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Abstract

The Danish Technological Institute has extendedr the
primary lab liquid calibration range from 5 I/h addwn

to 1 pl/h using gravimetric set-ups. The calibnatio
uncertainty is between 0.05 % and 0.5 %, but the
uncertainty still needs to be validated by an
intercomparison. A secondary objective when buddin
the standards was to enable dynamic measurement,
enabling characterization of varying or pulsatitoy.

In the paper the design details of the systemsggfsom
large flow rates to small flow rates are discussed.
Evaluation measurements made to assess the
performance of the set-ups as well as the unc¢gaiare
presented.

I ntroduction

Back in the 1980s flow meters were calibrated by th
manufacturers and no service for independent etiaiua
and calibration were available. With the introdantiof
ISO 9000 in 1987 and the growth in certificatioms,
demand for independent accredited calibration aewa
flow in Denmark arose. The Danish Technological
Institute (DTI) built the flow standard in 1989 ging
270 ni/h to 5 I/h, targeting both industrial needs asl wel
as utilities. DTI became the designated institoreviater
flow in 2000. Since then the flow range has been
extended to 500 T with a water temperature range
from 4 to 85 °C and with a upcoming increase upGeo
m¥h, this to satisfy customer demand especially for
water and district heating meters calibration ayppet
testing.

In 2008 DTI started extending their flow range
downward, expecting an upcoming similar demand for
independent calibration from the medical industnd a
intensive care units as was the case for the ingdirsthe
1980s. A large amount of devices used in the médica
industry work with liquid flow rates lower than wihis
supported by the current metrological infrastruetufor
bioresearch purposes syringe pumps working dowa to
claimed liquid flow rate down to 1 pl/h are avalahpl].

The first target was to be able to calibrate flowtans
and medical pumps down to flow rates of 100 ml/h
(completed in 2009), the second step to extendahge
down to 1 ml/h (completed in 2010) [2] and mosterdc
extending the range to below 1 pl/h (completedda3),
which currently seems to be the limit for gravinetet-
ups using microbalances.

Design consider ations

In this publication the calibration facilities adivided
into three parts.

Ultra

This type of setup covers flow rates that are tigh lior

a gravimetric setup to be feasible, which at DTI is
decided to be 500 #h. Here DTI uses a series of
reference flow meters in parallel to extend the
gravimetric range.

To achieve low uncertainties with the parallel refee
flow meter setup for the ultra-range, it is impottdao
have stable and reliable reference flow meters. The
design of the set-up with the reference flow meierthe

test rig is made with fixed in- and outlet piping a
package to be used also for the frequent calibratfahe
flow meters at our ‘intermediate’ gravimetric teist. For

the separation of the total flow into the paratkfierence
flow meters and to combine the flow after the meter
special manifold system is made.

The actual flow profile into the section for meterder
test will be documented by LDV measurements.

|nter mediate

This type of setup covers flow rates from 500 mfh
100 ml/h using gravimetric methods for flow
measurement e.g. ISO 4185 [3].

For the intermediate range, besides an accuraghingi
system the focus is on accurate determination ef th
calibration time, by reducing the diverter timingaz
using the flying start/stop method.

To calibrate at different water temperatures thabiant
temperature, homogenization and insulation is ingr
to minimize spatial thermal gradients throughou¢ th
system.

Micro

This type of setup covers flow rates from 100 nit/hlL

ul/h which has been considered too demanding for
gravimetric flow calibration due to the high evagiion

of 2-3 mg/h pr. crf) and surface forces.

To be able to measure in the micro range, it & ff all
necessary to limit the evaporation. At the lowdetvf
rate, the evaporation is, if left untreated, twocabes



higher than the flow rate. At DTI a liquid oil cavés
used as evaporation trap, which is very effici€hhl/h
evaporation remaining). However the flow needs ¢o b
delivered below the oil surface through a tube #nd
leads to a number of challenges, e.g. capillarge®r
buoyancy, inertia, stiction and friction, absorptio
adsorption, stick/slip and vibration transferal. Tmit
these effects, the tube is fixed, made of 1/32inktas
steel tubing and surface coated to become oleophobi
Further to equalize any heating supplied by theicdev
under test, a water-to-water heat exchanger is tadun
around the tubing, this enables a more stable dswell

as makes the density and buoyancy corrections more
accurate. The measurement is dynamic, which méans t
each mass measurement (10 Hz) is time stamped and
using Deming regression [4] the dynamic flow and
regression uncertainty is calculated.

Theory

Gravimetric calibration of water mass flow is detared
by measuring the delivered or removed mass from a
vessel during a measured time period.

-m
Q_t

Where Q is mass flow,m is mass and is time. For
volume flow rates the density of the liquid is undéd in

the equation.

For the three calibration facilities the measureime
time can be quite similar, using e.g. a start-stegithod

or time-stamping a series of mass measurements to
determine the dynamic flow. The dominance of this
uncertainty component only arises during very short
calibration times e.g. less than 5 minutes.

The main difference of the set-ups lies in the métfor
determining the delivered mass, and the dominant
uncertainties of the measurement.

Uncertainties

A number of uncertainties are briefly summarized an
then the most significant uncertainties of eaclgeais
detailed afterwards.

The environment of the calibration setup is conside
The range, measurement uncertainty as well as t&ipo
and spatial gradients of temperature, humiditysguee,
air density, drafts, gravity, vibrations, electaigt and
RF noise all can produce errors in the mass megsure

The medium is often water, but can also be othedsl
The medium density, purity and temperature are
considered. The medium temperature affects thesisc
and thus the flow stability and a temperature déffiee
compared to the surrounding air will produce a
convection draft.

The mass measurement using weighing cells or
microbalances have beside a calibration uncertainty
further uncertainties from the resolution, nonlirikya
repeatability, reproducibility, eccentricity, zerpoint
stability, response time and lag and drift sincet la
calibration. Changes in buoyancy during calibratafin
both the offset masses (e.g. the vessel) as walf Hse

medium will affect the mass measurement. For the
smallest flow rates, water adsorption changes tsmbee
relevant.

The calibration time with respect to the beginramgl the
end of the gravimetric flow measurement needs to be
simultaneous and with fully developed flows. At DTI
either a diverter is used or the flow is measured
continuously to ensure measurement on a stable. flow
Further the time measurement needs to be calibtated
become traceable.

The connections from the device under test to the
reference setup needs to be leak tight and prédjerai
water absorbing. It is also good especially for Isma
tubing to minimize air-traps, dead volumes and giog.

The outflow pipe into the vessel yields as describe
the design considerations a number of challenges.

The flow generator has flow stability drift and rtg
produce flow pulsations.

The device under test has a resolution, repedialbilit
might also be temperature, pressure and pulsation
dependent.

After evaluating these uncertainties, it is a gadeh to
check the theory for the possibility of unconsidere
uncertainties. This is done by cross checking, iptied
the effect of variations in the set-up.

Examples of such variations are changing the clitm
and stabilization time, changing the tube diamgténg
into the vessel, changing the vessel dimensions etc

The dominating uncertainties for the DTI gravimetri
primary liquid flow standard, excluding the devigeder
test, for each range are summarized here:

Ultra
The measurement uncertainty in this flow range is
expected to be 0.5 % (k=2).

Calibration uncertainty for the reference flow mstare
expected to be in the range from 0.1% up to 0.3%
depending on the actual number of reference floterse
used for achieving the desired flow rate.

Drift/stability between calibrations of the refecenflow
meters are expected to be in the range 0.1% t0.0.2%

Temperature influence on the reference flow meteils
be determined and corrected and the uncertainthef
correction is expected to be in the range 0.1%2660

| ntermediate
The measurement uncertainty in this flow range is
between 0.05 % and 0.1 % (k=2).

Diverter timing error (up to 0.02 s) is dominant the
flow rates 100 — 500 .

Below 100 m3/h uncertainties from the scale become
significant.



For flow rates below 20 m3/h at water temperatures Measuring on a pressure driven pump it is possibkee
between 50 and 85 °C determination of the temperatu if the flow rate is slowly dropping which could k&0 a
at the meter under test (up to 1 °C) becomes therdmt calibration error in not treated properly, see ffeg8.
uncertainty contribution.

Figure 3
Micro
The main uncertainty (>90 %) comes from the
uncertainty on the correction for the forces betwde
tube and the water and oil in the measurement beake
The measurement uncertainty is about 0.05 % (ks2) i
this flow range.
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Below 300 pl/h flow rates, the balance uncertaistyl
uncertainty on the correction for buoyancy become
dominant (90 % at 5 ul/h), as the level of wateseri
becomes insignificant (about 20 um). The measurémen L
uncertainty is rising to about 0.5 % (k=2) at thevést 0 ' ' ' !
flow rate of 1 pl/h. 0 250 500 750 1000

Time [s]

Flow rate [mi/h]
H
o

(&)

M easur ements

Discussion
Using dynamic measurement the stability of flow
generators such as syringe pumps, peristaltic puetps For the Ultra test rig it will be necessary in fisure to
can be determined. perform intercomparisons to prove the claimed

uncertainty, especially for flow rates above 50%hm
A 50 pl glass syringe was mounted into a Tecan &€avr

XLP 6000 Syringe pump and set the pump to empty the  The Intermediate test rig has since 1990 partieipan

syringe at a rate of 10 ml/h and 5 ml/h. The dymami several intercomparisonswith very fine results [H].
gravimetric measurement of the output is showrngaré For all European flow laboratories time has shown
land?2 difficulties to get good results in the lower rangfeflow
Figurel (5 - 25 I/h). The problem to make these intercorispas
20 in this flow range is both in the difficulty to fihreliable
. and stable transfer standards but also that theze a
< 15 2 R N . problems in realizing these flow rates in the teg with
£ the claimed low uncertainties.
210 -
g The flow rates below 5 I/h still have to be valiehtwith
% 5 an intercomparison. Currently a research based
T8 intercomparison for the flow rates 2 — 600 g/h is
0 . . . . currently running. Intercomparisons for flow rat®swvn
to 1 pl/h are planned and are expected executadgdur
0 ° _10 15 20 2013/2014.
Time [s]
HaureZ Conclusion
10
8 X L X I The Danish Technological Institute now covers kfjui
=) flow rate calibration in the range from 500 m3/HLtal/h
E 6 - with accredited calibration uncertainties betweeh %
o and 0.05 % (k=2). The intercomparison results aedg
T 4 and the market for the expanded flow range is large
2
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