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INTRODUCTION

Most people are aware of the national and inter.national standards of mass
and length since these arc kept secure and safe in national lahoratories.
They may be a little unsure ahout where the international standard of time
is kept but they will appreciate that there can only be one single measure
of time. In fact time is now based upon the caesium 133 atom frequency and
it can be transmitted from place to place quite easily without affecting the
primary aspect of a standard. Copies have been made of mass and length
standards and these are used in nationwide measurement services.
When it comes to flow measurement it is not possible to have a tangible
standard in the way that the mass/length standard can be converted into a
volume standard measure. The measurement is a dynamic one and the method
used is to collect the flow for a measured time to obtain a mean value over
that time. This mean value can be related to the flowrate measured by a
transfer standard device. The calibration of this device then means that
its indications have been checked against an accredited flow measurement
test facility and it can be used to transfer this flowrate to .a lo~al site.

•

The modern industrial world depends upon accurate measurement whether the
best that can be obtained is one part in a million or one in ten. What is
of immense and vital importance is that the reality of the level of accuracy
should be ad equate!~ estimated and accepted.
These notes describe the development of standards for the estimation of the
uncertainties in flow measured - use of the word accuracy is to be discouraged for this purpose since it has come to have many different meanings.
2
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STANDARDS ON FLOH MEASUl'LEMENT

There are many different bodies which issue standards on · flow measurement as
such, or who include details about the wa•; in which the flow measurements
associated with the particular specification are to be carried out. The
International Organization for Standardization, ISO, and the Internationa l
Electrotechnical Commission, IEC, are the two world-wide bodies which have
established the greatest acceptance since they are suppo rted by the nation e l
standards bodies in all the key countries in the worl<l. Examples of the
second type of standard are the documents issued by the ISO Technical
Committee dealing with pumps, ISO/TCllS, which deal with the hydraulic
testing of pumps, where flow measurement clearly plays a major role.
Though not all the standards attempt to explain in any detail about the
estimation ot the overall uncertainty of the measurement being made, most
give a simple estimation of the 'accuracy'. The danger of neglecting to
give such estimations entirely is obvious but it is a fact that there is a
common tendency, even when the message is clearly stated in the standard,
for the reader to jump over this section on the grounds that it is too
difficult to understand and 'anyway it does not matter'.
The advent of the common calculator 20 years ago and now even more the
recent introduction of the microchip and the video display can easily lead
the user to accept the ro~ of figures which he reads or sees being printed
as being absolute.
Most of the equipment for making measurements sold today comes with its
readout attractively digitised and displayed to four or more figures. It
pays to stop and think what is behind such displays for while it ueed not be

1 .

doubted that the calculations are accurate to the last figure given, it has
to be realized that the elec~ronics is subject to variations in its conversion to the microchip from the basic sensor, while that sensor itself could
be in error by a significant amount.
The value of ±1-2 per cent which is usually given, for example, for the
uncertainty associated with the measurement of flow requires •experienced
personnel ~1th apparatus of high accuracy'. Turning this into practical
terms so that its meaning can be appreciated, if the output of a large pump
were stated as being: 2.763 ~ 3 /s then it can be expected that with 95 per
cent confidence limits (that is roughly 19 times out of 20) that the true
flowrate will lie somewhere between 2.708 and 2.818 m3/s. It will then be
realized that this, in truth, brings the number of figures down to two or at
most two and a half and not the four significant figures given.

Thus this flowrate should really be represented as lying between

2.7 and 2.8

= 2.75

± 0.05 m3 /s.

Think of how often you have seen a display with 27 653.08.
3

UNCERTAINTY OF MEASUREMENTS

Every physical measurement must have associated with it an uncertainty,
however snall. In this space age it may be claime d to measure time with
unbelievable accuracy to one part in a million million, or better, but that
statement still includ e s an uncertainty in tl~ one part. By contrast the
above example for the determination of the f lo~~at e was only claiming one
part in 50. The concept is the same, ho\.Tever, in that the absolute value is
not known and can only be inferred from the measurements which have be en
made .
7he degree of certainty in the precise va lue of any measureme nt can be found
in fact only by a very careful examination of all the sources and contribu-

tory causes of error in the system being used, in the equipment and .ins trumentation available and in the fluctuations and variations of the phenome non
itself which is being measured.
If one thinks of measuring the velocity of the wind one realizes instantly
that i t is neither constant in space or in time and indeed that putting
something in 1 ts path to measure its velocity itself changes it. So it is
with the testing of pumpn or compressors, though fortunately the degr ee of
variation within the parameters of head, flow and speed is very much lee~
than the fluctuations of wind velocity. Similarly on custody transfer the
f1uctuations in the flow can cause problems with the instrumentation attempting to read the total quantity passed.

t

Add to this that in a single measurement the evidence and data which can be
collected are inevitably limited both by cost and time, then it is clear
that it is quite impracticable to make all the exhaustive analyses of all
sources etc which are described in textbooks on statistics. In consequence
it is not possible to deduce explicit and exact values and confidence
levels for the uncertainties in these measurements. What has to be
remembered ho~ever is that it is important to collect as rnuch evidence from
calibrations, other data, the standard and the measurements themselves as
possible in the time avail.able, and to use this. In addition~ in thci r
absence, it is equally important that reasoned estimates should be made of
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all possible sources of uncertainty based on observation nnd previous
experience.

4

ACCURACY AND REPEATABILITY

To illustrate the importance of agreement on standarized ways of reporting,
the words accuracy and repeatability can be cited. There has been, and
still is, immense confusion for the reader on what is meant by these t e rms.
They will be seen in instrument catalogues and in reports and books, often
without any qualification or accompanying de!inition.
Apart from the difficulty in understanding what is meant by someone s aying
that 'the accuracy of this measurement was higher than that one ' which could
be greater or less in absolute value, the word used on its own i s dangerous.
Hence it is that over the past 20 years the word 'uncertainty' with a
specific meaning has come to be adopted to replace the vague word
'accuracy'.
In the flow measurement field the responsible ISO Technic al CommitteeJ
ISO/TC30, created a subcommittee , TC30/SC9, to prepare s t a nd a rds on the
asse ssment of uncertainties. In fact the prin c iples given in the fir s t of
these ISO 51 68(l) have bee n very Yell received and are be ing appli ~d to
many other measurements.
Suppos e, as shown in Fig. I, that ten readings o f a parame t e r have bee n
take n. The mean va lue of these ten readings can be determined. Wha t t hen
is the unce rtainty o f this mean va lue or in the old terminol ogy . what i s its
accuracy? Sta t istically the standard devia tion o f the ind i vidual t e st
points can be calculated a nd the standard error of the ~ean f ound from:

This must be multiplied by a fa c tor called Student' s t t o obt a in a stati s ti cal value which the n has confid e nce l i mit s . The 95 per cent confide n ce
limits referred to earlier are the pre ferred and interna tiona lly recogni zed
confidence levels use d by me chanic al enginee rs. The y arc equa l to t S3 where
t approac hes 1. 96 as the number n approaches infinity. Fo r a set of t es t
points numbe ring 15 or more the value of 2 f or t i s a r easonable appr oximation. Student's t can be estima t ed with ade qua te conf i dence from the
equation
t

=

1. 96 + 2.36/v + 3.2/v2 + 5.2/v3.B~

where v is the number of degrees of freedom, and is usually one less than
the number of test points.
From Fig. 1 it can be seen how an uncertainty value might be quoted which
would be valid say for 50 per cent confidence limits, instead of the 95 per
cent leve l. Unless the value is stated as being associa t ed with tha t leve l
of confidence, however, a very false impre ssion could be give n.
Turning to the term 're peatability', confusion over its definition has still
not been fully reso lved. The table overl e af illustrate s t he problem.
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ILLUSTRATING DIFFERENT WAYS OF DEFINING 'REPEATABILITY'
Measured
Flowrate
(m3 /s)

Definition of

Value obtained*

repeatability
0. l

10
x
9
x
8x

0. 1

7x
6

x

5x

4X

0.17

3x

2x
I

0.1

x

m3 /s

% of mean

2S 12

0.0074

4.2

s

0.0026

1.5

4S

0.0104

5.9

0.0058

3.3

2t 9 5S

0.0116

6.6

(10)-(1)

0.0250

14. 1

(10)-(1)
2

0.0125

7.0

(8)-(6)

0.0060

3.4

.

t 95

s

*Repeatability values vary from 1.5 to 14.l per cent
Eight <lifferent definitions are given in this table of the repeatability
indicated by the set of point s . The first fi ve are associated with the
statistical determination of the standard deviation; the last three are
definitions which have been put forward at various times to simplify t:he
procedure of estimating the repeatability value. Of course it could be that
the person responsible for assessing the repeatability of the measurement
did not bother to collect a sample of ten readings as instanced here, but
only took two and said that his repeatability was ±t the interval (number 9
in the list). This may be thought absurd and i t might be assumed tlrnt such
a procedure would never be used by qualified people but examples of this
approach can be found and nre present even in some international standards.
'·

The logical approach to what is intended by the word 'repeatability' is to
think of it as defining how well two successive measurements will agree in
general. This is different from taking only two measurements in order to
detennine the value to be used, for what is required is a statistical
probability that this level of agreement will occur.
The term which i t is hoped will become universally adopted is that published
in ISO 5725< 2 >. It is the fifth term in the table, that is:
repeatability
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RANDOM AND SYSTEMATIC UNCERTAINTIES

The uncertainty of a measurement depends partly on the residual uncertainty
in the instruments and the measuring system when the test is carried out and
partly on the non-repeatability of the measurements.
Repetition of a set of measurements using the same equipment will reduce the
uncertainty introduced by the second of these causes. Fluctuations will
occur arising either because the quantity it~elf is changing or because the
characteristics of the measuring equipment are not stable or for both
reasons. Such fluctuations are shown up in the form of scatter, seen in
Figs 1 and 2, and are termed random uncertainty.
The greater the number of repeated measurements taken the better is the
estimate of the true value. Thus the mean of a large number of test points
is better than the mean of a smaller number provided there is no systematic
chanee occurring in the measuring syste~ over the time taken for the
measurements or in the quantity being measured. It is important to have
control measurements to check on this.
There is another source of error which i~ hidden and all too often forgotten. All known ~rrors in the measuring systems should have been removed
by calibration, proper installation, checking etc, prior to the tests.
But
there will still be a residual source of uncertainty in each one of these
measurements which cannot be determined from the measurements themselves.
This is termed systematic uncertainty and is illustrated in Fig. 2.

•

In flow measurement or the other measureoents associated with equipment/
tests the systematic uncertainty is often as large or significantly larger
than the random uncertainty. It will theref ore be realized that its rcnAonable est imation is vitally important. Repetition of the measurements any
number of times does not reduce the systematic uncertainty at all. It can
only be reduced if equipment of a higher standard of 'accuracy' is used or
if the same equipment can be calibrated to a higher standard. But even then
it must be realized that this will not eliminate or r ed uce all the sources
of systematic uncertainty. If the quantity being measured is not the true
quantity required (because say there is a leak somewhere) then however good
the measuring equipment has been made it will still he reading wrongly .
Hence the systematic uncertainties in each of the measured or derived values
must be estimated on the basis of separate intercoroparisons with data considered to be of higher absolute accuracy.
There is no universally accepted method of combining random and systematic
uncertainties. It has been recommended by some authorities that after the
calculated value being determined is presented there should follow a list of
all the sources of uncertainty and their estimated values. Such a listing
really just begs the issue, for the reader will be unable to appreciate the
combined effect, if the writer himself cannot do this.
The solution must be to adopt a single method which then becomes so well
known that its implications are generally known and accepted. It is
believed that the method recommended in ISO 5168(1) is already the most
popular and contains a balance which for most engineering purposes i~
reasonable. The least squares method of propagation is adopted, giving for
each quantity the following statement:

5
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Quantity

••••••••

Combined uncertainty

(eR) ~5 + es 2 ..

••••••••

Random uncertainty

(eR) ~5

••••••••

""

where uncertainties are calculated in accordance with ISO 5168.
The result given by this estimate of the overall uncertainty, which should
always be quoted alongside the value of the measurement. is a balanced one.
It assumes that there is an equal likelihood (as in the determination of a
standard deviation) that the statistical laws for the propagation of errorbased on t:he assumption that the individual contri·b utions are small, in.d ependent, nUIDerous and ·of Gaussian distribution will hold equally for
systematic as for random uncertainties.
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