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Abstract

The results of a calibration intercomparison on a flowmeter transfer standard are reported.
It was performed between nine primary flow laboratories in Western Europe with kero-
sene as a typical representative for light oil products. The transfer standard consisted of a
turbine meter in series with a screw meter. The stability of the meters over the calibration
period of 14 months was an order of magnitude less than the measurement uncertainty.
The reproducibilities of the meters in the intercomparison were 0.16 and 0.17% respec-
tively. This is about twice the reproducibility from the tests preceding and following the
intercomparison exercise at the co-ordinating laboratory. The spread in the reported cali-
bration results was predominantly caused by differences in the liquids used for the cali-
bration.

The meter results were also compared after an attempt was made to equalise the physical
properties. For the adjustment of the turbine, the relation between the meter factor and the
actual Reynolds number was suggested. The adjustment of the screw meter was based on
its viscosity dependence, which was found to be non-linear and flowrate dependent. The
techniques are presented. Due to the non-linear behaviour of the turbine characteristic, the
quantitative comparison between the laboratory results was largely based on the concept
of a representative k-factor, The sensitivity of its construction to viscosity and to the se-
lection of calibration points is studied in detail.

The calibrations, which were performed both with and without a flow straightener in
front of the turbine, revealed that at least four sets of calibration results suffered from
significant installation effects.

The uncertainty ranges claimed by the flow laboratories for the stated k-factors were in
some cases too small to overlap or to cover the average k-factor even after attempits to
remove the differences in liquid properties had been made. The uncertainty margins are
presented without regard to influences from the liquid or flow profile properties. Thus
installation effects may quite clearly exceed the specified uncertainty limits in the case of
the turbine meter.

This intercomparison project formed a part of the harmonisation in Western Europe in the
field of flow measurement. It was supported by the BCR, arranged as a BCR-project and
co-ordinated by the Swedish National Testing and Research Institute. Part I of the report
describes the outcome of the intercomparison and Part II presents the basic measurements
obtained to characterise the meters of the transfer standard.
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1 Introduction

The objectives of this calibration intercomparison, using a pair of flowmeters, were three-
fold. The first was to verify the degree of agreement between the participating laboratories
concerning this metrological task. Provided the reference meters are substantially stable
and repeatable, the exercise should result in a figure for the reproducibility currently avai-
lable for a customer turning to any one of the involved laboratories. This also puts a
spotlight onto a real calibration uncertainty to be expected for these meters and it further
shows if the involved laboratories performed correct dynamic flow and volume measure-
ments.

Secondly, significant differences in the results between the laboratories should reveal
existing systematic errors, which are impossible for a laboratory to find out on its own.
The analysis of the results should indicate whether these effects come from the test facility
or from the calibration method used. If there is a problem with the traceability chain back
to the definition of the litre, this, as well, should be possible to see from the results.

And thirdly, as an additional benefit, the intercomparison was expected to produce valu-
able information to improve the calibration work carried out at the participating laborato-
ries.

The intercomparison could be looked at from the point of view of a customer needing a
calibrated flowmeter. Whichever laboratory he chooses in Western Europe, he would
expect to get the same value from the calibration or rather a list with identical flow depen-
dent k-factor values for his meter. The realistic metrologist, however, would expect a
spectrum of values due to several influencing factors that differ from laboratory to labora-
tory. Among these the physical properties of the liquid, the pressure and the temperature
must be mentioned, as well as the type and size of reference used. Properties of the test
facility, like installation effects producing non-ideal flow conditions or unknown pro-
blems (leakage, gas content, etc.) might also have a significant effect on the result. The
same is true for the applied test method and the corrections used, On top of that, as flow
calibration is a delicate profession, even the skill of the operator, whether we like it or
not, can influence the result.

The measurement of large quantities of a valuable liquid, performed with different or even
equal meters, calibrated at different laboratories, should of course result in values that can
be regarded as equal with respect to the measurement uncertainty specified at the different
locations,

With the transfer standard, consisting of a turbine meter and a screw meter in series, and
(wo measurement series, one with and one without a flow straightener in front of it, one
should be able to detect installation induced effects. This is because the turbine meter is
sensittve to swirl or asymmetric flow profiles whereas the screw meter is not.



2 Organisation

The intercomparison was co-ordinated by the Department for Volume at the Swedish Na-
tional Testing and Research Institute under contract of the BCR. The co-ordinator was
responsible for the preparation of the intercomparison, for the design of the transfer stan-
dard, the working out of the guide-lines and the collection and analysis of the results
given in this report. Another support from the BCR for this exercise was in the form of
the expertise of Dr Spencer, who helped the organiser in all aspects of the experiments.

2.1 Participating Laboratories

The Table 1 below contains the list of the nine laboratories engaged in this international
intercomparison.

Table 1. The participating laboratories

Institution: Address: Laboratory code:
SP Sveriges Provnings- och Forsk- | Brinellgatan 10 Lab 3call
ningsinstitut - Swedish National | 501 15 Bords Lab 10 cal 1l
Testing and Research Institote | Sweden Lab 11 cai 11t
NWML | National Weights an Measures | Stanton Avenue, Teddington Lab 6
Laboratory Middlesex TW110JZ UK
EAM Eidgenossisches Amt fiir Mess- | Lindenweg 50 Lab 9 cal 1
wesen - Swiss Federal Office of | CH-3084 Wabern Lab 1 2
Metrology Switzerland ab 12 cal II
IGM Inspection Generale Chaussee de Haecht 1795 Lab 8
de la Metrologie B 1130 Brussels Belgium
PTB Physikalisch-Technische Bun- | Bundesallee 100
desanstalt D-38116 Braunschweig Lab 5
Germany
NEL NEL Flow Centre East Kilbride Glasgow G735 Lab 4
OQU United Kingdom
NMi Nederlands Meetinstituut Hugo de Grootplein 1
NL-3314 EG Dordrecht Lab 7
Netherlands
Force | Force Institutterne Amager Boulevard 115 Lab 1
Dantest DK-2300 Kgbenhavn Denmarkr
BEV Bundesamt fiir Bich- und Ver- | Altgasse 35A-1163 Wien Lab 2
messungswesen Austria

2.2 Time Table

The intercomparison started with the signing of the BCR contract in early 1993. During
that spring the transfer standard was constructed and the meters and other material were
ordered. Simultaneously the guide-lines were worked out, distributed and revised twice. ‘
The package was built in July. The stability tests started during the second half of July




and were finished in mid-Angust directly followed by the first calibration (SP I). The rest
of the exercise followed quite nicely the planned route and time schedule. The last cali-
bration before the transfer standard returned to SP was somewhat delayed due to the
summer holiday period, but could be balanced by the safety margins within the project.
Unfortunately one of the laboratories performed only half the task and so was given the
chance to conclude the measurements after the post-tests at SP. A technical hitch with
their test facility then resulted in a considerable time delay so that the transfer standard did
not return for some complementary measurements until December ‘94 and so the com-
plete data were not available until the end of 1994,

The figure below gives a schematic picture of the time schedule. The deviation from the

plan is indicated.
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Fig. I1: Route for the transfer standard and time schedule for the intercomparison. A
deviation from plan arose in June 94.

The personal transportation of the transfer standard by staff from the laboratories, in sev-
eral cases from SP, worked out very well. This also offered the possibility to visit each
others laboratories and resulted in valuable personal contacts. No problems with damage
of the measurement equipment were reported. Nor did the meters indicate any problems
that would make the reported results questionable in any way. The travelling route was
not the most economic one, but was the most suitable with respect to the different limita-
tions of the participating laboratories.



3 Transfer Standard

3.1 The Meters

To meet the target of the intercomparison, the demands for the flowmeter transfer stan-
dard were the following:

1) two different physical measurement principles

2) one sensitive and one insensitive to flow profile disturbances
3) very stable in short and long time terms

4) very linear over a considerable flow range

5) insensitive to liquid properties

6) insensitive to test methods

As the best choice to meet these demands, a turbine meter was selected in series with a
screw meter. However, in practice, demands 4) and 5) were not fully met by the turbine.
The following table collects the important data of the meters.

Table 2, Primary data of the meters

Turbine meter Screw meter
range 500 - 2 500 [I/min] 300 - 2 300 {l/min]
linearity +0.3 % +0.015 %
ulse output magn. pick up - magn. pick up -
P P sine wave pulses rectangular pulses
material stainless steel : carbon steel
nominal bore 3 inch 4 inch
repeatability from 12 cali- |6 5009 (o175 0.014 % |0.001 [p/1] = 0.006 %
bration series {1c-level)
nominal k-factor delivered | 14.51 [p/1} 16.63 [p/1]

The meters had quite comparable k-factors. The nominal values above were given on the
reporting forms to all the laboratories. They are significantly, but not unrealistically
wrong compared to the real ones. The idea was to give a hint without revealing the cor-
rectness of the individually measured values.

The linearity of the turbine was not as good as that of the screw meter. The stability cal-
culations below are therefore based on the concept of a representative k-factor (see
Chapter 15 of Part IT) rather than on the result at just one flowrate.

Table 2 lists the values found for the average repeatability from the pre- and post- tests
(12 calibrations in 2 liquids and 2 different test facilities at several different temperatures,
several different volume references - see Part II of this report). They indicate a very
good shott term stability for both meters. The reproducibility calculated from these tests is
roughly a factor 3 and 5 larger for the turbine and screw meter respectively. The long
term stability can be characterised by the differences in the meter factors from the first

(SP ) to the last calibration series (SP ITT) within the intercomparison. It was 0.003 %
and 0.004 % for the turbine and the screw meter. This is well below the measurement
uncertainty that is inherent to these meters. It could therefore be assumed that the chosen
instruments have a good capability for the intercomparison task.




3.2 The Meter Package

The meter package consisted of three parts: a long section (1755 mm), a short section
(871 mm) and a 4" to 3" adapter (100 mm) - see the drawing in Appendix 1. For trans-
portation two specially designed wooden boxes were built and the meters fastened in an
arrangement supported by shock absorbers to prevent damage on the delicate meter bea-
rings.

The long section was made up of the turbine and two straight pipes of 3" diameter. Both
pipes had a length of 10 D, The front pipe housed a flow straightener made up of a tube
bundle of 19 thin-walled pipes'. It was positioned in a fixed orientation with the help of a
guide tab in the pipe wall and a corresponding recess on the back side of the ring to which
the pipe bundle was welded. The fitting between the flow straightener and the tube was
very fine and the straightener was kept in place with the help of a spring in the circular
recess.

The short section consisted of the screw meter with a filter and a 3" to 4" cone in front of
it and a short 4" tube with a loose flange behind for easier connection to the test facility.
The filter was easily extracted for control and cleaning. This section was also housed in a
specially built transportation box.

The different parts of the transfer standard were carefully fixed to each other using pins
and dowels in order to preserve their relative orientation. In fact, during the whole exer-
cise there was never a need to disassemble any of the two sections.

The third section comprised just an adapter piece for a 3" and 4" connection to adapt the
package entrance to a 4" facility or the outlet to a 3" facility.

In order to easily fit into different installations, hybrid flanges were produced combining
four different flange standards. Together with all necessary spare parts accompanying the
package this worked very smoothly.

The transportation boxes also included all necessary parts to connect the meters directly to
the pulse counters at each laboratory.

3.3 The Temperature Sensor

A Pt-100 temperature sensor was permanently built into the straight pipe behind the tur-
bine meter. It was connected to a temperature instrument THERM 2283-2 having a reso-
lution of 0.01 °C. The idea behind this was to have a common temperature reference
between the laboratories. The differences to the thermometers used in the laboratories
were, however, insignificant and no corrections were applied,

! IS0 5167-1: 1991 Measurement of fluid flow by means of pressure differential devices - Part 1:
Orifice plates, nozzles and Venturi tubes inserted in circular cross-section conduits running full.



4 Measurement Task

The primary idea of the intercomparison was that each laboratory should perform the cali-
bration as a routine task. For the sake of the comparison, however, certain aspects had to
be common. Thus the measurement task, as described in detail in the guide-lines, con-
sisted of two separate, but simultaneous calibrations of both meters in a package arrange-
ment at five obligatory flowrates. In the first one (configuration A) the flow straightener
was placed in a specified position 10 D in front of the turbine. This configuration was
thought to produce a well-defined and repeatable flow characteristic, thus equalising pos-
sible installation effects. The second calibration was a repetition without the flow straigh-
tener in place. In this configuration (B) the influence of non-ideal flow properties like
swirl, asymmetric flow profiles etc. would be observed.

For the sake of comparability the five obligatory flowrates, numbered in order 1 to 5,
each with 10 single repetitions, were pre-defined. In contrast to the usual procedure in the
laboratories, it was prescribed to start at a middle flowrate 3:1 advancing to the higher
ones 4 and 5. Thereafter the lowest 1 and 2 were to be measured and finally the first one
repeated (3:2). Thus a simple reproducibility measure was available. Any other additional
flowrates were to be run after this series.

Kerosene was recommended as a suitable calibration liquid. It is frequently used for tes-
ting purposes in the laboratories and is a good representative for a lot of different light oil
products in the petrochemical industry. A viscosity of approximately 2 ¢St and a tempe-
rature close to 20 °C were other parameters asked for, No recommendations as to the
calibration method, start-up procedure or any other part of the calibration were given but
the laboratories were asked for details of their usual routine method of working,

4.1 Reporting

The reporting forms delivered with the guide-lines concentrated only on the most impor-
tant information from the calibration, namely 1) the result of the 10 single measurements
at each flowrate (result form), 2) the collection of the relevant data on one sheet (summary
form - sce Appendix 2 for each laboratory), 3) a form for describing the vsed method
(method form), 4) a schematic drawing and some data on the test facility (facility form)
and, finally, 5) some information in free form on the uncertainty calculation (uncertainty
form).

For an easier and safer exchange of measurement data, the result form and summary
form, performed as a spreadsheet application, were distributed on a disk to those labora-
tories that wished to use such. Some of the laboratories used this possibility, which wor-
ked out very well.

Two laboratories did not have the capability of running the highest flowrate, No. 5. Three
laboratories could not control the liquid temperature as close to room temperature condi-
tions as was asked. One laboratory did not have its own test facility for this particular lig-
uid and therefore needed to transport the measurement equipment, including a mobile
prover, to a flow rig that was not built for primary calibration purposes. The same labo-
ratory was unable to record the flow through both meters simultaneously, which makes
the placement of points in the Youden plots (Figs 1 and 2) not totally comparable.




5 Intercomparison Results

The information gained in this intercomparison is divided into different aspects, starting
with the overall goal. The raw calibration data as presented by the laboratories are con-
tained in Appendix 2. They are supplemented with a column for a Reynolds number and
some representative meter factors for information reduction. An overview is presented in
Table 3 specifying altogether the 12 calibrations randomly numbered. The numbers 3,10
and 11 correspond to the first, the intermediate and the last calibration at SP.

Four basically different measuring methods were used. The majority utilise a volumetric
technique. Some laboratories used two volume references, a smaller one for the Jower
flowrates. Lab 7 used a reference meter that in turn was calibrated via two volume stan-
dards.

Without cooling devices it was difficult for some of the laboratories to keep the liquid
temperature close to 20 °C. This is especially true for Lab 1 that did not have its own test
facility for this particular liquid and also had only a very small tank (5 m3) at its disposal.

The viscosity, with respect to the different liquids used, was in the range 1.05 to 2.54 ¢St
This does not seem very much, but was found to have a significant effect on the results of
the turbine meter and also influenced the screw meter. The available straight pipe length
upstream of the meter package was between roughly one and seven metres.

The k-factor values listed in Table 3 are those adjusted to a commeon temperature and
viscosity of 20 °C and 2 cSt. The adjustment tries to equalise the liquid properties. These
values should therefore be the best possible ones for a neutral comparison of the metro-
logical overall agreement between the laboratories. The listed k-factors comprise a value
which represents a whole calibration curve; the basis for this construction is discussed in
detail in Chapter 15 of Part IT of this report. The upper one of the two calibration vai-
ues refers always to the configuration A, i.e. with the flow straightener in place. The
lower value is valid for configuration B without the flow straightener. The spread be-
tween each set of corresponding values can be used to judge the calibration
reproducibility with respect to the used techniques and the test equipment, but disregard-
ing the influence from the liquid properties.

As a simple measure for a laboratory’s repeatability the best and worst standard deviation
from 10 repeated measurements at the different flowrates are listed. The higher values
come predominantly from the calibration without the flow straightener. For comparison
the uncertainty estimates given by the laboratories are also listed. These were stated with-
out respect to the actual liquid used in the calibration. Thus the adjusted k-factor values
mentioned above and the uncertainty statements should be seen in relation to each other.
Only one laboratory made use of the difference between configuration A and B in the
specification of its measurement uncertainty.

5.1 Reproducibility of the Intercomparison

The usage of a representative k-factor for an overview, if accepted as such, is quite prac-
ticable as a concept. Not only is it often that a user wants to handle just one single value
but its use is also very intuitive compared to the unreduced data of a table or the picture of
a couple of curves. As a further advantage, the representative k-factors can be used to cal-



culate an inter-series standard deviation (see Chapter 13, Part II), which is a better
measure than just using comparable values at one flowrate. Based on this concept an
inter-laboratory reproducibility can be calculated. Then, by comparison with the repro-
ducibility of, for instance, the pre- and post- tests and the calibrations performed by the
co-ordinating laboratory SP, the outcome of the exercise can be appreciated in a statistical
way. These values, calculated according to the definitions given in Appendix 3, are
presented in Table 4.

Table 4. Reproducibility of intercomparison and reproducibility within one laboratory (0=2).

reproducibility reproducibility repeatability factorinter-  factor  units

intercom- co-ordinating  co-ordinating comp./ co- reproduc./

parison laboratory laboratory  ord. lab.  repeatab.
screw meter 0,027 0.011 0.002 2.6 5.0 [p/1]
(config A) 0.16 0.07 0.01 [%]
turbine 0.025 0.014 0.005 1.8 3.1 [p/1]
(config A) 0.17 0.09 0.03 [%]
screw meter 0.022 0.017 0.003 1.3 5.0 [p/l]
(config B) 0.13 0.10 0.02 [%]
turbine 0.115 0.183" 0.020 0.6 9.2 [p/1]
(config B) 0.77 1,22 0.13 [%]

* comment: the high value is due to the first calibration not being in agreement with the two following - compare
Chapter 13 part H.

Although the statistical treatment takes care of different sample sizes it can be mentioned
that the tabulated values (configuration A with the straightener) for both the intercom-
parison and the co-ordinating laboratory are based on 12 calibration series each. In the
case of configuration B without the straightener the values refer to 11 and 3 series respec-
tively . The information is given on a 95 % confidence level, stating that any two results
(representative k-factors) between the participating laboratories are within 0.027 and
0.025 p/l for the screw meter and the turbine respectively, corresponding roughly to 0.16
% in both cases. Removing the straightener results in a comparable reproducibility for the
screw meter, whereas it increases by a factor of 4 to 5 for the turbine.

These values, which actually exceed the estimated uncertainty intervals, are of course a
measure per se. However, related to the reproducibility within the co-ordinating labora-
tory given in column 3 they seem very satisfactory being only twice as large. The tests in
the co-ordinating laboratory covered a temperature interval of 15 - 25 °C, a viscosity
range of 1.3 - 2.4 ¢St, 2 methods, 2 test facilities, different installations of the meters in
one of them, 6 volume references and 2 operators. Thus the comparison of reproducibi-
lity figures should be valid. The relation between the reproducibility and the repeatability
at the co-ordinating laboratory is about a factor of 5 for the screw meter but differs for the
turbine depending on the configuration.

5.2 Comparison by Youden plots

A visual way to show the overall agreement of the exercise is to present the values in a
Youden plot. This is done in Figs 1 and 2. The first of these shows the representative
laboratory k-factors calculated on the basis of the submitted calibration data from Appen-
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dix 2. The calibration series (laboratories) are consequently indicated by the same sym-
bol. Each point represents a pair of k-factors, one for the turbine and one for the screw
meter respectively. The plain symbols are valid for configuration A with the flow straigh-
tener in front of the turbine whereas the encircled symbols demonstrate the result without
the flow straightener. The two pairs of crossing lines mark the global means for the inter-
comparison with and without the straightener respectively (average of representative
k-factors - see Appendix 3). At least for the situation including the straightener,

<k(1)T o> and <k(r)S o> must be regarded as the best possible meter factor choice. Quite
clearly there is an offset between the two configurations, which must originate from a
superimposition of averaged installation effects and influences of the straightener itself. It
can be assumed that the straightener, only 10 D in front of the turbine, will generate a
flatter flow pattern.

Fig. 2 is constructed in the same way. The difference from the first one is just that the
representative k-factors are calculated from the calibration results adjusted to a common
temperature and liquid viscosity as shown in Chapter 14 of Part I. The global mean is
slightly changed. The larger the difference of the liquid properties from the adjustment
value (temperature 20 °C, viscosity 2 cSt), the larger is the change in position from
Figs 1 to 2 (for example, Labs 2 and 5). The axis intervals are constructed to display the
length of 1 cm to correspond to the same relative amount in percent on both the x- and y-
axis, which makes it easy to compare the spread directly. The circle describes a +0.1 %
range from the global mean and all values from the measurement with the flow straigh-
tener are actually covered by it. If some of the observed irregularities were removed the
screw meter range would probably amount to 1:0.05 % indicating the metrological overall
agreement between the laboratories, i.e. when the liquid influence is removed. From

Fig. 2 one can also depict, that the majority of the points fall into the vicinity of a corre-
lation line, which partly might indicate systematic differences in the volume references
amongst the participating Iaboratories,

5.3 Calibration Curves of the Scréw Meter

A more detailed result of the comparison is presented by showing the actual calibration
curves, which were found by the different laboratories. They visualise the screw meter
and turbine data from the summary forms of Appendix 3.

The screw meter results are shown in Fig. 3. With one exception, they are always meas-
ured in series and simultaneously with the turbine. The screw meter has a good linear
characteristic and its repeatability is in most circumstances better than that of the turbine.
More important, however, is its lower susceptibility to changes in fluid parameters and
flow properties. The judgement of the metrological agreement between the involved labo-
ratories should therefore mainly be based on the results from this meter. It also makes the
comparisons between the laboratories simpler and deviations easier to detect. Thus one
can find two results with a deviating curve form at low flowrates (Labs 4 and 7) and one
at high flowrates (L.ab 6). The Labs 2 and 5, working with the lowest viscosity, exhibit
the lowest meter factor curve, although no significant sensitivity to viscosity was ex-
pected with this meter.

For better comparability the results from Fig. 3 were first adjusted to a common tem-
perature of 20 °C. This adjustment is simply based on the usual material expansion for
positive displacement meters. The resulting data were then used to investigate a possible
viscosity dependence. For the two laboratories with the distinctly lower viscosity a
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correction was applied. This is discussed in Chapter 14.2.1 of Part IL. The adjusted
results are presented in Fig, 4. Compared to Fig. 3 the curves in the middle come some-
what closer to each other, The total range, however, is only slightly reduced (0.23 % =
0.20 % at low flowrates, 0.16 % = 0.11 % at mid-flow range). Even at high flowrates
the adjustment brings the curves closer to each other, which however does not affect the
range especially.

The screw meter was expected to be insensitive to flow profile shape. Thus removing the
flow straightener was predicted not to affect the overall agreement between the laborato-
ries. This was found to be the case. The curves corrected for temperature and viscosity
deviations from 20 °C and 2 ¢St are shown in Fig. 5. They correspond quite well with
those in the Fig. 4 with the flow straightener. The two somewhat differing resulis are
again from Labs 4 and 7 at low flowrates; the latter, especially, has also a more steep
characteristic. Lab 2 is still marked by even lower values as before, which leads to a
range of 0.14 % at the middle flow. Fig. § presents the magnitude of results a customer
with such a positive displacement meter would get from the laboratories involved when
all were working with a liquid very close to reference conditions.

5.4 Calibration Curves of the Turbine Meter

The reported turbine results are presented in Fig. 6. As can be seen from the legend the
curve shape is largely influenced by the viscosity of the liquid used, which is implicitly
also a function of the temperature. This is in good agreement with the pre-tests performed
with different liquids and temperatures both at SP and NEL. A basic observation drawn
from Fig. 6 is that a higher viscosity generates a higher meter factor on the low-flow side
and a [ower one at the high-flow side. The results of Lab 4 and the ones of Labs 2 and 5
show the extreme examples. The cluster of curves exhibits a crossing region at about
1200 V/min, which also is in good agreement with the pre-test results. The largest spread,
of roughly 0.8 and 0.4 %, between the laboratories exist at the lowest and highest
obligatory flowrate,

Presenting the meter factor as a function of Reynolds number rather than of the flowrate
revealed a much better coincidence (see Fig. 25) between calibrations performed with
different liquids and temperatures. Furthermore it is possible to fit a curve to this cluster
leading to a mathematical description of the Reynolds number dependency, which is
typical for this turbine. In turn this can be used to adjust all reported data to a common
viscosity and temperature of 2 ¢St and 20 °C. The suggested technique is explained in
Chapter 14.3 of Part II.

The result of that calculation, performed on all reported turbine data, is displayed in

Fig. 7. Very clearly the calibration curves now show much better agreement. As indi-
cated the largest spread has now reduced to 0.28 % and 0.2 % at the extreme flowrates.
Fig. 7 gives an image of what the intercomparison would have produced if all the labora-
tories were to have the same liquid at their disposal and to have kept the temperature very
close to 20 °C. For the sake of visual presentation the fitted curve to all the turbine data is
given along with the curves for two laboratories with extreme positions.

The effect of the absence of the flow straightener on the turbine is demonsirated in
Fig. 8. The influence of temperature and viscosity has already been removed using the
above-mentioned technique. Compared to the unadjusted data the range at the lowest
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flowrate is reduced from 0.96 % to 0.4 %. At high flowrates, however, the spread of
0.96 % before and of 0.99 % after the adjustment is unchanged, which is in contrast to
configuration A, where the adjustment almost leads to a 50 % reduction (0.36 % =

0.2 %). This finding could be explained by flow-profile effects, which are predicted to
increase with the energy content in the flow and this was what the measurement in con-
figuration B was intended to reveal. As expected the curves diverge and the relation be-
tween them is quite changed compared to Fig. 7. Intuitively the three upper and the low-
est curve deviate from the rest, especially at high flowrates and this reflects the findings
from Fig. Z, where the curves are concentrated into just one representative k-factor for
each laboratory.
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6 Discussion of Results

6.1 Youden plots

The two Youden plots (Fig. 1 & 2) show the relation between the results of the laborato-
ries in a visual way. If no installation effects or interference between flow straightener
and turbine rotor were present, then the simple and encircled symbols should coincide for
all laboratories. This is quite obviously not the case. Furthermore the centres for confi-
gurations A and B exhibit a clear offset. This is not significant in the case of the screw
meter. Removing for instance the extreme values from Lab 6 in configuration A and from
Lab 2 in configuration B would cause the global value <k-SA> to be lower than <k-Sp>.

Much more serious is the shift of 0.27 % for the global mean of the turbine after having
removed the flow straightener. A closer look at Fig. 2 also reveals that there are a couple
of pairs (from Labs 4, 5, 7, 10, 11) that have about the same difference in the turbine
factor (k-T'g) - (k-Ta) with the two configurations.

Table 5: The change in the turbine meter factor after removing the flow straightener.

Laboratory No: | 1 | 2

Diff config A
to config B [%] 0.6|0.28

These differences are in the range 0.12 to 0.17 %, which however is significantly less
than the offset 0.27 % between both centres. This indicates that the offset could be a
superimposition result of an interference effect between the flow straightener and the
turbine on the one hand and the averaged installation effects on the other hand.

6.2 Flow Straightener Influence

In order to estimate the suspected interference effect, a couple of calibrations were run
after the post-tests and after a repeated calibration at one of the laboratories. In these tests
two straight pipes of 3" and 4" diameter about 6 m and 4 m long were flanged between
the standard arrangement from the calibration and the unchanged package of meters. For
each pipe size three complete runs were performed, one without any straightener, one
with the straightener at the entrance of the long pipe and one with the straightener in its
original place. For the 3" pipe the straightener of the intercomparison (19 tube bundle)
was used in both positions. For the 4" pipe an equivalent one was available and used in
its entrance. During these tests the flow from the prover outlet reached the straight pipe
via a plain rubber hose that undoubtedly imposed both an asymmetric profile and a swirl.
The detailed results of these calibrations will be reported elsewhere. The information,
reduced to representative k-factors, is collected in Table 6.

Several interesting conclusions can be drawn from the six resulting curves. The important
one in this context is that the existence of the straightener reduces the meter-factor curve,
as almost all laboratories stated. With a 4" supply pipe the amount is 0.12 %. With a 3"
pipe the reduction is as much as 0.17 % if the flow is not rectified by a straightener after

the disturbance in the bend hose. However, if a second straightener is introduced, which

was possible only in the 4" pipe, then the reduction actually amounts to 0.26 %. The
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result for the 3" situation of 0.21% is not perfectly comparable as a second straightener in
its entrance was lacking.

Table 6: The change in representative meter factor between comparable installations
with a 4" and a 3" pipe and between different configurations of the same pipe size.

Straightener placement code Difference Difference Difference
flow direction ——> [%] [%] [%]
" effect of FS
L Ad Ad4"= A3" | A4"e> B4" | in package
~ = A3" 0.015 -0.123 profile
~— 0.005 0.003 flattening
= " effect of FS
:E E: C4 C4"E:> CBII in pipe B4”I::> C4I1
- C3" -0.085 reductionof  0.264
JE = 0.008  swirl  0.002
é B4" B4||c:> B3" A3||E:> B3II B3”Ii> C3||
_ " -0.031 -0.169 0.209
N ] B3 0005 | o004 | o000

upper value for turbine, lower value italic style for screw meter.

The main reason for this behaviour is not fully understood, but could be ascribed to a
flatter profile, a higher degree of turbulence produced by the tube bundle a short distance
upstream of the turbine rotor and possibly to a generated swirl if the 19 thin-walled tubes
are not perfectly in line with the outer pipe. Perhaps if the flattening is the dominating
effect and persists to a large extent through the pipe length to the second straightener, then
this could explain the large difference between the results of changing straightener place-
ment A= Band B> C. '

6.3 Installation effects

The figures above (A4"=B4" 0.12 % and A3"=>B3" 0.17 % reduction by the tube bun-
dle) without a straightener in the entrance of the pipe correspond very well with some of
the laboratory results mentioned above, On the other hand one would expect the compa-
rison with a second straightener to be the more realistic one, This, however, leads to a
reduction of 0,26 % and 0.21 % respectively. The judgement, what reduction the flow
straightener in the package really produces, is not simple to draw from the limited mea-
surements and should be studied further. However, whichever value is finally assigned to
the reducing interference effect, a larger or smaller difference between configuration A
and B must be caused by disturbances from installation effects.

Clearly the findings from Labs 1, 2, 3, 6 and 9 should, on the basis of this exercise, be
interpreted as the result of a swirl supporting the turbine rotation, having a counter clock-
wise rotation. From the results of Lab 3 (compare the deviation at the higher flowrates in
Fig. 6), which were produced in a great hurry and looked upon and analysed after the
equipment had already been sent to the first laboratory, it was fairly well established later
on that the necessary bends of the used hose produced a swirl, that did not die out despite
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the fact that the hose was straightened for at least 4 m in front of the package. After the
second calibration several extra measurements without the flow straightener were per-
formed at a mid-flowrate revealing a large sensitivity to very small changes in the bending
of the hose from the prover. Although the physical changes were too small to be docu-
mented in a proper way, the k-factors produced could change noticeably and in certain
circumstances become even smaller than with the flow straightener in place.

The opposite deviating result of Lab 8 (Fig. 2) is not easily identified as clockwise swir]
effect. It might also be due to a significant deformation of the cylindrical symmetric flow
profile.

6.4 Global Means

For the intercomparison the result shown in Fig. 2, with all physical differences in the li-
quid removed, is the most important one. If none of the 12 results is substantially diffe-
rent, then the two means of these 12 representative meter factors should form the best
possible value for each instrument and configuration, It might be questioned whether it is
correct to use 3 results from the co-ordinating laboratory and 2 from another one to build
the global mean of the nine collaborating laboratories. But these calibrations were of
course run under totally equivalent circumstances. Still one could argue the mean of the
three results from SP together should have the same weight as that from every other labo-
ratory. A calculation removing for instance SP’s two first results would lead to a change
well below 0.005 % in all cases and for the adjusted global mean an insignificant increase
of only 0.0001 p/l for both meters would be found. As to the second calibration (only
configuration A) performed by Lab 9 at 10 bar pressure, it renders further information.
Removing this result from the global mean would lower it with 0.007 % and 0.006 % for
the turbine (raw data and adjusted data respectively). For the screw meter the global mean
would be reduced by 0.002 % in both cases. It is felt that the total of twelve complete
calibrations thus forms a balanced result, giving the best information on the meters in
question.,

Hence, the remaining differences from the global mean must emanate from imperfections
in the references used, the techniques and the test facilities. The dashed line in Fig. 2
indicates a systematic dependence at least for the results in the centre showing for both
meters either a somewhat higher or lower value. The distance along this line might be
interpreted as the difference in the references used between the laboratories, with the
smaller ones in the first quadrant and the larger one in the fourth quadrant, The results of
the three laboratories lying away from the dashed line must then have a different cause.,

6.5 Observations

The characteristic of the turbine is far too non-linear to observe irregularities in the repor-
ted curves. For the screw meter, plotted with much higher resolution, the situation is dif-
ferent. Looking at the cluster of Figs 4 and 5, the results of Labs 4 and 7 differ at the low
flow range side, where both use different references, distinctly from the rest. This does
not, however, influence the representative k-factor very much. A somewhat deviating
characteristic is also seen in the turbine curve of Lab 7, behaving as performed in a liquid
with a viscosity of 1.9 ¢St on the low flow side and rather like one with 1.2 ¢St at the
high flow side.
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A closer look to the relatively high screw meter result of Lab 6 in Fig, 2 indicates that it
is only due to the two highest flowrates (see Figs 3 & 4) in contrast to the repeated mea-
surement without the straightener (see Fig. 5). This is believed to be an incidental effect
in the first measurement and not at all correlated to the straightener.

To focus on these details a series of cross-correlation plots between the turbine and the
screw meter have been constructed, They are contained in Appendix 5. The first series
comprises 12 plots, one for each calibration (Lab 1 to Lab 12). Here the difference
between the adjusted experimental values and a pair of reference values for the six
flowrates is presented.

The reference chosen in both series is not the global mean or any other constant pair of
values. Any constant reference would, due to the non-linearity of the turbine, hide the
interesting details or make the plot totally asymmetric. The reference pair used instead is
taken from the theoretically fitted curves for both the turbine and the screw meter, which
is based on all the 12 calibration curves for each meter. For each arbitrary flowrate the
meter factor calculated from these two curves serves as the best available for a compari-
son at just the interesting flow. Each point in any of the cross-correlation figures thus
represents the difference in percent of the adjusted experimental value from the fitted
k-factor for the actual flowrate. This construction has the benefit that measurements per-
formed at other flowrates than the obligatory ones do not interfere with the flow depend-
ence. Thus the centre of each figure defines a different pair in absolute values, but com-
prises always the best reference for the experimental points contained. This construction
is demonstrated with the help of the figure in Appendix 5§ showing the two fitted curves
and a cross-correlation plot. The picture visualiscs how the centre of the correlation plot is
made up. Using two arbitrary values at flowrates a and b, the deviation from the fitted
curves is explained.

The second series of correlation plots shows, for each of the obligatory flowrates, the
position of the laboratories, again with respect to a pair of reference values constructed in
the same way.

With this in mind one can more clearly point out some specific observations. One of them
is the high values of Lab 7 in series 2 at flow 1 and 2, which persist to flow 3:2 and
which is also seen as a systematic dependency in plot Lab 7 of series 1. A possible inter-
pretation could be a leakage at the lower flowrates. The opposite is valid for Lab 2 with a
systematic shift to lower k-factors for both meters. Corrections having been made for
temperature and viscosity dependency, this could indicate other effects such as: a) not all
the liquid collected passes the meters, b) an overestimated volume standard, c) aleakage
in the bottom valve of the volume standard, etc. Problems with the pulse registration are
not considered to provide an explanation as the pulse preparation was the same for all
laboratories.

Quite different is the situation for Lab 6 with the unmotivated high values for the screw
meter at flow 4 and 5. A similar situation is valid for Lab 4 at flow 1. These might indi-
cate an undetected extra pulse from the screw meter even after the run, which could hap-
pen if there are pressure pulses or vibrations in the liquid causing small angular move-
ments of the screw that could induce a false pulse into the magnetic pickup.

The analysis so far does not indicate any behaviour of the results that can be related to the
calibration technique or the size of the volume reference used. Comparing the average
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standard deviations reported from a piston prover of 60 1 with those from a 3000 1 ball
prover or a 10000 1 volume standard, one finds very comparable figures for both meters.
The repeatability of the screw meter is almost always better than for the turbine. The cali-
bration at 10 bar also supports findings at the co-ordinating laboratory that a higher pres-
sure leads to more stable conditions. A trend seen in the reported data is that the repeata-
bility (standard deviation) is higher at lower flowrates. With the flow straightener re-
moved it also increases at higher flowrates. A reasonable explanation could be the spread
in bearing friction at low flowrates. At high flowrates the straightener seems to have a
damping cffect.

The repetition of a calibration point is not the normal procedure in the laboratories. From
all together 35 completed series (20 from the intercomparison) the repeated measurement
at flow 3:2 showed a lower k-factor in 22 cases for both meters. In 12 cases the changes
in the screw meter and the turbine had a different sign. There are two effects one can
think of, if the change is significant and not caused by temperature (viscosity) changes.
Pumping kerosene for a long time will saturate it with gas that is not removed in the gas
separator. If it has the form of small bubbles then one would expect both meters to over-
estimate the real liquid volume. If the gas is dissolved, it might cause a reduction of the
density, thus lowering the impulse on the turbine. In cither case the difference might indi-
cate changes in the calibration conditions that should be taken into consideration in an
uncertainty calculation.

6.6 Representative k-factor Construction

As argued in Chapter 15 of Part IL, the construction of a representative meter factor is
not very sensitive to the selection of calibration points. This means that this construction
leads to a comparable value even though a laboratory did not measure at the obligatory
flowrates or a calibration point was missed. The comparison of a meter factor taken at
necessarily slightly varying flowrates would have meant much larger arbitrariness. In
only one case, due to the more U-shaped curve (Lab 7) the combination of the represen-
tative k-factor was done differently (see Chapter 15.2)

6.7 Measurement Uncertainty

Table 2 contains the uncertainty figures estimated by the laboratories. Some of them gave
one value for all flowrates while others made a calculation for each of them. These esti-
mates lie, with two exceptions, in the range 0.03 to 0.09 %. The way these values have
been judged differs of course due to the test method chosen. In some cases the repeatabil-
ity of the meters forms a part of the uncertainty contribution, in some it does not and the
given figures rather point to the contribution from the test facility alone. No-one has how-
ever specified contributions due to expected installation effects, which of course are not
easy to know. Neither has there been any reservation due to coniributions arising from
the meter sensitivity to the used liquid. Of course no reproducibility aspects could influ-
ence the uncertainty calculation as this aspect was outside the perspective of the individual
laboratories. At this level of flowmetering the non-random uncertainty contributions are
usually the dominating ones. They also differ with the equipment and the method. Thus
no efforts were undertaken within this project to find a common description for a better
comparison.

What do the stated uncertainty figures imply? They probably tell that the given meter
factors would, with a confidence level of approximately 95 % , be repeated within this
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margin if the meters were exactly the same and all other conditions under total control.
They don't specify a range within which a customer can rely on this calibrated factor, a
range that, to a large extent, would overlap with the ranges specified by the other labora-
tories. Applying the uncertainty figures to the representative values of Fig. 2, with the
difference in liquid largely equalised, one would expect to find the uncertainty margins
for the respective meter to cover at least the global means. This does not seem to be the
case for all laboratories as is shown in Fig, 9.
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Fig. 9: Youden-plot with adjusted values for the representative meter
 Jactors, the global means and the associated uncertainty limits.

A conclusion the project co-ordinator might draw, when looking at the available informa-
tion, is that one should include uncertainties for unknown effects. One of these is partic-
les in the liquid that might cling to the turbine blades and both increase or reduce the meter
factor. Another could be rust, which is a deposit on the inside of the screw meter,
increasing the tightness to slippage. In other words the calibration object itself, although
there is no redundant or primary information about it, should include a reproducibility or
stability contribution, perhaps based on intra-laboratory or inter-laboratory comparison
experience.

For a customer with a totally different liquid, which probably is the standard situation and
not the exception, the uncertainty should be clearly limited to the specified calibration li-
quid. Concerning a user liquid with different properties, the possible uncertainty contri-
bution compared to the given calibration values should be added.

Flow calibration is a quite delicate profession and probably an operator doing everything
right in all circumstances cannot be expected. Perhaps a contribution for the human factor
should be included in the uncertainty judgement,

The most striking effect, however, comes from imperfections in the test facility. Only one
of the laboratories has taken into account the difference between configurations A & B,
i.e. with and without the straightener. A separate analysis by each laboratory of its result
on the background of the intercomparison could improve this situation.
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Conclusions

There are some important statements and conclusions that can be drawn from this inter-
comparison exercise.

1

The meters were stable enough throughout the calibration series, making this inter-
comparison worthwhile and informative. Overall changes of less than 0,01 % for
both the turbine and the screw meter were found between the first and last calibration.
This is clearly less than the possible measurement uncertainty. These figures were
also confirmed by one of the laboratories, which repeated its first calibration,

A lot of additional information can be deduced by the laboratories studying their
results on the basis of the overall picture (especially the plots in Appendix S and 6).

At least 5 calibration runs suffered from installation effects, the amount of which
should be read from Fig. 2 in conjunction with Table 5. The size of this effect does
not exhibit a simple relation to the distance of upstream straight pipe before the test
section (given in Table 3). A large pipe diameter may despite its length allow swirl
and asymmetric profiles to partly persist. On the other hand the experiment also dem-
onstrates that the chosen flow conditioner worked effectively.

The overall reproducibility of the intercomparison, liquid properties equalised, was
0.17 % for the turbine with upstream flow straightener, Without the straightener the
reproducibility increased to 0.77 %. For the screw meter the reproducibility lay
between 0.13 and 0.16 %. The intercomparison reproducibility concerning different
methods and test facilities was about twice as large as the intra-laboratory reproduci-
bility, i.e. within the co-ordinating laboratory, which should be regarded as an excel-
lent result.

Even though the reproducibility (different liquid conditions etc) for these meters
showed to be only roughly a factor 3 to 5 larger than the average calibration repeat-
ability one may not forget that it affected the characteristic of the turbine considerably.

With single questionable values corrected, the adjusted results would very well be
within a range of = 0.07 % for both meters (configuration A), which at least for the
screw meter also would be in good agreement with the mean of the estimated
uncertainty figures.

Without any corrections being made, the result of the ordinary calibration, which a
customer could expect, would be one of the curves of Figs 3 or 6. This would mean a
range of up to almost 1 % for the turbine at low flowrates despite the flow conditioner
and still around 0.2 % for the screw meter. '

From the analysis of the results the conclusion is drawn, that it is primarily the
absence of a flow straightener in the first and the liquid properties in the second place
that cause the spread between the laboratories.

If measurement uncertainties of less than 0.5 % are asked for one would recommend
always to calibrated and run a turbine in a field installation with an associated flow
straightener. Otherwise much larger differences must be expected at varying customer
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realistic to expect. Thus what should be required of a calibration laboratory is to
ensure that its test section has a fully developed flow profile being the equivalent of a
long upstream pipe installation.

The cross-correlation technique used is quite a powerful tool in detecting anomalies in
a calibration. Therefore one would always recommend having at least one well-
known reference meter in series with the calibration object.

The concept of a representative k-factor is suitable for several aspects of such an
intercomparison and should be applicable also for a customer, who cannot use elec-
tronic linearisation techniques.

The knowledge that turbines are very sensitive to viscosity is not new. Calibrations
are rarely run at the customer’s facility and with its liquid at the usual temperature,
This therefore demands two things. Firstly, an uncertainty estimation would be
needed that also includes the customer’s measurement situation. Secondly, a practical
translation of the calibration result to the liquid properties of the customer is needed.
The adjustments performed in this report to make the results more comparable might
be a suitable technique, which needs to be applied, however, to different turbine
meters and a larger viscosity range in order to see its applicability. An interesting
study, if the technique should hold, would be to find the minimal amount of informa-
tion about the turbine meter to be able to perform such a translation. :
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8 Experience and Comments

From the organisers point of view the intercomparison worked very well following the
time table for the project almost to the end. All practical aspects, like the handling of the
carnet, the packing details, installation, meter registration etc., obviously did not cause
any problems. Transportation damages, breakdowns, de-mounting and rebuilding, etc.
known from preceding flow calibration intercomparisons, were thankfully absent. It is
not unlikely that organising the transport with one’s own entrusted personne! and making
personal contact between the laboratories contributed to that result. Another contributing
effect to keep to the time schedule was undoubtedly the buffer periods that obviously
were needed especially around vacation periods. If a larger failure had happened, they
would clearly not have been long enough.

The contact between the participants and the organising laboratory is felt to have been
adequate. The guide-lines, thought to contain all necessary information, were obviously,
however, too exhaustive 1o be read carefully and completely, otherwise some elementary
information would not have been missed. A principle problem could also arise from the
involvement of at least two persons in the intercomparison at participating laboratorics,
the one with more administrative responsibilities and the other the operator performing the
actual job. As a consequence, a note containing the obligatory flowrates was put directly
with the meters and a separate copy of the guide-lines followed the package.

The reporting was in most cases suitable, both concerning the amount of information and
delivery time. However, from the point of putting together all data, a faster delivery
would have made this work more effective.
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Calibration Intercomparison
on Flowmeters for Kerosene

Synthesis Report
Part I1

Summary

The tests performed prior and after the intercomparison exercise are described and the
associated results are reported. The main objective was to characterise the chosen meters
in the transfer standard and to reveal their stability and sensitivity to different parameters.
The tests at SP utilised two different calibration facilities with two different liquids, three
different temperatures, several different volume standards and two different volumetric
methods. At NEL the tests were extended to higher viscosities and temperatures and a
gravimetric method. The outcome of these tests showed a viscosity dependence that is
very different for the two meters, Tt was studied in detail. From this a correction tech-
nique was deduced and used to adjust the international results to a common basis for a
fair comparison.

The concept of a representative k-factor, a practical measure for the comparison of non-
linear calibration curves between the laboratories, is presented. The calculation of the in-
tra- and inter-laboratory reproducibility as well as the judgement of the meter stability in
time was based on this representative k-factor, After an initial change of the turbine,
probably due to bearing friction, the turbine and the screw meter were stable through out
the whole intercomparison.
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10 Purpose of the Pre- and Post-Tests

The aim of the pre-test programme for the calibration intercomparison was to establish a
measure for the stability of the transfer standard, to characterise the meters by their repeat-
ability and reproducibility concerning variations in the physical parameters as well as
different measurement techniques, transportation and reinstallation. Furthermore, two
operators working independently of each other, were thought to add a supplementary
parameter. Of equally impottant concern was to reveal the sensitivity of the meters to tem-
perature and viscosity, and if necessary find a suitable correction technique to equalise
them. As the resources at SP to vary the temperature and viscosity were limited to a range
of roughly 10 °C and two liquids at 1.3 and 2.1 cSt, several extended tests were perfor-
med at the National Engineering Laboratory (NEL) in Scotland. There the temperature
could be changed between 5 and 50 °C and the liquid viscosity between 2.5 and 4.7 cSt.

In the post-tests several of the sequences of the pre-tests were repeated in order to check
whether some of the meter characteristics had changed during the round robin series.
During the intercomparison period a 12 " Brooks Compact Prover (BCP 12), the volume
reference predominantly used, was re-calibrated twice and several of the fixed volume
standards were re-calibrated once between the pre- and post-tests. These measures, the
use of a second prover (BCP 24) connected at a different place in the rig and two supple-
mentary calibration runs in the low viscosity rig, were expected to generate an intra-labo-
ratory reproducibility, which should be equivalent to that between the participating labo-
ratories. :

Tests for revealing the sensitivity of the turbine to flow distortions could not be perfor-
med during the pre-tests. Neither was it possible to explore the effect of the existence of
the flow straightener on the turbine as the time schedule was too tight just before the start
of the intercomparison. These tests with 6 complete calibration runs were postponed until
the end of the exercise

11 Test Programme

The pre-test programme, which contained several test sequences, was petformed during
three weeks from mid-July to mid-August 1993, The post-tests were performed during
three weeks in September 1994. They directly preceded and followed the first and last
calibrations, SP I & SP III, belonging to the intercomparison, The last tests to evaluate
the influence of the flow straightener on the turbine could not be accomplished before the
beginning of January 1995,

Table 7 below summarises the different tests. They are identified by capital letters. Only
those that contain a complete curve are listed. Minor tests, omitted in the list of series,
refer to rechecking of some observations, variations in pump pressure or concern about
the straightness of the hoses, but did not provide additional information in this context.
Besides temperature and viscosity, Table 7 also specifies the volume reference, the
method and an alternative flow path used.



Table 7. The pre- and post- test program

Test | Liquid Temp.| Visc.| Volume | Method | Op. | Bench| Comment
[°C] | [cSt] | reference config
A D80 19.5 | 2.16 | prover | flying KS/| FM1 | basic calibration curve,
start/stop | JEB | [T] single meter in bench
B D80 | 20.0 |2.13| prover |flying JEB | FM1 | simultaneous measure-
start/stop [III] | ment meter in package
C D80 | 19.9 |2.14| prover |flying JEB| FM1 | repeatability measure-
' start/stop [I1I] | ment meter in package
| D ‘D80 [24.9 | 1.93| prover |flying JEB | FM1 | temperature increase
' start/stop (1]
E D80 | 15.4 |2.34| prover |flying JEB | FM1 | temperature decrease
start/stop (1]
F D80 [23.3 2.0 | vol normal|standing | JEB|FM1 | change in method and
- 1000,2000| start/stop (] | test volume
and 5000 ]
G D40 |19.8 | 1.31| prover |[flying KS | BM1 | mounting in new rig
start/stop [OI] | lower viscosity
H D40 {148 |14 prover | flying KS | BMI1 | temperature decrease
start/stop [III] | viscosity increase
I D40 |25.1 | 1.2 prover | flying KS | BMl | temperature increase
start/stop [III] | viscosity decrease
J D80 |20.3 |2.12| prover |flying JEB | FM1 | mounting in new rig
start/stop [II] | with higher viscosity
K D80 |20.0 {2.13| prover |flying JEB | FM1 | demounting - transport
start/stop [III] | - remounting
Intercomparison with calibration SP (1)
I [kerosene | 5.8 |3.29 |weigh tanks| standing | RB | NEL | different test method
1.5 & 61 | start/stop extended viscosity range
Il |gasoil |20.3]4.68 |two weigh |standing | RB | NEL | different test method
tanks | start/stop high viscosity range
I [gasoil | 48.6|2.66 | two weigh | standing | RB | NEL | comparable viscosity but
tanks | start/stop different liquid
IV |kerosene | 20.4 | 2.52 | two weigh | standing | RB | NEL | different test method
tanks | start/stop comparable viscosity

Intercomparison with intermediate and final calibration SP (II) and (I1I)

W@ (D40 |20.1 | 1.3 BCP 12 |flying KS | BM1 |new mounting rig BM1
start/stop ] |reproducibility test
WD | D40 (199 | 1.3 BCP 12 |flying KS | BM1 | repeatability in lower
start/stop [III] | viscosity
X D80 | 20.1 | 2.12 |vol. normal| standing | KS | FM1 | new mounting in rig
50001 | start/stop [I1 | FM1
Y D80 {203 |2.13 | BCP 12 |flying KS | FM1 | different installation of
stand. inst.| start/stop [II] | BCP12 as in pre-test
Z D80 | 19.6 |2.17 | BCP24 |{flying KS | FM1 | different prover size
stand. inst.| start/stop different connection
AA- |D80 (20 |[2.12 | BCP12 |flying KS | FMI | 6 tests to check flow
BC start/stop [III] | straightener influence




11.1 Test of the Individual Meters

After adjustments of the turbine to improve its linearity, the pre-test program comprised a
basic calibration of each meter (test A) over its specified range. This was done in SP's
standard flow rig (FM1) using kerosene (commercial name Exxsol D 80) and a piston
prover (Brooks BCP 12"; 60 1, in a special installation) as a volume reference.

The basic calibration procedure was as follows. After mounting the meter in the bench,
the liquid was pumped through the meter at a high flowrate (= 2000 I/min)} to get rid of
trapped air in the pipe work and to stabilise the temperature at =20 °C. Thereafter the
meter-factor was measured at different flowrates starting in the middle of the curve at
1000 /min and advancing in steps to the maximum flowrate. If necessary the test was
interrupted until the temperature had stabilised again, Then the k-factors were measured
starting from low flowrates and finishing with a repetition of the first flowrate at 1000
I/min, Each k-factor was determined as the mean value of 10 single results each referring
to one stroke (60 1) of the piston prover.

11.2 Test of the Meters as a Package

The rest of the pre-test program (tests B to K) was always performed with both meters
built together in the transfer standard configuration and with the flow straightener in
place. However, as the meter package was too long to fit into the ordinary test section, it
was connected via a pair of rubber hoses. These had a smooth and plane inner surface
and a length of 6 m each.

In all but two tests the piston prover was installed with hoses in a special position in the
rig. A flying start and stop technique was used and the same measurement scheme was
applied. Only for the test runs F and X a standing start-and-stop technique was chosen to
reveal the sensitivity of the meters to this calibration method. In order to keep the testing
time reasonably equal (170 s £ 50 %) three different volume standards (1000 1, 2000 1
and 5000 I) were used as reference for the different flowrates, This technique showed
good repeatability but is rather time consuming. Therefore only five repetitive measure-
ments were performed per flowrate.

The tests E, C, D and G, H, J were run in the same manner at 15, 20 and 25 °C respec-
tively. But whereas the first group refer to rig FM1 with D 80 the second group was
carried out in a similar calibration rig, BM1, but with a kerosene of lower viscosity (com-
mercial name Exxsol D40).

Due to practical reasons, the tests at NEL were done between the first and second calibra-
tions of the intercomparison. NEL worked with a gravimetric method and could run two
of the tests in two liquids of different temperature but approximately the same viscosity.

Immediately after the concluding calibration SP(III), some of the tests were repeated in
both calibration rigs and with different volume standards, but without any further tempe-
rature changes. The test W(II} is just a repetition of W(I) in order to check the repeatabil-
ity with D40. The run X (standing start/stop) corresponds to F in the pre-tests, but is
limited to one volume standard (5000 1) to exclude influences from several volume sizes
or eventual systematic differences in their calibration. Test Z over Y finally adds the influ-
sence of a larger prover volume (BCP 24™) and, due to a different installation, a much



larger buffer volume between meter package and volume reference. In test Y the small
prover was connected at its standard place in the test facility in contrast to all other tests.

11.3 Test Facility

A schematic drawing of the main calibration facility is given in Fig. A4, Appendix 4. As
indicated different flow situations can be arranged. Altogether six pumps moved the
liquid from the tank in the basement via a gas separator directly to the meter in the test
section [I] or to the transfer standard [1I] connected to the test section with hoses. In the
standing start/stop method (tests F and X)) the liquid was then directed to one of a set of
different volume standards. After filling, the synchronised diverter valves were triggered
manually stopping the flow through the meters to the volume standard and redirecting it to
the tank.

In the test of the single meter in the ordinary test section (test A) the prover was used as
reference and flow path [III] applied (but without the transfer standard). In that case the
liquid first passed the prover (with the block and bleed valve closed) and then the meter in
the test bench [I].

In the majority of tests the flow path [IIT] with the block and bleed valve closed (piston
prover - transfer standard - tank) was used as indicated in Fig. A4, Appendix 4. An ana-
logous flow configuration also applied for the series G, H, I, W(1) and W(II) in the test
bench BM1. A fourth configuration, including a large prover BCP 24" connected at a
different place in the pipe work, is not shown here.

The control and data acquisition system, producing automated measurements with the
help of the prover, is the same as in earlier flow intercomparison projects using water and
has been reported earlier’,

The double chronometry technique makes it possible to register parts of pulses, resulting
in a high resolution and a very good repeatability despite the low volume of 60 litres and
the low k-factor of the two meters.

The reported temperature values refer to the temperature sensor in the prover, which is
read off by the data acquisition system. The sensor in the meter package was read manu-
ally and reported three times per flowrate, before, after and in the middle of the 10 piston
strokes. Its resolution is 0.01 °C and the difference was always below (.3 °C. In tests F
and X both the temperatures in the package and in the volume standards were documen-
ted. Only a few differences exceeded 0.2 °C. During the tests most of them wetre below
0.1 °C.

11.4 Test Evaluation

One important result to be gained from the different test stages is the repeatability and the
reproducibility of the meters. Concerning the time difference between the series also a
stability judgement may be deduced. The other important result to be extracted is the re-
sponse of the meters to variations in calibration parameters as temperature, viscosity, ca-
libration technique, test equipment, test volume etc.

! Borjesson B., Lau P., Stolt K.; Hot water meter calibration intercomparisen, Large package, SP-

AR 1991:49




A simple method to evaluate the reproducibility is to plot the corresponding calibration
curves into a common figure and to depict the minimum, maximum and average differ-
ences between these. This technique has considerable limitations. The main reason lies in
the large change of the turbine meter characteristic with liquid viscosity.

As the NEL tests were mainly performed to extend the temperature and viscosity range,
the corresponding results were evaluated for temperature and viscosity corrections to-
gether with the SP results. Concerning an intra-laboratory repeatability and reproduci-
bility reference, with which to compare the outcome of intercomparison, only SP data are
used, as these correspond closer to the other laboratories own physical parameters.
Further the three SP calibrations belonging to the intercomparison are included in these
calculations as seen from Table 8.

The laboratory repeatability r; is based on the average in-series variance observed in the
tests. The reproducibility R; is calculated from both the mean in-series and the inter-series
variance. The definition follows the intention of ISO 5725* and the necessary formulae
are found in Appendix 3. The inter-series variance is calculated with the help of the
representative k-factor for each series, the concept of which is presented in Chapter 15
and Appendix 3.

ISO 5725 Precision of test methods - Determination of repeatability and reproducibility by inter-
laboratory test.



12 Results

The test results are presented in a series of figures. They are put together in different
ways to exhibit certain findings. A total picture of the behaviour of the transfer standard is
shown in Figs 10 and 11. The open symbols represent the resuits collected in D 80
(higher viscosity). The black symbols give the results in D 40 (lower viscosity).

The observation from both figures, which is also supported by the tests at NEL, is that
both meter factors decrease with increasing temperature. The dependence on liquid tem-
perature is, however, not a simple function as liquid viscosity changes along with tempe-
rature.

The screw meter factor increases with viscosity. For a change of Av =+0.8 ¢St (same
temperature) an increase of 0.03 % is found while a change of Ay =-+1.2 ¢St together
with At = +10 °C corresponded to an increase 0.07 % (Fig. 10). The threshold as well is
increased with viscosity, which physically is understandable, as this is expected to reduce
the slippage. The characteristic screw meter curve, however, seems fairly unchanged.

For the turbine a change in viscosity leads to a totally changed characteristic of the meter
curve (Fig. 11). The viscosity difference between D40 and D80 in combination with a
temperature change of 10 °C leads to an 0.6 % increase of the meter factor at low
flowrates and to a 0.45 % decrease and more at high flowrates.

In both figures the implicit influence from the viscosity secems to have a stronger effect
than the temperature change alone, but this behaviour is much more pronounced in the
turbine meter.

Compared to the effect of temperature and liquid viscosity all other factors like test
method (gravimetric, volumetric, standing or flying start-stop), density changes of the
liquid, size of test volume or testing time, type of reference and its installation etc., seem
to be of second order even with the flow straightener in place.

In Figs 12a and 12b a reduced selection of comparable screw meter results from two
liquids at three temperatures is shown. As a complement the overall result from the inter-
comparison is given as well, serving as reference. Further the results of the repeated
measurements at the mean temperature of 20 °C (Fig. 12b) are added. These (Y and
W(ID)) follow quite well the ones from the pre-tests. Only a slight change can be observed
in W(IT) (D40) having generally somewhat higher values and a clearly higher threshold.

A corresponding picture for the turbine is displayed in Fig. 13a. Again the overall turbine
curve (20° C and 2 cSt) from the intercomparison is used as a reference. The systematic
dependence on the viscosity both explicit and implicit via the liquid temperature is clearly
observed. The repeated curves (Fig. 13b) show the same behaviour. However a closer
look reveals that the curve from test W(II) and the corresponding one from H (same
symbols) are very similar, whereas Y has a distinctly higher k-factor than corve C espe-
cially at higher flowrates, which leads to a shift of the intersection flowrate from 850 to
1250 V/min.
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Fig. 10:  Result of pre-tests at SP on the screw meter in two liquids and three tem-
peratures each. The black symbols correspond mainly io the results in
the lower viscosity of D40.
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Viscosity and temperature dependence of the screw meter
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Viscosity and temperature dependence of the turbine
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Fig. 13a, 13b: Calibration curves for the turbine before and after the intercompari-
son - two liguids - three temperatures. (Black symbols D40




A probable explanation for this behaviour could be a grounding in the ball bearings of the
turbine after having been run in D40 (initial wear), which has a markedly reduced lubri-
city. Fig. 14 attempts to expose this effect. Here a close-up of those results is given that
refer to measurements in D80 at 20°C both before and after the pre-tests in D40, i.e.
before test G and after test I The two fitted lines characterise the two categories of
curves. Run J was the first after the measurement in D40. It looks like the turbine had
shifted about 0.2 % comparing the two groups. This shift is significant having a size
twice the range found in the second group, i.e. most tests after those in D40 (sce also
Chapter 16).
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Fig. 14: Calibration curves under comparable conditions in D80, Significant change
of characteristic after tests performed in D40, having lower lubricity.

The screw meter also exhibits a small change in the same direction, i.e. to higher k-fac-
tors with time (see Chapter 16). But the effect is much smaller. After this initial jump
both meters seem fairly stable and it therefore makes sense to take this "ageing" into
consideration when calculating a reproducibility for the meters as is done in the following
chapter.



13 Repeatability and Reproducibility Evaluation

Table 8 below summarises the representative k-factors for both meters before any cor-
rections are applied and also gives the average standard deviation for each series.

Table 8: representative k-factors [p/1] average standard deviations [p/l]
Test Turbine! Turbine | Screw | Screw |Turbine| Turbine| Screw | Screw
series A B A B A B A B

A 14.9522 16.7959 0.0022 0.0007

B 14,9588 16.7943 0.0013 | 0.0009

C 14.9574 16.7946 0.0012 0.0005

D 14.9515 16.7909 0.0012 0.0006

B 14.9629 16.7978 0.0014 0.0007

F 14.9607 16.7901 0.0010 0.0012

G 14.9865 16.7951 0.0018 0.0011

H 14,9843 16.7911 0.0016 0.0007

I 14.9839 16.7867 0.0016 0.0006

J 14.9730 16.7933 0.0018 0.0006

K=SP 1 14.9779 16.7952 0.0015 0.0005

L=SP1 15.0498 16.7945 0.0036 0.0005

M=SPII | 14.9837 16.7998 0.0015 0.0004

N=SP II 15.0019 16.7994 0.0033 0.0003

S=SP I | 149784 16.7959 0.0017 0.0005

T=SP [II 14.9995 16.7954 0.0024 0.0008

W) 14.9806 16.7935 0.0014 0.0006

W(II) 14.9878 16.7934 0.0015 0.0008

X 14.9812 16.797 0.0013 0.0008

Y 14.9797 16.795 0.0015 0.0008

Z 14.9821 16.7955 0.0008 0.0003

The table below lists mean values of the representative k-factors and an inter-series stan-
dard deviation calculated from the above values with respect to either all series, or those
after grounding of the turbine bearings, measured in both D80 and D40 or just in D80,

Table 9: Turbine | Turbine | Screw meter| Screw meter
config A | config B| config A | config A

SP mean k-factor : /1

(all series D80 & D40) 14,9735 | 15.0171 16.7941 16.7964 | [p/1]

SP mean k-factor

(in D80 &D40 after series 1) 14.9816 16.7943 g

SP mean k-factor 14.9794 16.7960 [p/i]

(only in D80 after series I )

SP intra laboratory standard 1
doviation (all serics) 0.0117 | 0.0284 | 0.0031 0.0026 | [p/]

SP intra laboratory standard
dev. (after series I, D80 &D4() 0.0041 0.0032 [p/1]
SP intra laboratory standard 0.0035 0.0020 [p/1]

dev. (after series I only in D80)




For the same selection of test series the laboratory reproducibility was calculated and
compared to the outcome of the intercomparison, which was calculated in the same
manner (for definitions and statistical weighting see Appendix 3).

Table 10: Turbine | Turbine | Screw meter | Screw meter
config A | config B| config A config B

ol ecngo e oy | 00045 | 00199 | 00021 | 00034 [pp
(ll serge lgsigig};)m) 0.0361 | 0.1829 | 0.0098 | 00171 |[pA]
(858131391;%318 la?fltl;'yseries D 0.0138 0.0105 [p/t]
(only D80 aftr suies 1) | 0142 0.0080 (o]
iy PRI | 0.0060 | 0,005 | 0.0038 | 00040 | [p/]
gﬁfﬁ’i‘tﬁpaﬂs‘m PO- 00250 | 0.1152 | 00273 | 0.0224 |[p/]

The figures for the standard deviations in Table 9 and for the repeatability and repro-
ducibility in Table 10 exhibit remarkable differences between the two meters and the two
configurations. One reason is that there are different numbers of tests, which contribute to
the statistical weighting. Another reason is a larger variety of experimental parameters,
when two liquids are involved. A third is a noticeable change in turbine characteristic,
which is believed to be the result of an initial wear effect on its bearings as mentioned
above. Finally the configuration B without the flow straightener introduced flow profile
effects, which shifted the turbine curve distinctly. From the different intra-laboratory (SP)
values the ones in bold style are used for comparison with the inter-laboratory result
presented in Chapter 5.1 of Part I. Thus the intercomparison rendered repeatability and
reproducibility figures that are roughly twice as large as the intra-laboratory results at
otherwise comparable variations in calibration conditions.

The repeatability figures of the intercomparison above state that the average meter factor
only in few cases (5 %) will change more than 0.04 or 0.07 % (turbine} and 0.022 or
0.024 % (screw meter) at repeated conditions. On the other hand a customer must be
prepared that the representative calibration value that he could receive from an arbitrary
laboratory, due to the used liquid and test facility, may with a large probability (95 %)
vary by up to 0.17, 0.77, 0.16 and 0.13 % for the turbine and screw meter with the
appropriate configuration.
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14 Temperature and Viscosity Effects

As stated earlier the viscosity effect is the more important one for the meter behaviour (at
least for the turbine). The change in liquid temperature and in consequence in viscosity is
more pronounced at low viscosities. Figs 15 and 16 give the result from three pre- and
two post-tests with the meter package. In the case of the screw meter a temperature
change of 10 °C corresponds to a range in meter factor of almost 0.07 %, which is twice
the expected effect from the expansion of the meter housing (compare Fig. 19). The
curves in Fig. 19 are fitted to the temperature corrected values. They indicate the re-
maining sensitivity to viscosity. It can also be seen, that the correction effect is different
on both sides of the maximum. From Fig. 15 one can also see an increase of approxi-
mately 0.02 % with time at otherwise comparable measurements.

Screw meter resulis In kerosene D40 at different temperatures

16.800 T e e R B
n L, ]
Y oA ]
16.795
N ~ i -4 0.02% ]
i —=% % 0.07% <->A10°C
= 16.790 : F’ W . ‘{7 ]
= - ,f - — ]
= 16.785 | e B T R ~
g - 9 j
‘OT - I .
* 16.780 [ f —& -G (14.8°C, 1.4 ¢Si) ]
B ] - -® - -H (19.8°C, 1.31 ¢S1) ]
- ,! —a& -1 (25.1°C, 1.12 c5B) 1
—a-~ -W| (post-test at 20°C) g
16.775 r e WL (?post-test at 20°C) § -
C D40 screw meter-plot 3 lemp ]
16.770 L L1 | 1 Lol b ] 1 | 1 1 ] I ] L I 1
0 500 1000 1500 2000 2500

flow rate [I/min]
Fig. 15: The change in screw meter curve within a given range of liquid temperature
and time (15 months between pre- and post-tests).

The corresponding figures for the turbine (Fig. 16) are 0.2 % and 0.08 % at most. To
cancel out viscosity effects in the intercomparison is thus much more crucial for the tur-
bine.

The tests at different temperature/viscosity conditions can be used to evaluate the sensiti-
vity to the respective parameter. Attempts to plot the dependence of the k-factors separa-
tely for each flowrate as a function of the temperature has shown a good linear correlation

(kS = kio + vy -t; coefficient > 0.99) for both meters. The values for the temperature coef-

ficient 7y are found using a least square technique.
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in kerosene D40 at different temperatures

T T T T E) | T T T T

Turbine results

15.10

A G (14.8°C, 1.4 ¢St
- -®--H(19.8°C, 1.31 c5t)

] {,\}25.1“& 1.12 cSt& ]
-—0- -W| {post-test 20° -
| —©— Wi {post-test 20°C)

E': 1 5 . 0 5 ......................
= 1
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&

i 15.00 S — ‘ o
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] 1 1 ] I
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14.95

1000

0 500 2000
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Fig. 16:  The shift in turbine meter curve within a range of 10°C in liquid temperature
and comparison with repeated measurements after 15 months.

The temperature coefficient 7y, however, seems also to be a function of the flowrate, the
temperature itself, and even more complex, of the viscosity, as is exemplified in Table 11
below.

Table 11: Temperature dependence of the meter factors valid at 1000 Umin.

Liquid

Screw meter

Turbine meter

D 80; 1.9-2.4 ¢St

kS = 16.811 - 6.728-10-41

kel =14.993 - 1,98-10-3t

D 40; 1.2-1.4cSt

k¢S = 16.809 - 8.368-10-4¢

kT =14.979 - 7.54-10-4¢

As long as there is only one liquid the flowrate dependence then can be found by using a -
least square fit technique on the temperature coefficients at the different flowrates. Un-
fortunately in the case of the screw meter, due to its slope, one also has to distinguish
between two flow ranges (below and above 500 1/min).

As an example Fig. 17 shows the results of this correction to a temperature of 20 °C, The
left- and right-hand scales are shifted with respect to each other to visualise the difference.
The result, which gives a convincing congruence, is in fact even an implicit correction for
the viscosity. The problem arises, however, when one tries to manage this for both
liquids simultaneously.

The effort to make a regression analysis of the viscosity dependence by plotting the k-fac-
tors at different flowrates from two liquids or even including the NEI data (from two
further liquids) as a function of the viscosity rather than the temperature was not success-
ful. The meter behaviour is obviously more complex and other liquid quantities like lubri-
city and also pressure effects as well as the flowrate are important parameters and no
acceptable correlation could be found.
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effect of temperature correction on turbine in D 80
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Fig. 17: Example for an applied temperature (implicit viscosity) correction from the
regression analysis valid in D80. The scales for raw (left) and corrected data
(right) are shifted for clearness.

14.1 Temperature correction

For the temperature and viscosity correction a quite different attempt was therefore tried.
In a first step, a temperature adjustment to 20 °C was performed, whefe only the expan-
“sion of the meter itself was concerned.

In the case of the screw meter, being a positive displacement meter, a simple volume ex-
pansion model was chosen using the expansion coefficient for carbon steel:

30ies = 33-10°6/°C

Thus the adjusted value kogS for 20°C followed from the measured one k¢S at a tempera-
ture t using equation:

k08 = (1+30tes(t-20)) k(S

A corresponding idea was applied for the turbine. But only the circular area expansion for
a stainless steel pipe was considered:

205 = 34-10-9/°C
Hence the following equation for the temperature correction of the turbine was used:

kooT = (1420e5(t-20)) k(T

The difference between these two attempts of correction is seen from Fig. 18, again with
shifted scales at left- and right-hand side (pure temperature expansion - upper curves,
even implicit for viscosity cotrection - lower curves). Although the implicit technique
seems to give a better result (black symbols), it is not a good correction model for visco-
sity differences when different liquids must be considered.
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different attempts for temperature correction

16.800 16.810

16.795 316.805

Correction only for temperaiure expansion 33*10-6
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Fig. 18: Comparison of two temperature correction methods. Open symbols - solely
temperature expansion of screw meter housing; dark symbols - taking care
of the implicit viscosity dependence (however not used). Left and right hand
scales shifted.
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14.2 Viscosity Dependence of the Screw Meter

The possibility that the NEL and SP results also might reflect some differences due to
different calibration methods, brings about a further difficulty for a consistent analysis.
The attempt to adjust a calibration result to a common viscosity was therefore mainly
based on the SP results from two very similar liquids in the interesting temperature and
viscosity range of 15 to 25 °C and 1.2 to 1.4 and 1.9 to 2.3 ¢St respectively.

In a first step of the analysis the temperature influence was eliminated as mentioned be-
fore. At 25 °C the meter body will contain 0.017 % (vol) more liquid compared to the
situation where the liquid temperature is the same but the meter has a wall temperature of
20 °C. Thus, due to the temperature correction from 25 to 20 °C, the meter factor would
increase by this amount, meaning a smaller liquid volume would have produced the same
number of pulses per time interval given a constant flowrate and pressure drop. The effect
of this temperature correction is shown in Fig. 19. The remaining difference among the
three curves is assumed to reflect the inherent viscosity difference.

effect of temperature adjustment in D40

16.800 : T T 1 T ? T T A T T ! T T T T T T 1 T :
T H A A i
C — - A ; A 1
16.795 E //’—JIZEI —_ Er__“:—_ :—_—Tﬁé\_t_j? da A A E
N - e &g T ]
16.790 | " i N = N
= - / T - | 7,3 - . .
a B IO SO ; I ]
_ 16.785 | (‘l{ 0_'05 % remaining viscosity dependency ]|
g, o d .y :
s 6.780 - s G (14.8°C, 1.4 cSt) -
B L —4A -G (D40; 20°-1.4 cSt) g
16.775 [ e H (19.8°C, 1.31 ¢St} -
N i - -@--H (D40; 20°-1.31 cSt) I3
I WSSOSO SO ] m | (25.1°C, 1.21 c51) N
16.770 —+t1- - | {D40; 20°-1.21 cSt)
[ skruvplot d40 medfutan tempkarr 1
16.765
0 500 1000 1500 2000

flow rate [lI/min]
Fig. 19: Screw meter without (black symbols) and with adjustment (open symbols) for
temperature expansion.

In the next step the temperature adjusted calibration points (20°C) representing six differ-
ent viscosities are plotted (Fig. 20). First of all the picture reveals that there is hardly a
linear relationship between the meter factor and viscosity. Secondly the difference bet-
ween the curves is also dependent on the flowrate. This is very pronounced at low
flowrates where the slippage and thus the threshold seems very sensitive to small changes
in viscosity. Thirdly, taking the experimental values from different flowrates directly and
plotting them as a function of the corresponding viscosity would create a confusing
spread. The following evaluation is therefore based on fitted curves to the experimental
values leading to better representativeness.
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Fitted screw meter curves for 6 different viscosities
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Fig. 20:  Fitted curves to the experimental data for better representativeness of the
viscosity dependence at different flowrates.

o

The best fit is given by the equation

k1(q) = ary+biq2+ciiq for the three curves 1 <i <3 in Exxsol D0 and
ka(q) = agj+boyqd+coiq  for the three curves 1 <j <3 in Exxsol D40,

In Fig. 21 a linear regression to a number of derived k-factors at the flowrates given in
the legend is plotted against the corresponding viscosity. For comparison the treatment
also takes into account two NEL calibrations at the most comparable liquid conditions.

k-factor for screw meter as funciion of viscosity
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Fig. 21:  Extracted k-factors plotted against associated viscosity at different
flowrates q > 500 l/min. Poor correlation for a linear regression
attempt concerning the viscosity dependence.
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As can be seen the linear least square fit is not a good model for the viscosity behaviour;
not even for q>500 I/min or if the NEL-data were ignored. The fit therefore uses again an
additional term proportional to v-2, The result is exemplified in Fig. 22. The symbols at
roughly the viscosities 1.2, 1.3, 1.4, 1.9,2.1 and 2.3 are again the SP data extracted from
the fitted curves after having been adjusted to 20 °C (Fig. 20). The four lines shown indi-
cate the expected viscosity dependence, They are calculated as 2 fitting to the SP-data only.
Other data are just used for demonstration. For a steeper dependenice at 1 cSt, terms pro-
portional to v-3 and v-# were tested as well. However the attempt with only a v-2 term leads
to a dependence that lies between the linear one shown in Fig. 21 and another linear one
based solely on the three SP-results at the low viscosities (1,2 to 1,4 ¢St with D40).

. 5 T T T T T ] T 1
16 81 B vlscleiy lab screw résult B
u lab 7 -
i - lab 4
16.810 b 9
i o]
16.805 X
i . i
- X O ]
16.800 A |
g i %
= - e — ———:g_—_—;_:a_—_;_—:%____,\u:
:‘.5- I g PR~ 1T - o) A
g 16.795 ” Qg Ti L o S ?L e -
- I /{>,)<"'*; /,L/’ AQ: . ]
g AT SR ek .
- BTN e . -
16.700 4~ Ng _
‘. , . : i
i O black symbols from C 300 l/min 1
16.785 () measurements in —#& -500 Umin § 7]
" /X two liquids at the o 750 Umin. ]
C m X temperatures of - =X=--1000 I/min J
-4 15°,20° and 25° G + 1250 I/min i
" —A- - 1500 I/min .
16.780 o) . 1750 /min -
i T lab 2 —m---2000 |/min 7
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16.775 L 1 1 L L I i L !
1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

viscosity [eSt]

Fig. 22: Non-linear viscosity dependence (~ v -2) of the screw meter. It is used for a
correction that varies with flowrate. Only 4 fitted lines are shown and one
transformation example (encircled A, see text) is given.

To estimate, whether the model leads to reasonable k-factors at viscosities between 1 and
1.2 cSt, the experimental values from Lab 5 (1.07 cSt) and Lab 2 (1.12 cSt) were tem-
perature adjusted and included in the figure as well. Whereas the low screw meter values
of Lab 5 seem to be totally in accordance with the viscosity effect, the even lower values
of Lab 2 are only partly explained by the relatively low viscosity of the test liquid. Tak-
ing into account that the experimental data of Lab 4 at the highest viscosity belong to
flowrates quite different to those in the legend, even this result is in good agreement with
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the assumed viscosity dependence. On the other hand this is not true for the relatively
high results of Labs 7 and 9. These cannot be explained by viscosity differences,

14.2.1 Correction Technique (Screw Meter)

The modelling equations for the curves in Fig, 22 can now be used to transform the meter
factor from one viscosity to another. The suggested technique starts from the experimen-
exp
Va
between a meter factor at this viscosity and a reference viscosity v, is for each flowrate g;

found from the fitting equation (1)

tally determined meter factor k(q ; )’ at flowrate ¢; and actual viscosity v,. The relation

k(vigi)=my(q+ 20 L maygyv (1)

by inserting values for the actual and reference viscosity respectively. The two meter fac-

tors produced by this model are denoted k(g I-)l’::;d and k(q;) ’:}rOd and the adjustment

assumes that their relation also holds for any other k-factor at that actual and reference
viscosity. A correction to another viscosity thus implies a movement along one of the
fitted curves (or parallel ones) from the measured value to the one at reference conditions
(2 cSt). The encircled triangular symbol (Fig. 22) exemplifies the transformation result
for the flowrate of 1500 I/min of Lab 5. The transformation equation for this is:

mod

¥(q.)f,,
Ka:)f,” e K )

Va

The relation factor for correction in equation (2) is larger than 1 as long as v, > v, and
varies with flowrate. This is shown in Fig. 23.
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o o N — o -1.20 -> 2 ¢St; D40 25° [ A
@ 1.0001 - - =%~ -213 ->2¢5t; D80 20° §
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o screw transformfact function 7
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Fig. 23:  Flowrate dependence of the correction factor for the viscosity adjustment of
the screw meter.
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As can be seen, transformations from 2.2 ¢St or higher values to 2 cSt have very little
effect (within the height of the symbols used in the calibration curves).

The conclusion drawn from this finding is only to adjust the two laboratory results
(Labs 2 & 5) at the especially low viscosities and not to apply any viscosity correction to
the screw meter results of all other laboratories.

14.3 Viscosity Dependence of the Turbine Meter

For the turbine meter a very different approach was tried. In order to get rid of liquid
dependent qualities it was suggested to display the calibration curves not as k-factor
versus flowrate but versus Reynolds number for comparison. The transformation is
performed using equation (3).

VD -D D 4.

e TR O
2

Re Reynolds number
p density of liquid X
|4 linear speed (bulk speed - mean value in pipe)
D inside pipe diameter
i dynamic viscosity

The cuotient (/p is replaced by the kinematic viscosity v and the linear speed is defined
by the flow ¢ passing through the pipe area A. Collecting some of the constants for the
transformation between units into one single constant f leads to equation (4)

q;f

S S — 4-1000
_'V(tl-)-D(ti)’ with f 4)

Re 60 7t

Here the viscosity and the pipe diameter are given as a function of the temperature to take
care of measurements at different liquid temperatures. The temperature dependence of the
viscosity is assumed to be a polynomial of degree n=2, equation (5).

V(t)=vo+m t+my 1 (5)

Fig. 24 shows the fitted curves for the liquids used in the intercomparison. The constants

vo, my and my differ from liquid to liquid. For each laboratory they are determined by a
least square fit based on at least 3 viscosity values in the range 15° to 50°.

The index i above is incorporated for the following reason. During the ten repeated runs
at each flowrate the temperature is quite stable. From flowrate to flowrate, however, the
temperature can shift several degrees centigrade. Thus an individual correction for the
temperature at each flowrate is more advantageous than for the mean temperature of the
entire calibration curve. The temperature effect on the pipe diameter D is already consi-
dered (see 14.1).
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llquid viscosity plotted as function of temperature
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Fig. 24: Temperature dependence of the liquid viscosity. The fit is performed with a
second order polynomial (equation 5). The actual viscosity is calculated for
each test temperature (i.e. each flowrate) and used in the viscosity adjustment
of the turbine results and in two cases for the screw meter.

14.3.1 Reynolds Number Dependence

The Fig. 25 displays the temperature corrected (tre=20°C) points from several calibrations
taken at NEL and SP in different liquids and at several temperatures. They were
performed with the whole meter package and the flow straightener in place. The result is
rearranged as a function of Reynolds number according to the concept above. It can be
seen, that the curves in this representation coincide quite well (compare to Fig. 27). The
drawn line in Fig, 25 indicates the best fit to all experimental points (corr. coeff, 0.996).
It's mathematical form is expressed by equation (6).

k(Re) = n, +\/LRl_e"+”2 ‘Re (6)

Other possible attempts, amongst them polynomials with varying degree n from 2 to 10,
do not give a fit as good as (6). A polynomial fit for n=5 indeed revealed a correlation
coefficient very close to 1. The resulting curve, however, exhibited details that intuitively
contrasted with the very simple and smooth dependence of the experimental data, The
fitting constants ng to ny for equation (6) should be valid for all liquids within the range
of the viscosities, temperatures and flowrates that contributed to the experimental data,

Theoretical models for turbine meters (Hutton®) also suggest terms proportional to Re-! or
Re2 for the bearing friction at very low flowrates. Within the tested region, however,

*  Hutton, S.P. The effects of fluid viscosity on turbine meter calibration, Flow Measurement the

Mid-80s, NEL, HMSOQ, Paper 1.1, June 1986
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none of these give a significant contribution. According to Salami* the term Re"1/2 can ex-
plain the drag of the blade profile. The term ~Re dominates the curve shape on the high
flowrate side and is influenced mainly by the linearising efforts laid down on the support
and the rotor itself.
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Fig. 25: Reynolds number dependence of the turbine exemplified with 4 tests at NEL
and 6 tests at SP at several different temperatures and viscosities together
with the best fit for all data points. :

The model to rearrange reported measuring data as a function of Reynolds number allows
the results of the different laboratories to be compared on a common basis. However, if
one believes in a stable functional relationship between k-factor and Reynolds number for
this particular turbine, one is also able to transform a whole calibration curve (k-factor as
a function of flowrate) measured at one actual viscosity (temperature) to a common refe-
rence viscosity.

14.3.3 Correction Technique for Viscosity Effects (Turbine Meter)

The technique proposed for the viscosity correction is the following. Starting from an

actual meter factor value k (q! )Kja at flowrate ¢; with values v, and #, for the actual vis-

cosity and temperature, a Reynolds number Re, is calculated with equation (4). The theo-
retical meter factor k(Re,) follows from equation (6). This equation can also give a value

k(Re,) for the same flowrate but reference values v, and ¢, , i.e. a k-factor for this turbine
in a different liquid. One just moves along the fitted curve from Re, to Re,. If one as-
sumes that the relation between k(Re,) and k(Re,) also holds for the measured value

k(q,g)ta

, and the interesting one at a reference liquid k(g i)l?/,-’ then all individual k-fac-

Salami, L.. A. Analysis of swirl, viscosity and temperature effects on turbine flowmeters Trans.
Inst Meas. Control 7{4) (1985) 183 -202
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tors can be transformed to a common viscosity, for instance 2 ¢St. This can possibly be
accomplished using equation (7):

k(@’i)

The transformation was tested with good results on seven calibration curves, four from
NEL and three from SP at large viscosity differences. Thus the resulting calibration
curves, reflecting the same physical conditions, do lie much closer to each other. Going
from a high viscosity to a lower one reduces the k-factor at the low flow side. In contrast,
going from a low viscosity to a higher one increases the k-factor at the low flow side; on
the high flow side it is instead reduced. This effect follows from the turbine characterisa-
tion (Fig. 25). At the low flow side a lower viscosity means higher Re-number and thus a
lower k-factor (shift to the right along the curve). At the high flow side a higher viscosity
means a lower Re-number also leading to a lower k-factor. The effect on the high flow
side is of course much less pronounced.

fa

LA TOR )

v: = %(Re,)

The conformation found was not so good for the curves at the extreme temperatures 5 °©
and 50°C as for those at intermediate temperatures, which all lie very well within + 0.1 %
(Fig. 26). This, however, is already due to the selection of the points for the fitting. In
the low flow range the turbine repeatability is poorer and the number of fitting points low.,

0.30 [ T T T T T I I T I T 1 T T T T I T I
N L NEL kerosene 5° ¢ SP kerosene 20° D40
- . NEL kerosene 20° A SP kerosene 25° D40
0.20 — 4 NEL gas oil 20° O SP kerosene 20° D8O
- L] NEL gas oil 50° o SP kerosene 20° D8O
0 ® ® vV SPkerosene 15°D40 &  SP kerosene 20° D80
0.10 B e
C 4 o Vo ° ]
- v, LA B @ gm, ;B V. o X iw® £ ]
[%] 0.00 [~ fiid A o4 o h o F A
o ) s o % . 8 o fitted curve -
& * ]
-0.10 :_ ..... i L .................................................................................................................... e
_0.20 g . Obligatory ﬂOW .? ................................................. _;
- range 2 CSt’ Zlouc NEL/SP residual plot:
"0..30 1 1 1 ] 5| i 1 1 5I i 1 1 5I i 1 1 SJ 1 - | 1 5
O 110 210 310 410 510
Reynolds-no

Fig. 26: The difference between the individual values and the Jfitted curve is a measure
Jfor the quality of the curve fitting.

But within the temperature and viscosity range for the intercomparison, the technique
seems to be 4 promising one to perform corrections. And quite clearly one could expect that
the differences in calibration results, depending on the liquid properties, can be reduced
making the comparison between the involved laboratories more objective. The effect of the
viscosity and temperature transformation is demonstrated by the comparison of Figs 27, 28
and 29. It should be noted that the effect of the viscosity adjustment is larger than intui-
tively seen due to the factor 2 in increased resolution of the scale in Figs 28 and 29.

Although the viscosity correction seems promising, it must be observed that it has so far
been tested only for this particular turbine meter.
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comparison of experimental turbine results at NEL and SP
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Fig. 27: Turbine results plotted in order of falling viscosity. The drawn interpolation
lines exaggerate the differences between the curves due to the few flow points.

viscosity adjustment to 2 ¢St performed
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Fig. 28: The viscosity adjustment brings the curves much closer to each other.

comparlson of NEL/SP results after adjustment to 20°C [/ 2 cSt
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Fig. 29: The temperature correction finally equalises the results even more.
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15 Non-linearity and Representative k-factor <kyep>

Flowmeters are usually delivered commercially with one k-factor rather than with a list of
k-factors for different flowrates. Due to practical reasons, users often want to handle just
one single value from a meter calibration despite the flow dependency. Even when com-
paring results from different calibrations with varying conditions it is more intuitive to try
to do this on the basis of just one value, i.e. a representative k-factor. This is especially
true for a quantitative comparison between different laboratories because there is a wish to
relate the reproducibility of the intercomparison to the repeatability or reproducibility
within one laboratory.

The question, however, is how to construct this k-factor in a representative way. If the
flowrate dependence were strictly linear, a mean value over the measured k-factor values
would be acceptable, as long as one does not know anything about the probability for the
different flowrates to occur. If the meter is not linear, and that is especially true for the
turbine, then a simple average is insufficient. Concerning the turbine in question, the vol-
ume passing through the meter during a given time interval would be overestimated at low
flowrates and underestimated at high flowrates. If we assume that the meter will face all
flowrates within a given range and we do not know anything about the probability for
them to occur, a possible way to build a mean value is by weighting each k-factor &; with
the corresponding flowrate ¢; according to the definition:

m
1
ooy 2 q; ki(q;)
- , M is the number of tested flowrates

| "
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Jj=1

k rep

1]

Even this construction will still depend on the selected values for that average as an un-
equal spreading of the flowrates will influence the result in the direction of too low or too
high values, compared with the best possible selection.

Concerning the intercomparison as a whole, there is not much of a choice as there are
only values from six flowrates available. But as the calibration curves can change shape
considerably with viscosity, it is not self-evident that a good choice for one calibration
liquid is good for another one.,

15.1 Sensitivity of <krep> to the Selection of Calibration Points

The sensitivity of the representative k-factor as a measure with respect to the selected
flowrates was studied for two calibration curves at two different viscosities. As the
experimental values ate still few, the study was extended to the mathematically fitted
curve as well, where representative k-factors were then calculated with several com-
binations of selected flowrates.

A result of this study is shown in the Figs 30 and 31 below. The first exemplifies two
combinations of calibration points, one from the obligatory flowrates (Ae) and one with
an arbitrary selection (M) from the fitted curve. The second exhibits the resulting <kpep>
for these combinations. In the lower part of Fig. 31, valid for 2 cSt, the different symbols
indicate the result of <kpep>, if different curve fittings are used. For the upper part of the
figure (1 cSt) the few data points from Lab 5 were used.
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Fig. 30: Example how the representative k-factor can be based on two differ-
ent combinations of flow points selected from the calibration curve.
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Fig. 31: Example for the sensitivity of the representative k-factor to the selec-
tion of flow points both from a fitted curve and from experimental
data directly. The upper part is valid for the lower viscosity results.

The legend for the various combinations is the following:

Ae based on five obligatory intercomparison flowrates using the mean values of the

repeated flowrates 3:1 and 3:2 (k-factor and flowrate) as one of them.
Be based on all available values (11 flow points) from the calibration.
Ce based on ail complementary values compared to Ae.
De based on a combination with a majority of optional flowrate values.
Be based on an equal combination of obligatory and optional flowrate values.
Fe based on the three lowest and the three highest measured values.

Aca based on the six points from five obligatory flowrates counting the repeated middle

one with the same weight (1/6).
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Fitted data for 21 equidistant flow points between 200 I/min and 2200 Vmin:

A based on obligatory flowrates (corresponding to Ae)

B based on all points within the interesting flow range 300 - 2000 /min

Bl based on alt available equidistant points within the larger flow range

C2 based on every second value.

C3 Dbased on every third value.

C4 based on every forth value.

M  Dbased on the three lowest, three highest values and three flow points in the middle.

Aa  based on the six points from five tested obligatory flowrates counting the repeated
middle one with the same weight.

The experience from this exercise can be summarised in the following:

1. An equal weighting of all values (B) within the specified test range renders a relative-
ly low value.

2. To use all available information from the larger range (B1) seems intuitively to be the
best approximation and it falls in the middle of the spread.

3. The range of constructed values for reascnable combinations is within 0.05 %,
which is less than the measurement uncertainty that can be claimed for.any of the
measured single k-factors. As a consequence of that it can be stated, that any five
flowrate values, that are not totally skew-distributed, will have no substantial influ-
ence on the weighted k-factor. This is important when comparing the results between
laboratories that did not measure in total conformity with the obligatory flowrates.

4. The most obviously constructed k-factor from the five obligatory flowrates, with the
average of the two repeated middle flowrates as one value (A and Ae), yields a rela-
tively high value,

5. The different possible combinations of the experimental data points show the same
behaviour as from the fitted points.

6. A combination with an over representation of large flowrates yields a relative low
value and vice versa, which is to be expected from the formula with the calibration
curve in mind. An unreasonable combination of just low and high flowrates leads to
an extremely high value, which is 0.08 % too high. This figure, however, should be
related to the total non-linearity within the obligatory measurement range which is as
much as 1.27 %.

The conclusion that can be drawn from this study is that the constructed k-factor for the

turbine based on five flowrates (A, Ae) is representative but somewhat too high with

. respect to the most neutral selection (B, Be). A better combination, which is also simpler
to achieve, would be the one based on six values from five obligatory flowrates (Aa and

Aea), counting both the repeated middle flowrates with 1/6 weight each. This value is

encircled in the figure, It is still a little bit too high (0.024 - 0.029 % valid for v = 2 cSt),

but it is actually the best available with the limited information.

15.2 The Sensitivity of <krep> to Viscosity

Even if, due to the limited data, there is not much choice, an important question when
comparing the results on the basis of a constructed k-factor is whether this construction is
neutral to the form of the calibration curve due to the used liquid, or if one flowrate is
lacking, as was the case for Lab 1 and Lab 2 (highest flowrate). To answer this question
both possible combinations Ae and Aea were performed on all non-corrected calibration
data. With one exception, the combination Aea leads to a lower k-factor, For six calibra-
tions the reduction is in the range 0,006 - 0,011 %, i.e. no significant change. For three
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laboratories (Lab 7, Lab 5 and Lab 2) the reduction is 0,057, 0,027 and 0,024 %. Ex-
cept for Lab 7 this also is acceptable in relation to the results from the theoretically fitted
curve. For Lab 7 with the middle viscosity the curve shape is much more U-like, which
leads with a double weight for the middle flowrate to a less representative result. For con-
figuration B without the flow straightener the reduction in the k-factor is even less than
the numbers given above, except for Lab 7, where it results in as much as 0,083 %.

The decision based on these observations is to use the weighting with six values at five
flowrates according to combination Aea, with the exception of Lab 7 where combination
Ac is chosen. This combination is relatively insensitive to viscosity effects, i.c. a different
curve shape due to a lower viscosity gives a very comparable representative k-factor va-
Jue, even before the correction for the viscosity effects is performed.

15.3 The Representative k-factor for the Turbine After Viscosity Correction

After the adjustment of all calibration curves for the turbine to a common viscosity and
temperature, the curves from the laboratories come much closer to each other. For labora-
tories with somewhat higher viscosities than 2 ¢St the representative k-factor is reduced
by between 0,008 to 0,026 % (config. A) and 0,009 and 0,029 % (config. B). For labo-
ratories with lower viscosity it is instead increased. The values are in the range 0,001 to
0,043 % (config. A) and 0,001 and 0,049 % (config. B). However, this picture is not
fully complete. For Lab § for example with quite a low viscosity the representative
k-factor increases with 0,089 and 0,091 % respectively due to the dominating influence
of the high flowrates. For Lab 2 the highest flowrate is missing otherwise even here an
increase could have been expected.

154 Representative k-factor for the Screw Meter

Concerning the weighting for the screw meter due to its good linearity there should not be
a large effect due to the combination chosen. Still it might be interesting to see how big
the effect can be. As the screw meter exhibits a maximum near the middle flowrate a dou-
ble weighting should increase the k-factor. This is, in fact, also the case with an effect of
0 - 0,004 %. For one laboratory (Lab 7) it is significantly larger 0,009 and 0,014 %
(configurations A and B). The main reason for this is the relatively large inclination of
this calibration result. For just one laboratory (Lab 6, configuration A) the double
weighting leads to a 0,011 % reduction. In this case the reason is due to two unnaturally
high values on the high flowrate side of the calibration curve.

The conclusion for the screw meter is the following. The most representative combination
is Ae with five points, using the mean between the two repeated mid-flowrates as one of
them.

15.5 The Influence of a Missing Result at High Flowrates on the Global Mean of
the Representative k-factors

When calculating a reference mean for the representative k-factor and plotting the result of
all laboratories in relation to this, another important question is, how a missing calibration
point influences the global mean, Generally, due to the missing values at the highest
flowrate from Labs 1 and 2 both would have a slightly higher representative k-factor

(Lab 1 < 0,01 %, Lab 2 < 0,06 % ) for the turbine and an unimportant decrease (0,01 %)
for the screw meter. Together with the weight of 1/12 each the total effect on the global
mean would be less than 0.005 % and could therefore be disregarded.
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16 Meter Stability

An important aspect of the intercomparison exercise is whether the transfer standard has
been stable enough, or if varying results could be the effect of changes in the meters
themselves. As the repeatability and reproducibility measures also contain other parame~
ters (reference standards, test methods etc.) a stability judgement should be based on
almost identical measurements. The three complete calibrations at the start, in the middle
and at the end of the intercomparison (SPI to SPHI) can be used for this task.

SPI-lIl calibration with and without flow straightener

1 6.81 O T i I T I T T T T T T T T T T T T
SP1-3 screw (A&B? plot e Lab 3 (20.0°C, F5)

' —e - Lab 3 (20.4°C, no FS)
— & - lab 10 (19.9° FS) :
- -% - -1ab 10 (20.0°C, no FS) X

~in-series standard deviation -

] 11 I il 1 1

16.805 [
- - -®@- - Lab 11 (20.1°, FS
= - > - -Lab1 gzo.O"c, A Fs) |
é 16.800 ,: .............................. g Foere > A R E. . g % ................. .,:
o i a T d _
:a-: : b . a - - - B i . : :

16.795 / s ...... e S -« ST = [ — -
] i i 3
£ i 0.05% ¢

0 500 1000 1500
flow rate [I/min]

16.790

Fig. 32: Three repeated complete screw meter calibrations after 5 and 13 months
respectively. White and black symbols denote the presence of a flow straight-
ener - no flow straightener.
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With respect to the measurement uncertainty (+0.06 %) no difference can be seen in the
result of the screw meter (Fig. 32) whether there is a flow straightener or not. Further the
results from SPI and SPII (Lab 3 and Lab 11) are very close to each other (metrologi-
cally identical), whereas the SPII curve lies 0.025 % above the others over the whole
flow range.

Even the turbine results (Fig. 33, uncertainty £0.08 %), disregarding the effect of the
flow straightener, show a much closer relation (same difference) between SPI and SPIII,
whereas the SPII values were 0.03 % higher.

The first reaction after the intermediate calibration, with the results from Labs 4, 7 and 8
at hand, was that of a trend for both meters. On the other hand a significant amount of
rust particles was found trapped in the filter prior to re-mounting and the calibration
SPTI. A closer investigation, when removing the flow straightener for running config-
uration B, revealed a very thin rust layer on the inside of the meter package that after-
wards was removed. No such problem arose at the last calibration SPILL This finding is
also supported by the fact that the calibration preceding SPII was performed in a rig of
carbon steel not built for calibration purposes. With the picture more complete the thin
rust layer thus could serve as an explanation for the higher values in SPIL In the screw
meter this layer could tighten against the meter walls and reduce slippage, especially at
higher pressure drop, i.e. higher flowrates. In the turbine the clearance can be reduced
also leading to higher k-factors. Rust in the form of a layer or particles fastening on the
rotor blades could work both ways, but from our experience mostly to give higher meter
factors.

This explanation also seems acceptable when looking at the representative k-factor of the
two meters concerning all relevant series (even from the other laboratories) as is shown in
Figs 34 and 35. They can serve as a histogram over the meter package. The SP calibra-
tions I, II and TIT are marked. Five series (G, H,LWLWIL, low viscosity, no correction)
in D40 gave lower values. The figure shows a very stable screw meter, with the SPII-
value as an outlier preceded by even a higher one, probably causing the rust layer.

16.820 p —r———r— .
F{ -——6&—— Screw meter =
16.815 B ®  original values 3
16.810 [ : g
L | pre-tests - lntercqmpartlnson post-tests ;
16.805 2 ” i 1?‘_ %SP” f\{ i ]
16.800F ‘“@ SPIll E
2 S Is [\ G y; E
16.790F Poogf - GPI -+ ]
o i 0.1% ]
16.785F : M * :
F Hislogram-plot scraw D40 L 4 =

16.780 1111 1 = -
<CO0AWLOI -5t~ ~" Nm§m©:§§x>r\|§

Series in chronological ordet

Fig. 34: Histogram of the representative screw meter factor over a period of 1.5 years.
The values are adjusted for temperature deviations from 20°C and for viscosity
in two cases (* ). One value (6) has been exchanged against the one from the
configuration without flow straightener.
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For the turbine (Fig. 35) the picture is a little more difficult. Again a drastic change
happening in D40 is seen. But after that the high value of SPII forms the exception.

15,00 g Turbine | }D4|0 ? HI&!;togrram l1urb||ne-plloig
14.99 —L————I 4@@ e 0.1%: o=

LN e [\ e T
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14 97 _ ______ characteristic S s —— SPIIl--L .

- L Intercomparison .
14.96 ¢ 9/9-4\/ I S T S R S M S R B S B
14.95 ; *] """""" ;5?&;&5?1? - ' B post-tests -
14.94

|
<l:cnODLLILL(DI—-Jm-¢r-~cor-:D_NmTN_mco:::X>-NQ
Series in chronological order =

Fig. 35: Histogram of the representative turbine meter factor over a period of 1.5 vears.
All values are adjusted for temperature and viscosity deviations from 20°C and
2 ¢St respectively.

The histograms above support the assumption that the SPII measurement is an exception
and that the difference between SPI and SPIII gives the real measure for the stability of
the meters in the transfer standard. The differences, based on the representative k-factor
as measure for a whole calibration curve, are given in Table 12 below.

Table 12|  k(S)A Ak(S)a k(T)a Ak(T)a
fp/l] [%] [p/1] [%]
SP I 16.7952 [ 111 0.027 149779 | 111 0.039
SP 11 16.7998 |11 <> I -0.023 149837 |u= 1 | -0.035
SPIII 16.7959 | I=III 0.004 149784 [ 110 | 0.003

The difference between SP I and SP II1, with a recalibration of the volume reference, is
only about 0.004 % for both meters. With an uncertainty estimate for the meter factor
(constant calibration conditions assumed), being of the order of 0.08 % for the turbine
and 0.06 % for the screw meter, this result is even better than expected from earlier expe-
rience with those meters.

The result of Table 12 is also verified by the good congruence between the calibrations
before SP I with those after SP III demonstrating a very good stability of both meters for
the intercomparison exercise.






Appendix 1 Drawing of the Transfer Standard
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Appendix 3

Definitions of Representative k-factor, Global Mean,
Repeatability and Reproducibility.

Repeatability and reproducibility are defined here in accordance with ISO 5725 and given
on a probability level of 95%. The repeatability defines the statistical range of values
produced by repeating a measurement without changing any parameter other than the time
for the measurement. If one should succeed totally in that, then this would define the
meter repeatability in question. Normally, parameters like temperature, gas content in the
liguid, pressure drop, or flowrates, are not in perfect control so that repeatability compri-
ses both the meter and the facility. The term reproducibility refers to planned changes in
those parameters influencing the meter performance like changes of temperature, liquid,
test method, operator, test facility, volume references, etc. Thus the reproducibility is the
important measure for the judgement of an intercomparison outcome. The figures presen-
ted in the report are based on the following definitions.

Indices used in the definitions:

i to indicate a single measurement within a series at one flowrate

J to distinguish a selected flowrate (only the obligatory ones are used)

/ to identify one of the co-operating laboratories

t to mark the result from the test laboratory organising the intercomparison, i.e. SP
h to distinguish between different calibrations at the test laboratory SP

k

i(g;): k-factor for a single measurement i at flow qj 1<ji<m,
m = 6 obligatory

k jlap: mean value for a series at flowrate j (this is stated in the summary form of
each laboratory)
_ 1
kj(q;) =L+ ki(q;) I<i<n;  n=10 (standard)
i=1
k(r): representative k-factor for a calibration result, i.e. one calibration curve

m
w24 kita)
k(r)=krep= J=1 _
1
w24

=

m =3/ 6 for screw-/turbine meter - see Chapter 15.1

ki(r): - representative k-factor for the calibration of laboratory /

<k(r)>: global mean value for the representative k-factor from participating laboratories

p
< k(r)>= ;}Zk () 1<i<p; p=12 (comparable calibrations)
I=1



k(r)y:

<k,r)>:

T

2, .
St IS«

representative k-factor for calibration number % of test laboratory (SP)

mean representative k-factor from all relevant calibrations at SP at different
conditions

Z
<k(N>=L¥k(y 1Shszy z=12
h=l1
variance of k j from repeated measurements at flowrate g;

a2 (e

average calibration variance of participating laboratory £, i.e. mean value
for the obligatory flowrates (m = 6 , j=1 and j=6 mid flowrate)

L < 2
“m Z*’" L
j=1
global mean calibration variance, i.e. average over the variances from all
laboratories

P
2 1<i{<p; p=12 (comparable calibrations)

"tslr--

inter-laboratory variance, i.e. from the inter-comparison of representative
k-factors between laboratories

P
52 =ﬁ§{[k1(r)—<k(r) >

variance of test laboratoty ¢ (SP) for calibration number A

mean calibration variance for test laboratory (SP)

Z
Etz = —;— 2_2 1 £ < z; znumber of test series

intra-laboratory (SP) test-series variance for representative k-factor

2
s,zgs = -zlflz[k,(r)h— <k(r) >]2
h=1




Ie.

RgCI

re(C:

test laboratory (SP) repeatability stating that the possible difference in
variance from any test series will, with a 95% probability, be less than the
value re (factor t95 from Students t-distribution).

F,= t?ﬂS_”ﬁ V Etz

test laboratory (SP) reproducibility stating that the absolute difference
between any two of the representative k-factors from all test series will
never exceed the value Rer within a 95% probability.

95 H 2 -
Ret = tr”_!)'\/i— St is +St2

reproducibility for the total intercomparison defining the probable

maximum difference between any two laboratory results concerning the
representative k-factor,

R,c= Irgns—-i)ﬁ \JlSCZ +5°

intercomparison repeatability giving the statistical range of variances at
the different laboratories.

Toc = 32.5_1;‘/5 ng
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Appendix 5 - Cross correlation plots - series 1

Series of cross correlation plots, one for each calibration (laboratory). For each flow rate
a symbol indicates the relative position that the corresponding laboratory has with respeet,
not to a global mean for respective meter, but the best reference (fitted curve) for this flow

rate.
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The best choice of flow rate is constructed by using a fitted curve for both meters and cal-
culate the deviation of a k-factor at the actual measured flow rate from the fitted one. In
that way the cross correlation plots do not suffer from meter non-linearity. The construc-
tion is shown in the following Fig. AS.
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Appendix 5

Cross correlation plots - series 2

Series of cross cortelation plots, one for each flow rate, that collect the deviation of the

laboratory results from the best reference. The best reference is con

Fig. AS.
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Fig. A5: Construction of best reference value using the fitted curves for both the screw meter

and the turbine meter.



Appendix 6: Individual calibration results (with and without flow straightener) in
comparison with the mean curves for the intercomparison. The mean
curves are the ones that are fitted to all data from the intercomparison.
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