.8 Extreme environmental conditions

The e
These

13.9.6

Ultras|
of the|
unaids
up fag
availa
solar

13.9.7

The ¢
interfq
data.

Most
desig
insm
transg

stem design shall incorporate packaging for transportation to suit the specified conditions.

Hucer mountings should be specified which withstand expected water velocities, impact
and the effect of ice.

ktremes of environmental conditions likely to be encountered during storage or transport sh
should include temperature, humidity and barometric pressure.

Power source

bnic flow gauges are generally designed to be powered from an external source. This is
historical development of the technology and partly because the size of batteries need
bd continuous operation for extended periods.is’excessive. However, in modern systems,
ilities to cover periods of short-lived mains_ failure are available, and small systems of a
ble with battery packs which can be run conveniently for reasonable periods from high cap
banels.

Measurement uncertainty

lements of total system-~uncertainty that are specific to electronic instrumentation rel
rence effects, and the.degfee of sophistication in the algorithms used to compute flows f
he number of paths-provided and their layout may be more important than the electronic 3

and signal detection methods + 3 ns can be achieved, but such sophistication is normall
Il systems-having path lengths less than 15 m, and short distances (a few hundreds of me
ucers and-supporting electronics.

The (

gner.

by debris and

ould be given.

artly a matter
ed to support
battery back-
few paths are
heity cells and

bte to timing,
rom the basic
spects.

systems can determine time differences to + 30 ns. With more sophisticated transducer firing, receiver

only needed
tres) between

brrors can be

U, = Uy x 1450%/(L x 2 cos®)

where L is the path length, in metres.

Equation (12),

(12)

Equipment designed for use in rivers which are several tens or even hundreds of metres wide may differ from
that intended for channels of about 1 m wide. The differences include the choice of timing method, size and
characteristic frequency of the transducers and the design of the transmitter and receiver circuits.
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13.10 System output

13.10.1 Local display

The system instrumentation design should provide, as a bare minimum, data output capability and a display of
important system information at the gauge site itself. This should include a digital display of water level and
computed flow, and may incorporate the facility to call up for display other variables, such as individual path
velocities, individual water levels and diagnostic data.

13.10.2 Local record

It may be apgropriafe to provide a confinuous record of Tevel, flow and diagnostic data on a Tocal recou‘der or
data logger. The logger may be either an integral part of the electronic unit or a separate device:which is
connected to |t by an analog or digital (RS232, BCD parallel) interface. Wherever possible and approprigte, an
indication shquld be provided that alerts gauge operators or users to the presence or past oceurrence qf data
errors or gauge fault conditions (see 13.5 and 13.6).
Such an indicption should include

a) signal travel times outside the expected range,
b) excessive time differences,

c) excessiv@ number of signals failing the tests detailed in 13.5.4,

d) anindication of signal amplitudes.

13.10.3 Remote record

The same oufput facility that could support a local data-recorder may be used to feed a more sophisticated
device capable of relaying gauge data to a remotelocation, whether by land line, telephone line, terrestrial
radio link or gommunications satellite link. If the-eguipment on site is battery-powered, the telemetry system
can be used [to switch it on only at such times“when flow data are required, thus enabling the life |of the
batteries to bg extended.

13.10.4 Diagnostic information

Well-designed ultrasonic instrumentation should enable appropriate diagnostic data to be easily obtaiped in
real time by a user on-site or.femotely, using a telephone, modem and PC, without the use of specijalized
electronic equipment. It should be possible to display such information, and it may be helpful to be gble to
record it, eithgr locally or femotely.

This facility should-also permit the user to inspect and edit the site-specific data (parameters). A s¢curity
system to inhibit-Unauthorized changes may be required.

13.11 Installation

The equipment will often be installed on natural rivers or channels where precise dimensions are not known.
The following information or settings should be obtained from surveys conducted during installation, with
sufficient accuracy so that any errors will not add significantly to the uncertainty in the computation of flow:

a) path lengths: + 0,1 %;

b) path elevations: + 10 mm or better;

c) stage or water-depth sensor datum;
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