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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodi

es

(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 a
non-goverimental, in liaison with ISO, also take part in the work. ISO collaborates closely with }
Internationgl Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

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

nd
he

The main ftask of technical committees is to prepare International Standards. Draft International Standards

Internationgl Standard requires approval by at least 75 % of the member bodies casting.a-vote.

In other cjrcumstances, particularly when there is an urgent market requirement for such documents|,
technical gommittee may decide to publish other types of normative document;

— an ISO Publicly Available Specification (ISO/PAS) represents an agréement between technical experts$

the technical committees are circulated to the member bodies for voting. Publication as|an

in

an ISQ working group and is accepted for publication if it is approved’by more than 50 % of the membjers

of the |parent committee casting a vote;

— an ISO Technical Specification (ISO/TS) represents an agréement between the members of a technical

commiittee and is accepted for publication if it is approved by 2/3 of the members of the committee cast

ng

An ISO/PAS or ISO/TS is reviewed after three years in order to decide whether it will be confirmed for a

e years, revised to become an International Standard, or withdrawn. If the ISO/PAS or ISO/T$
confirmed,|it is reviewed again after a further_three years, at which time it must either be transformed into
Internationpl Standard or be withdrawn.

is
an

Attention i$ drawn to the possibility that some of the elements of this document may be the subject of patent

rights. ISO| shall not be held responsible’for identifying any or all such patent rights.

ISO/TS 25377 was prepared_by,the European Committee for Standardization (CEN) Technical Committ
CEN/TC 3118, Hydrometry, in-collaboration with Technical Committee ISO/TC 113, Hydrometry, in accorda
with the Agreement on technical cooperation between ISO and CEN (Vienna Agreement).

ee
ce
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Introduction

The management of a natural environment requires knowledge, by measurement, of what is happening. Only

then can effective action be taken and the effectiveness of the action assessed. Much depends on

the quality

of the knowledge itself.

’Iz quality of measurable knowledge is stated in terms of measurement uncertainty. The inte
eed method for assessing measurement quality is the Guide to the estimation of\ung
asurement (GUM). Without this uniformity of measurement standards, equitable sharing of the e
ot possible and international obligations to care for the environment would be weakenéd.

Th
ag
me
is 1

Th
wit
or

the
the
to

b essential purpose of the GUM is that a statement of the quality of a measuremenbresult will be]
h all measurements described in technical standards. Without this, no two measuréments can be
standards set. Whereas the GUM is a reference document serving the universal requirements of
Hydrometric uncertainty guidance (HUG) document is specific to hydrometry, i.e. to the meas
components of the hydrological cycle. It borrows from the GUM the methods that are the most
nydrometry and applies them to techniques and equipment used in hydrometry.

In the past, error analysis has provided an indication of measurement quality, but such stateme
prdperly convey the quality of the result because it presuppdses a knowledge of a true, error-
against which the measured result can be compared. The\true value can never be known. |
thgrefore remains. For this reason, the GUM uses the coneept of uncertainty and uses it for all s
components of the measurement process. This ensures.consistency.

The GUM defines standard uncertainty of a result as'being equivalent to a standard deviation. This
standard deviation of a set of measured values_0Or of probable values. This is broadly similar to the
usg¢d in error analysis that preceded the_uncertainty technique. However, the GUM provides
mdthods of estimating uncertainty based, on probability models. The two approaches are equ
ungertainty requires only a knowledge:orestimate of the dispersion of measurement about its m

angl not the existence of a true value. It is assumed that a careful evaluation of the com
megasurement uncertainty brings thé mean value close to a probable true value, at least well within
of Uincertainty.

In more general terms, uncertainty is a parameter that characterizes the dispersion of measurable
can be attributed to their mean value.

By
dis
mq

treating standard-deviations and probability models as if they approximated to Gaussian (|
fributions, the’~GUM provides a formal methodology for combining components of unc
asurement.systems where several input variables combine to determine the result.

Wi

rnationally
ertainty in
hvironment

presented
compared
metrology,
Lrement of
applicable

nts cannot
free, value
Uncertainty
tages and

can be the
b approach
additional
valent but
ean value,
bonents of
its margin

values that

pr normal)
ertainty in

hin this-formal framework, the GUM can be consistently applied to a range of applications and, thereby, be

usTd to'make meaningful comparisons of results.

The HUG seeks to promote an understanding of the nature of measurement uncertainty and its significance in

estimating the ‘quality’ of a measurement or a determination in hydrometry.

Hydrometry is principally concerned with the determination of flow in rivers and man-made channels. This

includes

environmental hydrometry, i.e. the determination of the flow of natural waters (largely conc
hydrometric networks, water supply and flood protection),

natural environment (largely concerned with environment protection and also irrigation).

© 1SO 2007 — All rights reserved
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Both are the subject of international treaties and undertakings. For this reason, measured data needs to
conform to the GUM to assure that results can be compared.

Hydrometry is also concerned with the determination of rainfall, the movement/diffusion of groundwater and
the transport by water flow of sediments and solids. This version of the HUG is concerned with flow
determination only.

The results from hydrometry are used by other disciplines to regulate and manage the environment. If
knowledge is required of biomass, sedimentary material, toxins, etc., the concentration of these components
is determmed and their uncertalnty estimated. The uncertalnty of mass- Ioad can then be determlned from the

compliance

For practit
document
knowledge
Note 1297
specialists

The HUG,

Accordingly, the HUG interprets the GUM to apply its requirements to hydrometry in a practical way,

hopefully,

In addition

benefits fof

The HUG

uncertainty estimation formulae from the GUM for these basic’ methods. The basic hydrometric meth

described
the metho
standards

NOTE

conventiongl axes are adopted in this document wheh describing open channel flow: the x axis being horizontal

positive in {
vertical pos

Vi

W|th the GUM.

ioners of hydrometry and for engineers, the GUM is not a simple document to refer,to. T
has been drafted to provide a legal framework for professional metrologists with, a work
of statistical methods and their mathematical representation. A helpful document,NIST Techn

[12] is an abbreviated version of the GUM written to be more accessible to)éngineers and
in fields other than metrology.
although simplifying the concepts, in no way conflicts with the principlestand methods of the G

n a way accessible to engineers and those responsible for managing‘the environment.

hydrometry, insomuch as complex measurement systems can be represented realistically.

summarizes basic hydrometric methods defined in various technical standards. The HUG devel
n the HUG may not be identical to those recited in the published technical standards. In such ca
s described in these standards are to be taken as authoritative. However, clauses in techn

fhat concern uncertainty should be adapted teibe in accordance with the HUG.

There is no unified definition of spacel-coordinates within the hydrometric standards. The textb

he mean flow direction, the y axis being orthogonal to the x axis in the horizontal plane and the z axis bd
tive.

Igh

'he
ing
cal

to

M.

and,

the HUG introduces and develops Monte Carlo Simulation, a<complementary technique, which has

ps
ds
5es,
cal

bok
and

ing
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s Technical Specification provides an understanding of the nature of measurement uncertai
hificance in estimating the ‘quality’ of a measurement or a determination in hydrometry,

5 applicable to flow measurements in natural and man-made channels. Rainfall.measuremer
ered.

Normative references

following referenced documents are indispensable for the application of this document.

W

rences, only the edition cited applies. For undated references, the latest edition of the
tument (including any amendments) applies.
D) 772, Hydrometric determinations — Vocabulary and symbols

Terms and definitions

the purposes of this document, the terms‘and definitions given in ISO 772 and the following app
TE For a complete appreciation_of\the scope of definitions used in measurement uncertainty, th

rred to the GUM [0 or to NIST Technical Note 1297 [12],

st

ungertainty of the result of-a measurement expressed as a standard deviation

3

tyge A evaluation of uncertainty
mdthod of evaluation uncertainty by the statistical analysis of a series of observations

3

type Brevaluation of uncertainty
mgthod of evaluation uncertainty by means other than the statistical analysis of a series of observat

ndard uncertainty

ity and its

ts are not

For dated
referenced

ly.

e reader is

ons

3.4

combined standard uncertainty
standard uncertainty of the result of a measurement when that result is obtained from the values of a number
of other quantities, equal to the positive square root of a sum of terms, the terms being the variances or
covariances of these other quantities weighted according to how the measurement result varies with changes
in these quantities

3.5

expanded uncertainty
quantity defining an interval about the result of a measurement that may be expected to encompass a large
fraction of the values that could be attributed to the measurand

© 1SO 2007 — All rights reserved
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3.6

coverage factor

numerical factor used as a multiplier of the combined standard uncertainty in order to obtain an expanded

uncertainty

4 Symbols and abbreviations

a coefficient representing the effects of non-uniform energy (velocity) in a channel
YoV V angtesbetweenboataxesandthexaxis:
o standard deviation
A'x,A'y dispersion of measurement from the mean value of the set of x,y measurements for a
symmetric distribution: Ax =0,5(xpax —Xmin ). €tc.
Axt Ax + dispersion about the mean value, x , for an asymmetric distribution of,measurements
where A" =(xpay —x) and A~ =(x = xpin)-
A small difference in a measured quantity AQ,Ah, AT, etc.
Ay, Az notional small distances in the y and z directions at a cross-section in the channel
Dc, in the dilution method, the downstream mixed change (e, — c,) of concentration of the
tracer
A, Az), Ah) cross-section area (in the y,z plane) of the flow
B channel width
b contracted channel width or flume throatwidth
p dilution method, the background conegntration of tracer
cT dilution method, the feed concentration of tracer
Cm dilution method, the downstream mixed concentration of the tracer
C discharge coefficient
. velocity coefficient
d; deviation of an/measurement (the ith measurement of a series) from the mean value|of
that series
E datum elevation of a range measuring device
f(h) relationship between head, %, and cross-section area, 4
F.F, mutiplying factors to be applied to the summation of velocity-area elements to account
for the approximation of a summation process to a true integration of continuously
varying parameters.
g gravitation acceleration
h head of water relative to a defined datum level in the channel
H total head relative to a defined datum level in the channel
ij indices of a counti=1to n, orj =1 to m of a series
J false measurement detection factor
K constant of a flow determination equation for a weir or flume
kq, ko constants for the determination of flow by the dilution method
M dilution method, the mass of tracer introduced into the stream
2 © 1SO 2007 — All rights reserved
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n exponent of a flow determination equation for a weir or flume

n, m number of measurement in a series

px) probability function

(0] flow

Op estimated flow passing close to boundaries or any region where measurement cannot be
determined by the primary means

Or dilution method, the flow of tracer into the stream

S standard deviation of a set of measurements

t, factor to be applied to small numbers of samples to enable the standard. deviation to be

representative of large numbers of samples (see Annex A)

t)to in the dilution method, the interval during which a change in concentration is dgtectable

absolute temperature, in Kelvin

Grubbs’ test parameter

Utx), u(y) uncertainty of measured variables x, y, etc.

uc(p), ug(q) the combined uncertainty of determined results p,g,.etc.

n (x) the percentage uncertainty of a measurement-of any quantity x

Uds measurement uncertainty expanded to the 95 % level of confidence
& mean velocity through a yx plane intersecting a channel cross-section of the channel
Vi(y.2) velocity in the x direction at point 3\z'in the channel

I_/) water velocity vector relative to;channel

2 boat velocity vector relative to the channel

I7 water velocity vector relative to boat

14 ,', Vy’, Vz' water velocity components relative to boat along boat coordinate axes
Vtx", be’, VbZ’ components_of boat velocity relative the boat axes

Ve Y ¥z angles between boat axes and the channel x axis.

x|z channel coordinates

xpylz’ boat coordinates

X,) measurable variables

In fhis document, the term “uncertainty” refers to measurement uncertainty and the following forms ¢f equation
arg used to signify

— asum of n values of x Xq 4 X+ Xg X F Xy = DX,
. L o . dr
— adifference, Af(x), inthe function, f(x), due to a small change, A, in the value x Af(x):d—Ax,
X
Xn
— avalue of an integral, F, of a function, f(x), between, x =x4, and x =x, F = J f(x)dx.

© 1SO 2007 — All rights reserved 3
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5 ISO/IEC Guide 98 (GUM) — Basic definitions and rules

5.1 General

This section summarizes the methods described in the GUM for the expression of uncertainty in measurement.
For a general introduction to measurement uncertainty, refer to Annex A.

5.2 The uncertainty of sets of measurements

The GUM describes measurement uncertainty as a value that characterizes the dispersion of measurements
that could reasanably be attributed to the result The GUM gaoes on to define standard uncertainty as

uncertainty expressed as a standard deviation, s.

So, for a get of » measurements, uncertainty is related to the difference between each measuredyvalue)| x;,
from the ayerage value, x, of the set. The standard deviation, and hence the uncertainty, u(x), is:

u(x)::s:\/ L) F ) (F ) o ()

n—1

— 2 T . >
where conponents (x-x,)” are the deviation of the ith measurement, x;, from the meéan value, x.

Or, more goncisely:

u(x)::s: L Z:diz (1)

n—1
where d; 4 x —x; is the deviation of the ith measurement from themean value, x,

and

The largef the number, n, of measurements used to calculate the mean value, x, the greater is fhe
expectation that the mean value approathes the ‘true’ value. Therefore, the uncertainty of the mean valpe,
u(E) decreases as the number of measurements, n, increases. The GUM relationship for this is

o(¥) 475 @

5.3 Random and systematic effects

Equation (B) appliesonly to the random variations of the measured quantity. This random effect is determined
from the nmjeasuréd data and, as such, is evaluated after a set of measurements have been taken. Randpm

effects car) be’determined from analysis of the historic data or by the instrumentation itself if it is designed to

analyse the data in real time. Random effects diminish the average value of a set of » measurements by the

factor i Random conditions often exist as natural turbulence. However, random variation can sometimes
n

occur through human interpretation of a reading of an indicator, such as a staff gauge.

Uncertainties that are inherent to the measurement equipment or to the method are systematic. Systematic

effects cannot be diminished by the use of Equation (3). During each measurement session, systematic

effects can usually be taken as constant for the measurement device. Systematic components are

a) assessed as part of an installation or commissioning procedure, and/or

b) specified beforehand for the equipment by the manufacturer. Refer to Clause 9.

4 © 1SO 2007 — All rights reserved
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Refer to A.6 in Annex A for more information on random and systematic effects.

For the evaluation of the uncertainty of a continuous process, include unsteady effects as a random
component. The quantity being measured may be varying slowly during the measurement process. This will
widen the dispersion of measured values and hence add to the assessment of the random component. Such
variation shall be part of the randomness of the measurement. If during the measurement process the rate of
change is such that it significantly exceeds the natural dispersion of measurements, then the result shall be
discarded.

5.4 Uncertainty models — Probability distributions

In [hydrometry, measurements are often made using automated instruments. They have-~a [margin of
megasurement within which measured values can vary randomly in steady conditions. If this)ungertainty is
inhierent to the measurement process, it is a systematic component. It is commonly expressed as a|probability
distribution. Probability distributions have standard deviations about the mean value which are equivalent to
thg standard deviation of discrete measurements as defined above. The probability distributions eduivalent to
Eqpations (1) and (2) are
Ax 2
= d d 4
\/fm x) - p(x) dv (4)
and
_ A
"= d 5
X I_Axx p(x) x (5)
where p(x) is a probability function and d is the dispersion. Refer to Annex A for details.
5. Combining uncertainties — The law.\of propagation
The GUM also defines a rule for combining uncertainties from several sources. It is called ‘the |law of the
prdpagation of uncertainties’. For a_relationship, f, between a result, y, and variables, xq,x,.....k,, defined
asfy = f(xq,x3.....x,, ) , the combined uncertainty, u¢ (), of yis
2
2 3 =n af
() = 3 L)
i=1
or
A o )
2
=——u(x +| —u(x + e +| —u(x 6.A
PRt | Latoa)| s L) A
whereyxy,x,.....x,, are independent variables.

Equation (6.A) applies only where the variables x4,x,.....x,, are uncorrelated, i.e. if variable x; changes value,
no other x variable is affected by that change. If two or more variables x do influence each other (i.e. they are
correlated), then an additional component of uncertainty exists. Equation (6.A) then becomes

n-1 Jj=n

2 (o o9 o
= e . .B
o (y) Z[axz L ] +2 Z z Oxi Oxj ( ) (6.B)
i=1 i=1 j=i+1
© 1SO 2007 — All rights reserved 5
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Almost all hydrometric uncertainty estimations require the use of the simpler form, i.e. Equation (6.A).

The components can be random or systematic. The partial derivatives iare referred to as ‘sensitivity

ox,,

coefficients’.

5.6 Expressing results

Equation (6.A) expresses the final result in terms of standard uncertainty. For the Gaussian probability, used
as a model distribution for general analysis, one standard deviation covers only 68 % of the range of possible

results. Thissmeans that for a result nyprneend as

Flow rfate = 10,8 I/s + 0,6 I/s

or

0=g+u(0)
Only 68 %|of the measurement will lie between 10,2 I/s and 11,4 I/s. Almost one third\af the measurement ¢an
be expected to lie outside this band. Such a statement is of little value in hydrometry. A more meaningful
statement |s required that will cover a larger portion of possible results.
Subclause|A.9 defines expanded uncertainty. By expanding the margin of\tincertainty, a greater portion of the
expected range of measurements is covered. For the Gaussian probability-distribution, it can be shown thaf by
doubling the uncertainty margin, 95 % of expected measurements are.covered.
The same [result expressed in the form

Flow rlate = 10,8 I/s + 1,2 I/s at the 95 % confidence level

or

Q=éiU95(Q)

means thgt 95 % of the measuremenistare expected to lie between 9,6 I/s and 12,0 I/s. This is a mpre
practical expression of the result.

In hydromegtry, all measurements shall be expressed at the 95 % confidence level with a statement of the
form:

Quantity = Value + uncertainty at the 95 % confidence level

or

Quantity =Value + percentage uncertainty at the 95 % confidence level

Refer to A.9 for more detail.

6 Open channel flow — Velocity area methods

6.1 General

Figure 1 shows the coordinate system used in this document with orthogonal axes x, y, z. The mean velocity is
calculated in the x direction. The xy-plane is horizontal. The z axis is vertical. Note that a velocity ¥ vector
representing the mean velocity does not have to align with the x axis. The flow in the channel can be
determined from velocities passing obliquely through an intersecting yz plane.

6 © 1SO 2007 — All rights reserved
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The origin of the coordinate system may be located at any point relative to the channel but is typically located
at the hydraulic datum for weirs and flumes or, for velocity-area methods, on a gauge datum alongside the
stream.

For example, vertical measurement can be /(z), expressed from a hydraulic datum relative to the z, coordinate
system origin.

The determination of flow in open channels requires the following:

a)

the determination of the mean velocity I7x across the channel section; and

b)

T

=2

6.2

Th
Y
ste

the measurement of the cross-section area A(%), in the yz plane, through which the flow pass«las; h is the

water depth.

e product of these two quantities is the discharge, Q.

0= I7xA(h)

Figure 1 — Co-ordinate relationship at a channel cross-section

Mean veldcity, 1,

b evaluation of mean velocity shall deal with the ¥, variability with respect to position, y,z, across
hanneland with respect to time, ¢. At the walls, friction slows the mainstream velocity to zero wh
ep.velocity gradients to occur, illustrated in Figure 2. Velocity gradients and shear stress within

flaias i Ancnc frirhiilAant AN ALY

the

the V. (v, z,
ich causes
he body of

nduecavorticac which ~ n ione Torhilanen Avicte 1n A AN Ihadyy ~f
oW GG CC— vV OrtCC oW G CauSCotur ottt SOt oS oot CiCC—CxaStoT T HOvVItg P0Gy O

vater even

when the water surface appears tranquil.

The evaluation shall therefore scan the cross-section while integrating and averaging the velocity component
in the x direction. The flow can be steady and hence 7, can be constant, but turbulence causes the local
value of V,(y, z 1) to be unsteady.

© 1SO 2007 — All rights reserved
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\\

=)

Figure 2 — Typical current profiles and contours

6.3 VeI]\city-area determination

The quantjty, I7x, is determined across the channel from instantaneous point velocities, V. (y, z 1. In this
subclause| it is assumed that steady flow conditions prevail. If the\flow does not vary with time, ¢, during the
integration|process, then

0= [|7c(r.2)d4 )

The ‘arithnpetic’ method of integration is summation.of velocity through notional stream tubes of defined area.

This is typically done by dividing the cross-section into a number of horizontal segments or vertical segments,
then measjuring velocity at frequent intervals along the centreline of each segment to determine the segmgnt
mean velofity. Flow through the segmentis the mean velocity through the segment multiplied by the segment
area. The|flows through each segment are summated to give the total flow in the channel. Therefqre,
Equation (f) becomes

0=FH FZZTZ?Vx(inj)AZjAyiJ"Qp (8)

F il a factor, often assumed to be unity, relating the discrete summation in the y direction to an ideal
ntegration of a true continuous velocity profile;

F_ is a factor, often assumed to be unity, relating the discrete summation in the z direction to an ideal
integration of true continuous velocity profile; and

0, represents perimeter flow passing between the region of segments and the channel boundary.
The summation method divides the area into mxn rectangular stream tubes of height, Az;, and width, Ay;.
A set of Ay; stream tubes makes up each horizontal segment, and a set of Az ; stream tubes makes up each

vertical segment. For small values of m or n, special consideration shall be given to the F, and F, functions.
The uncertainty of these factors is systematic to the summation process.
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The term Q, is the flow passing through a perimeter region that exists close to the channel floor and walls and
the water surface where the velocity, V,(y; Zi)’ cannot be reliably determined. This can be due to the coarse y-
z resolution of the measuring device, the presence of steep velocity gradients through a boundary region or
interference from the walls on the measurement process (sonar reflections for example). In the perimeter
region, the flow is estimated by extrapolating velocity profiles determined in the body of the flow.

6.4 Stationary determination of velocity

6.4.1 General

There are two methods of scanning the velocity profiles:

—| stationary scans where the scanning device is static relative to the x,y,z coordinates wher’ measurement
are made; and

—| moving scans in which the scanning device moves across the channel at a knownvelocity.

6.4.2 Vertical segments
A range of meter types may be used to determine point velocities within vettical segments. Various fechniques
arq used to assess the mean velocity within each segment: single paoint, three points, five points, fontinuous
lower/raise traverse.

The Doppler sonar provides a method of 'snapshot' integration{along vertical segments by rapidly recording
andl processing velocities at a sufficient number of points to minimize the integration uncertainties.

Eqpation (8) then becomes

O=F,F. hVe(v;) Ay +Qp (9)

where I7x (y,.) is the processed mean valuée-by automated summation (integration) of the velocitie$ in the jth
veIicaI segment. The Doppler sonar-isvalso used in small channels where only a single verticgl profile is
integrated. In such cases, special attention shall be given to the evaluation of £, and the area term, |i;4y.

6.4.3 Horizontal segments
An| alternative method of 'shapshot' integration is to divide the cross-section into horizontal segments. The
mean velocity is detefmined in each horizontal segment and hence the flow through each segment. This
mgthod is often usedwith transit-time sonar (see 1ISO 6416).

Eqliation (8) then*becomes

Q:FszZ;nijx(zj)Azj+Qp (10)
where
I7x (zj) is the processed mean value derived from scanning the velocities in the jth horizontal segment;

b; is the length of the jth segment across the channel.

Compared with vertical segment methods, relatively few horizontal segments are used: F. is not unity. Its
value and its uncertainty shall be determined from ‘typical’ velocity profiles at the site.

© 1SO 2007 — All rights reserved 9
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6.5 Moving determination of velocity

NOTE The complex nature of the measurement process described here is either rationalized as a tabular procedure
in the relevant standard or incorporated into equipment.

Acoustic Doppler current profilers (ADCPs) scan from a moving boat to determine the velocity of the boat and
the velocities of the flow relative to a boat coordinate system.

Two additional components are required to be determined. They are

1) the boat velocity vector, I;b, relative to the channel coordinates, x,y,z, and

2) the alignment of the boat coordinates, x',)’,z’, relative to the fixed, x,y,z axes.

The boat velocity vector, I;b, can be determined using GPS or by bottom tracking when the floor of the stregam
is static. Npte that the boat velocity need not be parallel to the ) axis of the boat.

If the velogity of the water relative to channel is I; then the velocity of the water relative to'the x'y'z’ axes of
the boat i3 V' =V +V,, where V'’ is a velocity vector of the water relative to the boat_INote that ' denotes
“relative to|the boat”.

In the two-dimensional space of Figure 3, this can be expressed in components relative to the boat coordinpte
system as

(o) = (Ve =Vor Vi = Vo)

L} V'
y
N

é —

74

, Vs
ig X
Xl

-V,

Figure 3 — 2D velocity vector and coordinates

Alignment |of~the boat axes, X, relative Jo the channel coordinates, x,y, can be expressed as direcl]ion
angles 7.7, where cos(y, )" +cos(y, | =1

In the three-dimensional space of Figure 4, these relationships become
(Vx"Vy"Vz' ) = (Vfc' Ve Vi =V Vi =Vt )

YoV Vy are the direction angles relative to the boat axes, x',),z', of the channel x axis where
2 2 2 : L
cos (7, )" + cos(yxy) +¢0s(y,, )" =1. The velocity component of the flow along the channel x axis is

v

X

= (Vi =V )coSy, +(V/;' - ber)cos;/y + (Vi =V )cosy, (11)
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V (in_j) = (V;c (yiz_j ) Vo (J’iz_j))cos(J/xx (inj )) + (V)’/ (yizj ) —Voy (inj ))005(7xy (inj ))

+|:Vz" (yiz_j) Vo2 (inj )] COS|:}/XZ (yiz_j )} (12)

Equation (12) is a general statement for determining the velocity components for Equation (8) with the relative
velocity resolved along the x axis from 'z’ scans.

The relationship is simpler when the boat has no yaw or pitch component, i.e.y,, =90 . In-thig situation,
co$y,, =0 and cos[yxy (yizj)} = sin[yxx(yizj)] So, Equation (12) becomes

Vy (yizj) = [V!a (J’izj ) Vo (yizj )] COS[MX (y,-Zj )} + [V;' (y,-Z,- ) Py (yizj )J Sin|:7/xx (y,-Zj )} (13)

\j

St

v,
Vy '

Figure 4 — 3D velocity vector and boat coordinates

6.6 Velocity-area uncertainties
6.6.1 Stationary scans

6.6.1.1  General
Equation (8) can be applied to propeller or manual EM methods, or automated methods such as ultrasonic

Doppler, transit time or echo correlation. Each segment Ay; Az has a portion of area uncertainty together
with the uncertainty of each velocity determination, V', (y,z) .
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There is also uncertainty associated with the F, and F, factors that relate the discrete summations in the »
and z directions compared to the theoretical integration of true continuous velocity profiles. The terms £,
and F, can also include any effects on the integration process of unsteadiness of v, (y,z).

The general uncertainty relationship is derived from Equation (6). Refer to Annex A for examples of combining
uncertainties.

In terms of percentage uncertainties, u~ (x), Equation (8) becomes

PRVER wll/h wl T Mo s V2 s+ 2]

u (Q _Li Lj\Vx\yl j)uylmj}tu \ry) T \1T;) J'i-

ZT}:?(Vx(yizj)AyiAzj){u*[Vx(yizj)z v (ay;)? +”*(AZJ)2)}+”(QP)2 (14)
where

u (F ) is the percentage uncertainty inherent in the integration of a continuous velocity profile by a
summation of discrete determinations along a line in the y direction;

u*(F ) is the percentage uncertainty inherent in the integration of, a(Continuous velocity profile by a
summation of discrete determinations along a line in the z.direction;

V. (y,-zj) is the total uncertainty of the velocity determination.

These include

M*[V (yizj)]z =uZ [Vx(yl'zjﬂz +u:|:Vx(inj):|2 (15)

where

uy is the uncertainty of the velocity measurement device specified by a calibration certificate. Npte
that the value of u, is a systematic effect which can vary with V. u, is a component of
uncertainty relating to the«unsteady nature of flow in channels: see below;

7

u (A}i) is the total width measurement percentage uncertainty of the means and method used to defjne
channel width. The same percentage can be applied to individual segments. Thus

u*(Ayi):u*(B) ('6)
or can be ¢stimated for’each segment individually.

u (AQp) is\the estimated uncertainty of flow passing outside the area of the segments;

*

AN
u Az 15 the depth measurement uncertainty of the equipment and method Used 10 define segment
depth.

These include
u'(8z;) = up (az;) vug(az,)” 4 (az,) (17)

where

u,*C (Az]- is the systematic effect of the depth measurement equipment specified by a calibration
7 certificate; note that the value of uk(Azj) can vary with /(z);
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u; (Azj) is the uncertainty of the datum setting of the depth measurement apparatus;

*

u; (Azj) is a random component of uncertainty (see 6.6.1.2).

6.6.1.2 Random and systematic effects

Random effects are determined by collecting sets of data from which a standard deviation can be determined
using Equation (1) or Equation (3). This applies to velocity component u [Vx(y,.zj )] and the depth of water
u"(z,)across the channel.

-

Syptematic effects are u (F, ), u (F.), uC[Vx(yizj)J, uc(Az;), ug(Az;) and u (Ay;) Aoy which a
p

=

dbability distribution and realistic measurement dispersion values are required. Refer to Clause)9.
Refer to Annex A for more information on random and systematic effects.

6.6.2 Additional factors — Moving scans

Fof moving scans with ADCP, the velocity component, V. (y;z ; |, in Equation\(14) needs to includg additional
terms for the boat velocity, ¥}, and for the alignment of the boat'axes with.the/x,y,z axes. From Equation (11),

V.

=V =Vpye)cosy, +(Vy’r —ber)cos;/y + (V2 —=Vp, )cosy,

u

n

ng Equation (6.A),
[V )T =[Vow cos(r, Ju(Vee)|* +[ Vi cos (v, Ju (Vi) |* +[(Vir =Vow )sin(r Ju(r, )|

W[ Voyrcos (7, u (Vi )+ [V cos(r, (Ve ] + (V3 ~Vow Jsin(r, Ju(r, )]

[ Vowrcos(r2 )u (V) |° +[V2 cos (3O (Vo) | +[(V =Vow )sin(r2 Ju(7.) |

2

u|:Vx (yl-zj )] is evaluated for eagh\i; cell.

Even simplifying the relationship by assuming that the roll and pitch of the boat is very smapll so that
cof(y.)=0 and cos(yy) =sin(y, ) does not significantly reduce the complexity of these relationships.

6.6.3 Randomrand systematic effects

6.6.3.1 Random effects

The @dditional random components are from I;b, and y,, Yy ¥z

The movement of the boat shall be sufficiently slow and steady in comparison with the measurement rate that
local values of V. (y;z; )are randomly dispersed about a mean value for each cell i,j. Such a set of random
measurements shall be ‘'used to identify random effects from Equations (1) and (3). If each ij determination is
recorded, this can be done on completion of a transect.

6.6.3.2 Systematic effects

The means of determination of I;b and of y,, 7y, 7. have additional uncertainties for which a probability
distribution and realistic estimates of the dispersion of detectable values are required.
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u[Vx(yizj)J is a systematic effect relating to measuring velocity in the ijth cell. The systematic effects are
determined "using the above equation where u(V,), u(V ) u(Vp,), etc. and the alignment angle

y

uncertainties, y,, Vys V2, are defined in the product specification as probability distributions with dispersion

limits.

Refer to Annex A for more information on random and systematic effects.

6.6.4 Determining uncertainty for moving scans

ADCD

A

It can be
simpler ar
analysis. (

to Annex B.

Monte Car
from Equa

The follow

a) todetermine ¥, and u(V,) for ij values

2) boVoys Ve

b) to detq

C) around

Op.

The simulation can relate the dispersions to a value representing a systematic component plus a value fr

the measu
distribution

This meth

-tk at Balvicl £ vatara, oo ortial daorin ot {3 P THP-¢ 1PN AN arlas
OOl tUral di Ialyolo AV B g Y = p ) | oyolclllo |9} IIUUUII Pal udrl ucTilivdadluavoo Ul l_\‘uql.lull \U.l_\} o \/UIIIPIUI\
d more rigorous method can be used based on numerical methods rather than mathemat
ne such method, advocated in Supplement 1[11] to the GUM, is the Monte Carlo Simulatioh.-R¢

o Simulation can be used to predict the uncertainty of complex systems, such as an’ADCP systg
ions (8) and (13) using model probability distributions and a realistic dispersion 6f values.

ng components are required to be modelled:

17};1}/21

v

ry'V

fx rz»
rmine Q for i,j values

xiFyv

x, Ay, and

the perimeter

red data whigh represents a random component. Unless there is evidence of a particular probab
, the simulation shall use rectangular distributions.

pd_iS.a simulation of a measurement process and does not need to use actual measurements.

cal
fer

lm,

pom
lity

To

use this n

ethod to determine the uncertainty with Equation (12), the dispersions of measured values

are

assessed from recorded data and then used with a model probability distribution to determine a result

foru (Q)2 .
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General

Annex E of 1SO 748:—") provides tables of values for u~ F,) and u (F.) with Table E.4 stating the values
of integration uncertainty for a range of numbers of point measurement within a segment and with Table E.6
stating the values of integration uncertainty for a range of numbers of segments across the channel.

These tables are to be used in Equation (8) and those derived from it.

6.7.2 Vertical scanning uncertainties

Mgnufacturers of equipment for scanning and integrating velocity profiles in vertical sections)throu
shall provide:

a)

Su
me

6.7

M3
flo

~

u (Fz) : a calibration statement, estimations of measurement uncertainty derived by formal mg
on verifiable dispersions of measurement and probability distributions in aceordance with 9.3

two-dimensional fully developed velocity profiles using mean-section velogity-as reference velo

Ultrasonic Doppler and echo correlation methods shall include a statemient of the particle cha
to which the uncertainty statement applies.

u KF . the one or several vertical scans have to be extrapolated horizontally to define a veldg
for the channel. This may be done by modelling the channél profile, usually a parabolic relation
a power coefficient, n. Factors determining the coefficientx include

1) channel length, geometry and aspect ratio,
2) channel wall roughness,

3) the Reynolds number of the flow in the channel.

bpliers of such equipment shall provide’ data equivalent to Table E.4 of ISO 748:— for their rec
thod of interpolation/extrapolation,taking into account an appropriate range of factors listed aboV

.3 Horizontal scanning uncertainties

nufacturers of equipment for scanning and integrating velocity profiles in horizontal sections t
v shall provide

u (FZ) . a calibration statement, estimations of measurement uncertainty derived by formal me
on verifiabledispersions of measurement and probability distributions in accordance with 9.3

two-dimeénsional fully developed velocity profiles using mean-section velocity as reference velo
w : the one or several horizontal scans have to be extrapolated vertically to define a veld
for

gh the flow

ans based
n terms of

City;

racteristics

city profile
ship using

bmmended
e.

hrough the

ans based
n terms of

City;

city profile

F
Qhe channel. This may be done by modelling the channel profile, usually a parabolic relatior

1) channel length, geometry and aspect ratio,
2) channel wall roughness,

3) the Reynolds number of the flow in the channel.

1)

To be published. Revision of ISO 748:1997.
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Suppliers of such equipment shall provide data equivalent to Table E.4 of ISO 748:— for their recommended

method of interpolation/extrapolation, taking into account an appropriate range of factors listed above.

6.8 Perimeter flow uncertainties, u(Qp)

The velocity area method applies to the main part of the cross-section, the part in which the velocity is
measurable within the margins of uncertainty for the equipment used. The measurements from such

equipment may have to be discarded close to a boundary or where the shear rate is high.

In these situations, the velocity shall be estimated using other means. These are described in the appropriate

standard f¢rthatmethod:

The estimation of uncertainty in these regions is problematic. Any statement shall include the critical.think

ing

on which the estimate is based. It is unlikely that uncertainties below 20 % can be justified for“the total

perimeter flow. A norm of 40 % can be taken as a safe estimation unless there is evidence to thé\contrary.

Such estimpates can overwhelm the estimated uncertainty of the main body of the flow. To'mihimize the efﬂzct

of u(Qp) on «(Q), equipment should be used that can minimize the perimeter region. This also has the ef
of minimizing the mean velocity with the perimeter area, thus minimizing 9, .

7 Open channel flow — Critical depth methods

7.1 General

When flow passes through a hydrometric structure, a weir flume or notch, a unique relationship ex
between the upstream water level and the flow, and that relationship is largely independent of the velo
profile appfoaching the structure and conditions downstream\of'it. Analysis shows that by accelerating the f
at a hydrometric structure, the velocity distortions are .greatly reduced and that, for practical purposes,
velocities adopt a geometrically consistent pattern for each class of weir or flume. This is shown in Figure 5
a rectangular flume.

he

=

Key

ct

sts
City
ow
the
for

H total hepd

h. critical depth

(o

Figure 5 — Rectangular flume

A unique relationship therefore exists between the upstream water level, the cross-section of the accelerated
flow and the mean velocity in the accelerated section. This relationship is the basis of the critical depth

method.
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7.2 Head and geometry determination

From critical depth theory, the flow through a flume or over a weir can be expressed in the form

Q = KC,Cbh"

where

K is a constant;

T

=2

Th

wh
In

but
dis

Eq

no

C is a predetermined calibration or discharge coefficient;
C, s a velocity coefficient;

b is a geometric scale factor;

h is the head of water; and

n is a parameter with a normal value of n = 1,5 for rectangular crosszsections and n = 2,5 fo
cross-sections.

b uncertainty expression for this Equation follows the example given-in Annex A for an Equation
n

Bxy™.
W02 = () +u” (€)% +u )2 + [ (]

e component C, is defined as

15
7
c, ==
(%)

ere H is the total head.

u (C,) should not be assumed to be negligibly small. Refer to 7.3 with respect to the variability
fribution in the channel,.q.

Liation (20) cannot™be directly applied because H is not a directly measurable quantity (

(18)

r v-shaped

of the type

(19)

(20)

burrent standards, the u (CV) value is assumed to be zero. This is also the case in this version ¢f the HUG,

of energy

inless the

hyirometric structure”’ is immediately downstream of a reservoir). Water surface level and hgnce 7 is
substantially constant after the flow has travelled in a straight path for a short distance. For this r

pason, it is

(21)

mal practice’to measure 4 and then compute H from
2
V.
H<= h1 + (]!L'I
2g
ere

V4 is the mean approach velocity;

hq is the head of water in the upstream channel;

o is a coefficient related to the velocity distribution in the approach channel and is defined by a mass-

weighted relationship:

© 1SO 2007 — All rights reserved
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1 1 3
azf_jAj jA1[Vx1(y,z)] d4 (22)

a is related to a non-uniform distribution of velocity in the approach channel.

7.3 lterative calculation

In Equation (21), I7X1 is derived from the relation

Because i’x1 is a function of the flow rate, O, these equations can only be solved by iteration. The proc

begins by
Equation (
continues

7.4 Eva

Equation (

*

u(C

44(hq)

24

setting H = 4 (h4 being the measured quantity), then calculating O from Equation (18)\then 7, fn
P3), and then re-estimating A from Equation (21) with a before repeating the gycle. The procq
intil converged values are achieved for H and for 7; for the given measured quantity 7.

Juating uncertainty
9) defines the relationship for evaluation of u (Q) for a weir, flumé.or notch.

The value u(C) is defined by the characteristics of the ‘particular hydrometric structure set
in International Standards for each particular hydrometric structure. It quantifies a system
effect by the type B method, normally stated in hydrometric standards at the 95 % confide
level as a Gaussian distribution. The value shall. be“transformed to the 68 % level of confide
(i.e. half the value) before being used for the ‘ealculation of uncertainty. The value of u
varies with head #, progressively increasing a@s'/ diminishes.

velocity).
This represents the uncertainty.of the geometry of the hydrometric structure, throat width, cn
length and horizontal alignment, V-angle, etc. The value is determined by measurement 2
should be stated as a dispersion and probability distribution.
The value of head measurement uncertainty is related to the type of measurement system ug
(float, ultrasonicC-etc.), refer to Clause 9. The value is taken from the manufacturs

specification, specified in terms of probability distribution and dispersion of 4.

The value 0f % () shall include a component of datum uncertainty.

This is a constant value, i.e. the exponent of 4 from Equation (18).

) In this version of the HUG, u" (CV) = Q. (this may not be justifiable for flows with a high approach

The percentage head measurement uncertainty increases steeply as the head approaches zeno.

PSS
om
PSS

put
atic
ce
ce
C)

est
nd

sed
Br's

O

8 Dilution methods

8.1 General

There are

two dilution methods:

1) a method that maintains a continuous feed of tracer of known concentration, the flow being determined by
the ratio of the known concentration with a measured fully mixed concentration in the stream;

18
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2) a method that determines the flow from the dilution of a known mass of tracer added instantaneously to
the stream, the flow being determined by integrating the mixed concentration of the tracer to determine its
mean dilution.

Both methods rely on the stream to thoroughly mix the tracer between the point where the tracer is added and
the point where its concentration is measured.

8.2 Continuous feed

The flow in the stream Q is determined by

0 = Otkqky T~ %m (24)

Cm ~¢p

where

Ot is the flow of tracer into the stream;

¢p is the background concentration of tracer;

cr is the feed concentration of tracer;

¢m is the downstream mixed concentration of the tracer;
ky is a mixing factor (approaching 100 %);

ko is a factor (approaching 100 %) to account for any. degradation of the tracer while in contgct with the
stream.

Dc,

Cr

5
Q H'>s = H|> Q+Qr

Figure 6 — Continuous feed dilution method

The datum uncertainty of the measurement concentration, Dc,, can be eliminated if the differende between
th III;}\Ud Otlcdlll CUTIUTI |‘uat;un, (,m, dll\“}I Itb bdb:\yluulld :CVU:, (/b, ;D |||caoulcd. D(/z - (/m = Cb. If the
background concentration is very low compared to the feed concentration, i.e. ¢, << ¢t then Equation (24)
becomes

ct —Dc
0 = Orhiky T2

Do, (25)

For the purpose of estimating uncertainty, this Equation can be further simplified by assuming that c;>> ¢,
from which it follows that

*

' (0) =u" (01)° +u" (ly)? +u" (kp)? +u” (c1)? +u" (Dey)? (26)
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The value of all measured concentrations shall be tabulated from a prior calibration using procedures
described in Clause 10. The value of u (c) can vary with the measured concentration, c.

8.3 Transient mass
The flow in the stream, Q, is determined by
M
¢ kidiy [ 2(Dey)d
t
1 2L1 ( 02)

(27)

M is the mass of tracer introduced into the stream;
Dc,  |is the downstream mixed change (c,, — ¢p,) of concentration of the tracer;

ky is a mixing factor (approaching 100 %);

ko is a factor (approaching 100 %) to account for any degradation of the tracer while in contact with

the stream;

14, t [is the interval during which a change in concentration is detectable!

<

Dc,

QH'> 8|£|> Q

Figure 7 — Transient mass dilution method

From Equation (27),

M
=" 28
Q khkoS )
where
S is the sum of the product of concentration and time-increment
N
S=7  Deaid; (29)

and

N is the number of summation intervals;

At;

1

(t2-11)
N

is the time increment. For equal increments, At; =

20
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From which it follows that

*

u (Q)2 =u

*

(M) +u" (ke)? +u" (kp)* +u" () (30)

and

S b, (31)

9 | Hydrometric instrumentation

9.1 Performance specifications

To|have confidence in measurement equipment, it is necessary to verify the\performance specified by the
mgnufacturer. A plain statement of uncertainty is not as easily verified as the\equivalent statemerjt by which
measurement dispersion, A'x, is defined together with a probability~distribution. Common [probability

distributions are listed in Table 1.

Table 1 — Probability distribution

Probability distribution Uncertainty Derived from Annex A
. 1 I .
Triangular u(x)= %Ax Equation (A.8)
1 1 .
Rectangular u(X) = ﬁAx Equation (A.8)
Bimodal u(x)=Ax Equation (A.8)
Tabular distribution u(x)=u" (Table)A'x Equation (A.5)

Refer to Annex A (A.2 andA.3) for a derivation of the relationships of Table 1. The forms of the triangular and
redtangular distributions-are shown in Figure A.2.

0]

9.2 Validity of'uncertainty statements

Hyfgrometriesinstrumentation is used both in the laboratory and in the field. Not all instruments arg suited for
field use\because extremes of environment can influence the measurement performance. Equipinent rated
onlydor taboratory use should not be used in the field. For this reason, a product specification shall|include, in
additien—te—the—statement-of-measurement uuuci—ta;llty, a—statement dcf;ll;lly the upclat;lly efrvifonment in
which the uncertainties are valid. This ensures that the claimed uncertainty is realistic for hydrometric
purposes.

A validity statement shall list all known influences on measurement performance that can increase
measurement uncertainty above 0,2 % at the 68 % confidence limit (or 0,4 % at the 95 % confidence limit).
Factors common to all environmental measurements shall be stated as in the example in Table 2.
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Table 2 — Environmental factors

Environmental factor Effect Uncertainty statement Dispersion or
(uncertainty)
Ice yes Measurement invalid
Rainfall yes Rectangular probability distribution 0,4 %
Snowfall yes Measurement invalid
Humidity yes Triangular probability distribution 0,2 %
Temperafure no
Wind spdged yes Rectangular probability distribution 0,3 %
Solar radjation yes Unclassified probability distribution (0,1 % unceftainty)
Water sufface waves yes Rectangular probability distribution 15 % wave height
Water tutbidity no
Water-surface active agent no
Other factors (product- and application-specific)

If a combipation of factors together do affect measurement perforniance, while the same factors individuglly
do not, those factors that apply in combination shall be stated.

If the infllence has an unclassified probability distribution, the manufacturer shall state a method |for
combining|the stated uncertainty with other components.of measurement uncertainty.

If a produgt’s measurement processes is susceptible to environmental and other factors, as indicated in fhe
example gbove, such information shall be illustrated by a representative example of the measuremgnt
performange in the presence of these influences.

Hydrometrjc equipment shall have the-meéans for, and/or description of, a performance verification procedjire

to ensure [that the performance of(a,measurement system can be verified in the environment where i is
deployed.

9.3 Marnufacturer’s performance specifications

The preseptation of the~measurement performance of equipment requires a unifying framework to allow ¢ne
product to pe compared with another or one measurement system to be compared with another.

Measurement'performance specifications shall state clearly the confidence limit to which they apply. This may
be the stapdard uncertainty, in which case the 68 % confidence limit shall be stated, or more commonly, the
statement may be at the 95 % confidence limit.

The 95 % confidence limit is the norm for hydrometry performance specifications.

Note that before combining type A or type B estimations with uncertainty values at the 95 % confidence limit,
these values shall first be converted by using a coverage factor k (typically £ =2) to values at the 68 %
confidence limit. The subsequent result can then be expanded to the 95 % confidence limit using a coverage
factor k = 2.

The determination of systematic effects is by repeated measurement under steady conditions. The standard

deviation of a set of ‘static’ measurements defines the systematic component of the device’s measurement
uncertainty.
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This specification requires the maximum and minimum rating of the equipment to be stated. The maximum
rating is then used to define 25 %, 50 % and 75 % of maximum ratings. To each of these five ratings, a

me

asurement uncertainty is specified for the product.

These are to follow the pattern set out in the Table 3.

Table 3 — Maximum and minimum ratings

Probability Corresponding dispersion of measurement
distribution
. 25 % 50 % 75 %
min. max.
max. max. max.

Megasured values from the instrument
Mgasurement uncertainty (%)
Environmental factor 1
Environmental factor 2
Erjvironmental factor 3
etg.
Total measurement uncertainty (%)
The manufacturer shall provide a table with more columns if the uncertainty characteristic |cannot be
ade¢quately interpolated (by linear interpolation) by five paints.
9.4 Performance guide for hydrometric equipment for use in technical standard examples
Exgmples are given in Table C.1.
Mdny of the values presented in this table’ are provisional. They are intended to be norms of performance for
thg technology. Values are to be defined by consensus between users and should be representative of the
brdad range of equipment available. A formal testing programme can be required to establish the tgble entries.
When using Table C.1, the following shall be noted.
a) | The percentage uncertainty for head measurement cannot be specified by the equipment manufacturer. It

shall be derivedfrom a relationship of the form

2 2
* wW(E) +ul(h
u (h) D, ( ) ( 1)
h
where u(E) is the uncertainty of the relative datum.
2 2
" ulE) +u(R
h

where u(R) is the uncertainty of range/extension.
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c) The performance figures assume precise compensation for the effects of temperature on sonic velocity.
The following formula is a practical approximation:

sonic velocity = 20,08 \/Absolute temperature of air

d) If unsteady conditions exist, a time-dependent component of uncertainty shall be defined. Instrumentation
without this capability shall require a manufacturer's statement of uncertainty relating to unsteady

condit

ions.

10 Guide for the drafting of uncertainty clauses in hydrometric standards

10.1 Gen

eral

The main purpose of this specification is to simplify the drafting of hydrometric standards so thabthey meet

requireme

In accorda
be at the 9
and Type
performan

This issue
Measurem
Standards

not accep
Intellectua

nts of the GUM. This is a significant task: publication of the HUG is only one part!

hce with former practice in hydrometry, the statement of the result of an ungertainty estimation s
5 % confidence limit. However, care must be taken when combining uncertainties because Typ
B estimation methods derive uncertainty at the 68 % confidence~limit and an instrume
Ce is normally stated at the 95 % confidence limit.

shall be emphasized, and illustrated by example in the drafted uncertainty clauses.

ent performance shall be stated in the terms set out in Table 3, not in any other way.

which have classified measurement performance into'categories such as Class 1, Class 2, etc.

commitment is required to select the appropriate equipment and method.

10.2 Equipment, methods and measurement'systems

10.2.1 Ge

Flow is ndg

heral

t a measurable quantity, it~\js” determined from the measurement of other parameters such

velocity, depth, width and from the mass/concentration of a tracer.

10.2.2 Eq

Equipment
uncertainti
and/or des
system ca

lipment
used for the) measurement of parameters that determine discharge shall state measurem
bs in accordance with Table 3. Furthermore, “Hydrometric equipment shall have the means

cription of, a performance verification procedure to ensure that the performance of a measurem
N be verified in the environment where it is deployed”.

the

hall
e A
nt's

are

able. Classifications can introduce confusionswwhich can lead to poor choice of equipmegnt.

as

ent
for,
ent

Equipment

standards may state the expected performance for the equipment type as described in t

hat

standard.

Where such verification is not available, an analysis of the component uncertainties may be used as a basis
for a provisional statement of performance. Provisional statements should declare that they are an ‘Estimated
performance, not based on formal ISO evaluation’. Note that a ‘means for performance verification' is required.

10.2.3 Methods

Methods have components of uncertainty. So*me of these components require special attention, for example
the evaluation of perimeter flow uncertainty, u (Qp).

24
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Additional data is required for any measurement system that does not determine flow across the total section
of the channel. Where the method is incorporated within the product, as with ADCP equipment, sufficient
information shall be disclosed to enable independent evaluation of o, and u (Qp).

10.2.4 Systems

Hydrometric structures and dilution equipment are examples of measurement devices that have a method of
use which together define flow measurement systems.

Hydrometric structures are the primary component of a measurement system which requires a measurement
of lead 1o determine the Tlow.

Stgndards for hydrometric structures shall illustrate the measurement method by means of\exaniples using
on¢ or more head measurement devices listed in Table C.1. The estimation of measuremenfUncertainty shall
include systematic effects that define datum elevation of the head measurement device;

Stgndards for hydrometric systems shall include an uncertainty budget representative of typical measurement
comditions over a tabulated range of flows including minimum flow, 25 %, 50 %« 75% and maximun] flow.
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Annex A
(informative)

Introduction to hydrometric uncertainty

A.1 Basic definitions and rules

A measurgment can never be truly exact: measured values always have a margin of uncertainty:)S¢ a
measuremient value should not be stated without an accompanying indication of its quality. The standard way
of doing thjs is with a statement of its uncertainty.
The GUM (ISO/IEC Guide 98) describes measurement uncertainty as a value that~characterizes the
dispersion|of measurements that could reasonably be attributed to the result. The GUM goes on to define
standard uncertainty as uncertainty expressed as a standard deviation.
This definifion has three features:

a) uncerfainty can be quickly determined from a set of measurements;
b) uncerfainty can be modelled for a measurement process; and

c) a ‘law|of propagation of uncertainties’ can be used to combine uncertainties.

For a set gf measurements, uncertainty is related to the difference between each measured value, x;, from|an
average value, x, of the set. The standard deviation, andchence the uncertainty, u(x) is

1 [,— 2 - 2 = 2 — 2
u\x)= X —X +(Xx—X +(Xx—Xx S +(Xx—Xx
(+) \/n_{( 1)+ (5 =x2)” (¥ -xg) (¥ =) }
where components x —x; are the deviation of the ith measurement, x;, from the average value, x.

Or, more goncisely

w() 4 30 d), A1)

n—1
where d; # x —x; is(thé difference of the ith measurement from the average value, x

and

S
X :;Z[:1x,- (A.2)

The larger the number n of measurement used to calculate the mean value, x, the closer it can approach a
‘true’ value. Therefore, the uncertainty of the mean value, u(x) reduces as the number of measurements, #,
increases. The GUM relationship for this is

B
u(x) =EM(X) (A3)
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Under steady conditions, repeat sets of n measurements can be used to determine a mean value with a
1 . . : :

— reduction of measurement uncertainty. An instrument capable of working on a sequence of
n

measurements representing the variability of the parameter being measured, can take advantage of this.

However, this process only applies to random effects on the input quantity. Uncertainties that are inherent to

the measurement process (systematic effects) are not reduced in this way.

The GUM defines a rule for combining uncertainties from several sources, the ‘law of propagatlon of
uncertamtles For a relatlonshlp f between a result y and dependent variables xq,xs.. in
whjch V=7 \x1,x2.... n} the Ull(.,elldlllly UI y S

or

ue?(v)= %M(M )]2 +[%u(x2)]2 o +[gu(xn)j2 (A4)

where the variables x4,x.....x, are independent variables.

Eqpation (A.4) applies only where the variables x4,x,.....x,, are uncorrelated, i.e. if variable x; charjges value,
no|other x variable is affected by that change. If two or moreé“variables x do influence each other (i.e. they are
cofrelated), then an additional component of uncertainty-exists. Equation (A.4) then becomes

. 2
i=n( 5 i=n=1 j=n of &
”cz(y)=2[gf_”(xi)J +2 Z Z éanu(xlxj)

i=1 =1 j=i+1

A

most all hydrometric uncertainty estimations require the use of the simpler form, i.e. Equation (A.4

~—

o

This law means that uncertainties\are combined as root-sum-squared values. The partial derivatives —— are
referred to as sensitivity coéfficients. The result u, (y) can be more sensitive to some variables, (x , tﬁgn to
others. For example, inpercentage terms the flow through a V-notch is 2,5 times more sensitive to pncertainty
of head measurementthan it is to uncertainty of the angle of the V.

A.R Introduction to the definitions

A.2.4 General

The definitions given in the previous clause can be interpreted using examples.
Table A.1 lists a set of measurements (n = 20) to determine the width of a section of a rectangular channel.

Equation (A.2) determines the mean width, x, from values, x;, measured at different positions, selected
randomly from the channel.
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Table A.1 — Sample width measurements of channel

From Tab
x =1207
uncertainty
measurem

width is 2,6 mm.

iindex | x;,value | d;,=x-x; d?
1 1203 4,35 18,922 5
2 1220 -12,65 160,022 5
3 1218 -10,65 113,422 5
4 1193 14,35 205,922 5
5 1210 —2,65 7,0225
6 1194 13,35 178,222 5
7 1206 1,35 1,822 5
8 1185 22,35 499,522 5
9 1227 -19,65 386,122 5
10 1197 10,35 107,122 5
11 1225 -17,65 311,522 5
12 1219 -11,65 135,722 5
13 1210 -2,65 7,022 5
14 1194 13,35 178,222,/6
15 1221 -13,65 186,322 5
16 1209 -1,65 2,722 5
17 1205 2,35 5,622 5
18 1204 3,35 11,222 5
19 1197 10,35 107,122 5
20 1210 -2,65 7,0225
x =120%3 n1127(dl.)2 117

le A.1 and using.‘Equation (A.2), the best estimate of channel width, its mean value,
.3 mm. The standard deviation is calculated using Equation (A.1) to be 11,7 mm. This is
of the measured values. The uncertainty of the average channel width from this set

ents is reduced by the factor — where n = 20. So, the uncertainty of the mean value of chan
n—

the
of
nel
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In Table A.2, the same 20 measurements have been sorted into size bins of width 5 mm.

Table A.2 — Width measurements grouped into 5 mm bins (n = 20)

ISO/TS 25377:2007(E)

1185 1190 1195 1200 1205 1210 1215 1220 1225
to 1190 to 1195 to 1 200 to 1 205 to 1210 to 1215 to 1 220 to 1 225 to 1230
1212
1192 1208 1214
1193 1199 1203 1206 1214 1215 1221
1189 1192 1198 1203 1206 1211 1219 1220 1225
A.2.2 Data histograms
The same data can be represented as a histogram where individual values are_not explicitly given but are
regresented by counts in the bins. Each item in the bin is taken to have the mean bin value.
Table A.3 — Width measurements grouped as a histogram’into 5 mm bins (n = 20)

Mean Mean Mean Mean Mean Mean Mean Mean Mean
bin bin bin bin bin bin bin bin bin
value value value value value value value value value
1 187,5 11925 11975 1202,5 1207,5 1212,5 1217,5 12225 12275
Lafger sets of data can reveal a distinctive shape to the grouping; for example Table A.4 shows g histogram
with a larger number of counts ef measurements (up to 8 in some of the bins) for the same channgl as that of

Table A.1.

Table A.4 — Channel 1 width measurements grouped as a histogram into 5 mm bins (n = 78)
Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean
bin bin bin bin bin bin bin bin bin bin bin
yalue value value value value value value value value value value
11182,5 | \\87,5 | 11925 | 11975 | 12025 | 12075 | 12125 | 12175 | 12225 | 12275|| 12325

Table A.5 is another rectangular channel of different size with different distribution of measured values.
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Table A.5 — Channel 2 width measurements grouped as a histogram into 5 mm bins (n =78)

Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean
bin bin bin bin bin bin bin bin bin bin bin
value value value value value value value value value value value
932,5 937,5 942,5 947,5 952,5 957,5 962,5 967,5 972,5 977,5 982,5
Table A.6 |is a set of output signal recordings over a short period of time fora*shaft encoder measuring the

level of a float.
Table A.6 — Shaft encoder — Float level measurements grouped.as a histogram 0,001 m bins (n = 64)
Mean Mean Mean Mean Mean Mean Mean Mean Mean
bin bin bin bin bin bin bin bin
value value value value value value value value value|
0,527 5 0,528 5 0,529 5 0,5305 0,58%5 0,5325 0,5335 0,534 5 0,535 p
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The definition of uncertainty from Equation (A.1) can be expressed in terms of measurerznec?ts allocated to bins

in a histogram. If the set of » measurements is grouped into k bin sizes, each of width % , and in the jth bin
k

there are m; measurements, then Zj:’lm.j =n.

So,

()= {0 A9

Aldo,

S By (A.6)

=
where d; is the deviation of the jth bin from the mean value, x.

Prg¢senting measured data as sorted histograms shows the distribution of\measured values bgtween the
smiallest and largest.

Eqlation (A.5) can be applied to the histograms of Table A.4,,A% and A.6. The results for| the three
hisfograms of Table A.4, Table A.5 and Table A.6 calculated in this\way, are summarized in Table A.7.

Table A.7 — Results derived from Tables A.4;'A.5 and A.6 using Equation (A.5)

Shape Mean value x Dispersion —A'x,Ax | Standard deviation
Table A.4 ‘Rectangular’ 1 207,05 -24,55 to 25,45 15,57
Table A.5 ‘Triangular’ 956,99 —24,49 to 25,51 12,24
Table A.6 ‘Bimodal’ 0,5313 -0,003 8 to 0,004 2 0,002 14

An|inappropriate choice of the probability distribution can affect the determined uncertainty valug. Where a
chgice is possible, the selection ‘'shall be justified. Where there is no clear choice, a rectangular|probability
disfribution shall be used.

These histograms are.close approximations to probability distributions. The probability distribution gnables the
medan value and the-standard deviation to be determined from the range of measurements each kide of the
medan, i.e. from the\dispersion.

This is very‘significant for estimating the systematic component of the measurement uncertainty ¢f sensors.
Systematic. effects are determined beforehand by testing the sensor under steady conditipns in an
enyironment similar to the one in which it is to be used. The results determine the dispersion of values in
thgse“conditions and define a probability distribution for the results. The two in combination |define the
systematic component of uncertainty of a sensor measurement in that environment.

A.3 Measurement histograms and probability distributions

The shapes outlined in Tables A.4, A.5 and A.6 approximate to rectangular, triangular and bimodal probability
distributions

Figure A.1 shows distributions for two sets of measurements, one for a small set, m = 4, sorted into large bins,
the other for a larger set, m = 20, sorted into small bins.
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m -
The ratio —L is the proportion of the total number of measurements, m, in the jth bin. This ratio is the
probability that a measurement is in the jth bin.

A A
20% |- 1 AN\
HO% T \r‘| |‘//I
50 100 150 200 250 B
A A
20% |- 2Ax
A _n
el
0,
10% - B 2Ax 0
| | | >
50 100 150 200 250 B
Key
m=4
2 m=20

A probalility, in percent
B  measured value

i |

igure A.1 — Histograms for two sets of measurements and a probability distribution

The histogfams are from a small’set of data, m = 4, sorted into large bins and from a larger set of data, m = R0,
sorted into| smaller bins. The-probability distribution is a continuous line. It is a model distribution equivalent to
an infinite number of meastrements distributed into infinitesimal bins.

— . 2Ax - .
meéasurements in bins of size dx=——. So, the average, x/, is
n

numbers

For Iargeur[(umbers of measurements, »—1— n. The summation can be represented as an integral for lafge

— A'x
x' = LA,xx'p(x) dx (A.7)

and

u(x) = \/J-A’x d(x)2 ~p(x) dx (A.8)
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p(x) is a probability function.

the relationship Zfﬁ =1 applies to sets of measurements, so the relationship
n

— A'x
x'= J._A’xp(x) dx =1

(A.9)

applies to the probability function. The uncertainty expressed in Equation (A.9) is the standard deviation of the

prd
Eq
wit
un

A.

A.4

Th

h small bin sizes. Probability distributions are exactly equivalent to data-histograms for d
Certainty.

1 Probability models

1.1 General

rectangular probability distributions,
triangular probability distributions,
bimodal distributions, and

Gauss distributions.
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bability function for the measurement process it describes between the limits x = Axand x = -Ax.

pre are four probability distributions commonly used tocalculate measurement uncertainty. They fare

Liation (A.7) gives the same results as those derived from the histogram Equation’ (A.5) for larg¢ data sets
etermining
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Key
—e— [A  normal (Gauss) distribution
——— |B triangular distribution
——— |C rectangular distribution
_ D unit area under distributions
—— E  one standard deviation
—— F  + one standard deviation
Figure A.2 — Common probability distributions
The commpon probability distributions are shown on Figure A.2. All have the same area beneath their functjon
line: the arpa is unity as required by Equation (A.9).
The Gauss distribution' is of little practical significance in hydrometry because its dispersion is infinitely wlide
(the distribution approaches zero probability but never reaches it). It is referred to as the ‘normal’ distributipn.
The ‘normal’ distribution does not exist in practical science but is commonly used as a theoretical device. Npte,
it can be seémthat the Gauss distribution can be approximated by the triangular distribution which has defined

dispersion of values.

One value of the Gauss distribution is used in defining the concept of confidence limit. In the HUG, the term
‘Gauss’ distribution is used instead of ‘normal’ to avoid the suggestion that ‘normal’ distributions exist in
hydrometry. The Gauss distribution is considered further in A.9.

The vertical lines indicate the standard deviation for the three distributions shown: all have the same standard
deviation. The vertical lines also indicate the bimodal distribution. The bimodal has infinite probability at these
lines and zero probability elsewhere.

In accordance with Equation (A.8), the area under each line (including a bimodal distribution) is one unit of
area as depicted by the inner tall rectangle.
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A.4.2 Probability models — General considerations

The distribution of measurements can be modelled if the shape of the distribution is always repeatable. In
other words, when random measurements are repeated, they have similar distributions within their dispersion
A'x about the mean value, x .

The rectangular, triangular and bimodal distribution models are able to meet most of the requirements. Others
can be derived and used if they represent the distribution more realistically.

Rectangular and triangular probability distributions are the natural forms for human estimation of readings

If g
def
en

It is
SUS
Su

A.
Th
dis

reg
by

Va

tch that of a rectangular or triangular probability distribution, but it should be sufficiently well d
eatable that a standard deviation can be determined for any span of dispersionst

n instrument shows small sensitivity to environmental changes, these changes shall be accomn
ining a wider dispersion of measurement. The determined uncertainty then applies to a state
ironmental conditions.

5 essential that all measurement processes have repeatable probability distributions. Any instrun
ceptible to external factors which make its performance unprédictable will have indeterminate U
ch instruments shall not be used for hydrometry.

b Adjustment for small set of data — The.7, factor

b probability diagram results from a hypothetically large number of measurements and d
persion Ax . If the set of measurements is very small, then the smallest and largest values n
resented. Therefore, the uncertainty for, small samples could be underestimated. This problem is
adding a factor ¢, to Equation (1) to in¢rease u(x) for small sets of measurements.

tions. The
s need not
efined and

hodated by
d range of

hent that is
ncertainty.

efines the
hay not be
dealt with

1 n 2
ug (x)=t, n_1z1(dl-) (A.10)
ues of ¢, are shown in(Table A.8 for numbers of measurements (minimum 2).
Table A.8 — Values of 7,
Number » t,
2 1,84
3 1,32
4 1,20
5 1,14
6 1,11
8 1,09
10 1,08
12 1,07
15 1,03
20 1,03
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A.6 Ran

dom and systematic effects

The terms random and systematic are used in standards to distinguish between i) effects that represent an
inherent dispersion of measured values under steady conditions, and ii) systematic effects that are part of the

measurem

ent procedure or apparatus.

For example, in hydrometry, the following systematic effects exist:

a) in setting the datum elevation of a head measurement device (float encoder, ultrasonic range sensor,
staff gauge, etc). If its existence is known or suspected, then steps are taken to eliminate dat

uncer
b) with a
of the
c) in any

international standard measurements, supported with the development of an uncertainty budget for

calibrg
d) where

Systematiq
the GUM
exist as dis

Tables A.2
channel. B
ranging de

of systematic effects about the recorded values is 0,5 mmy Without more information on the dispersions

shall also
measurem|

u(x)1

This does
data of Ta
uncertainty

Another c(
encoder sy
encoder is
dispersion
distribution
attributable

tion certificate in accordance with the GUM.
an algorithm is used to transform a measured parameter into another quantity.

effects remain constant for the measurement process whereas random effects can vary. Note {
joes not have different procedures to treat random and systematic effects. Both are assumed
persions around the determined value.

and A.3 are of channel width measurements. These are ‘measurements taken randomly within
oth tables show results with a resolution of 1 mm. Fhe measurement device, a ruler or a la
vice, will have a margin of uncertainty of its own: a‘systematic component. Assume the dispers

be assumed that the probability diagram is rectangular. Therefore, the systematic uncertainty of
ent process is

\/gXO,S =0,29 mm

not significantly add to the-channel width uncertainties of 15,8 mm and 12,3 mm for the chan
bles A.2 and A.3. However;-situations can exist where the systematic effect is significant and
shall be added accordingto the law of propagation, [see Equation (A.6)].

mmon source ofcuncertainty lies in setting the datum of a level measurement system. The flg
stem of Table A'6"has been datumed relative to the invert of a channel. The fixed elevation of

of 2,5 mm,\is" therefore assumed. In this case, care having been taken, a triangular probab
is considered to be appropriate. The systematic component of the head measurement, u(x
to its;datum is therefore

estimated to<be within 2,5 mm of the true value relative to a hydraulic datum of the channel

um

ruler used for measuring distance (here uncertainty is both in the ruler’s calibration and in“the lise
ruler);
calibration certificate (velocity probe, laser ranging device, etc). This requiresotraceability

to
the

hat
to

the
ser
jon
, it
the

nel
the

at-
the

A
lity

):

u(xy)

NE
:\/gx2,5:1,02mm

This is significant compared with the random uncertainty, 2,2 mm, of the encoder signal.

These uncertainties are combined according to Equation (A.4).

ug(x)

36

= u(x)2 +u(xs)2 =2,42mm
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A.7 Summary — Type A and Type B estimation methods

The fundamental definition of measurement uncertainty is standard deviation. This applies to sets of
measurement results. Measurement uncertainty also exists within the measurement process that measures
each value. This is a systematic effect. The systematic component has to be pre-estimated in another way
using a probability distribution. Clause A.3 shows both methods are equivalent.

The GUM classifies these two methods of estimation:

a)

Type A: a statistical method using a set of » discrete random measurements by

b)

Fo
dis

esfimates of measurement uncertainty. It is _€asier to verify that measurements are within 2

dis

A

Fi

g

Th
dog
fro

.B Gauss probability distribution

1) evaluating the mean value ;=%Z:xi ,

2) determining the set of deviations from the mean d; = x — x;,

1 2

Z:(di) ;

Type B: a non-statistical method, based on probability by

3) determining the standard deviation u(x) =1,

n—1

1) identifying the maximum and minimum values of x to determine.2A'x,

2) selecting or declaring a probability distribution, p ) of,the deviation,

A,
3) determining the standard deviation from u \/I ¥ dx

the sake of clarity and completeness, all Type B statements shall be a declaration of thg
persion of measurements and the associated;-probability distribution. This shall also apply

persion of values. This is particularly true of\complex systems requiring multiple inputs.

ure A.2 shows the Gauss distribution with a probability function defined as
AR’
1 2
plx)= exp 20
( ) o2

b function-implies infinite dispersions so, for hydrometry, has little practical value. However, th
bs meet the conditions required in Equation (A.9). By using the function in Equation (A.8) and
m x> tox =+, the standard deviation is found to be equal to o .

expected
to manual
specified

(A11)

is function
integrating

This feature makes the Gauss function particularly useful.

M\./\/}—U

It provides a rationale for combining and

manipulating uncertainties. For example, the following processes can be verified using the Gauss function for
randomly varying values of x:

the addition of uncertainties as root-sum squared values;

defining the uncertainty of the mean value of a set of » measurement as x = g
n

defining confidence limits for an uncertainty statement.

© 1SO 2007 — All rights reserved
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However, it remains an artificial probability distribution. If used to represent large numbers of inputs, such as
exist in acoustic Doppler systems, the combination of uncertainty using the law of propagation can produce
erroneous estimates of uncertainty.

An alternative method, based on numeric methods, is a more rigorous approach. This method is known as the
Monte Carlo Simulation.

A.9 Expanded uncertainty, U(x), confidence limits and coverage factors

B

Key

A probalility density

B  best egtimate (arithmetic mean)

C 68 % dhance that true value is within this range
D 95 % dhance that true value is within this range
E value

F  one standard deviation

G two stgndard deviation

Figure A.3 — Confidence limits

Using the [Gaussian distribution, it can be shown that uncertainty derived from Equation (A.11) covers dnly
68 % of the values represented by the function, 32 % are dispersed beyond the one standard deviation lipes
(see Figure A.2). This 'means that a significant portion of measurements will lie outside the stated band of
uncertainty.

The GUM [introduces the concept of ‘expanded uncertainty’ and ‘level of confidence’. Again, this is based|on
the Gauss Tunction. Tt the stated uncertainty is exiended to double its value, from one standard deviation to
two standard deviations, the area under the probability function with the expanded limits increases from
68,27 % of the total area to 95,45 % (68 % to 95 %).

Expanded uncertainties at the 95 % level of confidence are written in capitals (Ugs)and are related to
standard uncertainty simply as

U95 = ZU(X)

By doubling an estimate of standard deviation, confidence levels can be stated at the 95 % level of confidence
instead of 68 %.
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To express the uncertainty at the 95 % level of confidence, a factor, the coverage factor £, is applied to the
computed value of standard uncertainty. As indicated, for a normal probability distribution, 95 % of the
measurements are covered for a value of £k =2. The same approximation applies to all other types of
distribution.

For Type A estimations, this applies to large sets of measurements only. Small sets require an adjustment
factor, the ¢ factor. An expanded version of Table A.8 is shown as Table A.9 in which ¢, includes different
confidence limits.

Table A.9 — ¢, factors at 68 %, 95 % and 99 % confidence levels

NO
real
ha
lev

In

Fo
Ex

t
Number » ¢
68 % level 95 % level |99 % level
2 1,84 12,71 63,66
3 1,32 4,30 9,92
4 1,20 3,18 5,84
5 1,14 2,78 4,60
6 1,11 2,57 4:03
8 1,08 2,36 3,50
10 1,06 2,26 3,25
12 1,05 2,20 3,1
15 1,04 2,14 2,98
20 1,03 2,09 2,88
TE For small sets, the relationships between the factors is not equal to the coverage factor k=2 or & [ 3. For this
son, the GUM requires all estimations of uncertainty to be as standard deviations, k= 1. Only after the Uncertainties
e been combined [refer to Equation (A.1Q))is a coverage factor applied to represent the final result at the|appropriate
| of confidence.
hydrometry, results are presented and stated at the 95 % level of confidence as Ugs (x) .
A.10 Examples.of-combined uncertainty calculation, U,
most measUrement systems, the measurement results p, ¢, r, s are derived from several| variables.
bmples are
Example A p=Ax+By—Cz
Axy
—Exampte B =
z
Example C r=Bxy"
Example D s=p+r
where x, y and z are primary variables and 4, B, C, n are constants.
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Uncertainty of results is written with the suffix ‘c’ as follows: u¢ (p),uc (q),uc (7).uc(s). Their values, due to
uncertainty of primary measurements, u(x),u(y),u(z), are determined by their sensitivity to the primary
variables which are expressed as partial derivatives with respect to each primary variable. That is, restating

Equation (3) here:

o u(mf +[§Lu(x2)]2 b +[ = u(xn)j2

ox 1

1w (0 -

From which

Example A

) G [ o] [ ] o
o FET FET

Example 4
ug () = [%u(x)jz +[2_;u(y)]2 or
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