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ABSTRACT

Comparison measurements become more and more important to perform traceability and
to confirm the accuracy of flowmeter calibration facilities. But intercomparisons between differ-
ent laboratories are very complicated, expensive and time consuming. Therefor a method is pro-
posed to prove different components of the total measurement uncertainty by internal comparison
measurements between different flow measurement devices within the [aboratory.

The paper describes this method and its realization in the new primary standard for water
flow measurement at PTB (being under construction now). This test rig represents a combined
double type standard containing a gravimetric and a volumetric part, connected by a set of tur-
bine meters in parallel, and offers the possibility for carrying out comparison measurements be-
tween two metrologically independent measurement devices, a gravimetric and a volumetric one.
The set of turbine meters is needed to overcome differences in volume and flowrate ranges. The
influence of the turbine meters on the uncertainty of comparison measurements (it is expected to
be smaller than 0.01 %) was investigated using a special test installation. The results of various
measurement series using this test installation are reported.

INTRODUCTION

Today, traceability in flowmeter calibration means traceability of volume, mass, density,
temperature and time to the corresponding national standards in connection with an error analy-
sis. But often the conventional error analysis, i. e. carrying out static tests of the main elements
and assessing some additional error influences, does not lead to a redlistic evaluation of the
measurement uncertainty of flowmeter calibration devices, in particular when high accuracies are
claimed. Even the strict application of the | SO-Guide [1] does not solve this problem. Indeed, the
rules of the Guide offer a good basis for an unified treatment of known error influences, but
whether all essentia influences (especialy those caused by the dynamic behavior of the measure-
ment process) were taken into account and evaluated realistically remains as an unsolved ques-
tion.



For this reason intercomparison measurements to confirm the stated uncertainties become
more and more important and are actually carried out much more than in the past. But the inter-
comparisons carried out so far with the help of flowmeters as transfer standards show mainly two
disadvantages:

B The long-term stability of the available transfer standards is not adequate to the needs
for confirming test rig uncertainties of 0.1 % or better, which are claimed for accred-
ited test laboratories.

B |t is very complicated, expensive and time consuming to prove the total uncertainty of
test facilities by intercomparisons extensively.

Therefor amethod is proposed to subdivide the total uncertainty into different components which
can be investigated partly by internal comparison measurements within the same laboratory (e. g.
short-term, medium-term and long-term stability) [2], so that only constant systematic deviations
between different laboratories and the influence of different flow conditions on the meter under
test have to be checked by (external) intercomparisons. This method will be realized by the new
primary standard for water flow measurement at PTB which is under construction now [3].

EVALUATION OF UNCERTAINTY

Application of the | SO-Guide

In the “Guide to the Expression Uncertainty in Measurement” [1] two methods for evalu-
ating standard uncertainties are named: Type A, using the statistical analysis of a series of ex-
perimental data, and Type B, using other means for evaluating the uncertainty. Mostly, a com-
bined method of both types is used on the basis of a mathematical model of the measurement
process.
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Fig. 1 Gravimetric flowmeter calibration facility



As an example a gravimetric calibration facility for liquid flowmeters is shown in Fig. 1,
using a balance to measure the liquid quantity by static weighing and a fluid diverter for starting
and stopping the measurement. The measurement process is started by diverting the flow into the
weighing tank and starting the registration of the output of the meter under test and the time
measurement. During the filling time of the weighing tank the liquid temperature and density are
recorded continuously. By switching back the diverter, recording of meter output and time is
stopped. Using all necessary corrections, the liquid volume Vi passed through the meter is cal-
culated and the calibration factor of the meter under test.

The mathematical model of the process is given by Formula 1.
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V,, Volume passed through the meter under test CC compressibility of water

m, balance indication CDiV correction for diverter errors

Cw correction of balance indication CP correction for thermal expansion of the pipe
I temperature at the meter under test between meter under test and diverter
pda(gLM ) density of distilled water at 9 " Cev correction for volume loss by evaporation
CpL density deviation from distilled water and splashing (neglected)

CB Buoyancy correction Cs correction for gas within the water (neglected)
Cﬁ correction for deviations of the thermometer oV, repeatability of V,,

indication from the real average water
temperature

This equation is the basis for estimating the uncertainty components ui(Vu) caused by the uncer-
tainties u(x) of the various influence quantities x;

)= 2 u(x) @

and for calculating the combined uncertainty uc(Vwv) of the measurement result (supposed the .
ui(Vwv) are uncorrelated):

Ue (VM ) = .Z‘ Uy (VM ) ()

Only the last term dV in Formula 1, the repeatability of Vi, can be treated by statistical methods
(called Type A in the Guide), where a series of repeated measurements is analyzed and its mean
and standard deviation calculated. Most of the uncertainty components must be evaluated by
theoretical considerations and by non-statistical estimation of the limits of the effective influence
quantities (called Type B method). That means, the result of such an error analysis (the combined
uncertainty) is strongly affected by the personal understanding and experience of the scientist
concerned.



For this reason the Guide gives an additional recommendation: “Because the mathemati-
cal model may be incomplete, all parameters should be varied to the fullest practicable extent so
that the evaluation of uncertainty is based as much as possible on observed data. Whenever feasi-
ble, the use of empirical models of the measurement procedure founded on long-term quantitative
data ... should be part of the effort to obtain reliable evaluations of uncertainty.” (see [1], par.
3.4.2). In other words: Not only the short-term standard deviation but also medium- and long-
term standard uncertainties should be investigated and calculated from repeated and comparing
measurements. To derive a value for the overall uncertainty from the results of such experimen-
tally obtained data, a new concept is necessary for subdividing the total uncertainty into compo-
nents mentioned above, based on a different (empirical) model of the measurement process. A
proposal is given in the next paragraph.

A New Approach to a Realistic Evaluation of Uncertainty

In opposite to Formula 1, which represents the physical dependence of the measurement
result from different measurement and influence quantities, the following empirical model of the
measurement process can be drawn up:

Vv = V' + (Vi) + Swsn(Vm) + Agm(Vm) + Oexig(Vm) (@)
Vu value of the measurand
V' measurement result (including all known corrections)
In(Vm) short-term instability component (repeatability)
Avsn(Vm) instability component, which is constant concerning short-term repeatability conditions

but variable concerning medium-term conditions (e g. day-to-day or week-to-week
measurements during one recalibration period)

Agm(Vi) instability component, which is constant concerning medium-term conditions but variable
concerning long-term conditions over several recalibration periods in the same laboratory

Oeqig(Vi) component, which is constant concerning long-term conditions within the laboratory but variable
in (external) comparison measurement programs between different test facilities and laboratories

The corresponding variances are forming the combined total measurement uncertainty u. (V,,) in
the following way:

uz(Vy) =ug (Vy) + ur?']/sh Vw) + ué;/m Vu) +u§x/|g Vw) (5

In this formula the sign us(Vu) is standing for u(dsn(Vm)), Uwsh(Vim) for u(dwsn(Vim)) and so on.
The variance component for measurements carried out during medium-term conditions is then

Un(Mn) = UG, (Vi) + Uy Vi) (6)

and the long-term component:



ué V) = U5 (V) +uze, (V) +u|2/m(\/M ) - (7)

Except fong(VM ), the variance components on the right side of equation (5) can be determined

by internal comparison measurements, supposed a comparison measuring device is available
which short-, medium- and long-term stability is as good as or better than those of the test facility
to be investigated. Carrying out an appropriate measurement program over longer time and cal-
culating the results with the help of the method of analysis of variance [4], the short-, medium-
and long-term uncertainty components can be separated [2]. However, the variance component

ujx,lg(\/M) have to be investigated by external comparison measurements in an intercomparison

program where different laboratories are involved.

For comparison purposes the different variance or standard uncertainty components can
also be estimated by the method of analysis of error sources, based on Formula 1, and it is rec-
ommended to do so. In this case not only the limits of the different influence quantities have to be
estimated, but also whether they are constant or variable with respect to the different test condi-
tions mentioned above. Comparing the results of both methods is the best way for obtaining reli-
able evaluations of uncertainty. A practical example and the results of such a comparison for an
experimental test installation are presented in [2].

PRACTICAL APPLICATIONS

Turbine Meters as Internal Comparison Meters

Specialy chosen flowmeters (e. g. turbine meters, magnetic-inductive meters or other
types), used as transfer standards for intercomparisons, can also serve as comparison meters for
internal measurement programs to investigate uncertainty components. In particular turbine me-
ters are suitable to determine the repeatability component of the uncertainty of flowmeter cali-
bration facilities. With good exemplars of turbine meters relative standard deviations (short-term)
can be achieved of smaller than 0.01 %. Using a tandem arrangement of two turbine meters in
series, the component of the standard deviation, caused only by the test facility, can be separated
by a special method [5]. In this way the short-term component of the relative standard uncer-
tainty of a gravimetric test facility at PTB was determined to an average value of 0.004 %.

But the results of this measurements reported in [5] aso showed, that the same method
cannot be applied just like that for determining the medium-term uncertainty component of a high
accuracy calibration facility. The reason is, that on different days correlation effects occur be-
tween the two meters in series, possibly an effect of variations in the ambient conditions, affect-
ing the two meters in the same way. For long-term investigations of water standard facilities with
higher accuracy turbine meters are also not a good choice. Used for measuring water, over
longer time variations of the meter factor up to 0.2 % were observed.

The Concept of a Combined Double Type Standard

For carrying out high accuracy comparison measurements within a laboratory over longer
time with the aim to determine uncertainty components in the magnitude of 0.01 %, therefore a
combined double type standard was proposed and tested [2]. This concept will be realized in the



new primary standard for water flow measurement at PTB Braunschweig being under construc-
tion presently [3].

The standard will comprise two metrologically independent standards of different types (a
gravimetric system and a pipe prover as a volumetric one) both on similar accuracy level. The
two standards are connected hydraulically and metrologically in such a way, that measurements
of the same quantity (e. g. the liquid volume passed through a flowmeter in the test section) can
be made by two different methods at the same time, so that two independent measurement results
of the same quantity are available. The relative difference of the two results is a valuable objec-
tive criterion whether the measurement process is under statistical control or not. If yes, the un-
certainty components defined above (related to the mean value) can be determined and if not, the
reason for this have to be investigated. The use of two very different types of standards (which
are affected by different error influences) makes it also possible to detect hardly recognizable
errors, e. g. air bubblesin the liquid.
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Fig. 2 High accuracy combined flow standard with volumetric and gravimetric part

Fig. 2 shows a simplified scheme, Fig. 3 a cut-away view and Table 1 the main specifica-
tions of PTB’s new water test rig being under construction. The supply system with a constant
head tank, the two standard devices, a volumetric and a gravimetric one, and between them the
test section with the meter under test are seen. The volumetric part consists of a pipe prover



(compact or small-volume prover) and a set of turbine meters in parallel, the gravimetric part has
three balances of different sizes and three flow diverters.

Tablel. Claimed specification of the combined water flow standard

Gravimetric system Pipe-prover
Flowrate 0,3 m*h...2100 m¥h 0,3 m*h...550 m¥h
Measured quantity 75 kg...30.000 kg 250 litres
Pressure up to 5 bars up to 5 bars
Standard uncertainty 0.01 % 0.01 %
Standard deviation 0.004 % 0.004 %
(repeatability)

Test
section

Volumetric

Fig.3  Cut-away view of PTB’s new calibration plant

The volume and flowrate ranges of the two standard devices are different (see Table 1).
Therefor a set of four turbine meters in parallel is necessary to perform comparison measure-
ments between the pipe prover and the gravimetric system throughout the whole volume and
flowrate range of the test rig. Fig. 4 shows a scheme of this meter set connected in series to the
prover and Fig. 5 the corresponding section of Fig. 3.
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When a comparison measurement shall be carried out at higher flowrate, the liquid flow is
directed through two, three or four turbine meters in parallel before the flow is passing on to the
test section and the gravimetric system. Without changing or braking down the flowrate, each
turbine meter can be connected with the pipe prover by switching over the corresponding com-
bined valve (see Fig. 4). While keeping flowrate and the other parameters constant (repeatability
conditions) the following comparison procedure is carried out several times:

At first the calibration factors of the turbine meters are determined on the basis of a com-
parison with the pipe prover by connecting successively each meter with the prover. Then (or
partly at the same time, if possible), using this topical calibration factors, the sum of the volume
output of the turbine meters is compared with the volume value measured by the gravimetric
system. The relative difference is a measure for the error difference of the volumetric and the
gravimetric standard, provided that random and systematic error influences caused by the turbine
meters can be neglected with respect to this comparison procedure. This assumption is a critical
matter for the application of the proposed method. Therefor atest installation with three turbine
meters in parallel was set up and random and systematic errors investigated experimentally. This
is described in the next paragraph.

Tests on turbine meters for internal comparison measurements

Test installation. A scheme of the test installation is shown in Fig 6. The set of three tur-
bine meters in parallel was connected to the test section of the existing gravimetric water test
facility of PTB. The pressure loss of the planned pipe prover was simulated by a control valve.
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Fig.6  Testingtalation with 3 turbine metersin paralle

The design of the meter set for testing, shown in Fig. 7 was similar to that which is planned for
the new primary standard. The nominal diameter of the turbine meters were 50 mm. The com-
bined valves were ball valves with a joint drive. They fed the upstream pipework of the turbine
meter either from the main stream or from the by-pass exactly in the same direction (see Fig. 7)
to ensure uniformity of flow conditions upstream the meter in both switching positions.
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Fig. 7 Setup of turbine meter arrangement

Accuracy requirements. Internal comparison measurements between the volumetric and
the gravimetric standard are intended to determine standard uncertainty components for medium-
and long-term conditions which are expected to be smaller than the claimed overall standard un-
certainty of 0.01 % (Table 1). Therefor the relative standard uncertainty of the comparison
method ucmy (including a repeatability component u, and a systematic component us caused by
the turbine meters) should be also clearly smaller than that value.

A relative standard deviation for single comparison measurements of 0.01 % assumed, the
standard deviation of the mean of 10 measurements (i. e. u) is about 0.003 %. More serious is a
possibly occurring systematic error of the turbine meters as a result of varations in the flow con-
ditions caused by switching the combined valves from main stream to by-pass and back. Sup-
posed the relative systematic error is within the limits £0.01 %, the corresponding standard un-
certainty component us can be estimated (assuming equal probability - see [1], clause 4.3.7) as:

. =001
e

Then the relative standard uncertainty of the comparison method Uconyp IS

% = 0.0058%.

Upyrg = A/U7 +UZ =0.0065%.

comp



This may be acceptable, but the question is, can we really meet these requirements? To answer
this question, a large number of measurements were carried out using the test installation de-
scribed above to investigate repeatability and systematic effects in this special test arrangement.

Repeatability measurements. With an exemplar of turbine meter (nom. diameter 50 mm)
10 measurement series were carried out on different days. Table 2 shows the results. The relative
standard deviations are between 0.003 % an 0.008 %, the average value is 0.0055 %. Thisis a
very good result and shows, that a short-term repeatability better than the expected limit of
0.01 % can be achieved constantly, when during the series of measurements the measurement
conditions are constant and the results are distributed randomly. In other cases, e. g. when a drift
occur from temperature changes or other reasons or when solid particles in the meter or in the
flow straightener cause a dight variation of the flow conditions, we have to look for the reason,
to remove it and to repeat the measurement series.

Table2.  Repeatability measurements with a turbine meter DN 50 at 30 m*h

Series No Number of M ean value of relative standard
measur ement meter error deviation
% %
1 30 0.053 0.0080
2 50 0,061 0.0043
3 40 0.052 0.0056
4 41 -0.149 0.0033
5 51 0.009 0.0072
6 50 0.015 0.0055
7 50 0.044 0.0051
8 40 0.071 0.0032
9 50 0.069 0.0029
10 50 0.065 0.0075

The measurement results in Table 2 gives also an information about the medium-term un-
certainty by calculating the standard deviation of the mean values of measurement series carried
out on different days over two weeks. Even when we remove the outlyer (No 4), the relative
standard deviation of the mean valuesis 0.023 % and the medium-term component u,= 0.024 %.

Testing systematic effects. An important supposition for an effective use of the planned
arrangement of turbine meters in parallel is, that the flow conditions upstream the meters do not
change significantly when the flow is diverted by one of the combined valves from the main
stream to the by-pass (see Fig. 6), so that a systematic effect on the calibration factor of the tur-
bine meters is negligible (or within the limits of £0.01 %).

At first tests were made using only one turbine meter. Measurement series were carried
out aternating at both positions of the corresponding combined valve (“main stream” and “by-
pass’). The relative differences measured at both positions (mean values of 15 measurements) are
given in Table 3. It can be seen, that all obtained differences are within the claimed limits of
+0.01 %, even those carried out without flow straightener. The average results with and without
flow straightener differ dlightly from each other (0.011 %).




Table3. Effect of changing valve position from "main stream” to " by-pass’ (see Fig. 6) on a turbine
meter
Floarate Number of Relative differences” main stream” —" by pass’
measur ements with flow straightener without flow straightener
mean value stand.dev. mean value stand. dev.
of mean of mean
m¥h % % % %
15 15 0.008 0.0062 -0.008 0.0018
15 0.007 0.0015 -0.008 0.0018
15 0.010 0.0013 -0.004 0.0033
30 15 0.003 0.0031 -0.000 0.0038
15 0.004 0.0007 -0.001 0.0020
15 0.005 0.0014 -0.005 0.0018
60 15 0.007 0.0014 -0.005 0.0018
15 0.005 0.0017 -0.008 0.0021
15 0.006 0.0011 -0.002 0.0031
90 15 0.003 0.0018 -0.007 0.0038
15 0.003 0.0022 -0.007 0.0025
15 0.005 0.0013 -0.012 0.0028
average 0.0053 -0.0055

In another test program the three turbine meters in parallel were working together. The
summarized indications of the meters were tested against the gravimetric system. Alternating the

following measurements were carried out:

B all meters connected to “main stream” (reference value)

B first meter connected to “by-pass’, the other to “main stream”

B second meter connected to “by-pass’, the other to “main stream”
B third meter connected to “by-pass’, the other to “main stream”.

Table4. Testsusing 3 turbine metersin paralle (reference value: all meters connected to "main stream”)
Flowrate Number of Relative differences to reference value (mean values)
measur ements 1. meter 2. meter 3. meter
at " by-pass’ at " by-pass’ at " by-pass’
m%h % % %
43 10 -0.001 -0.003 0.002
10 0 -0.003 -0.002
10 0.001 0.004 0.001
10 0.005 0.004 0.001
10 0 0.002 0.002
66 10 -0.008 -0.008 -0.009
10 0 -0.003 0
10 0.001 0.001 0.001
10 -0.001 0.006 0.002
10 -0.001 0 -0.008
90 10 0.004 0.005 0.006
(10 0.010* 0.016* 0.005)
10 0.006 0.005 0.001
10 -0.001 -0.007 -0.004
10 0 0.001 -0.007
average 0.0003 -0.0003 -0.001

*) bad series(standard deviations 0.05 %!)



Table 4 shows the relative differences of measurements carried out with one meter at ”bypass’
(the other at "main stream”) from the reference value (all meters at ” main stream”). Except one
figure (result of a bad measurement series with standard deviations of 0.05 %!), all differences
are within the limits of £0.01 %, the total average is smaller than 0.001 %.

That means, an average bias caused by the different positions of the combined valves on
the turbine meters can be considered as negligible relating to the used test installation. But for
high accuracy comparing measurements always mean values of 10 or more measurement results
should be used to meet the accuracy requirements mentioned above.

CONCLUTION

The proposed method to prove different components of total uncertainty by internal
(within the laboratory) and external comparison measurements is suitable to confirm the stated
uncertainty of flowmeter calibration facilities in an objective way. Realizing the concept of a
combined double type standard, comprising two metrologically independent parts (a gravimetric
standard and a pipe prover as a volumetric one), it will be possible to determine by internal com-
parison measurements the short-, medium- and long-term uncertainty component of PTB’s new
primary standard for water flow measurement. A further uncertainty component (comparability
between various laboratories) however, has to be investigated by external comparisons.

To perform global comparability in flow measurement an international flow standard
should be established as a group of national standards liked by intercomparisons. On the basis of
such an international standard a new kind of traceability could be realized: traceability in terms of
the unit flowrate, back to a national flow standard which itself is a part of the international flow
standard.
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