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Abstract: Calibration of flow devices is important in several areas of pharmaceutical, flow chemistry
and microfluidic applications where dosage of process liquids or accurate measurement of the flow
rate is important. The process-oriented liquid itself might influence the performance of the flow
device and the simultaneous determination of the dynamic viscosity under flow conditions might
be a valuable information for the process parameters. To offer the simultaneous calibration of the
dynamic viscosity of the process-oriented liquid at the corresponding flowrate, METAS has built a
pipe viscometer for the traceable in-line measurement of the dynamic viscosity in the current flow
facilities for low flow rates from 1 pL/min to 150 mL/min and pressure drops up to 10 bar. The
traceability of all the measuring quantities as well as the geometrical dimensions of the micro tube
guarantee the traceability of the pipe viscometer to SI units. The most challenging part is the
traceable determination of the inner diameter of the micro tube. This can be achieved by measuring
the pressure drop as a function of flow rate with the pipe viscometer and applying the law of Hagen-
Poiseuille with a traceable dynamic viscosity of a reference liquid (water) or perform the
measurements with the u-CT at METAS, which determines the inner diameter by x-ray diffraction.
The validation of the stated measurement uncertainty of the pipe viscometer has been performed
by means of calibration of the dynamic viscosity of several reference liquids with traceable density
and kinematic viscosity. The setup of the facility, the traceability as well as the uncertainty
calculation of the pipe viscometer for the in-line measurement of the dynamic viscosity are
discussed in this paper.

Keywords: micro scale pipe viscometer; dynamic viscosity; traceable calibration; laminar flow
regime

1. Introduction

Calibration of flow devices is important in several areas of pharmaceutical, flow chemistry and
HPLC applications where dosage of process liquids or accurate measurement of flow rate are
important. The process-oriented liquid itself might influence the performance of the flow meter.
Coriolis flow meter are rather insensitive to the viscosity of the liquid and the flow profile in the
piping. Thermal flow meter might be sensitive to the flow profile of the liquid inside the tube, but
they are obviously extremely sensitive to the thermal properties of the liquids [1]. Therefore, the
calibration of the flow meter with the process-oriented liquid is important and the simultaneous
determination of the dynamic viscosity under flow conditions is a valuable information for viscosity
dependent flow metering methods or other process parameters [1,2]. Pipe viscometers are widely
used in industrial and research applications for the measurement of the dynamic viscosity of the
liquids [3-6]. Various instruments are available for the determination of the dynamic viscosity as a
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function of shear rate for piping dimensions of tens of millimeters [5,7-9]. Another option is to
determine the dynamic viscosity with glass capillary viscometers, which requires sampling of the
liquid. The sampling of the liquid is not always an advantage in production processes. Several
commercially available instruments exist for the in-line measurements of the dynamic viscosity and
the density of the process liquid [10,11], which fulfill the advantages of an in-line measurement in
small pipes. To monitor the accuracy of these sensors over time, they could be calibrated by a
traceable pipe viscometer with any liquids to determine the deviations to reference values traceable
to SI units at a given time interval.

To offer the simultaneous calibration of the dynamic viscosity of the process-oriented liquid at
the corresponding flowrate, METAS has built a pipe viscometer for the traceable in-line measurement
of the dynamic viscosity in the current flow facilities for low flow rates from 1 pL/min to 150 mL/min
and pressure drops up to 10 bar [12]. Several micro tubes have been implemented into the pipe
viscometer and characterization tests have been performed to test the influence of different materials.
Characterization of the inner diameter of the micro tube has been performed by means of the p-CT at
METAS, which determines the inner diameter by x-ray diffraction [13,14]. It turned out that glass
micro tubes are most suitable for the pipe viscometer as the inner diameter is circular and the cross
section reveals an excellent roundness. Another method for the determination of the inner diameter
is the measurement of the pressure drop as a function of flow rate and applying the law of Hagen-
Poiseuille with a well known liquid (water), which is called flow calibration method in this paper. A
detailed analysis of both methods is described later in this paper for a soda glass and a stainless steel
micro tube.

2. Materials and Methods

2.1. Experimental setup of pipe viscometer

The current flow facility at METAS [15] has been modified to include a section with a pipe
viscometer as can be seen in Figure 1 and Figure 2. The pipe viscometer consists of a micro tube with
temperature and pressure sensors upstream and downstream of the micro tube.

Piston Prover

Figure 1. Schematic setup of the pipe viscometer with temperature and pressure sensors upstream
and downstream of the micro tube.
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Figure 2. The micro pipe viscometer at METAS: (A) piston prover, (B) temperature sensors, (C)
pressure sensors and (D) the glass micro tube with an inner diameter of 0.13 mm and a length of
200 mm.

Measuring the flow rate, the pressure drop, the temperature and including the geometrical
specifications of the micro tube allows the calculation of the dynamic viscosity of the liquid according
to the Hagen-Poisseuille equation (1):

n=—— 1)

where 7 is the dynamic viscosity, AP is the pressure drop over the micro tube, Q is the volumetric
flow rate, L is the length of the micro tube and r is the inner radius of the micro tube.

2.2. Calibration of all the sensors mesuring physical quantities

To guarantee the traceability of the pipe viscometer, all the sensors or instruments measuring
physical quantities have to be calibrated and therefore be traceable to SI units. In the next section, the
different sensors or instruments are described and their traceability discussed.

2.2.1. Piston prover

The piston prover generates the volume flow rate, which is traceable to time and length [15]. The
inner diameter of conventional glass syringes ILS from WICOM International GmbH or homemade
stainless steel pistons are calibrated by the length laboratory at various positions and an average
inner diameter with the corresponding uncertainty is determined [16,17]. The position of the plunger
of the piston is measured by the linear measuring system LMS-LIMES80-130 of the high precision
linear stage LIMES 80-130-HiO0 from OWIS GmbH, which is calibrated by interferometry to get
traceability. The linear measuring system sends pulses that are counted by a FPGA and a timestamp
of the FPGA is recorded in order to form a pair of values being the position and the corresponding
timestamp. The real time speed is then determined by a linear fit of the position as a function of time.
The counter clock on the FPGA is calibrated and thus the timestamps are traceable getting the speed
of the piston and the calculated volume flow rate traceable to length and time.

2.2.2. Pressure sensor

The pressure is measured by pressure transducer UC2 from Endress+Hauer AG with a pressure
range of 0 — 10 bar(g) and an analog output signal of 4 — 20 mA. The pressure sensors are calibrated
regularly with a traceable pressure controller PPC3 from Fluke Calibration in order to include
repeatability, drift of the sensor and hysteresis effect in the measurement uncertainty calculation of
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the sensor. With this knowledge the operation range of the pressure difference to fulfill the
measurement uncertainty can be defined being 0.4 bar(g) — 10 bar(g).

2.2.3. Temperature sensor

The temperature sensors are NTC sensors R2152-F (10kOhm@25°C) from Moser TMT AG. The
outer diameter of the tubing of the sensor part is 3.175 mm (1/8"). The sensor part is mounted in a
Swagelok T-junction (1/8" connectors), where the inner diameter has been perforated slightly larger
than 1/8" allowing the sensor part to be surrounded by the flowing liquid. The temperature sensors
are calibrated regularly by the traceable field metrology well from Fluke Calibration. Repeatability,
drift of the sensor and hysteresis effect are included in the measurement uncertainty calculation of
the temperature sensors.

2.3. Calibration of the geometrical dimensions of the micro tube

The length and the inner diameter of the micro tube have to be calibrated. The calibration of the
length is daily business for the length metrology [18]. However, the calibration of the inner diameter
of the micro tube is more challenging. One method is to calibrate the inner diameter of the micro tube
by means of the p-CT at METAS, which determines the inner diameter by x-ray diffraction [13,14].
The other method is the flow calibration method, where the pressure drop is measured as a function
of the flow rate with a reference liquid with known dynamic viscosity in order to calculate the inner
diameter of the micro tube according to law of Hagen-Poisseuille. Both methods were used to
determine the inner diameter of the soda glass and the stainless steel micro tube, whereas only the
flow calibration method was applied for the determination of the inner diameter of the PEEK beige
micro tube (Table 1). The methods are described in the next paragraphs.

Table 1. The materials and dimensions of the different tested micro. The length and the inner diameter
are nominal values from the specifications of the manufacturers.

Nominal inner diameter

Material Length (mm)
(mm)
Soda glass 200.0 0.130
Stainless steel 300.0 0.150
PEEK beige 981.0 0.150

2.3.1. CT method

The p-CT method has been used for the calibration of the inner diameter of the soda glass micro
tube and the stainless steel micro tube in order to compare it to the flow calibration method and
validate the latter method.

u-CT measurements were performed on the high-accuracy METAS-CT system [13,14]. The
measurement conditions are provided in Table 2. Grey value volumes were analysed in VG Studio
MAX (Volume Graphics) as follows: Gradient based surface determination and subsequent least-
squares fitting of cylindrical primitives to determine the mean diameter for the soda glass micro tube
and threshold-based segmentation and volume determination to derive an equivalent diameter of
the steel micro tube. Measurement uncertainties were estimated using a hybrid approach, which
combines reference measurements and a CT simulation of the actual workpiece [13].
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Table 2. p-CT measurement conditions.

Parameter Soga glass micro tube Stainless steel micro tube
Positions 9 2
X-ray tube voltage 100 kV 160 kV
Target power 10W 5W
X-ray filter 0.03 mm Al 0.1 mm Cu
Exposure time 13s 55s
Projections 800 800
Voxel size 2.8 um 1.0 pum

2.3.2. Flow calibration method

Another method for the calibration of the inner diameter of the micro tubes is the flow calibration
method in the laminar regime. A reference liquid with known dynamic viscosity is used to measure
the pressure drop as a function of the flow rate and to calculate the inner diameter of the micro tube

B 418:n-Q-L
r= /W @

where 7 is the dynamic viscosity, AP is the pressure drop over the micro tube, Q is the volumetric
flow rate, L is the length of the micro tube and r is the inner radius of the micro tube.
The reference liquid chosen is pure water as the viscosity and the density formulas as a function

according to equation (2).

of temperature are well established and these quantities can be determined by measuring the
temperature of the pure water. The dynamic viscosity and the density of the pure water are calculated
according to the equations from the NIST database [19] by measuring the temperature in the tubing
before and after the micro tube. Measurements are performed in the corresponding flow rate range
to obtain pressure drops in the range from 0.5 bar to 8.0 bar. Thus, the pressure drop over the micro
tube as a function of flow rate can be fitted linearly in the laminar regime to obtain the slope AP/Q
and then calculate the inner diameter of the micro tube.

For the determination of the inner diameter of the micro tubes with the flow calibration method,
the following values of the dynamic viscosity and density of pure water were taken from the NIST
database [19] (listed in Table 3), which is based on the ITAPWS R12-08 [20].

Table 3. Density and dynamic viscosity of water according to the NIST database [19] at a temperature
of 21.3 °C and several values of absolute pressure.

Reference liquid Absolute pressure Dynamic viscosity Density (kg/m?3)
(bar a) (mPa-s)
H20 1.0 0.97052 997.93
H:0 2.0 0.97048 997.97
H20 4.0 0.97041 998.07
H0 8.0 0.97026 998.25

The values at 1 bar absolute pressure are applied, which corresponds roughly to the ambient
pressure of the laboratory conditions. The change rate of the dynamic viscosity as a function of the
pressure is -410 mPas/bar. As the measurements are performed for pressure drops in the range from
0.5 bar to 8.0 bar the maximum average pressure in the liquid over the full capillary is half of the
maximum pressure drop being 4.0 bar. This implies a maximum change in the dynamic viscosity of
1.610* mPas, which corresponds to 0.016 % of the dynamic viscosity at ambient conditions. This
contribution is negligible as we assume the uncertainty contribution from the calculation of the
dynamic viscosity of pure water with the measured temperature as 0.5 % (see Table 4).


https://doi.org/10.20944/preprints202304.1016.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 April 2023 d0i:10.20944/preprints202304.1016.v1

2.4. Measurement uncertainty of the flow calibration method

Several contributions to the measurement uncertainty have already been mentioned in the text
above. In this paragraph, an overview of the contributions to the uncertainty is listed in Table 4 for
the flow calibration method determining the inner diameter of the micro tube in the pipe viscometer
with a liquid of known dynamic viscosity.

The main contribution is related to the determination of the dynamic viscosity of water, where
the temperature of the water is measured and the viscosity value is calculated from the known
formula of the dynamic viscosity as a function of temperature and pressure [19]. The expanded
uncertainty of the temperature measurement is 0.2 °C leading to an extended uncertainty
contribution of the dynamic viscosity of 0.5 %. Additionally, the uncertainty of the formula is stated
being 0.5 % [21], which lead to an extended uncertainty contribution of 0.71 % for the dynamic
viscosity of water. The other important contribution is the pressure measurements upstream and
downstream of the micro tube leading to an extended uncertainty of 0.28 % for the pressure drop
measurement larger than 0.4 bar(g). Therefore, the extended uncertainty of the determination of the
inner diameter is 0.20 % (k=2).

Table 4. Uncertainty contributions for the determination of the inner diameter of the micro tube with
water as reference liquid. All these values are either direct uncertainties from calibration certificates
and/or empiric estimations.

Contribution Uncertainty (k=2) Coefficient
Piston prover for the generation of flow 0.10 % 0.25
Length measurement of the micro tube 0.01 % 0.25

Pressure difference measured by 2 sensors of
maximum pressure at 10 bar in the range of 0.4 bar(g) 0.28 % 0.25
to 10.0 bar(g).

Dynamic viscosity of water calculated according to
[19] by measuring the temperature and pressure.
Uncertainty of temperature measurement is 0.2 °C
leading to an uncertainty contribution of 0.50 % of the
dynamic viscosity. Uncertainty from the formula is
0.50 % [20,21].

0.71 % 0.25

2.5. Measurement uncertainty of the pipe viscometer

Now that the extended uncertainty of the inner diameter of the micro tube is determined, the
uncertainty contributions of the pipe viscometer are known and are listed in Table 5. Three main
contributions can be identified. The largest contribution is the measurement of the pressure drop at
the micro tube with an uncertainty contribution of 0.28 % for pressure drops larger than 0.4 bar(g).
Other important contributions are the uncertainty of the inner diameter of the micro tube being
0.20 % and the uncertainty of the single point analysis for the determination of the dynamic viscosity
being 0.20 %. The latter one has been determined empirically by analyzing several sets of data, where
the linear fit method and the single point analysis have been used for the determination of the
dynamic viscosity and the additional contribution to it. Therefore, the expanded uncertainty is set to
0.90 % for the pipe viscometer build with the glass micro tube.
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Table 5. Uncertainty contributions of the pipe viscometer for the determination of the dynamic
viscosity. All these values are either direct uncertainties from calibration certificates and/or empiric

estimations.
Contribution Uncertainty (k=2) Coefficient

Piston prover for the generation of flow 0.10 % 1.0
Length measurement of the micro tube 0.01 % 1.0
Pressure difference measured by 2 sensors of maximum

pressure at 10 bar in the range of 0.4 bar(g) to 10.0 bar(g). 0.28 % 1.0
Inner diameter of micro tubes determined with the pipe

viscometer and the reference liquid water. 0.20 % 4.0
Single point analysis at each flow rate for a given pressure 0.20% L0

drop vs Linear Regression over the flow rate range.

3. Results and discussion
3.1. Calibration of the inner diameter of the micro tube

3.1.1. Soda glass micro tube using the p-CT method

Figure 3 shows the cross section of the soda glass micro tube with a nominal inner diameter of
0.130 mm determined by means of the p-CT method. The surface of the cylindrical hole is identified
to determine the inner diameter of the micro tube as can be seen in Figure 4. The average inner
diameter of the soda glass micro tube measured at 9 different positions is (0.1269 + 0.0010) mm.

Figure 3. Cross section of the glass micro tube determined by means of the p-CT.
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Figure 4. Zoom into the cross section of the micro tube shown in Figure 3 for the determination of the
inner diameter by the p-CT method. The average inner diameter of the soda glass micro tube
measured at nine different positions is (0.1269 +0.0010) mm.

3.1.2. Stainless steel micro tube using the u-CT method

The stainless steel micro tube with a nominal inner diameter being 0.150 mm has also been
characterized with the p-CT method. It reveals non-circular cross sections as shown in Figure 5.
Therefore, the surface areas of the cross sections are determined and an equivalent inner diameter is
calculated being (0.144 + 0.010) mm. The uncertainty is dominated by the variation of the equivalent
diameter along the micro tube. This result is close to the nominal diameter specified by the
manufacturer.

Scene coordinate system
0.983358 mm

Figure 5. Cross section of the stainless steel micro tube determined by means of the pu-CT. Due to the
non-circular shape of the cross sections the volumes are determined to calculate an equivalent inner
diameter being (0.144 + 0.010) mm.

3.1.3. Glass, stainless steel and PEEK micro tube using the flow calibration method

The flow calibration method shows laminar flow behavior over the full range of the generated
flow rates as shown in Figure 6 for the glass, stainless steel and PEEK beige micro tube. The data are
fitted with a linear fit with forced zero intercept to obtain the slope AP/Q. As mentioned earlier, the
inner diameter is then calculated according to Equation (2) by taking into account the slope of the fit
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AP/Q, the dynamic viscosity of pure water obtained by the calculation with the measured
temperature and the length of the micro tube. The results are listed in Table 6.

It is important to mention here that the two pressure drops of the connectors between the ends
of the micro tube and the pressure sensors have to be taken into account if they are not negligible
compared to the main pressure drop over the micro tube. Otherwise, the inner diameter will be
underestimated. This correction has been applied in these measurements although the nominal inner
diameter of the micro tubes are of the order of 0.13 mm - 0.15 mm and much smaller than the inner
diameter of the connectors (more than 2 mm for this setup). Thus, the corrections due to the pressure
drop of the connectors are negligible compared to the main pressure drop over the micro tube.

0 e
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Figure 6. Pressure drop as a function of flow rate for the laminar flow of water through the soda glass
micro tube (light blue circle), stainless steel micro tube (black triangles,) and PEEK Beige micro tube
(beige diamonds).

Table 6. Determination of the inner diameter by means of the flow calibration method and p-CT
method. The results include the expanded uncertainty (k=2).

Material Flow calibration method (mm) p-CT method (mm)
Soda glass 0.1267 + 0.0003 0.1269 + 0.0010
Stainless steel 0.1257 +0.0003 0.144 + 0.010
PEEK beige 0.1515 + 0.0004 Not applied

The results of the inner diameter of the soda glass micro tube obtained with both methods are
in perfect agreement. For the case of the stainless steel micro tube, the structure of the cross sections
lead to the assumption that the hydrodynamic diameter has to be smaller as the structure represents
more a random surface with a high surface roughness instead of a circular cross section with smooth
surface roughness. Thus, both methods show different results, as it would have been expected.
Therefore, the stainless steel micro tube is less feasible for the pipe viscometer.

3.2. Validation of the pipe viscometer with reference liquids

The pipe viscometer has then been validated by measuring the dynamic viscosity of reference
liquids. These reference liquids have certificates for the density and dynamic viscosity as a function
of temperature and are traceable to SI-units [22]. Three reference liquids with dynamic viscosities in
the range from 1.5 mPas to 4.0 mPas have been measured at the liquid temperature of 21.3 °C and
their dynamic viscosities and densities are listed in Table 7. The certificates of the reference liquids
contain the reference values at the temperatures of 20 °C, 23 °C, 25 °C, 30 °C and 40 °C. A linear fit of
the first order has been applied to the data of the density and a linear fit of the second order has been
applied to the date of the dynamic viscosity to obtain the values at the measurement temperature of
21.3 °C, which corresponds to the liquid temperature in the tubing being measured by several
temperature sensors.
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Table 7. Reference liquids [22] with traceable density and dynamic viscosity at a temperature of
21.3 °C with the stated expanded (k=2) uncertainty of 0.20 % for the dynamic viscosity and 0.1 kg/m3

for the density.
Reference liquid name = Dynamic viscosity (mPas) Density (kg/m?)
2AW 1.5319 + 0.0031 751.2+0.1
2BW 2.1913 +0.0044 764.7 0.1
5AW 4.0393 + 0.0081 785.3 +0.1

The three reference liquids "2AW", "2BW" and "SAW" have been calibrated with the pipe
viscometer with the three micro tubes of Table 4 and the results are listed in Table 8. The
measurement data with the pipe viscometer including the soda glass micro tube are shown in Figure
7, where the pressure drop is shown as a function of the flow rate. The data are fitted with a linear fit
with forced zero intercept to obtain the slope AP/Q. The dynamic viscosity is then calculated
according to Equation (1) by taking into account the slope of the fit AP/Q, the length and the inner
diameter of the micro tube. The calibration results are consistent with the reference values (Table 7)
within the expanded uncertainty of this pipe viscometer being 0.90 %. The calibration results of the
three reference liquids lead to a deviation in respect to the reference values between +0.42 % and
+0.43 %, which seems to be a systematic deviation as the deviation is nearly the same for all three
reference liquids. However, the deviations are smaller than the stated measurement uncertainty of
0.90 %.

Table 8. The determination of the dynamic viscosities of reference liquids 2AW, 2BW, 5AW [22] by
means of the pipe viscometer in the laminar regime. The uncertainty (k=2) of the pipe viscometer is
0.90 %.

Material 2AW 2BW 5AW
Dynamic
viscosity (mPas)
Deviation incl.

Soda glass 1.5384 2.2005 4.0563

. +0.43 +0.90 +0.42 +£0.90 +0.43 +£0.90
uncertainty (%)

Dynamic
viscosity (mPas)
Deviation incl.
uncertainty (%)
Dynamic

Stainless steel 1.5090 2.1517 3.9797

-1.50 £ 0.90 -1.81+0.90 -1.48 +0.90

PEEK beige . . 1.5141 2.1671 3.9928
viscosity (mPas)
Deviationincl. = 10 090 1104090  -115+0.90

uncertainty (%)
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Figure 7. Pressure drop as a function of flow rate flow through the glass micro tube of reference liquid
2AW (blue open circles), reference liquid 2BW (violet solid squares) and reference liquid 5AW (dark
blue open squares) with the corresponding linear fit with forced zero intercept.
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The pipe viscometer with the stainless steel micro tube and the PEEK beige micro tube show
larger deviations for all three reference liquids and are not consistent within the measurement
uncertainties with the reference values. The non-circular shape of the stainless steel micro tube is
probably one of the reasons for the large deviations as the inner surface of the micro tube shows large
irregularities, which do not meet the requirements for the law of Hagen-Poisseuille. The reason for
the large deviations of the PEEK beige micro tube are not that obvious and further investigations are
needed to fully understand these results.

All these measurement results show that the soda glass micro tube is the most suitable micro
tube. Therefore, the single measurement point analysis is investigated for the pipe viscometer
including the soda glass micro tube.

3.3. Single measurement point analysis

The linear fit with forced zero intercept over a range of pressure drops as a function of flow rate
is one method to obtain the quotient AP/Q. The reason to force the intercept being zero is to compare
this result from the linear fit over the measured flow rate range in the laminar regime to the results
obtained by the single measurement point analysis. This means that the quotient AP/Q is calculated
from a single measurement. The results of the single measurement point analysis of the measurement
with the pipe viscometer including the soda glass micro tube and the reference liquid "2BW" are listed
in Table 9. The single measurement point analysis results are very consistent with the result from the
linear fit analysis. Although, the result for the lowest pressure drop of 0.56 bar shows a larger
deviation, it is still consistent within the measurement uncertainty with the result of the linear fit over
the full range.

Note that the pressure measurement downstream of the micro tube is performed with a pressure
sensor of maximum 10 bar and measures pressures of the order of tens of mbar with an uncertainty
of 10 mbar. This might be the reason for the larger deviation at the lowest pressure drop. One option
for improvement is the use of a pressure sensor downstream of the micro tube with a lower maximum
pressure of the order of 0.5 bar. Additionally, measurements at zero flow leading to zero pressure
drop for the verification of the indication of the pressure sensors can be performed to investigate if
there are systematic deviations due to short time drift.

Table 9. Dynamic viscosity 1 of the reference liquid "2BW" determined by the pipe viscometer with
the soda glass micro tube.

Deviation to reference

Method / pressure drop (bar) n @ 21.3 °C (mPas) %)
Linear fit / full range

AP = 0.56 — 6.70 2.201+0.020 0.42+0.90
Single point / AP = 6.70 2.203 +0.020 0.54+0.90
Single point / AP = 6.15 2.200 +0.020 0.39+0.90
Single point / AP = 5.58 2.199 +0.020 0.33+0.90
Single point / AP = 5.02 2.200 +0.020 0.41+0.90
Single point / AP = 4.46 2.202+0.020 0.47 +0.90
Single point / AP = 3.91 2.202 +0.020 0.48 +0.90
Single point / AP = 3.35 2.193 +0.020 0.08 +0.90
Single point / AP =2.78 2.195 +0.020 0.16 +0.90
Single point / AP = 1.67 2.197 +0.020 0.27 +0.90
Single point / AP =1.11 2.195+0.020 0.19+0.90
Single point / AP = 0.56 2.219 +0.020 1.27 +0.90

3.4. Comparison with glass capillary viscometers

The measurement uncertainty of the micro pipe viscometer has also been validated by a
comparison between several metrology institutes, which use either a pipe viscometer or a glass
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capillary viscosity meter to determine the dynamic viscosity or the kinematic viscosity, which is
transformed into the dynamic viscosity with the measured density of the liquid [2,23]. Eight different
liquids were used and all the details of the comparison can be found in the references mentioned
above. Only the results of two liquids measured by three pipe viscometers (METAS, RISE and NEL)
and two glass capillary viscosity meters (NQIS/EIM and KRISS) with the corresponding reference
value for the dynamic viscosity of the liquids are listed in Table 10. Liquid C is a 10 %wt glucose
solution and liquid E is a solution of 0.22 %wt NaCl and 5.55 %wt glucose. The calculation of the
reference value and the consistency check of the results is explained in detail in [2]. The results shown
here are consistent within the measurement uncertainty and strengthen the stated measurement
uncertainty of the pipe viscometer described in this paper.

Table 10. Dynamic viscosity of the liquids measured by means of pipe viscometers and glass capillary
viscometers at temperature of 22 °C [2,23].

Facility Liquid C Liquid E
METAS 1.810+0.017 1.110 £ 0.010
RISE 1.800 + 0.037 1.112 £ 0.023
NEL 1.795 +0.018 1.123 £ 0.012
NQIS/EIM 1.823 +0.019 1.119 £ 0.012
KRISS 1.803 +0.036 1.107 £ 0.023
Reference value 1.809 + 0.009 1.116 + 0.006

5. Conclusions

Extensive investigations for the characterization of the pipe viscometer for the traceable in-line
measurement of the dynamic viscosity for flow rates from 1 uL/min to 150 mL/min and pressure
drops up to 10 bar have been presented. The glass micro tube is the best option and is therefore
integrated in the pipe viscometer leading to the extended uncertainty of the pipe viscometer being
0.90 %. The stated measurement uncertainty has been validated with measurements of three traceable
reference liquids for the dynamic viscosity and a comparison with other pipe viscometers and glass
capillary viscosity meters. The measurements showed consistent results with the reference values
within the stated uncertainties. Additionally, the glass micro tube has been characterized by means
of the pu-CT at METAS. These measurements showed also consistent results for the inner diameter
compared to the flow calibration method. Therefore, the measurement of the inner diameter of the
glass micro tube has been validated by the p-CT measurements and the measurements of the dynamic
viscosity of the various liquids.

The determination of the dynamic viscosity with the linear fit method over several measurement
data or the single point method with a single measurement is possible as long as the pressure drop is
not too small compared to the resolution of the pressure sensors installed.
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