16th International Flow Measurement Conference - FLOMEKO 2013 - 24-26th September 2013, Paris

A PRACTICAL METHOD TO DETECT THE REPEATABILITY OF A
GRAVIMETRIC FLOW TEST RIG BY USING THE TIMING ERROR

M. LeopoLpo CorDOVA AND THOMAS LEDERER

Physikalisch- Technische Bundesanstalt
Abbestr. 2-12, 10587 Berlin, Germany

leopoldo.cordova@ptb.de thomas.lederer @ptb.de

Abstract

The present paper presents an improved method for the diverter
error determination method according to the international rec-
ommendation ISO4185. By extending this test it is possible to
make a qualitative test of the overall status of a gravimetric flow
test rig. The proposed method has been successfully applied
to results of diverter tests of the large water flow calibration
facilities of the PTB in Braunschweig and Berlin. It is shown
that by applying this method also the repeatability of the flow
meter used, and of the test bench alone can be estimated.

1 Introduction- Motivation

The validation of the uncertainty estimations of any flow test
rig used for research or traceability purposes is of central im-
portance. The estimation methods are well standardized and
the main components as the weighing system, the water density
determination, the timing error, the flow conditions and the re-
peatability of the Meter Under Test (MUT) have been subject
of several studies and publications.

The most recognized way of validating the declared uncer-
tainties is trough interlaboratory comparisons. For the relevant
case, where the reference value is defined during the test, its
analysis is not trivial. In order for the reported data of every
laboratory to be comparable and consistent, it is necessary for
all participants to measure exactly the same measurand; i.e. all
relevant measurement conditions have to be the same. Consid-
ering that most of the participants of a comparison are dealing
with this exercise at this condition or range for the first time, it
is very likely that one or more participants will have undetected
biases even larger than their declared uncertainty. This is not
reproachable, since interlaboratory comparisons are many times
the only way to detect biases.

There are two ways to solve this problematic. The first
option is to take advantage of an external reference. This can
be done by performing more than one round in a comparison;
the first round should give an initial view onto the individual
performance of the participants, and give them the possibility
to roughly recognize their flaws and to correct them if possible.
After the problems are detected and solved, the second compari-
son round can be performed. The efforts needed to perform a
double comparison are huge, therefore a different option would
be preferred.

The optimal solution should allow participants to make a
qualitative check of their systems in order to detect major prob-

lems before the comparison is performed.

This paper presents a method to detect qualitatively if im-
portant systems of the flow test rig are working properly. This
method is an extended version of the timing error detection test
proposed by the ISO 4185. This new approach acts as a quality
control to proof the proper function of the flow test rig from
a metrological point of view. It presents additionally a way to
quantify the repeatability of the test flow measurement device,
and consequently also the repeatability of the test bench alone.
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Figure 1: The ideal testing time is defined as the time
in which the dashed area is equal to the area defined by
the testing time limits and the dotted line. The pulse trail
shown below represents schematically the uninterrupted
flow rate perceived by the meter under test.

2 Model of the diverter error

The uncertainty contribution of the diverter error is only relevant
if long measurement times are not possible. For most gravimet-
ric test rigs, all measurements taking less than one minute and
where an expanded uncertainty of under 0.1% is aimed should
be generally analyzed in detail. The time the diverter takes to
change from one position to the other Az; can be from a few
milliseconds up to one second. During this time, the flow rate
directed into the weighing tank increases from zero to the actual
flow rate; the shape of the incrementing flow rate within Az, is
not known.

There are two ways of estimating the diverter error: by
means of modeling and measuring the diverting system, i.e. at
least the blade dynamics and the water jet, or by modeling the ef-
fects that are caused indirectly by the diverter. The first method
delivers also the uncertainty of the diverting phenomena itself,
but requires large modeling and measuring efforts including
flow profile measurements at the outlet of the nozzle using LDV
for example, and characterization of the motion dynamics of
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the blades. This analysis has been firstly presented by Engel
et al [3]. The second method is empirical and has bin intro-
duced by the international standard ISO 4185. The advantage
of this method is its universal applicability, since no additional
measurement systems are required.

In order for a measurement to be error free, it is necessary
that the area defined by the testing time limits and the flow rate
is equal to the dashed area (see Figure 1). If this is the case, the
diverter would be error free. For this to be true, it is necessary
that:

a+c=b+d. (1)

If the flow rate can not be sustained adequately, and the divert-
ing time Aty is large, it might is advisable to apply following
conditions:

a=b; c=d 2)

The reason for this is that if only the first condition is used to
adjust the trigger point, the measurement would be error free
only if the flow rate is exactly the same for both diverting ac-
tions; even symmetric diverters like the unidiverter from the
NIST [2] or the double wing diverter from the NMIJ [5] have
to ensure very stable flow rates at the beginning and at the end
of the measurement. But if also condition 2 is fulfilled even if
the flow rate changes considerably, the diverter would be able
to cancel its error automatically..

2.1 The corrected ISO 4185 diverter equation

Every time a diverting action is performed, if the trigger point
is not error free, a constant time error (—A¢?) is added to the
time measurement. If measurements with different amount of
diverting actions are performed, it is possible to calculate the
constant time error that is being added per diverting action.

For this, two measurements are necessary. One with only
one filling interval, i.e. a regular calibration, and one with n
filling intervals. The time is only measured while the diverter is
directing the water into the weighing tank. For further details
on the procedure please refer to the ISO 4185. The equation
proposed to estimate the diverter error based on these two mea-
surements is:

v 7
At=——|— 3
t (n_1>(q,./q;_»; ] ©

Where the symbols ¢, At, g and m, represent the time, the di-
verter error, the volumetric flow rate and the mass respectively;
subindex i refers to interval measurements and superindex ’
refers to apparent magnitudes.

Equation 3 has some limitations: the remaining diverter
error has to be neglectably small Ar << ¢, the filling times have
to be exactly the same, and density or temperature variations are
not considered. In order to compensate for those phenomena,
an additional term k; for different filling times, and a term ky
for different mass flow rates that include the density variation
effect have been introduced. The corrected formulation is:

nﬂ
t
1 4)
ke ]

At+1
At = —
(£-1)

ki =1/t )

kp = m;/m (6)

NOTE For a detailed explanation on the derivation of equa-
tion 4 please reffer to the Appendix A. Appendix B includes the
derivation of the second method proposed by the ISO4185 for
determining the diverter error
In [2] and [4] there are different timing error equations presented,
if compared with the formulation proposed by the ISO4185,
there are some differences. These differences vanish if equation
4 is used.

For equation 4 to be valid, it is necessary that following
requirements are fulfilled:

e Regarding the flow rate:

the mean flow rate is kept constant

the diverter does not influence the flow rate

the flow rate during one diverting action is constant

the flow measurement device is highly repeatable

the flow profile at the diverter inlet does not change
e Regarding the measurement systems:

— The weighing drift is neglectable for the duration of
the measurements

— Nearly the same absolute weighing load is used for
both measurements

— All density, pressure and temperature measurements
are functioning properly

e Regarding the diverting system:

— The duration and the velocity of the diverting action
has a normal distribution

— The position of the trigger point is fixed

Most of these assumptions are applicable also for calibration
measurements. This is the basic principle of the flow test rig
testing method: If the flow test rig and the deduced model be-
have consistently, this means that all assumptions have been
met, and no major problems are expected during an interlabora-
torial comparison. If no consistency is given, at least one of the
assumptions is not being fulfilled.

2.2 Variance determination

If the diverter error test is repeated several times, slightly dif-
ferent timing errors will be found. In a similar way, if the
number of filling intervals is increased, the spread of the differ-
ent calculated timing errors varies. The typical dependence of
the standard deviation (20 samples) of the single tests on the
amount of intervals n used is schematized in figure 2.
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Figure 2: Variation of the standard deviation of the timing
error, as a function of the amount of intervals used for the
test. 20 samples have been measured.

The shape of the curve in figure 2 can be explained by making
an error analysis of equation 4.

Note. Equation 4 represents the method used for determin-
ing the value of At. Its variance o a; is describing the behaviour
of the method, in contrast to the variance o that is describing
the diverter variability and representing an additional contribu-
tion to o ;.

By introducing the dimensionless variables 7

At m; 1 li
=7 " m I T )
in equation 4 we obtain:
1 (kn
= — -k 8
" ( v ) ®)
Its associated variance is given by:
k 2 k 2
2 _ f 2 m 2
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Since time measurements are performed normally at an accuracy
better than 10~%s we cann assume that

o =0 (10)

The value of oy can not be neglected. Depending on the level
of correlation r the value of o; would be
Okf

V2-r
Equation 11 will be used in the next section to estimate the
value of the repeatability of the flow test rig alone. For &, a
special treatment is necessary. If the accumulated masses have
been the same during the test with one filling interval and the
corresponding test with n filling intervals, and assuming also
that they have been performed under repeatability conditions',
the variations of k,, can be attributed only to the randomness of
the diverter motion 5. By rewriting k,, as a function of the flow
rate and the time we can include the effects of the randomness
of the diverter motion:

Y

Om =

(tlf + nAt)

o = kg

(12)

Considering the effect of averaging on nAt the variance of
orm Would be given by:

, 2
(1 +nte)” 2 Ll
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Assuming also that

’
(17 + na)
(' + Ar)
Finally, the variance of consecutive mass measurements caused
by the diverter variations would be given by

~k~1 and ky=1 (13)

1
2 +”02

Oim = 7% (14)

Even if equation 14 would allow to explicitly calculate o,
given that the determination of o7, is based on the repeatability
of the flow meter the obtained results would be inaccurate and
not usable.

By introducing equation 14 and applying the conditions (13)
into equation 9 we obtain

2 2
1 1+n 1
2 2 2
o :( ) 2 0-6+(n—1) Tir (15)

Reintroducing o, and rearranging the terms:

> azf (16)

1 1
o-it_ nt 20%"’_
(n—1) (n—1)

This formulation describes the typical shape shown for ex-
ample in figure 2. Consequently, it should be possible to extract
the values of ot s and o, based on repeated tests according to
the ISO4185.

As we can see in equation 16, the resulting value of o a;
depends largely on the duration of the tests and on oy, as a
consequence, it is not possible to attribute the value of o a; to
gs.

If the value of o5 can be neglected we can estimate the
value of the repeatability of the flow meter using only one set of
measurements by applying:

t
= — 17
TAr = kS (17

3 Measurements at the PTB

Exhaustive diverter tests have been performed at the heat lab-
oratory of the PTB-Berlin and the flow test facility of the
PTB-Braunschweig. Some of these results have been previ-
ously published by Mathies and Lederer in [4] or by Engel
in [3]. The configuration of the diverter installed at the PTB-
Berlin has some different characteristics as typical diverters for
cold water. The reason is that water temperatures up to 90°C
are used to test heat flow meters. Due to the high evapora-
tion rates expected at temperatures beyond 40 °C open water
surfaces have to be avoided. The geometry can be observed

IRepeatability conditions include mainly the temperature, and a short period of time between measurements
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in figure 3. The working principle is the same as for sin-
gle blade diverters; the difference is that instead of only one
blade, several radial positioned edges are installed. In spite of
being almost complete encapsulated, the diverter still works
contactless. The actuators are pneumatic ensuring a fast dy-
namic; the position is logged using a radial incremental encoder.

to the bypass

etz VZA B}

to the weighing tank

Figure 3: Scheme of the Diverter installed in the PTB-Berlin.
The working principle is the same as for single blade diverters;
the difference is that instead of only one blade, several radial
positioned edges are installed.

The tests have been performed according to table 1.

Table 1: Diverter test conditions

PTB-Braunschweig  PTB-Berlin
Temperature 20°C 50°C
Flowrate 90 m3/h 199 m3/h
Intervals n 7,14, 26, 51 8,17, 33, 54
Duration 100 s 360 s
Mass 2500 kg 19900 kg
Repetitions 15 20
Diverter error 4.6 ms (n=51) 8.6 ms(n=54)
Repeat. K-factor? 0.016% 0,009%

“The k-factor of the refference flow meter
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Figure 4: Standard deviation of the timing error, for dif-
ferent amounts of filling intervals during the tests in the
PTB-Braunschweig and PTB-Berlin

As we can see in figure 4, the determination of the diverter
error can be better than 1ms for n > 50. For n < 10 given to the
large uncertainties associated with poor sampling, only values
for n > 10 will be processed. The standard deviation for n < 10
is very large and at the same order of magnitude of the timing
error itself.

3.1 Estimation of the parameters

By introducing the parameters ¢ and A into equation 16

2
_ 2 (n=1)”
1= 1
C(n+1)
we obtain
¢ = tza§f1+o—§ (18)

It is possible to fit the values of o5 and oy in equation 18
based on the experimental data. Affter fitting, considering the
different filling times of PTB-Braunschweig and PTB-Berlin,
following figures can be drawn:
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Figure 5: Linear fit function of the parameters ¢ and A for
the tests made in the PTB-Berlin. The experimental data is
imposed to the fitted data (dashed lines)The value for n < 10
is included
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Figure 6: Linear fit function of the parameters ¢ and A for
the tests made in the PTB-Braunschweig. The experimental
data is imposed to the fitted data (dashed lines). The value
for n < 10 is also included

Considering  the  values extracted from fig-
ures 5 and 6 following table can be obtained:

Table 2: Fitting results for o5 and oy s

PTB-Braunschweig PTB-Berlin

o2 4,80E-8 -3,56E-6
Po; 2,17E-4 1,70E-3
o) 0,22 ms¢ —a
Tkf 0,015% 0,012%

“These values are not accurate and should not be used

It can be seen that the resolution offered by this method is
not enough to resolve the magnitude of the diverter variability
os. The value of o5 can be considered to be neglectable if com-
pared with o ¢ If this condition is true, we can apply equation
17 and obtain excelent results, as seen in figure 7
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Figure 7: Measured and fitted standard deviation of the tim-

ing error, for different amounts of filling intervals during the
tests in the PTB-Braunschweig and PTB-Berlin.

3.2 Repeatability of the test bench

In the former section we have shown that for n > 10 using
equation 18 or 17 it is possible to estimate the value of o y.
The relation 11 defines the relation between oy and o, If
the result of the calibration is given by the k-factor, then the
repeatability of the test bench alone would be approximately

given by:
Tref = NOT =T, (19)

Assuming correlation can be ignored in equation 11 following
results can be obtained:

Table 3: Fitting results for o s

Ok T Tref

PTB-Berlin 0,016%
PTB-Braunschweig  0,008%

0,008% 0,014%
0,011% —

4 Discussion

As it can be seen in table 2 the method is not able to resolve the
value of the diverter repeatability os for the presented example;
its value seems to be neglectable compared to the uncertainty
introduced by o s. Therefore, in this case it seems to be enough
to apply equation 17; this equation is defined only by one pa-
rameter; consequently only one measurement with preferable
n > 14 would suffice for future testing. Given the good consis-
tency observed in figure 2 this procedure seems to be acceptable
on these measurement sites; nevertheless, this might be different
at other test facilities. It is recommended to start the calculation
by using the parameters ¢ and A of equation 18 and if required
to use equation 17.

In the case of the results presented in table 3 it can be seen
that for the tests performed at the PTB-Braunschweig, the re-
peatability of the calibration of the k-factor of the master meter
has an amazingly low value of 0,009%. Since this value contains
the repeatability of the test rig, and also the repeatability of the
mater meter itself, the estimated value for the flow meter alone
must be lower than 0,009%. In this case the value was about
0,011% indicating that while performing the extended diverter
test, probably repeatability conditions have not been met at the
required level. But since the model is in good agreement with
the measurement results as shown in figure 7 and the encoun-
tered difference is very low (under 0,003%) it can be concluded,
that the flow test rig is functioning properly.

The presented results confirm that the proposed method is
applicable to test the overall quality of a flow test rig. It provides
a tool to detect if the main components are working properly.

Considering that the diverting systems, as every mechani-
cal system, are prone to aging it is recommended to keep the
amount of tests performed with the diverter at a minimum.

5 Conclusions

The proposed method is very sensitive to variations on the ideal
conditions; if repeatability is not given, the proposed model will
not fit the measurement data. This indication should suffice to
detect the sources of errors and avoid early and unnecessary
efforts to be invested in interlaboratory comparisons. If very
good and stable conditions are given, it is foreseen that more
detailed information regarding the diverter, the master meter,
and the test rig itself can be estimated.
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Appendix

Appendix A: Derivation of ISO4185 Method 2

Consider Figures 8 and 9. The timing error shown in the hori-
zontal axis can be also interpreted as an aparent flow rate error.
The dashed area is the mass error that would be originated by a
timing error At.
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Figure 8: The figure shows that the diverter error in
the time measurement shown in the horizontal axis,
can be also seen as an error on the vertical axis as
a flow rate error.

A

-
Y —
2| Ami —Am—
s Ly —— S
z —
E =i
3 — .
= — m
m; —Am- l
At time
47“4»

Figure 9: The figure shows that also for an interval
filling measurement the diverter error, can be also
seen as an error on the vertical axis as a flow rate
error. The scheme is simplified, off-times, where
water is flowing to the bypass are not shown.

Considering figure 8 and 9 we have the following relations.
For a continuous test run:

Am = Am -t (20)

Am = At-m 21)
For a discontinuous test run:

Am; = n- At-m; 22)

Am; = t[{ - A 23)

eliminating Am and Am; from equations 20, 21, 22 and 23 we
obtain the apparent flow rate variation:

At
Am = —m
t/
. n-At .
Am,- = t—,m,’

Considering a continuous test run we obtain the following rela-
tions:
.y m
m = —
tl
m =’ — A
m At

= — 24
m= = (24)

Analogously, considering a discontinuous test run we obtain:

. m;  n-At
==

1 1

m; (25)

Ideally, the continuous test run, and the one with interval filling
periods should be performed at the same conditions, i.e. Exactly
the same flow rates should be installed, and the same filling
times should be aimed; but when this is not possible or not
wanted, a correcting factor k, can to take account for small flow
rate variations; similarly we apply k; to compensate for different
filling times:

ke =1/t )
kg = mi/m (26)

By inserting equations 24 and 25 into equation 26 and applying
5 we finally obtain:

m;
t/
i

m
k3

Af — At +1
(% -1)
The equation recommended by the ISO 4185 does not con-
sider a factor k, for different filling times, assumes At << ¢,
and does not consider density variations. The simplifications
made in the equation proposed by the ISO 4185 might be ad-
equate for most of the cases, but under certain circumstances
they can produce a considerable bias on the diverter error. In

order to avoid this, it is strongly recommended to replace
the equation proposed in the ISO 4185 by equation 4.

-1

“

Appendix B: Derivation of ISO4185 Method 1

The second approach introduced by the ISO 4185 is also based
on the comparison of two calibrations, but instead of varying
the number of diverting actions, only the duration of the test is
changed. Since the diverter error does not change, the effect on
the resulting apparent flow rate allows the determination of the
diverting error.

By rewriting equation 24 in terms of the apparent flow rate
for two measurements in different conditions sz} and rin):

A,("ﬂ _ @) = (i, — 1)) — iy —in) | @7)
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dividing by 71}, we obtain a similar equation presented by the
ISO4185.

At (g iy (m/l_m/z)_(ml_mz)
-] =
1 2

’

2

ml

i 2

As seen in equation 27, this method is strongly dependent
on the accuracy of the used flow meters. In order to reduce this
random error, several measurements have to be made 2; Never-
theless, this method has the advantage that no additional special
measurements have to be performed, it is basically possible to
include every measurement made by the test rig to confirm or to
monitor the diverter error, provided that the used reference flow

meters are stable and repeatable.
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