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Foreword

ISO (the International Organization for Standardization) is a worldwide
federation of national standards bodies (ISO member bodies). The work
of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for
which a technical committee has been established has the right to be
represented on that committee. International organizations, governmental
and non-governmental, in liaison with I1SO, also take part in the work. ISO
collaborates closely with the International Electrotechnical Commission
(IEC) on all matters of electrotechnical standardization.

Draft International Standards adopted by the technical committees are
circulated to the member bodies for voting. Publication as an International
Standard requires approval by at least 75 % of the member bodies casting
a vote.

International Standard ISO 4124 was prepared by Technical Committee
ISO/TC 28, Petroleum products and lubricants, Subcommittee SC 2, Dy-
namic petroleum measurement.

Annexes A, B, C, D, E and F of this International Standard are for infor-
mation only.

vi

COPYRI GHT 2000 International Organization For Standardization
I nformati on Handl i ng Servi ces, 2000



STD.ISO Y4L24-ENGL 199y WM 4851903 0701111 350 mm

INTERNATIONAL STANDARD © iSO ISO 4124:1994(E)

Liquid hydrocarbons — Dynamic measurement —
Statistical control of volumetric metering systems

Section 1: General

1.1 Scope

In dynamic measuring systems the performance of meters for liquid hydrocarbons will vary with changes in flow
conditions, viz. flowrate, viscosity, temperature, pressure, density of product, and with mechanical wear.

This International Standard has been prepared as a guide for establishing and monitoring the performance of such
meters, using appropriate statistical control procedures for both central and on-line proving. These procedures may
be applied to measurements made by any type of volumetric or mass metering system.

The procedures to be followed for collecting data, on which the control limits are based, are described. An
alternative method for establishing the reliability of these data is described in 1ISO 7278-3.

Methods are described for calculating the warning and action control limits for the charts covering the selected
performance characteristics, the application of these control charts to subsequent routine measurements, and their
interpretation. Worked examples are given in the appropriate central and on-line proving sections.

1.2 Definitions
For the purposes of this International Standard, the foliowing definitions apply.

1.2.1 proving; proof; calibration: Determination of the meter performance via the relationship between the
volume of liquid actually passing through a meter and the reference volume of the pipe prover.

1.2.2 K-factor: Relationship between the number of pulses (N) generated by the meter during the proving run
and the volume of liquid (V) displaced by the sphere or piston in the pipe prover between detectors.

Normally, K = N/V; it is recommended that this value be corrected by the pulse interpolation technique described
in ISO 7278-3.

1.2.3 meter factor: Ratio of the actual volume passed through a meter, as derived from the pipe prover, to the
volume indicated by the meter totalizer.
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1.3 Symbols and units

1.3.1 General symbols

M
hy
E;,
Em
E,
K

AK
MF
MF,,,
MF
I\‘/”:min
N

p

Po
¢

o
T,
o

high liquid level in tank

low liquid level in tank

gauging error

meter volumetric error

temperature error

K-factor

change in K-factor

meter factor

mean meter factor

maximum meter factor in a set of measurements
minimum meter factor in a set of measurements
number of pulses generated by meter during proving run
pressure at line conditions

pressure at standard conditions (101,325 kPa }
temperature at line conditions

temperature at standard conditions (16 °C or 20 °C )
elapsed time

volume rate of flow

reference volume of pipe prover at standard conditions (15 °C
or 20 °C and 101,325 kPa))

kinematic viscosity of the fluid

1.3.2 Statistical symbols

& a ' X

- F T 3N

~

true value of quantity

mean value

standard deviation

value of measurement

mean of a set of measurements
number of repeated measurements
number of quantities

estimate of standard deviation
range of a set of measurements
mean of a set of ranges

value of Student's sdistribution
estimate of repeatability
degrees of freedom
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metres

metres

millimetres

percent

degrees Celsius
pulses per unit volume
pulses per unit volume
dimensionless
dimensionless
dimensionless
dimensionless
dimensionless
kilopascals (1 bar = 100 kPa )
kilopascals

degrees Celsius
degrees Celsius
seconds

cubic metres per hour
litres or cubic metres

millimetres squared per second
[centistoke (cSt)]
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1.4 Central proving

With the method of central proving, the performance of a meter is established at a testing station by proving the
meter over its entire operating range of flowrate, viscosity, temperature and oil density used in service.

Meter performance charts are then prepared from the proving data, and are used to establish the relationship
between the meter factor and flowrate or flow and viscosity.

Any large deviation in meter performance on site can be detected by secondary control procedures, which monitor
the output of two meters in series or in parallel. Long-term deviations in meter factors can be established by
statistical control charts. The latter method can also be used in on-line proving.

1.5 On-line proving

With the method of on-line proving, the meter is proved under operating conditions with a portable or fixed in-
stallation pipe prover. Where significant changes in flowrate, viscosity, temperature or density occur, the meter
can be reproved.

Any marked deviation or abnormal trend in meter factor can be monitored by use of statistical control charts.

By statistical analysis it is possible to establish whether the deviations are due to changes in flow conditions,
random error or some other assignable cause.
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Section 2: Statistical measurements

2.1 Principles of statistical measurement

2.1.1 Introduction

Measurements taken via central or on-line meter proving provide information on the random variability of the par-
ameters of hydrocarbon flow through the meter (for example meter factor, flowrate, temperature, Reynolds
number). Using this information, it is possible to assign a level of probability to a deviation observed in practice,
and thereby differentiate between a normal or “allowable” deviation and one that has been caused by an external
and systematic influence, such as meter component wear.

The true value of the meter characteristic in question, and its range of variability, can be represented diagramma-
tically on a control chart {(see 2.2.5). This will indicate the deviation {warning limit) which should be taken as an early
indication of malfunction, and the deviation (action limit) at which it is almost certain that meter failure has oc-
curred. It is standard practice to assign a probability of 95 % to warning limits, and 99 % to action limits. This
means, for example, that there is only a 1 % chance that a measurement falling outside the action limits did so
as a result of normal variation when the process is under statistical control. Once a control chart is established,
the measurements from subsequent meter provings can be entered periodically onto the control chart, from which
it is possible to monitor trends in meter performance over a period of time.

In order to establish control through this means, reliable estimates should be obtained of the statistics to be used.
The initial period in which data is collected, and against which the performance of the meter is to be monitored,
is called the “learning period”. This should be long enough to provide a reliable assessment of the true value of
the meter characteristic in question.

Before considering the steps to be followed in the creation, use and maintenance of controi charts, it is first
necessary to understand the statistical treatment which is to be applied.

2.1.2 Distribution of measurements

The measurement of any physical quantity, be it direct (for example temperature by thermometer) or indirect (for
example meter factor) is always subject to error. The error is sometimes systematic and assignable to a definite
cause, for example a large change in temperature may result in a large change in meter factor. If that is not the
case, however, data scatter can be regarded as random, and is thus amenable to statistical treatment.

Random errors often vary in magnitude with the quantity being measured (in which case they are expressed as
percentages) or with some other external factor. The error in K-factor, for example, will change in magnitude ac-
cording to the flowrate (see performance chart in figure 1). For this reason it is vital that operating conditions are
controlled while measurements are being taken (see 2.2.2). In practice, the distribution of errors approximates a
Gaussian (normal) distribution, and this is fully defined if its two parameters are known. The parameters in this
case are mean value, represented by u, and standard deviation, represented by a. The Gaussian distribution is
described in more detail in annex C.

Each of the parameters of a distribution of measurements is assumed to have a true value, and is represented
algebraically by a Greek or capital Roman letter. Estimates of the parameters, or statistics, are represented alge-
braically by small Roman letters. When necessary these will be qualified algebraically by the use of brackets. For
example the standard deviation estimate of a measurement x will be shown as s(x) (see 2.1.4). The statistics which
are of primary interest are mean, standard deviation, range of a set of measurements, and uncertainty.
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2.1.3 Estimate of true quantity

Given a set of measurement x, for i = 1 to n, the estimate of the true quantity which is most likely to be correct
is the mean x (termed “x bar”) of the set of measurements, where

n
f:% (x1+x2+,__+xn)=%z_x’. (21)

i=1
As n tends to infinity, so the estimate x will tend towards the true value u, provided there are no systematic errors.

2.1.4 Estimate of standard deviation

The standard deviation o(x) is a measure of the random error of a single measurement x. The usual unbiased es-
timate of a(x) is s(x), where:

s(x) = n11 Z(xi—f)z =\/(nl*1)zxi2_ﬁx2 ... (2.2)

i=1 i=1

Another estimate is given by:

W
s(x) = ... (23
(x) D) 2.3
where
w is the mean range difference between the maximum and minimum values of x, using a number of sets

of n measurements;
D(n) is a conversion factor (see annex A).

This estimate becomes less reliable as the number of ranges on which it was based becomes smaller, and should
only be regarded as a rough check when based on a single range.

The standard deviation estimate of a mean, sometimes called standard error, is derived from this as:

s® =s@//n . (2.4)

It is evident that as the number n of measurements is increased, so the standard error is decreased, leading to
greater confidence in the estimate x of the true quantity.

2.1.5 Estimate of the uncertainty

The reliability of an estimate can be expressed as an uncertainty interval in which the true value should be ex-
pected to fall with a specified level of confidence or probability. In statistical terminology this is called a confidence
interval. The uncertainty interval which contains an estimate x is x + u(x), where u(x) is called the uncertainty,
x — U(x) and x + u(x) are called the uncertainty limits, and the difference 2u(x) between these limits is called the
range of uncertainty. Normally the probability levels are 95 % and 99 %.

A true quantity estimate of x, the mean of n measurements, could then be stated as:
True quantity = X + u(x), n measurements, 95 % probability;
when n =1, x becomes the single measurement x.

If the standard deviation ¢ is known from long experience, then the uncertainty is also known. That referring to
95 % probability is given by:

u(x) = 1,960(%) = 1,965(x)/y/n ...(2.5)
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As before, ¥ becomes the single measurement x when n = 1. The value 1,96 is the value of the standard normal
deviate for a two-sided probability of 95 % (see annex C).

If, however, the standard deviation of individual measurements has been estimated as s(x), based on @ degrees
of freedom, then the uncertainty should be estimated as:

U(X) = tos, o5(X) = fo5, 05 (x)// 1 .- (2.8)
Once again, when n = 1, X becomes the single measurement x.

Here &5, o is the value of the r-distribution for a two-sided probability of 95 %, corresponding to a standard deviation
estimate based on @ degrees of freedom (see annex B). In this context, degrees of freedom should be regarded
as the number of independent measurements from which the standard deviation was estimated. Given n
measurements, therefore, s would be based on @ = (n — 1) degrees of freedom, since one degree of freedom
was already accounted for in estimating the mean.

The t-distribution is a function of the degrees of freedom, and the r-value for a given probability will decrease in
magnitude as @ increases. As @ tends towards infinity, so the ¢-distribution tends towards a Gaussian distribution.
Values of 2 and 3 are sometimes used as approximations of the ¢-values corresponding to 95 % and 99 % prob-
ability respectively. These values are appropriate for estimates based on 10 to 20 measurements.

2.1.6 Estimate of repeatability

Repeatability is the term used for uncertainty which relates not to individual measurements or measurement
means as in 2.1.5, but to the difference between two individual measurements. Since the standard deviation of
the difference between two measurements x; and x, (see 2.1.8}) is:

o(r —x) =/2 o(x) = /2 alx) .an

then the repeatability estimate r is given by:

r=+/2 u) ...(2.8)
In this case u(x) refers to individual measurements x; rather than the mean x, and equations (2.5) and (2.6) would
become:

U(x) = 1,960(x) ... (2.9
and

u(x) = g5, o5(x) ... (2.10)

Note that a repeatability value, to be used in practice, should be derived from an independent set of measurements
which excludes the pair of values in question. The standard deviation estimate should be based on at least 20 and
preferably 30 or more degrees of freedom.

2.1.7 Estimate of maximum range

It is possible to extend the concept of repeatability (the uncertainty for the difference between two measurements)
by considering the distribution of a range of three or more measurements. For this it is necessary to refer to the
limiting values E, (n) or E;(n, @) of a range of measurements with unit standard deviation corresponding to a cho-
sen probability level (see annex A).

The upper limit of the range of n measurements, knowing the standard deviation ¢(x), is given by:

W = o(x) E,(n) .2

Where the standard deviation is estimated as s(x) (see 2.1.4) based on & degrees of freedom, from an inde-
pendent exercise excluding the measurements in question, the limit is estimated to be:

w = s(x) Ey(n, ®) ...(2.12)
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In either case, the limit calculated corresponds to the maximum range (n measurements) to be expected in practice
with the given probability. The limit corresponding to 95 % probability may be used as a test to establish statistical
control (see 2.2.2). A rogue value can also be identified in this way (see 2.2.3), but should be confirmed by the
use of one of the outlier tests given in annex D. As with repeatability, an estimate of maximum range to be used
in practice should be based on at least 20 and preferably 30 or more degrees of freedom, and should exclude the
measurements in question.

2.1.8 Combination of errors

Consider an indirect measurement y which is calculated from, say, m intermediate measurements Xy, Xp ... X, AC-
cording to the function:

y=F(x. x.. %, ...(2.13)

If the m intermediate measurements are algebraically independent, that is, no one can be calculated from the
others, then the statistics of the indirect measurement may be derived as shown below.

2.1.8.1 The estimate y of the true value {see 2.1.3) can be calculated by substitution of the appropriate means
into equation (2.13), that is:

¥ F(X, X oX) ... (2.4)

This approximation applies to functions F which are approximately linear.

2.1.8.2 The estimate s(y) of the standard deviation of y (see 2.1.4) is given by:

2 2 2
s2(y) = [g—i:s(x1)] + [%S(Xlz):l + ..+ [ gfn s(x,,,)] ... (2.15)

where the sensitivity coefficients F/dx; are evaluated at the known or mean values of X;.

Note that the standard deviation estimates used in this expression could be in terms of either individual
measurements [equation (2.2)] or mean values [equation (2.4)]. Furthermore, the expression is valid if one or
more of the standard deviation values is known as o(x,), rather than estimated as s(x,).

2.1.8.3 The estimate u(y) of the uncertainty of y (see 2.1.5) is similar in form to equation (2.13), that is:
2 _ oF oF oF ‘
W) = [—ax1 u(x,)] + [—612 u(xg)] P [Txm u(xm)] ...(2.16)

Once again, the uncertainty estimates used in this expression can be in terms of individual measurements or mean
values, and could include known values of uncertainty u(x,).

2.2 Measurement procedure

2.2.1 Introduction

In order to monitor meter performance through a statistically based control chart, in general terms the procedure
should be carried out as follows:

a) establish statistical cantrol;
b) take measurements in the proving run conducted under the operating conditions required;

c) test the measurements for reliability and use them to create new performance charts, or add to performance
charts previously created;
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d) add the measurements to control charts in progress, or use the measurements to create new control charts
if sufficient measurements have been accumulated in the “learning period”.

2.2.2 Statistical control

A measurement taken under undefined or variable operating conditions will not yield meaningful statistics. In order
to establish statistical control, great care should be taken that factors such as temperature and flowrate are cor-
rectly measured, and that all external influences have been identified.

It is very often difficult to establish statistical control quantitatively. It may be possible, however, to examine per-
formance charts and calculate the maximum allowable range for a set of measurements obtained under the given
operating conditions (see 2.1.7). At the very least, it is essential that the measurement procedure is clearly
understood and that equipment is operating correctly.

2.2.3 Measurement reliability

A set of n repeated measurements having been obtained, they should be examined for outliers (rogue values). It
should be stressed, however, that measurements should not freely be discarded. An attempt should always be
made to find a reason for the extreme values, after which corrective action can be taken. Given no further infor-
mation on the scatter of the measurements, Dixon's or Grubbs' outlier test may be used (see annex D). In the
event that an outlier is detected by this means, then it should be disregarded and further measurements obtained.
It should also be confirmed that the extreme value was not due to a change in an uncontrolled variable such as
temperature or flowrate (see 2.2.2).

The scatter of the K-factor may have already been determined for the operating conditions under which the set
of measurements was obtained (see 2.2.4). In that case the uncertainty limits are known, and if a measurement
were to fall outside the limit corresponding to 95 % probability, it should be regarded as a rogue value. When only
two measurements are available, and their difference exceeds the repeatability (see 2.1.6), then both measure-
ments are suspect. Similarly, the extreme values of a range of # measurements would be suspect if an observed
range exceeded the maximum (see 2.1.7).

2.2.4 Performance charts

The performance of a meter can be represented diagrammatically on a performance chart. Figure 1 is an example,
in which mean meter factor is given as a function of only one operating condition, namely flowrate. Variability is
expressed in figure 1 as the range of n repeated measurements (typically, n = 5 or 10), but could also have been
expressed as the uncertainty interval.

A separate performance chart should be drawn for each meter and product, and should refer to a stated set of
operating conditions {for example range of temperature). In the case of central proving, however, in which it is
possible to take measurements covering a wide range of operating conditions on the same class of meter, the
“performance charts” may take the form of a matrix or surface in which meter factor is a function of two or more
operating variables. (See 3.3))

2.2.5 Control charts
2.2.5.1 Chart preparation

Following a sufficient learning period (for example 15 sets of proving runs), the true value estimate of K-factor can
be represented on a control chart. Figure 2 is an example, in which each entry is a mean of 5 K-factors from four
proving runs. The warning and action limits are the uncertainty limits, estimated at the end of the learning period,
corresponding to 95 % and 99 % probability, respectively. It would be reasonable to expect that 5 % of the resuits
would lie outside the warning limits and 1 % outside the action limits if the process were in statistical control.
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Figure 2 — Control chart (general)
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Figure 2 shows entries which indicate whether the measurements are “in control” or not, and also gives an ex-
ample of a systematic trend with time or volume throughput. It should be noted that if a systematic trend is evi-
dent, the control chart can be recreated with an appropriate shift in mean value and control limits. This would, for
example, take account of meter component wear over a long period of time.

2.25.2 Parallel control charts

Control charts referring to different measurements, for example K-factor and flowrate, can be constructed with a
common scale of time or volume throughput. This will allow the correlation of one measurement with another,
and may indicate a reason for major deviations in K-factor.

2.25.3 Moving-average control charts

Long-term meter performance can be monitored by using moving averages. After the learning period, each entry
on the control chart (see figure 2) will be the average of, say, the last ten sets of proving runs. This will provide a
moving “window” which will be less affected by short-term deviations, and from which it is possible to identify
a slope change (long-term drift) or a step change (constant shift in K-factor).

2.2.5.4 Non-linear control charts

The performance chart in figure 1 becomes a control chart if warning and action limits are placed on each side of
the line. In this case the learning period includes the measurements on which the performance chart was based.
From these measurements, and previous experience when available, it is possible to estimate the standard devi-
ation of K-factor for a given range of flowrates. Control limits can then be estimated and drawn on the chart.

2.25.5 Reconciliation charts

Long-term meter performance can be monitored in meter/tank or meter/meter comparisons of volume throughput.
When a meter's readings are regularly compared with another measuring technique (for example tank gauging)
on the same volume of liquid, then the volume of throughput is accumulated for each measuring device and the
difference between them expressed as a percentage of the cumulative sum. The true value on a reconciliation
chart will be zero, and as the cumulative sums of volume increase, so the percentage difference will be expected
to tend towards zero. If not, meter failure or bias would be indicated.

10
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Section 3: Central proving

3.1 Collection of data

3.1.1 Proving conditions

3.1.1.1 General

Initial and periodic provings may be carried out on different oils which are stored in the centralized proving station
in order to cover, when required, a wide range of viscosities.

During the proving operation, the meter factor of the meter versus flowrate and of the meter versus viscosity
should be established. As the meter factor will depend upon pressure p. temperature ¢ and flowrate Q, it is
necessary to maintain the pressure and temperature as constant as possible.

During the proving operation, the meter factor of a positive displacement meter versus flowrate shall be estab-
lished. If the meter will be used on products covering a wide range of viscosities < 20 ¢St, a curve of meter factors
for each product type shall be established.

Turbine- and other inferential meters are in essence Reynolds-number related in their behaviour. The meter factor
should therefore preferentially be established versus Reynolds number or Q/D.

If there is any variation in the pressure and temperature it should be sufficiently small to ensure that it does not
contribute more than + 0,01 % to the overall uncertainty in meter factor. The variation should be less than the
uncertainty of the pipe prover reference volume, which is usually of the order of 0,02 % to 0,05 %.

3.1.1.2 Pressure

The pressure should be measured at (or close to) the meter and at the prover outlet. Its value should be kept
constant within the limits + 50 kPa.

3.1.1.3 Temperature
The temperature of the liquid should be measured at (or close to) the meter and at the prover. Sufficient product
should be passed or circulated through the system initially in order to ensure thermally stable conditions. Any

variations in temperature of less than 0,1 °C between the meter and prover may be considered as instrument er-
rors rather than variations in liquid temperature.

3.1.1.4 Flowrate

The mean flowrate should be computed from the volume of the prover at reference conditions of temperature and
pressure using the time interval between the first and last detector signals.

3.1.1.5 Viscosity

Determine the density and viscosity (at a minimum of two different temperatures, e.g. 20 °C and 40 °C) of the oil
for each proving operation.

3.1.1.6 Meter data
The number of pulses generated by the meter at the various flowrates is totalled by an electronic counter which

is started and stopped by the two detector signals respectively. In order to achieve a maximum uncertainty of
0.01 %, a suitable pulse interpolation technique may be used.

1
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3.1.1.7 Number of provings

Each calibration for the same flowrate should be repeated at least twice, further measurements being required if
the scatter is unacceptably large (see 3.2.2).

3.1.1.8 Number of flowrates required

For any given fluid the meter should be tested at no less than five flowrates, which will include the maximum and
minimum flowrates. The minimum number of flowrates covering the operating range is defined in relation to the
actual performance of the meter; for example, if the meter factor varies considerably with flowrate then a larger
number of flowrates will be required in the test procedure.

3.1.1.9 Number of viscosities

Where possible, tests should be carried out on the actual fluids and over the flow range and under the same
conditions of temperature and pressure that would be experienced in operation. The choice of the viscosities and
their spacings depends on the type of meter being proved, i.e. the sensitivity of meter factor to viscosity variation,
and the range of viscosities encountered in operation.

Although the viscosities nhormally chosen should be equally spaced over the operating range of the meter, it may

be necessary to select additional viscosities at points where the meter factor is particularly sensitive to viscosity
variation.

3.1.2 Test report

The results and conditions concerning the initial and periodic proving tests should be set down in a report that
includes the following information:

a) identification of the centralized proving station;
b) reference volume of the pipe prover used;
c) meter characteristics {(manufacturer, model and serial number);

d) exact details of the conditions under which the various tests were performed.

3.2 Reliability of data collected and resulting values

3.2.1 Central proving operational conditions

Although it is implied in 3.1.1.1 that conditions are held constant within a test in a central proving station, products
are often recycled with slight variations in temperature. However, it is possible to compute the viscosity from the
temperature.

If the uncertainty in meter factor (see 3.2.3) is known, during a test any variation in the parameters should not
produce a variation in meter factor greater than a given percentage of this uncertainty. A typical value of this per-
centage is 30 %.

3.2.2 Reliability of data collected

The reliability of the data collected should be checked by means of the following tests before estimating the meter
factor and the scatter on this estimate.
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3.2.21 Outlier test

At each flow and viscosity (Q, v #n (n> 3) provings are made.

Dixon's test (see D.1) or Grubbs' test {see D.2) can be used to discard outliers {rogue values).

3.2.2.2 Tests for short-term variability or scatter

There are two methods for testing the scatter or variation in the meter factor: a repeatability test and a range test.

3.2.2.2.1 Test for repeatability

The absolute difference between two measurements at each (Q. v) point can be tested against the repeatability

r. If r is unknown, then a given percentage of the mean MF,, of the measurements should be used in its place.
A typical value is 0,05 %.

If the absolute value of the difference is less than or equal to r, then the two measurements shall be retained. If
the absolute difference exceeds r, then at least three additional measurements should be obtained, giving a total

of n measurements. The test is repeated, but now using the absolute difference between the most divergent value
and the average of the remaining » — 1 measurements.

If the absolute difference is less than or equal to

"N T 1y

then all the measurements shall be retained. If the absolute difference exceeds

"N 2oy

the most divergent measurement shall be rejected and the procedure repeated until an acceptable set of
measurements is obtained. However, if two or more measurements out of 20 have been rejected, then the
proving run should be stopped for investigation.

3.2.2.2.2 Test of the range

The range of n > 2 measurements at each (Q, v) point can be tested against a maximum value of w, where
MFax and MF ., are respectively the largest and smallest measurements. If the standard deviation of the meter
factor measurements is known or can be estimated from previous measurements, then w can be calculated from
equation {2.11) or equation (2.12) (see 2.1.7), using tabulated values of E,(n) or E,(n, ®) corresponding to 95 %
probability. If the standard deviation is unknown, then a given percentage of the mean value MF,, of the
measurements should be used in place of w. A typical value is 0,05 %.

If (MFpox — MF.)) is less than or equal to w, then all the measurements shall be retained. If (MF ax — MF i)
exceeds w, then the most divergent measurement shall be rejected and the procedure repeated until an acceptable
set of measurements is obtained. In that event w will require recalculation to take account of the new value of n.
However, if two or more measurements out of not more than 20 have been rejected, then the proving run should
be stopped for investigation.

If o or s is not known, then test the measurements by applying the ratio:

Iv“:max — Mann
MFmax + MFmin

If the ratio is less than 0,000 25 then the results are acceptable.
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3.2.3 Resulting values

At each proving point (Q, v) the meter factor value is the arithmetic mean of the retained measurements after the
tests defined in 3.2.2.

The uncertainty on meter factor determination (arithmetic mean), estimated as described above, is calculated with
equations (2.5) and (2.6) of 2.1.5 (Section 2).

3.2.4 Variation in meter factor with (Q, v)

When meter factors have been established over the entire range of the flowrate and viscosity, tests should be
performed in order to check the variation of the meter factor. Different ranges of flowrates are considered as
corresponding to different ranges of viscosities.

The ratio

MFmax _ MFmin
MFmax + MFmin

is computed.

The ratio should be less than a given limit, which is typically 0,025 %, where MF ., and MF,_,, are the maximum
and minimum values of meter factor, respectively, over the entire range of proving.

3.3 Performance charts

3.3.1 General

A centralized proving station is a fixed installation comprising a number of pipe provers for proving and testing
turbine and displacement meters.

Measurements are carried out in order to establish the performance characteristic for the meter under test. The
appropriate meter factors, which are determined for different oil flowrates and ratios Q/v, can be represented by
means of polynomials, tables or a matrix.

3.3.2 Preparation of data

3.3.2.1 Flowrate Q

The flowrate Q, expressed in cubic metres per hour, is calculated from the time T, (in seconds) required to displace
the prover spheroid between the two detectors which define the prover loop volume, V, (in litres) at the standard
conditions of temperature t,, and pressure py,. The flowrate at temperature ¢ and pressure p is given by

Vv
P
=36 T [1 + Ctp(t — tOp) + Cpp(p —pop)] LB
where C; and C,, are the temperature and pressure corrections, respectively, of the prover.

3.3.2.2 Viscosity

The oil viscosity v, expressed in centistokes, at proving temperature ¢ is either directly measured at the proving
temperature or computed from a formula such as

log,o-logolv + ()1 = A — B-log,4(t + 273,15) ...(3.18)
where A and B are constants calculated from the oil viscosity at two different temperatures (see ANSIJASTM
D341).
14
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3.3.2.3 Meter characteristics
3.3.2.3.1 K-factor

The K-factor, which is expressed in pulses’ per unit volume (here pulses per cubic metre), is calculated from
equation (3.19) on the assumption that the temperature and pressure at the meter and prover are the same.

K N 1+ Ctm(t - tOm) + Cpm(p - POm)

TV T H Colt— 1) + ol — 7o) @19
where
N is the number of pulses counted during a proving run;
Vo is the base volume of the prover at standard conditions:

Cim  is the correction for the expansion of the meter due to temperature;
Com I8 the correction for the expansion of the meter due to pressure;
Coy is the correction for the expansion of the prover due to temperature;

op 18 the correction for the expansion of the prover due to pressure;

t is the temperature of the liquid at the meter and prover;
p is the pressure of the liquid at the meter and prover;

L is the reference temperature (at standard conditions);

Po is the reference pressure (at standard conditions).

3.3.2.3.2 WMeter correction factor

The meter correction factor, which is dimensionless, is normally the ratio between a nominal K-factor permanently
stored in the meter processor and the new K-factor.

. Koomi
Meter correction factor = —%‘1 ... (3.20)

3.3.2.3.3 Relative error

The relative error (E) of the turbine meter is normally defined as:

E— indicated volume — true volume (3.21)
true volume I

It can be expressed as:

E=1—M';/1F ... (3.22)

3.3.3 Maeter calibration and performance charts

3.3.3.1 Calibration curve for turbine and displacement meters

3.3.3.1.1 PD meters

As positive displacement (PD) meters are little influenced by the viscosity of the product above 20 cSt, the meter
factors can be considered to be mainly a function of flowrate Q.
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These meters are proved with an oil of the same category as that for which they are used. The performance charts
can represented MF, K or E as a function of flowrate. See performance chart No. 1 {figure 3) showing relative error
versus flowrate.

3.3.3.1.2 Turbine meters

When using oil of the same category with a kinematic viscosity less than 1 ¢St or when viscosity variations are
small, i.e. oils that do not produce meter factor variations greater than 0,1 %, then the meter factor is only a
function of flowrate. The performance charts can represent MF, K or E as a function of flowrate. See performance
chart No. 1 {figure 3) showing relative error versus flowrate.

On multiproduct oils or when large viscosity variations occur, for turbine meters, for instance helicoidal two-blade
turbine meters, a universal calibration curve (UCC) may be plotted (see 3.3.3.2). The performance charts can rep-
resent MF as a function of Q/v (see figure 4).

With meters for which it is not possibie to plot a UCC, tables can be established as a function of flowrate and
viscosity. The performance charts can represent MF, K or E as a function of flowrate at a given viscosity (see

figure 5).

Relative error

amin amux

Flowrate

Figure 3 — Performance chart No. 1
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Figure 4 — Performance chart No. 2
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Figure 5 — Performance chart No. 3, £ = f(Q)
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3.3.3.2 Universal calibration curve for turbine meters

© I1SO

The results obtained for different products, flowrates and viscosities are used to establish a curve (UCC) giving
MF versus the ratio Qfv. This curve can be represented by a polynomial depending on the variable Q/v (see

figure 6).

Results can also be presented as a direct matrix (see table 1 or 2).

[N
o
"]
(=]
2
E L st product (+) |
= | Vv « 1,64 St
L 2nd product (o) |
1,008 + [ v =« b4,6 CSt
3rd product {(x)
B v «15,3 ¢St
- E
B +
1
E & /4
B X
x
0,995 |-
= Q mi @
Lo — logq max
910 Vo 910 -~
1 1 \ | 1 1 1 1 1 ) 1 A L | | 1 1 ] ) 1
0.5 1 1.5 2 2.5
o0 (9

Polynomial equation:

MF = ay + a,-10g(Q) + alog® (@) + ...... + aglog®(Ov)

a = 0,847 995 41
a,=1,428 418 6
ag=1,428 418 5

a, = 0,753 462 37
a, = 1,474 550 3

a; = — 1,474 550 3
as = — 0,018 590 46

Figure 8 — Performance chart No. 4 — UCC polynomial

18

COPYRI GHT 2000 International Organization For Standardization

I nformati on Handl i ng Servi ces, 2000



STD.ISO 4LE4-ENGL 1994 EM 4451903 0701129 590 WA

© IS0 ISO 4124:1994(E)

3.3.3.2.1 Polynomial method

For a given pair [log,,(Q/v), MF], a polynomial of a given degree can be established to produce the best fit for
these points. The method generally used is that of least squares (see annex E).

The polynomial degree should be chosen in accordance with the curve shape; generally polynomials of degree 4
to degree 6 are sufficient. The random uncertainty of the polynomial should be less than + 0,1 % (see annex E).

It is necessary to check that the number of points (n) in function of the retained degree (@) is sufficient. A good

choice is to take at least twice the polynomial degree plus one [ = 2(d + 1)]. The point spacing should be as
regular as possible.

3.3.3.2.2 Direct matrix

From the UCC, a double-entry table (Q, v} can be established giving meter factor as a function of flowrate and
viscosity.

To obtain a meter factor for a flowrate or viscosity value which does not appear in the matrix, an interpolation will
be necessary between the nearest appropriate values.

3.3.3.2.3 Table

A table may be prepared from the data for calibration of a turbine meter, which is similar to a direct matrix but has
smaller viscosity increments.

Table 1 — Performance chart No. 5 — Direct matrix

Viscosity Meter factor
Flowrate (m3/h)
v
(cSt) 100 200 300 400 500 600 700 800
1,00 1,001 7 1,001 3 1,002 8 1,004 2 1,004 4 1,003 2 1,000 5 0,996 3
2,00 1,002 5 1,001 7 1,001 1 1,001 3 1,002 0 1,002 8 1,003 6 1,004 2
4,00 1,000 1 1,002 5 1,002 3 1,001 7 1,001 3 1.001 1 1,001 1 1,001 3
6,00 0,997 9 1,001 5 1,002 5 1,002 5 1,002 1 1,001 7 1,001 4 1,001 2
8,00 0,996 8 1,000 1 1.001 9 1,002 & 1,002 5 1,002 3 1,002 O 1,001 7
10,00 0,996 4 0,998 9 1.001 0 1,002 1 1,002 5 1,002 6 1,002 4 1,002 2
12,00 0,996 5 0,997 9 1,000 1 1,001 6 1,002 2 1,002 5 1,002 6 1.002 5
14,00 0,996 8 0,997 2 0,9¢9 2 1,000 8 1,001 7 1,002 3 1,002 5 1,002 6
16,00 0,997 1 0,996 8 0,998 5 1,000 1 1,001 2 1,001 9 1,002 3 1,002 5

NOTE — The polynomial chart is the same as for performance chart No. 4.
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Table 2 — Performance chart No. 6
Viscosity Meter factor
Flowrate (m3/h)
v
(cSt) 50 100 150 200 250 300 350 400 450
1 0,997 3 0,997 9 0,998 9
2 0,996 6 0,897 3 0,997 2 0,997 9 0,998 7
3 0,994 4 0,997 4 0,997 3 0,997 1 0,997 4 0,997 9 0,998 5 0,998 9 0,998 9
4 0,992 9 0,996 6 0,997 56 0,997 3 0,997 1 0,997 2 0,997 5 0,997 9 0,998 3
B 0,992 4 0,995 b5 0,997 2 0,997 5 0,997 3 0,997 2 0,997 2 0,997 3 0,997 6
6 0,992 6 0,994 4 0,996 6 0,997 4 0,997 5 0,997 3 0,997 2 0,997 1 0,997 2
7 0,993 2 0,993 5 0,995 9 0,997 1 0,997 4 0,997 4 0,997 3 0,997 2 0,997 1
8 0,994 0 0,992 9 0,995 1 0,996 6 0,997 3 0,997 5 0,997 4 0,997 3 0,997 2
9 0,994 7 0,992 5 0,994 4 0,996 1 0,997 0 0,997 4 0,997 5 0,997 4 0,997 3
10 0,995 3 0,992 4 0,993 8 0,995 5 0,996 6 0,997 2 0,997 4 0,997 5 0,997 4
11 0,995 5 0,992 4 0,993 3 0,994 9 0,996 2 0,996 9 0,897 3 0,997 5 0,997 5
12 0,995 3 0,992 6 0,992 9 0,994 4 0,995 7 0,996 6 0,897 1 0,997 4 0,997 5
13 0,992 8 0,992 6 0,994 0 0,995 3 0,996 3 0,996 9 0,997 2 0,997 4
14 0,993 2 0,892 5 0,993 5 0,994 8 0,995 9 0,996 6 0,997 1 0,997 3
15 0,993 6 0,992 4 0,993 2 0,994 4 0,995 5 0,996 3 0,996 9 0,997 2
16 0,994 0 0,992 4 0,992 9 0,994 0 0,995 1 0,996 0 0,996 6 0,997 0
17 0,994 4 0,992 4 0,992 7 0,993 7 0,994 8 0,995 7 0,996 3 0,996 8
18 0,994 7 0,992 6 0,992 5 0,993 4 0,994 4 0,995 3 0,996 1 0,996 6
19 0,995 0 0,992 7 0,992 4 0,993 1 0,994 1 0,995 0 0,995 8 0,996 4
20 0,995 3 0,992 9 0,992 4 0,992 9 0,993 8 0,994 7 0,995 5 0,996 1
21 0,995 4 0,993 2 0,992 4 0,992 7 0,993 5 0,994 4 0,995 2 0,995 89
22 0,995 5 0,993 4 0,992 4 0,992 6 0,993 3 0,894 2 0,994 9 0,995 6
23 0,995 5 0,993 7 0,992 5 0,892 65 0,993 1 0,993 9 0,994 7 0,995 4
24 0,995 3 0,994 0 0,992 6 0,992 4 0,992 9 0,993 7 0,994 4 0,995 1
25 0,994 2 0,992 7 0,992 4 0,992 8 0,993 4 0,994 2 0,994 9
26 0,994 5 0,992 8 0,992 4 0,992 6 0,993 2 0,994 0 0,994 7
27 0,994 7 0,993 0 0,992 4 0,992 5 0,993 1 0,993 7 0,994 4
28 0,994 9 0,993 2 0,992 4 09925 0,992 9 0,993 5 0,994 2
29 0,995 1 0,993 4 0,992 5 0,992 4 0,992 8 0,993 4 0,994 0
30 0,995 3 0,993 6 0,992 6 0,992 4 0,992 7 0,993 2 0,993 8
31 0,995 4 0,993 8 0,992 7 0,992 4 0,992 6 0,993 0 0,993 6
32 0,995 5 0,994 0 0,992 8 0,992 4 0,992 5 0,992 9 0,993 5
33 0,995 5 0,994 2 0,992 9 0,992 4 0,992 4 0,992 8 0,903 3
34 0,995 6 0,994 4 0,993 0 0,992 4 0,992 4 0,992 7 0,993 2
356 0,995 5 0,994 6 0,993 2 0,992 5 0,992 4 0,992 6 0,993 0
36 0,995 3 0,994 7 0,993 3 0,992 6 0,992 4 0,992 5 0,992 9
37 0,995 2 0,994 9 0,993 5 0,992 6 0,992 4 0,992 5 0,992 8
38 0,995 0 0,993 7 0,992 7 0,992 4 0,992 4 0,992 7
39 0,995 2 0,993 8 0,992 8 0,992 4 0,992 4 0,992 6
40 0,995 3 0,994 0 0,992 9 0,992 4 0,992 4 0,992 6
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3.4 Control charts and tests

Control charts and tests can be made for meter factor, K-factor or relative error, depending on the type of appli-
cation (see 2.2.5).

3.4.1 Quality of meters

Meters which are proved in a centralized proving station should have performance characteristics which are suf-
ficiently stable in terms of time and throughput to achieve a good repeatability.

3.4.2 Frequency of proving

The frequency of proving may be a function of time or a function of total volume metered. The meter should be
proved as soon as one of these two limits is reached.

The meter should be re-proved if there is any defect in metering, even if no limit has been reached.

3.42.1 Re-proving as a function of time

The meter-factor drift is usually on the order of 0,1 % per year. The time interval between two consecutive
provings should be judiciously chosen in order that the proving will be significant.

The time interval is mainly based on the operational experience of the meter, usually six months to one year even
if the meter has not been used.

3.4.2.2 Re-proving as a function of volume

A re-proving of the meter is also required in terms of the volume measured by the meter. The limit to this volume
before re-proving is based on the experience of the meter's behaviour as indicated by the control charts.

3.4.3 Control charts and tests corresponding to any meter

The meter-factor variations of a meter from one proving to another can be used to monitor the meter.

If the following criteria are met, the meter can be used; if not, an investigation of the meter is necessary.

a) The difference between E,, and E,,;, of the new calibration curve should be less than 0.5 % (see figure 7).

b} The difference between the old and new curves should be less than 0.1 % (see figure 8).

3.4.4 Control charts and tests via polynomials

The meter-factor variation analysis for an individual meter is evaluated by the use of the polynomials MF = f(Q/v)
or with control charts (see figures 9 and 10). The following criteria should be met.

a) The difference between MF ., and MF,, of the new calibration curve should be less than 0,5 (see figure 9),
that is:

(MFmax - MFmin) <05

200
(M Fmax + |v”:min)

b) The random uncertainty of the polynomial (see annex E) should be less than + 0,1 %.

¢) The maximum difference calculated from the old and new polynomials should be less than 0.1 %.
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Emax ~ Emin < 05%
E max /

E min

@ min ) Qmax

Flowrate
Figure 7 — Control chart No. 1
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Figure 8 — Control chart No. 2
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Figure 9 — Control chart No. 3
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Figure 10 — Controi chart No. 4
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3.4.5 Control charts via direct matrix

The meter-factor variation analysis for an individual meter is made directly with the matrix. The following criteria
should be met.

a) See 3.4.4 a).

b} The maximum difference between the old and new meter-factor values corresponding to the same inputs
(Q, v) should be calculated. This difference should be less than 0,1 %.

3.5 Worked examples

3.5.1 Scope of examples

Examples of central proving calculations and the use of control charts are given in this section as follows:

Example 1: Test for outliers

Example Z: Test for repeatability
Example 3: Test of the range
Example 4: Resulting values

Example b: Preparation of data
Example 6: Universal calibration curve

3.5.2 Example 1: Test for outliers
3.5.21 Given

A 10-inch turbine meter proved with a unidirectional pipe prover with a base volume at 20 °C and
100 kPa (1 bar) between detectors of 9 955,4 litres gave the following results:

No. WMeter factor

1 1,001 5
2 1,001 4
3 1,002 2 ’
4 1,001 3
3522 Find

Any outliers?
3.5.2.3 Solution
a) Step 1

Rearrange measurements in order of ascending magnitude and apply Dixon’s Test for outliers (see annex D)
at the 95 % probability level.

x No. 4 1,001 3
%, No. 2 1,001 4
X No. 1 1,001 5
X4 No. 3 1,002 2
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_%—% 10022-10015 7 _
Rio= X4 =X ~ 1,0022-1,00103 9 =0.777

where R is the Dixon ratio.

As 0,777 is larger than the critical value of 0,765, measurement x, is rejected as an outlier.

3.5.3 Example 2: Test for repeatability

3.56.3.1 Given

The same turbine meter as in example 1 gave the following results.
No. Meter factor

1 x,=0,9958
2  x%=0993

The estimated repeatability for this type of meter is
r=0,000 4

353.2 Find

Are these two measurements acceptable?

3.5.3.3 Solution
a) Step 1

Calculate
x, —x; =0,996 3 — 0,995 8 =0,0005

As 0,000 5 is larger than r = 0,000 4, three additional measurements are made:

x3 =0,995 6

x, =0,995 7

x5 =0,995 7
b) Step 2

Rearrange the five measurements in order of ascending magnitude to find the most divergent value.

0,995 6 ... 0,000 1
0,995 7
0,995 7
0,995 8
0,996 3 ... 0,000 5

The most divergent value is 0,996 3.
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c) Step 3
Calculate
0,995 6 + 0,995 7 Z 0,995 7 + 0,995 8 — 0,995 7

0,996 3 — 0,995 7 = 0,000 6

W1 = 5 _
r\ Sy = 0000 4y [ 5y = 00003

As 0,000 6 is larger than r, then x, is rejected.

3.5.4 Example 3: Test of the range

3.5.41 Given

The same turbine meter as in example 1 gave the following measurements.

No. Meter factor

1 0,995 8

2 0,996 9

3 0,997 2
3.5.4.2 Find

Are these measurements acceptable?

3.5.4.3 Solutions

a)

b)

26

Case 1
Standard deviation is known (o = 0,000 4).
MF ax — MFpin = 0,997 2 — 0,995 8 = 0,001 4

The limiting value for 95 % probability E,(n) =3,31forn=3 (see annex A, tableA.1). Thus
aE,(n) =0,000 4 x 3,31 = 0,001 324.

As 0,001 4 is larger than 0,001 324, the third (most divergent) measurement is not retained.
Case 2

Standard deviation has been estimated as s = 0,000 4 with 20 degrees of freedom, from an independent ex-
ercise excluding the measurements in question.

MPF ax — MF i = 0,997 2 — 0,995 8 = 0,001 4

The limiting value for 95 % probability E,(3, 20) =3,68 (see annex A, tableA.2). Thus
s-E,(n, @) = 0,000 4 x 3,58 = 0,001 43.

As 0,001 4 is smaller than 0,001 43, the measurements are retained.
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c) Case 3

@ of 5 is not known, but the critical value for a range of three values is given as 0,05 % of the mean.
MF nax — MF i = 0,997 2 — 0,995 8 = 0,001 4

(0,995 8 + 0,995 4 + 0,997 2)

0,05 % of the mean = 0,000 5 3

= 0,000 5

As 0,001 4 is larger than 0,000 5 (see 3.2.2.2.2), the third (most divergent) measurement is not retained.

3.5.5 Example 4: Resulting values
3.5.5.1 Given
The same turbine meter as in example 1 gave the following results for one point (Q. v):

No. WMeter factor

1 0,995 7

2 0,995 9

3 0,996 2
3.6.56.2 Find

What is the mean value of the meter factor? What is the estimated standard deviation?

3.5.5.3 Solution

a) Step 1

Find the mean.
=— > x=0995 93

b) Step 2

Find the standard deviation:

s(x>=\/,,l1 > (-5

i=1

n X; (x — %) & —x)?

1 0,995 7 — 0,000 23 0,000 000 052 9
2 0,995 9 — 0,000 03 0,000 000 000 9
3 0,996 2 — 0,000 27 0,000 000 072 9

0,000 000 126 7
s(x) = 0,000 25
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c) Step 3

Find the uncertainty of a single measurement u(x) = 55 , _¢5(x):
u(x) = 4,303 x 0,000 25 = 0,001 08

Find the uncertainty of the mean of three measurements u(x) = fo5 , _15(x)y/ n:
_ 4,303 x 0,000 25

u(x) \/?

= 0,000 6

3.5.6 Example 5: Preparation of data
3.5.6.1 Given

The unidirectional prover used in a centralized station has the following characteristics:
Vp, =2 5025 litres

Cp=35x10"°%°C

Cpp = 25 x 107 © bar

top =20 °C

Pop = atmospheric pressure

The pulse interpolation technique used is the double chronometer method (see figure 11).

T,

Detectors /

Figure 11 — Double chronometer method of pulse interpolation

The product used to prove the turbine meter is a distillate having a viscosity of 4,10 ¢St at 20 °C.

© |SO

The laboratary has provided the following equation to calculate the viscosity of the product at a given temperature:

Iog1olog1°(vt + 0,7) = A - B°|og1o(273,1 5 -+ t)

where
A =10,252
B = 4,223
28
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The turbine meter has the following characteristics:
pulse value = 0,5 litre/pulse
K-factor,gminal = 1/0,5 = 2 pulses/litre
Con =69x 1078 °C
Com=0

The test results are given in table 3.
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Table 3 — Example 5: Test results for turbine meter

Temperature | Pressure T, T, Number of pulses
No. N
°C bar 107%s 107 %s
1 9.4 3,0 201 576 201 594 5016
2 9,6 3,0 200 126 200 120 5016
3 10,0 3.0 335 234 335 266 5 023
4 10,6 3.0 335 362 335 368 5024
b 10,7 3,0 496 172 496 183 5 024
3.5.6.2 Find

For test point No. 1 calculate:
— flowrate;
— viscosity;
— K-factor;

— meter factor.

3.5.6.3 Solution

a} Flowrate, Q, in cubic metres per hour

Vo x3

Q=—T'6[1 + (35 % 107°) (¢ - 20) + (25 x 107 °)p)

where
t=9,4°C
p=3,0 bar
T,=201594 x 10" *s

_ 2502,56 x 3,6

Q=5 4saa [+ (35x107°%)(9.4 - 20) + (25x 107°%) x 3]

— 446,888 [1 — (3,71 x 10“‘) + (7,5 x 10~ 5)]

= 446,888 x 0,999 704 = 446,756 m>/h
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b) Viscosity
log,glogye (v, + 0,7) = 10,262 — 4,223 x l0g,¢(273,15 + ¢)

where
t=9,4°C
v, = 5,65 ¢St
¢} K-factor
N T 1+ Cemn(t — tom) + Com(P — Pom)
» T 1+ Coplt = top) + Copp — Pop)

_8
__5016 _ 201594 1+ (69 x 107°) (9.4 - 20)
25025~ 201576 © 1.4 (35x107°)(9.4 —20) + (26 x 107 °) x 3

0,999 268 6

= 2,003 7 pulses/litre

d) Meter factor

MF=2 =2

K ~ Zo0037 09982

3.5.7 Example 6: Universal calibration curve (UCC)

3.5.7.1 Given

A 6-inch turbine meter was proved each year for three years (1978, 1979, 1980) with three products in a central-
ized station.

The characteristics of the prover are:

— unidirectional

— V, =2 503,2 litres (for 1978 and 1979) and 2 503,5 litres after recalibration in 1980
— Cu=49x10"°%°C

— Cpp=31x107° bar

The products used to prove the turbine meter were:

— jet fuel

— distillate

— light fuel oil

The centralized station has given a test report for each year, in which are indicated

— product and viscosity at 20 °C;
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— calculated flowrate, in cubic metres per hour;

— calculated kinematic viscosity at temperature of the test:
— log,o(Q/):

— meter factor;

— coefficients of the polynomial equation (UCC).

Attached to this test report are the

— performance chart (see figures 12 to 17);

— tables of meter factors (see tables 4 to 9);

— UCC.

3.5.7.2 Find
MFax @and MF .- the following criteria should be met.

a) Rule No. 1:
2(I\/‘”:max - MFmin)
MFmax + MFmin

< 0,005 0

for an oil with a viscosity range 3 ¢St to 30 cSt.
b) Rule No. 2:

The random uncertainty of the polynomial is < + 0,1 %.
¢) Rule No. 3:

The maximum difference between the polynomials is < 0,1 %.

3.5.7.3 Solutions

3.5.7.3.1 Analysis of 1978 Test Report
a} Rule No. 1:

From table of meter factors, find the maximum and minimum values of the meter factor:
MF .« = 0,998 7

MF,;, = 0,994 3

Calculate the ratio:

2(0,998 7 — 0,994 3)

0098 7 106943 00044

As this ratio is smaller than 0,5 %, the turbine meter can be used.
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b) Rule No. 2:

From table 6 the random uncertainty of the polynomial is & 0,04 %. As this value is < + 0,1 %, the polynomial
can be used.

MF, .x and MF_,;, can also be found on the performance chart.

3.5.7.3.2 Analysis of 1979 Test Report

a) Rule No. 1:
On the table of meter factors, find the maximum and minimum values of the meter factors:
MF .« = 0,998 5
MF i, = 0,993 8

Calculate the ratio:

2(0,998 5 — 0,993 8)

09985109938 20047

As this ratio is < 0,5 %, the turbine meter satisfies Rule No. 1.

b) Rule No. 2:

From table 9 the random uncertainty of the polynomial is + 0,02 %. As this value is < + 0,1 %, the polynomial
can be used.

¢) Rule No. 3:

— Using the polynomial method, the difference between the two polynomials (1978 and 1979) (see
figure 18) is directly calculated for all the values of log,o(@/v). The results appear on the control chart.

The maximum observed difference between 109:¢(Qmin/*max) aNd 10910(Cmax/¥min) IS 0.08 %. As it is
< 0,1 %, the turbine meter satisfies Rule No. 3.

— Using the direct matrix method

3
) Flowrate (m /h)
(cSt) 100 250 400
1978 1979 Diff. 1978 1979 Diff. 1978 1979 Diff.

5 0,994 8 0,995 2 0,000 4 0,996 3 0,996 5 0,000 2 0,996 7 0,997 4 0,000 7
10 0,994 3 0,993 7 0,000 6 0,995 2 0,995 7 0,000 5 0,996 0 0,996 5 0,000 5
15 0,994 8 0,994 2 0,000 6 0,994 6 0,994 7 0,000 1 0,995 3 0,995 9 0,000 6
20 0,995 8 0,995 6 0,000 2 0,994 3 0,994 0 0,000 3 0,994 8 0,995 2 0,000 4
25 0,994 3 0,993 7 0,000 6 0,994 5 0,994 6 0,000 1
30 0,994 4 0,993 7 0,000 7 0,994 3 0,994 1 0,000 2
35 0,994 6 0,994 0 0,000 6 0,994 3 0,995 8 0,000 5
40 0,995 0 0,994 5 0,000 5 0,994 3 0,993 7 0,000 6

The maximum observed difference is 0,07 %; the turbine meter thus satisfies Rule No. 3.
d) Conclusions:

As rules No. 1, 2 and 3 are satisfied, the turbine meter can be used.
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3.5.7.3.3 Analysis of 1980 Test Report
a) Rule No. 1:

On the table of meter factors, find the maximum and minimum values of the meter factor.
MF nax = 0,998 9

MF o = 0,992 4

Calculate the ratio:

2(0,998 9 — 0,992 4)
0,998 9 + 0,992 4

= 0,006 b

As this ratio is larger than 0,5 %, the turbine meter does not satisfy the rule.
b) Rule No. 2:

From table 12 the random uncertainty of the polynomial is + 0,16 %. As this value is > + 0,1 %, the
polynomial cannot be used.

¢) Rule No. 3:

The difference between the two polynomials (1979 and 1980) (see figure 19) is directly calculated for all the
values of logo(Q/v). The maximum observed difference is 0,13 % within the range 10@,5(Qmin/Vmax) and
10916(Qmax/¥min) - As this value is > 0,1 %, the turbine meter does not satisfy the rule.

d) Conclusions:

The turbine meter cannot be used; it should be repaired by the manufacturer and re-submitted for calibration.
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Meter factor
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Figure 13 — Log(Q/v) vs. meter factor, turbine No. 310, 1978
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Table 4 — Performance chart, meter No. 310 test report, 1978

Prover loop Meter

V, =2 503,2 litres turbine meter No. 310

Cp=49x107%°C type: 6-inch

Cpp =31 x 107 ° bar p = 0,5 litre/pulse

Calculated flowrate Calculated kinematic
Product viscosity at Logyo(0/v) Meter factor

m3/h cSt

Jet fuel 273,50 1,98 2.140 0,998 2

voo = 1,70 ¢St 282,58 1,97 2,157 0,998 4
178,14 1,97 1,956 0,997 0
178,17 1,97 1,956 0,997 0
116,10 1,97 1,770 0,996 5
116,55 1,95 1,776 0,996 5
79,13 1,94 1,611 0,996 3
79.44 1,93 1,614 0,996 3

Distillate 371,42 5,37 1,840 0,996 5

vo9 = 4,40 cSt 371,65 5,34 1,843 0,996 3
244,50 5,33 1,662 0,995 9
244,79 5,31 1,664 0,985 9
141,36 5,29 1,427 0,995 3
141,46 5,28 1,428 0,995 5
87,27 5,25 1,221 0,994 3
87,18 5,22 1,223 0,994 3
53,39 5,19 1,012 0,994 5
52,92 517 1,010 0,994 5

Fuel oil 413,86 30,90 1,127 0,994 5

v, = 45,60 cSt 413,91 30,60 1,131 0,994 5
294,10 30,10 0,990 0,994 1
294,99 30,10 0,991 0,994 1
183,58 30,00 0,787 0,994 9
183,83 30,00 0,787 0,995 1
120,19 29,80 0,606 0,996 8
120,20 29,70 0,607 0,997 0

Universal Calibration Curve: polynomial equation

MF = aq + ay10G10(@/) + @ [109:0(Q/)1* + ... + ag[109:0(Q/¥)1°
where
a;=1,017 619

a = — 6,678 370 (E-2)
ag = 3,025 942 (E-3)

a, = — 6,510 977 (E-2)
a, = 0,045 565 26

a, = 7,846 935 (E-2)
as = — 1,851 974
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Table 5 — Meter factor for turbine meter No. 310, 1978
3
v Flowrate (m /h)
(cSt) 50 100 150 200 250 300 350 400 450
1 0,996 3 0,997 1 0,998 7
2 0,995 2 0,996 3 0,996 7 . 0,997 1 0,997 7
3 0,994 6 0,995 7 0,996 3 0,996 5 0,996 8 0,997 1 0,997 5 0,998 0 0,998 7
4 0,994 3 0,995 2 0,995 9 0,996 3 0,996 5 0,996 7 0,996 8 0,997 1 0,997 4
5 0,994 3 0,994 8 0,995 5 0,996 0 0,996 3 0,996 4 0,996 6 0,996 7 0,996 9
6 0,994 4 0,994 6 0,995 2 0,995 7 0,997 6 0,996 3 0,996 4 0,996 5 0,996 7
7 0,994 6 0,994 4 0,995 0 0,995 5 0,995 8 0,996 1 0,996 3 0,996 4 0,996 5
8 0,995 0 0,994 3 0,994 7 0,985 2 0,995 6 0,995 9 0,996 1 0,996 3 0,996 4
9 0,995 4 0,994 3 0,994 6 0,995 0 0,995 4 0,995 7 0,995 9 0,996 1 0,996 3
10 0,895 8 0,994 3 0,994 5 0,894 8 0,995 2 0,995 b 0,995 8 0,996 0 0,996 1
11 0,996 2 0,994 3 0,994 4 0,994 7 0,995 1 0,995 4 0,995 6 0,995 8 0,996 0
12 0,996 7 0,994 4 0,994 3 0,994 6 0,994 9 0,995 2 0,995 5 0,995 7 0,995 9
13 0,994 5 0,994 3 0,994 5 0,994 8 0,995 1 0,995 4 0,995 6 0,995 8
14 0,994 6 0,994 3 0,994 4 0,994 7 0,995 0 0,995 2 0,995 65 0,995 6
18 0,994 8 0,994 3 0,994 3 0,994 6 0,994 8 0,995 1 0,995 3 0,995 5
16 0,995 0 0,994 3 0,994 3 0,994 5 0,994 7 0,995 0 0,995 2 0,995 4
17 0,895 2 0,994 3 0,994 3 0,994 4 0,994 7 0,994 9 0,995 1 0,995 3
18 0,995 4 0,994 4 0,994 3 0,994 4 0,994 6 0,994 8 0,995 0 0,995 2
19 0,995 6 0,984 5 0,994 3 0,994 3 0,994 5 0,994 7 0,994 9 0,995 1
20 0,995 8 0,994 6 0,994 3 0,994 3 0,994 5 0,994 6 0,994 8 0,995 0
21 0,996 0 0,994 6 0,994 3 0,994 3 0,994 4 0,994 6 0,994 8 0,995 0
22 0,996 2 0,994 7 0,994 3 0,994 3 0,994 4 0,994 5 0,994 7 0,994 9
23 0,996 5 0,994 9 0,994 4 0,994 3 0,994 3 0,994 5 0,994 6 0,994 8
24 0,996 7 0,995 0 0,994 4 0,994 3 0,994 3 0,994 4 0,994 6 0,994 7
25 0,995 1 0,994 5 0,994 3 0,994 3 0,994 4 0,994 5 0,994 7
26 0,995 2 0,994 5 0,994 3 0,994 3 0,994 4 0,994 5 0,994 6
27 0,995 4 0,994 6 0,994 3 0,994 3 0,994 3 0,994 4 0,994 6
28 0,995 5 0,994 6 0,994 3 0,994 3 0,994 3 0,994 4 0,984 5
29 0,995 6 0,994 7 0,994 4 0,994 3 0,994 3 0,994 4 0,994 5
30 0,995 8 0,994 8 0,994 4 0,994 3 0,994 3 0,994 3 0,894 5
31 0,995 9 0,994 9 0,994 4 0,994 3 0,994 3 0,994 3 0,994 4
32 0,996 1 0,995 0 0,994 5 0,994 3 0,994 3 0,994 3 0,894 4
33 0,996 2 0,995 1 0,994 5 0,994 3 0,994 3 0,994 3 0,994 4
34 0,996 4 0,995 2 0,994 6 0,994 3 0,994 3 0,994 3 0,994 3
35 0,996 b 0,995 3 0,994 6 0,994 4 0,994 3 0,994 3 0,994 3
36 0,996 7 0,995 4 0,994 7 0,994 4 0,994 3 0,994 3 0,994 3
37 0,996 9 0,995 5 0,994 8 0,994 4 0,994 3 0,994 3 0,994 3
38 0,995 6 0,994 8 0,994 5 0,994 3 0,994 3 0,994 3
39 0,995 7 0,994 9 0,984 5 0,994 3 0,994 3 0,994 3
40 0,995 8 0,995 0 0,984 6 0,994 4 0,994 3 0,994 3
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Table 6 — Random uncertainty of polynomial for turbine No. 310, 1978

© |ISO

Meter factor Deviation
Logo(Q/v) N A )
y y (polynomial) y — ¥ (polynomial)
2,140 0,998 2 0,998 203 — 0,000 003
2,157 0,998 4 0,998 422 — 0,000 022
1,956 0,997 0 0,996 894 0,000 106
1,956 0,997 0 0,996 894 0,000 106
1,770 0,996 5 ‘ 0,996 416 0,000 084
1,776 0,996 5 0,996 429 0,000 071
1,611 0,996 3 0,996 003 0,000 297
1,614 0,996 3 0,996 012 0,000 288
1,840 0,996 5 0,996 570 — 0,000 070
1,843 0,996 3 0,996 577 — 0,000 277
1,622 0,995 9 0,996 152 — 0,000 252
1,664 0,995 9 0,996 157 — 0,000 257
1,427 0,995 3 0,995 342 — 0,000 042
1,428 0,986 5 0,995 346 0,000 155
1,221 0,994 3 0,994 579 — 0,000 279
1,223 0,994 3 0,994 586 — 0,000 286
1,012 0,994 5 0,994 260 0,000 240
1,010 0994 5 0,994 261 0,000 239
1,127 0,994 5 0,994 354 0,000 153
1,131 0,894 5 0,994 354 0,000 146
0,990 0,994 1 0,994 275 — 0,000 175
0,991 0,994 1 0,994 274 — 0,000 174
0,787 0,994 9 0,995 033 — 0,000 133
0,787 0,995 1 0,995 033 0,000 067
0,606 0,996 8 0,996 898 — 0,000 098
0,607 9,997 0 0,996 884 0,000 116

Standard deviation s
s=V 5 £ 09
where
):(y - y“)2 = 0,000 000 9
Degrees of freedom & =n — j= 26 — 6 = 20 where
number of measurements n = 26;

degrees of polynomial j = 6.

Y
5= \/ 50 x 0.000 000 9
s = 0,000 21

tgs, o = 2,086

Random uncertainty zgs o5 = 2,086 x 0,000 21 = 0,000 44 (& 0,04 %)
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Figure 14 — Performance chart, turbine No. 310, 1979
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Figure 15 — Log(Q/v) vs. meter factor, turbine No. 310, 1979
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Table 7 — Performance chart, meter No. 310 test report, 1979

Prover loop Meter

V, = 2 603.2 litres turbine meter No. 310

Cp=49x10"%°C type: 6-inch

Cpp =31 x10"° bar p = 0,5 litrefpulse

Calculated flowrate Calcullated- kinematic
Product viscosity at Logqq{(Q/v) Meter factor
m3/h cSt

Jet fuel 275,03 2,13 2,111 0,998 4

va0 = 1,81 ¢St 274,75 2,12 2,113 0,998 4
176,33 2,12 1,920 0,997 2
179,23 2,1 1,929 0,997 4
119,27 2,10 1,754 0,997 2
113,20 2,10 1,732 0,997 4

Distillate 391,71 4,10 1,980 0,998 0

Voo = 3,89 cSt 392,14 4,10 1,981 0,997 8
242,06 4,09 1,772 0,996 5
242,66 4,09 1,773 0,996 5
142,64 4,07 1,645 0,996 1
142,60 4,07 1,545 0,996 3
86,71 4,06 1,330 0,995 5
86,78 4,05 1,331 0,995 3
72,18 4,03 1,253 0,994 9
72,08 4,01 1,255 0,994 9

Fuel oil 405,88 41,10 0,995 0,993 7

voq = 40,00 ¢St 406,16 40,90 0,997 0,993 7
273,13 40,70 0,827 0,994 1
272,84 40,50 0,828 0,994 3
183,25 40,30 0,658 0,996 3
183,67 40,00 0,662 0,996 1

Universal Calibration Curve: polynomial equation

MF = ay + a110g10(@/v) + ay[10G10(Q) T + .. + as°[109:0(Q/¥)1°

where
ay= 0,952 782 6 a,=0,319 288 7 a;=—0,808 241 4
a;=0,854 389 4 a,=—05791138 a;=0,175774 8

ag = 0,021 165 95
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Table 8 — Meter factor for turbine meter No. 310, 1979
3
’ Flowrate (m /h)
(cSt) 50 100 150 200 250 300 350 400 450
1 0,996 7 0,997 9 0,998 5
2 0,995 7 0,996 7 0,997 2 0,997 9 0,998 4
3 0,994 7 0,996 2 0,996 7 0,997 0 0,997 4 0,997 9 0,998 2 0,998 5 0,998 5
4 0,994 0 0,995 7 0,996 4 0,996 7 0,996 9 0,997 2 0,997 5 0,997 9 0,998 1
5 0,993 7 0,995 2 0,996 1 0,996 5 0,996 7 0,996 9 0,997 1 0,997 4 0,997 6
6 0,993 7 0,994 7 0,995 7 0,996 2 0,996 5 0,996 7 0,996 9 0,997 0 0,997 2
7 0,994 O 0,994 3 0,995 4 0,996 0 0,996 3 0,996 5 0,996 7 0,996 8 0,997 0
8 0,994 5 0,994 0 0,995 0 0,995 7 0,996 2 0,996 4 0,996 6 0,996 7 0,996 8
9 0,995 0 0,993 8 0,994 7 0,995 5 0,995 9 0,996 2 0,996 4 0,996 6 0,996 7
10 0,995 6 0,993 7 0,994 4 0,995 2 0,995 7 0,996 1 0,996 3 0,996 5 0,996 6
11 0,996 2 0,993 7 0,994 2 0,994 9 0,995 5 0,995 9 0,996 2 0,996 4 0,996 5
12 0,996 8 0,993 7 0,994 0 0,994 7 0,995 3 0,995 7 0,996 0 0,996 2 0,996 4
13 0,993 9 0,993 9 0,994 5 0,995 1 0,995 6 0,995 9 0,996 1 0,996 3
14 0,994 0 0,993 8 0,994 3 0,994 9 0,995 4 0,995 7 0,996 0 0,996 2
15 0,994 2 0,993 7 0,994 1 0,994 7 0,995 2 0,995 6 0,995 9 0,996 1
16 0,994 5 0,993 7 0,994 0 0,994 5 0,995 0 0,995 4 0,995 7 0,996 0
17 0,994 7 0,993 7 0,993 9 0,994 4 0,994 9 0,995 3 0,995 6 0,995 9
18 0,995 0 0,993 7 0,993 8 0,994 2 0,994 7 0,995 1 0,995 5 0,995 7
19 0,995 3 0,993 8 0,993 7 0,994 1 0,994 6 0,995 0 0,995 3 0.995 6
20 0,995 6 0,993 9 0,993 7 0,994 Q 0,994 4 0,994 8 0,995 2 0,995 6
21 0,995 9 0,994 0 0,993 7 0,993 @ 0,994 3 0,994 7 0,995 1 0,995 4
22 0,996 2 0,994 2 0,993 7 0,993 8 0,994 2 0,894 6 0,994 9 0,995 3
23 0,996 5 0,994 3 0,993 7 0,993 8 0,994 1 0,994 5 0,994 8 0,995 1
24 0,996 8 0,994 5 0,993 7 0,993 7 0,994 0 0,994 4 0,984 7 0,995 0
25 0,994 7 0,993 8 0,993 7 0,993 9 0,994 3 0,994 6 0,994 9
26 0,994 8 0,993 9 0,993 7 0,993 9 0,994 2 0,994 5 0,994 8
27 0,995 O 0,993 9 0,993 7 0,993 8 0,994 1 0,994 4 0,994 7
28 0,995 2 0,994 0 0,993 7 0,993 8 0,994 0 0,994 3 0,994 6
29 0,995 4 0,994 1 0,993 7 0,993 7 0,993 9 0,994 2 0,994 5
30 0,995 6 0,994 2 0,993 7 0,993 7 0,993 9 0,994 1 0,994 4
31 0,995 8 0,994 4 0,993 8 0,993 7 0,993 8 0,994 1 0,994 3
32 0,996 0 0,994 5 0,993 8 0,993 7 0,983 8 0,894 0 0,994 3
33 0,996 2 0,994 6 0,993 9 0,993 7 0,993 7 0,993 9 0,994 2
34 0,996 4 0,994 7 0,894 0 0,993 7 0,993 7 0,993 ¢ 0,994 1
35 0,996 6 0,994 9 0,994 0 0,993 7 0,993 7 0,993 8 0,994 1
36 0,996 8 0,995 0 0,994 1 0,993 7 0,993 7 0,993 8 0,994 0
37 0,997 0 0,995 2 0,994 2 0,993 8 0,993 7 0,993 8 0,993 9
38 0,995 3 0,994 3 0,993 8 0,993 7 0,993 7 0,993 9
39 0,995 5 0,994 4 0,993 9 0,993 7 0,993 7 0,993 9
40 0,995 6 0,994 5 0,993 9 0,993 7 0,993 7 0,993 8
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Table 9 — Random uncertainty of polynomial for turbine No. 310, 1979

Meter factor Deviation
Logso(@/v) R R
y ¥ (polynomial) y — ¥ {polynomial)

2111 0,998 4 0,998 415 — 0,000 015
2,113 0,998 4 0,998 423 — 0,000 023
1,920 0,997 2 0,997 437 — 0,000 237
1,929 0,997 4 0,997 480 — 0,000 080
1,754 0,997 2 0,996 836 0,000 364
1,732 0,997 4 0,996 780 0,000 621
1,980 0,998 0 0,997 773 0,000 258
1,981 0,997 8 0,997 748 0,000 052
1,772 0,996 5 0,996 885 — 0,000 385
1,773 0,996 5 0,996 888 — 0,000 388
1,645 0,996 1 0,996 311 — 0,000 211
1,645 0,996 3 0,996 311 — 0,000 011
1,330 0,995 5 0,995 362 0,000 138
1,331 0,995 3 0,995 367 — 0,000 067
1,253 0,994 9 0,994 899 0,000 001
1,255 0,994 9 0,994 911 — 0,000 011
0,995 0,993 7 0,993 703 — 0,000 003
0,997 0.993 7 0,993 705 — 0,000 005
0,827 0,994 1 0,994 201 — 0,000 101
0,828 0,994 3 0.994 194 0.000 106
0,658 0,996 3 0,996 232 0,000 068
0,662 0,996 1 0,996 170 — 0,000 070

s =

where

a
@ ;

z(y -3)?

Degrees of freedom @ = n — j = 22 — 6 = 16 where

Standard deviation s

M=

1()’.‘ “5’\)2

= 0,000 000 2

number of points n = 22;

fos o = 2,120

Y
s—\/16 x 0,000 000 2

s = 0,000 11

degrees of polynomial j = 6.

Random uncertainty fg5 45 = 2,120 x 0,000 11 = 0,000 23 (+ 0,02 %)
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Figure 16 — Performance chart, turbine No. 310, 1980
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Figure 17 — Log(Q/v) vs. meter factor, turbine No. 310, 1980
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Table 10 — Performance chart, meter No. 310 test report, 1980

Prover loop Meter

V, = 2 603,56 litres turbine meter No. 310

Cp=49x10"8°C type: 6-inch

Cpp =31 x10"° bar p = 0,5 litre/pulse

Calculated flowrate Calculated_ kinematic
Product viscosity at ¢ Log;o(Q/v) Meter factor

m3/h cSt

Jet fuel 234,57 1,49 2,197 0,998 8

va0 = 1,70 ¢St 234,46 1,49 2,197 0,998 8

: 148,68 1,48 2,002 0,997 5

148,60 1,48 2,002 0,997 7
107,10 1,47 1,862 0,997 2
106,42 1.46 1,863 0,997 2
77,05 1,45 1,725 0,997 3
76,81 1,44 1,727 0,997 3

Distillate 447 .57 4,11 2,037 0,998 2

vo0 = 4,50 cSt 447,33 4,06 2,042 0,998 6
267,70 4,02 1,823 0,997 4
268,55 4,11 1,815 0,997 3
99,91 3,96 1,402 0,996 8
99,92 3,93 1,405 0,996 9
165,03 3,90 1,626 0,997 3
165,01 3.87 1,630 0,997 4
72,99 3,78 1,286 0,996 9
73,11 3,75 1,290 0,997 2

Fuel oil 368,38 16,20 1,357 0,994 7

Voo = 17,00 ¢St 368,37 16,10 1,359 0,994 8
211,20 15,50 1,134 0,982 8
211,11 15,10 1.146 0,992 8
116,06 15,10 0,886 0,992 9
116,12 15,00 0,889 0,992 9
66,91 14,70 0,658 0,995 5
65,95 14,30 0,664 0,995 5

Universal Calibration Curve: polynomial equation

where

a, = 1,858 232
a, = — 2,337 616

ay = 0,648 226 9
a; = 4,136 455
ag = — 7,803 245 (E-2)

MF = a5 + a;-10810(@/v) + ap-[10810(Q/) T° + ... + ag-[log,(Q/¥)1°

a, = — 3,909 047
a; = 0,674 177 4
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Table 11 — Meter factor for turbine meter No. 310, 1980
Flowrate (m3/h)
v
{cSt) 50 100 160 200 250 300 350 400 450
1 0,997 3 0,997 9 0,998 9
2 0,996 6 0,997 3 0,997 2 0,997 9 0,998 7
3 0,994 4 0,997 4 0,997 3 0,997 1 0,997 4 0,997 9 0,998 5 0,998 9 0,998 9
4 0,992 9 (0,996 6 0,997 5 0,997 3 0,997 1 0,897 2 0,997 5 0,997 9 0,998 3
5 0,992 4 0,995 5 0,997 2 0,997 6 0,887 3 0,997 2 0,997 2 0,897 3 0,997 6
6 0,992 6 0,994 4 0,996 6 0,997 4 0,897 5 0,997 3 0,997 2 0,997 1 0,997 2
7 0,993 2 0,993 6 0,995 9 0,997 1 0,897 4 0,997 4 0,997 3 0,997 2 0,997 1
8 0,994 0 0,992 9 0,995 1 0,996 6 0,997 3 0,997 5 0,887 4 0,997 3 0,997 2
9 0,994 7 0,992 6 0,994 4 0,996 1 0,997 0 0,897 4 0,897 5 0,997 4 0,997 3
10 0,995 3 0,992 4 0,993 8 0,995 5 0,996 6 0,997 2 0,097 4 0,997 5 0,997 4
11 0,995 5 0,992 4 0,993 3 0,994 9 0,996 2 0,996 9 0,997 3 0,997 5 0,997 5
12 0,995 3 0,992 6 0,992 9 0,994 4 0,995 7 0,996 6 0,997 1 0,997 4 0,997 5
13 0,992 8 0,992 6 0,994 0 0,995 3 0,996 3 0,996 9 0,997 2 0,997 4
14 0,993 2 0,992 5 0,993 6 0,994 8 0,995 9 0,996 6 0,997 1 0,997 3
186 0,993 6 0,992 4 0,993 2 0,994 4 0,995 5 0,996 3 0,996 9 0,997 2
16 0,994 0 0,992 4 0,992 9 0,994 0 0,995 1 0,996 0 0,996 6 0,997 0
17 0,994 4 0,992 4 0,992 7 0,993 7 0,994 8 0,995 7 0,996 3 0,996 8
18 0,994 7 0,892 6 0,992 5 0,993 4 0,994 4 0,995 3 0,996 1 0,996 6
19 0,995 0 0,882 7 0,992 4 0,993 1 0,994 1 0,995 0 0,995 8 0,996 4
20 0,995 3 0,992 9 0,992 4 0,992 9 0,993 8 0,994 7 0,995 5 0,996 1
21 0,995 4 0,993 2 0,992 4 0,982 7 0,993 65 0,994 4 0,995 2 0,995 9
22 0,995 5 0,993 4 0,992 4 0,992 6 0,993 3 0,994 2 0,994 9 0,995 6
23 0,995 5 0,993 7 0,992 5 0,992 5 0,993 1 0,993 9 0,994 7 0,995 4
24 0,995 3 0,994 0 0,992 6 0,992 4 0,992 9 0,993 7 0,994 4 0,995 1
25 0,994 2 0,992 7 0,992 4 0,9928 0,993 4 0,994 2 0,994 9
26 0,994 5 0,992 8 0,992 4 0,992 6 0,993 2 0,994 0 0,894 7
27 0,994 7 0,993 0 0,992 4 0,992 65 0,993 1 0,993 7 0,994 4
28 0,994 9 0,993 2 0,992 4 0,992 6 0,992 9 0,993 5 0,994 2
29 0,995 1 0,993 4 0,992 5 0,992 4 0,992 8 0,993 4 0,994 0
30 0,995 3 0,993 6 0,992 6 0,992 4 0,992 7 0,993 2 0,993 8
31 0,995 4 0,993 8 0,992 7 0,992 4 0,992 6 0,993 0 0,993 6
32 0,995 5 0,994 0 0,992 8 0,992 4 0,992 5 0,992 9 0,993 5
33 0,995 5 0,994 2 0,892 g 0,992 4 0,992 4 0,992 8 0,993 3
34 0,995 5 0,994 4 0,993 0 0,992 4 0,992 4 0,992 7 0,993 2
35 0,895 5 0,994 6 0,993 2 0,992 5 0,992 4 0,992 6 0,993 0
36 0,995 3 0,994 7 0,993 3 0,992 6 0,992 4 0,992 5 0,992 9
37 0,995 2 0,994 9 0,993 5 0,992 6 0,992 4 0,992 5 0,992 8
38 0,995 0 0,993 7 0,992 7 0,992 4 0,992 4 0,992 7
39 - 0,995 2 0,993 8 0,992 8 0,992 4 0,992 4 0,992 6
40 0,995 3 0,994 0 0,992 9 0,992 4 0,992 4 0,992 6
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Table 12 — Random uncertainty of polynomial for turbine No. 310, 1980

© |SO

Meter factor Deviation
Logo(Q/v) n n
y y {polynomial) y — ¥ (polynomial)

2,197 0,998 8 0,998 799 0,000 001
2197 0,998 8 0,998 799 0,000 001
2,002 0,997 5 0,997 203 — 0,000 403
2,002 0,997 7 0,997 903 — 0,000 203
1,862 0,997 2 0,997 198 0,000 001
1,863 0,997 2 0,997 201 — 0,000 001
1,725 0,997 3 0,997 267 0,000 033
1,727 0,997 3 0,997 264 0,000 036
2,037 0,998 2 0,998 187 0,000 013
2,042 0,998 6 0,998 229 0,000 371
1,823 0,897 4 0,997 160 0,000 240
1,815 0,997 3 0,997 169 0,000 141
1,402 0,996 8 0,996 624 0,000 176
1,405 0,996 9 0,996 651 0,000 249
1,626 0,997 3 0,997 438 — 0,000 138
1,630 0,997 4 0,997 434 — 0,000 034
1,286 0,996 9 0,995 310 0,001 590
1,290 0,997 2 0,995 363 0,001 838
1,357 0,994 7 0,996 173 0,001 473
1,359 0,994 8 0,996 195 — 0,001 395
1,134 0,992 8 0,993 337 — 0,000 537
1,146 0,992 8 0,993 476 — 0,000 676
0,886 0,992 9 0,992 817 0,000 084
0,889 9,992 9 0,992 790 0,000 110
0,658 0,995 5 0,995 523 — 0,000 023
0,664 0,995 5 0,995 501 — 0,000 012

Standard deviation s

s= (i —9)?

N

a1
D ;
where

=(y —§)2 = 0,000 011 32

number of points n = 26;
degrees of polynomial j = 6.

=1
s—\/zo x 0,000 011 32

s = 0,000 75

tgs, o = 2,086

Degrees of freedom ¢ =n — j =26 — 6 = 20 where

Random uncertainty fg5 o5 = 2,086 x 0,000 75 = 0,001 57 (+ 0,16 %)
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Figure 18 — Comparison of 1978 data with 1979 data, log(Q/v) vs. meter factor, turbine No. 310
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Figure 19 — Comparison of 1979 data with 1980 data, log(Q/v) vs. meter factor, turbine No. 310
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Section 4: On-line proving

4.1 Collection of data

4.1.1 Proving conditions

4.1.1.1 General

All gquantities which may affect the K-factor of the meter should be measured and recorded. These quantities in-
clude the nature of the fluid, the temperature, pressure and flowrate at the meter under test. The fluid should be
free from air bubbles and solid contaminants at all times.

Some knowiledge of the probable measurement uncertainty is involved in statistical control. This knowledge may
be obtained from initial proving, or from experience with similar meters. Failing this, it should be estimated from
a preliminary proving exercise.

4.1.1.2 Sensitivity of meter

The installation should be free from any flow disturbances which might significantly affect the proving. In particular,
none of the quantities affecting the K-factor should change during the proving by an amount corresponding to more
than a fraction of approximately 0,3 of the probable uncertainty. The sensitivity of the meter to these disturbances
may be assessed from either the initial proving or preliminary on-line proving. For example, if the measurement
uncertainty is + 0,6 %, the permissible effect of a change in flowrate during a proving test is + 0,015 %. Exam-
ination of the initial proving may indicate that the K-factor will change by 0,1 % for a corresponding flowrate change
of 50 %. The permissible change in flowrate during a proving test is then + 0,015/0,1 = + 7,5 % (see figure 20).

Itis evident that a meter whose K-factor varies more rapidly than this with flowrate will require even closer control.

A similar calculation may be made for the effects of temperature and pressure, if the corresponding performance
charts are available.

4.1.1.3 Meter data

A single proving consists of determining the number of meter pulses during one operation of the prover. If this
number is large enough (for example > 10 000) so that an error of one pulse does not represent a significant

proportion of the allowable error, simple counting will suffice; if not, a recommended pulse interpolation technique
should be used.

4.1.1.4 Prover volume corrections

The predetermined volume of the prover should be corrected for changes due to differences in pressure and
temperature from the standard conditions for which this volume was measured. The number of pulses is then
divided by the corrected volume to determine the K-factor of the meter. A set of provings (five or more) should
be conducted over a short period of time during which all quantities are held as constant as possible. In particular,

flowrate should not vary by an amount which corresponds to a change in K-factor of more than 0,3 of the allowable
uncertainty.

4.1.1.5 Number of provings

The five or more provings constitute a set appropriate to the conditions of testing: specified fluid, measured
pressure, measured temperature, measured flowrate. If operating conditions permit, the testing conditions should
be changed to other constant values and the set of provings repeated. If operating conditions change for externally
imposed reasons, the meter should be re-proved for each significant change.
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In simplest case 4K, = AK, Resutt of subsequent proving
to within uncertainty
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Figure 20 — Permiissible change in flowrate during proving
4.1.2 Effect of flowrate

4.1.2.1 Controlling conditions

In practice, only one condition can usually be changed at will, namely the flowrate; changes in flowrate may cause
changes in pressure. In the case of meters mounted in pipelines, it may be possible to change the product also.

4.1.2.2 Number of flowrates

Provings should be made over the same, or greater, range of flowrate that the meter is required to measure. The
number of different flowrates at which the meter is proved will depend on a number of factors, e.g. the required
accuracy, the sensitivity of K-factor to flowrate, the extent of the flowrate range and the amount of information in
the form of the flowrate/K-factor graph.

4.1.2.3 Re-proving

Where the meter characteristics have not been previously determined in a central station, initial provings on-line
should be carried out at a suitable number and over a wide range of flowrates.

Subsequent provings however may be carried out at a reduced number of different flowrates, provided the maxi-
mum and minimum are included.
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4.2 Reliability of data collected

4.2.1 Operating conditions

With no prior information, the reliability of the data can only be based on user experience. Measurements of op-
erating conditions should be verified for consistency — in particular, temperature measurements at the prover and
at the meter under test should agree to within limits imposed by the accuracy of their calibration (e.g. 0,2 °C) and
should vary only slowly and steadily with changing conditions. Similarly, pressure measurements should be con-
sistent and any pressure differences along the flow loop should change smoothly with changing flowrate.

Pressure and temperature readings should either be constant or vary only slowly with time before a proving is
attempted. The flow loop should be checked for absence of air. Pressure and temperature should be essentially

constant during each proving run. Any small changes should not correspond to more than 0,3 of the allowable
uncertainty in the K-factor.

4.2.2 Data analysis
4.2.21 Effects of random errors

When these operational criteria have been satisfactorily met, it is possible to examine the statistical properties of
the K-factor and particularly the variability of the K-factor during a single series of proving runs. Small variability
indicates no excessive random error, and data can be accepted for further processing. A large scatter and par-
ticularly a set of data containing outliers (see 2.2.3) indicates a defective system. Defects can be localized if addi-
tional information is available; thus if a second meter proved on the same system has a low scatter, it is likely that
the first meter is defective and the prover satisfactory.

4.2.2.2 K-factor — flowrate curves

Another check for error is in the relationship between the K-factor and flowrate (see figure 21). Initially the shape

of the graph is unpredictable, but it should form a smooth curve which changes shape only slowly throughout the
life of the meter.

4.2.2.3 Monitoring proving conditions

Probably the best check on the reliability of data is to repeat at least one set of flowrate conditions at the beginning
and end of the proving cycle. If the mean K-factors are within the limits calculated from the scatter of the individual
sets, it is then clear that conditions are well controlled and the meter has no significant calibration drift over the
period of testing. A somewhat larger change may be attributed to either poorly controlled conditions or meter drift.
Experience, particularly from proving tests on other meters, should distinguish the probable cause.

4.3 Performance charts

4.3.1 General

Because a meter is unlikely to be proved under identical conditions on different occasions, direct comparison of
K-factors obtained on different occasions will not necessarily give an accurate indication of the extent to which the
K-factor may have changed with time. It is therefore necessary to establish performance charts as soon as poss-
ible in the proving cycle, so as to correct for changes in proving conditions on different occasions.

4.3.2 Initial proving data

An elementary example of a performance chart is a graph of the change in K-factor versus flowrate for a single
product at a fixed temperature and pressure (figure 21). Such a graph may be constructed from initial proving data.
A subseqguent proving at a particular flowrate will provide a K-factor which may be compared with the K-factor from
the graph. The flowrate in the subsequent proving need not be identical with any flowrate in the initial proving,
provided that it is within the range of initial flowrates.
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4.3.3 Prior data

In the absence of initial proving, it may be possible to construct a performance chart from a series of on-line
provings, provided that each is carried out over a range of conditions and that these conditions overlap. Thus in
the elementary example of figure 21 three sets of provings have been made on different occasions. Each set
provides a section of the K-factor vs. flowrate graph. The sections are displaced, but can be made to overlap by
multiplying the K-factors in each series by a different arbitrary factor. The factor may be determined in several
ways depending on the form of the data. If for example the overlapping flowrates in the first and second sets of
figure 21 are common, then determine the ratio in K-factor for each set, take the mean and use this ratio as the
correction factor. If however the flowrates are not common, the readings of one set should be interpolated for
comparison with those of the other prior to determining the ratio. After multiplication, the sections combine to
form a graph of K-factor vs. flowrate which can be used for comparison with any subsequent series of provings.
If in the different series of provings other factors (for example temperature, pressure, nature of product) vary sig-
nificantly, the elementary graph of K-factor vs. flowrate will need to be expanded into a full performance chart
covering all the variables.

4.4 Control charts

4.4.1 General

Control charts are intended to indicate the change in K-factor with either time or total volume of liquid passed by
the meter. In the simplest case, the K-factor will change by the same amount under all conditions. In this case,
comparison of the K-factor at any flowrate with the original performance graph will provide a unique indication of
the change in K-factor, AK (see figure 20).

Values of AK may be plotted on a control chart of AK versus either time or total volume (see figure 22). Exper-
imental values may show several features.

K-tactor

Third set

First set of
provings

Full line represents composite K-factor vs. flowrate
graph, derived from the three individual sets.

Flowrate

Figure 21 — Performance chart from series of on-line provings
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4.4.1.1 Even in the absence of any real change in K-factor, the results are expected to show some random
variation due to the uncertainties of (a) the performance chart and (b) the on-line proving. The expected level of
variation is indicated by the warning limits shown in figure 22.

Variations within these limits are of no significance and no action is indicated.

4.4.1.2 Resuits may show large random fluctuations far outside the limit lines. If these variations are purely ran-
dom it will not in general be possible to correct for them, and flow measurements made between provings will
be subject to a corresponding uncertainty, larger than the (short-term) measurement uncertainty in a single series.
There is some evidence that long-term random variations may exceed 0,25 % when the short-term uncertainty is
0,05 %.

4.4.1.3 Results may show a systematic trend with changes in time or volume. The K-factor on any one occasion
may be repeatable to within the corresponding uncertainty limits, but the mean value may change by more than
these limits between one occasion and another. The example in figure 22 shows no such trend.

A:Low K-tactor (between warning and action Limit}
corresponds to a particularly low flowrate

1000 |-
2000 |-
3 000
4 000
5 000l ,
6 000l Temperature °C ;

Flowrate

Flowrate

S0 -

10 -

Temperature

512 |-
511

|

513 L Action Limit
|
|

s10 | —t Y- :

K-factor

509 |-
Warning Llimit

508 |-
Action Limit

507 +

Learning period {n > 15} Time
for establishing mean and control limits

Figure 22 — K-factor (mean of 5 or 10 consecutive runs) versus time
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4.4.2 Use of control charts

4.4.2.1 General

The contro! chart may be used (a) to update the K-factor of the meter at appropriate intervals and (b) to indicate
when it is appropriate to maintain or replace a meter. The action is required in the three situations of 4.4.1 as
follows.

4.4.2.1.1 For the situation described in 4.4.1.1, no action of any kind is indicated. Neither a change in K-factor
nor replacement of the meter by another of the same type would be expected to improve accuracy.

4.42.1.2 For the situation described in 4.4.1.2, there is again no advantage in changing the K-factor or in replacing
the meter by another of the same type. However, if the variation in K-factor is excessive, it may be advantageous
either to control measurement variables more closely {e.g. temperature) or to replace the meter with one less
sensitive to any change in conditions.

4.4.2.1.3 For the situation described in 4.4.1.3, several actions may be taken to improve accuracy. These are:
a) adjust the K-factor used in flow calculation at suitable intervals to correspond with the recent proving;
b} as a refinement, calculate a trend line for K-factor versus time and interpolate values of K from this;

c) remove the meter from service, and either service it or replace it as indicated by inspection.

4.4.2.2 Modified procedure when performance charts are not available

When performance data is not available prior to on-line proving, some quality control may still be undertaken. The
effect of changes in conditions (e.g. flowrate) is not quantified, but a correlation is made between large changes
in conditions and corresponding changes in K-factor.

A value of K-factor outside the action limits may be tolerated if it coincides with an extreme condition and is not
supported by later tests at more nearly average conditions. An example is given in figure 22. The mean K-factor
derived by averaging each set of consecutive proving runs is plotted against time (date) or volume throughput.
Straight lines are drawn between each point.

The flowrate and temperature obtained during the proving can be monitored and plotted on the same axis. The
mean of the K-factor for not less than 15 consecutive dates is then determined, using equation (2.6) in 2.1.5.

The inner and outer control limits estimated from the 15 meter factors (learning period) are then established as
horizontal lines running parallel to the time axis, using equation (2.6).

"

If the subsequent meter factors are inside the inner control limits then the system is considered to be “in
control”. If any K-factor is outside the outer contro! limits, then the K-factor is considered to be in error due to an
assignable cause other than random scatter.

The flowrate and temperature values can be used to establish whether any variation in K-factor outside the outer
control limits is due to a significant variation in these two parameters. Temperature variation usually results in
changes in viscosity of the liquid and the expansion or contraction of the meter casing.

Thus at point A in figure 22 the K-factor falls outside the warning limits though within the action limits. The flowrate
graph in the upper part shows an unusually low flowrate; subsequent tests at high and more uniform values of
flowrate show only small random fluctuations in K-factor, well within the warning limits. Hence no action is called
for.

It should be noted however, that in the absence of correlations between K-factor and flowrate, the warning limits
will be set wider to accommodate the effect of the flowrate changes. The control chart is therefore somewhat less
sensitive to any real changes in meter performance than a control chart derived from a performance chart (figures
21 and 23).
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4.4.2.3 Correction for effect of changing flowrates without using a separate performance chart

When it is possible to vary the flowrate during on-line proving, a graph such as figure 23 may be constructed. This
may be regarded as a combined performance/control chart.

The K-factor (mean of n consecutive runs) versus flowrate curves are plotted at intervals of time and the maximum
upper and lower limits are determined by examination. The “best fit” mean curve is then drawn and the upper
and lower limits quantified. These correspond to the action limits.

This control chart can be used either for monitoring meter or prover malfunction or to provide a database for
generating an equation for continuous linearization of the meter factor by a microprocessor.

Upper Limit
X

——— T T ——a
X o [}

~" o o Meancurve fit

K-tactor - Pulses per unit volume

——— e —

-
e -y Lower limit

= P © Provings within uncertainty Limits
7 X Provings generally outside Limits

] 1 1 ] 1 1 | ] i

Flowrate

Figure 23 — Combined performance/control chart
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4.42 4 Control charts showing systematic trends — Moving average

When a K-factor shows a significant trend on the control chart, it is useful to compute a moving average. The
uncertainty limits for the average K-factor are determined for a moving average of ten consecutive proving sets
carried out over a period of time. Any significant drift can then be monitored.

Control limits for the moving average K-factors are estimated from equation (2.6) as:
* fy5,, - 15(x)/4/ 10

where s(x)/4/ 10 is the standard deviation of the moving average [see equation (2.4)].

These limits are shown in figure 24. Since the moving averages are not independent of each other, the control
limits will be wider than required and will correspond to a probability higher than the 95 % associated with warning
limits. For this reason warning limits should be regarded as action limits in “moving average” control charts.

“tog p-q SLxINI0

K-factor - Pulses per unit volume

~tes -1 SxIVI0

Long-term drift

Time (days, weeks, months)

Learning periad { n >15) for establishing
tlos 51 S{X)

Figure 24 — Moving-average meter factor versus time
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Each time a new K-factor is determined, the moving average is re-estimated from the last ten consecutive K-fac-
tors and plotted on the moving average chart. Any plotting which drifts outside the control limits may be due to:

~— meter bearing wear;

— meter prover malfunction (valves, detectors, etc.).

The mean K-factor can be set in the meter scaler and only changed when there is evidence of a long-term variation
or drift.

4.5 Worked examples

4.5.1 Scope of examples

Examples of on-line proving calculations and the use of control charts are given in this section as follows:

1 Test for outliers
2 Estimation of random uncenrtainty of K-factor
3 Establishing a control chart for a meter within its linear range

4 Establishing a control chart for a meter outside its linear range, including the use of “normalizing” tech-
nigues

5 Estimation of combined random and systematic uncertainties of metered quantities

45.2 Example 1 — Test for outliers

45.2.1 Given

An 8-inch turbine meter proved with a bidirectional pipe prover with 12-inch internal bore, 0,375-inch wall thickness
and a base volume at 15 °C and 1 bar between detectors of 3 985,31 litres gave the following results:

No. K-factor (pulses/litre)
1 6,147 0
2 6,142 2
3 6,143 5
4 6,142 5
5 6,143 2
6 6,143 2
7 6,143 2
8 6,142 7
9 6,142 0
10 6,142 2
11 6,142 2

45.2.2 Find

Any outliers?
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45.2.3 Solution

a) Step 1: Rearrange measurements in order of ascending magnitude and apply Dixon's Test for outliers (see
D.1); 95 % probability level.

X, No. 9 6,142 0
X, No. 2 6,142 2
X, No. 10 6,142 2
X, No. 11 6,142 2
X No. 4 6,142 5
X No. 8 6,142 7
X, No. 5 6,143 2
Xg No. 6 6,143 2
X, No. 7 6.143 2
X0 No. 3 6,143 5
X No. 1 6,147 0
b) Step 2

_Xn—X; 61470-6,1432
X —X; 6,147 0—-6,142 2
where R is the Dixon ratio (see annex D for explanation of subscripts).

= 0,792

As 0,792 is larger than the critical value of 0,676, measurement X, is rejected as an outlier.

_Xo—X, _61435-6,1432 _
2 Ru=%,-%, ~61435-6,1422 ~ *%

As 0,231 is less than 0,477, then measurement X,, is acceptable.

453 Example 2 — Estimation of random uncertainty of X-factor

45.3.1 Given

Using results given in example 1, excluding measurement number 1 (as it was rejected as an outlier).

4.5.3.2 Find

What is

— the mean value of the K-factor?

— the estimated standard deviation?

— the range of uncertainty due to random error about a single measurement of K-factor?

— the range of uncertainty for the mean value of K-factor?
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45.3.3 Solution

a} Calculate standard deviation using:

No. i i =) 0 = 5)?
1 [rejected as outlier]
2 6,142 2 — 0,0005 0,000 000 25
3 6,143 5 0,000 8 0,000 000 64
4 6,142 5 — 0,000 2 0,000 000 04
5 6,143 2 0,000 5 0,000 000 25
6 6,143 2 0,000 5 0,000 000 25
7 6,143 2 0,000 5 0,000 000 256
8 6,142 7 0,000 0 0,000 000 00
9 6,142 0 — 0,000 7 0,000 000 49
10 6,1422 — 0,000 5 0,000 000 25
11 6,142 2 — 0,0005 0,000 000 25
-y = 0,000 002 67
b) Mean

n
¥ = D % =16,142 7 pulses/litre

i=1

¢) Standard deviation

0,000 002 67
s() = 22220287

s(y) = 0,000 54

d) Uncertainty of single measurement
u(y) = tos.n_15()
u(y) = 2,262 x 0,00054 = + 0,001 22

e) Uncertainty of mean
U(y) =95, _ ls(y)/\/ n
u(y) = 2,262 x 0,000 54 { «/ 10 = + 0,000 39
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454 Example 3 — Establishing a control chart for a meter operating within its linear range

4541 Given

A number of sets (m = 10) of consecutive meter provings were carried out at regular intervals. The meter was
proved between 80 % to 90 % of the maximum flowrate in the linear range where the K-factor variation is less
than + 0,1 %. The temperature varied by less than 5 °C throughout the proving period. (See figure 25.)

Mean K-factor (pulse/litre) of each set

1st week 6,144 6
2nd week 6,139 6
3rd week 6,142 0
4th week 6,143 3
bth week 6,137 0
6th week 6,140 9
7th week 6,145 9
8th week 6,147 0
9th week 6,168 5
10th week 6,142 0
11th week 6,138 3
45.4.2 Find

Are there any outlying mean K-factors?

45.4.3 Solution

a) Step 1: Rearrange the measurements in ascending order of magnitude and apply Dixon's Test for outliers (see
D.1) at 95 % probability level.

X, 6,137 0
X, 6,138 3
X5 6,139 6
X, 6,140 9
X5 6,142 0
X5 6,142 0
X, 6,143 3
X 6,144 6
X, 6,145 9
X0 6,147 0
X3 6,168 b
b) Step 2 .

_Xn—-X _61685-6,14569
X11 —X2 6,1685"6,1383

where R is the Dixon ratio.

R =0,748

As 0,748 is larger than the critical value of 0,576, then reject X;; = 6,168 5 (Sth week).

There wers no further outliers when the test was repeated.

62

COPYRI GHT 2000 International Organization For Standardization
I nformati on Handl i ng Servi ces, 2000



STD.ISO 4L24-ENGL 1994 BN 4451903 0701L73 LTS HE

© ISO ISO 4124:1994(E)
6,154 | Reject
6.152 |- Outer Limit (P =99 % 6,1512)
6.150 |- e __|____Innec linit (P= 95 % 6.149 4)
6.148 |- o
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6.134 | )
_ | _outerumit(p=595 % 61330
6132
6,130
Time (weeks)
Minimum learning period
Figure 25 — Control chart for meter operating within linear range
45.4.4 Given
Use previous results, excluding measurement for 9th week, as follows:
Mean K-factor (pulse/litre)
1st week 6,144 6
2nd week 6,139 6
3rd week 6,142 O
4th week 6,143 3
5th week 6,137 0
6th week 6,140 9
7th week 6,145 9
8th week 6,147 0
10th week 6,142 0
11th week 6,138 3
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45.45 Find

What is

— the mean value of K-factor for the control chart;

— the upper and lower (P = 95 %) control limits (inner);

— the upper and lower (P = 99 %) control limits (outer).

4.5.4.6 Solution

m

a) Meanz= %_}:1 z; = 6,142 1 puises/litre
i=

m
s(z) = m1—1 > (x—17)* =0,008 24
i=1

b) u(z) = tg5,,_15(z) = 2,262 x 0,003 24 = £ 0,007 3
Lower limit = 6,142 1 — 0,007 3=6,134 8
Upper limit = 6,142 1 4+ 0,007 3 =6,149 4

) U(z) = fogm— 15(2) = 3,250 x 0,003 24 = + 0,010 5
Lower limit = 6,142 1 — 0,010 5 = 6,131 6
Upper limit = 6,142 1 + 0,010 5 = 6,152 6

455 Example 4 — Establishing a control chart for a meter operating outside its linear range
and with varying temperatures

4551 Given

A number of sets (m = 1) of consecutive meter provings carried out at regular intervals. The meter was proved
under varying conditions of flowrate and temperature (see table 13, columns 1-4).

4552 Find

What are the mean K-factors corresponding to flowrate and temperature or viscosity?

455.3 Solution
a) Performance chart (based on previous experience)

The turbine meter has been proved over a range of flowrates at a number of fixed (arbitrary) temperatures. A
best-fit curve is drawn through the K-factors for each temperature (see figure 26). Interpolated values of
K-factor are estimated at other temperatures so as to provide a performance chart for the meter.
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A matrix (see figure 26) is then prepared from the performance chart data, from which the K-factors can be
calculated for each combination of flowrate and temperature or viscosity.

b) Equation generated from proving data

In the absence of performance curves based on previous experience, the mean K-factor can be estimated by

generating the best curve fit for values of K-factor in terms of flowrate divided by viscosity, using the following
relationships:

Linear regression: y = a + bx

Exponential: y = a ™

Logarithmic: y=a+ b In x

Power: y = ax

b

The curve fit selected is that which shows the maximum correlation coefficient.

Table 13 — Example 4 — Normalizing meter factor

(1) (2) (3) (4) 5 6) (6a) (7) (7a) 8 (8a)
K-factor
Flowrate Meas. n I
Temp.| K-factor v
(mean) Interpolated | Calculated = = _ = _ =
Date 0 {matrix) (equation) | K1~ K| K1 — K| K (K — Ky)| K — (K = Ky)
K, K1
m’/h °C K cSt

3.4.67 900 50 5 025,0 3.9 5 020,5 5 020.,0 -02 —-0,9 5 025,2 5 025,9
4.4.67 1 000 50 5021,0 3.9 5 020,0 5019,3 - 0.7 —-1.6 5021,7 5 0226
5.4.67 800 52 50149 3.7 5 020,0 5 020,4 - 07 - 05 5 015,6 50154
6.4.67 950 60 50177 3,0 5015,2 5 018,0 — 5,56 -29 5 023,2 5 020,6
7.4.67 200 55 5 021.,4 3.4 5017,9 50191 —-28 -1.8 5 024,2 5 023,2
8.4.67 1 000 50 5 015,0 3.9 5 020,0 50193 -0,7 -1.6 5 0156,7 5016.6
9.4.67 900 55 5 016,2 3.4 50179 50191 - 2.8 -1.8 5 019,0 5 018,0
10.4.67 200 &5 5 028,0 3,4 5 026,7 5 028,7 + 6,0 +7.8 50220 5 020,2
11.4.67 8580 60 50180 3,0 5015,2 5018,0 -55 —2,9 5 023,56 5 020,9
12.4.67 800 50 5014,2 3,9 5021,0 5 020,7 +0,3 —-0,2 5 013,9 50144
13.4.67 800 45 5 025,6 4.4 5 023,3 5 020,8 +2,6 —0,1 5 023,0 5 025,7
14.4.67 100 40 5 039,0 5,1 5 043,0 5 035,7 +223| +148 5016,7 5 024,2
16.4.67 1 000 50 5 021,0 3,9 5 020,0 5019,3 - 0,7 -1.6 5021,7 5022,6
16.4.67 850 50 5 020,3 3.9 5 020,3 5019,6 —-04 - 1.3 5 020,7 5 021.,6
17.4.67 1 000 55 5 026,0 3,4 50175 50184 -32 -25 5 029,2 b 028,5
18.4.67 300 65 501756 2,7 50182 5 024,7 - 25 +3.8 5 020.0 5013,7
19.4.67 950 50 5 026,56 3,9 5 020,3 5019,6 - 04 -1.3 5 026.9 5 027,8
20.4.67 800 52 5018,0 3,7 5 020,0 5 020.4 -0,7 —-05 5018,7 5 018,56
21.4.67 1 000 50 5 015,3 3.9 5 020,0 50193 - 0,7 - 1.6 5 016,0 5016,9
22.4.67 1 000 55 5 018,0 3.4 50175 5018,4 - 3.2 - 25 5 021,2 5 020,5
Mean 5 020,9 5 020,7 5 020,9 5 020,9 5 020,9
Standard deviation (s) 6,031 4,029 4,290
1) Calculated from the equation K, = 5 054,8(Q/v)” %%°* %

COPYRI GHT 2000 _
I nformati on Handl i ng Servi ces,

| nt er nati onal

Organi zati on For Standardization
2000



STD-ISO H4l24-ENGL 1994 EE 4851903 070117 307 EH

ISO 4124:1994(E) ©1s0
Flowrate K-tactor, pulses per m 3
s s0°c”| so'c | e0°c™| 70°C
L m>/h (3.9 cSth (2.5 ¢St
100 5 043,0 5033,5 | 5026,0 5018,5
5060 |-
200 50388 | 50300 (50233 5016.5
300 50353 50275 ( 50213 5 015.0
5050 -
400 50328 50255 | 50195 S 0135
& 500 5030,8 | S024,0| 5018,3 5012.,5
€ 5040
§ 5,0 ¢St at 30 °C 600 5029.0 | S0225 | 5017.0 S 0115
o L
% 700 5027.8 50215 | 5016,3 So0Nnoe
asoiol
[
g 800 50268 | 50210 | 5015.8 50105
J? 3,9 ¢St at 50 °C
x 200 50260 | 50205 ] 50153 5 010.0
S 020
1 000 S 0255 £020,0 | 5015,0 S 010.0
2,5 ¢St at 70 °C 1) Interpolated values.
5010 NOTE - Meter factors are the mean of ten
consecutive proving runs.
5 ooo 1 1 1 1 1 1

200 400 600 800 1 000
Flowrate, m*/h

Figure 26 — Chart A — Meter performance curves — Meter turbine proved with pipe prover

455.4 Find

What are the K-factors corrected for the effect of changes in flow conditions?

455.41 Solution

a) Step 1: Estimate the viscosity corresponding to the temperature at each proving, by reference to a suitable

log/viscosity chart where no performance chart is available.

b) Step 2: Calculate values of K-factor by either interpolating from the performance chart or using the K-factor
and flowrate (Q)/viscosity (v) best-fit equation (table 13, column 6 or 6a).

K, = 5 054,8(Q/v)~ %" Z7

c) Step 3: Calculate the mean K-factor =5 020,9 and K, = 5 020.

d) Step 4: Calculate (K; — K;) (see table 13, column 7 or 7a).
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e} Step 5: Calculate XK — (K, — K;) (see table 13, column 8 or 8a).

4555 Find

What is

— the mean value of the normalized K-factor (corrected for influences due to variations in flow conditions):
— the upper and lower (P = 95 %) control limits (inner);

— the upper and lower (P = 99 %) control limits {outer).

4.55.5.1 Solution

! ¥ 2 =5020,9 pulses/m®

a) Meanz = 1
is

b) s(z) = \/ 1 §1 (z — 7)? = 4,029 or 4,290

m—1i=

c) u(z) =tyg,,_15(z) = 2,093 x 4,029 = + 8,4 {by interpolation)
or = 2,093 x 4,290 = + 9,0 (by calculation)
Lower limit = 5 020,9 — 8,4 = 5 012,5 pulses/m’ (interpolation)
or =5 020,29 — 9,0 =5 011,9 (calculation)
Upper limit =5 020,9 + 8,4 =5 029,3 pulses/m3 (interpolation)
or =5 020,9 + 9,0 = 5 029,9 (calculation)
d)  u(z) = tyg,, _15(z) = 3,250 x 4,029 = + 13,1 (interpolation)
or = 3,250 x 4,290 = + 13,9 (calculation)
Lower limit = 5 020,9 — 13,1 = 5 007.8 pulses/m3 (interpolation)
or =56 020,89 — 13,9 = 5 007,0 (calculation)
Upper limit =5 020,9 + 13,1 =5 034,0 pulses/m3 (interpolation)

or =5 020,9 + 13,9 = 65 034,8 (calculation)

4556 Find

What is

— the mean value of the “normalized” K-factor (corrected for influences due to non-linearity) for the control chart;
— the upper and lower (P = 95 %) control limits (inner);

— the upper and lower (P = 99 %) control limits (outer).
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4.55.6.1 Solution
From table 13, column 7 (see figure 27).
NOTE 1 Figure 27 shows actual and normalized values plotted on a control chart with upper and lower limits.

a) Meanz= %g z =5 020,9 pulses/m®

b s(z) = \/ m1_ - ,-im:1 (z — 2)? = 4,029

¢} U(2) = ts m— 15(z) = 2,093 x 4,029 = + 8,4 pulses/m’
Lower limit = 5 020,9-84=5012,5
Upper limit =5 020,9 4+ 8,4 =5 029,3

d) U(z) = tog,m— 15(z) = 2,861 x 4,029 = + 11,5 pulses/m>
Lower limit = 5 020,9 — 11,6 = 6 009,4

Upper limit =5 020,94+ 11,6 =5 032,4

S 040

5038

© Actual vatues
x Normalized values

5036

5034 |

!

!

!

]

— _,l_ Outer Limit { P= 99 %)
1
!
]

so032 |
§030 b e Voo ___Inner imit (P=95%) _________]
5 028
s 026
5 024
5022
5020
5018

S 016

K-tactor (pulses/m?), mean of 10 consecutive provings

S 014

5012

5010

Quter Limit { P= 99 %)

5008 |-

Time

Figure 27 — Control chart — Meter operating outside linear range
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4.5.6 Example 5 — Uncertainty of metered quantity (combined random and systematic
uncertainty)

45.6.1 Given

An 8-inch turbine meter was proved with the same pipe prover on the same grade of crude oil over a period of
several weeks.

456.2 Find
What is the uncertainty of a single K-factor over the proving period?

45.6.3 Solution

45.6.3.1 Estimate the short-term uncertainty u(x;) expressed as a percentage. Assuming a typical value
{example 2) which holds for all sets of 10 consecutive provings:

u(y)

— X
Yy

_ 0,001 22

= 76,142 7

+ 0,02 %

u(x,) = 100

x 100

4.5.6.3.2 Estimate the long-term uncertainty u(x,) based on 10 sets (m = 10) (Example 3), expressed as a per-

centage:
u(x) = ug_z) x 100
0,007 3
_—6,142 = x 100
—+012%

4.5.6.3.3 Uncertainty of the pipe prover u(x;) is typically + 0,05 % and normally considered as a fixed systematic
error.

As the same prover was used in deriving all the K-factors, the uncertainty should be treated as a bias (and added
algebraically).

NOTE 2 The magnitude of the long-term uncertainty u(x,) is largely dependent on the linearity or variation in K-factor with

changes in flowrate and viscosity (temperature). The estimated value of + 0,12 % was derived from a meter which was proved

under similar flow conditions. In Example 4 it can be seen that the long-term uncertainty is of the order of + 0,25 % when
proved under varying flow conditions.

45.6.3.4 Uncertainty of a single K-factor, treating u(x;) as a bias:

u(K) =/ u(x)® + u(x)? + u(x)

\/ (0,02)% + (0,12)? + 0,05

+ 0,17 %
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Section 5: Secondary control

5.1 Comparison between meter and tank

5.1.1 General

By comparing the quantities of oil transferred into or out of a vertical cylindrical storage tank with the quantities
measured through a meter, it is possible to monitor any significant change in the performance of the meter.

This method is often referred to as “secondary control”, as it is designed to detect only gross errors usually as-
sociated with the mechanical failure of the meter's moving parts.

5.1.2 Principle of monitoring system

The volumes at standard conditions (156 °C or 20 °C) of both the tank transfer quantity and meter throughput are
compared, and the difference expressed as a percentage of the total volume of the transfer.

This percentage difference is then compared with a value of the combined uncertainty of the tank and meter
quantities computed from equations (5.23) and (5.24).

The component uncertainties for the level gauging, temperature measurement, tank calibration and meter derived
from previous experience are used in the equation.

If the difference between the meter and tank quantities exceeds the computed value of the combined uncertainty,
the meter should be investigated for damage.

5.1.3 Tank gauging uncertainty

The uncertainty of the quantity contained in a vertical cylindrical tank may be computed using a simplified equation
based on the following assumptions:

a) Tank calibration has been made in accordance with national or international standards.
b} Tables include or indicate necessary corrections, such as

— tank wall expansion under liquid head;

— shell temperature correction for heated products;

— floating roof immersion correction;

— bottom deflection.

c) Tank floor does not move significantly during transfer.

When these conditions are met, the error due to the calibration table should not exceed + 0,05 %.
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The tank gauging uncertainty may then be calculated using equation (5.23):

(Er)os = 0,05 + m \/ 2B + (B2 + 0,5%) (k] + K) ... (5.23)
where

(E7)as is the % uncertainty of the transfer tank quantity;

0,05 % is the tank calibration error;

h, is the high-liquid level, in metres;

hy is the low-liquid level, in metres;

E, is the gauging error, in millimetres;

E, is the temperature error, in °C;

0,5 % is the uncertainty on the volume correction factor.

5.1.4 Meter uncertainty

The uncertainty of the quantity measured by a meter may be computed using a simplified equation:

(Ep)os = \/EE,, +0,01(E? + 0,57 ... (5.24)
where

(Enm)os is the % uncertainty of the metered quantity;

Eu is the meter volumetric error, in percent;

E, is the temperature error, in °C;

0.5 % is the uncertainty on the volume correction factor.

5.1.5 Calculation of uncertainty of transfer

The combined uncertainty of transfer (shore tank and meter uncertainty) may be computed from equation (5.25).

(E)os = Y} (ET)gs + (EM)EZ)S ...(5.25)

5.1.6 Tables of uncertainty

For convenience, tables showing the computed values of uncertainties on tanks and meters can be prepared from
equations (5.23) and (5.24) for various values of gauging, temperature and meter error.

Examples are shown in tables 14 and 15.

Table 16 gives combined values of transfer uncertainty.
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EXAMPLE — Tank gauging uncertainty, using equation (5.23).

(Er)gs = 0,05 + W;T’J \/2 x 4% 4 (0,7"’ + 0,52) (h12 + ;,22)

where
+ 0.05 % = tank gauging calibration error;
+ 4 mm = gauging error;
+ 0,7 °C = temperature error;

+ 0,5 % = volume correction factor error.

Table 14 — Computed uncertainty for vertical cylindrical tanks at 156 °C

Tank gauging uncertainty, %

h, (m) after or before transfer

1 2 3 4 5 6 7 8 9 10 11 12 13 14
0,65
0,36 | 0,70

0,27 | 0,39 | 0,76
023|029 | 043 | 0,84
0,20 | 0,251 0,32 | 0,47 | 0,93
0,19 | 022 | 0,27 { 0,35 | 0,52 | 1,02

hy (m) 0,18 [ 0,20 | 0,24 | 0,29 | 0,38 | 0,58 | 1,12
before 0,17 | 019 | 0,22 | 0.25 | 0,31 | 0.41 | 0,62 | 1,23

or after 017 [ 018 | 020 | 023 | 0,27 | 0,34 | 0,45 | 067 | 1.34
transfer 016 | 017 | 0,19 | 0,22 | 0,25 | 0,29 | 0,36 | Q48 | 0,72 | 1.45

0,16 | 0,17 | 0,18 | 0,20 | 0,23 | 0,26 | 0.31 9 1 052 | 0,78 | 1,66
016 | 017 | 018|019 | 022 [ 024 | 028 | 0,34 [ 0,42 | 0,56 | 0,84 | 1,67
0,15 | 0,16 | 017 | 0,19 | 0,20 ( 0,23 | 0,26 | 0,30 | 0.36 | 0,45 | 0,69 | 0,89 | 1,79
0,15 016 | 017 | 0,18 | 0,20 | 0,22 | 0,24 | 0,27 { 0,32 | 0.38 | 0.47 | 063 | 0,95 | 1.90
015 ] 0,16 [ 0,17 | 0,18 | 0,19 | 0,21 | 0,23 | 0,26 | 0,29 { 0,34 | 0,40 | 0,50 | 0,67 | 1,01
0,15 10,16 | 0,16 | 0,17 | 0,19 | 0,20 | 0,22 | 0,24 | 0,27 | 0,31 | 0,36 | 0,43 | 0,53 | 0.71
0151015 | 0,16 | 0,17 | 018 | 0,19 | 0,21 } 0,23 | 0,25 | 0,28 | 0,32 | 0,37 | 0,45 | 0,56

5isaisnizeaNonswn
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EXAMPLE — Meter uncertainty, using equation (5.24).

(Enp)os = \/E,f,, +0,01(E? + 0,5%)

where
(En) s is the % uncertainty of the measured quantity;
Ep is the meter volumetric error, in %
E, is the temperature error, in °C;
0.5 % is the uncertainty in the volume correction factor.

Table 15 — Computed meter uncertainty at 15 °C

Meter volumetric error, E,,, %

0 0,02 | 0,04 | 0,06 | 0,08 | 010 | 0,12 | 0,74 | 0,76 | 0,18 | 0,20 | 0,22 | 0,24 | 0,26

0 0,05 | 0,05 | 0,06 | 0,08 | 0,09 | 0,11 | 0,13 | 0,15 | 0,17 | 0,19 | 0.21 | 0,23 | 0.25 | 0,26

02 | 005|006 007 ]008 |01 011|013 ]| 015|017 | 0,172 | 0,21 | 0,23 | 0.25 | 0,26
04 | 006} 007|008 009|010 (012|014 {0,135 | 0,17 | 0,19 | 0,21 | 0,23 | 0,25 | 0,27

Tempera- | 06 [ 008 [ 008 [ 009|010 (0711 [013]|014]016(018]020]021[023]025]027
ture 08 | 009|010 ]010[011]012]|014|015]|017 |09 | 020|022 (024|026 (028

error, 1, 01110111012 | 013 | 014 | 0,15 | 0,16 | 0,18 | 0,20 { 0,21 | 0,23 | 0,25 | 0,26 | 0,28
E& 1, 013 [ 013 {014 | 014 [ 015 | 0.16 | 0,18 | 0,18 | 0,21 | 0,22 | 0,24 | 0,26 | 0,27 | 0.28

0

2

4 10151015 1015|016 | 017 | 0,18 } 0,19 | 0,20 | 0,22 | 0,23 | 0,25 | 0,27 | 0,28 | 0,30
6 1017 1017 | 017 {018 | 0,19 | 0,20 } 0,21 | 0,22 | 0,23 | 0.25 | 0,26 | 0,28 | 0,29 | 0,31
8
0

0191019019020 |020}021|022]|023})025]|026]|027]020]030] 032
02110211021 021|022 (023|024 ]025]026]|027]029]030]032] 033
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EXAMPLE — Uncertainty of transfer for tank and meter, using equation (5.25).
E)gs = 2+ (Ew)3
(BYos =\ (Ev)as + (Em)os
where
(E)os is the % uncertainty of transfer;
(Er)gs is the % uncertainty of the transfer tank quantity;
(Epm)gs is the % uncertainty of the metered quantity.
Table 16 — Combined values of transfer uncertainty for tank and meter
Metered quantity uncertainty, (E)q. %
0,06 | 0,08 { 0,70 | 0,72 | 0,74 | 0,16 | 0,18 | 0,20 | 0,22 [ 0,24 | 0,26 | 0,28 | 0,30 | 0,32
0,4 | 0,15 | 0,16 | 0,17 | 0,18 | 0,20 | 0,21 | 0,23 | 0,24 | 0,26 | 0,28 | 0,30 | 0,31 | 0,33 | 0,35
0,16 | 017 | 0,18 | 0,19 } 0,20 | 0,21 | 0,23 | 0,24 | 0,26 | 0,27 | 0,29 | 0,31 | 0,32 | 0,34 | 0,36
018 | 019 | 0,20 | 0,21 | 0,22 | 0,23 [ 0,24 | 0,25 | 0,27 | 0.28 | 0.30 | 0,32 | 0,33 | 0,35 | 0,37
020 ) 021|022 |022]023}024|026({027|028|030]031]033|035]036]0,38
022 |023|023|024]|025 026|027 |028)|030]031[033][034]036] 037039
024 | 025025026 ]027[028 029030031 ]033]034)035]037]038] 0,40
Tank 026|027 027|028 (029 |030]031032]033[034]|035]|037 (038 040] 0,41
qu::my 0281029029 |030{030|030|032]033]|034|0236}037]038]