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Foreword

ISO (the International Organization for Standardization) is a worldwi
national standards bodies (ISO member bodies). The work of prepar

de federation of
ng International

Standards is normally carried out through ISO technicah committees. Each member

body interested in a subject for which a technical committee has beer
the right to be represented on that committee. International organi
mental and non-governmental, in liaison with ISO, aiso take part i

established has
rations, govern-
the work. [SO

collaborates closely with the International, Electrotechnical Commisgion (IEC) on all

matters of electrotechnical standardization.

Draft International Standards adopted by the technical committees
the member bodies for approvalbefore their acceptance as Internatio
the ISO Council. They are approved in accordance with 1SO proced
least 75 % approval by théimember bodies voting.

International Standard\SO 7066-1 was prepared by Technical Commit

Measurement of flufd flow in closed conduits.

ISO 7066, consists of the following parts, under the general title
uncertainty“in the calibration and use of flow measurement devices:

Part 1: Linear calibration relationships

Part 2: Non-linear calibration relationships

Annexes A, B and C form an integral part of this part of ISO 7066. Ann
G are for information only.

j

re circulated to
al Standards by
res requiring at

tee ISO/TC 30,

Assessment of

pxes D, E, F and
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Introdulction

This International Standard has been drawn up according to the principles outlined in
1SO 5168 anfl gives guidance on how the uncertainty in a calibration curve or in the
mean of a qumber of measurements of the same flow-rate may be calculated. To
achieve this [t is assumed that the uncertainty in each individual measurement of flow-
rate is calculated in accordance with I1SO 5168,

This part of [SO 7066 deals 6nly with calibration graphs which afe linear or which can
be linearized| 1SO 7066-2 deals with non-linear calibration graphs.
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INTERNATIONAL STANDARD

IS0 7066-1 : 1989 (E)

Assessment of uncertainty in the calibration and use
of flow measurement devices —

Part

1:

Linear calibration relationships

1 Sco

This Inte

pe

fnational Standard deals with methods of assessing

the uncettainty in the calibration of any method of measuring

flow-rate
deals wit|

either in closed conduits or in open channels. It also
h the estimation of the uncertainty in one or more

measurements which use the resulting calibration graph.

Only linegr relations are considered in this part of ISO 7066; the

uncertain|
Where a
therefore

by in non-linear relations is the subject of ISO 7066-2.
talibration curve is not linear, this part of 1ISO 7066 is
applicable only if

a)  the variables may be transformed (for example by taks
ing logarithms) to create a linear relationship between them;

b} the range over which the relationship is established may
be subdivided in such a way that one variable\varies linearly

with t

he other within each subdivision; or

c). systematic deviations from linearity of the calibration

graph
assoc

Although

are negligible in comparison/with the uncertainty
ated with the individual poirts forming the graph?.

it is assumed thatthe’uncertainty in the independent

and depgndent variables for which the calibration graph is
constructed is normally~established prior to determining the

calibratio
uncertain

n graph, censideration is given in 5.3 to how these

2 Normative references

The following standards-/contain provisions

reference in this text;”constitute provisions

ISO 7066. At the~time of publication, the ed
were valid. All standards are subject to revision
agreements_based on this part of 1ISO 7066 are
investigate the possibility of applying the most
of the standards listed below. Members of I1E(Q

which,  through
of this part of
itions indicated
, and parties to
encouraged to
recent editions
and I1SO main-

tain registers of currently valid International Sf{andards.

ISO 1100-2 : 1982, Liquid flow measurement ir
— Part 2 : Determination of the stage-dischar;

1ISO 5168 : 1978, Measurement of fluid flow -
uncertainty of a flow-rate measurement.

3 Symbols and definitions

The symbols and definitions used in this part o
been taken from 1SO 772 and I1SO 4006.

open channels
be relation.

- Estimation of

ISO 7066 have

The definitions given in 3.3 are only for termp used in some

special sense or for terms the meaning of which
to emphasize.

it seems useful

ties may ‘§ometimes be determined during the calibra- 3.1 Symbols
tion proceduré itself, when the uncertainty in an individual
P Point is not known. a  intercept of the calibration graph on thd ordinate

calibratio

For most

of the calculations given in this part of ISO 7066,

computer programs exist which are generally referred to in pro-
gram libraries as “linear regression methods” or “linear curve

fitting”".

Examples are given in annexes A and B of how the principles in
this part of 1ISO 7066 may be applied.

b gradient of the calibration graph

C discharge coefficient

d diameter of the orifice in an orifice plate|flow-meter

D diameter of the pipe

1) For example, a turbine meter calibration graph may have a minimum value after the "*hump’’ before rising asymptotically to become horizontal,
but the linear calibration range is often assumed to extend down to the flow-rate at which the extrapolation of the horizontal

intercepts

the graph as it rises towards the maximum peak.

T}rt of the graph

|
|
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el }  uncertainty of variable contained in parentheses
el ) random uncertainty of variable contained in paren-

theses!
el } systematic uncertainty of variable contained in paren-
theses'!
K calibration coefficient
M number of repetitions of a measurement of flow-rate
n number of measurement points used to establish

calibration graph

3.3.2 random error: Component of the error of measure-
ment which, in the course of a number of measurements of the
same measurand, varies in an unpredictable way.

NOTE — It is not possible to correct for random error.

3.3.3 systematic error: Component of the error of measure-
ment which, in the course of a number of measurements of the
same measurand, remains- constant or varies in a predictable
way. ’

Np number of pulses generated by a turbine meter per .'\.'ziiw: Systematic errors and their causes may be known or
segond
Q floyv-rate

Re;  Repnolds number based on bore diameter

st ) experimental standard deviation of variable contained
in parentheses

SR standard deviation of points about the best straight line
[see equation (17)]
slx, y) covyariance of x and y [see equation (10)]
Styident’s ¢
inn]lependent variable
dependent variable

=y e R O™

thg value of the dependent variable predicted by the
caljbration graph

number of degrees of freedom

<~

3.2 Subscripts and superscripts

i ith|value of a variable

k a gpecific value of a variable

— arithmetic mean value of a variable

~ thq value of the variable predicted by an equation of a

fitted curve

3.3 Definitions

3.3.1 (absolute) error of(meéasurement: The result of a
measuremgnt minus the‘A{conventional) true value of the
measurand,
NOTES

1 The term] relates equally to

3.3.4 spurious errors: Errors which invalidate a measure-
ment. They generally have a single cause'such ag the incorrect
recording of one or more significant digits or malfunction of in-
struments.

3.3.,6 uncertainty: An estimate characterizind the range of
values within which the-true value of a measurahd fies.

3.3.6 random uncertainty: Component of uncertainty
associated with{a random error. Its effect on mean values can
be reduced by taking many measurements.

3.3.7 . systematic uncertainty: Component ¢f uncertainty
associated with a systematic error. Its effect canrjot be reduced
by taking many measurements.

3.3.8 experimental standard deviation: For| a series of n
measurements of the same measurand, the| parameter s
characterizing the dispersion of the results and giyen by the for-
mula

n 1/2

E (x; — %2

i=1
S =
n -1

where

x; s the result of the ith measurement;

X is the arithmetic. mean of the # results cgnsidered.

NOTES

1 The experimental standard deviation should not bg confused with
the population standard deviation ¢ of a population of size /V and of
mean m, given by the formula

— the ‘rrdreation;
— the uncorrected result,
— the corrected result.
2 The known parts of the error of measurement may be compensated

by applying approptiate corrections. The error of the corrected result
can only be characterized by an uncertainty.

3 The ‘‘absolute error”’, which has a sign, should not be confused
with the absolute value of an error which is the modulus of an error.

/2

N 1
Z (x; — m)?

i=1
g =
N

2 If the series of » measurements is considered to be a sample of a
population, s is an estimate of the population standard deviation.

1) In some International Standards the symbols U and E have been used instead of e.
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3.3.9 variance: The square of the standard deviation.

3.3.10 confidence limits: The lower and upper limits within
which the true value is expected to lie, with a specified prob-
ability assuming negligible systematic error.

3.3.11 - calibration graph: Locus of points obtained by plot-
ting some index of the response of a flow-meter against some
function of the flow-rate.

1ISO 7066-1 : 1989 (E)

In addition to determining the uncertainty in the coefficient or
curve obtained during the calibration of a flow-meter or gaug-
ing station, it is necessary to determine the uncertainty in the
particular value which is used as a coefficient or is read from
the calibration curve when the flow-meter is used after having
been calibrated. Where the value of the calibration coefficient
to be used is determined completely independently of the
measurement from which a flow-rate is to be obtained, then
these two guantities are the same, provided that the conditions
of use are identical with those of the calibration; if, however,
some information from the test to measure the flow-rate is re-
quired before the calibration coefficient or curve can be used,

4 Generat

For a calibration to be meaningful, the systematic uncertainty
in the calfbrator shall be very much less than the systematic
uncertainty in the device or system being calibrated. This is
especially| true when the procedures specified in 7.3 are used.

The calibrmation of a flow-metering device or system will result in
a graph of the calibration coefficient which will subsequently be
used to predict the flow-rate. As this subsequent flow-rate
predictior] has to have an uncertainty attached to it, then not
oniy the functional relationship between calibration coefficient
and flow-fate but also the uncertainty in the calibration coeffi-
cient shall be established during calibration.

There will exist a number of pairs of values {x, ¥) where the
uncertainties in x and y [e(x) and e(y) respectively’'] are known
from one|of the methods given in clause 5. The choice of the
procedurg by which the coefficients and the uncertainty of the
calibration equation are calculated is determined by the relative
magnitudes of the random components of the uncertainties
ex) and ¢, as described in clause 7.

When e,(x) can be ignored (as, for example, is normally the
case in the calibration of an orifice plate), the“calibration
equation and the uncertainty in the calibration_ceefficient are
computed by the methods specified in 7.2 and.9.3 respectively.
When, hgwever, the random uncertainties’in x and y are of
similar mggnitude, the methods specified'in'7.3 and 9.4 should
be used. When the uncertainties in x.and’y are both significant
but cannpt be regarded as approximately equal, then the
calculation of the uncertainty in‘the’calibration graph is outside
the scopel of this part of 1SO.7066.

A special [case is that where y is effectively independent of x;
this is a fommon situation with flow-meters used in closed
pipes, sinfe theressan obvious advantage in having a calibra-
tion coefficient ‘Which is independent of flow-rate. In such
cases, thg method specified in 9.2 may be used for calculating
the uncertainty

Then an addiional uncertainty will be introdjced. Annex C
describes how this additional uncertainty s intfoduced.

The approaches to be used in these different circumstances are
described in clause 9, and in clause ™M methods for assessing
the uncertainty in the averageofla number ofl measurements
are described.

5 Uncertainties.in individual calibfation
points

5.1 General

When a flow-meter is being calibrated, some|function of its
output may be plotted against either a reference measurement
of the flow-rate or some function of this flow-rgte, such as the
Reynolds number.

In either case, it is necessary to establish the urjcertainty in the
coordinates of a single point in order to be able fto compute the
uncertainty in the calibration graph, and there gre two ways in
which this may be done:

— IS0 5168 may be used; or

— the information can sometimes be obtained from the
calibration data directly.

It should be noted, however, that the uncentainty in a co-
ordinate may vary with the value of the coordinate itself; thus,
for example, where the reference flow-rate is /measured by a
diversion system involving the static weighing pf a quantity of
liquid collected over a measured period of time, [the uncertainty
due to the timing is usually iess for long diversipn periods (and
consequently for low flow-rates if approximately -the same
weight of water is collected at each test point] than for short

diversion periods

1) The customary categories of independent and dependent variables, and of abscissae (horizontal) and ordinate (vertical) coordinates in a graph,
are irrelevant for linear regressions in that the important distinction here is between variables that have significant uncertainties and variables that have
negligible {or zero) uncertainties. When the uncertainty in one variable is significantly greater, in the manner described in clause 7, than the other, the
former will be denoted by y and the latter by x. Thus the regressions studied are all. for y on x irrespective of whether a variable is considered to be in-

dependent, and irrespective of which variable is plotted “’horizontally”’.
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Justification shall always be provided where it is assumed that
the uncertainty is constant throughout the range of a co-
ordinate. Where the uncertainty cannot be regarded as
constant, it shall be estimated for sufficient values of the
coordinate to give a clear idea of how it varies with the value of
the coordinate.

5.2 Use of ISO 5168

6 Linearity of the calibration graph

6.1 General

In considering the shape of any calibration graph, previous
knowledge or supporting information appropriate to the flow-
metering method being used (for example if there is a relevant
published standard) should always be taken into account to
justify any assumption made about the shape of the graph.
Where the shape of the calibration graph is unusual, a suffi-
cient number of calibration points shall be repeated to verify the
shape for that particular flow-meter.

Is it important, however, that the random and systematic con-

tributions tpo the uncertainty are calculated separately and not
combined; [the various formulae for calculating the uncertainty
in a calibration graph are first used to calculate only the random
component of the uncertainty, and so only the random compo-
nent of thg uncertainty in the individual points is used at that
stage. Sulfsequently, the systematic uncertainty in the indi-
vidual poi%’s is added by the root-sum-square method to the
value obtaihed to give the final combined value. The random
component of the uncertainty is required separately in any
case, sincelit is the relative magnitudes of random uncertainties
in x and y|which determine the calculation procedures to be
used.

This method of calculating the uncertainty in the coordinates of
a single experimental point may be used only when previous in-
vestigation have been carried out to establish the uncertainties
in the varfous subsidiary measurements which have-to be
made, or when this information is available from\some other
source.

5.3 Use|of calibration data

Where the measurement conditions can be kept constant, it is
possible to| determine the‘random components of the uncer-
tainties of the coordinates of the calibration graph during the
calibration by repeating’ measurements. Thus, for example in
the calibra]’on oftan orifice plate, it might be possible to keep

the Reynoidis riumber constant and to take a series of readings
of the datd necessary to compute the calibration coefficient,

In the absence of such information, or where.thefe is no reason
to believe in advance that the form of theé-cufve should be
linear, simple techniques are available to\establigh whether or
not the graph can be treated as linear, but these [are applicable
only when the experimental points-are not grouped into sets.
When the experimental points arelgrouped into s¢ts, only visual
observations may be used, since the extensive statistical tests
which are otherwise required are outside the scope of this part
of 1SO 7066.

When the data can be'grouped into sets, the following test may
be used, but thesets shall be such that each ong consists of a
number of measurements made at one of a number of fixed
values for onhe of the coordinates. Figure 1 illugtrates a case
where there are five sets, the number of measurgments within
the sets varying from four to six. :

The test consists of comparing the variance of the means of the
groups about the fitted straight line with the variapce within the
groups.

The variance within the groups, sg, is given by

q H;
2 X iR

, i=1J=1
s§= g AU}

Where
n is the total number of measurements;
n; is the number of measurements in the #th group;
q is the number of groups;

Yij s the jth measurement in the ith group;

and it might conversely be possible to keep the differential
pressure across the orifice plate constant, while making a
number of determinations of the reference flow-rate (and con-
sequently the Reynolds number).

The uncertainty {due to random effects) in the calibration coef-
ficient or Reynolds number may then be calculated from the
standard deviations of the resulting measurements.

There is no alternative to using the methods of 1SO 5168 in
assessing systematic -uncertainties if the assessment of the
uncertainty is to be in accordance with this part of 1SO 7066.

n;
2 Yij

—  J=1
Y= ——
n;

The variance of the means of the group about the fitted straight
line, s2,, is given by

q
Z n(§; = ¥

, i=1

Sp = ————— Lo (2

m q-2 {2)
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where

n;and g have the same meaning as in equation (1);

)7,- is the value of y obtained from the fitted straight line for
a given value of x.

The test quotient is s,zn/sé, and if this number equals or exceeds
the value given in table 1 for vi =g -2 and vy = n — g
degrees of freedom, then the best-fit equation through the data
points cannot be assumed to be linear. If, however, the test

ISO 7066-1 : 1989 (E)

If the relationship between the calibration coefficient and the in-
dependent variable is not linear, there are two possible ways in
which the data may be made suitable for analysis in accordance
with this part of ISO 7066. The first, to linearize the curve, may,
however, only be done on the basis of some physical model.

6.2 Linearization of curve

The coordinates may be transformed to give two new variables
which, when plotted one against the other, produce a straight
line, or a function of one of the coordinates may be used in-
stead of the coordinate itself so as to produce this result,

quotient EEMWMWM 1
the best-fit equation may be assumed to be linear at the 95 %

confidende level.

Table 1 — Values of the F distribution for selected degrees of freedom —
Probability level 0,05

although it is of course essential that the trahsformation be
capable of being used easily when the resulting|graph is subse-
quently applied to the use of the flowsmeter or the flow
measurement method.

Vi
1 2 3 4 5 6 7 8 9 10 20 30 40 80 100
L]
1 61,44 | 200 216 225 230 234 237 239 241 242 248 250 251 D52 253

2 18,51 ) 19 19,2 19,2 19,3 19,3 19,4 19,4 19,4 19,4 19,4 19,6 19,6 19,5 19,5
3 10,13 9,55 9,28 9,12 9,01 8,94 8,89 8,85 8,81 8,79 8,66 8,62 8,69 8,66 8,56
4 7.7 6,94 6,59 6,39 6,26 6,16 6,09 6,04 6 5,96 5,8 5,75 5,72 5,67 5,66
5 6,61 5,79 5,41 5,19 5,05 4,95 4,88 4,82 4,77 4,74 4,56 4,5 4,46 4,41 4,41
6 5,99 5,14 4,76 4,53 4,39 4,28 4,21 415 4,1 4,06 3,87 3,81 3,77 3,72 37N
7 5,59 4,74 4,35 4,12 3,97 3,87 3,79 3,73 3,68 3,64 3,44 3,38 3,34 3,29 3,27
8 5,32 4,46 4,07 3,84 3,69 3,58 35 3,44 3,39 3,35 3,15 3,08 3,04 2,99 2,97
9 5,12 4,26 3,86 3,63 3,48 3,37 3,29 3,23 3,18 3,14 2,94 2,86 2,83 2,77 2,76
10 4,96 41 3,71 3,48 3,33 3,22 34 3,07 3,02 2,98 2,77 2,7 2,66 2,6 2,59
20 4,35 3,49 3,1 2,87 2,71 2,6 2,51 2,45 2,39 2,35 2,12 2,04 1,99 1,92 1,9

30 417 3,32 2,92 2,69 2,53 2,42 2,33 2,27 2,21 2,16 1,93 1,84 1,79 1.7 1,7
40 4,08 3,23 2,84 2,61 2,45 2,34 2,25 2,18 2,12 2,08 1,84 1,74 1,69 1,61 1,59
80 3,96 3.1 2,72 2,49 2,33 221 213 2,06 2 1,95 1,7 1,6 1,54 1,45 1,43
100 3,94 3,09 2,7 2,46 2,31 2,19 2,1 2,03 1,97 1,93 1,68 1,57 1,62 1,41 1,39

X X

Figure 1 — Example of grouping data to establish linearity of best-fit straight line
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An example of the first possibility would be to plot “log y”
against “log x”’ where the basic relation is of the form
"y = ax?’ ("a' being a constant). ~

The second method.of linearizing a curve is commonly used
when calibrating an orifice pfate. In this case, it is known from
experience that it is better to plot the discharge coefficient C
against the Reynolds number than to plot the differential
pressure against the Reynolds number, since this gives a graph
which is linear over a fairly wide range. The graph is, however,
non-linear at low Reynolds numbers, and it has been found
from experience that plotting the discharge coefficient against

linear; in this case, a separate calibration equation and con-
fidence limits shall be calculated for each portion of the graph.
Where possible, the number of points in each sub-section of
the graph should be such that they give approximately the
same uncertainties for the line through each sub-section. Since
calibration graphs should never be extrapolated beyond the ex-
treme data points unless there is extremely good reason for
doing so, there shall be at least three points common to adjac-
ent portions of the calibration graph.

7 Fitting the best straight line

some funcfion of the Reynolds umber{for exampte Re g

or Re 6;0'75 extends the linear range.

6.3 Subdgivision of the curve

Although g calibration graph may not be linear over the full
range of the calibration, it may well be that by subdividing the
curve into [a number of parts, each part can be regarded as

y

A

7.1 General

Before a best straight line and its associated upcertainty are
calculated, the data available shall first be examinged, since they

- can fall into one of several classes;-and different formulae apply

for different types of data. Some\basic principles|are illustrated
in figure 2.

()?,',}’,')

Yi

Begression of yonx
V=V =hlx - X}

Regression of x on y
X~xX=b'ly ~ )

(x;, ¥i)

Mean (¥, ¥)

/

For any x;, y;

X

Y=Y+ blx - %)
=%+ by, -7

Figure 2 — Basic principles for best-fit straight lines
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The best straight line fit to a sample of »n points, {x;, y;}, when
1 < i <€ n, is given by the regression of y on x: x

Vi—¥=blx;~ %) .. (3)
where

1SO 7066-1 : 1989 (E)

Obtain an approximate value for the gradient b from a graph or
from equation (8) or from equation {11). If the absolute value of
bex} is less than approximately one-fifth of e (y), the formulae
given in 7.2 shall be used to fit a straight line; if not, the for-

mulae given in 7.3 shall be used.

7.2 Random uncertainty negligible or small in

one variable in comparison with the other

X = . (4) The gradient of the line is, in this case, given by

~ X,

Y; s the value of y on the line for a measured value x;; b= S(Z )

5% (x)
N where
X
= i1 n
= — (5) 1 -
o 2 = —— P 1492
n-—1

Equation [3) may also be written as =2

5= al+ b - (6) 1%

Yi=a Xi s(x,y)=;—_—72(x,~,—)2)(y,-—}7)
where i=1

a=y|l bx Vi) The intercept, «a, is given by equation (7) :

The methpd to be used for computing the values of the coeffi-
cients a and b depends on the magnitude of the random uncer-
tainties in|x and y.

The mostjcommon case occurs when the random uncertainties

in x and
nately, if
different

a) o

y are both significantly different from zero. Fortu-
j:oth variables have random uncertainties significantly
om zero, it is normally possible to assume.that

rle random uncertainty is negligible in.comparison with

the other, or

b) thgse random uncertainties are‘of approximately equal

magn

ifude.

The formér assumption leads‘to)the same formulae as for the

cases w

here only one yariable has a random uncertainty

significantly different fromizéro; this is the situation which nor-
mally applies.

To assess|the relative magnitude of the random uncertainties in
x and y, fitst-Calculate e (x) and e (y) according to the principles
~of 1ISO 5168:

a=y— bx

{8)

(9

{10)

7.3 Random uncertainty in both varigbles of

similar magnitude

The gradient is calculated from

b+ fgz('?f? 112
52

where
1 n
2(y) = —— . —y)2
s2(y) n—1z y;,—»)
i=1

s2(x) is given by equation (9):

the intercept, a, is again given by equation (7).

The sign of b is the same as that of s(x, y).

(11)

...012)
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NOTE — The following alternative formulae for s2(x), s2{y) and slx, y}
are easier to use, if the computation is carried out manually, but great
care should be taken since they are prone to rounding errors:

1
2
s nin — 1) [n

1 n n 2
2()) = 2 _ :
s4(y) PIPEET [” .21 Yi (i§1 .Vl) ]

stx, y) =

8 Detection of outliers

Spurious erfors {see 1SO 5168) are errors, such as human errors
or instrumgnt malfunction, which invalidate a measurement;
they may be due to, for example, the transposing of numbers in
recording dpta or the presence of pockets of air in leads from a
water line tp a manometer. Such errors cannot be incorporated
into any statistical analysis and the measurement shail be
discarded. Where the error is not large enough to make the
result obviqusly invalid, some rejection criterion should be ap-
plied to dedide whether the data point should be rejected or re-
tained.

Whenever it is suspected that one or more results have been af-
fected by efrors of this nature, a statistical “‘outlier’” test shouid
be applied. [For the purposes of this part of ISO 7066, either the
Dixon test or the Grubbs extreme deviation outlier test may be
used. The Dixon test is easy to use by hand, but when a set of
values are peing processed by computer, the Grubbs test’is
more suitabple, since it is more reliable, easier to program-and
takes up less storage.

Details of these tests are given in annex E.

9.1 General

dient, b.

From equation’(3)

using the same range and values of x, and with the same
number of measurements of y, and is given by

52(%) is defined similarly.

Note that s2(X) and s?(3) are quite different from s2(x) and
54{yT defined In equations T, ample, is the
variance of all the values of y over the range of J{he calibration
graph relative to their mean value, and s2(xDhas a|similar mean-
ing, whereas s2(¥) is associated only with the $catter of dif-
ferent determinations of 3 and is essentially an indication of the
random uncertainty in y.

From equation (7), it can be seen that the variancg of a is given
by :

s2F) + b2s2(x)
and the contribution of the variance in b to the viriance in y'is
(xg —F)2s2(b)

Thus“the random component of the uncertainty|in 7, e/}, is
given at the 95 % confidence level by

e (3) = ¢ [s2(F) + b2s2(%) + (x, — X)2s2(b)]'2 ... (15)

where ¢ is obtained from table 2 for n — 2 degrees of freedom.

Table 2 — Value of Student’s ¢ at 9% %
confidence level

Number of degrees of
freedom, v !
9 Uncertainty of calibration 1 12.7
2 4,3
3 3.2
4 2,8
© OO . . . 5 2,6
In general, the uncertainty in the best straight line arises from 6 24
uncertaintigs in the values for the intercept, a, and for the gra- 7 2:4
10 2,2
15 21
20 2,1
36 2
I = 60 2
yi=y+ blx; — %) .. {13) - 196

Thus, combining the variances of y, X and b by the root-sum-
square method (see 1SO 5168),

S2(P) = s2(F) + b22X) + (x; ~ X)2s2(b) s (14)

where x; is the value of x at which the uncertainty in yis re-
quired.

Thus s2(7) is the variance of 7 which would be obtained from
the scatter of several different determinations of y obtained

Equation (15) is the basic equation for uncertainty which is
used either directly or in a modified form in the various
paragraphs below.

As noted in clause 4, the method to be used for calculating the
uncertainty in a calibration depends on the magnitude of the
random uncertainty in the variable x, and on whether or not the
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value of y is independent of the value of x, that is on whether or
not b is zero. The first step is therefore to establish whether or
not the gradient, b, of the line is significantly different from
zero, and this is carried out as foliows.

The standard deviation of b, s(b), shall be calculated from

2
SR

—— (16)
(n — 1)s2(x)

s2(b) =

where sy, is the standard deviation of the points about the best

ISO 7066-1 : 1989 (E)

NOTE — Equation {16) is strictly valid only when the random uncertain-
ty in x contributes significantly less to the calibration graph uncertainty
than the random uncertainty in y does, since it is a simplification of a
more general formula. The expansion of equation (17), used to develop
equation (18), also makes this assumption. The use of equations (18}
and (19} will, however, give a smaller uncertainty for b than the full for-
mulae would, and so if they include zero, the more general formula
would lead to the same conciusion. If they do not include zero, it is
possible that the gradient will be treated as having a non-zero value,
when it might have been acceptable to take its value as zero, but this
would be a rare situation, and the only penaity incurred would be that
the more complicated formulae given in 9.4 would be used instead of
the simpler method given in 9.2. The results obtained for the uncertain-

straight life, T.e.

zn (yi - j}’,)Z 1

P= 1

12

(n — 2)sHx)

sp = | p————" ... (17
SR n_ 2 {(17)
An alterngtive formula for s(b) is
[ 52(p)s2(x) ~ s2(x, y) |12
sib) = i Y ] (18)

This is mofe convenient, but the calculation of the numerator is
prone to founding errors, so it is important. to ensure that
enough significant figures are used in the computation.

The 95 % |confidence limits for b are then given by

b — ts(p)

b + 1sib) g
where ¢ is [the value obtained from table 2 for n — 2 degrees of
freedom.

If these lirits include zero and there is independent evidence
that the pgrticular flow-meter or type of/flow-meter is expected
to have a onstant coefficient (for example from the informa-
tion in a r¢levant standard or a previous calibration), it can be
assumed that the calibration coefficient has a constant value. If
there is ng independent evidence that a. constant calibration
coefficient]is expected, then,whether or not the limits include
zero, the formulae given;in 9.3 (if the uncertainty in x can be ig-
nored) or in 9.4 shail(bg 'used.

In order t¢ caleulate the uncertainty in the calibration coeffi-
cient the fandom and systematic components shall first be

Ty of Ihe best-1it Iine would in such a case be virtually jidentical no mat-

ter whether the formulae given in 9.2 or 9.4 were.usgd.

9.2 Calibration curve with zero gradient

In this case, the calibration coefficient has a sing|e value, and all
of the estimates of this value can be analysed together, ir-
respective of the value of the independent vatiable to which
they correspond. An.éxample of where this ofJen occurs is in
the calibration of a‘turbine meter for use in water,

The best estimate of the value of the calibratioh coefficient is
given by equation (5):

n
2
i=1

Y= ——

n

In this case, b = s(b) = 0, and so, from equatioh (15), the ran-
dom component of the uncertainty in  is givdn at the 95 %
confidence level by

. )
edF) = + 15(F) = £ 1 2 . (20)
n'|/2 -
where
n 1/2
sy = |2 N
n-—1

and ¢ is obtained from table 2 for n — 1 degreT of freedom.

evaluated $eparately. Random components are calculated from

the formulae given in 9.2 to 9.4 and shall include the contribu-
tions from the random uncertainties in the instruments used
during the calibration, so that these do not have to be allowed
for separately. In particular, hysteresis effects in instruments
will contribute to the random uncertainty component obtained
in this way. Systematic components are calculated in accord-
ance with'1ISO 5168.

The systematic component of the uncertainty in 7, el ), is
calculated as described in clause 5 and the uncertainty in the
calibration coefficient, e(},), is then given by

ely) = [edy) + e2y)]'2 e (22
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9.3 Random uncertainty negligible in one
variable in comparison with the other

in general, the random component of the uncertainty in yis
given by equation (15). However, when the gradient of the best
straight line through the data is not zero, but the uncertainty in
x may be ignored, it can be shown that the variance in ¥ is
given by

s2
s2(7) =R (23)

In this case, s is given by

2= 5 [s%0) = 2bstx, ) + b2s2(x)] o (21
n

Similarly, s2(b) shall be calculated from a more complicated for-
mula than in the simpler case given in 9.3 and is given, in this
instance, by

§2(b) = (28)

4b {sz(y) — bslx, y)]

n — 2 | bs2lx) + slx, y)

Also, for ¥se of computation, s,% may, for this case, be
calculated ffom

41 s2{x, y)
2 =20 [s2) - =2 . (24)
g n—2|}y s ]

For this particular case, s2(b) is also given by equation (16):

sk

s$2(b) = ——ao—
(n — 1)s%(x)

Since the Uncertainty in x is, in this case, being treated as
negligible, $2{x) = 0, and so, from equations (1%), (23) and
(16), the rapdom component of the uncertainty in y'is given by

) =kt 15 [+ b= X2 " (25)
MR T e 1)52(x)

where

S may be calculated from either equation {17) or-équation
(24);

t is obtained from table 2 for n — 2 degrees of freedom;

X, is the value of x for which~the uncertainty in J is
required

any set of cglibration points.should be such that the value of x,
for which the flow-meter\is'most commonly used, is close to
the middle of the\'range of values of x over which
measuremehts are-made.

The uncert}nty in ¥ is obviously @ minimum at Xy = X, and so

In the samg way as in 9.2, the uncertainty in the calibration

in this case, therefore, the random component pf the uncer-
tainty in y is given by

2
elP) = t[‘i& by - x)st(b)] . (29
n

where

s% s calculatedfrem equations (17) or (27);

s2(b) is calculated from equation (28);

six), stx; »), s(y) and b are obtained for use in pquation (28)
from.equations (9), (10}, (11) and {12);

¢t is obtained from table 2 for n — 2 degreeqg of freedom.

As before, the uncertainty in the calibration coeffigient, e{y,), is
then given by equation (22):

elfy) = [e2(7) + e2(§)] 12

9.5 Extrapolation

Values of calibration coefficients and uncertaintie$ obtained by
extrapolating a calibration graph cannot be said t¢ be obtained
in accordance with this part of 1SO 7066, since :tnpredictable
effects might render these values meaningless. Nevertheless,
limitations in the calibration facilities available| occasionally
result in the calibration graph having to be exfrapolated to
higher flow-rates than were achieved during the¢ calibration;
annex D gives guidance on how extrapolation might be used.

coefficient, ely.), is then given by equation (22}):
elie) = [e2(3) + e2(p)]2

9.4 Random uncertainty in both variables of
similar magnitude

When the uncertainties in x and y affect equally the uncertainty
in the calibration graph, it can be shown that

2
$2(7) + b2s2(x) = R ... (26)
n

10

10—Uncertainty-in-theuseof-the—calibration
graph for a single measurement of flow-rate

10.1 General

The uncertainty in a calibration graph will have a systematic ef-
fect on any estimate of flow-rate for which the graph is used.
The value of the calibration coefficient which is used is the best
estimate of that coefficient, but any error in its determination
during a calibration will have the same effect on every value of
flow-rate which the coefficient is subsequently used to com-
pute.
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Moreover, when a flow-meter is being used to measure a flow-
rate under identical conditions to those experienced during the
calibration, and the value of its calibration coefficient or the
position to be used on its calibration graph is determined by a
measurement made during the test in which the flow-rate is be-
ing measured (i.e. independently from the measurements
which established the calibration graph), as is the case in 10.3,
then the uncertainty in the value used for the calibration coeffi-
cient is greater than simply the uncertainty in the calibration
graph. This increase is due to the uncertainty in the experimen-
tal observations which are required to locate the position to be
used on the calibration graph (see annex C).

ISO 7066-1 : 1989 (E)

EXAMPLE

When a turbine meter is used over the flat part of its

characteristic, the flow-rate Q is given by

Q = %
K
where

K s the calibration coefficient;

it was calibrated and, generally, it is impossible to predict
de of this so this source of uncertainty will have to be

the uncertainty in the flow-rate depends on the nature of the
calibration| graph. There are two broad groups.

10.2 Calibration coefficient with a constant value

If the calibjration graph has a zero gradient, as described in 9.2,

N, is the number of pulses generated per,

turbine meter.

The systematic uncertainty in Q is given by

201 = (2 2 2}
e2(Q) ‘(Np e2(N,) + Y e2(K)

In order to obtain an.éstimate of the uncertaint

second by the

(32)

in Q it is then

of course necessafy to assess the random urtcertainty in Q

arising from N and’to combine it with e (Q) in a
ISO 5168.

cordance with

10.3 Calibration coefficient determinéd by the

iterative method
This subclause generally applies only to closed
meters, since the case it describes does not ar
channel flow-metering method.

If the flow-rate is obtained by multiplying an out

conduit flow-
se in any open

but of the flow-

meter by a coefficient, where the coefficient isL in some way,

itself a function of flow-rate, then it is neces
iterative method to determine the value of the ca
cient to be used. An estimate is made of th
calibration coefficient, which is used to give §
value for the flow-rate, and this, in turn, is used
precise value for the calibration coefficient.

In this case, any error in the measurement of
output will introduce an uncertainty, e{y,), in the
the coefficient, as described in annex C. The un
in the value used for the coefficient is, therd
equation (30):

ely) = [e2(F,) + e2(y,)]"2

ary to use an
ibration coeffi-
e value of the
n approximate
to give a more

the flow-meter
value used for
certainty, e{y),
fore, given by

The method of evaluating 2(j,) depends on wh

ether the flow-

the flow-rate is obtained by multiplying some function of an
output of the flow-meter (for example the output could be the
differential pressure across an orifice plate or the height of
water over a weir) by a coefficient which is independent of
flow-rate. There is, therefore, no additional component e(y,)
and so the contribution of the calibration coefficient to the
systematic uncertainty in the flow-rate estimation is, in this
case, equal to the uncertainty in the calibration coefficient
itself, i.e. it is given by

- « 12s2(y) -1
ely) = ely) = [—T + eg(y)] . (31

meter coefficient is obtained by calibration or taken from a rel-
evant standard. If it is taken from a calibration graph, it also
depends on whether the uncertainties in x and y are of approxi-
mately equal magnitude or the effect of the uncertainty in x is
negligible in the calibration graph.

Thus when a calibrated flow-meter is used to measure flow-
rate, the uncertainty in the calibration coefficient used is given
by

~ 2 1 (xk—)?)z ~ ~ 172
e(y)=q02s—+ ——pt eg(y) +e2(y,)
n

(n—"1)s2(x) e 33

1
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when the uncertainty in x is negligible [from equations (25) and
(22}, or

2

5 1/2
ey = tz[il +(xk—'f)2s2(b)] +e2$) +e2(7,)

... (34)

when the uncertainties in x and y are approximately equal [from
equations (29) and (22)].

Alternatively, if the flow-meter has not been calibrated, but the

in the mean flow-rate may or may not be reduced by repeating
the measurement. If the situation described in 10.2 applies,
then the assumption made throughout clause 10 that the
uncertainty contribution of the calibration coefficient is entirely
systematic is valid, and it will take the same value for the mean
of a number of measurements as it does for a single measure-

ment, namely

R 12‘2 . 1/2
ely,) = [———g—(ﬂ + eg(y)]
n

the calibration coefficient has random and sys
ponents which have to be determined separately

is to be gained from repeating the measurementsg.

ncertainty in
matic com-
f any benefit

The formulae for the random and systematic components for

the special case where the same sécondary equip
in both the calibration and the ‘subsequent tests|
11.2. If this is not the cage; the formulae for th

ment is used
are given in
e systematic

cient shall b
contribution

if, however
dary equipn

rd relating these variables to the calibration coeffi-
p used in accordance with ISO 5168 to calculate the
to the uncertainty in the calibration coefficient.

when a calibrated flow-meter is used, the secon-
hent used with it to measure variables, such as

components are still valid;.but ISO 5168 would haye to be used
to calculate the random~component applicable |for each in-
dividual measuremertt,

pressure angl temperature, is the same equipment as was used
during the galibration, and if all other conditions are also iden-
tical, then

e2(5,) =|2s2 ... (35)

11 Unceértainty in the average of several
flow-rate measurements

11.1 General

When a number of measurements of flow-fate are made, the
uncertainty |n the mean value is, of coursg, less than the uncer-
tainty in any|single measurement. However, the contribution of
the uncertainty in the calibration cegfficient to the uncertainty

11.2 Calibration coefficient determined by the

iterative’method

Thevrandom component in the uncertainty in th
calibration coefficient or curve, er()?o), is given by

where M is the number of times the flow-rate is

The systematic component (which cannot be
repeated measurements of the flow-rate) is given
(22) in conjunction with either equation (25) or e
depending on the magnitude of the uncertainty in
that in y.

e use of the

(36)

measured.

reduced by
by equation
Huation (29),
x relative to

12
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Annex A
(normative)

Example for a closed conduit

A.0 Introduction

This example describes the calculation of the uncertainty in the
calibration_of an_orifi 3 vi ge_tapping ing
gravimetr|c water calibration facility, and also illustrates how to
calculate the uncertainty in a measurement of flow-rate using
the orificqg plate after it has been calibrated.

e D <; A [ ange PRRING ng_d

The calibdation facility was one in which the water, after flow-
ing through the orifice plate assembly in the test section of the
circuit, ndrmally passed into a sump from where it was pumped
back round the circuit to the inlet of the test section. When
flow conditions are steady, the flow is diverted for a measured
time interyal into a weigh-tank instead of into the sump. During
the time df diversion, the differential head, H, across the orifice
plate was| measured using water/compressed air or mercury/
water manometers. This procedure was repeated at 25 test
points coyering the flow-rate range over which the orifice plate
calibrationp was required.

The tempegrature of the water in the test line and the ambient air
temperatyre adjacent to the manometers were noted at each
test point| The relative density, J, of the water, defined as the
ratio betwyeen the density of this water and that of distilled
water at the same temperature, was obtained using a density
bottle, an{d a value of 1,001 42 was used throughout the test.

A.1 Symbols, subscripts and superscripts

A.1.1 Symbols

intercept of the calibration/graph on the ordinate
° afea of the orifice bore

gtadient of the.calibration graph
discharge coefficient

rmean didmeter of the orifice bore
m

eandiameter of the pipe

Ds absolute static pressure

Q volumetric flow-rate

e orifice bore diameter

s(x) standard deviation of x

SR standard deviation of points about the hest straight line
[see equation (17)]

T period of diversion

yij diameter ratio (8 =, d/D)
) relative density

6 temperature

v kinematic viscosity

Ow density-of distilled water

A.1.2 . Subscripts and superscripts

k a specific value of a variable
o~ arithmetic mean value of a variable

A.2 Calculation of calibration coefficient

The mean diameter, d, of the bore of the ofifice plate was
164,34 mm, and that of the upstream pipework, D, was
204,98 mm, giving a diameter ratio £ of 0,801 §.

The volumetric flow-rate, Q, derived from| the weighing
method, was given by

_ 1,001 05m,,
oo, T

(A1)

where

m,, is the mass of water collected during the diversion
period T

the constant 1,001 05 is a correction whict allows for the

effect of air buoyancy on the weigh-bridge Ireading.

elC.} uncertainty in C arising from the calibration

E() percentage random uncertainty of variable contained
in parentheses

EJ ) percentage systematic uncertainty of variable
contained in parentheses

g acceleration due to gravity
H, H' (differential head across the orifice plate
my, mass of water collected during the diversion period

n number of test points in the calibration

The density, g,,, of distilled water is obtained from

ow = 1000,25 — 0,0086,, — 0,004 8602, + 0,46 x 10~5p
(A.2)

where
0, is the temperature of the water in the test section;

Ps is the absolute static pressure of the water in the test
section.

13
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The Reynolds number, Re,, based on the bore of the orifice, is

given by

4
Red = -g‘
nvd

(A.3)

where v is the kinematic viscosity of water, obtained from

published tables.

The discharge coefficient, C, of the orifice plate is given by

graphs may be transformed to give a linear relationship by plot-
ting C against some function of the reciprocal of Re,, and, in
this case, the reciprocal of the square root of Re; was chosen.
The resulting graph is given in figure A.2. Since the experimen-
tal points were ungrouped, only visual observation may be used
to decide whether it is justifiable to treat this graph as linear,
and, in this case, there is no doubt that the relationship bet-
ween C and 103/(Re,)'’? can be regarded as linear, both by in-
specting the graph and from previous experience in plotting
orifice plate calibrations.

— Al . » . W . «
C= Q(__ﬂ_)”? aa——A-4—Uneertainty-of-individual-calibration
Ao|(2gH) points
where From equation (A.4), Cis a function of O)d, D, 4, g and H.
. e The random and systematic uncertainties’in thesg six variables
Ao s the area of the bore of the orifice; were calculated in accordance with 1SO 5168, and the results

g s thg acceleration due to gravity;

H is the differential head across the orifice plate.

The test re]l:ts are given in table A.1.

The discha
and against|103/{Re,)"/2 in figure A.2.

A.3 Linearity of calibration graph

e coefficient is plotted against Re, in figure A.1

It is obvious from figure A.1 that the relation between C and
Re, is not alstraight line. It is known that for orifice plates such

Table A/l — Calibration results

are given'in table A.2.

The percentage random uricertainty in C, E(C), if calculated in
accordance with 1ISO 5168,from

1
FAO) = BHQ) ¥~ BAg) + - EHIH +

2 2 2ﬁ4 2
2 = 2
+<1_ﬂ4> E2(d) + (1_ﬂ4) EXL

Substituting the values from table A.2 into equatipn (A.5) gives

—

(A.5)

E/(C) = 0,16 %

Reynolds
Test number

int Flow-rate Discharge based on 103
p,a'" Q coefficient orifice throat —

o diameter {Rey)

m3/s c Re, x 10-86

1 0,031 5 0,699 7 0,244 8 2,020 9
2 0,046 0,59 2 0,357 6 1,672 3
3 0,058 9 0,595 7 0,459 3 1,475 5
4 0,071 9 0,693 7 0,560 9 1,335 3
5 0,087 3 0,693 7 0,682 8 1,210 2
6 0,083 5 0,592 7 0,653 3 1,237 2
7 0,130 2 0,590 8 1,0188 0,990 7
8 0,154 0,590 4 1,207 8 0,909 9
9 0,178 3 0,589 6 1,398 b 0,845 6
10 0,205 1 0,589 6 1,615 9 0,786 7

+H 0,234 0,687-5 1-81H1-6 0,743
12 0,258 3 0,583 5 2,016 0,704 3

13 0,256 8 0,589 2 2,023 6 0,703
14 0,245 8 0,589 1,941 4 0,717 7
15 0,231 4 0,588 5 1,845 7 0,736 1
16 0,217 4 0,691 2 1,737 7 0,758 6
17 0,202 4 0,589 3 1,622 0,785 2
18 0,1927 0,589 1 1,544 2 0,804 7
19 0,179 9 0,588 2 1,441 8 0,8328
20 0,163 6 0,590 3 1,230 7 0,901 4

21 0,141 8 0,690 1 1,136 5 0,938
22 0,128 4 0,589 5 1,029 0,985 8
23 0,117 89 0,590 4 0,9427 1,029 9
24 0,107 6 0,690 5 0,859 9 1,078 4

25 0,094 4 0,592 2 0,754 9 1,151

14
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Table A.2 — Component uncertainties

ISO 7066-1 : 1989 (E)

To check first whether the random uncertainty in x, e{x), can
be regarded as negligible, the results obtained from equations

Percentage random Percentage systematic {A.5) and (A.7) are used:
Variable uncertainty uncertainty
E, E, elx) = 8,1 x 10-7 (at ¥)
d 0 0,2 -
! ely) = 9,56 x 10~4(at 7)
D 0 0,2 i 7
g negligible negligible Using equation (8) provisionally [on the assumption that e (x)
H 0,1 0,05 can be regarded as negligible], the following calculations can
0 0.15 0.15 be made:
v 0 0,5
b=“f”=&m
s%(x)
Similarly,
and
E[C)|= 0,75 %
. . . ~ be,x)
From equation (A.3), Re, is a function of Q, v and d. The ran : ; =70 x 10-3
ely

calculate

in accordance with 1SO 5168, and the results are

dom and £ystematic uncertainties in these three variables were

given in

Let

X =

ble A.2.

1
Re )12

Then, since

T (nvd 12
(Re)'2 ~ \4Q

(A.6)

the percgéntage random uncertainty in the variable on the
abscissa pf figure A.2 is calculated from

E2(X)
S'u bstitut,
gives

E{X)
Similarly

E((X)

stx, ») ¢
table A.3.

A
4

$M+%EM+%E@

(A7)

ng the values from table A.2 into- equation (A.7)

=0,08 %

=.0,28 %

ting the best straight line

Since this is less than onhe-fifth, e,{x) can be regarded as negli-
gible, and the value of & obtained from equatign (8) is the cor-
rect one to use.
From equdtion (7)
a"= 0,582 7

and the equation of the best-fit line is thereforne

8,26
(Red)”2

C=05827+ (A.8)

Note that had equation (11) been used (uncertginties in x and y
of similar magnitude), the value of » would have been 8,632,
and the predicted value of C would have differed from that
predicted by equation (A.8) by a maximum of §,06 % over the
calibration range.

A.6 Uncertainty of calibration

Orifice plate flow coefficients vary only slowly with the
Reynolds number, and, in some cases, it may bk appropriate to
take the gradient, b, as zero, as explained in cjause 9.

Using equations (18) and (19), with the values given in
table A.3, to test whether the gradient differs significantly from

Table A.3 — Quantities required to calculate uncertainty
in the calibration graph

Quantity Value
X 1,01417 x 10°3
b2 0,591 064
s2(x) 1,087 864 x 10~7
s2(y) 8,101213 x 10~6
slx, ) 8,985 401 x 107

zero gives the value
s{b) = 0,52

Since there are 25 data points, the value for ¢ from table 2 is
2,1, and so the 95 % confidence limits for b are given as 7,74
and 8,78.

Since these limits do not include zero, the gradient shall have a
non-zero value {as could have been seen by inspection of
figure A.2). The random uncertainty in 1/{Re)"2 is negligible,
so the method given in 9.3 shall be used for the calculation of
the uncertainty in the calibration graph.

17
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The random component of the uncertainty in y (that is in C) is
given by equation (25):

(5) = + 15|~ + by = 202 |12
G R T szt

Substituting the appropriate values from table A.3 into
equation (24) to obtain a value for sg gives the value

SR = 0,842 X 10—3

Using equation {A.4)

(1 _ 4)1/2A (ZgH')UZ 'H* 1/2
'=Q A ° = ( ) (A.12)

A, (2gH)2 (1 — pH172 - H)
Thus the quantity A, cancels out, and so uncertainties in the
value used for it during the original calibration will not affect the
accuracy of subsequent measurements with the calibrated
orifice plate.

When it is' known that the same values will be used for con-

Thus, substiluting these values into equation (25)

ely) = £ 2,1 %0842 x 10-3 x

[0,04 + 3,83 x 10°%(x, — X)2]"/2 (A.9)
Note that atfr, = X, e{y) = 3,6 x 10-4(0,06 %), whereas at
the minimun} and maximum vaiues of x, the values of g{J) are
4,8 x 10-4]0,08 %) and 11,4 x 10-4 (0,20 %) respectively.

Equation (A.D) thus gives the random component in the uncer-
tainty in C, the discharge coefficient, and this shall be added by
the root-sun-square method to the systematic uncertainty in

stamts wherm g ffow-meter s used-afteracatibration, the uncer-
tainties in these constants need not be considered|in assessing
the uncertainty in the calibration coefficient:

In this particular example, this means that the ungertainties in

C, E((C), giyen as 0,75 % (see clause A.4).
Thus the unpertainty in C arising from the calibration for any
value of X [|= 1/(Re,)"/?] is given by
e(Cy) = {3,13[4 x 108 + 0,383(X; — X)2] +
} (0,007 5C)2} 2 (A.10)
AtX, = X,
elC) = 0,0044 (0,75 %)

At the minimum and maximum values of 1/(Re,)/2, elC,) has

the values 0,

It is therefor
dom uncert|
systematic u
being almost

The above af]

004 4 (0,75 %) and 0,004-6(0,77 %) respectively.

b clear that for this particular set of data the ran-
binties are negdligible in comparison with the
hcertainties, which results in the uncertainty in C
constant-over the range of the calibration.

alysis has computed the uncertainty in the calibra-

tion, without

case, the orifice plate is subsequently going to be used without

& d and D may be ignored in equations (A.5) and (A.7). This
gives

E(C) = 0,16 %

EJC) = 0,15 %

E{X) = 0,08 %

E(X) = 0,26 %
If thecsystematic uncertainty in C {0,15 %) is now ¢ombined by

the{root-sum-square method with the random u
the calibration graph, given by equation {A.10), thq
in the value of C arising from the calibration becg

elCy) = + {3,134 x 10-8 + 0,383(X, — X

+ (0,001 5C)2} 172

AtX, = X,

elC) = + 0,0010 (0,16 %)
At the minimum and maximum values of 1/(Re,)’
the values 0,001 0 (0,16 %) and 0,001 5 (0,24 %)

When the data are considered in this way, the e
random uncertainties are comparable with th
systematic uncertainties at the upper extreme of th
graph.

hcertainty in
uncertainty

mes

2] +

{A.13)

2, elC,) has

fects of the
pse of the
e calibration

using the calibrated orifice plate

Hement

remeasuring the diameter of the orifice bore, but simply using
the value which was used to calculate A, for equation (A.4},
then uncertainties due to this source will not affect flow-rate
measurements made subsequently with that orifice plate.

If the calibrated orifice plate in subsequent use. registers a dif-
ferential head, H’, then the flow-rate Q' is calculated as

[o]

=(T—_'~E1—/2(2gH')”2 (A.11)

Ql

18

In the following calculations, it will be assumed that the flow-
rate measurement is carried out under the same conditions as
existed during the calibration. After the orifice plate has been
calibrated, it will be used to measure flow-rate by putting
the appropriate value of the discharge coefficient, C, into
equation {A.11).

To do this, an approximate value of C is assumed and, using
the differential -head, H', measured across the orifice plate, a
value is obtained for Q'.
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This value is substituted into equation (A.3} to give a.value for
Re,; and the value of C given by the calibration equation is thus
calculated using equation (A.8):

8,26
(Rey)'"?2

C=0587+

This is substituted into equation (A.11) to give a more accurate
value of Q' and the procedure is repeated until successive
values of Q' differ by an insignificant amount. Note that this
iteration procedure does not introduce an uncertainty into the

ISO 7066-1 : 1989 (E)

The values for the random and systematic uncertainties in v and
H shall be calculated for the conditions under which the orifice
plate is being used and then substituted .into equation (A.14)
and the corresponding equation for the systematic uncertain-
ties.

The percentage random uncertainty in the measurement of
flow-rate is thus given, using equation (A.11), by

E2(Q') = %E?(v) + %E?(H’) e {A19)

value evenfually used for C; the only additional uncertainty
which is infroduced is the uncertainty in H' and v, which would
result in ar| uncertainty in the value for 1/{Re,)"/? at the point
where the [teration converges.

The percenptage random uncertainty in 1/(Re,)"2 (= X) is
given by equation (A.7):

E2(X)

%-E?(v) + %—E?(d) + %E?(Q)

The only cpntribution to the random uncertainty in Q (assum-
ing that the uncertainty in g is negligible) is the random uncer-
tainty in Hf, since C is fixed by the calibration graph and the
uncertainti¢s in d and D need not be considered, as explained
in clause A.6. For the same reason, there is no contribution
from the umcertainty in the value used for d to the uncertainty
in X, and o equation (A.7) becomes

E2x) 1 L 220 + L B2 . (A4
2 6

The random uncertainty e(C,) which this adds to the value
used for C Hepends on the gradient of the calibration graph as
indicated if] figure C.1 in annex C, and is given.by

el{C,) o be X} ... {A.15)
Similarly
es(Co) o beyX) ... (A.16)

Note that gquations (A,15) and (A.16) are valid only for ab-
solute valugs of uncertainty, not percentage values.

The additiopal Uncertainty in the value used for C is thus

The percentage systematic uncertainty iscgiven py
1 1
E2(Q') = &2(0) + TE%(V) + 1—6-E§(H') e.{A20)

where e(C) is obtained using equation (A.18).

For the purposes of’this example, let

E{v) =0
Efvh=1%
E£(H) = 0,5 %
E(H) =1%

Then from equation (A.14}

E(X) = 0—45~ = 0,13 %
Similarly
1 1 1/2
E(X)={—+ — =06 %
4 16

If the value of Re, at the point where the iteration converges is
8 x 105, then

1
X |= = 0,001 12
( (Red)”Z)

elC,) = b[e2(X) + eZ(X)'7? ... (A7)

and the total uncertainty in the value used for C is obtained by
combining this uncertainty with the uncertainty in the calibra-
tion graph [see equation {33)]. Thus

(xk - Y)Z :I

1
(C) = {12520y, ) | —+ ————
ec {S(y X)[n {n — 1)s2(x)

12
+ e2(x) + e2(C,) ... {(A.18)
s (o]

Thus
edX) = 1,45 x 10-6
el(X) = 6,7 x 10-86

From equation (A.17), and letting b = 8,26,
elC,) = 8,26 (1,45 x 10-6)2 + (6,7 x 10-6)2]12

=57 x 10-5

19
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Substituting this value into equation (A.18) gives

elC) =

I

{3,134 x 108 + 0,383(x, — ¥)?] + (0,001 5) +
+ (5,7 x 10-52}172

{3.1314 x 108 + 0,383 x (1,06 x 10742 +
+ (0,001 5)2 + (5,7 x 10~52}112

0,001 5 (0,25 %)

The magnitude of e(C,) has in this. case made negligible dif-

ference to

the-total-uncertaintyin-C,-since the gradient of the

significant uncertainty into the value used for C. In other cases,
however, where the gradient of the calibration graph is ap-
preciably steeper, this contribution to the uncertainty in C
could be important.

Substituting the appropriate values into equations {(A.19) and
(A.20) gives

ELQ)

0,25 %

EJ(Q) = 1,03%

calibration |graph is very slight. In other words, a very large
uncertainty| is required in 1/(Re,)''2 in order to introduce ‘any

20

and these values represent the uncertainty (in |the flow-rate
measurement.
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Annex B
(normative)

Example for an open channel

B.1 Symbols
a value of stage at zero flow
elg) remdoerm— ainty—ir—the—recordes
age, expressed in metres
elz) random uncertainty in the gauge zero, expressed in
metres

depth of water at open channel gauging station
rjumber of revolutions per second of current-meter

rptor
N rjumber of observations
(OR discharge taken from stage-discharge relation cor-

responding to Q;and 2 + a, where 4 is the stage and
1 is the value of the stage at zero fiow

B.2.2 Statistical analysis of the stage-discharge
relation

The stage-discharge relation, being a best-fit line, should be
more accurate than any of the individuah. g
equation of the relation may be computed’ps detailed in
table B.1, which assumes that the relation) plots as a straight
line on logarithmic paper.

The standard error of estimate s,{log,Q) is firsy calculated for
the logarithmic relation. The, Gncertainty in Q i$ subsequently
calculated from sgllogesQ). Uncertainties are |expressed as
percentages at the 95 %\ confidence level.

The standard error 6f estimate s, of s {log,Q) may be calculated
from one of the following equations:

Qdm daily mean discharge N1 112
. = 2 _ B22
Q; durrent-meter observation Se N_2 [s%(log Q) — S2s2(log.h)] . (B.)
Omm monthly mean discharge '
, or
Se andard error of estimate 12
S andard error of the mean Lllog Q; — log,0,)? (8.2)
. . . . Se = .
v bservations of carriage velocity, expressed in metres e N -2
er second
Ve elocity taken from current-meter rating equation where
orresponding to values of v and n N is the number of current-meter (disdharge) obser-
X(Q) ercentage uncertainty in Q (stage-discharge rela- vations;
tjon) (also known as standard error of the.mean, s,,)
o ) 2 (log.Q; — T0g0:)?
X(Q, Hercentage uncertainty in the annualimean discharge 52{log,Q) =
X(C) ercentage uncertainty in the coéfficient of discharge N -1
f a weir or flume where
X(Qqm) RHercentage uncertainty in (thé daily mean discharge I is th | ‘l :
] ¢ o] ; 18 the average value of o i
Xlh + a) gercentage uncertaintyxnin-the head or stage 9eQi 9 9eQi
X(Qmm) Hercentage uncertainty in the monthly mean s(log,Q) is the standard deviation of the natpiral logarithms
ischarge of the discharge observations;
Xlv) ercentage uncertainty in v (current-meter rating, v-n O, is the current-meter observation;
relation)
B xponent-of the stage-discharge equation 2loq ) = Lllogelh + a) — logglh + a)l?
= G(h + a) where C is the rating constant s“(logeht) = N - 1
NOTE — All uncertainties are expressed at the 95 % confidence level. where

B.2 Uncertainty in the stage-discharge
relation and in the daily mean discharge

B.2.1 General

The uncertainty in a single determination of discharge shall be
evaluated according to I1SO 5168. This clause deals with the
uncertainty in the stage-discharge relation and in a continuous
measurement of discharge; the principles of the method are
given in 1ISO 1100-2.

s{loggh) is the standard deviation of the modified stage
values {h + a);

(h + a) are the stage values corresponding to values

of Ql;
logglh + a) is the average value of log,lh + a);
B is the exponent of the stage-discharge equation;

Q. s the discharge taken from the rating curve correspond-
ing to Q;and (4 + a) [Q, = Clh + a)f].

21
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The percentage uncertainty in Q is equal to £s¢{Q)/N"2 at the
mean value of (4 + a). The uncertainty increases in moving
away from the mean value of (¢ +a) and an additional term is
required within the square-root sign. Multiplication by ¢ and by
100 is also necessary unless the percentage value of s, is used;
however, see note 1.

Then

1/2
1 logylh + a) - log,lh + a)12
X(Q) = ts,3—+ % 29 x 100
\ N Zllogh + a) - logg{h + a)12

At least 20 observations should be available in each range
before a statistically acceptable estimate can be made of s,
and Sy

B.2.3 Uncertainty in the daily mean discharge

The value of discharge most commonly required for design and
planning purposes is the daily mean discharge.

The daily mean discharge may be calculated by taking the
average of the number of observations of discharge during the
period of 24 h.

(B.3)

NOTES

1 Strictly efjuation (B.3) should be in the form 100 [{e%) - 1] where z
equals the right-hand side of equation (B.3) with the term 100 trans-
ferred. This form gives asymmetrical uncertainty limits whereas equa-
tion (B.3) giyes symmetrical limits.

2 In equatfon (B.3), ¢ is Student’s ¢ distribution at the required
probability lgve! and with N — 2 degrees of freedom. ¢ may be taken as
2 for 20 or mpore gaugings.

3 Equation$ (B.1) and (B.2) contain logarithms to the base e and give
the standard error in absolute terms. The calculation may be carried
out using logarithms to the base 10 and the answer multiplied by 2,3
and by 100 tp give the standard error as a percentage.

4 Equation$ (B.1) and (B.2) assume that the uncertainty in stage is
small compgred to the uncertainty in discharge during the determi-
nation of thq stage-discharge relation.

5 Equation$ (B.1) and (B.2) give a single value for the standard error
of estimate ¢f the logarithmic relation and provide two parallel straight
lines, one or] each side of the stage-discharge curve. In practice these
lines are drafvn at ts on each side of the stage-discharge curve wherer
is taken at the 95 % confidence level (see figure B.1).

6 Equation|{B.1) needs to be calculated using a computer program in
order to givd the best result. This is because the bracketed term in the
equation is §mall and therefore needs to be calculated to at least six
decimal placgs. Equation (B.2) can be conveniently-caiculated using a
pocket calcylator. .

7 The equdtion

[}: (Qi - Qc) « 100]2 %
_dl Qe ... (B4

- N-2

Seo

also gives a| good approximation of s, provided that a logarithmic
distribution i§ used torestablish the rating equation. For the 95 % con-
fidence level| thé result should be multiplied by the appropriate value
of ¢,

The percentage uncertainty in the daily mean discharge for a
velocity area station may be calculated from/the|following

_ Z{IX2Q) + 2XUn + a2 Q,
20

(B.5)

X(Qgm!

where

X(Qqm) s the percentage uncertainty in the daily mean
discharge (95 % confidence level);

X(Q) is the percentage uncertainty of the stage-discharge
relation, (sg){{see B.2.2);

B s thelexponent of the stage-discharge relption;

X(h -+ a) is the percentage uncertainty in[the recorded
measurement of the stage;

Q. are the values of discharge from the rating equation
used to calculate the daily mean discharge.

The corresponding equation for a measuring strugture is similar
and may be expressed as follows:

2 2 y2 172
X(Qdm)=>:[{X (O) + B2X2h + a)}V2Q, . (B8

20,

where X{C) is the percentage uncertainty in the|coefficient of
discharge.

NOTE — The percentage uncertainty in the length of[crest (width of
throat), X{b), has been ignored.

The percentage uncertainty in the monthly mean and annual
mean discharges may be estimated from the following equations

8 In equation (B.3), X{Q) is also referred to as the 95 % confidence
limits or as s, (standard error of the mean relation).

The value of s, shall be calculated for each observation of
{h + a) related to the corresponding gauging. The limits shall
therefore be plotted on each. side of the stage-discharge
relation and shall be a minimum at the value of log.l% + a).

If the stage-discharge relation comprises one or more break
points, s, and sy, shall be calculated for each range and N — 2
degrees of freedom allowed for each range, where N
represents the number of observations in each segment.

2

X(Qmm) = _z_'[_)iQ_.‘.*iQ_dm_] (B.7)
XQ4m
X(Qa) = Z[Y{Qm’“‘ Q’“m] ... (B.8)
EQmm
where

X(QOpym) is the percentage uncertainty in the monthly
mean discharge (95 % confidence level);

X{Qam! s the percentage uncertainty in the annual mean
discharge;

Qum are the daily mean discharges; -

Omm are the monthly mean discharges.
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The percentage uncertainty in stage (or head) in the above
equations may be found from the following equation

100
X(h + a) = ——I[e2(g) + e?(z)]"2 ... (B.9)
h+a

where
{(h + a) is the stage (or head), expressed in metres;

e?(g) is the random uncertainty in the recorded value of

ISO 7066-1 : 1989 (E)

The calculation for s, for each of the 32 observations proceeds
from equation {B.3), taking the previous value of 15, = 6,2 %,
as follows.

For observation No. 1

o o ‘+ 0,351 2\1”2
= s —
mTe\32 5,266 5

stage (or head) {recommended value: for punched tape =62 x 0,313
recorder; 3 T forchartrecorder 5 ||||||;,

1 = 1,94 % (at the 95 % level)
e2(z) i% the random uncertainty in the gauge zero (recom- '

mended value, 3 mm).

B.2.4 Example of calculation for s, and s,

Using the gtage-discharge curve tabulation given in table B.1
for the curye shown in figure B.1, the required tabulation for s,
and s, is given in table B.2 where the logarithms are to the
base 10.

From equation (B.1), the value for s is calculated as follows:
1
D

(12,336 4 1,530 12 x 5,266 5\ | /2
31 31

= {0000 2)1/2
Then, converting to base e and muitiplying by ¢ (where t = 2 at
the 95 % confidence level) and by 100 to obtain the percentage
value
Se =2 K 0,01414 x 2,3 x 100
=6% %

From equation (B.2)}, the value for s, is calculated as follows:

0]005 48\ 12
NE

Then, converting to base e and.multiplying by t (where t = 2 at
the 95 % confidence level),and.by 100 to obtain the percentage
value

Se = 2 K 0,0135°%72,3 x 100

6,2 %

For observation No. 18

1 172
Sy = IS o +0

6,2 x 0177

1,¥ %*(at the 95 % level)

For observation No. 32

N A s 0,518 3\!2
= 15 —_—
M Te\32 5,266 5

6,2 x 0,360

I

= 2,23 % (at the 95 % level)

NOTES

1 Thes,, values in table B.2 have been calculated by f computer pro-
gram and therefore differ slightly from the above valups.

2 The equation sy = sg/A/N gives sy = 6,2/4/32 + 1,1 %, which
is the value at logl#h + a) = — 0,211 45

B.2.5 Example of calculation for the uncertainty
in the daily mean discharge X(Qgm)

The calculation proceeds as foliows.

a) Calculate X{(h + a) for each of the [N values of

discharge, used to calculate the daily mean, from equation

From equation (B.4), the value for s, Is calculated as foilows:

291,18\12
Se-—— T

Then, multiplying by ¢ (where ¢+ = 2 at the 95 % confidence
level)

Se = 2 % 3,115

=62%

(B.9);

b) Calculate X(Qy,) from equation (B.5) or {B.6), using
the appropriate value for X{Q) (= s,,).

An example of the caiculation for hourly values of discharge is
given in table B.3.
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Table B.1 — Example of the manual computation of the stage-discharge relation by the method of least squares

h + a)
Observation Flow-rate Q Stage / where logQ =Y loglh+a)=X XY X2
No. a = -~0,115
m3/s m m
1 2,463 0,272 0,157 0,3915 —-0,804 1 -0,314 8 0,646 6
2 2,325 0,273 0,158 0,366 4 -0,8013 -0,2936 0,642 1
3 2,923 0,303 0,188 0,465 8 -0,7258 -0,338 1 0,526 8
4 3,242 0,307 0,192 0,510 8 -0,716 7 -0,366 1 0,56137
5 3,841 0,334 0,219 0,584 4 -0,659 6 -0,3855 0,435 1
6 4,995 0,374 0,259 0,698 5 ~~0,5867 —-0,409 8 0,344 2
7 5,410 0,393 0,278 0,7332 — 0,656 —0,407 7 0,309 1
8 5,422 0,394 0,279 0,734 2 —-0,554 4 ~0,407 0,307 4
9 5,883 0,402 0,287 0,769 6 -0,542 1 -0,417 2 0,2939
10 6,154 0,41 0,295 0,789 2 —0,5630 2 -0,418 4 0,281 1
11 7,376 0,463 0,348 0,867 8 -0,458 4 -0,397'8 0,210 1
12 9,832 0,52 0,405 0,992 6 -0,3925 ~0,389 6 0,154 1
13 11,321 0,548 0,433 1,053 9 -0,3635 0,383 1 0,132 1
14 12,372 0,576 0,461 1,092 4 -0,336 3 ~0,367 4 0,113 1
15 11,825 0,58 0,465 1,072 8 -0,3325 —0,356 7 0,1106
16 13,826 0,616 0,501 1,140 7 -0,300 2 -0,342 4 0,090 1
17 14,102 0,626 0,611 1,149 3 -0,291,6 —-0,335 1 0,085
18 19,02 0,721 0,606 1,279 2 -0,217% -0,278 2 0,047 3
19 19,79 0,739 0,624 1,296 4 ~0,204'8 -0,2655 0,041 9
20 20,28 0,747 0,632 1,307 1 -0,199 3 -0,260 5 0,039 7
21 21,204 0,796 0,681 1,326 4 0,166 9 -0,2214 0,027 9
22 23,996 0,846 0,731 1,380 1 -0,136 1 -0,187 8 0,0185
23 36,242 1,041 0,926 1,659 2 -0,0334 -0,052 1 ‘0,001 1
24 54,591 1,34 1,225 1,737 1 0,088 1 0,153 0,007 8
25 67,327 1,526 1,411 1,8282 0,149 5 0,273 3 0,022 4
26 79,05 1,761 1,646 1,897 9 0,216 4 0,4107 0,046 8
27 110,783 2,01 1,895 2,044 5 0,277 6 0,567 6 0,077 1
28 162,814 2,632 2,517 2,217 0,400 9 0,886 7 0,160 7
29 227,6 3,205 3,150 2,357 2 0,498 3 1,174 6 0,248 3
30 228,8 3,28 3,165 2,359 5 0,500 4 1,180 7 0,250 4
31 228,5 3,306 3,191 2,358 9 0,603 9 1,188 6 0,253 9
32 236,6 3,34 3,225 2,374 0,508 5 1,207 2 0,258 6
¥y 40,730 6 ~6,766 3 —0,653 4 6,697 5
For a least{squares regression where Q = Clh + a)f
YY)+ NllogC) — gX(X) =0
where N ig the number of observations.
TUXY] - T(X) log C) — B (X320
Then
40,7305 — 32log C +%6,766 34 = 0 (i)
—-0,5534 + 6,7663 log C — 6,697 5 = 0 (i)
Multiplyingl equation (i) by 6,766 3/32 and adding (i) and (ii) gives
B = 15301
C = 39,479
Q = 39,479 (h — 0,115)1.8301
NOTE — The stage-discharge curve is shown plotted in figure B.1.
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Table B.3 — Example of the computation for the uncertainty in the daily mean discharge
using hourly values of discharge

" h (h — 0,115) Q. Xth + a) 258 24 p2y2 1/2

Time m m i % o [25,2 + BX“h + a)]''s Q,
0900 1,225 1.1 46,314 0,4 1,3 64,84
1000 1,565 1,45 69,707 0,3 1,5 115,53
1100 1,971 1,856 101,699 0,2 1,8 183,06
1200 2,293 2,178 129,906 0,2 1,9 246,82
1300 2,52 2,405 151,186 0,2 2 302,37
1400 2,67 2,565 165,85 0,2 2 331,7
1500 2,789 2,674 177,814 0,2 2 355,63
1600 2,872 2 787 186 328 02 2.1 391 .29
1700 2,929 2,814 192,255 0,2 2,1 403,74
1800 2,981 2,876 197,717 0,1 2,1 415,21
1900 3,034 2,929 203,339 0,1 2,2 447,34
2000 3,067 2,952 206,867 0,1 2,2 455,11
2100 3,082 2,967 208,478 0,1 2,2 458,65
2200 3,065 2,95 206,653 0,1 2,2 454,64
2300 3,026 2,91 202,487 0,1 2,2 445,47
2400 2,975 2,86 197,084 0,1 2,1 ) 413,88
0100 2,915 2,8 190,793 0,2 2,1 400,66
0200 2,845 2,73 183,543 0,2 21 385,44
0300 2,747 2,632 173,558 0,2 2 347,11
0400 2,628 2,513 161,697 0,2 2 323,39
0500 2,495 2,38 148,788 0,2 2 297,57
0600 2,365 2,25 136,534 0,2 1,9 259,41
0700 2,257 2,142 126,635 0,2 1,9 240,61
0800 2,164 2,049 118,32 0,2 1.8 212,98

X 388356

Q. =161,815 ¥ 7 952,45

xign) = EXLZn + £2X%0 + a]2 0.}
dm T o,
_ 795245
3.883,56
=2%
Then the daily mean discharge is equal to 161,8 m3/s + 2 %.

B.2.6 Example of calculation for-the standard The values of s, in per cent, are given in table B|4, column 9. .

error of estimate and the standard error of the
mean of the current-meter rating equation The standard error of the mean of the line of the relation is
found from equation (25):

(,,_;,—)2 172
—_— 4
N Y(n-n)?

Values of v|(in metres per second) and # {in revolutions per se-
cond) for the upper range-of\a current-meter rating are given in
table B.4. Xv) = is,

The equatign of the-line (rating equation) is

For example, for observation No. 1

v = 0,0069)+ 0,278 5 n

= 11/2 — 1 O
The standard error, s, of the experimental observations about Xlv) = 26(0.14) 1%

the line is found from equation (17):
n u quation (17) The values of X(v), in per cent, are given in table B.4, col-

Tiv — v 2|12 0,000 165 8\'/2 umn 10.
se=t-——~—°—— =2{———} = 0,006 m/s
N-2 18 NOTES
By this method, as distinct from the method given in B.2.4, the 1 v is the velocity taken from the rating equation corresponding to
percentage standard error varies along the line. values of v.
. 2 nis the number of the revolutions per second for values of carriage
For example, for observation No. 1 velogit
y V.
0,006 3 Nis the number of observations of carriage velocity v.
Se = x.100 = 2,6 % L
0,233 5 4 The limits for s, and X{v) are shown in figure B.2.
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Annex C
(normative)

Uncertainty associated with the calibration coefficient when using
a calibrated or standardized flow-meter

C.1 Symbols

C.2 Uncertainty associated with the
calibratipn coefficient

The reasop why, when a calibrated flow-meter is used to
measure a[flow-rate, the uncertainty in the value used for its
calibration | coefficient is greater than the uncertainty in the
calibration |graph is illustrated in figure C.1.

For examplle, if the calibration and use of a nozzie is con-
sidered, the calibration equation giving the fiow coefficient, C,
as a functipn of nozzle throat Reynolds number, Re,, would
take the form

C=a+bRed

This is the gontinuous, sloping line shown in figures C.1 a) and
C.1 b), and the uncertainty in it is given by thechain-dot curves
in figure CJ1 a). This uncertainty arises ffom both random com-
ponents [given by equation (25) or equation (29), depending on
the relativel magnitudes of the uncértainties in C and Re,] and
systematic [components. The uncéertainty in the calibration line
is less than| that in any one of the’ data points to which it is fit-
ted, since lhe effect of the random uncertainty components is
that a mean value (the calibration line in this case)} can be deter-
mined more accuratély than a single measurement (the indi-
vidual data|points), If equation (25} is considered, for example,
the random) companent of the uncertainty in the lineat X, = X
is given by,

In particular, referring again to figure C.1 a) for the case of a
nozzle, when the nozzle is used after calibration, the value used
o or-any-partietiar—Reyroldsnumberwill-be in error by a
fixed amount which will not subsequently chande, and so this
will contribute a systematic uncertainty to, the uncertainty in
any flow-rate measurement using that nezzle.

In using the nozzle, a preliminary valGe for C will be assumed,
and measurements or evaluationsof Ap, ¢ and ¢ will be used to
give a first estimate of gy, from

Cs nd242Ap\12
Q= TS

v (1 - pH1254 0
This estimate of ‘g, will be combined with valups of density,
viscosity and throat diameter to give the Reynold$ number from
the formuila

Re; = —
? nud

This, in turn, will be used with the calibration|graph [figure
C.1 a)] to predict a more accurate value for C,| and the pro-
cedure is repeated until there is no difference [petween suc-
cessive values of C.

If it were possible to measure or know Ap, o, € and u exactly,
so that there was no uncertainty in any of thege values, the
uncertainty in the value used for C would simply|be the uncer-
tainty in the calibration graph, elC,) [see figure €.1 a)].

Conversely, if the calibration equation were kown exactly,
with zero uncertainty, uncertainties in the measufement of Ap,
o, € and u would result in an uncertainty e(Re ] in the value
used for Re; and hence in the value used for C, [as denoted in
figure C.1 b) by e(C,).

In practice, both of these sources of uncertainty| exist, and so
e(C,) has to be combined by the root-sum-squar¢ method with
e{C,). Hence the value used for C, when the caliblated nozzle is

tsly, x)/\/ N

whereas the random component in a single data point can be
shown to be

tsly, x)

Although both random and systematic sources contribute to
the uncertainty in the determination of the calibration line,
when a calibrated flow-meter is used, the calibration equation
adopted has a fixed vaiue which wiil differ by a finite, unknown
amount from the true value.

30

used, has a farger uncertainly than the uncertainty in the
calibration graph itself, i.e.

elC) = [e2(Cy) + €2(C,)]"?

Although e(C;) has a systematic effect on the flow-rate
measurement, there are both random and systematic com-
ponents in e(C,). To be rigorous, therefore, these should be
separated and only the systematic component combined with
elC) at this stage, but as noted in clause 10, there is no need
for this, in practice, for the purposes of assessing the uncer-
tainty in the value of C adopted for the calculation of the flow-
rate.



https://standardsiso.com/api/?name=06659d11cf44f3b3d1eb4b1007aaeb4c

ISO 7066-1 : 1989 (E)

ﬁ Confidence limits of calibration line

elC,

-
(Re ), Re,
a)
c4
(e ———————— /
|
|
bRed Ll
C= at || |
}‘/;I:,\,—e (Re,)
l
|
]
| I -
(Red)l' Red

b)

Figure C.1 — Contributions to uncertainty in the value used for C
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