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

Any t
const

The procedures used to develop this document and e intended for i irther ma
descrfbed in the ISO/IEC Directives, Part 1. In particular the different approval criteria'n¢eded for the

e [SO list of patent declarations received (see www.iso.org/patents).

Fade name used in this document is information given for the convenience of users
tute an endorsement.

intenance are

nce with the

he subject of

rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of
htent rights identified during the development of the document will be'in the Introdyction and/or

and does not

For ajn explanation on the voluntary nature of standards;‘the meaning of ISO specific terms and

expre
World
URL:

Trade Organization (WTO) principles in the Teehhical Barriers to Trade (TBT) see
Wwww.iso.org/iso/foreword.html.

This
Veloci

ssions related to conformity assessment, as well as information about ISO's adhgrence to the

the following

Hocument was prepared by Technical Cothmittee ISO/TC 113, Hydrometry, Subconimittee SC 1,

ty area methods.

This

ourth edition cancels and replaces.the third edition (ISO 6416:2004), which has been technically
revis¢d. The main changes from the previous edition are:

— the title has been changed;

|
<8}

new subclause (7.7) on ‘wireless systems has been added;

— former subclauses 9:2’and 11.6 have been removed,;

(0
— A
e

lause 10 on site selection has been revised;

quipmentfor use in technical standards) have been added.

nnex A (Principle of measurement uncertainty) and Annex B (Performance guide fon hydrometric
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Hydrometry — Measurement of discharge by the ultrasonic
transit time (time of flight) method

1 S

cope

Thls document descrlbes the establishment and operatlon of an ultrasonlc (tranSIt time) gauging

It alsq
assoc

Itis]
make

This ¢

NOTE

) descrlbes the ba51c pr1nc1ples on Wthh the method is based the operatlon and pe
jated instrumentation and procedures for commissioning.

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

locument is not applicable to measurement in rivers with ice.

This document focuses on open channel flow measurement. IEC 60041 covers the use of

for fulll pipe flow measurement.

2 N

The ff
const|
undaf

1SO 7
1SO 4
1S0/T

3 T
For th

[SOa

q

]

— IE

ormative references

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

V2, Hydrometry — Vocabulary and symbols
B73, Hydrometry — Water level measuring devices

S 25377, Hydrometric uncertainty-guidance (HUG)

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

1d IEC maintaifi terminological databases for use in standardization at the following

$0 Online-browsing platform: available at https://www.iso.org/obp

C Eleetropedia: available at http://www.electropedia.org/

sed conduit.
rformance of

systems that

the technique

their content
applies. For
ents) applies.

addresses:

4 Applications

4.1

Types of applications

a) Open channels

b) Multiple channels

¢ C

losed conduits

This method does not need a man-made or natural control, as it does not rely upon the establishment of
a unique relationship between water level and discharge.

© IS0 2017 - All rights reserved
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4.2 Attrib

utes and limitations

The following attributes and limitations shall be considered when deploying this measuring system.

Attributes

1.|Potential for high accuracy

.| Tolerant of back water effects

.|Able to measure multiple channels and combine results to give total flow

.|Capable

of determining individual velocities at distinct heights within the water column

.|Visually unobtrusive

.|Fish frie

ndly

Mains p

ower supply not essential

.| Intrinsi

rally safe systems available for use in explosive atmospheres

O | [ |U1| DWW

.|No obst

ruction or head loss

_
o

.|Suitable

for large range of channel widths and depths

=
[EEN

.| Potentid

1 for built in redundancy

U=
N

.| Potentid

1 for relatively low operating costs

Limitations

.| A site wjith an unstable cross section needs to be avoided(ifpossible

.|Require

s minimum depth of water to operate

May req

uire cables to both sides of channel

.|Ragging

of sensors by trash

.| Potentid

1l attenuation of acoustic signal by

susper

ded solids

weeds

entrained gasses

tempel

ature gradients

salinit)

 gradients

Detailed ex]
document.

5 Method

lanations of-these attributes and limitations can be found in clauses throughout this

1 of measurement

5.1 Discharge

5.1.1 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 Q and expressed in cubic metres per second (m3:s-1). The

definition of

discharge is the product of the wetted cross-sectional area and the mean velocity vector

perpendicular to it.

© ISO 2017 - All rights reserved
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Thus:
Q

ISO 6416:2017(E)

=vxA

where

Q
v

A

is the discharge, expressed in cubic metres per second (m3:s-1);

is the mean velocity, expressed in metres per second (m-s-1);

is the cross-sectional area, expressed in square metres (m2).

The t

the equipment, and which are averaged along one or more lines which are usually,/but no

horiz
5.2

5.2.1
canb
Cross
vertid
provi
paths
using
profil

5.2.2
An ul
meas
deter
area.
from

6 FHlow velocity detérmination by the ultrasonic (transit time) method

6.1

6.1.1
The s
incred

ransit-time method is a velocity-area method using flow velocities which have been d¢

bntal.

Calculation of discharge from the transit-time measurement

Discharge can be computed using the velocity-area method (see 5.1), provided t}
e established between the velocities determined by the transit time ultrasonic system :
sectional velocity. If there are sufficient operational paths-distributed sufficiently th
al to define the velocity profile, the resulting samples of flowvelocity can be vertically
e an estimate of the mean cross-sectional velocity. Alternatively, if there are insufficien
a relationship between measured velocity (index vélocity) and mean velocity can b

er (ADCP).

The discharge calculation also requires' the cross-sectional area of the water t
trasonic transit-time system will, therefore, normally be capable not only of ma3
irements of velocity, but also of. determining (or accepting a signal from some
mining) water depth, and of storifig:details of the relation between water depth and cr
t will also normally be capable-of executing the mathematical functions necessary to (
'he relevant stored and direetly determined data.

Principle

An ultfagonic pulse travels in a downstream direction faster than a similar pulse trav
peed:ofia pulse of sound travelling diagonally across the flow in a downstream dirg
ised\by the velocity component of the water. Conversely, the speed of a sound pulse 1

e8]

ttermined by
[ necessarily,

lat a relation
ind the mean
roughout the
integrated to
t operational
e established

a spot flow gauging technique, e.g. rotating elemént current meter or acoustic Doppler current

b be known.
king sample
other device
oss-sectional
ompute flow

bls upstream.
ction will be
noving in the

Oppos

itedirection will be decreased. The difference in the transit time in the two direction

5 can be used
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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.

Y

B\@ \5

Vpath component of water velocity along the path

Key

Vline conponent of water velocity in the direction of the flow
directidgn of flow

channe| width

ultrasonic path length (L)

transdycers

o~}

angle between the path and the direction of flow

< O > Ul A W N R

downstiream 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-times for the ultrasonic
pulses are:

tap=L/(¢-vcos@) and tgho=L/(c+ vcosO) (2)
where
tAB is the transit time from transducer A to B, in seconds;

tga  isthedransit time from transducer B to A, in seconds;

L is the pathrtength{distance between transducer Aanmd-tramsducer B); immetres{m);
c is the speed of sound in water, in metres per second (m-s-1);
0 is the angle between the path and direction of flow.

Resolving for line velocity:

Viine = L x (taB — tBa) / (¢tAB % tBA x 2 c0s6) ) (3)

where viipe is the line velocity or the average velocity of the water across the channel in the direction of
flow, in m-s-1.

4 © IS0 2017 - All rights reserved
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The calculation of water velocity is

— independent of the speed of sound in water,

— proportional to the difference in transit times,

— inversely proportional to the product of the transit times,

— critically dependent on the angle between the path and the direction of flow (see Table 1).

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

channel axis

6.1.4

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

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 bhanks of the

=

b) t

6.1.5

a)
d
14

fatercourse;

e line joining them should be at an angle between 30° and 65° to the mean directi
inimize uncertainties.

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

irections may become small and therefore subject to a relatively large uncertainty,
w velocities.

b) At an angle of 90°, there will)be no time difference between forward and reverse pul

\Y

c W
a

blocity cannot be determined.

Vith large angles, there is also an increase in the error in velocity computation that
ssumptions made’in the assessment of the angle. Table 1 demonstrates this effect.

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

1

uniform.

2} The directionof flow relative tg the

ath mavynot bn constant

bn of flow to

intersection angles greater thanc65° the time difference between sound pulseg in opposite

especially at

ses, and thus

results from

Thedength of the channel occupied by the gauge can become excessive, and ceasg to be quasi-

D
Perei ey ot o e oottt

3) There can be practical problems with site selection, due to the length of the channel which is
required to be set aside for the flow gauge, and maintained free of debris and weeds.
4) The excessive length of the paths can cause problems of signal strength and/or signal reflection
from the channel bed or water surface, especially if vertical temperature gradients are present.
6.2 Sound propagation in water

6.2.1

General

Sound is a mechanical disturbance of the medium in which it propagates. It encompasses a wide range
of frequencies. The audible range is from approximately 20 Hz to 20 000 Hz, and is generally referred

© IS0 2017 - All rights reserved
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to as “sonic”. Frequencies less than 50 Hz are usually termed “subsonic”, and those above 15 000 Hz
“ultrasonic”. Transit-time systems operate in the ultrasonic range at frequencies typically between
100 kHz and 1,5 MHz.

The performance of transit-time systems depends heavily on the characteristics of sound propagation
in water. These characteristics are briefly described here.

6.2.2 Speed of sound in 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
temperatur’\ 1ausc, thc DPCCd Uf auuud ;ll fl Cbh VVatCl vdal ;CD fl UIIll abuut 1 490 11T 3_1 tU d }ltt} OVer
1 500 m-s-1 {see Table 2). This will vary dependent on the characteristics of the water. Howeyer, [these
figures are offered as a guide based on a review of the available literature.

Table 2 — Speed of sound in non-saline water at different temperatures

Temperature Speed of sound (approximate)

°C m-s-1

0 1402

10 1447

20 1482

30 1509

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

The speed of{sound c in water is given by:

c=1402[4+5,01T —0,0551T2 +0,000 22T 3 "
1,339+ 0,000135% —0,013TS +0,0001T %S +0,016d

where

¢ isthe speed of sound inrwater, in metres per second (m-s-1);
T is the water temperature, in degrees Celsius;

S is the salinity-ofthe water, in grams salt per litre water;

d

is the depthrof water, in metres (m).

6.2.3 Propagatienlesses
6.2.3.1 Transmission of sound in water

6.2.3.1.1 Only a portion of the acoustic energy transmitted reaches the target. The remainder is lost for
a variety of reasons. The loss in signal strength is called “propagation loss”, which consists of spreading
loss (6.2.3.1.2) and attenuation loss (6.2.3.1.3).

6.2.3.1.2 Spreading loss is the reduction in acoustic intensity due to the increase in area over which the
given acoustic energy is distributed. Losses due to this effect depend on the following factors:

— path length;

— diameter of ultrasonic transducer;

6 © IS0 2017 - All rights reserved
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6.2.3.1.3 Attenuation loss is the reduction in the acoustic intensity caused by the resistance of the
medium to the transmission of acoustic energy. It is analogous to the loss of electrical energy in a wire
where there is no spreading loss.

Atten

uation loss is attributable to scattering and absorption.

— Scattering is the redirection in all directions of the incident acoustic wave energy by suspended
matter in the water, e.g. air bubbles and suspended solids. The effect is greater at higher transducer
frequencies.

i

W

Losse
mean|
energ
after
one n

For a
would

For t}
trans

6.2.3

Revel]
effect

6.2.3
This i

For e;
prody

6.2.3

sorption is the process by which acoustic energy is converted into thermal energy\b
the water, when it is subjected to repeated compressions and expansions by.a'p
rave. This effect is also frequency dependent.

s due to absorption and scattering increase exponentially with incréasing path
y when the signal propagates through a metre of water, then that signal would be

illionth of the value expected for clean water.

b m path length in a foul sewer, a signal reduction of a factorjof 30 (a factor of about 5

ese reasons, transducers of lower frequency are used for the longer paths. The rang
Hucer frequency, f, for a given path length, L, is illastrated in Figure 2.

2 Reverberation

beration is the energy returned by reflectors other than the transducers. This is ana
which reduces the effectiveness of eat headlights on a foggy night.

3 Refraction

s the bending of the acoustic pulse path if the water varies significantly in temperatu

ce a vertically distributed temperature gradient.

4 Reflection

Sound can be reflected from the water surface and/or the bed of the river which can cause

sigha

timing:

s that if the suspended solids loading in sewer water were such as to cause a loss of h|

passing through another metre of water. For a path length of 20 ni;.the signal would i

kample in slow moving rivers, with poor vertical mixing, the effect of the sun on the|

Iy the friction
hssing sound

length. This
alf the signal
halved again
ereduced to

5 in voltage)

| be tolerable. For a 20 m path length, it is unlikely that.ary signal would be observablle.

e of values of

logous to the

re or density:.
surface may

errors in the
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6.2.4 Sign

6.2.4.1 Thq
propagating

2

5 10 20 50100200 500 L, m

Figure 2 — Commonly used transducer frequencies for various path lengths

al path bending

e path taken by an acoustic pulse is bent (refraction),Nif the water through which it is

varies significantly in either temperature or salinitynIn slow-moving rivers, with|

vertical mixing, the effect of the sun upon the surface produces an upward directed temperature grd

vector. This d

auses the speed of sound to be higher near the surface and, consequently, the acousti

to bend towdrds the river bed.

The acousti
as described
other end of
length of 50
effect of vert
reach) is to

surface.

Similar effec
case with pa
tributary wif

6.2.4.2 Thq
R =cq (df

poor
idient
C path

wave propagates across the channel as*a cone. If a vertical temperature gradient,

above, exists only that ray which starts in a certain upward direction will arrive
the path. With a temperature gradient of 0,5 °C per metre of depth, over a horizonta
m the vertical deflection D, (as,defined in Figure 3) will be about 0,5 m. In contras;
ical density gradients (such as may be associated with salt water intrusion into the g
Create a higher speed of sound near the bottom and thus to bend the path towar

ks can be produced by horizontally distributed temperature or density gradients, as
rtial shading of thé-water surface from insolation such as found at the confluence w}
h waters of contrasting characteristics joins.

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

- d1}c1 - ¢2)

nt the
| path
t, the
huged
Is the

is the
nere a

(5)

where

R

€1, C2

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

speeds can be calculated using Formula (4).]

are the speeds of sound at depths d1 and d respectively, in metres per second (m-s-1). [These
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Dr

1
2t

= O
~
sl =Y

R 1§

ansducer

ansducer

bflection of the ultrasonic path

hth length

dius of curvature of the ultrasonic path

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

The deflection, Dy, of the ultrasonic path from a straight line isgiven by

D

wher

6.2.5

6.2.5
is dug
betwg

Error

—R- (RZ —0,25L2)

I
e L is the path length, in metres.
Reflection

1 Sound is scattered from theswater surface and, to a lesser extent, from the chan
to the fact that the contrast in dcoustic impedance is much higher between water
en water and the bottom (sand, rock, mud).

5 in signal timing will eccur if the secondary signal interferes with the first cycle

(6)

nel bed. This
and air than

of the direct

signal. To avoid this effect the difference in the two paths shall exceed one acoustic wavelength (speed
of sound/frequency). This’will be achieved if the depth of water above the acoustic path[exceeds that
given|by Formula (7}
L

dli, =27 \E (7)
where

dmin is the minimum clearance of water required between velocity path and water surface,

and also the minimum clearance between the bed and the path, in metres;
L is the path length, in metres;
f is the transducer frequency, in Hz.

6.2.5.2 The minimum clearance of water required above and below the velocity path for the various
transducer frequencies and path lengths is given in Table 3 (column 3).

The minimum total water depth is given in Table 3 (column 4). The value for dpiy is twice the minimum
clearance for the sensor below the free water surface.
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Table 3 — Examples of minimum clearance for various transducer frequencies and path lengths

Path length Transducer frequency Minimum clearance Minimum total water
depth
L f dmin
m kHz m m
1 1500 0,02 0,04
1 1000 0,03 0,06
1 500 0,04 0,08
3 1000 0045 0.09
3 500 0,065 0,13
10 500 0,12 0,24
10 200 0,19 0,38
30 500 0,21 0,42
30 200 0,33 0,66
50 500 0,27 0,54
50 200 0,43 0,86
100 200 0,60 1,20
100 100 0,90 1,80

7 Gauge ronfiguration
7.1 General

7.1.1 Flow|measurement stations using the ultrasonic method may be configured in many ways tp take
into account

a) local sitg circumstances,
b) the meagurement uncertainty-and operational reliability required,
c) the rangg of flows for which-reliable data are required,

d) the resofirces availableto the user to maintain the gauge in an operational state.

7.1.2 The number ofidepth sensors, number of velocity paths, vertical spacing, angle to flow, the pse of
in-line, crossgd or'reflected configurations may all be specified.

7.2 Single-path systems

7.2.1 In its most basic form, the ultrasonic gauge can operate satisfactorily with a single pair of
transducers, giving only a single “line” velocity determination. This single pair of transducers need not
necessarily be mounted horizontally.

Calibration will be required due to the uncertainty in the mean velocity estimation. Prior to a
satisfactory calibration being completed it may be possible to estimate the mean velocity using velocity
profile theory.

7.2.2 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.
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7.2.3 The single-path gauge is inherently vulnerable to transducer damage or malfunction. There is no
built-in component redundancy capability (see 7.3.3).

7.3

7.3.1

a)
b)

Multi-path systems

It will 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,

with seasonal weed growth,

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

c)

7.3.2
gaugs

The uncertainty in flow determination should be evaluated using the methods given in Cl3

given

7.3.3
is als

sensofrs, such that physical damage, obstruction or malfunction of one or more of them h

effect]

7.3.4
the ch
wher

7.4

7.4.1
angle
flow 4

7.4.2
The a
flow/
upstr

7.4.3
directi

there are significant backwater effects affecting the vertical velocity profile.

The aim may be to achieve an acceptable representation of the vertical (velocity
cross-section, at all levels and flows, from the highest to the lowest required to be me

configuration, the calculations should be performed for a range of water levels and f

If a high level of performance security (i.e. freedom from operational interruption or
a goal in the system, it is desirable to provide additional “redundant” paths as well ag

upon the overall uncertainty of measurement.

Multi-path gauge configurations may also be appropriate for sites where the crg
annel varies in a complex way with depth. This is particularly so for channels which
e the flow meter section is located under a-bridge.

Crossed-path systems

One of the fundamental requirements of the ultrasonic transit time technique is
at which each individual path in a system intersects the line representing the mear]
t that elevation. Errors in this angle directly affect the computation (see Table 1).

In practice, it can‘be difficult to determine precisely the mean direction of flow af
ssumption that-itfs parallel to the banks may not always hold. It may be true at som
evel range, butvnot at others. At low flows in particular, the effects of complex bed g
bam weed grewth can affect the mean direction relative to the banks.

brofile in the
asured.

use 14. For a
OWS.

degradation)
water-depth
As a minimal

ss-section of
surcharge or

to know the
| direction of

a given site.
e parts of the
eometry and

If. tlre’ flow is not parallel to the banks (often referred to as “skew flow”), it foll
ien.cannot be constant across the channel. Indeed the variation m flow direction acros

can b¢

ows that the
the channel

a-Hore complex

treatment would be de51rable However since thls requires some knowledge of the spatial variation of
flow direction, it is not normally possible to do anything other than apply the approximation, so such a

situat

7.4.4

ion is best avoided.

If there is a bend or asymmetric change in the channel shape, say of less than 10 ch

annel widths

upstream or 3 widths downstream, there is the possibility that the flow will not be parallel to the channel
banks. It may therefore be necessary to introduce an element of self-correction by configuring the gauge
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to have one or more sets of paths installed as pairs, laid out in the form of a symmetrical cros
Figure 4).

1 2

S (see

B Z J N
6

7
Key
1 transducgr 5 normal path
2 transducgr 6  transducer
3 cross path 7  transducer:
4  directionfof flow

Figure 4 — Plan for crosséd-path gauge

7.4.5 The d¢rossed path should be arranged sq.dsto intersect in mid-stream.

The path angle, 6, for the uppermost paths‘should be between 30° and 65° to minimize uncerta
If the path a
throughout

nties.

gle is less, the flow-meter section will be long, and the flow direction may not be conpstant
e section. This would impair the compensating effect of the crossed-path configuration.

In trapezoidal channels, if it has-been decided to mount the transducers on each bank in sloping grrays

normal to the flow direction, the-angles for the paths near to the bed should not be less than 30°.

7.4.6 Withjn the system-instrumentation, each line velocity in a crossed pair should be cor;llfuted

separately. If|the twoxelocities computed for a pair of crossed paths are similar (within comput
and measur
If the two velocities are significantly different, then the assumed path angle is incorrect. Neither
computed lineZvelocities will be correct; one will be high and the other low. In natural rivers, t
differences i fTTati T 0-
deals with the basic measurement uncertainties inherent in this component of the system.)

7.4.7 The use of crossed paths will not compensate completely for skew flow.

ional

ent error), then the path angle assumed by the system design may be taken to be cqrrect.

of the
ypical
se 14

Alarge 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.

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.
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Interleaved crossed paths are paths which cross at different elevations. This arrangement is
sometimes used to reduce the number of paths required. The number of paths is spread throughout the
channel height to try to obtain good sampling of the vertical velocity profile while attempting to achieve

compensation for skew flow.

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

7.5

Reflected-path systems

7.5.1
both |
on thg
provi

In su
trans
Figur

Key

T >
(== ="

R ré

Ch situations, a system configuration may be used that has both_transmitting a
Hucers on the same bank, communicating via a passive reflector located on the oppog

P 5).
R
/
/ N\
// N
/ \
/ AN
/ N
/ \\ 1
/ N\ .
/ \\
// N\
/ AN
// \\ A
/
B // @\/
L 1]

rection of flow
bwnstream transducer
bstream-transducer
fleCtor

NOTE

7.5.2

ﬂnjnr*h:nr‘ distance parq”n] to-the direction of flows

Total path length L = AR + RB.

Figure 5 — Plan for reflected-path gauge

The formula for calculation of water velocity is:

v=1L12x (tap - tBa) / (2 L' x taB x tga)

where

© IS0 2017 - All rights reserved

The basic ultrasonic transit time system normally requires that there be sets oftransducers on
banks of the channel. It is required that signal cables should cross the channel, either|overhead, or
 bed, or trenched into the bed. Alternatively, there may be situations in which it)is'inappropriate to
e live transducers on both banks. One bank may be inaccessible, making systém servicing difficult.

d receiving
ite bank (see
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v isth

L isth
tag isth
tga isth

L’ isth

017(E)

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

e path length (distance from transducer A to the reflector R and to transducer B);
e transit time from transducer A to transducer B via the reflector R;

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

e projected distance parallel to the direction of flow, between transducers A and B.

7.5.3 As aresult of this configuration, the paths become approximately twice as long. However, longer

paths can be
system more

7.5.4 The ¢
for the direct
reliable corré

7.5.5 A dis
to be aligned
the angular ¢
sensitive (seq

Taking into
should be ma
only be used

7.6 Systems using transponders

7.6.1 Inri
analogous to

A transpond|
When B rece
a signal from

7.6.2 Form
v=1L12x(
where
v isth
L isth
tap isth
tpa isth
%
that
14

T disadvarntage; possibly Tequiting targertransducers of atower frequency ard Taki
susceptible to propagation losses and beam bending.

onfiguration of a reflector system is not that of symmetrical crossed paths, afid it is po
ion of flow to change within the gauging section. The reflector system therefore will ng
ction for skew flow.

advantage of the reflector system is that of alignment. Not only do the transducers
but so does the reflector. Indeed, most reflector designs are such'that in at least one
eviation of the beam will be twice the misalignment of the-réflector, making it partic
 13.3).

de when consideration is given to the installation @f a reflected path system, and it s
when all possibilities for locating transducers ofvopposite banks have been exhaustg

ers, where it is impractical to install cables across the river, transponders (whig
reflectors) may be used.

fr is a system of transducers.and electronic circuits, installed as indicated in Fig}
ives a signal from A, it cadses a new signal to be transmitted from C to D. When C re
D, it causes a new signal.to be transmitted from B to A.

ula (9) below forwater velocity is derived from Formula (8):

FAD — tpa) / (@1 x tap x tpa)

g the

ssible
t give

need
plane
ularly

hccount the potential problems, careful examination.of the location and flow condjfitions

hould
d.

h are

ire 6.
reives

(9)

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

e path length (distance from transducer A to B plus from transducer C to D);
e transit time from transducer A to transducer D via the transponder;

e transit time from transducer D to transducer A via the transponder;

between transducers B and C.

is the projected distance parallel to the direction of flow, between transducers A and D plus
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D A
~~ ] 3 -
Key
1 tiansponder unit A downstream ttansducer
2 djrection of flow B upstreamtransducer
3 electronic unit C downstteam transducer
Total path length L = AB + CD. D  upstream transducer

7.6.3
exper

7.6.4
paths

7.6.5
transj

7.7

The V
chany
Both

Figure 6 — Plan for a gauge employing a transponder

In this configuration, the paths are ne.longer than for a conventional system, and so
ienced by a reflector system (see 7.5:3)are avoided.

The configuration of a transponder system can be made similar to that for symmet
it can therefore provide autematic correction for skew flow.

A disadvantage of the transponder configuration is in the complexity of the elect
bonder unit, especiallyif the system is multi-path or needs to be battery-powered.

Wireless systems (if a cable crossing is not possible)

vireless.System’s mode of operation is based on the transit-time method. On eithe
lel, autonomous systems are installed such that their line of sight is diagonal to the f|

the problems

rical crossed

ronics of the

r side of the
low of water.

systems communicate with each other by means of directional radio and are also e

GPS 1

uipped with

eceivers. The satellite data from these receivers provide high precision standard filequency and

accurate timing pulse to ensure that both systems operate absolutely synchronous. One master system
should be able to control multiple slaves. It should also be possible to set up multi-path systems, crossed
path systems and responder systems (see Figure 7).

© IS0 2017 - All rights reserved
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b) Wireless'systems — Level responder system

Key
1 system mfster system master - GPS receiver
2 system slave system slave - GPS receiver

3 water in the channel responder

N O U1

water in the channel

Figure 7 — Wireless systems

7.8 Systems using divided cross-sections

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

7.9 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.
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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 deeper on one side than the other, a horizontal path would not
sample the velocity in the deeper part. Thus, a potentially large part of the cross-sectional area
would then be assigned to a velocity measured at a higher level. To avoid this, the bottom path can
be constructed to be lower on the deeper side than on the other. The level assigned to that path will
be equal to the average level of the two transducers.

8 Determination of discharge
8.1 |Single-path systems

8.1.1| The “time of flight”/“transit time” technique described in this documeént is a velocity prea method.
Dischprge is therefore determined using the continuity equation,

Q=i x4 (10)

wherg

@ is the discharge, expressed in cubic metres per.§écond (m3-s-1);

A is the mean velocity, expressed in metres per second (m-s-1);

Al is the cross-sectional area, expressed-in square metres (m2).

8.1.2| In systems where only a single<path determination of velocity is made, or wher¢ there are a
limitgd number of operational paths,‘it'will be necessary to establish a relation between| this and the
mean|velocity in the cross-section.¥f this relation is stable, calculation may be straightforwdrd, with flow
derived as

Q=C,vA (11)

where¢ Cy is a velocityyfactor, preferably derived by gauging (calibration) throughout the flow range or
by a dalibrated médel, varying with the ratio of the path elevation to the water depth.

8.1.3| In systems where the single path is located at a depth that is representative of megn velocity in
the crjoss<section, the value of C, may be unity. It may take some other value and still be staple, or it may
vary With depth of flow. It will be necessary to establish the value(s) of function C, by calibration (see
Clause9J:

NOTE The effective number of paths is not the same as the number of paths (see 14.3.2).

8.1.4 Formula 11 can also be used to calculate flow for single-path systems utilizing the reflected-path
system (see 7.5).

8.1.5 Alternatively, the mean velocity can be determined using a velocity index rating (see ISO 15769)
whereby:

— the mean velocity is a function of the measured (index) velocity, or

— the mean velocity is a function of the index velocity and stage.
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8.1.6 For many installations with a limited number of paths, the velocity determined by the instrument
will not be the same as the mean velocity in the measuring section since in most channels the instrument
will not sample the entire flowing cross-section The mean velocity is determined using the instrument
velocity(ies). This determination is undertaken by using a relationship between the mean velocity and
the instrument velocity(ies), usually referred to as the index velocity. Velocity index relationships can
take the following general forms:

v=fa(v;) (12)
V:fn(vi ,h) (13)
where

vi is th[ instrument/index velocity, expressed in metres per second (m-s-1);

h  isthp stage, expressed in metres (m).

The cross-seftional area is determined using the stage-area relationship.

8.1.7 The ¢omputation process is summarized as follows.
The following steps are required in the velocity index rating developmernt process.

a) Developla stage-area relationship at the instrument measuring section. This can be undertaken at
any timg, usually when flows are low.

b) Undertake a series of gauging exercises over as wide a.-flow and stage range as possible. The nymber
of gauging exercises required will be dependent on~tHe physical characteristics of the site, similar
to the ddvelopment of conventional stage-discharge relationships (refer to ISO 1100-2).

c) During ¢ach gauging, the instrument stage;and velocity(ies) should be recorded at a sulitable
frequendy, e.g. 1 min intervals.

d) For eachl gauging, the discharge should be computed and divided by the corresponding ¢ross-
sectiona| area at the instrument(cyoss-section to obtain the mean velocity. The cross-secfional
areas cah be obtained from the stage-area relationship. The cross-sectional area at the instryment
site and pot the gauging site.should be used for this calculation, if they are at different locatiops.

e) The averfage instrument'stage and velocity should be computed for the period of the gauging. The
estimatgdd mean veloeity; instrument velocity and where appropriate the stage can then be used to
derive the velocity index rating.

NOTE Fufther détails on the development of velocity relationships are contained in ISO 15769.

8.2 Multi{path systems

8.2.1 General

8.2.1.1 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 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 utilize 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
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concerning the estimation of the near-bed velocity, without the need for current metering, and without
increasing the uncertainty in total flow measurement.

8.2.1.3 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 instrumentation. Flow determination should nevertheless continue to be possible, even if
uncertainty is slightly increased. The increase in uncertainty depends upon the ratio of failed paths to
operational paths. If there is more than one failed path, residual uncertainty will also depend upon the
distribution of failed paths among the remaining operational ones. If they are adjacent, the resultant

error

will be greater than if they are not.
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4 An alternative to the above integration methods is to use the measured path

irface boundary conditions. Such a form is likely to be site-specific, and requires cof
ht-metering. With this information and the cross-section geometry, the dischdrge can |

uld be remembered that the relationship can be affected by upstream’ weed grow
fore be unstable and change with the seasons.

 be used to produce a single line-velocity at that elevation®If one path fails, its pa3
alone. However, if the angles to flow direction of the twé@_trossed paths are substant
ror will be produced. Asymmetrical geometry is therefore not recommended (see 7.4
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httempt is made to establish the factor automatically, care should be taken to ensure
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reat; nor when a path is about to fail when.its readings may be erroneous.

6 An alternative method for dealing'with crossed paths is to calculate two discharg
ch plane of paths, utilizing either,;the mid-section or mean-section method. The ch
ated as a simple average of the two results. If all the active paths are operating, the
ence in the result. This method is less sensitive to path failure than one involving the

7 Multi-path configurations utilizing the reflected-path or transponder system shg
hs if they were Gnulti-crossed-path flow gauges, using either the mid-section or 1}
ds.

Mid-section method

1~ In the mid-section method (see Figure 8), each path velocity should be taken to be
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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
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value may need 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.

) 1 M

2 Gr = vy [Hs - 1/2 (Hy + Hs)] W, W
1/2(Hy+H) \om—mi—m—moooooo 5
qs=1/2v3 (Hy- Hy) W3 Ws
1/2 (Hy+ Hy) \— e e e e 6
s =172V, H3-111] W W,
1/2 (Hy+ Hy) \oo—momoo 7
qs=1/2 v, (H;- Ho) W W,
1/2(H+H)\ 8
" 3 qs =1/2 kvy (Hy - Hy) Wpeq /
0
WBed
Key
1  water surfface H height, in metres, dbove a defined datum
2 top panel H; surface height
3 bottom pgnel Hop bed height
4  path 4, hqight Hy W width of the cross section, in metres, at the
corresponding height
5 path 3, hdight H3 v velocity, in metres per second, determined by the
caorresponding path
6  path 2, hgight Hp k~, factor which relates the mean velocity of the [owest
panel to that determined by the path 1. Normally this
is between 0,4 and 0,8
7  path 1, hdight Hy qs flow in the corresponding panel or slice
bed, height Hy qr flow in the top panel which contains the Highest

working path
Total flow g =qo +q1 +q2 ... qT

Figure 8 — Example of flow calculated by mid-section method using four operational paths

8.2.2.4 Thg¢ “thickness” of the highest panel is the difference in elevation between the water sjyirface
and a point midwaysbetween the two highest paths.

8.2.2.5 Th¢ bottom or lowest panel in the vertical “stack” is defined as being bound by the line Wwhich
is midway between the lowest “active” path and the bed. The mean width of the lowest panel is the width
of the channel at a point midway between the lowest “active” path and the bed. Some interpolation of
channel geometry may be required to identify this value accurately. The mean velocity in the lowest
panel 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,
and preferably by current-metering or modelling (see ISO 748).

8.2.3 Mean-section method

8.2.3.1 In the mean-section method (see Figure 9), 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

20 © IS0 2017 - All rights reserved


https://standardsiso.com/api/?name=d0e7d446bd154a7eb7ac8eda4ff6385c

ISO 6416:2017(E)

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).

_\ 1

qs=1/2 (vs + v4) (Hs - Hy) 1/2 (Hs + W) W, 4

G5 = 1/2 (v4 + v3) (Hy - Hy) 1/2 (Hy + W) W; 5

c

R YEACRAD LR B YEA GRS w5 v}

qs=1/2 (vp+vqy) (Hy- H) 1/2 (Hy+ Wq) W, 7
qs=1/2v;(1 + Kg) (Hy - Hp) 1/2 (W + W) 8

WBed /

Key
1  water surface H height, inmétres, above a defined datym
2 width Wg W, width <of" the cross-section, in mpgtres, at the
corresponding height
3  bpttom panel v yelocity, in metres per second, deteffmined by the
corresponding path
phth 4, height Hs Vs surface velocity, given by
5 ppth 3, height H3 Vs =va + (va —v3)-ks-(Hs — Ha)/(H4 — Hp)
phth 2, height H; where ks is a multiplying factor betwepn 0 and 1 but
vs is limited to a value of v4 + (v4 - v3) [in the event of
(Hs - H4) being greater than (Hs — H3)
7  ppth 1, height Hq Kp factor which relates the velocity at the bed to that
determined by path 1; normally betwgen 0,7 and 0,9
8  bpd, height Ho qs flow in the corresponding panel or slide
gt flow in the top panel which contais the highest

working path
Again, total flowqg=qo + q1 + q2 ... qT

Fighire 9 — Example of flow calculated by mean-section method using four operatipnal paths

8.2.3J2_“A'mean panel “width” is computed from site-survey data stored in the flow cdmputer; it is
not necessarily defined by the transducer positions. Panel “thickness” is determined by the difference
in elevation between paths; for the lowest panel this becomes the difference in elevation between the
lowest path and the mean 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 for the lowest panel, to take into account the friction of the top of the conduit.

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 10).

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
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various flow conditions using current meters 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.

N\ \ /

3— N (Voo e
5 —
\ 4

Key
1  water surfface
2 measured flow
3 unmeasufed flows
4 vertical tifansducer stack
5 Dbed

Figure 10 — Installation with trapsducers in the channel

9 System verification and calibration

9.1 The tiansit-time technique provides- an absolute determination of velocity normal tp the
cross-sectior] from travel times, path~angles and lengths, without requiring any calibration (see
Clause 6). Provided that the acousti¢ pulses in the two opposite directions are transmitted practically
simultaneously, the determinationof-the path flow velocity component does not depend on the velocity
of sound.

iciple, calibratien, is required only for the computation of discharge from singlg¢-path
systems, or for situatiofis-where there are only a limited number of effective paths (see 8.1); and for
systems whefe the transducers are located in the channel at a distance from the channel banks (seg¢ 8.3).
For single-pdth and:limited path systems, the calibration is mainly related to the vertical distrihution
of the flow vglocity. This distribution is included in the measurements of multi-path systems, and|if the
paths providedsi i ici ibration.
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. In the case
of complex situations or changes to channel conditions, numerous gaugings may be required.

NOTE The effective number of paths is not the same as the number of paths (see 14.3.2).

9.3 Even with multi-path systems, where the velocity distribution is inherently well-sampled, there is
often a need for “verification” by means of an alternative method.

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.
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9.4 Single-path systems (or systems with a small number of separate operational paths) require
calibration to establish the relation between line velocity (index velocity) and mean velocity for the range
of stages likely to be experienced (see 8.1), and to conduct periodic checks to ensure that the relation
remains stable. Calibration may be achieved using current meters including ADCPs.

10 Site selection

The following factors should be considered when selecting sites for transit time ultrasonic systems.

a) Minimal alteration should take place to the natural state of the bed and banks. If significant changes
are made, it is likely that they will revert to their original state after a few years.

b) e channel should be straight as possible with banks parallel. The bed profile should pe as even as
ppssible.

) e site and cross section should remain stable over time. Locations that’are unstable should be
apoided.

d) e measuring section should be free from weed growth because this’can seriously gttenuate the

afoustic signal.

e) Inp river sections greater than 30 m wide and with a heavy-sédiment loads (>500 mg/1), a signal
propagation survey should be undertaken to ensure the acoustic technique will be suiftable.

f) e channel shall have a minimum water depth. (see Table 3).

g) If the site is subjected to an uneven velocity pr6file, then a multi path configuratipn should be
deployed.

h) e impact of entrained air in channels that are downstream of dams, weirs, waterfalls, hydraulic
jumps, mills, power plants, sewer outfalls or other potential sources of entrained gir should be
cpnsidered. A signal propagation suryey should be undertaken if this is suspected.

i) If excessive electromagnetic interference is suspected, then suitable signal screening should be
diiscussed with the supplier.
j)  Almains power supply near-to the site would be advantageous, while not essential, this is likely to

improve resilience of the site.

k) Epsy access to thesite during construction, repairs, regular verification or quality control visits is
epsential.

11 Sjite survey — Before design and construction

11.1|General

Detailed site survey work should be carried out to evaluate the risks to system performance that might
arise from each of the constraining factors outlined in Clause 10 and their possible effect upon overall
system performance should be known before gauge design is undertaken.

11.2 Visual survey

A visual survey should be undertaken on both banks of the watercourse, for an appreciable distance
upstream and a short distance downstream of the potential site, to check that no obvious hazards to
system performance are evident.

The factors of interest include

a) water-level range,

© IS0 2017 - All rights reserved 23


https://standardsiso.com/api/?name=d0e7d446bd154a7eb7ac8eda4ff6385c

ISO 6416:2

017(E)

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,
g) river traffic,

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

j) land ownership,

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

1) velocity profiles,

m) access fdr construction, operation and servicing,

n) mains p¢wer and PSTN availability and

o) GSM sigIal for modem connection.

11.3 Survey of the cross-section

The cross-se

allow, the sufrvey should extend from as much as 10-channel widths upstream to two channel w

downstream
results of crg

11.4 Surve

For many channels, it is obvious whether there is likely to be skew flow or an unusual ve

distribution,
of confidenc
conditions aj
should be ca

path configufration is required. The survey may be done using an ADCP device with the capabi

measure bot

Some ADCP
bed section

Ction of the proposed measurement section should be surveyed thoroughly. If circumst

. No fewer than three cross-sections should be surveyed, but more are preferable
ss-section surveys should be compared for evidence of bed and bank stability.

y of velocity distribution

and the optimum eenfiguration of paths can be specified with a reasonable

e. However, often this“is not the case, for example in natural rivers where the ap
e not constant far-sufficient distance. If such doubt exists, a detailed velocity profile s
Iried out at thie potential site early in the design process, to ascertain whether a cr¢

h the velocity distribution and the channel profile.

levices-have the additional capability to carry out a 3-D bathymetric survey of the

ances
ridths
2. The

locity
egree

oach
urvey
ssed-
ity to

whole

vithin the proposed measurement location.

11.5 Survey of signal propagation

For measurement locations where a higher risk of signal attenuation is considered possible, a sound

propagation

survey should be undertaken.

12 Operational measurement requirements

12.1 General

To calculate discharge, an ultrasonic transit time flow gauge requires the input of a number of different
items of information; it should contain a means of
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storing details of the relation between water depth and cross-sectional area,
determining the water depth or stage and

determining the water velocity for each path.

In addition, it should be capable of executing the mathematical functions necessary to calculate flow
from the relevant stored and directly determined data.

The manner in which these are accommodated will depend to some extent upon the detailed design of

the in

strumentation itself, but all are essential to the process of determining flow.

12.2
The e

Basic components of flow determination

ksential components in the computation of flow are

a) t]:e variables of water velocity and depth; which are provided by the specialized instrumentation and
b) the constants of bed elevation and cross-section widths throughout, the wetted dross-section,
which are provided by survey during system commissioning.

All thle data in the system are subject to measurement uncertainty((see Clause 14). How

const|
(waté
syste

Therg
bed 1

Trans
perio

12.3
The ¥

instrumentation.

Each

as po
flow

of thd
featu
comp
availa

ants (e.g. channel width and bed elevation) or data derived by reference to some
r depth), require particular attention during the opetational life of the gauge
matic errors.

should be provision in the system design for relatively stable data (cross-section wid

ducer locations should not normally be_subject to movement, but it is prudent to reg
Hically.

Water velocity determination

vater velocity determination’is normally the primary function performed by t

hdequately submergedpath should be sampled as frequently as possible, and over as
ksible, commensurate with the need to obtain a computed result before a significa
fan occur. A well=engineered system should be capable of executing at least 30 cof
entire transducer array per minute. Multiple sampling of individual paths is an ess4
‘e, since there is a relatively high likelihood of any single sample failing, for some reas
ptation-of“individual path velocities is to be attained, then a large number of samp
ble for-averaging.

ever, system
fixed datum
to minimize

Ith and mean

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

survey them

e ultrasonic

long a period
nt change in
nplete cycles
ential system
on. If reliable
es should be

All t

I thmpropd nnfhc in a multi- anh system should be cqmn]pd cpmmnfm]]v atar

hite sufficient

to ensure that no 51gn1f1cant changes in flow occur during the tlme taken to carry out one complete
measurement cycle. It may be detrimental to transducers to “fire” them when they are out of the water,
and the system design should allow for those that are above water level to be inactive.

In multi-path systems with very long paths, the transit time could limit the cycle rate. Though paths
should be sampled sequentially, it is possible to start one before the previous transit is finished without
causing confusion.

12.4 Determination of water stage or depth

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

© IS0 2017 - All rights reserved 25


https://standardsiso.com/api/?name=d0e7d446bd154a7eb7ac8eda4ff6385c

ISO 6416:2017(E)

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 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).

This function may be incorporated within the ultrasonic instrumentation, or may be derived from
separate instruments. The variable is normally derived in surrogate form. The actual determinant
is normally the water level, relative to a fixed datum. The relationship between this datum and the
assumed megn-bedHevelthesansecross—seetionsnormaty-takerasasystemconstantAsindicated
in 12.2, this|datum relationship should be checked periodically, since its stability depends,ipgn the
stability of the channel bed. Any one of a wide variety of available water-level measuremefit,methods
conforming fo ISO 4373 may be used.

12.5 Determination of mean bed level

12.5.1 Mear] bed level refers to the mean elevation of the channel bed within“the area bounded by the
banks of the|channel and the upstream and downstream transducer arrays(This can be determirjed by
surveying a jumber of cross-sections within this area.

The accuratg determination of mean bed level of the river sectionin‘the measuring reach is essential
for the accufate estimation of discharge. Therefore, it is important that bed surveys are underftaken
prior to comjmissioning a site and then followed up by regularsurveys. The following specificatfion is
generally rejommended.

At each site, § minimum of 7 cross-sections (6 cross-sectiens for uni-directional sites) should be carried
out. These will include:

a) one crosg-section at right angles to the banks-at the upstream transducer rack(s);
b) one crosk-section at right angles to the banks at the downstream transducer racks;
c) three crgss-sections equally spaced.between the cross-sections referred to in a) and b) above

d) two diagonal cross-sections along the line (flight path) of the bottom transducers (only ¢ne is
required at uni-directional sites).

It is not essg¢ntial, but is often’ advantageous, to also survey several cross-sections upstream pf the
measuring reach since this-¢an provide useful information on approach conditions, e.g. shoals, which
could create [strange flowpatterns.

12.5.2 The nethod of estimation of mean bed level varies between hydrometric practitioners. Thejmean
bed level can/bE-estimated in one of three ways.

a) Take all the survey points below the lowest flight path and calculate the arithmetic average of
these, i.e. the arithmetic average level in the rectangle defined by the banks and the upstream and
downstream transducer racks.

b) Estimate the mean bed level for each cross-section by dividing the area by the surface width and
calculate the average of the mean bed levels determined in this manner.

c) Estimate the mean bed level solely using the cross-section(s) along each transducer [flight path
line(s)] by determining the area and dividing by the water surface width to obtain the mean bed
level. The argument in favour of this method is that you are measuring the cross-section along the
line of velocity measurement/measuring cross-section, i.e. this is the actual velocity measurement
section to be used when applying the continuity equation.
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The latter method is the most hydraulically correct since the mean bed level estimate is based solely on
levels along the line of the measuring cross-section(s).

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.

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.

12.6|Channel width

Channel width is not continuously measured, but is ascertained by conventional ]aad surve
and thereafter exists as one or more system constants, entered into the computation syst
a sysflem set-up procedure at the time of commissioning.

The

easurements of channel width may sometimes be mathematically derivable from m

lengths and angles. If the sides of the gauge cross-section are, in fact,"defined by the civi

work
defin

If, on
then s

5 upon which the transducers are mounted, then the width<ef the flow cross-sectiol
bd in this way.

the other hand, the transducer locations do not define'the lateral extremities of the @
eparate measurements of channel width are necessary.

The channel width should be checked periodically (although not as frequently as bed geon
degree of accuracy (better than 0,1 %) is readilycattainable in the determination of distd
resorfing to unusual methods or equipment. This degree of accuracy should be sought s

path

ength is one of the fundamental system-measurements. The basic ultrasonic flow-1

technfique can accommodate quite varied\channel bank geometries. Individual paths in

syste

m can be of different lengths and-¢an’intersect the mean direction of flow at different

physifal design of the gauge demands'it.

13 Gauging station equipment

13.1

13.1.

General

I The equipmeént of a gauging station consists of
ppirs of¢ransducers located at the ends of each velocity path in the gauge configuratia

ope-ormore water depth or stage measurement device,

y techniques,
bm as part of

basured path
engineering
h can also be

ross-section,

etry). A high
nce, without
nce acoustic
neasurement
a multi-path
angles, if the

flow computer unit, connected to the transducers and depth device and

recording or telemetry equipment, which may be integral with the flow computer system.

13.1.2 The flow computer performs the following operations:

a)
b)
‘)
d)
e)

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

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

energizes the transducers in sequence;
receives the resulting signals which have traversed the paths;

performs tests on the signals to determine whether they are acceptable;
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f)

receipt of a signal at the other end of this path;

g)

in the same path, computes path velocities for all paths in use;

h)
1
j)

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

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

measures the times of travel between the energizing of a transducer at one end of a path and the

using these measured times, and also the differences in times between forward and reverse signals

13.2 Desig
13.2.1 Trar

13.2.1.1 Thd
short high-v
between 6 cyj
a) the sign
frequeng

the min
greater t

b)

the timi
charactd
signal. T
matched
after the

13.2.1.2 The
sound pulse.

h and construction of equipment
sducers

b transducers are usually operated in a pulsed mode. They are stresséd electrically
Itage pulse and then allowed to emit. They are mechanically dampedso that they en
cles and 20 cycles. The transducer characteristics are chosen such.that

hl attenuation (described in 6.2.3) is acceptable. Generally the lower the characte
y, the lower the signal loss;

mum depth criterion (see 6.2.5.2) is met. The loweinthe characteristic frequenc
he required depth of water above and below the path;

g accuracy needed to resolve the minimum floew is achieved (see 13.9.7). The low
ristic frequency, the greater the uncertaintyiin defining the exact time of arrival

he degree to which the exact frequencies afithe transducers at either end of each pa
is also critically important, especiallyf the signal detection method involves dets
first half-cycle of the signal waveform.

b diameter of the transducer is directly related to the width of the cone of projection
The larger the diameter, the flarrower the cone and hence the greater the energy den

the sound pullse. Cone width is also related to frequency; the higher the frequency, the narrower the

In general, th

e cone angle, expressed-in degrees, of the sound pulse is equal to arc sin S.

thé.transducer frequency, in hertz;

r by a
hit for

ristic

y, the

br the
bf the
th are
ection

of the
bity of
cone.

(14)

370
QT
where
f i
d

is the diameter of the transducer, in metres.

13.2.1.3 The design of the transducer mountings should allow for

a)
b)

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

<)

the mounting itself,

d)

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

accurate alignment, to the nearest £1°, in the vertical plane, preferably integrated in the design of

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.
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13.2.1.4 The mountings should be designed so that:

a) any build up of silt does not obscure the ultrasonic path;

b) siltand debris can be removed without undue difficulty;

c) 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;

d) the transducers are not easily misaligned or damaged by debris, the passage of boats, unauthorised
interference, frost or ice;

e)

f) their shapes do not cause air to be trapped in the water in front of a transducer, @t any stage in the

easurement range over which it is required to operate.
13.2.2 Transducer cables

Where suitable impedance matching circuitry is used within the flow €emputer unit, it 1
elimipate the problems normally associated with different cable lerigths between the fl
and l"

intro

Wherje impedance matching is not available but the cables bétween the flow computer and
are shorter than 100 m, and of different lengths, there\s a potential problem with
electijonic signals causing distortion, resulting in serious differential timing errors. The

transducers. However, if this is incorporated, it is important that asymmetrical d¢

s possible to
bw computer
tlays are not

uced by poor matching of the electronic circuits. There could also be a cost implication.

transducers
reflection of
be errors are

most pignificant for small channels or low water veloCity.

This problem can be avoided by ensuring that the\lengths of the cables to the upstream and downstream
transfucers for a given path are of the same length (2 m).

13.3 [Reflectors

13.3.1 Two types of reflector may.be used in situations where this variant of the method iqappropriate.
They may be flat (see Figure 11() or of angular construction (see Figures 12 and 13). Both devices reflect
sound pulses according to thesnormal laws of optical reflection.

13.3.
extenfls the full depth)of water. However, if vertical temperature gradients exist, the acoust
be bent, and the.condition illustrated in Figure 11 will occur. Only rays normal to the re
horiz

13.3.
capahleZof functioning at sites subject to a small temperature or salinity gradient. Hows

P The flat reflectornis most suited to channels with vertical banks, where a single she

bntal plane,will be reflected towards the receiving transducer.

B The angular reflector (see Figures 12 and 13) is suited to channels with sloping

bt of material
ic beams will
flector in the

banks, and is

ver, 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
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mistaken for the correct signal (see also 13.5.3). Note that Figure 12 only indicates the signal “B to A”. To
obtain a complete determination, the signal “A to B” is also required.

Key
1
2

NOTE Onlly the ray which is normal to the reflector will be reflected backto‘the receiver.

~ W N

30

transducgrs
flat plate feflector

Figure 11 — Flat reflector showing effect of temperature gradients

beam curj€d-by temperature gradient

direction of flow
receiver
transmitter
reflector

Figure 12 — Angular reflector showing effect of temperature gradients
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Key

1 chamfer edge

2 njinimum possible radius

3 chamfer edge

4  incident and reflected beams travelling in the same direction

Figure 13 — Detail of angularreflector

13.3.4 Both types of reflector should be aligned accurately. The flat reflector should be vertical;
otherpise, the depth at which the signal is reflected becomes uncertain. The uncertainty in this case is
equal|to:

05 Ltan

wher¢
a is the angle, in degrees, between the reflector and the vertical;
L is the path lengthjin metres.

An erfor of 0,3° in verticality, on a total path length of 100 m (across the channel and back),|would result
in reflection of the acoustic signal at a depth 0,26 m different from that required, and wquld preclude
the operation of a path that was set at 0,3 m below the water surface.

The afcuracy of'yertical alignment is less critical in the case of the angular reflector. Errorf up to 5° are
unlikely to inhibit operation (see Figure 13).

13.3.5 “The accuracy of alignment required in the horizontal plane is related to the horizontal length of
the reflector; the longer the reflector, the less critical is its horizontal alignment.

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/f) mm,
where fis the acoustic frequency (in hertz); otherwise, the signals will pass through the reflector, and not
be reflected (i.e. at least 4 mm thick 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 an indeterminate period.

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 sj:lall be carried out with the greatest precision. Errors in the detection process lead to ¢rrors
in the determination of velocity. In particular, it is the difference in transit times that is significant,
especially when the path length is small and/or the velocity low.

Distortion of the signal, for example by ultrasonic or electronic reflections, or interference fr¢gm an
external eledtromagnetic source can create uncertainty in the detection time. Atteriuation of the signal
can also confuse the detection circuitry. The design of the flow gauge should minimize these effects,
and ultimatdly cause the gauge to fail to a definite recognizable state whenit’ can no longer detect
correctly with certainty.

If the resolufion of the electronic timer used to measure the transit times is too low, the uncertainty
in the watertvelocity determination may be increased. However, the/transit times vary randomly as
a result of wlater turbulence, and the water velocity is computed from the mean of a large numper of
readings. Therefore, the required time resolution of e.g. 10 ns.can be achieved with a timer haying a
resolution of|perhaps many tens of nanoseconds.

13.5.2 Signpl-to-noise ratio

13.5.2.1 Eldctromagnetic interference

To reduce the effect of interference and improve the signal-to-noise ratio, it may be necessdry to
design the system so that the signal amplifiers are located close to or integral with the transdjicers.
Alternatively, balanced feeder connection to the transducers may be employed. Decisions on |these
techniques dre governed by the results of the site survey, as well as by the overall design ¢f the
instrumentafion itself. Care should\be taken over the earthing (grounding) of screened and armpured
cables, and eppecially over bankcside electronic units, otherwise damage from lightning may be unduly
frequent. In|general, earthing,(grounding) should be effected at one point only (at the instrgment
housing), and all remote-gquipment and transducers should be isolated from earth (ground) with
insulation capable of withstanding not less than 2 000 V.

design; otherwise, the use of such amplifiers should be avoided. The amplifiers shall be designed or set
up either wi ; i tat-delays
allowed for in the processing 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 pass band 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
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transducers), the differential delays may be significant compared with the transit time differences.
These shall be taken into account as described in 13.5.2.1, or else the use of such filters should be
avoided.

13.5.3 Signal maintenance (gain control)

When signals are attenuated by sediment loading, seasonal weed growth, 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
hundfeds of percent could result.

The receiving amplifier shall be able to cope with the resulting large dynamic range of 3ignal. In practice
this may be difficult without it becoming saturated when conditions are such thatithe afttenuation is
smallf The saturation could lead to timing errors which would be serious in many applicatjons.

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

Wher] using an AGC, increasing the gain increases the interfering noise-while attempting to maintain
the signal. In order to cope fully with signal attenuation in the presence of noise, the trarisducer drive
voltage needs to be set to maximum.

The cpntinuous use of maximum transducer drive voltage may be undesirable for the folloying reasons.

a) ere may be a detrimental effect on the operating life of the transducers.
b) e “dead time” which occurs after the transducer is energized may be incredsed. This is
pprticularly important when using transducers for depth measurement, since it defermines the
inimum depth of water that can be measuted.
c) The power consumption may be increased. This may be significant for systems designed to operate

A sysfkem of automatic adjustment of the transducer drive voltage to compensate for sig
varia
becayse the gain would thenneed to be set to maximum to cope with the worst case,
the system susceptible to jnterference. A combined system, using an algorithm to adjust
and transducer drive valtage, may be desirable. This would optimize the signal-to-noisg

oh batteries.

ions may be employed. It.istunlikely that this would be acceptable if used alone wit

nal strength
hout an AGC,
thus making
poth the gain

ratio, while

mainfaining a minimum'drive voltage.

13.5.4 Signal detection

13.5.4.1 ,General

Havingproduced as good an electronic version of the ultrasonic signal as possible, the nextiprocess is to
translate the point of arrival to an accurate time scale. The most important thing is the time difference,
so the process applied to signals being received in both directions shall be identical. It is necessary
to wait until a recognizable part of the waveform is received, usually after not more than a complete
wavelength. To wait longer is to risk distortion from reflections from the water surface (see 6.2.5), and
to suffer an increased uncertainty due to mismatch of the characteristic frequency of the transducers
at either end of a path (see 13.2.1).

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
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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.

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.

a2 analucic
prpCatary oty

13.5.4.3 Sh

The simples | in a

prescribed s

[ detection process should have at least three thresholds, which shall be passeq
pquence for the signal to be considered detectable with confidence.

In critical applications, more complex methods of shape analysis should be employed;.These woiild be
expected to Involve digitization of the whole or a substantial part of the received signals and rea| time
mathematicql analysis to determine the time of arrival of the first cycle or, alterhatively, the invglidity
of the signal.

13.5.5 Posttdetection filtering

an be
efore
order

Once the sighals have been converted into transit time and time differences, water velocities d
computed. Many samples should be used in the velocity calculations to reduce random effects.
inclusion in tfhe calculations, the measurements from each ultrasonic path should be examined in
to reject any|[spurious results which may have passed the detection process.

The criteria
a)
b)
c)
d)

lepend on the particular site, but should inglude
excessive deviation of water velocity from an absolute limit expected for the path,
excessive rate of change of velocity compared with previous determinations,

excessive difference from other paths;

path tirr:[l-lng corresponding to anranomalous velocity of sound.

The algorithin for accepting or rejecting results shall be very carefully designed to ensure that the system

does not acce
when a rejec
criterion - cd

Apparently
data fail thes

pt spurious results\while rejecting good ones. In particular, the start-up conditions or
ed path is beingye-introduced are critical. Special care shall be taken in respect of the
mparison bétween paths - when a small number of paths (e.g. less than 4) are in use.

alid data'should also be rejected if they are obtained during periods when the majo
e tests:

those
third

ity of

13.6 Syste

1LE 1 h L
I SCII-CIICCRINE

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 correctly 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;
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d) theringing 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.

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
al‘ld C ldllllUl dilllUllbiUllb WlliLh Llle SYSLCIII ib dcaigucd L0 buiL.

The list is likely to include the
a) number and type of depth gauges,

b) elevation of depth gauges,

c) elevation of channel bed,

d) afceptable range of depths,
e) number of velocity paths,

f) u[‘;its of flow to be computed,
g) aperaging period for data,

h) individual path elevations,

i) ipdividual path lengths,

j) imdividual path angles or factors related to these angles,

k) channel widths at various eleyations,

1) afceptable 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 $urface,
n) depth of water above a path before it is brought into operation,
o) fixed delay times (in transducers, cables, transmitter- and signal-detector electronics],

p) delay testtimes.

13.8|Clock and calendar

A means should be provided to mark data collected by the gauge with time and date, using an on-site
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 document, and those of current technology.
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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 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 need 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 stipullated.
Likely maxima are 35 °C, 50 m and 1 500 mg/1 respectively. The presence of bubbles shall bé avoided.

13.9.4 Mechanical environment
Indications df possible shocks during transportation to site should be provided tgthe system designer.
The system design shall incorporate packaging for transportation to suit thetspecified conditions

Transducer mountings should be specified to withstand expected watex, velocities, impact by debris
and boats, and the effect of ice.

13.9.5 Extrpme environmental conditions

The extremefs of environmental conditions likely to be encountered during storage or transport should
be given. Thegse should include temperature, humidity and:-barometric pressure.

13.9.6 Power source

Ultrasonic flpw gauges are generally designed\to-be powered from an external source. This is pqrtly a
matter of the historical development of the techhology and partly because the size of batteries neegled to
support unajded continuous operation foinextended periods is excessive. However, in modern sydtems,
battery backrup facilities to cover periods of short-lived mains failure are available, and small syftems
of a few patl}s are available with battery packs which can be run conveniently for reasonable pé¢riods
from high capacity cells and solar{panels.

13.9.7 Meapurement uncertainty

The elements of total System uncertainty that are specific to electronic instrumentation relate to
timing, interfference-effects, and the degree of sophistication in the algorithms used to compute|flows
from the badic data.:The number of paths provided and their layout may be more important thgn the
electronic aspects.

Most systems can determine time differences to +30 ns. With more sophisticated transducer firing,
receiver design and signal detection methods +3 ns can be achieved, but such sophistication is normally
only needed in small systems having path lengths less than 15 m, and short distances (a few hundreds
of metres) between transducers and supporting electronics.

The uncertainty in the computed water velocity U,, in metres per second, due to timing errors can be
estimated by inserting the manufacturer’s certified figure for timing uncertainty U; (e.g. 5 ns) into

Formula (15).
Uy=Usx14502/(L x 2 cos6) (15)

where L is the path length, in metres.
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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

circui

ts.

13.10 System output

13.10.1Local display

The system instrumentation design should provide, as a bare minimum, data output capability and a

displa
watet
such

13.1¢

level and computed flow, and may incorporate the facility to call up for display oth
s individual path velocities, individual water levels and diagnostic data.

.2Local record

It maly be appropriate to provide a continuous record of level, flow and. diagnostic da

recor
devic
Whern

Her or data logger. The logger may be either an integral part of the‘electronic unit
e which is connected to it by an analogue or digital (RS2324, RS485, BCD parall
ever possible and appropriate, an indication should be proyidéd that alerts gauge

v of important system information at the gauge site itself. This should include a digital display of

er variables,

fa on a local
br a separate
el) interface.
operators or

users|to the presence or past occurrence of data errors or gaugefatlt conditions (see 13.5 pnd 13.6).
Such fin indication should include

a) slgnal travel times outside the expected range,

b) ekcessive time differences,

c) ekcessive number of signals failing the tests\detailed in 13.5.4,

d) ah indication of signal amplitudes.

13.10.3Remote record

The game output facility that-could support a local data recorder may be used to feed a more
sophikticated device capable/oftelaying gauge data to a remote location. If the equipmént on site is
battefy-powered, the telemetry system can be used to switch it on only at such times as flow data are
requifed, thus enabling thelife of the batteries to be extended.

13.10.4Diagnosticinformation

Well-flesigned\ ultrasonic instrumentation should enable appropriate diagnostic data [to be easily
obtaihed in_real time by a user on-site or remotely, using a telephone, modem and PC, without the use
of spé¢cialized electronic equipment. It should be possible to display such information, a

d it may be
helpfulto be able to record it, either locally or remotely. In

This facility should also permit the user to inspect and edit the site-specific data (parameters). A
security 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) pathlengths: 0,1 %;

b) path elevations: 10 mm or better;
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d)

f)

13.12 Commissioning

stage or

water-depth sensor datum;

bed elevation, averaged over the gauged section;

NOTE 1

angle be

NOTE 2
upon the

transduger alignment, both vertical and horizontal (generally to +2°).

13.12.1

consistency 4nd, if required, verified by comparison with an independent determifiation of flow.

Errors in the determination of bed elevation produce a proportional error in the computation of
flow in the panel that contains the lowest path in a multi-path system. In a single-path system, the resulting
error is proportional to depth.

tween the mean direction of the channel banks and each path;

An error of 1° will generally result in an error of 2 % to 3 % in velocity determination, depending

angle (see Table 1).

Following installation, the performance of the gauge should be chécked for elec

fronic

using

water

n an

L such

13.12.2 The following electronic elements and computations shall bg verified as correct,

instruments puch as oscilloscopes, pulse timers, thermometer and calculator:

a) individupl transducers connected as expected and operated in.théir correct order;

b) acceptaljle amplitude of interference;

c) signal dglay times;

d) signal amplitudes, with waveforms correctly phased;

e) determipations of travel time, as compared with those expected from path lengths and
temperagure;

f) determinations of time differences, ‘as compared with received-signal displacement ¢
oscillosdope;

g) for systegms using reflectors, use.of only the correct signals, and rejection of other signals;

h) computdtion of path velocity from path length, time and time difference;

i) computdtion of depth;

j) computdtion of flow{from velocities and depth;

k) computdtion 6fflow, when various combinations of paths are faulty;

)
as the presence of boats, power supply failure and interference;

m) electronic systems operate in accordance with the manufacturer’s factory acceptance test levels.

13.13 Operating manual

A comprehensive operating and service manual, giving full instructions, and where necessary
illustrations, shall be supplied with each system. The manual should include any maintenance and fault-
finding information deemed desirable. A list of recommended spare parts should also be provided.

38

© ISO 2017 - All rights reserved


https://standardsiso.com/api/?name=d0e7d446bd154a7eb7ac8eda4ff6385c

ISO 6416:2017(E)

13.14 Maintenance

13.14.1 The objectives of maintenance are
a) toreassure the user that the flow data produced by the gauge lie within the expected uncertainty,

b) torepair any faults or deterioration in the equipment which impair, or might be expected to impair,
the operation of the gauge,

c) to identify the cause of any spurious or apparently spurious data that may have been observed, or
of real or apparent transitory equipment faults that may have been noted.

13.14.2 The mean time between failures (MTBF) in the instrumentation of a typi¢al ultrasonic
gaugd (including transducers and electronics) may be expected to be greater than one'year. In addition,
failures may occur as a result of vandalism, loss of power supply, or the obstruction ef'transdycers or paths
by deposition of silt or debris. Self-checking routines in the system, described,in.13.6, car} indicate the
presehce of such faults often before they have reached a level likely to impair théperformancg of the gauge.

13.14.3 All data recorded by the gauge should be inspected as soen as possible after collection,
to deg¢ide whether suspect or obviously spurious values are present;-or if periods of malfunction have
occurfed. If the data from the gauge are not recovered by telemetry,.it should be visited regularly, and any
fault Indications noted. The interval between site visits should-be’consistent with the period for which
loss off data are acceptable to the user.

13.14.4 In the course of routine site visits, or-inspections of telemetered data, the following
shoulf be observed and noted:

a) the malfunction of any path, as indicated by the built-in system self-check facilities;
b) the ultrasonic pulse travel times;

ese should be compared with-expected values for the current water temperatufe; this is of
pprticular importance with reflected-path systems, where signals from different reflgctors may, in
aflverse circumstances, be misinterpreted by the system electronics.

c) the proportion of successful to unsuccessful determinations of signal timings;

d) diiscrepancies between depth measurements if more than one depth sensor is uged, and any
diiscrepancies between the water depth recorded by the gauge compared with that inglicated by an
imdependent determination (e.g. a staff gauge);

e) the individual water velocities for each (fully submerged) path, noting their relative cgnsistency;

f) the vaviability between successive velocity determinations, each averaged over a short period
(¢.2.-10 s);

NOTE Excessive variability (e.g. £20 %) almost certainly indicates an equipment fault.

g) theindividual received-signal amplitudes.

13.14.5 In the absence of any indication of deterioration, detailed inspections of the equipment
to identify deterioration should be made at intervals not exceeding 12 months. Such inspections ideally
should be scheduled to coincide with times of extreme water stage, flow or weed growth. At high stage
values, the operation of paths not normally submerged may be checked. At high flow, the effect of loading
with suspended solids will be apparent (although the extreme normally occurs during the first flood after
a low flow period). At times of high weed growth, skew flow as well as obstruction may be observed. At
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low values of stage, skew flow may be present. Any timing errors in the electronic equipment are most
easily detected at low velocity (preferably zero).

The inspection should take the form of

a) achannel bed level survey, and if necessary, recalculation of mean bed level,

b) acheck that all site specific data (see 13.7) are correctly installed in the gauge,
c) acheck on the electronic system, as indicated in 13.12.2, items a) to i) inclusive,

d) a visual check of the transducers, and of the amount of weed or debris which might obstruct the

ultrasonfe—sigrats—trthechanrelagutdetothedegreeof prevatentsigmatobstructionrwill be

availablg¢ from the results of signal amplitude observations;

e) acheckgn the flow by an independent method should be made periodically, e.g. by current metering
(see Clause 9). If conditions are liable to change, the interval between such checks'should be less
than 12 months. The cause of any discrepancy should be investigated.

The verificafions indicated in 13.12.2, items j) to 1), relate to the performance of’the gauge soffware
and, in a well] proven gauge design, this is unlikely to change.

13.14.6 If any of the checks carried out under 13.14.5 should fail; or if the gauge is known to
be faulty from inspection of the data record or as a result of a siteisit (see 13.14.4), the assigtance
of a qualifiefl electronic technician should be obtained. The techunician should be familiar with the
site layout of the gauge, understand the hydraulic behaviour ofithe watercourse, and have reg¢eived
formal mainfenance training provided by the manufacturer or<upplier of the gauge. It should be the
responsibility of the technician to repair the faults, to warn of‘any uncorrected equipment deteriofration
and to reconjmission the gauge [see 13.12.2, items a) to i)dnclusive].

14 Measurement uncertainties

14.1 Genenal

Hydrometrid uncertainty estimations §hall be undertaken in accordance with ISO/TS 25377 (hereafter
referred to af the HUG). Additional information is given in ISO/IEC Guide 98-3 (hereafter referred to as
the GUM).

14.2 Definftion of uncertainty

All measurements of a.physical quantity are subject to uncertainties. These may be due to systematic
errors (biasg¢s) in the'equipment used for calibration and measurement, or to random scatter cpused
by, for exaniple, a-lack of sensitivity of the equipment used for the measurement. The resulf of a
measurementthts is only an estimate of the true value of the measured quantity and therefpre is
complete onl i i i

The discrepancy between the true and measured values is the measurement error. The measurement
error, which cannot be known, causes an uncertainty about the correctness of the measurement
result. The uncertainty is expressed quantitatively as a “parameter, associated with the result of a
measurement that characterizes the dispersion of the values that could reasonably be attributed to the
measurand” (see the GUM). The GUM further states that the parameter may be, for example, a standard
deviation or the half-length of an interval having a stated level of confidence, and that all sources of
uncertainty, including those arising from systematic effects, contribute to the dispersion.

The measurement error is a combination of component errors that arise during the performance of
various elementary operations during the measurement process. For measurements of composite
quantities that depend on several component quantities, the total error of the measurement is a
combination of the errors in all component quantities. Determination of measurement uncertainty
involves identification and characterization of all components of error, quantification of the
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corresponding uncertainties, and combination of the component uncertainties. The uncertainties are
combined using the statistical rules for combining standard deviations, giving proper consideration
to correlations among all of the various sources of measurement error in order to account for both
systematic and random errors. The resulting uncertainty values are termed standard uncertainties;
they correspond to one standard deviation of the probability distribution of measurement errors.

The GUM states that uncertainties of any measurement shall be determined to one standard deviation.
The uncertainty at one standard deviation is referred to as the “standard uncertainty”.

One standard deviation equates to a confidence level of about 68 %. The uncertainty at two standard
deviations is tw1ce the standard uncertalnty Therefore if the standard uncertamty is estimated, it can
then o confidence
level.[This multiplying factor is referred to as the “coverage factor”. If the uncertaintyis [expressed at
three|standard deviations (approximately 99 % confidence level), the coverage factorwould be three.

Wher] stating uncertainties the confidence level or the coverage factor i.e. thémumber| of standard
deviafions should be stated.

EXAMPLE If the uncertainty was calculated to be 8 % for an estimated discharge of 55,1 m3-9-1 at the 95 %
confidence level, the statement of uncertainty is stated as:

Disdharge = 55,1 m3-s-1 with an uncertainty of 8 % at the 95 % confidence level based on a coverage factor of k = 2

Aninfroduction to uncertainty is contained in Annex A. This ineludes a description of Type-A and Type-B
uncerjtainties and probability distributions that are relevanttothydrometric uncertainty apalysis.

14.3 |Uncertainty in discharge

14.3.1 Uncertainty equation

The fpllowing equation may be used to estimate the uncertainty in discharge for a time of flight system
wher¢ the mean section or mid-section (see-8.2.2 and 8.2.3) are used to determine the dis¢harge:

Up = [Up? + 1/p (U2 + Uy?2 + Ug?)]LL2 (16)

where

)
S

is the uncertaintysin integration consisting of the limited number of effective (see pelow) paths
(p) used (fromISO 748:2007, Table E.4) and the method of computation (see 13.12|2);

is the nurmber of paths;

[l

v is théxincertainty in the line velocity (see below);

U 1s the average uncertamty in the channel w1dth determlnatlon (see below) the channel width
avera ars; the width
measurement is assumed to be taken at rlght angles to the dlrectlon of flow/banks

Ug isthe uncertainty in depth measurement i.e. water level relative to mean bed level

If a velocity index rating is used to derive mean-velocity and thus determine discharge (see 8.1), then
the methods for deriving uncertainties in discharge estimates using velocity index ratings should be
applied.

If the mid-section or mean-section methods (see 8.2.2 and 8.2.3) are used to compute the discharge,
the uncertainty for the depth of each slice should ideally be treated separately. However, in reality it is
usually sufficient to consider the uncertainty in the overall depth measurement relative to mean bed
level in the measuring cross-section. As modern water-level measuring equipment should be capable of
measuring and recording the water level to within +3 mm to +5 mm (at two standard deviations), the
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largest component of the overall depth uncertainty is usually the uncertainty in the determination of
mean bed level.

The above equation should be applied to at least two or three different flow conditions, e.g. low, medium
and high, since the uncertainty varies with stage and velocity, and is also dependent on the number of
operational flight paths.

14.3.2 Effective number of paths

Some “transit-time” ultrasonic installations, particularly if paths are crossed, may have several paths
at effectively the same level or relatively close together. In such instances it may not be appropriate to
use the tota} uuulbc1 Uf lJClthD tU dCtCl lllillc thC UuriccI tcuut_y ;ll ;utcsl at;uu, duc tU thc };lllitcd 114 mber
of paths. Therefore, some professional judgement may be required in order to determine an,effective
number of paths. For example, if there are two operational paths in a cross-path system at\the[same
elevation, th¢ ffective number of paths would be one.

14.3.3 Unce¢rtainty in the line velocity, Uy,

Formula (3) may be written:
viv = LAt[2¢t2 cosO (17)

where

t  =(tA +tBa)/2;
At =tap - tea
From this, the uncertainty Uy is:

Uy = (UL} + Uat? + 4U72 + Ucose?)1/2 (18)

where

U, isthe uncertainty in the path-length;

Uar  isfhe uncertainty in thetransit time difference
(dpe to averaging thisis sometimes assumed to be negligible);

Ur  isfthe uncertainty in the transit time (often negligible);

Ucoso is fhe uncértainty in the path angle allowing for skew or oblique flow (see Table 1;
for example for an angle of 60° the uncertainty is +3 % for +1° of skew flow).

14.3.4 Uncertainty in the chiannel width estimation, ¥,

If the channel width at each transducer path level is determined by direct measurement, the uncertainty
will be the average uncertainty in the individual width measurements. This will be dependent on the
survey technique used and the physical characteristics of the channel.

If the width is obtained by resolving the path length using the angle of flow relative to the “flight path”,
the uncertainty in the width will also be a function of the uncertainty in cosé, thus:

Uw = (U2 + Ucosp?)1/2 (19)
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14.3.5 Examples of uncertainty estimation

14.3.5.1 Example 1

A four-path “transit time” ultrasonic system is installed in a rectangular, concrete channel of width 3 m.
The levels in the channel are controlled and never drop below a depth of 1 m. All four paths are evenly
distributed in the vertical and are positioned so that the top and bottom paths always have sufficient
depth of cover. The path angle is 60°. The uncertainty in the path-angle determination due to skew flow
can be assumed to be £1° at the 68 % confidence level. The average velocity in the measuring section is

always in excess of 0,25 m/s.

avera
the n
uncer
assun

Ur-H
the su
this f.
due t

Ucoso
path

Subst
U

UW -
(one

averaf

rd deviation), then the path length uncertainty is 0,3 %, i.e. abselute uncertain{
ength and expressed as a percentage.

The uncertainty in the transit time difference is a function of path length, veloc
ing rate and period over which flow determination is averaged. The uncertainty of ea|
irement is reduced by the square root of the number“of samples that are used
ged determination. The equipment supplier should provide the uncertainty in time d
imber of samples that would be used for the particular configuration. For most app
tainty is insignificant and, in the absence of information from the supplier, a nomi
hed.

or most modern systems, the uncertaintyis insignificant, and in the absence of infof

pplier a nominal +0,1% is assumed. In'some cases, however, mismatches in cable del3

ctor, as referred to in 14.3.3. The supplier should be consulted for an estimate of the
cable mismatches.

vould be approximately #3 %. Therefore, an uncertainty of +3 % has been assumed.

ituting for Uy, UaT, U, Yeosp in Formula (18) gives:
v =[0,32 + 0,12 +4*x 0,12) + 3,02]1/2 = +3% (at one standard deviation)
f it is assumied that the channel width can be measured to +0,01 m at the 68 % con

standard deviation), then uncertainty for width is £0,3 %, i.e. absolute uncertaint
e channel width and expressed as a percentage.

vertical, the
ration due to

y divided by

ty, the clock

ch individual

for the time,
fference and
lications, the
hal +0,1 % is

mation from
ys can affect
uncertainty

- The path angle is 60°. If theluncertainty in the angle is +1° the percentage uncertainties for each

fidence level
y divided by

Uq - Yfi¥is assumed that it is possible to measure the mean bed level to #5 mm and th
to 2 mm at one standard deviation, for a depth of 1,000 m this gives percentage uncertainties of +0,5 %

and *

p water level

0,2 % respectively, giving a combined uncertainty of +0,54 %.

The overall uncertainty Up in an individual low-flow estimate can be obtained by substituting for Up,

UlVI UW

and Uy in Formula (16), thus:

Ug = [3,02 + 1/4(3,02 + 0,32 + 0,542)]1/2 = +3,4%

The expanded uncertainty in discharge at the 95 % level of confidence U(95) is obtained by applying a

cover

age factor of k = 2.
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Therefore

Ug(95) =2 x3,4=+6,8%

Therefore, the uncertainty in an individual determination of discharge for this example with the
assumed component uncertainties is +6,8 %.

14.3.5.2 Example 2

A two-level cross-path system is installed on a natural channel with sloping banks that can be assumed
to be trapezoidal. The following details are available for the site:

Width of cross-section at low path level: 11,50 m

Width of cross-section at high path level: 18,35 m

Path length - low-level transducers: 16,26 m

Path length - high-level transducers: 21,66 m

Height of lower transducers above mean bed level: 0,205 m

Height of higher transducers above mean bed level: 0,850 m

Design minimum depth relative to mean bed level: 0,425 m
Design maximum depth relative to mean bed level: 1,615 nd
Minimuin design velocity: 0,03 m/s

Maximum design velocity: 0,55 m/s

Low path angle: 45,0°

High path angle: 57,9°

It is required to estimate the uncertainty‘in individual low-flow and high-flow uncertainty estimates,
assuming thlat no calibration or performance-checking gauging (flow measurements) or velocity
profiling has|been undertaken.

14.3.6 Unceértainty estimate at low flow

Up - At the minimum design depth of 0,425 m, two paths should be operating. However, as they pre at
approximately the same level, the effective number of paths is one (p). From ISO 748:2007, Table E|(4, the
uncertainty |n integration due to the limited number of paths is 7,5 % (one standard deviation).

U, -Ifitisa sumed that the path 1ength can be measured to £0, 1 m at the 68 % confldence leve]l (one
s 0 s ed by

path length and expressed as a percentage.

Uat - The uncertainty in the transit-time difference is a function of path length, velocity, the clock
sampling rate, and period over which flow determination is averaged. The uncertainty of each individual
measurement is reduced by the square root of the number of samples that are used for the time-
averaged determination. The equipment supplier should provide the uncertainty in time difference and
the number of samples that would be used for the particular configuration. For most applications the
uncertainty is insignificant, and in the absence of information from the supplier a nominal £0,1 % is
assumed.

Ut - For most modern systems the uncertainty is insignificant, and in the absence of information from
the supplier a nominal #0,1 % is also assumed. In some cases, however, mismatches in cable delays
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can affect this factor, as referred to in 14.3.3. The supplier should be consulted for an estimate of the
uncertainty due to cable mismatches.

Ucose — The low path angle is 45°. As a cross-path system is installed, the uncertainties due to an error
in the determination of the angle will be effectively, though not totally, averaged out. If the uncertainty
in the angle is #3°, the percentage uncertainties for each path would be +5,4 % and -5,1 %. Therefore,
an uncertainty of 0,3 % has been assumed for the cross-path system.

Substituting for Uy, UaT, UT, Ucosg in Formula (18) gives:

U =(0,62+0,12 + 4 x 0,12 + 0,32)1/2 = +0,7% (at one standard deviation)

Uy - Ifitis assumed that the channel width can be measured to +0,2 m at the 68 % confidel
standard deviation), then uncertainty for low path width is +1,7 %, i.e. absolute uncertain
average channel width and expressed as a percentage.

hce level (one
ry divided by

vel to £2 mm
[ +4,7 % and

Ug-A
at on
+0,5 ¢

ssuming that it is possible to measure the mean bed level to +20 mm and the water l¢
e standard deviation, for a depth of 0,425 m, this gives percentageuncertainties o
o respectively, giving a combined uncertainty of +4,7 %.

The o
UlVl U

verall uncertainty Up in an individual low-flow estimate can lpg*obtained by substi

and Uy in Formula (16), thus:
b =[7,52 +1/1(0,72 + 1,72 + 4,72)]1/2 = 9,0%

uting for U,
U,

The e
cover]

kpanded uncertainty in discharge at the 95 % leyelof confidence Ug(9s) is obtained |
nge factor of k = 2.

by applying a

Thus

Up9s) =2 x 9,0 = +18,0%

This incertainty estimate assumes that there has been no calibration/performance checl
The ulncertainty should be significantly reduced once this has been undertaken, and whersg
adjustment/calibration methods similar to those described in 9.0 have been applied.

xing gauging.
appropriate

Thergfore, the uncertainty in-an individual determination of discharge for this example with assumed

comppnent uncertaintiesis +8,0 %.

14.3.Y Uncertainty estimate at high flow

Up - At the maximum design depth of 1,615 m, four paths should be operating. However, as
crossed and each pair is at approximately the same level, the effective number of paths is t
[SO 748:2007, Table E.4, the uncertainty in integration due to the limited number of paths i

the paths are
wo (p). From
5 +3,5 % (one

standiard’deviation).

Uy, - If it is assumed that the path length can be measured to +0,1 m at the 68 % confidence level (one
standard deviation), then the uncertainty for the high path length is +0,5 %. The average uncertainties
in the high and low path length determinations are therefore approximately 0,55 %.

Uat - A nominal 0,1 % has been assumed as for the low flow uncertainty estimate, even though at
higher velocities the uncertainty in the time difference should be less.

Ut - A nominal 0,1 % has been assumed as for the low flow uncertainty estimate.

Ucoso — The high path angle is 57,9°. If the uncertainty in the angle is +3° the percentage uncertainties
for each path would be +8,3 % and -8,4 %. Therefore, an uncertainty of 0,2 % has been assumed for the
combined effect of uncertainties in the angle for the two effective paths.
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Substituting for Uy, UaT, UT, Ucose in Formula (18) gives:
Uy = (0,552 + 0,12 + 4 x 0,12 + 1,02)1/2 = 0,63 % (at one standard deviation)

Uy - If itis assumed that the channel width can be measured to £0,2 m at the 68 % confidence level (one
standard deviation), then the uncertainty for the high path width is 1,1 %. The average uncertainty in
the width measurement (high and low paths) is therefore estimated to be 1,4 %

Ug - If it is assumed that it is possible to measure the mean bed level to + 20 mm and the water level
to +2 mm at one standard deviation, for a depth of 1,615 m, this gives percentage uncertainties of +1,2 %
and #0,1 % respectively, giving a combined uncertainty of 1,2 %.

The overall \Imcertainty Ug in an individual low flow estimate can be obtained by substitutigg\for Uy,
U, Uy and Yy in Formula (16), thus:

Ug=[3,5¢ +1/2(0,632 + 1,42 + 1,22)]1/2 = +3,8 %
The expandgd uncertainty in discharge at the 95 % level of confidence Ug(9s) is.dbtained by applying a
coverage factor of k = 2.
Therefore

Ugos) =2 x3,8=27,6%

Therefore, the uncertainty in an individual determination of discharge for this example with assumed
component Uncertainties is +7 %.
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