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Foreword

ISO/TR 5168:1998(E)

ISO (the International Organization for Standardization) is‘(a
federation of national standards bodies (ISO member bodigs). 1
preparing International Standards is normally carried out th
technical committees. Each member body interested in a
which a technical committee has been established has the
represented on that committee. International .@rganizations, gqg
and non-governmental, in liaison with I1SO, alse take part in the
collaborates closely with the Internatiomal\ Electrotechnical (
(IEC) on all matters of electrotechnical standardization.

The main task of technical coramittees is to prepare |
Standards, but in exceptional eifcumstances a technical com
propose the publication of @ Technical Report of one of th
types:

— type 1, when th&; required support cannot be obtain
publication of anMnternational Standard, despite repeated €

type 2, whén the subject is still under technical developme
for any~other reason there is the future but not immediat
of an agreement on an International Standard;

type 3, when a technical committee has collected data of
kind from that which is normally published as an |
Standard ("”state of the art”, for example).

Technical Reports of types 1 and 2 are subject to review \
years of publication, to decide whether they can be transf
International Standards. Technical Reports of type 3 do not
have to be reviewed until the data they provide are considerg
longer valid or useful.

ISO/TR 5168, which is a Technical Report of type 1, was ¢
Technical Committee ISO/TC 30, Measurement of fluid flo
conduits, Subcommittee SC 9, Uncertainties in flow measurem

worldwide
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repared by
in closed
ont.

This document is being issued as a type 1 Technical Report because no

consensus could be reached between ISO TC 30/SC 9 and

ISO/TAG 4,

Metrology, concerning the harmonization of this document with the Guide

to the expression of uncertainty in measurement, which

is a basic

document in the ISO/IEC Directives. A future revision of this Technical

Report will align it with the Guide.

This first edition as a Technical Report cancels and replaces the first
edition as an International Standard (ISO 5168:1978), which has been

technically revised.
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Annexes A and B form an integral part of this Technical Report.
Annexes C, D, E and F are for information only.
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Introduction

ISO/TR 5168:1998(E)

One of the first International Standards to specifically address
of uncertainty in measurement was SO 5168, Measurems
flow — Estimation of uncertainty of a flow-rate measurement,

1978. The extensive use of ISO 5168 in practicall@pplication
many improvements to its methods; these wer€-incorporated
revision of this International Standard, which™ in 1990
overwhelming vote in favour of its publication, However, this d
of ISO 5168 was withheld from publication®for a number of
despite lengthy discussions, no consensUs could be reached w
version of a document under develepment by a Working Gr
Technical Advisory Group 4, Metrology (ISO TAG 4/\WG 3).

document, Guide to the expre§sion of uncertainty in measuren
was published in late 1993 ds’a basic document in the ISO/IEC
At a meeting of the ISO Management Board in May 1995 it w
to publish the revisionv“of SO 5168, Measurement of fl
Evaluation of uncertaitities, as a Technical Report.

One of the majer-differences between ISO/TR 5168 and the GU
definitions and'terminology. In addition, a substantial difference

the subject
nt of fluid
ublished in
5 identified
into a draft

r¢ceived an

aft revision
ears since,
th the draft
bup of ISO
The TAG 4
ent (GUM),
Directives.
as decided
id flow —

M is in the
exists with

respect to(the concepts to be used to define practical mg¢asurement

processes.” In this Technical Report a normal distributi
measurément data is assumed and Student's t-factor is used t
thé_uncertainty. The method used to propagate elemental unce
the overall uncertainty is essentially identical to that used in the

This document is published as a type 1 Technical Report in
International Standard because it is not consistent with the GU
revision of this Technical Report will align the two documents.

bn  of the
determine
brtainties to
GUM.

tead of an
M. A future
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Measurement of fluid flow — Evaluation of uncertainties

1 Scope

Whenevgr a measurement of flowrate (discharge) is made, the value obtained fromthe ‘experimental dgta is simply
the best|possible estimate of the true flowrate. In practice, the true flowrate may)be slightly greater ¢r less than
this valug.

1.1 Thig Technical Report details step-by-step procedures for the evaluation of uncertainties in indjvidual flow
measuregments arising from both random and systematic error sour€es” and for the propagation of component
uncertairjties into the uncertainty of the test results. These procedures enable the following procgsses to be
carried opt:

a) estimation of the accuracy of results derived from flowrate"measurement;

b) seleftion of a proper measuring method and deyices to achieve a required level of accuracy |of flowrate
measurement;

c) comiparison of the results of measurement;
d) identification of the sources of errors dontributing to a total uncertainty;
e) refifement of the results of measurement as data accumulate.

NOTE — |It is assumed that the measurement process is carefully controlled and that all calibration correctiong have been
applied.

1.2 Thi$ Technical Report describes the calculations required in order to arrive at an estimate of the inferval within
which thg true valueyef the flowrate may be expected to lie. The principle of these calculations is appli¢able to any
flow measurement method, whether the flow is in an open channel or in a closed conduit.

NOTE — |AltHough this Technical Report has been drafted taking mainly into account the sources of errorf due to the
instrumerjtation, it should be emphasized that the errors due to the flow itself (velocity distribution, turbulence, efc.) and to its
effect onthe methodand on the TeSponse of the MSTument can be o great importance with ceram methods of flow
measurement (see 5.7). Where a particular device or technique is used, some simplifications may be possible or special
reference may have to be made to specific sources of error not identified in this Technical Report. Therefore reference should
be made to the “Uncertainty of measurement” clause of the appropriate International Standard dealing with that device or
technique.

2 Normative references

The following standards contain provisions which, through reference in this text, constitute provisions of this
Technical Report. At the time of publication, the editions indicated were valid. All standards are subject to revision,
and parties to agreements based on this Technical Report are encouraged to investigate the possibility of applying
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the most recent editions of the standards listed below. Members of IEC and ISO maintain registers of currently
valid International Standards.

ISO 5725-1:1994, Accuracy (trueness and precision) of measurement methods and results — Part 1: General
principles and definitions.

ISO 5725-2:1994, Accuracy (trueness and precision) of measurement methods and results — Part 2: Basic method
for the determination of repeatability and reproducibility of a standard measurement method.

ISO 5725-3:1994, Accuracy (trueness and precision) of measurement methods and results — Part 3: Intermediate
measures of the precision of a standard measurement method.

ISO 5725-4
methods fda

ISO 5725-6
practice of

T994, Accuracy (trueness and precision] of measurement methods and results — Parf]
r the determination of the trueness of a standard measurement method.

1994, Accuracy (trueness and precision) of measurement methods and results,~~ Part §
accuracy values.

3 Definitions and symbols

For the pur,

3.1 Defin

3.1.1 corr
is numerica

boses of this Technical Report, the following definitions and symbols.apply.

itions

pction: Value which must be added algebraically to thetindicated value to obtain the corrected
lly the same as a known error, but of opposite sign.

3.1.2 covérage: Percentage frequency at which an intervakestimate of a parameter contains the true va

is, in repea
the interval

ed sampling when the uncertainty interval provides 95 % coverage for each sample, over the
5 will contain the true value 95 % of the time.

4: Basic

- Use in

result. It

lue. That
long run

3.1.3 errof: Result of a measurement minus theA{gonventional) true value of the measurement. See figurg 1.

NOTE — Th
the correcte

b known parts of an error of measuremént may be compensated by applying appropriate corrections. T
result can be characterized by antuncertainty.

3.1.4 estimate: Value calculated from a sample of data as a substitute for an unknown population paramsg

For examp
deviation (@

e, the experimeptal-standard deviation (s is the estimate which describes the population
).

True value Average measurement

e error of

pter.

standard

/\ Single measurement

b6=+¢€
(total error)

/0
/

3 = Systematic

error € = Random error

Measurement

Figure 1 — Measurement error
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3.1.5 fossilization: Creation of a fixed systematic error from a live random error when only a single calibration is
relevant in the calibration process.

3.1.6 influence [sensitivity] coefficient: Uncertainty propagated to the result due to unit uncertainty of the
measurement (see subclause 7.4).

3.1.7 observed value: Value of a characteristic determined as the result of an observation or test.

3.1.8 random error: See figure 2 and subclause 4.2.

9%
N

3.1.9 rJndom uncertainty: Component of the uncertainty associated with the random error. See figup

3.1.10 gtatistical quality control chart: Chart on which limits are drawn and on which arg @lotted vdlues of any
statistic gomputed from successive samples of a population.

The statiptics which are used (mean, range, percent defective, etc.) define the differént-kinds of control|charts.
3.1.11 gystematic error: See figures 2 and 3 and subclause 4.3.
3.1.12 sgystematic uncertainty: Component of the uncertainty associated with the systematic error. See figure 2.

3.1.13 Taylor's series: Power series to calculate the value of a function at a point in the neighbourhopd of some
referencg point.

The serigs expresses the difference or differential between the new point and the reference point in trms of the
successiyve derivatives of the function. Its form is:

t(x] - (a)= —rfr(a)+R1

where fl(a) denotes the value of the«rth derivative of f(x) at the reference point x=a. Commonly, if the series
converggs, the remainder R, is made)infinitesimal by selecting an arbitrary number of terms and usudlly only the
first tern is used.

3.1.14 uincertainty:
(1) [Half the uncerainty interval, for a symmetrical uncertainty interval.

(2) [The positiveé’and negative components of a nonsymmetrical uncertainty interval, denoted by |U* and U~
respectively.

3.1.15 d4ncertainty interval: Estimate characterizing the range of values within which the true |value of a
measurand 1S expected to lie.

3.1.16 Welch-Satterthwaite method: Method for estimating degrees of freedom of the result when combining
experimental standard deviations with unequal degrees of freedom.

3.1.17 working standard: Standard, usually calibrated against a reference standard, which is used routinely to
calibrate or check material measures or measuring instruments.
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Value of Value of
measured measured
gquantity Spurious quantity
error
_ B
Random
error N
Mean measured value >< >< >< >< >< < Sszsszeémvtﬂe;hms‘;;é;!955 Systematic error is
of quanfity X X X X k& confidence Level within the estimated
Systematic error / =1 systematic uncertainty B
True value of {
quantity (unknown) Probabitiy-density
Time
Time during which a constant
value of the quantity “Y” L _B
is being assessed
Figure 2 — lllustration of terms relating to errors and uncertainties
True value Average
Systematic error
Figure 3 — Systematic error
3.2 Symbols
Symbol Meaning
B Systemadtic uncertainty of a symmetrical uncertainty interval.
B=12 D &
all'j alli
Bjj Elemental systematic uncertainty. The j subscript indicates the category, i.e.:

j =1 calibration
= 2 data acquisition
= 3 data reduction
= 4 method
= 5 subjective or personal

The i subscript is the number assigned to a given elemental source of error. If i is more than a single
digit, a comma is used between i and j.

B+, B~ Positive and negative systematic uncertainties of a nonsymmetrical uncertainty interval.
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overbar () Mean value (of a variable).

M Number of redundant instruments or tests.

N Sample size.

& Unbiased estimate of the variance, o2.

Sj Estimate of the experimental standard deviation from one elemental source. The subscripts are the

same as the elemental systematic uncertainties in B .

=33

L —

VT T

. . s
Sg Experimental standard deviation of the mean; equal to —

N
oM N g
DIDNCREINE

, a
_ =1]=1
Soooled = g M (N — 1) B
0 0
= 5|
where

X; is the arithmetic mean of all x; at the jth datum point.

tgs Student's statistical parameter at the 95 % confidence level. The degrees of freedon], v, of the
sample estimate of the experimental standard deviation are needed to obtain the t values.

U+, U- Positive and negative uncertainties of a nonsymfietrical uncertainty interval.
= B+ S
UabD b5 Sy
2 2
Urss =B+ (t95$)
X Arithmetic mean of the data values; %.

i=1

X =
N

X Value of x at the'ith datum point.
Xij Value of «j-at the jth datum point.
Y Arithmoetic mean of the n measurements of the variable Y.
Y Albdsic measurement.
B Systematic error, the fixed, or constant component of the total error, 6.
A Difference between measurements.
o Total error.
£ Random error.
6; Influence coefficient JR/AY;.
u Population mean.
NG Variance, the square of the standard deviation.
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Subscripts

ADD
RSS

Additive model.

Root-sum-square model.

© SO

NOTE — In ISO 5168:1978 and in many standards for flowrate measurement, eis used to indicate absolute uncertainty and E
is used for relative uncertainty. In this Technical Report U’ is used for relative uncertainty.

4 General principles of measurement uncertainty analysis

4.1 Nature of errors

All measurg
be positive
periods wh
during the
errors can
within whid

Errors are

tments have errors even after all known corrections and calibrations have been applied~The ef
or negative and may be of a variable magnitude. Many errors vary with time. Sonde, have v
le others vary daily, weekly, seasonally or yearly. Those which remain constant or‘apparently
test are called systematic errors. The actual errors are rarely known; howevef/~upper bound
pe estimated. The objective is to construct an uncertainty interval (or sometimes referred to
h the true value will lie with a stated probability.

he differences between the measurements and the true value which/is always unknown.

measuremegnt error, ¢, is divided into two components: B, a fixed systematic erfor and a random error, &, 4

in figure 2.
specific me
There are t
a) randon
b)

c)

systen

spuriod

It is rarely g
an interval

probability.

uncertainty).

Since meas

In some cases, the true value may be arbitrarily defined as the value that would be obtai
trology laboratory. Uncertainty is an estimate of the error whigh)in most cases would not be e
ree types of error to be considered:

errors — see 4.2;

atic errors — see 4.3;

ossible to give an absolute upper limit to_the value of the error. It is, therefore, more practicab
within which the true value of the measured quantity can be expected to lie with a suit

This "uncertainty interval” is showh as [)‘(— U, x+ U] in figure 4 (the interval is twice the o

urement systems are subject to two types of errors, systematic and random, it follows that an

measurement is one that has both_small random and small systematic errors (see figure 5).

4.2 Rand

Random e
from delive
data points
approaches

om error

rors are ¢audsed by numerous, small, independent influences which prevent a measuremen
ring the=same reading when supplied with the same input value of the quantity being meast
deviate from the mean in accordance with the laws of chance, such that the distributio
anormal distribution as the number of data points is increased. Random errors are sometimes

s errors or mistakes (assumed to be identified and rejected prior to statistical analysis) — see 4.

rors may
bry short
constant
s on the
iS range)

The total
s shown
hed by a
ceeded.

4.

e to give
hbly high

alculated

accurate

system
red. The
N usually
referred

N N e . . o )
1o as precistorTerTors: Ttestandarddeviatiomtor{see flgwu Brisusedasameasure of therardormerror;

£. A large

standard deviation means large scatter in the measurements. The statistic (s) is calculated from a sample to
estimate th

e standard deviation and is called the experimental standard deviation.

is the number of measurements;

is the average value of individual measurements X.

(1)
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Mean measured value (X)
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Lower -U +U Upper
Limit Limit
True value
A
Systematic
error
x-U X X+ U
Figure 4 — Uncertainty interval x + U (see also figure 2)
True value and average True value Aveltage
Measurement Measurement
Small random error Small random error
Zero systematic error Large systematic error
(Accurate) (Inaccurate)
True value and average True value Average
B
Measurement Measurement
Large random error Large random error
Zero systematic error Large systematic error
(Inaccurate) (Inaccurate)

Figure 5 — Measurement error (systematic, random) and accuracy

For the normal distribution, the interval X * tgg s/\/_N will include the true mean, u, approximately 95 % of the

time. The random uncertainty of the mean is tgg s/\/ﬂ . When the sample size is small, it is necessary to use the

Student's t value at the 95 % level. For sample sizes equal to or greater than 30, two experimental standard

deviations (29) are used as an estimate of the random uncertainty in an individual measurement. This is explained in

annex A.
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The random uncertainty can be reduced by making as many measurements as possible and using the arithmetic
mean value, since the standard deviation of the mean of N independent measurements is \/ﬁ times smaller than
the standard deviation of the measurements themselves.

_ Oindividual

o = .(2)
average m
and, analogously
s
=— . (3)
>IN
Average measurement
P Distribution of
- ?Z random error
g - 20 % + 20
b
o 7[ g
A ~—
Measurement
Figure 6 — Random-error
4.3 Systematic error
The second component of the total error is the systefnatic error, B. At each flow level this error is constant for the
duration of|the test (figure 1). In repeated meastitements of a given sample, each measurement has the same
systematic|error. The systematic error can be‘détermined only when the measurements are compared|with the
true value pf the quantity measured and this-is rarely possible. Systematic errors are sometimes referfed to as
biases.
Every effoft shall be made to identify~and account for all significant systematic errors. These may aflise from
(1) imperfe¢t calibration corrections,. (2) imperfect instrumentation installation, (3) imperfect data reduction, and
may includ¢ (4) method errors,@nd (5) human errors. As the true systematic error is never known, an upper limit,
B, is used if the uncertainty analysis.
In most casges, the systématic error, §, is equally likely to be plus or minus about the measurement. Thgt is, it is
not known |if the systematic error is positive or negative, and the systematic uncertainty reflects this as|£ B. The
systematic|uncertainty, B, is estimated as an upper limit of the systematic error, S.
4.4 Spurjods errors

Spurious errors are errors, such as human mistakes or instrument malfunction, which invalidate a measurement;
for example, the transposing of numbers in recording data or the presence of pockets of air in leads from a water
line to a manometer. Such errors cannot be treated with statistical analysis and the measurement should be
discarded. Every effort should be made to eliminate spurious errors to properly control the measurement process.

To ensure control, all measurements should be monitored with statistical quality control charts. Drifts, trends and
movements leading to out-of-control situations should be identified and investigated. Histories of data from
calibrations are required for effective control. It is assumed herein that these precautions are observed and that the
measurement process is under control; if not, the methods described are invalid.

After all obvious mistakes have been corrected or removed, there may remain a few observations which are
suspicious solely because of their magnitude.
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For errors of this nature, the statistical outlier tests given in annex B should be used. These tests assume the
observations are normally distributed. It is necessary to recalculate the experimental standard deviation of the
distribution of observations whenever a datum is discarded as a result of the outlier test. It should also be
emphasized that outliers should not be discarded unless there is an independent technical reason for believing that

spurious

45 Co

errors may exist: data should not lightly be thrown away.

mbining elemental uncertainties

The test objective, test duration and the number of calibrations related to the test affect the classification of
uncertainties into systematic and random components. Guidelines are presented in clause 6.

After all elemental error sources have been identified and classified as calibration, data acquisition, datg reduction,
methodi¢ and subjective error sources and elemental standard deviations and systematic uncertajntie$ estimated
for each| error source, a method for combining these elemental components into the experimentpl standard
deviatior] and systematic uncertainty of the measurement is needed. The root-sum:sguare or |quadrature
combination is recommended.
s= g (4
33 @
all'y alli
B=||S > B . ()
all'j alli
4.6 Uncertainty of measurements
The measurement uncertainty analysis will be completed’when:
a) the pystematic uncertainties and standard deviations of the measure have been propagated to ur|certainty in
the fest result, keeping systematic and randém components separate;
b) if snpall samples are involved, an estimaté of the degrees of freedom of the experimental standard Heviation of
the fest result has been calculated from the Welch-Satterthwaite formula (see annex A);
c) the fandom and systematic undertainties are combined into a single number to express a reasonahle value for
the pverall uncertainty.
For simglicity of presentatiori,’a single number, U, is needed to express a reasonable limit of error| The single
number,|some combinatiof)of the systematic and random uncertainties, must have a simple interprgtation (e.g.
the larggst error reasonably expected), and be useful without complex explanation. For example, the tjue value of
the measurement istexpected to lie within the interval
[7(—U,7<+U] . (6)
Since systematic uncertainties include those based on judgement and not on data, there is no way of combining

systematic and random uncertainties to produce a single uncertainty figure with a statistically rigorous confidence
level. However, since it is accepted that a single figure for the uncertainty of a measurement is often required, two
alternative methods of combination are permitted:

1)

linear addition:

Uapp = B+ tgss (7)
2) root-sum-square combination:
2 2
Urss =B +(t959»‘<) - (8)
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where B is the systematic uncertainty from equation (5) and s, is the experimental standard deviation of the mean
[equations (4) and (3)]. If large samples (N> 30) are used to calculate s, the value 2,0 may be used for tgg for
simplicity. If small samples (N < 30) are used to calculate s, the methods in annex A are required. There are two

situations where it is possible to use a statistical confidence level for the uncertainty interval:

a) ifthes

b)

ystematic uncertainty is based on interlaboratory comparisons (see ISO 5725); and

uncertainty interval is the test result *tggsx, which is at the 95 % confidence level.

if the systematic uncertainty is judged to be negligible compared to the random uncertainty. Here the

Typically Urss is considered to have coverage of approximately 95 %, and Uapp is considered to have coverage
between 95 % and 99 %.

4.7 Prop

If the test
uncertaintie

that relate {he measurement to the test result (see 7.4). Small sample methods are givendn-annex A.

agation of measurement uncertainties to test result uncertainties

result is a function of several measurements, the experimental standard deviatiéas and sy
s of the measurements must be combined or propagated to the test result using)sensitivity g

stematic
ctors, O,

In general, for m measurements, the experimental standard deviation and systematic.uncertainty of the t¢st result
are obtainef as follows:
_ 2
S = z (©msm) .9
Tm
B= > (OmBm)? ... (10)
all m

The overallfuncertainty for the test result is formed in the\same manner as described for the measurement in 4.6.

4.8 Uncdrtainty analysis before and after measurement

Uncertainty] analysis before measurement allows corrective action to be taken prior to the test t¢ reduce

uncertaintigs when they are too large orswhen the difference to be detected in the test is the same size dr smaller

than the predicted uncertainty. Uncgrtainty analysis before the test identifies the most cost-effective dorrective
action and the most accurate measurement method.

The beforejmeasurement uncértainty analysis is based on data and information that exists before the test} such as

calibration pistories, previous-tests with similar instrumentation, prior measurement uncertainty analysip, expert

opinions and, if necessary)-special tests. With complex tests, there may be alternatives to evaluate prior tq the test
such as different test designs, instrumentation arrangements, alternative calculation procedures and concomitant
variables. (orrective action resulting from this before-measurement analysis may include:

a) improvenients to instrumentation if the uncertainties are unacceptably high;

b) selectiomofadfferemtmeasurermentorcatibratormmethod:

c) repeated testing and/or increased sample sizes if the random uncertainties are unacceptably high. The
experimental standard deviation of the mean is reduced as the number of samples used to calculate the mean
is increased;

d) instead of repeated testing, the test duration may be extended in order to average the output scatter (noise) of

the flowmeter, resulting in a smaller random error per observation and hence a smaller random uncertainty;

NOTE — For example, ultrasonic and vortex shedding meters may have to be calibrated against a master meter, allowing

longer t

10

est times than allowed by a compact prover.
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e) rotating flowmeters normally generate an output showing a periodic cycle superimposed on an average meter
factor. In this case the test duration shall be matched to an integer multiple of half or full periodic intervals in
order to obtain the shortest test times.

After-measurement analysis is based on the actual measurement data. It is required to establish the final
uncertainty. It is also used to confirm the before-measurement estimates and/or to identify data validity problems.
When redundant instrumentation or calculation methods are available, the individual uncertainties should be
compared for consistency with each other and with the before-measurement uncertainty analysis. If the
uncertainty intervals do not overlap, a problem is indicated. The after-measurement random uncertainties should be
compared with the before-measurement predictions.

5 Identification and classification of elemental measurement error sources

5.1 Summary of procedure
Make a gomplete list of every possible source of measurement error for all measurements, that affect the end test
result. Fgr convenience, group them by some or all of the following categories:
a) caligration,

b) datalacquisition,

c) datalreduction,

d) errofs of method and

e) subjective or personal.

Within egch category, there may be systematic and/or randomcgrror.

5.2 Systematic versus random
Systemattic errors are those which remain constantdn the process of measurement for a given value of flowrate.

Typical examples of systematic errors of flowrate measurements are:

a) errofs from a single flowmeter calibration;

b) errofs of determination of the constants in the working formula of a measuring method;
c) errofs due to truncating insteadjof rounding off the results of measurement.

Where the value and sign of7a systematic error are known, it is assumed to be corrected (the corrdction being

equal in|value and opposite in sign to the systematic error). Inaccuracy of the correction results in a residual
systematic uncertaintys

Random|errors aré those that produce variation (not predictable) in repeated measurements of the samé quantity.

Typical randeny errors associated with flowrate measurement are those caused by inaccurate reading ¢f the scale
of a meastiring instrument or by the scatter of the output signal of an instrument.

The effect of random errors on the random uncertainty may be reduced by averaging multiple results of the same
value of the quantity.

The preliminary decision to determine if a given elemental source contributes to systematic uncertainty, random
uncertainty or both, is made by adopting the following recommendation: the uncertainty of a measurement should
be put into one of two categories depending on how the uncertainty is derived. The value of a random uncertainty
is derived by a statistical analysis of repeated measurements, while that of a systematic uncertainty is estimated
by nonstatistical methods.

This recommendation avoids a complex decision and keeps the statistical estimates separate from the judgement

estimates as long as possible. The decision is preliminary and will be reviewed after consideration of the defined
measurement process.

1
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5.3 Categorization of elemental error sources

Possible error sources can be divided arbitrarily into three to five categories:

1)
2)
3)
4)
5)

data re

calibration (see 5.4);

data acquisition (see 5.5);

duction (see 5.6);

method-related (see 5.7);

subjective or personal (see 5.8).

© SO

The size a
categories.

For examp
ments and
advisable tq

In such cas

a) calibraf
b)

c)

errors

errors

hd complexity of the measurement uncertainty analysis may lead to the use of any or-afl

e, metrological maintenance (calibration, verification, certification) of flowmeters;-flowrate
processing of the data are done by different personnel. To control the possible 'souUrces of
relate them to the stages of preparation, measurement and processing of the,data.

es, it is advisable to classify error sources into:

ion error sources (see 5.4);
bf measurement or data acquisition error sources (see 5.5);

bf processing the measurement data or data reduction error&optfces (see 5.6).

5.4 Calibration error sources

The major

the calibra
instrument
uncertainty
uncertainty

Figure 7 sh
source, Wi
experiment
uncertaintig
second digi

burpose of the calibration process is to determing systematic errors in order to eliminate the
ion process exchanges the large systemati¢ uncertainty of an uncalibrated or poorly d
for the smaller combination of the systematié uncertainty of the reference instrument and thg
of the comparison. This exchange of uncertainties is fundamental and is the basis of the notior
of the standard should be substantially\less than that of the test instrument.

ows a typical transducer calibration hierarchy. Each calibration in this hierarchy constitutes
th which is associated a pair, Of elemental uncertainties — the systematic uncertainty
al standard deviation of the(process. It should be noted that, from one step to another, these &6
s, as listed in table 1, may be cumulative or independent. For example, By, may include
t of the subscript indigates the category, i.e. 1 indicates calibration.
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Figure 7 — Basic measurement calibration hierarchy
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5.5 Data acquisition error sources

Figure 8 illustrates some of the error sources associated with a typical pressure data acquisition system. Data are
acquired by measuring the electrical output resulting from pressure applied to a strain gauge type pressure-
measurement instrument. Other error sources, such as probe errors, installation effects and environmental
effects, also may be present. The effects of these error sources should be determined by performing overall
system calibrations, comparing known applied pressures with measured values. However, should it not be
possible to do this, then it is necessary to estimate each of the elemental uncertainties and combine them to
determine the overall uncertainty.

Some of the data acquisition error sources are listed in table 2. Symbols for the elemental systematic uncertainties
and the experimental standard deviations and for the degrees of freedom are shown. Note these elemental
uncertainjties are independent, not cumulative.

Table 1 — Calibration hierarchy error sources

deviation freedom
SL—ILS B4 Si1 Vi
ILS—TS By 1 Vo1
TS — WS Bs4 31 V31
WS — M By S Vag

Table 2 — Data acquisition error sources

Error source System_a tic EX;:‘rrilr::;tal De%rfees

uncertainty deviation freedom
Excitation voltage Bi» S12 V12
Signal conditioning By, /%) V22
Recording device B3 S32 V32
Pressure transducer Byo $42 V42
Probe errors Bso S52 Vg2
Environmentat-effects Bs> S62 V62
Spatial avetaging B7, S72 V72

Pressurestransducer

—  Excitation voltage
source

Signal Recording
conditioning device

Measurement signal

Figure 8 — Data acquisition system

13
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5.6 Data

reduction error sources

© SO

Computations on raw data produce output in the required engineering units. Typical errors in this process stem
from curve fits and computational resolution. Uncertainties associated with these error sources are often

negligible.

Symbols fo

5.7 Meth

Errors of m
and also wi

Some exan

the relatiopship between the measured quantity and flowrate, or with inaccuracy of the constant]

relationshig

measuremgnt are not identical to the conditions in which*the calibration has been carried out or for

standardize
pressure d
uncertainty
are satisfie
uncertainty
evaluated b

5.8 Subj

Subjective

measurements and process,the data. These can include reading errors and miscalculations.

6 Estim

r the data reduction error sources are listed in table 3.

Table 3 — Data reduction error sources

e Systematic Experlr:er:’tal Degn;ees
rror sources uncertainty star_1 ar o
deviation freedom
Curve fit B13 S13 Vi3
Computational B3 $3 Vo3
resolution

od error sources

ethod are those associated with a particular measurement précedure (principles of use of inst
th the uncertainty of constants used in calculations.

ples are errors from indirect methods of flowrate measturement associated with physical inac
. These inaccuracies may be due, for instance, to\the fact that the flow conditions prevailing d
d discharge coefficient has been established.: In certain methods of flow measurement (di
cvices for instance), these sources ofsérror arising from the flow conditions are covereq
associated with the discharge coefficiefit, as far as the installation conditions prescribed in the
. if they are not, that standard does not apply. In other methods (velocity-area method for instg
arising from the flow conditions<is identified as a component of the total uncertainty; it
vy the user in each case and combined with the other elemental uncertainties.

betive error sources

prror sources are ‘eaused by personal characteristics of the operators who calibrate flowmeters

ation and presentation of elemental uncertainties

Ffuments)

curacy of
5 in the
uring the
which a
fferential

by the
standard
nce), the
shall be

perform

6.1 Summary of procedure

Obtain an estimate of each elemental uncertainty. If the data is available to estimate the experimental standard
deviation, classify the uncertainty as a random uncertainty. Otherwise, classify it as a systematic uncertainty.

Review the test objective, test duration and number of calibrations that will affect the test result. Make the final

classification of elemental

uncertainties for each measurement. If an error increases the scatte

measurement result in the defined test, it is a random error; otherwise, it is a systematic error.

14
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6.2 Calculation of experimental standard deviation

There are many ways to calculate the experimental standard deviation.

a) If the parameter to be measured can be held constant, a number of repeated measurements can be used to
evaluate equation (1), repeated here:

(1)

b) If thereareMredundantnstromentsorvredurdant meastrements—and-the pararmeter—to berrgasured can
be held constant to take N repeat readings, the following pooled estimate of the experimential standard
deviption for individual readings can be used:

OM N /2
QZ > b4 -x)'D
=1 J =1
_ O ... (12)
Spooled = 0 M (N — 1) 0
a a
g g
NOTE — Here ij is used differently from elsewhere in the text.
For the experimental standard deviation of the average value of the parameter
- Spooled (13)

JMN

c) If a|pair of instruments (providing measurements X3 and Xp; which have the same experimenfal standard
deviption are used to estimate a parameter thatzis not constant with time, the difference bgtween the
readings, A, may be used to estimate the expefimental standard deviation of the individual insttuments as
follopvs:

0

Y

s:[‘j—r_
O 2(N -1

2

... (14)

00000000
N

ood

whelre

If the degrees of freedom are less than 30, the small sample methods shown in annex A are required.

6.3 Estimation of systematic uncertainty

In spite of applying all known corrections to overcome imperfections in calibration, data acquisition and data
reduction processes, some systematic errors will probably remain. To determine the exact systematic error in a
measurement, it would be necessary to compare the true value and the measurements. However, as the true
value is unknown, it is necessary to carry out special tests or utilize existing data that will provide systematic
uncertainty information. The following examples are given, in order of preference.

a) Interlaboratory or interfacility tests make it possible to obtain the distribution of systematic errors between
facilities (see ISO 5725).

15
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b) Comparisons of standards with instruments in the actual test environment may be used.

c¢) Comparison of independent measurements that depend on different principles can provide systematic
uncertainty information. For example, in a gas turbine test, airflow can be measured with (1) an orifice, (2) a
bellmouth nozzle, (3) compressor speedflow rig data, (4) turbine flow parameters and (5) jet nozzle calibrations.

d)  When it is known that a systematic error results from a particular cause, calibrations may be performed
allowing the cause to vary through its complete range to determine the range of systematic error.

e) If there is no source of data on which to estimate the systematic uncertainty, the estimate must be based on
judgement. An estimate of an upper limit of the systematic error is needed. Instrumentation manufacturers'
reports and other references may provide information. It is important to distinguish between the “estimate” of
an upper limit on systematic error obtained by this method and the more reliable estimate of a random
uncertginty arrived at by analysing data. There is a general tendency to underestimate systematic uncgrtainties
when p subjective approach is used, partly through human optimism and partly through the @ossibility of
overlogking the existence of some sources of systematic error. Great care is therefore necessdry when
quoting systematic uncertainties.

f)  If the mean of results from redundant instruments or measurements differs by more than has been predicted
by indiyidual uncertainties, then a source of systematic uncertainty has been overlooked:-

Sometimeq the physics of the measurement system provide knowledge of the sign-but not the magnitugle of the

systematic|error. For example, hot thermocouples radiate and conduct thermal energy from the sensor tq indicate

lower temperatures. The systematic uncertainties interval in this case is nonsymmeétrical, i.e. not of the fofm £ B. It
is of the fprm B* for the positive and B~ for the negative uncertainty. JThus, typical systematic uncgrtainties
associated pith a radiating thermocouple could be:

Bt=0

B-=-10°

For elemenital uncertainties, the interval from B* to B~ shall include zero.

6.4 Finalluncertainty classification based on the defined measurement process

Uncertaintyl statements must be related to a well-defined measurement process. The final classifigation of

uncertaintigs into systematic and random depends on the definition of the measurement process. Some|of these

consideratipns are:

a) long vdrsus short-term testing (see 6.4*1);

b) compafative versus absolute testing (see 6.4.2);

c) averag|ng to reduce random.error (see 6.4.3).

6.4.1 Long versus short<term testing

The calibrafion histories ‘accumulated before, during or after the testing period may influence the uncertainty

analysis.

a) When [thefinstrumentation is calibrated only once, all the calibration uncertainty is frozen into syjstematic
uncertginty. The error in the calibration correction is a constant and cannot increase the scatter in a tgst result.
Thus, the calibration uncertainty, made up in general of systematic and fossilized random uncertainties, is

considered to be all systematic uncertainties in this case.

If the test period is long enough that instrumentation may be calibrated several times and/or several test
stands are involved, the random error in the calibration hierarchy (see 5.4) should be treated as contributing to
the overall experimental standard deviation. The experimental standard deviations may be derived from
calibration data.

6.4.2 Comparative versus absolute testing

The objective of a comparative test is to determine, with the smallest measurement uncertainty possible, the net
effect of a change. The first test is run with the standard or baseline configuration. The second test is run with the
change. The difference between the results of these tests is an indication of the effect of the change. As long as

16
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only the difference or net effect between the two tests is considered, all systematic errors, being fixed, will cancel
out. The measurement uncertainty will be composed of random errors only.

All errors in a comparative test arise from random errors in data acquisition and data reduction. Systematic errors
are effectively zero. Since calibration random errors have been considered systematic errors, they also are

effective
The test

Ar =

and

ly zero.

result is the difference in flowrate between two test results, rq and rs.

r —ry

... (15)

SAr

where §

the expe

6.43 A

Averagin
designin
should b
are signi
optimisti
weeks.

mount-td
these ef]
tests to

6.5 Ex

The fina
assume
determin
installed
like"” the
accurate
averaged

STt S =2

rimental standard deviations from data acquisition and data reduction, and s, is assimed to eq

veraging to reduce random error

g test results is often used to improve the random uncertainty. Carefdl)consideration should
) the test series to average as many causes of variation as possible. within cost constraints.
e tailored to the specific situation. For example, if experience indicates time-to-time and rig-to-ri
ficant, a design that averages multiple test measurement results on one rig on one day m
C random uncertainty compared to testing several rigs, each mounted several times, over
[he list of possibilities may include the above plus test\stand-to-test stand, instrument-to-
-mount and environmental, power supply and test crewsVariation. Historic data is invaluable f

Mneasure the effects should be considered.

ample of uncertainty classification: a.calibration constant

classification of elemental uncertaity depends on the defined measurement process. T
a test meter is to be compared ar calibrated with a master meter at one flow level. The ob
e a correction, called a calibration constant, that will be added to the test meter observation
for test. This calibration constant correction will, over a limited time period, make the test r
master meter. During the-calibration, the master meter is used to set the flow level, as it is no
than the test meter. To reduce the calibration random uncertainty, N = 13 comparisons will b
. If the data were plptted, the data might look like figure 9.

True value
(unknown)

Meter-to-be-calibrated
(average)

Master meter
(average)

No. 6Ty eadings

10

... (16)

is the experimental standard deviation of the random error of the first test, sy, is the'root-sum-square of

ual ..

be given to
The design
b variations
hy produce
b period of
nstrument,
or studying

fects.?) If the pretest uncertainty analysis identifies~thacceptably large elemental uncertainfies, special

b illustrate,
ective is to

when it is
heter “read
mally more
b made and

1) A stat

XXX XXXX
XXX XX

X X X

X X X X

X X X X

X

Flowrate

Figure 9 — Calibration should compensate for test meter systematic error

istical technigue, analysis of variance (ANOVA) is useful for partitioning total variance by cause.
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If the master meter systematic uncertainty derived from its own calibration is judged to be no larger than By,, what
will the test meter uncertainty be after calibration?

Define Aj =

Master meter readingj — Test meter reading;.

Calibration constant K equals the average

K=A= (17)
13
The experimental standard deviation of the calibration constant K is:
_\2 V2
T
X=J3 0 13x12 O 18
Y
g ]
The test meter is later installed in a test stand. Each observation made on the test meter.js‘corrected by @dding K.
By this progess, the error in K from the calibration process is propagated to the correcteddata from the tegt stand.
If the defingd measurement process is short, involving a single calibration, K is copstant and this error is a|constant
or systemdtic error. The uncertainty includes the systematic uncertainty in thexmaster meter plus thgd random
uncertainty| in the calibration process. The random uncertainty is fossilized)'into systematic uncertainty. The
fossilizatior] is indicated by an asterisk. The systematic uncertainty may be-gstimated:
- |r2 *2

Bx =B * (b5 ) ... (19)
where

Bw is the systematic uncertainty of the master meter;

tgs = 2|179 for 12 degrees of freedom (see annex A):
This calibrgtion systematic uncertainty should be ¢ombined with systematic uncertainties arising frgm other
sources to pbtain the systematic uncertainty of:the'measurement. There may also be random uncertaintigs arising
from these|other sources.
If the uncalibrated test meter had a systematic uncertainty judged to be By, the calibration process improved the
test accurdey if Bk is less than Bt~Note that the calibration process does not change the test metef random
uncertainty] which is included in.the data acquisition random uncertainty. However, the test meter random
uncertainty| contributes to the~calibration random uncertainty. This contribution is reduced by averqging the
calibration glata.
If the test|process is long”and involves several calibrations, the calibration error contributes both systematic
uncertainty|(By) and rahdom uncertainty (tgsSk) to the final test result.
If the test process-is comparative (the difference between two tests with a single calibration), the calibration error
is all systematicerror and cancels out when one result is subtracted from the other.
7 Combination and propagation of uncertainties

7.1 Summary of procedure

For each

measurement, combine separately the elemental

systematic uncertainties and the elemental

experimental standard deviations by the root-sum-square method. Propagate the measurement systematic
uncertainty and the experimental standard deviation separately all the way to the final test result, either by
sensitivity coefficients or by finitely incrementing the data reduction program. Work consistently in either absolute
units or percentages.

18
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mbining elemental experimental standard deviations

The experimental standard deviation () of the measurement is the root-sum-square of the elemental experimental

standard

deviations from all sources, that is:

... (20)

where | defines the category, such as (1) calibration, (2) data acquisition, (3) data reduction, (4) errors of method
and (b) subjective or personal, and i defines the sources within the categories.

For exarrlvple, the experimental standard deviation for the calibration process in table 1 is:

The me
standard

7.3 Combining elemental systematic uncertainties
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=|Ralibration =

= Pneasurement =

S 4={8r &+ 5 A

surement experimental standard deviation is the root-sum-square of™all the elemental e
deviations in the measurement system:

were only a few sources of elemental systefatic uncertainties, it might be reasonable tdg
to obtain the overall systematic uncertainties. For example, if there were three sources, the
would all be plus (or minus) would be ‘one-half raised to the third power, or one-eighth. Hd
y that all three will have the same.sign and be at the limit of the systematic uncertainties i
actual practice, most measuremeénts will have ten, twenty or more sources of systematid
y that they would all be plus (or minus) and be at their limit is close to zero, and thereforg
te to combine them by root-surn-square.

surement uncertainty analysis identifies four or less sources of systematic uncertainty, thers
hcern that some sourées have been overlooked. The analysis should be random and expert hel
to examine the calibration hierarchy, the data acquisition process and the data reduction pr
| sources.

b, the systématic uncertainty will be used herein as the root-sum-square of the elemental
ties fromall sources.

.. (27)

perimental

... (22)

add them
probability
wever, the
extremely
error. The
it is more

should be
b should be
bcedure for

systematic

... (23)

L

For example, the systematic uncertainty for the calibration hierarchy (table 1) is

B1:

Bta|:\/321+§1+ B+ By

The systematic uncertainty for the basic measurement process is

B=

B+ BB+ B+ B

. (24)

. (25)
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If any of the elemental systematic uncertainties are nonsymmetrical, separate root-sum-squares are used to obtain
B+ and B~. For example, assume By;, By;, Bys and By are available. Then

2 2
B+:\/B|21+(E§1) + B+ B+ B+ éa*‘(%) (26)
B \2 2
B = §1+(@1)+|§1+§1+é+é3+(53) - (27)
7.4 Propagation of measurement uncertainties
Fluid flow |parameters are rarely measured directly; usually more basic quantities such as temperature and
pressure are measured, and the fluid flow parameter is calculated as a function of the measurements. Urlcertainty
of the meapurements is propagated to the parameter through the function. The effect of the propagation may be
approximated with Taylor's series methods. It is convenient to introduce the concept of thehsensitivity of a result
to a measyred quantity as the uncertainty propagated to the result due to unit uncertainty.of the measplrement.
The “sensiftivity coefficient” (also known as “influence coefficient”) of each subsidiaryquantity is mqgst easily
obtained infone of two ways.
a) Analytically
Where| there is a known mathematical relationship between the_fesult, R, and subsidiary quantities Y;,
Yy, . . .|Yk, the dimensional sensitivity coefficient @, of the result/R\0 the quantity Yj is obtained by partial
differeptiation. Thus, if R =f(Y7, Yo, . .. Yk), then
oR
oY
Analogpusly, the relative (nondimensional) sensitivity,coefficient, 6, is
R
ol - 9RR . (29)
oY /Y
In this|form, the sensitivity is expressed as “percent/percent”. That is, 6, is the percentage chahge in R
brought about by a 1 % change inlYj. This is the form used if the uncertainties to be combined are expressed
as pergentages of their associated variables rather than absolute values.
b) Numerjcally
Where| no mathematical relationship is available or when differentiation is difficult, finite incrementq may be
used t¢ evaluate G»This is a convenient method with computer calculations.
Here @, is given by
AR
o—— ... (30)
AY

The result is calculated using Y; to obtain R, and then recalculated using (Y; + AY;) to obtain (R + AR). The value
of AY; used should be as small as practicable.

If the experimental standard deviations of the measurement are small and the variables independent, the
experimental standard deviation of the result Ris given by:

SR = Z(@isﬂ)z

20
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and the systematic uncertainty by:

Bg = Z(eia\{)2

Care should be taken to ensure that the variables are independent. With complex parameters, the same
measurement may be used more than once in the formula. This may increase or decrease the uncertainty
depending on whether the sign of the measurement is the same or opposite. If the Taylor's series relates the most
elementary measurements to the ultimate parameter or result, these “linked” relationships will be properly

... (32)

accounted for.
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=(change in output R due to a change in linked parameter which affects all inputs, Yj,simultan
ple of this is a change in barometric pressure, which affects all pressure ipputs simultan
ors.

uct of the sensitivity coefficient and the experimental standard deviation of the linked para
ombined with independent ones, thus:

Jewon ) + 3 (ors )

on (33), the product of one linked parameter is combined with the products of the remaining i
ers. The products of other linked parameters may becedmbined in a similar way.

5 of the propagation of measurement uncertainties to a parameter can be found in annex C.

ulation of uncertainty

mmary of procedure

e additive or the rootssim-square model of combination and combine the systematic 4
ties of the test resdlt;to obtain the overall uncertainty. The test result plus and minus the un
rtainty interval that-should contain the true value with high probability.

certainty \intervals

licity ‘of presentation, a single number (some combination of systematic and random unce
oCexpress a reasonable limit for error. The single number should have a simple interpretatig

likely to be

eously)

cously in a

ressure” system. Another example is the use of a common working standarghtocalibrate all thhe pressure

Meters can

... (33)

hdependent

nd random
certainty is

rtainties) is
n (e.g., the

TOT Teasonanty eXpected) and be USeiur withoUt COMpIex expranation. 1115 usuaty Tmpossioe

to define a

single rigorous statistic because the systematic uncertainty is based on judgement which has unknown
characteristics.?) This function is a hybrid combination of an estimated quantity based on judgement (systematic
uncertainty) and a statistic (random uncertainty). If both numbers were statistics, a confidence interval would be
recommended. 95 % or 99 % confidence levels would be available at the discretion of the analyst. Although
rigorous statistical confidence levels are not available, two uncertainty intervals, with an associated coverage
approximately analogous to 95 % and 99 % confidence levels, are recommended.

2) If information exists to justify the assumption that the systematic uncertainties have a random distribution, a rigorous
statistic can be defined.
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Uncertainty (figure 10) for the symmetrical systematic uncertainty case is centred about the measurement, and the

uncertainty
R-U,

where

Uapp =

interval is defined as:

R+ U

(B + t95S)

——————

. (34)
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Figure 11 s

VB + (tos9)”

rimental standard deviation is based on small samples, the methods in annex A_may be
h value of Student's tgs. For large samples (> 30), 2 may be substituted for tgg in equations (34)

result is an average (Fi) based on sample size N, instead of a single valgé (R) s/\/ﬂ S
fors.

ainty selected [equation (34) or (35)] should be provided in the\presentation; the con
uncertainty, random uncertainty, degree of freedom) should ©g available in an appen
documentation. These three components may be required to,.sudbstantiate and explain the ur
fovide a sound technical base for improved measurements,~and to propagate the uncertai

arameters to fluid flow parameters and from fluid flow patameters to other more complex perf
(e.g. engine, pump or fan performance and power station)or chemical plant efficiency).

ymmetrical interval
nonsymmetrical systematic uncertainty interval, the uncertainty (U) is no longer symmetrical 4
(B) (see 7.3).

nows the uncertainty (U) for nonsymmetrical systematic uncertainties. (See table 4.)

Measurement

... (39)

used to
bnd (35).

hould be

hponents
lix or in
certainty
hty from
ormance

bout the
stematic

N i

Measurement scale

- toss + f<)5$
Uncertainty inferval
(the frue value should

be within this interval)

Figure 10 — Measurement uncertainty interval (Uspp); symmetrical systematic uncertainty
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and additive combination
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Table 4 — Uncertainty intervals defined by nonsymmetrical systematic uncertainties

- + - + - +

B B t95s)z UADD UADD URSS URSS
0K + 10 K 2 K -2K + 12K -2K + 10,2 K
-3 kg + 13 kg 4 kg -7 kg + 17 kg -5 kg + 13,6 kg
0 Pa + 7 Pa 2 Pa -2 Pa + 9 Pa -2 Pa + 7,3 Pa
-8K 0K 2K -10K + 2K -8,2K +2,0K

Uask =yB" +(tos9) ... (36)
Uagp =B +1tg5S

URSS =—4B + (t95S) ... (37)

Meastpement

U =(B"-tgs5) U*=(B"+toss)

4 / N

~toss B- B* +1o5S

Uncertainty interval
(the ftrue value should
fall within this interval)

Eigure 11 — Measurement uncertainty; nonsymmetrical systematic uncertainty
and additive combination

9 Presentation of results

9.1 Summary of requirement

The summary report should contain the nominal level of the test result, the systematic uncertainty, the
experimental standard deviation, the degrees of freedom and the overall uncertainty. The equation used to
calculate uncertainty, Uapp or Ugrss should be stated. The summary should reference a table of the elemental
uncertainties considered and included in the uncertainty.
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9.2 Before-measurement analysis and corrective action

© SO

Uncertainty is a function of the measurement process. It provides an estimate of the largest error that may
reasonably be expected for that measurement process. Errors larger than the uncertainty should rarely occur. If the
difference to be detected in an experiment is of the same size or smaller than the projected uncertainty, corrective
action should be taken to reduce the uncertainty. Therefore, it is recommended that an uncertainty analysis always
be done before the test or experiment. The recommended corrective action depends on whether the systematic or
the random uncertainty is too large as shown in table 5.

Table 5 — Recommended corrective action if the predicted
before-measurement uncertainty is unacceptable

prove calibration
ependent calibrations for redundant meters
o Cdncomitant variable
. Inysitu calibration

Systerl1atic uncertainty too large:
n

Random uncertainty too large:

Larger test sample

More precise instrumentation
Redundant instrumentatien
Data smoothing

— Moving average
— Filter
— Regression

Improve design of experiment

9.3 Afte-measurement analysis and data validity

After-measpirement analysis is required to confirm the beforesthgasurement estimates or to identify dat
Comparison of measurement test results with the ‘before-measurement analysis is an excel
validity chegk. The random uncertainty of the repeated points or redundant instruments should not be sig
the before-measurement estimates. When\ redundant instrumentation or calculation met
available, the individual uncertainty intervals shouldbe compared for consistency with each other and
before-megsurement uncertainty analysis.

problems.

larger than

Three case$ are illustrated in figure 12.

Case |

No overlap

Case |
Partial overlap

Case lll
Complete overlap

U,

Uy

g validity
ent data
nificantly
nods are
with the

24
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Figure 12 — Three after-measurement uncertainty interval comparisons
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When there is no overlap between uncertainty intervals, as in Case |, a problem exists. The true value cannot be
contained within both intervals. That is, there should be a very low probability that the true value lies outside any of
the uncertainty intervals. Either the uncertainty analysis is wrong or a data validity problem exists. Investigation to
identify bad readings, overlooked sources of systematic error, etc., is necessary to resolve this discrepancy.
Redundant and dissimilar instrumentation should be compared. Partial overlap of the uncertainty intervals, as in
Case Il, also signals that a problem may exist. The magnitude of the problem depends on the amount of overlap.
The only situation when one can be confident that the data is valid and the uncertainty analysis is correct is
Case Ill, when the uncertainty intervals attain maximum overlap.

9.4 Summary for reporting error

The def|nition of the components, systematic uncertainty, experimental standard deviation -and [the overall
uncertainty (U) suggests a summary format for reporting measurement uncertainty. The format will describe the
compongnts of uncertainty, which are necessary to estimate further propagation of the unceftainties, and a single
value (U} which may be described as the largest error expected from the combined wuncertainties}| Additional
information (degrees of freedom for the estimate of g is required to use the experimental standard|deviation if
small samples were used to calculate s. These summary numbers provide the information necessary to accept or
reject th¢ measurement uncertainty. The reporting format should contain:

a) s the experimental standard deviation, calculated from data;

b) for $mall samples, v, the degrees of freedom associated with the’experimental standard deviation (). The
deglees of freedom for small samples (less than 30) is obtaingd)from the Welch-Satterthwaitd procedure
illustrated in annex A.

c) B, the systematic uncertainty of the measurement process’or B~ and B* if the systematic uncertainty is
nongymmetrical;

22

d) the pincertainty formula Uapp = (B + tgsS) or Urss & %2 +(tos9) g - the uncertainty interval withip which the

true| value is expected to lie. If the systématic uncertainty is nonsymmetrical, Uppp =B [~ tg5s and
2 2d/z 2 2d/z

Uadp = B" + tgss or Ugsg = - @B_) +(t9ss) ' 0 and Ugss = @BJ’) +(to59 0 - No more than tw¢ significant
U U

placgs should be reported. For smallhsamples see annex A.

The model components, s, v, B and .U, are required to report the uncertainty of any measurement procegs. The first
three components, s, v, and B, _are necessary : (1) to indicate corrective action if the uncertainty is upacceptably
large before the test, (2) to\propagate the uncertainty to more complex parameters, and (3) to substantiate the
overall upcertainty.

9.5 Reporting-uncertainty: Table of elemental sources

To suppri-the measurement uncertainty summary, a table detailing the elemental error sources is|needed for
several pUTposES. 1T The projected Uncertainty 1S deemed EXCEssIvVe 10T TNE PUrpose of the TeST, corrective action
should be taken to reduce this uncertainty. Further, if the uncertainty quoted in the summary appears to be
optimistically small, the list of sources considered should be reviewed to identify missing sources. For this reason,
it is important to list all sources considered, even if negligible.

Table 6 gives the format for such a table; one line should be completed for each elemental error source. Note that
all uncertainties in this table have been propagated from the basic measurement to the end result.

25
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Table 6 — Elemental error sources
Subscript Experimental
Measurement standard Degrees of Systematic Source of
ij Source value deviation freedom uncertainty systematic
Sj Vii Bij uncertainty
11
21
31
12
22
32
42
13
23
33
Measurement 2 2
Results value $= z S v B= \/ z Bj 95

26
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Annex A
(normative)

Small sample methods

tudent's t

=

=

E experimental standard deviation is based on small samples (N

D:B+(t953/\/T\l)

= )87+ (s SN

e small samples, the interval

7(—(t95 s/\/_N),_X+(§5 5\/7\)] will contain the true unknown

the time. If the systematic uncertainty is negligible, this statistical confidence interval is the
tos is the 95th percentile point for the two-tailed Student's t-distribution. For small samples, t

rger samples t will be smaller, approaching 1,96 as.a.Jower limit. The t-value is a function of the
of freedom (v) used in calculating s. Since 30 degrees of freedom (v) yield a t of 2,05 and infin

m yield a t of 1,96, an arbitrary selection of £ £,2 is used for simplicity for values of v from 3
e A1)

umber of degrees of freedom for small samples

ple, the number of degrées of freedom (v) is equal to the sample size, N. When a statistic i
sample, the degrees of freedom associated with the statistic is reduced by 1 for every
br used in calculating’the statistic. For example, from a sample of size N, X is calculated
of freedom, <and the experimental standard deviation, s, is calculated using equati
e 4.2), and has N—1 degrees of freedom because X is used to calculate s. In calculating othg
n one degree of freedom may be lost. For example, in calculating the experimental standard dg
the pumber of degrees of freedom is equal to N—k where k is the number of estimated coeg
omial fitted to the data.

30), uncertainty is defined 4

S:
o (A)
... (A2)

average, U,

uncertainty
ill be large,
number of
ite degrees
0 to infinity

calculated
estimated
and has N
bn (1) (see
r statistics,
viation of a
fficients for

When all random uncertainties have large sample sizes (i.e. vjj >30) the calculation of number of degrees of
freedom (v) is unnecessary and 2 is substituted for tgs. However, for small samples, when combining
experimental standard deviations by the root-sum-square method [see equation (21) in subclause 7.2 for example],
the number of degrees of freedom (v) associated with the combined experimental standard deviations is calculated
using the Welch-Satterthwaite formula (A.3).
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For example: the number of degrees of freedom for the calibration experimental standard deviation (s7) given by
equation (21), is:

O
~

EE/D.

v = L(A3)

13 E (3121 + %1 + §1 + %1)2

4 4 4
S1 S11+Sz1+%1+§1
Vi1 Vi1 V21 V31 Vg

.M#

1
N

where vj1 is the number of degrees of freedom of each elemental experimental standard deviation in the
calibration fprocess.

The numbgr of degrees of freedom for the measurement experimental standard deviation (s)\as piven by
equation (2p), is:

v= . (A4)
If the test rpsult is an average, x, based on a sample of size N,

s = . (A.D)
As VN is 4 known constant, the number of degrees of freedom of sy is the same as s, i.e.

Vs, = . (A.6)

A.3 Propagating the degrees of freedom

The Studer]t's t value from table A.1_to be used in calculating the uncertainty of the test result [equation (A.1) or
(A.2)] is based on v, the numbéryof degrees of freedom of s. If the number of degrees of freedo of any
measuremgnt standard deviatiormis less than 30, the number of degrees of freedom of the result also majy be less
than 30. In[such cases, the following small sample method may be used to determine v,. This is defined for the
absolute eXperimental standard deviation according to the Welch-Satterthwaite formula by:

4
v, = _Sr—4 (A7)
{ [a5)
5 \IH
and for the relative experimental standard deviation by:
4
r
v, = (/1) . (A8)
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where
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and the number of degrees of freedom on the experimental standard deviation (sg) of the independent

measurements is usually given by:

bi

v =(N - 1)

NOTE — [The number of degrees of freedom for the relative and absolute experimental standard deviations@ré-idd

Welch-Satterthwaite degrees of freedom may contain fractional, decimal parts. The fractions.should be
truncatedl, as rounding down is conservative with Student's t, e.g. v = 13,6 should be treated as v = 13,0.

Table Al1 — Two-tailed Student's t table for small

sample methods,
< 30 degrees of freedom

... (A9

ntical.

dropped or

Numttr of Number of
degreps of tos degrees of tos
freedom freedom
1 12,706 16 2,120
2 4,303 17 2,110
3 3,182 18 2,101
4 2,776 19 2,093 o o
5 2,571 20 2,086 v N
6 2,447 2] 2,080 .
7 2,365 22 2,074 PPN
8 2,306 23 2,069
9 2,262 24 2,064
10 24228 25 2,060
11 2,201 26 2,056
12 2,179 27 2,052
13 2,160 28 2,048 /
14 2,145 29 2.045
15 2,131 o 1,96
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Annex B
(normative)

Outlier treatment

© SO

B.1 Gen

All measur
intermitten

measuremgnt. Errors of this type should not be included as part of the uncertainty of the\tneasuremsd

points are
outlier.

All data sh
should be
with simila
steady-stat
analysis.

The effect
particular p
1)
2)

re

ng

The probab)
are 20 to

decreases
that the rej
large samp
small samp

One test in

eral

bment systems may produce spurious data points. These points may be caused by tem
malfunctions of the measurement system or they may represent actual- variationg

neaningless as test data. They should be discarded. Figure B.1 shows a spurious-datum point,

uld be inspected for spurious data points as a continuing check on the-measurement proces
bjected based on engineering analysis of instrumentation, fluid mechanics, flow profiles and pa
data. To ease the burden of scanning large masses of data, computétized routines are availabl
e data and flag suspected outliers. The flagged points should<{then be subjected to an en

ecting a good datum point;

t rejecting a bad datum point.

ility of rejecting a good point is usually setat 5 %. This means that the odds of rejecting a g
(or less). The odds will be increased by setting the probability of 1) lower. However, this
[he probability of rejecting bad data points. The lower probability of rejecting a good point w

e sizes, e.g. containing severalhundred measurements, almost all bad data points can be ident
les (five or ten measuremehts), bad data points are hard to identify.

common usage for determining whether spurious data are outliers is Grubbs' method.

borary or

in the
nt. Such
called an

s. Points
5t history
b to scan
hineering

pf these outliers is to increase the random uncertainty ofsthe system. A test is needed to detefmine if a
bint from a sample is an outlier. The test should consider two types of error in detecting outlierg:

od point
practice
Il require

pcted points be further from the-calculated mean, and fewer bad data points will thus be identffied. For

fied. For
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@ Spurious datum point
<
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@
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n
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X x X X X x X x 25k
X X X

Figure B.1 — Outlier outside the range of acceptable data
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B.2 Grubbs' method

Consider a sample (xi) of N measurements. The mean (i) and an experimental standard deviation (s) are

calculated by equation (1). Suppose that (xj ) the jth observation, is the suspected outlier; the absolute statistic,

T, . calculated is then:

Xj -X
T, = ... (B.1)
S
Using table B.1, a value of T, is obtained for the sample size (N) at the 5 % significance level (P)~Ibis limits the
probability of rejecting a good point to 5 %. (The probability of not rejecting a bad datum point i§Jnot fixed. It will
vary as a| function of sample size.)
The test[for the outlier is to compare the calculated T, with the value for T, given in table B. "
If T, calcplated is larger than or equal to Ty, as given in table B.1, we call Xj an outlier;
If Ty calqulated is smaller than Ty, as given in table B.1, we say ¥j is not an outligr:
Table B.1 — Rejection values for Grubbs'method
Sample 5 % significance Sample 5 % significance
size level size level
N (one-sided) N (one-sided)
3 1,150 20 2,56
4 1,46 21 2,58
5 1,67 22 2,60
6 1,82 23 2,62
7 1,94 24 2,64
8 2,03 25 2,66
9 2,1 30 2,75
10 2,18 35 2,82
11 2,23 40 2,87
12 2,29 45 2,92
13 2,33 50 2,96
14 2,37 60 3,03
15 2,41 70 3,09
16 2,44 80 3,14
17 2,47 90 3,18
18 2,50 100 3,21
19 2,53
B.3 Example

In the following sample of 40 values which are deviations from an average,

26 79 58 24 1 — 103 121 — 220
- 11 - 137 120 124 129 — 38 25 - 60
— 148 — 52 — 216 - 12 — 56 89 8 - 29
— 107 20 9 —40 40 2 10 166
126 - 72 179 41 127 — 35 334 — 555

the suspected outliers are 334 and — 555.
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To illustrate the calculations for determining whether — 555 is an outlier from figure B.2:

Mean,

X

=1,125

Experimental standard deviation, s = 140,813 6
Sample size, N

ncalc =

-bb5-1125
140,8136

‘ =395

=40

From table B.1 using Grubbs' method for N = 40 at a 5 % level of significance (one-sided),

© SO

Th tablep=28+
Therefore, gince 3,95 > 2,87, i.e.
Tn,calc > Tn,table
— bbb is anj outlier according to the Grubbs's test.
Table B.2 dives the results of this and two further iterations. The two suspected outliers, — 555 and|334, are
rejected by|the Grubbs' test.
Figure B.2 s a normal probability plot of these data with the suspected odtliers indicated. In this dase, the
engineering analysis indicated that the — 555 and 334 readings were (outliers, agreeing with the Grubbs' test
results.
Table B.2 — Results of Grubbs' test
Experimental
Suspected outlier Sample size standard deviation Mean Calculated T, Table T,forP =5
N S X
— b%5 40 140,8 1,125 3,95 2,47
334 39 109,6 15,385 2,91 (stop) 2,46
- 220 38 97,5 7,000 2,33 2,45
800
600
G
440 —
-
| 200 5§§ -5
E 0 @@@@5
= ,\9@ Rejets notés G = Grubb
= =200 =< MoyEmTE =1 125000
L Ecart-type = 140,813 6
-400 = N =40 |
/ . G
-600
-800
-1000
0,01 01 1 10 99,99
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Figure B.2 — Results of outlier tests

Fréquence cumulée, %
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Annex C
(informative)

Examples of estimation of uncertainty in airflow measuremen

t

ex contains two examples of fluid flow measurement uncertainty analysis. The first deals
ment for an entire facility (with several test stands) over a long period. It also applies to a singtg
t of instruments. The second example demonstrates how comparative development tests’can
ty of the first example.

pneral

nozzles and orifices. Selection of the specific type of flowmeter to use for a given aq
Nt upon a trade-off between measurement accuracy requirements, allowable pressure drop ang
ty and cost.

sonic velocity is maintained at the flowmeter throat, mass flowrate is a function only of the ug
s. With a subsonic flowmeter, where the throat lach number is less than sonic, mass fl
of both upstream and downstream gas propertiest

s for the ideal mass flowrate through nozzles, Venturis and orifices are derived from the

D.

DAV

the continuity equation as a.lasis for ideal flow equation derivations, it is normal practice
5 of conservation of mass(and energy and to assume one-dimensional isentropic flow. Exp
will not yield actual flow, since actual conditions always deviate from ideal. An empirically
h factor, the discharge cpefficient (C) is used to adjust ideal to actual flow:

qactual/ Odeal

tample 1: Test facility

C.2.1 Definition of the measurement process

vith airflow
test with a
reduce the

neasurements in gas turbine engine systems are generally made with“ohe of three types of flowmeters:

plication is
fabrication

flowmeter,
stream gas
bwrate is a

continuity

... (CT1)

to use the
essions for
determined

... (C2)

What is the airflow measurement capability of a given test facility? This question might relate to a guarantee in a
product specification or a research contract. Note that this question implies that many test stands, sets of

instrume

ntation and calibrations over a long period of time should be considered.

The same general uncertainty model is applied in the second example to a single stand process, the comparative

test.

These examples will provide, step by step, the entire process of calculating the uncertainty of the airflow
parameter. The first step is to understand the defined measurement process and then identify the source of every
possible error. For each measurement, uncertainties associated with calibration will be discussed first, then data
acquisition, data reduction, and finally, propagation of these uncertainties to the calculated parameter.
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Figure C.1 depicts a sonic nozzle flowmeter installed in the inlet ducting upstream of a turbine engine under test
for this example.

When a Venturi flowmeter is operated at critical pressure ratios, the flowrate through the Venturi is a function of

the upstrea

d

q=—

4

m conditions only and may be calculated from

z P

Jn

CRo*

C.2.2 Measurement error sources

... (C3)

Each of th
uncertaintig
some will 4
care should

In equation
these meaq

C.2.21 Fig
hierarchy ig
deviation. T
p, are not
interlaborat]
standard de

e variables in equation (C.3) must be carefully considered to determine how and to Avhs
s in the determination of the variable affect the calculated parameter. A relatively large_uncs
ffect the final answer very little, whereas small uncertainties in others have a large-effect.
be taken to identify measurements that influence the fluid flow parameters in more;than one

(C.3), upstream pressure and temperature (p1 and T4) are of primary concern~Error sources fo
urements are: (1) calibration, (2) data acquisition and (3) data reduction.

jure C.2 illustrates a typical calibration hierarchy. Associated with eachComparison in the d
a possible pair of elemental uncertainties, a systematic uncertainty and an experimental
able C.1 lists all the elemental uncertainties. Note that these elemental uncertainties of inlet
cumulative, e.g. Bypq is not a function of Bqq. The systepnafic uncertainties should be &
bry tests if available, otherwise, the judgement of the besf)eXperts must be used. The exp

viations are calculated from calibration history data banks;

Measurement
station

1
T

2
T

iy
7N
Plenum /

Figure C.1 — Schematic of sonic nozzle flowmeter installation
upstream of a turbine engine

Flow - § Engine
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Standards laboratory SL
Calibration

Interlaboratory standard ILS
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Transfer standard TS
Calibration

Working standard WS
Calibration

Measurement instrument M

Figure C.2 — Typical calibration hierarchy
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Table C.1 — Calibration hierarchy error sources
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Systematic Experimental standard Degrees

Calibration uncertainty deviation of
Pa Pa freedom
SL—ILS B11= 69 Sq1=13,8 V11=10
ILS—TS Bz1 = 69 S = 13,8 Vyq = 15
TS — WS Bg] = 69 31 = 13,8 V31 = 20
WS — M By =124 s41 = 36,5 vz1 =30

experimgntal standard deviations, i.e.

Y
|

The nun
follows:

V13

The sys
uncertair

'\/§1+§1+ §1+ %1

/1387 + 13,82 + 1382 + 3652

43,6 Pa

(3121 t+ g %1)2

4 4 4
st +i+i+ig

Hi var var v

2
(1 382 +1382 +138% + 36,52)

hag* 138* 138* 36p%L
+ + f
@ 10 15 20 30 @

54

ties, e

erimental standard deviation for the calibration process is the root-sum-square ofCthe

ber of degrees of freedom associated with s are calculated from the Welch-Satterthwaite

ematic «bincertainty for the calibration process is the root-sum-square of the elemental

BI_

[0 2 2 . 2
VO BT BT B

= /697 + 697 + 697 + 1242

=172Pa

Data acquisition error sources for pressure measurement are listed in table C.2.

elemental

... (C4)

formula as

... (C.B)

systematic

... (C.6)
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Table C.2 — Pressure transducer data acquisition error sources

Systematic Experimental standard Degrees
Error source uncertainty deviation of

Pa Pa freedom

Excitation voltage B, = 69 S1p = 34,5 vip = 40
Electrical simulation B,, = 69 Sy, = 34,5 Voo = 90
Signal conditioning By, = 69 S3p = 34,5 vgp = 200
Recording device By, = 69 Sy = 34,5 vio = 10
Pressure transducer Bs, = 69 Sqp = 48,3 vgo = 100
Environmental effects Bg, = 69 Sgo = 69 vgo = 10
Probe errors Bs, =117 Syp = 48,3 vsp = 60

The experirental standard deviation for the data acquisition process is

%:x/a22+§2+ b+ h+tH+5+%

1/2
S, = (3 452 + 34,57 + 34,57 + 34,57 + 48,3 + 697 + 48,32) (o))
=119 Pa

(Fov %+ 4+ b B B+ B)

V2 =
4 4 4
S, 9, 6, 0, 5, &, BF
EVQ Voo V32 Va2 Vg2 Vg2 V72%
(34,52 +345% + 34,57 + 34,52 + 48,32 9697 + 48,32)
vy = ...(C.8)
[Bas* 345% 345% 345, 483* 69* 48340
+ + + * +—+
%40 90 200 1< 100 10 60 %
=77
The systenjatic uncertainty. for the data acquisition process is
2 2 2 2 2 2 2\1/2
B, = (97 + 6924697 + 69? + 697 + 697 +1172) c9

=206 Pa

A computer operates on raw pressure measurement data to perform the conversion to engineering units. Errors in
this process are called data reduction errors and stem from curve fits and computer resolution.

Computer resolution is the source of a small elemental uncertainty. Some of the smallest computers used in
experimental test applications have six digits' resolution. The resolution error is = 1 in 108. Even though this error
is probably negligible, consideration should be given to rounding-off and truncating errors. Rounding-off results in a
random uncertainty. Truncating always results in a systematic uncertainty (assumed in this example).
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Table C.3 lists data reduction error sources.
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Table C.3 — Pressure measurement data reduction error sources

Systematic Experimental standard Degrees
Error source uncertainty deviation of

Pa Pa freedom
Curve fit B13 =69 S13 = 0 Vi3
Computer resolution B,3= 6,39 S3=0 Vo3

The expgrimental standard deviation for the data reduction process is

\/§23+ %

0,0

S3

The systpmatic uncertainty for the data reduction process is

\/9423+3223

692 + 6,897

Bs

69,3 Pa

The expgrimental sample standard deviation for preéssure measurement then is

Sp

or

S+$+ 3§

n
©
|

V4372 +14197 + 0,02

127\Pa

1/2
($1+ &+ 8+ i+ B+ B+ o Go+ o+ bt oo+ oo Do

Degrees of freedom associated with the experimental standard deviation are determined as follows:

2
(%1*’%1*%1"‘ §1+ %z"‘ 532*' %"2"‘ 421§+ %§+ §28+ %25*' 1233" %3)5

Vp=

V21 V31 Va1 Vi2

Voo V32

04 4 4 4 4 4 4 4
%311+%1+%1+ §1+ %z+ %er §+ 48 | 58, 65, 75, 135,
n Voo Vg2 V72 Vi3

4
23%
V23

...(C.10)

(CA)

.(C12)

.(C.13)

.(C.14)
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or

(E+3+3)

+

V1 1%

w

2
(43,62 +1192 +o,02)

43,64 119* 0,0*
+ +

O
5
0

=9
therefore tg

The systen]
Bp =

or

—_
i
N

O

=4 =27 o
I 77 V)

/
5=2

atic uncertainty for the pressure measurement is

FBi+ Bt Bt Byt Byr Byt Byt B B B+ B ﬁ)m

B+ B+ B

=2
Uncertainty

UabD

Ugrss 7

C.2.2.2 Th
Figure C.3

1722 + 2062 + 69,32

/7 Pa

for the pressure measurement is

- (Bp + tosSp)
2 [277 +(2% 127)] =531 Pa

* (‘95510)2

J@77) + (@X127) = 376 Pa

e calibfation hierarchy for temperature measurements is similar to that for pressure measu
Hepicts a typical temperature measurement hierarchy. As in the pressure calibration hierarg

comparisor

© SO

.(C.15)

.(C.16)

-(C7)

.(C.18)

.(C.19)

Fements.
hy, each
rtainties.

in“the temperature calibration hierarchy may produce elemental systematic and random uncq

Table C.4 |ists tTemperature calibration hierarchy elemental uncertainties.

38

Table C.4 — Temperature calibration hierarchy elemental errors

Systematic Experimental standard Degrees

Calibration uncertainty deviation of
K K freedom
SL —ILS B]] = 0,056 S1q = 0,002 Vi1 = 2
ILS—TS By, = 0,278 s;1 = 0,028 Vo1 =10
TS — WS Bg] = 0,333 31 = 0,028 V31 = 15
WS — Ml B4, = 0,378 s41 = 0,039 vy =30
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Standards laboratory SL
Calibration
Interlaboratory standard ILS
Calibration
Transfer standard TS
Calibration
Working standard S
Calibration
Measurement instrument Ml
Figure C.3 — Temperature measurement calibration hierarchy
The caligration hierarchy experimental standard deviation is calculated as
31:\/§1+ $i+ i+ B
=1/0,0022 + 0,0282 +0,0282 + 0,039 - (C.20)
=10,056 K
Degrees|of freedom associated with s; are
2
2
(541 + g+ 5231+ %1)
V13 7
DSH %1 + %1 + $ -
11 V3 V41§
0,0022 +0,0287 +0,028%% 0 0392)
3 .(C.21)
0024 00284 0028  0039*[
15 30 @
453>30
thereforg tgs =.2
The caligration hierarchy systematic uncertainty is
B1=\/qu1+ B+ B+ By
= /0,0562 + 0,2782 +0,3332 + 0,3782 .(C.22)

=0578 K

A reference temperature-monitoring system will provide an excellent source of data for evaluating both data
acquisition and reduction temperature random uncertainties.

Figure C.4 depicts a typical set-up for measuring temperature with chromel-alumel thermocouples.
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If several ¢
data can b

recorded apd reduced to engineering units by processes identical to those employed for test tem
measuremegnts, a stockpile of data will be gathered, from which data acquisitionanéd ' reduction uncertain
be estimatgd.
For the purposes of illustration, suppose N calibrated chromel-alumel thermYocouples are employed to md
ice-bath tepnperature of a temperature-measuring system similar to‘that depicted by figure C.4. If e
measuremgnt data are recorded, multiple-scan recordings are made for each of the thermocouples,
multiple-scén average (T(ij) is calculated for each thermocouple;»then the average (7(1') for all recordings
thermocouple is
i}
3 %
)_(J :£_1
Kij
where Kj is[the number of multiple-scan recordings for the jth thermocouple.

The grand 4§

i =

x|

The experir]

fCe=poiTT

|

\
ro |

\

‘ bath

Figure C.4 — Typical thermocouple channel

blibrated thermocouples are utilized to monitor the temperature of an ice-point Bath, statistica
recorded each time measurement data are recorded. Assuming that thosé thermocouple

a)

=

verage (7() is computed fof all'monitor thermocouples as

ly useful
data are
perature
ties may

nitor the
bch time
and if a
pf the jth

.(C.23)

.(C.24)

=0,009 4K (assumed for this example)

The degree

s of freedom associated with s; are

N

Vx

> (ki -1)

=1
=200 (assumed for this example)
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Data acquisition and reduction systematic uncertainties may be evaluated from the same ice-bath temperature
data if the temperature of the ice bath is continuously measured with a working standard such as a calibrated
mercury-in-glass thermometer. There the systematic uncertainty is the largest observed difference between X and
the temperature indicated by the working standard acquisition and reduction process. In this example, it is
assumed to be 0,56 K, i.e.:

B, =056 K

Error sources accounted for by this method are:

a) ice-point bath reference (random);

b) reference block temperature (random);

... (C.27)

c) reco
d) reco
e) anal
f)  chro
g) com
Several |
a) con
b) radig
c) reco
d) calig
These u
uncertai
The exps

ST
where

S

S3

rding system resolution;

rding system electrical noise;

pg-to-digital conversion;

mel-alumel thermocouple voltage versus temperature curve-fit;

puter resolution.

ncertainties which are not included in the monitoring system statistics,are:
uction uncertainty (Bg);

tion uncertainty (Bg);

very uncertainty (By);

ration uncertainty (B1).

ncertainties are a function of probe design and enwvironmental conditions. Detailed treatme
ties is beyond the scope of this work.

rimental standard deviation for temperature .measurements in this example is
S+ 2
X

10,0567 +0,0942

011K

= calibration hierarchy*experimental standard deviation;

= data acquisitioi-and reduction experimental standard deviation.

The degrlees of freedorm associated with st are

(53

®, %

Nt of these

... (C.28)

el

2
(0,0562 + 0,0942)

056%  0,00440
+
53 200 %

=249, therefore tgg =2

(C.29)
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When v is less than 30, tgs is determined from a Student's t table at the value of v. Since vy is greater than 30
here, use tgg = 2.

Systematic

uncertainties for the measurements are

-]

B%+B)§(+ Bé+ 3§+ B

=,/0,5782 +0,56°

... (C.30)

where

Uncertaint

UabD

C.223 To
a recognize
and experin

When an
uncertaintie
uncertaintie

305 K

calibration hierarchy systematic uncertainties;

Hata acquisition and reduction systematic uncertainties;

conduction error systematic uncertainties (negligible in this example);
adiation systematic uncertainties (negligible in this example);

ecovery factor systematic uncertainties (negligible in this example)(

for the temperature measurement is

= (Br + tossr) Ugss =4/BF + (t95ST)2

. [0,805 +(2x01 1)] = \/0,8052 2 >0 1)2
£ 1,03 K =0,83-K

hental standard deviation.

... (C.31)

minimize the uncertainty inthe discharge coefficient, it should be calibrated using primary stahdards in
d laboratory. Such a calibration will determine a value of C and the associated systematic urcertainty

independent flowmeter is used to determine flowrates during a calibration for C, dinpensional
s are effectively)calibrated out. However, when C is calculated or taken from a standard r¢ference,
s due to the_.measurement of pipe and throat diameters will be reflected as systematic uncertginties in

the flow measurement,

Dimensiongl uncertainties in large Venturis, nozzles and orifices may be negligible. For example, an| error of
0,001 mm [nCthe throat diameter of a 5 mm critical flow nozzle will result in a 0,04 % systematic unceftainty in
airflow. Howevertireseurcertamtrescambesgrfrecantatsmatterdameters:

C.2.2.4 Nonideal gas behaviour and changes in gas composition are accounted for by selection of the proper
values for compressibility factor (Z), molecular weight (M) and ratio of specific heats (y) for the specific gas flow
being measured.

When values of yand Z are evaluated at the proper pressure and temperature conditions, airflow uncertainties due
to uncertainties of yand Z will be negligible.
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For the specific case of airflow measurement, the main factor contributing to variation of composition is the
moisture content of the air. Though small, the effect of a change in air density due to water vapour on airflow

measure

ment should be evaluated in every measurement process.

C.2.2.5 The thermal expansion correction factor (F5) corrects for changes in throat area caused by changes in
flowmeter temperature.

For steels, a 17 K flowmeter temperature difference, between the time of a test and the time of calibration, will
introduce an airflow uncertainty of 0,06 % if no correction is made. If flowmeter skin temperature is determined to

within 3

K and the correction factor applied, the resulting uncertainty in airflow will be negligible.

C.23 Ilropagation of uncertainty to airflow
For an example of propagation of uncertainties in airflow measurement using a critical-flow-\enturi | consider a
Venturi Having a throat diameter of 0,554 m operating with dry air at an upstream total pressure of 88126 Pa and
an upstr¢am total temperature of 265,9 K.
Equation|(C.32) [identical to (C.3)] is the flow equation to be analysed:
o2
a=["-CRp* L ... (C32)
4 VT
where
v+l
a2 %y -10yMd
* —
4 Oy +10 EZRH
Assume/ for this example, that the theoretical discharge coefficient (C) has been determined to bg 0,995. (To
illustrate|the uncertainty methodology, we will@ssume an experimental standard deviation of 0,000 5 ir] addition to
a systematic uncertainty of 0,003.) Furthéryassume that the thermal expansion correction factor (F;) and the
compresgibility factor (2) are equal to 1,0: Table C.5 lists measured values, systematic uncertainties, ekperimental
standard|deviations and degrees of freedom for each error source in the above equation.
Note thqt, in table C.5, airflow_uncertainties resulting from uncertainties in F5, Z, v M and R are|considered
negligiblg.
Table C.5 — Airflow measurement uncertainty sources
Experimental Degrees
Erroy . Measured Systematic of Uncertainty Uncertainty
sourc Units value uncertainty standard freedom U Ugss
it ADD R
F deviation N
P Pa 88 126 277 127 96 531 376
T; K 266 0,8 0,11 250 1,02 0,83
d m 0,554 2,64 x107° 2,64 x107° 100 7,62 x107° 5,68 x 10~°
C 0,995 0,003 0,000 5 — 0,003 0,003 2
F. 1,0 — — — — —
z 1,0 — — — — —
y 1,40 — — — — —
M kg/kmol 28,9 — — — — _
R J/(K-kmol) | 8,314 x 103 — — — — —
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From equation (C.32), airflow is calculated as

31

0 2,40 2
_ 314159 (0554 00)2 % 0,995 x 10 x B2 éb (40 x 28911 88126
?M 8314 J266
3kgs™

=b2,

© SO

Taylor's series expansion of equation (C.32) with the assumptions indicated yields equations (C.33) and (C.34),
from which the flow measurement experimental standard deviation and systematic uncertainties are calculated.

Er ST =g
s=abed ~oong Bl +HRHO
Dp 0 021 0 C dop
d/z
) 127  0-011 O  [DO005IF [P x0000025(F
=533 H + + + H O
8126 x 266 0,995 0,554 g
— £ 2 2 2 2
-5:,3J(o,oo14) +(~0,0002)" + (0,000 503)~ + (0,000 09)
=079 kg™
2
%B f B0 R 2B Dﬂ
— P 0 O iyl d= [
% = p1[|+521'15+%€5+gd H%
El/z
oo 277 o, 00804 0003f | 0096055
> ies 1260 O 532 O fboosH 0,554 HH
= 503,/(0,003 1 + (-0,001 57 + (0,0030)* + (0000 09)?
=0p39 kg3~
By using the Welch-Satterthwaite formula, the degrees of freedom for the combined experimental

deviation afle determined from

.(C.33)

.(C.34)

standard

. (C.35)

q ? 7 f
] 0
i g Bl B
E]ap1 'O EBT1 U d
Ya” Poqg E™ Dog O 5
190t 0% s 0 g%q @ %Tq Q
o i S Sc
fop; N0 N T, 'O . Dod e
. r v v
f
[E s
[ ng+&%ﬂg+%sdg+§igm
B]m 0 0210 d C H
= 7 7
sy O (Fsr d 4 4
Op 0 0210 @ d %c
+ + +
Vp1 VT1 Vg Ve
which results in an overall degree of freedom > 30, and, therefore, a value of tgs of 2,0.
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Total airflow uncertainty is then:

Uapp = (Bq + t955q)

... (C.36)

=0,239 + (2% 0,079)
=040kgs ™
Uapp =0,8%
_ |r2 z
Ursp = \/Bq + (t955q)
_ 2 2
= J(o,239) +(2x0,079)
=0,29kgs™
Uéss = 0,55 %
C.3 Example 2: Comparative test
C.3.1 Definition of the measurement process
The objetive of a comparative test is to determine with the smallést measurement uncertainty the ne
design change, such as a new part. The first test is perfermed with the standard or baseline conf
second test, identical to the first except that the design change is substituted in the baseline configura
carried out. The difference between the measurement results of the two tests is an indication of the 6
design change.
As long @s we only consider the difference or net.effect between the two tests, all the fixed, constant,
errors will cancel out. The measurement uncertainty is composed of random uncertainties only.

For exanpple, assume we are testing the effect on the gas flow of a centrifugal compressor from a ch

inlet ind

If we te

defined

although
is not dg
small un

C3.2

All error
uncertai

9

ycer. At constant inlet and discharge conditions, and constant rotational speed, will the gas flo

Measurement process;“We obtain the smallest uncertainty. All the systematic errors cancel
the comparative test-provides an accurate net effect, the absolute value (gas flow with the n

termined or, if caleulated, as in Example 1, it will be inflated by the systematic uncertaintie
certainty of thed<comparative test can be significantly reduced by repeating it several times.

Measurement error sources

rfesult from random errors in data acquisition and data reduction. Systematic errors and hence|

... (C.37)

effect of a
guration. A
ion, is then
ffect of the

systematic

hnge to the
v increase?

5t the compressor with the-old and new inducers and take the difference in measured airflow as our

Note that,
bW inducer)
5. Also, the

systematic

Ties are effectively zero. Random Uncertaimnty vatues are identical 1o those in txampie T,

except that

calibration random uncertainties are classed as systematic uncertainties and, hence, become effectively zero.

C.3.2.1 Comparative tests shall use the same test facility and instrumentation for each test. All calibration errors

are systematic and cancel out in taking the difference between the test results.
Bi1=0

and
$1=0,5=0
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[see equation (C.7)]

[see equation (C.8)]

[see equation (C.25)]

C.3.2.2
$=9
=119 Pa
Vo=Vp =77
ST= S
= 0,094 K
VT = Vi
=200

C.3.2.3 The test result is the difference in flow between two tests.

AQ=0 - @

UAqADD = (BAq + ZSAQ) UAqus = V(BAq)z > (ZSAq)z
= (O + ZsAq) =4/0% + (ZsAq)z

= ZSAq = ZSAC]

UAqADD = qu\/E UAqRSS = ZSq\/E

2

119.F 0-0094F [0,0005f 0,000 o&sgg/
H

% =523 %ﬁsuaﬂ "Hx2660 "Hogos H TH 0554

$\q =01076 kg3~ S)q =01076 kgls™

— -1 — -1
Upgugp =0.22 kg3 Ungegs =0.22 kg[8

[see'equation (C.26)]

[see equations (C.36) afd (C.37)]

C.3.2.4 Ngte that the differences shown in table C.6 are entirely due to differences in the measuremen{ process

definitions. Fhe—sarmefivic-fow rmeastrerment systermmight beusedmbothrexamptes—he—comparative' test has
the smallest measurement uncertainty, but this uncertainty value does not apply to the measurement of absolute
level of fluid flow, only to the difference.

Table C.6 — Uncertainty comparisons of Examples 1 and 2

Example 1 facility Example 2 facility
1) Experimental standard deviation, kg-s~' (s) 0,079 0,076
2) Degrees of freedom (v) > 30 > 30
3) Systematic uncertainty, kg-s~' (B) 0,246 0
4) Uncertainty, kg-s™! 0,40 0,22
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C.4 Airflow example

68:1998(E)

In this example, airflow is determined by the use of a sonic nozzle and measurements of upstream stagnation
temperature and stagnation pressure (figure C.5).

The flo

The exps§

Assumin

Airflow measurement -g

Critical flowrate Venturi

2

Ty

Venturi throat, A

Figure C.5 — Flowrate through a sonic nozzle

Fate is calculated from

CARp*

P
VT

is the mass flowrate of air;

is the factor to account for thermal expansion of-the Venturi;

is the Venturi throat area;

is the upstream stagnation pressure;

is the upstream stagnation temperature;

is the factor to account for the properties of the air (critical flow constant);
is the discharge coefficient,

rimental standard devjatjon for the flowrate (sy) is calculated using the Taylor's series expansio
g C equals 1 and has'negligible uncertainty

@@Fas:a)z $ (@(p* %*)2 +(0n 5) + (@pIt al)2 . (@FI ﬁ)zé/

... (C.38)

... (C.39)

o
Nl

denotes

%:

H|

the partial derivative of g with respect to F,.

0 2
9*Apy 7 o Apy ? Opea B DOr 0* Py 7 He 0*Apy; gD
c SEQ ﬂ—a Sw*@ J@—a Sm@ + @7‘3 5/@ to = sno0
i T JTie T T A -24T3 60

... (C.40)
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By inserting the measured values and standard deviations from table C.7 into equation (C.40), the standard
deviation of 0,16 kg-s~1 for airflow is obtained.

The systematic uncertainty in the flowrate calculation is propagated from the systematic uncertainties of the
measured variables. Using the Taylor's series formula gives

S ) R CAN ST COCN SRS 4

For this example,

2
B, = ?@%B,:a)z +(@¢*ap*)2 + (AR +(@ o Bpt)2 +(@Tt Bﬂ)zg |..c42

Taking the phecessary partial derivatives gives

0 2?
OF
=0 % Apﬁ aAplt B EZ DF B DZ + DFa *A D2 + O ago Aplt od C.43
By = @ Q—AQ Q— o Br.g O |..ca3)
H/m H b e 0
By inserting the measured values and systematic uncertainties of the mgasured parameters from tabld C.7 into

equation ((.43), a systematic uncertainty of 0,46 kg-s~! is obtained for &nominal airflow of 113 kg-s~1.

Table C.7 dontains a summary of the measurement uncertainty analysis for this flow measurement. It should be
noted the Uncertainties listed only apply to the nominal values,

Table C.7 — Flowrate data

Messurod | Exporimontalsandard | Systomtie
Ha — 1,00 0,0 0,00
¢ — 1,0 0,0 0,0
@ kg-K172.NTT -8+ 0,040 4 0,0 4,04 x 105
A m?2 0,191 0,0 6,85 x 104
i Pa 2,54 X 108 345,0 345,
Tt K 303,0 0,17 0,17
Aq kg-s™! 113 0,16 0,46

48


https://standardsiso.com/api/?name=0ff2a426bbaa0a5b46a3ebbdebb02641

©1S0

ISO/TR 5168:1998(E)

Annex D
(informative)

Examples of estimating uncertainty in open channel flow measurement

D1 G

Evaluatig
velocity-

The met
equation
specified
measure)
to assun
assumpt
formulas

D.2 E

D.2.1 I

The champnel cross-section under consideration s divided into segments by m verticals. The breadth

mean ve

g =hd

segment

Q

represen

If xand ¥
area, the
sectiona

eneral

hod of measuring the flow is such that it is impractical to eliminate interdependent variablg

ments needed for evaluation of experimental standard deviations. Underthese conditions, it is
he that all the random uncertainties are equivalent to two experimental standard deviations.

Fya=Y nd
i=1 i=1

n of the overall uncertainty of a flow in an open channel will be demonstrated by, considg
rea method and (2) the weir method.

before estimating flow uncertainty. Therefore, it involves evaluation of the interdependent u
in 7.4. In addition, measurement conditions often make it impessible to obtain th

on, the random uncertainties can be propagated with each other by)means of the same root-
as the systematic uncertainties [see equations (20) and (23)].

kample 1: Velocity-area method

Equation for discharge in an open channel (velocity-area)

ocity associated with any vertical i.are’denoted by b;, dj and Vi respectively (see figure D.1). ]
/i represents an approximation to the discharge (volumetric flowrate) in the ith segment. The s

S,

ts an estimated-or observed value of the total discharge.

are respectively horizontal and vertical coordinates of all the points in the cross section, and
n the\precise mathematical expression for Q, the true volumetric flowrate (discharge) across
ared; can be written as

ring (1) the

s from the
hcertainties
e replicate
appropriate
Under this
buMm-square

depth and
he product
um over all

...(D.7)

\ is its total
the cross-

Q :HA v(xy) dxdy

...(D.2)

The true discharge and the observed discharge are related by a proportionality factor representing the
approximation of the integral equation (D.2) by the finite sum equation (D.1), thus:

Q:

FnQ = Fn g biqvi

i=1

... (D.3)
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In practice, Fy, can be evaluated from analysis of measurements in which mis sufficiently large for the effects on
Q, of omitting verticals, in stages, to be determined. Fp, is subject to a random uncertainty.

ienti ticeto tak E jati ith-mthat| | fyval f 1
It may be cprvenientin PHGHGE—0—taw8—ah—raHaHo R AR hatis-armeanrvalueofvaluesfor sectionsof several

different riers, taken together. Then the actual variations of Fy, from river to river, as compared with_thel

variation, will involve both systematic and random uncertainties.

Fmis depe

dent on the number of verticals m, and tends to unity as mincreases without limit. Th0s, equa

can be writfen approximately as

Q:

% E

o)

with increaping accuracy as mincreases.

This last fo

Dashed lineq

m is the one that is given in ISO 748.

water surface |/ dn

\m.ﬁat 1 *
point d

Streambed (m=-1)

Observation points

Breadth {metres) of segment associated with the observation point
Dépth of water (metres) at the observation point

Boundary of segments: one heavily outlined

meaned

tion (D.3)

... (D.4)

Figure D.T— Schematic of velocity-area method of discharge measurement

(midsection method)

D.2.2 Overall uncertainty of the flow determination

It is plausible to assume that, at a given m, F,and Q. can be treated as independent variables.
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However, the g in principle are not independent of one another, since the value corresponding to any one vertical
will be related to the values of adjacent verticals. Furthermore, there is an interdependence between the di and Vi
corresponding to any particular vertical. Thus, by applying the principles for combining experimental standard
deviations (see clause 7), the following expression for sq, the experimental standard deviation of Q, can be derived
from equation (D.3).

Sof OO MogOdisd ud 002 2 o' o m g0,
fot =Fr " 2ol F D THab RSl 2,90 @% s

where Sj arse-fromT themterdependence betweengand o ard S fromrthemterdependence between d; and V.

It is conyenient to introduce the notation s for relative experimental standard deviation. Thus sq/h is written &, ,

s,:m/ Fn |s written sg , and, neglecting §; and Sqvi - equation (D.5) becomes

3'5- DQ.H%2+52 % ...(D.6)

If the rel@tive experimental standard deviations S are all nearly enough €qual, of value &, and similarly for the S
and s, then

m

21 2

35-5F2m+(s%+s§+ %)Z(g’@) ...(D.7)
i=1

If the vefticals are so located that g = Q,/m then

g%::%+%(g%+g§+s§) ...(D8)

In multidoint velocity-area methods, welocity is measured at several points on a vertical, and the mgan value is
obtained|by graphical integration or'as a weighted average. The latter treatment can be expressed maihematically
as

<l
1

k
S WV ... (D.9)
D=1

where thie wp aréeonstant weighting factors. The subscript i that identifies the particular vertical is| omitted to
simplify [the,symbolism. The weighting factors usually are chosen so that pr =1. This equatign can also

represent the single-point method, by taking k = 1.

In all cases, the estimates v so computed are subject to errors. These errors are due to improper placement of the
meter at depth, and to deviations of the actual velocity profile from the presumed profile. The effect of these errors
can be expressed by means of a multiplicative coefficient P analogous to the coefficient Fy, used for similar
purposes in equation (D.3). The same analysis that led to equation (D.5) then yields the following expression for
relative experimental standard deviation of the average velocity v :

2
si=¢3 +szz(W'°—V'°)2 ... (D.10)
(3 o)
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in which s denotes relative experimental standard deviation in the subscript variable, v is measured point velocity,
and the ratio of ww-sum expresses the variability of weighted velocity over the depth of the vertical. For a uniform
k-point velocity profile, this ratio would equal 1/k. For an extremely nonuniform profile, in which a single term
dominated all the others, the ratio would equal 1. The latter value is adopted, at least from small k values, for the
sake of conservatism, with the result

s2=g2+ ¢ ...(DA1)

This choice also helps to represent the effect of any unaccounted-for correlations among point-velocity errors in
the same vertical.

In practice| the random uncertainty in the velocity measurement at a point is assumed to be due te.ja meter-
calibration felative experimental standard deviation, §., together with a stream-pulsation relativeyexpgrimental
standard dgviation, s;. Then the relative experimental standard deviation for point velocities is

s'\z, = sg + $g
The corresponding relative experimental standard deviation for average velocity in the vertical is

Sr

<IN

=dp+ &2+ & |..(D.12)

D.2.3 Example of calculation of uncertainty

It is required to calculate the uncertainty in a current-meter gauging from the following particulars:

Numbgr of verticals used 20
Exposyre time of current meter at each point
n the vertical 3 min
Number of points taken on the vertical (singlepoint,
fwo points, etc.) 2
Type of current-meter rating (individual or group) Individual
Averade velocity in measuring sectioh above 0,3 m-s™!

Details of the procedure are deseribed in ISO 748.

The randorh and systematiC uncertainties are combined by the root-sum-square and linear additive mefthods as
stated in 83, ie W\2& and By are the percentage overall random and systematic relative uncegrtainties

respectively, then Ug, the percentage uncertainty in the current-meter gauging, is

Ul = (25)° + B and

U,Q/-\DD = B,Q + 2%

D.2.3.1 The equation used for evaluating the overall relative experimental standard deviation is [see
equation (D.8)]

A R Y 2, &2
e
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is the overall percentage experimental standard deviation;

is the percentage experimental standard deviation due to the limited number of verticals used,

is the percentage experimental standard deviation in measuring the width of segments;

is the percentage experimental standard deviation in measuring the depth of segments;

is the percentage experimental standard deviation in estimating the average velocity in each vertical

N

g7

The perc

The equa

The syst
and velo

D.2.3.2

LBg+ 85

—
Sy :\/gp + 82+ & [see equation (D.12)]

respectively);

an individual rating was used at velocities of the order of 0,30 m{s);

is the percentage experimental standard deviation due to gulsations (uncertainty due to

readings of velocity).

entage values of the above partial uncertainties at the®5 % confidence level are tabulated in D

tion for calculating the overall systematic uncertainty is

is the overall percentagesystematic uncertainty in discharge;
is the percentage systematic uncertainty in the instrument measuring width;
is the percentage 'systematic uncertainty in the instrument measuring depth; and

is the percentage systematic uncertainty in the current-meter rating tank.

bmatic uncerfainties in the current-meter gauging are confined to the instruments measuring
City, and.should be restricted to 1 % as shown in D.2.3.2.

is the percentage experimental standard deviation due to limited number of paints taken in[the vertical
(in the present example the two-point method was used, i.e. at 0,2 m ,and-0,8 m from the surface

is the percentage experimental standard deviation of the current-meter rating (in the presgnt example

he random

fluctuation of velocity with time; the time of exposure inthe present example was three [one-minute

2.3.2.

idth, depth

The values of the elemental uncertainties affecting uncertainty in discharge are listed in {

percentage uncertainties at the Y5 % confidence level.

able D.1 as

[he numerical values are taken from IS0 748. It is

recommended, however, that each user determine independently the values of the uncertainties for any particular
measurement.
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Table D.1 — Elemental uncertainties affecting uncertainty in discharge

Relative random Relative systematic
Error source Units uncertainty uncertainty
(2s: 95 %) B
28
Fr number of verticals — 5,0 % —
b, segment width m 0,5 % 1,0 %
d, segment depth m 0,5 % 1,0 %
Vv, NUmMber of points in the vertical m-s~! 7,0 % —
. current-meter calibration m-s™' 2,0 % 1,0 %
o, Current-meter exposure time m-s™' 50 % —

Then, the o

=i

The overall

B =

1

The combi
discharge,

U’QRSS

verall random uncertainty in discharge is given by

1
m

\/SEm+

25+ (025+025 + 49 + 4 + 25)
20

(s34 s+ e €4 ¢

4 %

systematic uncertainty is
P+ + 1

7 %.

ation of both random and systematic uncertainties then gives the overall percentage unce
UG-

Uy, =By +2
S (25’Q)2+ Bé Qoo = BQ 2%
=17+54
= \/5,47 +172
=71%

F5,72%

D.2.3.3 The discharge measurement may be expressed in the following form:

Discharge, Q m3.s-1
(Combined) uncertainty, Ug, 57 %
(Combined) uncertainty, Ug, 7.1 %
Random uncertainty, 2sg 5,4 %

1,7 %

Systematic uncertainty, By

Uncertainties calculated in accordance with this Technical Report.
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