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Introduction and purpose 
 
VSL recently commissioned a new high flow rate water calibration facility (WF2500) within its European 
Center for Flow Measurement. This facility has a maximum flow rate of 2500 t/h flowing through four Coriolis 
master meters in parallel. The traceability for this system is based on the direct mass comparison of six 
individual Coriolis meters to VSL’s existing 10t scale up to 500 t/h and a bootstrap calibration process 

building above 2000 t/h up to 2500 t/h. 
   
The purpose of this Bilateral Comparison (BC) for “High flow rate water” measurement is to support the 
Calibration and Measurement Capabilities (CMC) of the new water flow facility at VSL as part of the CIPM 
MRA. 
 

The aim of the comparison should lead to ‘a clear and unequivocal’ comparison of measurement results 
between VSL – The Netherlands and PTB - Germany. 
 
This document presents the results of this bilateral comparison. All relevant documents used are referenced 
in Annex A.   
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1 Project details 
The pilot laboratory for this bilateral comparison is VSL. The reference laboratory is PTB. The third-party data 
collection is IPQ. Details are given below: 

Germany [reference lab] 
(Euramet) 

PTB 
Contact: Enrico Frahm 
(e: Enrico.Frahm@ptb.de, t: 0531 592 1333)  
 

Shipping address: 
Physikalisch-Technische Bundesanstalt (PTB) 
Bundesallee 100 
38116 Braunschweig 
Germany 

The Netherlands [pilot] 
(Euramet) 

VSL B.V. 
Contact: Erik Smits 
Chief Metrologist 
(e: fsmits@vsl.nl t: +31 15 269 1500) 
 

Shipping address: 
VSL B.V. ECFM 
Walrusweg 5 
Port number 7006 
3199ME Maasvlakte Rotterdam 
The Netherlands 

Portugal [third party data 
collection] 
(Euramet) 

IPQ 
Contact: Elsa Batista 
(e: ipq@ipq.pt t: +351 21 294 8100) 
 

1.1 The reference value and flow rates 

In this bilateral comparison project, the error of the travelling standard will be determined from: 

“The mass flow rate of water passing through the travelling standard at given flows.” 

Flow rates:  150, 300, 400, 625, 800, 1200 t/h 
 
The principles of analysis are: 

- The before and after results obtained by VSL are used to determine the drift behavior of the travelling 
standard. 

- The results provided by the participants are given under actual conditions. 

- A third party (IPQ - Portugal) received the raw results from the participants and reviewed the comparison 

analysis. 

- The results are calculated as measurement errors at the reference flows of each participant.  

- The measurement errors are calculated for the travelling standard flow meter making use of the pulse 

output. 

- The travelling standard was set up with a base k-factor (set to 15 pulses per kilogram). 

- The results of each participant is corrected for changes in process conditions according to the flow meter 

manufacturer recommendations. 
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2 Description of the travelling standard 
The travelling standard is an Emerson/Micro Motion CMFHC3 mass flow meter which operates according to 
the Coriolis principle and a model 5700 transmitter. Inlet and exit spools are provided with the travelling 
standard. A Rosemount 2051 pressure transmitter is installed on the inlet side and connected to the 5700 
transmitter which is used for automatic pressure correction. 

2.1 Description summary of the travelling standard 

- Mass Flow Meter 
Make : Emerson/Micro Motion 
Type : CMFHC3 

Size : 250mm 
Serial number : 13436784 
Process connection : DN250 
Qmax   : 2550 t/h 

Flow calibration factor : 6920.74.26 
Pressure effect  : -0.015 % per bar 
 

- Coriolis Transmitter 
Make : Emerson/Micro Motion 
Type : 5700 
Serial number : 19013316 
Pulse value  : 15 pulses = 1 kg 

  : valid for 0 … 10 kHz and flow between 0 t/h … 2,550 t/h 
 

- Pressure Transmitter 
Make : Emerson/Rosemount 
Type : 3051TG2A2B21BB4Q4M4 

Serial number : 22CLPG0029025 
Range  : 0 – 10 bar [g] 
 

2.2 Drawings of the travelling standard 

 

 
 
 
 
 

 
 

  

Dim. mm Weight

A 1118 390.7 kg

B 838

C 335

D 1349

E 356
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2.3 Pictures of the travelling standard 

 

3 Transportation 
The travelling standard and associated equipment was transported to PTB from VSL and then returned to 
VSL with no issues or damage during this bilateral comparison. 

4 Measurement instructions 
The measurements for the bilateral comparison were performed according to the test protocol to make sure 
good results between participants were achieved. 

4.1 Measurement methods used by participants 

Each participant chose their own method of calibration, but a minimum criterion was met to make sure the 
travelling standard performed optimally, and no extra measurement uncertainty was introduced. 

• Calibration fluid was water at both locations. 

• Travelling standard was mounted in the “tubes up” position. 

 
 
 
 
  

 

4.2 Connections to the calibration facility 

4.2.1 Process connections 

VSL provided inlet and outlet spool pieces for the travelling standard. The spool pieces have DN250 PN10 
flanges for connecting to each facility. Additional inlet and outlet piping required for connecting to each facility 
may have been used but was not required for the travelling standard. 

4.2.2 Electrical connection 

A power supply was not provided. The participants used their own power supply. The electronics accepts AC 
or DC power according to the table below: 

Picture 1 travelling standard and model 5700 transmitter.  Picture 2 connecting pipe spools. 
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4.3 Measurement procedures 

Before any test was performed it was necessary to make sure the travelling standard temperature had been 

stabilized to match the lab ambient temperature of the calibration facility.  
 
After the travelling standard had been installed, a correct zero was obtained prior to performing the flowing 
measurements. Below are some general guidelines used to obtain the correct zero. 

• The meter should be installed, and electronics powered up for at least 30 minutes. 

• The meter should be full of the process fluid. 

• There should be no air bubbles or solids moving in the fluid. 

• The process fluid pressure and temperature at zeroing conditions should match the process fluid 
pressure and temperature at working conditions. 

• There must be no flow through the sensor when performing a zero calibration. 

• A minimum of three zero calibrations must be performed to show there is no trend in the zero 
calibration results. No trend is defined as the last zero calibration value being between the previous 
two values. 

 
Zero calibration results are shown below: 
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Flow rates were set as close as possible to the indicated flows in the test program table below. 
  
Table 1. Flow rates and repeats 

Flowrate 
[t/h] 

Repeats 
[n] 

Remarks 

150 3* -- 

300 5 -- 

400 10 extra repeats for CMC repeatability 

625 5 -- 

150 3* -- 

800 5 -- 

1200 10 extra repeats for CMC repeatability 

150 3* -- 

*Data points at 150 t/h are used to determine zero stability uncertainty. 
 
The test data can be found in Annex A. 
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5 Reporting the measurement results 
For reporting the measurement results, a dedicated Excel workbook was provided to the participants.  

a) Calibration data of the laboratory – Annex A: Attachments 

b) Protocol of calibrations 

The participants have provided a protocol of the calibrations which can be found in Annex A. 

c) Calibration certificate 

Official calibration certificates which include all required measurements of Table 1 are found in 

Annex A. 

6 Data to be provided to the third-party (IPQ) 

6.1 Description of test facility and a simplified P&ID 

Each participant provided a description and a simplified P&ID drawing, or photo, to show how the travelling 
standard was connected to the participant’s test facilities. The drawing includes the position of all references 
and instruments used during the comparison. It also includes valves, control valves, pumps, bypasses, and 
other relevant equipment for the comparison.  

6.2 Instruments used for comparison. 

A list of instruments is provided with all their specifications like range, read-out etc.  

6.3 Calculation equation (Measurement model) 

To analyze the result of each participant it was necessary to have the calculation equation used. A description 
of the parameters and how they were obtained during the measurements. 

6.4 The measurement uncertainty  

Example data of the measurement uncertainty calculation is reported. Participants have reported type A, type 
B, the combined uncertainty, and the expanded uncertainty for each data point. The expanded uncertainty is 
reported as a k=2 value and is performed according to the Guide to the Expression of uncertainty in 
measurement [1].  

6.5 Calibration and Measurement Capabilities CMC  

Based on the measurement uncertainty calculated in section 7.4 it has been determined that the tests were 
performed according to the participants CMC claim in the BIPM CMC database. 
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7 Data analysis 

7.1 Post processing of laboratory results 

Based on the experience gained from recently finished comparisons, postprocessing of the reported data 

could be necessary, e.g. [11] and [14]. Particularly if a clear dependency of a meter characteristic was 

determined during characterization measurements. This procedure would achieve a significant reduction of 

meter uncertainty. Typical examples are the correction of pressure dependencies [11], or a consideration of 

the zero effect of the Coriolis flow meter [14]. Pressure and zero effects are used for postprocessing of the 

reported data. The methods are described in detail in the following sections. 

 

RESULTS 

The CMFHC3 Coriolis flow meter used for this comparison has a specified pressure effect on mass flow of    

(-0.0015 %) per bar[g] deviation from the FCF (Flow Calibration Factor) calibration pressure. The data results 

from PTB and VSL have been post processed to account for this pressure effect. The uncertainty of the 

pressure transmitter used during the tests has been added to the estimation of the transfer standard 

uncertainty (uTS).  

7.2 Estimation of transfer standard uncertainties uTS 

In accordance with WGFF recommendations for the evaluation of comparisons [6], the uncertainty uTS should 

consider all components introduced by the transfer standard and its associated instrumentation which could 

affect the measurement results when the transfer standard (TS) is used in the participant’s lab. Following 

Equation (1), the uncertainty of the transfer standard will be calculated as the root -sum-of-square (RSS) of all 

known input parameters. In this case, for the used Coriolis flow meter, the influence of meter drift, zero stability, 

pressure, and temperature effects will be considered as followed. 

 

Meter drift uncertainty (udrift) is determined by comparing the initial VSL results before sending the meter to 

PTB, and the final VSL results after receiving the meter back from PTB. Flow rates greater than 150 t/h are 

used for udrift. 

 

Zero stability uncertainty is determined at each lab by comparing the average mass flow deviations at 150 t/h. 

This flow rate is reproduced three times throughout the test, (see Section 4.3, Table 1). The average value 

from the second and third sets of results are compared to the first set of results. Any change in the average 

mass flow deviations at 150 t/h is assumed to be due to zero stability. The maximum deviation from these 

results is used as the uncertainty due to zero stability of the transfer standard Coriolis meter and is indicated 

as reproducibility uncertainty (ureprod i) in Equation (1). The maximum value used is highlighted in the uTS results 

table. 

 

Process temperature effects on mass flow are corrected by zeroing at process conditions before each test. 

Residual uncertainties due to temperature changes during the tests are included in the zero stability 

uncertainty shown as ureprod i. The chart below shows the inlet fluid temperature variation throughout the test 

for each laboratory. The largest temperature deviation during a single test was 0.8 °C. 
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Process pressure effects on mass flow are corrected by measuring the inlet fluid pressure during each test 

and applying the factory pressure correction value. A dedicated inlet section with a pressure transducer was 

supplied for this comparison. The pressure effect uncertainty is determined from the uncertainty of the 

supplied pressure transducer and the pressure correction value.  

 

The values of uTS will be calculated separately for each flow set point. 

 

𝑢TS = √𝑢drift
2 + 𝑢reprod 𝑖

2 + 𝑢p
2                              (1) 

 
where   udrift  Uncertainty due to drift of transfer meter (%) 

ureprod i Uncertainty due to zero stability characteristics of transfer meter in each 

calibration laboratory (%) 
  up  Uncertainty caused by pressure characteristics of transfer meter (%) 

  
All values of u are expressed as k = 1. 

 
RESULTS 
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NOTE: Maximum values of  ‘Zero Error’ (highlighted) are used for uReprod  

7.3 Uncertainty of reported laboratory results 

As described in [6], [12] and [13], the uncertainty of the reported value xlab,i includes uncertainties introduced 

by the participant`s flow reference ulab,i, by transfer meter uTS and by repeatability of the reported value. In 

consequence, the uncertainty of xlab,i will be calculated by applying Equation (2). The input parameters ulab,i 

do represent the claimed uncertainty values of the laboratories, which are under evaluation during this 

comparison. The term s/√n represents the repeatability of measurements in the participant`s laboratory and 

are based on reported calibration results. 

 

𝑢𝑥,𝑖 = √ 𝑢lab,𝑖
2 + 𝑢comp

2 = √𝑢lab,𝑖
2 + 𝑢TS

2 + (
𝑠

√𝑛
)

2
                  (2) 

 

 

where       ux,i  Uncertainty of reported meter error of laboratory i (%) 
  ulab,i   Uncertainty of laboratory reference (%) 

  ucomp   Uncertainty of transfer meter measurements (%) 
  s   Standard deviation of the measurements at one flowrate point (%) 

  n   Number of calibrations at one flowrate point (-) 

 
All values of u are valid for k = 1. 

 

RESULTS 
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7.4 Determination of reference value and evaluation criterion A (Eni value) 

The comparison evaluation is based on the reported measurement results from VSL and PTB. VSL calibrated 

the meter before and after sending it to PTB. PTB is considered the reference for this bilateral comparison. 

Bilateral Comparison reference value (BCRV) will be calculated separately for each flowrate using PTB’s 

results, following the procedure A of [6].  

The degree of equivalence (di or DoE) will be calculated by the difference between VSL’s initial results, before 

sending the meter to PTB, and PTB’s. In combination with the uncertainty of this difference, the normalized 

Degree of Equivalence En,i will be calculated, which is called “Criterion A”.  

Notes: 

- Both laboratories act as equal participants on the same metrological level.  

- Both laboratories do have their own traceability, there is no dependency between participants.  

- For detailed description of BCRV and Eni calculation see 0. 

 
RESULTS 
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7.5 Determination of calibration conclusiveness - Evaluation criteria B and D 

To follow the latest developments in the field of comparison evaluation, an improved method of evaluation 

comparison results will be applied [4], [7]. The so-called “Criterion B” and “Criterion D” both ensure a 

conclusiveness check of the comparison results. 

  

- The ratio of ucomp/ulab,i, also called evaluation criterion B, is based on recommendations by the WGFF 

in [6], [12] and [16]. It gives an additional evaluation criterion beside criterion A by considering the 

ratio of the comparison uncertainty and uncertainty of participant’s flow reference. Criterion B 

underlines a suitability of the transfer standard as well as a sufficiently  high quality of the calibrations, 

expressed as the repeatability s/√n. The WGFF proposed that ucomp/ulab,i ≤ 2 for conclusive comparison 

results and to avoid a participant passing solely because the transfer standard uncertainty and/or 

repeatability of calibrations are large. Based on an extraction of Equation (2), ucomp will be calculated 

by using Equation (3). 

𝑢comp = √𝑢TS
2 + (

𝑠

√𝑛
)

2

                                (3) 

 

RESULTS 
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- Criterion D was introduced by [16] as a probability-based measure for conclusiveness. The laboratory 

results are evaluated by the degree to which two Gaussian probability density functions (PDFs) 

overlap - comparison reference value N(xBCRV, ux,CRV) and the participant’s reported value for the 

measurand N(xi, ulab,i). The degree of overlap between both PDFs is assessed by a probability content 

Pi of the KCRV and PDF bound by the participant’s 2.5th and 97.5th percentile confidence limits for the 

uncertainty of the participant’s flow reference, which indicates a confidence level of 95 %. The 

calculation of the probability Pi is given by [16] along with a “threshold” value of Pth = 0.35. The value 

of Pth determines the minimum required overlapping area between the PDFs of xKCRV and xi  for 

conclusive calibration results. The practical use of Criterion D for comparison evaluation was recently 

evaluated by [13]. 
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RESULTS 

 
 

 

7.6 Final evaluation procedure of comparison data for CMC and Decision Table 

 
For final data evaluation and decision table the following criteria were applied - based on [11], [12], [13], [6]: 

- VSL passes the comparison if Eni ≤ 1.0 and Pth ≥ 0.35. 

The results of VSL’s laboratory agrees within 95 % confidence level uncertainty expectations with 

PTB (k = 2). The calibrations are conclusive. 

- VSL passes the comparison at “warning level” if 1.0 < Eni ≤ 1.2 and Pth ≥ 0.35. 

- VSL fails the comparison if Eni > 1.2. The claimed laboratory results cannot be accepted. 

- Inconclusive results if En,i ≤ 1.2 is combined with Pth < 0.35 

The results are inconclusive, due to the low overlapping area between density functions. This decision 

involves an evaluation of the transfer meter, which does not show sufficiently low uncertainties to 

discern VSL to PTB below a certain level. In this case, the transfer standard is not suitable for a 

confirmation of the declared laboratory uncertainties. 

RESULTS 

The results of this bilateral comparison indicate that the VSL CMC claim of 0.03% (k=2) for mass flow over a 

range of 150 t/h to 1200 t/h is valid based on En values less than 1.0 when compared to the reference mass 
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flows from PTB. The En comparison results from this bilateral comparison are deemed to be conclusive based 

on the analysis of criterion B & D.  
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Appendix 1 - Detailed Description of data evaluation 
The Bilateral Comparison reference value will be calculated separately for each flowrate, following the 

procedure A of [6]. The refence value y will be calculated as a weighted mean error of the participating 

laboratories, including standard uncertainties ux,i of the measurements as the weights: 

 

𝑦 =
(

𝑥1

𝑢𝑥,1
2 +

𝑥2

𝑢𝑥,2
2  + … 

𝑥𝑖

𝑢𝑥,𝑖
2  )

(
1

𝑢𝑥,1
2 +

1

𝑢𝑥,2
2  + … 

1

𝑢𝑥,𝑖
2 )

                     (4)

  

 where    y - Reference value of the comparison (%) 

 

The standard uncertainty uy is given with: 

 
1

𝑢𝑦
2 =

1

𝑢𝑥,1
2 +

1

𝑢𝑥,2
2 + … + 

1

𝑢𝑥,𝑖
2                     (5) 

 

where    uy   - Standard uncertainty of y with k = 1 (%) 

 

The expanded uncertainty of y is calculated with: 

𝑈(𝑦) = 2 ∙ 𝑢𝑦                      (6) 

 

where    U(y)   - Expanded uncertainty of y with k = 2 (%) 
 

The value of y will be accepted as the Comparison Reference Value xBCRV and U(y) is accepted as the 

expanded uncertainty U(xBCRV). 

 
Determination of normalized degree of equivalence Eni - Evaluation criterion A 

Differences between laboratory results (xi) and BCRV (xBCRV) will be calculated in accordance with Equation 

(7) separately for each flow meter and flow rate. The results give the degree of equivalence (DoE) of each 

laboratory. 

 

𝑑𝑖 = 𝑥𝑖 − 𝑥𝐵𝐶𝑅𝑉                      (7) 

 

where    di - Degree of equivalence (DoE) for each laboratory i in % 

   xi - Reported meter error of laboratory i in % 

   xBCRV - Comparison Reference value in % 

Based on differences di, the normalized Degree of Equivalence Eni will be calculated for each laboratory and 

flow rate with: 

𝐸𝑛𝑖 = |
𝑑𝑖

𝑈(𝑑𝑖)
|                      (8) 

 

where    Eni - Normalized Degree of Equivalence 

The extended uncertainty of di will be calculated by Equation (9) for laboratories with contribution to the BCRV. 

Participating laboratories, which will be excluded from the BCRV determination, do not have any interference. 

In that case the value of U(di) will be calculated according to Equation (10). 
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𝑈(𝑑𝑖) = 2 ∙ √𝑢x,𝑖
2 + 𝑢BCRV

2 − 2 ∙ 𝑢BCRV
2 = 2 ∙ √𝑢x,𝑖

2 − 𝑢BCRV
2                              (9) 

 

 

𝑈(𝑑𝑖) = 2 ∙ √𝑢𝑥,𝑖
2 + 𝑢BCRV

2                   (10) 
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Abbreviations 
BC = Bilateral Comparison 
BCKV = Bilateral Comparison reference value 
BIPM = Bureau International des Poids et Mesures (the International Bureau of Weights and Measures)  
CCM = Consultative Committee for Mass and Related Quantities 

CIPM = Comité International des Poids et Mesures (International Committee for Weights and Measures)  
CMC = Calibration and Measurement Capabilities 
DoE = Degree of Equivalence 
GUM = Guide to the Expression of Uncertainty in Measurement 
FF = Fluid Flow 
FSF = Flying Start Finish method 

MRA = Mutual Recognition Arrangement 
NMI = National Metrology Institute 
PTB = The National Metrology Institute of Germany 
RTD = Resistive Temperature Device 
SSF = Standing Start Finish method 
TS = Transfer Standard 

VIM = Vocabulaire International de Metrologie 
VSL = The National Metrology Institute of the Netherlands 
WGFF = Working Group for Fluid Flow 
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Annex A: Attachments 
 

Attachments Description 

A PTB Calibration Protocol 

B PTB Calibration Certificate 

C VSL Calibration Protocol 

D VSL Calibration Certificate 
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A.    PTB Calibration Protocol 
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B.    PTB Calibration Certificate 



Final Report - EURAMET Bilateral Comparison  
High flow rate water – 150 t/h to 1200 t/h 
Page 36 of  46 

 

   



Final Report - EURAMET Bilateral Comparison  
High flow rate water – 150 t/h to 1200 t/h 
Page 37 of  46 

 

   



Final Report - EURAMET Bilateral Comparison  
High flow rate water – 150 t/h to 1200 t/h 
Page 38 of  46 

 

   



Final Report - EURAMET Bilateral Comparison  
High flow rate water – 150 t/h to 1200 t/h 
Page 39 of  46 

 

   



Final Report - EURAMET Bilateral Comparison  
High flow rate water – 150 t/h to 1200 t/h 
Page 40 of  46 

 

   



Final Report - EURAMET Bilateral Comparison  
High flow rate water – 150 t/h to 1200 t/h 
Page 41 of  46 

 

   



Final Report - EURAMET Bilateral Comparison  
High flow rate water – 150 t/h to 1200 t/h 
Page 42 of  46 

 

  

C.    VSL Calibration Protocol 
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D.    VSL Calibration Certificate 
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