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Abstract

:

The volumetric primary standard with a constant volume (pVTt) determines the flow rate from the rate of change of gas density in the defined measuring volume. The key element of the measuring system that uses the flying start–stop method is a diverter. This paper presents a time correction model that adapts the correction according to the diverting speed implemented in our pVTt system developed for flow rates smaller than   12  m g  min  − 1    . A detailed study of the diverter’s effects on the effective collection time and two methods for determining the time correction are presented. One is based on the ISO 4185 standard and the other on measurements of the dynamic pressure upstream of the diverter. A set of correction time measurements were made at different diversion speeds to define the correction model at a flow rate of   9  m g  min  − 1    . The results show very good agreement between the measurements with both methods and the defined correction model. Additional measurements were made at smaller flow rates and the results indicate the independence of the time correction from the measured flow rate.
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1. Introduction


The current metrological capabilities for the gas flow measurements of the Laboratory for Measurement in Process Engineering at the Faculty of Mechanical Engineering, University of Ljubljana cover the range down to   1.2  m g  min  − 1     using the piston prover primary standard as the reference device. The expanded uncertainty of measurement does not exceed 0.15% for flow rates above   12  m g  min  − 1    , but it increases to 1% at smaller flow rates down to   1.2  m g  min  − 1     [1]. With the intention to expand the measuring range and to decrease measurement uncertainties at the lowest flow rates, the new constant volume primary standard has been developed, covering the range between   0.12  m g  min  − 1     and   12  m g  min  − 1     with the target expanded uncertainty of 0.2%. The development goals has also been to keep the time interval of measurements below a few minutes and to minimize the possibility of human errors by fully automating the measuring system.



Primary standards for flow measurements all rest on the fundamental physics of mass accumulation in a certain time window. When the fluid is a gas, there are two basic groups of primary standards. Gravimetric standards use scales or mass comparators to evaluate the mass change of a depleted/filled pressure vessel [2,3,4,5] with the best uncertainties defined as 0.019% [2] of the measured flow rate. The volumetric method uses the definition of gas mass as a product of the gas density and a known volume that the gas occupies. The latter methods are further divided into methods with changing volume [5,6,7,8,9,10,11,12,13,14,15] and methods with constant volume (changed density), usually also labelled with the acronym pVTt (pressure, volume, temperature, time) [16,17,18,19,20,21,22,23,24] with uncertainties going down to 0.013% [6] and 0.015% [22] of measured flow rate respectively. In the former the volume can be changed with the translation of a sealed piston inside a known cylinder or the translation of a liquid-sealed bell with a known diameter. In both cases the time needed for a piston/bell to travel between the two points on the path is recorded to obtain the change of volume with time. That, combined with the measured density, theoretically kept constant, gives an indication of the mass flow. When using a constant volume, the result of the usually entering gas is predominantly expressed through a pressure change, from which the density change is evaluated using the gas equation. Again, using the measured density change in the recorded time window with a fixed and known volume we can determine the mass flow of the gas.



We focused on a volumetric method with a constant volume (pVTt) and a static method of mass determination that uses a flying start–stop that guarantees the time for the flow stabilization. One of the key parts of this method is the use of a diverter, which diverts the flow in/out of the measuring volume   V mea   and is also used as an interrupter for the time measurement [25]. The basic measurement model is as follows:


   q m  =   V mea   t ef   Δ ρ =   V mea   t ef    (  ρ end   (  p end  ,  T end  )  −  ρ st   (  p st  ,  T st  )  )  .  



(1)







The densities of the confined gas at the start   ρ  st    and the end   ρ end   correspond to the measured pressure p and the temperature T at the start and the end of the measurement in stable conditions. The system is collecting mass, and the time window, when the flow is directed into the system, is called the effective collection time   t ef  . It is defined in a way that the equality between the time integral of the actual flow into the   V mea   and the product of the determined average flow rate with   t ef   is assured. This is determined as the sum of the measured collection time   t mea   and the time correction   t cor   that compensates for features of the actual system,


   t ef  =  t mea  +  t cor  .  



(2)







The aim of this article is to evaluate two methods for determining the time correction and set up a new time correction model that has the possibility to take into account potential changes in the operating speed of the diverter. The first method is derived from the ISO 4185 [26] standard and based on measuring the same flow rate at different collection times (termed Method 1). Besides, we propose a novel method of determining the time correction based on the measured dynamic pressure signals upstream of the diverter (termed Method 2). The target measurement uncertainty of the correction time is   0.01  s   or less.



In the Section 2, we will first describe the theoretical operation of the diverter and its influence on the correction time. The following is a description of the measuring system in Section 3. In Section 4, the methods for measuring the correction time will be defined, and the effects on the result will be presented. In Section 5, a correction model according to Method 1 will be obtained on the basis of measurements. It will be followed by Section 6, where Method 2 will be validated and used to check the dependence of the correction time on the flow rate. The article ends with Section 7 that summarises the main contributions.




2. Physical Background of the Flow Diversion


The diverter used for the flying start–stop method for the flow measurement is a mechanical device that diverts the flow from one inlet between two outlets. This is achieved by moving a diverting element between two end positions. The diverter shown in Figure 1 is equipped with a proximity sensor that generates Signal I and Signal   I I  , high levels of which represent the flow path opened to the measuring volume and to the environment, respectively. The position signals are used as a source for the time measurement.



While the diverter moves from one end position to another, the position signals change accordingly (Figure 2). For most of the time during the diverter’s motion both signals are at a low level. We identified the diversion time   t div   as the time between the drop of one signal to a low level and the rise of the other signal to a high level. In Figure 2, changes of Signal I are labelled with A and changes of Signal   I I   with B.



During the flow measurement, the diverter always changes its state (position) twice; it returns to the initial position. At the beginning of the measurement the gas accumulation begins when the diverter outlet to the environment is closed (labelled with timestamp C in Figure 2). The mass accumulation finishes when the diverter outlet to the measuring volume closes (labelled with time stamp D in Figure 2). As demonstrated in Figure 2, the measured time   t mea   is defined as the time between two consecutive drops of Signal   I I   (first timestamp A in Figure 2) and Signal I (second timestamp B in Figure 2). The time delay between the signal drop and the actual diversion (between timestamps A and C at the beginning and between B and D at the end) can be defined as the closing time   t cl  . So   t ef   can be expressed as:


   t ef  =  t mea  −  t  cl   I I → I   +  t  cl   I → I I   .  



(3)







If we consider Equation (2) the correction time equals:


   t cor  =  t  cl   I → I I   −  t  cl   I I → I   .  



(4)







Under real-life conditions, the diverter’s actions in the opposite directions are never fully symmetrical. The correction time is a direct consequence of this asymmetrical error.




3. Measurement System


A basic schematic of the measurement system is presented in Figure 3, accompanied by a photograph of the system (Figure 4). All the measurements reported in this paper were performed with dry air as the measured gas. The mass flow controller (Bronkhorst, F-201CV-020) is used as a stable flow source. The system operates at atmospheric pressure with relatively small pressure changes of up to a few    kPa   downstream of the mass flow controller, which minimises the effect on its stability. The diverter is a three-way ball valve (V0) with a pneumatic actuation (Swagelok, SS-41GXS3MM-A15XD). The actuator’s speed was controlled with a pressure regulator to define the driving pressure and two variable flow restrictions installed on each of the actuator’s driving ports. The diverter is equipped with an inductive sensor (Pepperl + Fuchs, NBN3-F25-E8-V1-3D) that generates two output signals, each for one end position of the actuator. The signals are acquired using a DAQ card (NI, USB-6341) with an on-board timer for the time measurement. For enhanced monitoring of the diverter’s operation, an additional piezo pressure sensor   p div   (Kistler, 7261 & 5007) is added upstream of the diverter.



The measuring volume   V mea   is a sum of the calibrated cylinder   V  mea  cil   and the connection tubing   V  mea  tub  . The volume of the cylinder (  99.96  c  m 3   ) is based on a traceable calibration of its dimensions. The volume of the tubing connecting the mass flow controller, the diverter, the pressure sensors and the cylinder (  4.73  c  m 3   ) was determined using the method of volume expansion [16].



For optimal thermal stability, the calibrated cylinder and most of the tubing are submerged in a water bath. To reduce the unnecessary heat sources, all the valves (V1–V3) in direct contact with the measured gas are pneumatically actuated. The entire system is inserted into the climatic chamber and is maintained at a constant temperature. The temperatures at three locations are monitored during the operation of the system. To monitor the temperature of the cylinder   T mea  , a cylindrical probe is inserted into a hole in the cylinder’s wall (TetraTec Instruments, WIT-S/Pico Technology, PT-104). The temperature of the diverter   T val   is monitored with a surface probe attached to it (Omega, SA2F-RTD/Pico Technology, PT-104). To measure the temperature inside the climatic chamber   T amb   a cylindrical probe is exposed to the ambient air (TetraTec Instruments, WIT-S/Pico Technology, PT-104).



The pressure inside   V mea   is determined by a combination of differential   p dif   (MENSOR CPT9000) and absolute   p abs   (MENSOR CPG2500) pressure transducers. The maximum collected mass of air is about   3.1  m g   and is defined by the size of the measuring volume   V mea   and the range of the differential pressure transducer up to   2.5  kPa  , Differential pressure transducer measures the pressure difference between the measuring volume   V mea   and the reference volume   V ref  . Both volumes are first connected and isolated from the atmosphere using valve V3 and later separated one from another using valve V2 (Figure 3). By immersing the reference volume into the water bath kept at a constant temperature, any changes of the reference pressure   p ref   due to the temperature instability are being minimised. The gas pressures in the measuring volume at the start and the end of the measurement cycle are determined in stable conditions by considering appropriate temperature-stabilisation times.



All the measured signals were processed and recorded on a PC in a LabVIEW environment. From the measured temperature and pressure the densities inside   V mea   are calculated using the REFPROP database [27]. With LabVIEW the whole measurement process is automated and controlled with the help of a PLC (Controllino MAXI) and a series of solenoid valves, which drive the pneumatic actuators.




4. Measurement Methods for the Correction Time


4.1. Method 1: Varying the Collection Time


The basic idea of this method follows the method defined in ISO 4185 [26] for measurements of liquid flow, which suggests conducting two measurements, first using a single continuous collection of the mass and second a collection with multiple diverter actions in between. We adjusted it to better adapt to our system based on two assumptions. First, is that two consecutive measurements of a stable flow using different collection times have to indicate the same flow-rate reading. Second, is that the only source of the correction time is the diverting valve, operation of which is repeatable for both measurements. Applying Equation (1) for two conducted measurements, we can express the correction time as:


   t  cor   M 1   =    Δ  ρ  t 1    t  mea   t 2    − Δ  ρ  t 2    t  mea   t 1      Δ  ρ  t 2   − Δ  ρ  t 1      ,  



(5)




where the indexes   t 1   and   t 2   correspond to two consecutive flow measurements of a constant mass flow rate with different collection times.



The measurement system was programmed to continuously measure the flow rate with an alternating collection time. The correction time with Method 1 was calculated after each flow measurement (except for after the first one) from the last two consecutive flow measurements.




4.2. Method 2: Closing-Time Determination Using a Pressure Sensor


The chosen diverting valve closes both outlets for a brief period of time (zero crossover). During the diversion, when both outlets of the diverting valve are closed, gas is accumulated in the volume upstream of the diverting valve (V0). After one of the valve outlets opens (into the measuring volume or into the environment) the accumulated gas is released. The effective time determination based on the matching densities upstream of the diverter at the start and end diversion is described in [16]. We decided to use a different approach based on the same effect.



In order to record the accumulation of the gas upstream of the diverter and define the exact moment of the outlet closure we used a piezo pressure sensor. An example of the acquired voltage signal at the start of the collection time is shown in Figure 5. For a further evaluation the raw voltage signal from the sensor is filtered and normalised. A low-pass filter is used to eliminate the electrical noise and the structural vibrations. It plays a crucial part during flows in the lower part of the system-measurement range where the signal-to-noise level becomes worse. Since the data capture in this case is triggered with Signal   I I   (pre-trigger at   0.1  s   with falling edge) and   t  div   I I → I    measured with the counter (two edge-separation measurements), we can synchronize signals from the proximity and the piezo pressure sensor (Figure 5). As diversion starts, Signal   I I   from the proximity sensor drops to a low value. When the valve closes, the signal from the pressure sensor starts to rise and after an initial transition it changes linearly. When the valve opens on the other outlet, the gas is released and a pressure drop is recorded. To define the moment at which the diverter closes, the gas flow to the initially open outlet, we fit a linear-regression model to the linear part of the rising pressure. The time when the regression line crosses the initial base level of the signal is defined as the moment of the valve’s closure. Consequently,   t  cl   I I → I    can also be defined as shown in Figure 5. The same procedure is made for the end diversion, and the combination of the two consecutive   t cl   gives us   t  cor   M 2    according to Equation (4). The evaluated moments of closure are probably not exact, but since we are evaluating the asymmetry between two consecutive diversions, this introduces a negligible error when calculating the value of   t  cor   M 2    as confirmed by the comparison of both methods in Section 6.




4.3. Effects on Measurement of the Correction Time


The experimental results in this section were obtained for a flow rate of    q m  ≈ 9  m g  min  − 1     and with the diverter set to operate with    t  div   I I → I   ≈ 0.2  s   and    t  div   I → I I   ≈ 0.6  s  . The system was programmed to alternate between collection times of   10  s   and   20  s  , which correspond to approximately half and the maximum value of the collected mass of the gas for the given flow rate, respectively.



In Figure 6 the effect of different measurement times on the measured flow rate without time correction,   t ef   is   t mea  , is evident. The measured flow rate at the shorter collection time is on average higher by 0.25%. This means that the actual flow rate is even lower than the measured value for the longer collection time and so the time correction needs to be added to the measured collection time   t mea  .



Figure 7 shows the stability of the diverter’s operation. It can be seen that even if all the settings remained unchanged, the diverter speed changes slightly (  0.002  s  ). At the start of the diversion there is no difference for the different collection times, but at the end diversion there is a difference of about   0.005  s  . Additional measurements of the diverter’s driving pressure showed that this is related to the ability of the pressure regulator to quickly reach the pressure set point after the diversion and to the stability of the pressure drop on the flow restrictor.



Figure 8 shows the results of the correction time measurements according to both Method 1 and Method 2. It can be seen that Method 2 successfully identifies the change in the correction time between shorter and longer measurements due to the previously mentioned changes in the diverter’s operation. For Method 1, which is based on the assumption of an unchanged diverter operation during both required measurements, this change in diverter operation is a potential source of measurement uncertainty.



The combined standard uncertainty of the correction time according to Method 1 can be estimated as [28]:


  u  (  t  cor   M 1   )  =    u   t div   2   (  t  cor   M 1   )  +  u   p dif   2   (  t  cor   M 1   )  +  u   q m   2   (  t  cor   M 1   )  +  u  leak  2   (  t  cor   M 1   )  +  u  rep  2   (  t  cor   M 1   )    ,  



(6)




taking into account following uncertainty contributions: the discussed change in the diverter’s operation    u  t div    (  t  cor   M 1   )   , the uncertainty of the measured differential pressure    u  p dif    (  t  cor   M 1   )   , the stability of the generated flow    u  q m    (  t  cor   M 1   )   , the leakage    u leak   (  t  cor   M 1   )    and the repeatability    u rep   (  t  cor   M 1   )   . As a conservative estimate of the change in the correction time due to the diverter’s instability, a quarter of the change in diversion time   t  div   I → I I    between two consecutive measurements was assumed. With the maximum change in the diversion time being   0.008  s   (Figure 7), the uncertainty introduced by the diverter’s stability comes to     u  t div    (  t  cor   M 1   )  =  0.002  s  . For the collected masses in the presented measurement the non-linearity of the differential pressure transducer (  0.2  Pa  ) introduces an uncertainty of about     u  f dif    (  t  cor   M 1   )  =  0.003  s  . Assuming a stability of the generated flow rate between two consecutive measurements of about 0.01%, the related uncertainty comes to     u  q m    (  t  cor   M 1   )  =  0.001  s  . The estimated leakage flow rate of less than   1.2 ×  10  − 4    m g  min  − 1     has a negligible impact on Method 1 at this flow rate. The repeatability is estimated by the experimental standard deviation of the mean [28]:


   u rep   (  t  cor   M 1   )  =   s (  t  cor   M 1   )   n   ,  



(7)




where   s (  t  cor   M 1   )   is the experimental standard deviation and n number of measurements. For forty consecutive measurements    u rep   (  t  cor   M 1   )    equals about   0.001  s  . All these impacts combined give a standard uncertainty of less than   0.004  s  . Considering the lower gas flows, the uncertainty increases, most significantly due to the higher impact of the non-linearity of the pressure sensor. For the example at   1  m g  min  − 1     the standard uncertainty of the correction time increases to   0.01  s   and at   0.5  m g  min  − 1     even to   0.02  s  , which makes Method 1 of limited use in a determination of the correction time at flow rates below   1  m g  min  − 1    .



Contrary to Method 1, the uncertainty of the correction time according to Method 2 cannot be explicitly estimated. The results for Method 2 were therefore validated upon comparison with the results of Method 1 (see Section 6).





5. Model for the Correction Time’s Dependency on the Diverter’s Speed


The purpose is to define the model for the correction time that considers potential changes in the speed of the diverter. The correction time is expected to depend linearly on the start and end diversion times, so the following linear model is proposed:


   t  cor  lm  =  k  I → I I    ·   t  div   I → I I   −  k  I I → I    ·   t  div   I I → I   ,  



(8)




with two model coefficients   k  I → I I    and   k  I I → I   .



The correction time was measured at a flow rate of   9  m g  min  − 1     and four different diverter setups related to different combinations of the start and the end diversion times. We selected two different speeds of the diverter operation, i.e., fast (   t div  ≈ 0.2  s  ) and slow (   t div  ≈  0.6  s  ), which gave us four combinations to test. For each diverter setup, at least forty consecutive measurements were made. Applying linear regression to the measurement results for the correction time determined by Method 1 and the corresponding diversion times we obtain the model:


   t  cor  lm  = 0.157  ·   t  div   I → I I   − 0.203  ·   t  div   I I → I   .  



(9)







The standard uncertainty of the approximation is   0.009  s  . Together with the standard uncertainty discussed in the previous section, we obtained a standard uncertainty of the correction time determined by the model of   0.010  s  .



The measured correction times versus their approximate values according to Equation (9) are presented in Figure 9. Figure 9 also shows an additional series of measurements performed at the medium diverter speed (Med. − Med.;    t div  ≈ 0.4  s  ), which was used for a linearity check of the obtained model. This fifth combination (Med. − Med.) also shows good agreement with the model and confirms its validity.




6. Validation of Pressure Based Method for the Time Correction (Method 2)


Figure 10 shows a comparison of the correction times obtained with pressure based method (Method 2) versus the approximated values using Equation (9) that is based on Method 1. The same sets of measurements as in Figure 9 are presented. The obtained data show that the values for all five diverter setups are lying close to the symmetry axis. The largest deviation of Method 2 and the model Equation (9) is   0.008  s   at the Slow–Fast setup of diverter. For values where the diverter travels with approximately the same speed in both directions, the difference does not exceed   0.002  s  . Since the deviations are smaller than the standard uncertainty of the correction model, we can conclude that Method 2 produces results that are consistent with Method 1, without significant systematic deviations. The application of Method 2 has some important advantages. Comparing Figure 9 and Figure 10, Method 2 shows significantly lower scatter for the determined time corrections compared to Method 1. It is also a faster method, because it requires only two consecutive switches of the diverter instead of performing two full flow-rate measurements using Method 1.



Additional measurements at the lower flow rates of    q m  ≈ 1.1  m g  min  − 1     and    q m  ≈ 0.5  m g  min  − 1     were made to investigate the effect of the flow rate on the correction time. Since the uncertainty of Method 1 at lower flow rate rises substantially, we decided to use only Method 2. The Slow–Slow diverter setup was selected. The system was operating with the collection time fixed for each flow rate.



The results of three successive measurement series at different flow rates are presented in Figure 11. From a value of   0.0005  s   at   9  m g  min  − 1     the standard deviation rises to   0.003  s   at   1.1  m g  min  − 1     and further to   0.005  s   at   0.5  m g  min  − 1    . The increase of the standard deviation rise comes from the fact that the observed pressure increase is substantially smaller and so the signal-to-noise ratio becomes worse. By comparing Figure 11 to Figure 9 we can observe that even the scatter of Method 2 at the lowest flow rate is still smaller than the scatter of Method 1 at   9  m g  min  − 1    .



However, if we look at the average values, we see that at a flow rate of   1.1  m g  min  − 1    , there was a   0.007  s   deviation between the average values of the model and Method 2, whereas at a flow rate of   0.5  m g  min  − 1    , the averages coincide within   0.001  s  . This indicates a systematic shift at   1.1  m g  min  − 1    , which is probably not due to the changed flow rate. However, given that the deviation is still within the measurement uncertainty of the model, we can conclude that the time correction is not very dependent on the measured flow rate.




7. Conclusions


A primary standard based on a constant-volume volumetric method (pVTt) using the flying start–stop method with a static determination of the captured mass was presented. The flying start–stop method greatly depends on the operation of the diverter, which is the main source of the necessary correction for the measured time. The uncertainty of the time correction is a major contribution to the system uncertainty when using short collection times. For example,   0.05  s   of time correction uncertainty leads to the uncertainty of 0.5% of the measured flow rate when the collection time equals   10  s  . We have defined and compared two methods for determining the time correction. Method 1, based on the ISO 4185 standard [26], considers that the measured mass flow should be independent of the change in the collection time. Based on a detailed analysis of the operation of the diverter, we defined a new method of determining the correction time, Method 2, which is based on measuring the pressure change upstream of the diverter linked to the diverter position.



Using Method 1 and controlling the operation of the diverter, the linear measurement model for the correction time was determined, which takes into account changes in the speed of the diverter. The uncertainty analysis of the resulting correction time took into account the uncertainty contributions related to the application of Method 1 (flow instability, diverter instability, non-linearity of the pressure transducer, repeatability) and the uncertainty of the model approximation. It was estimated that the standard uncertainty of the model does not exceed   0.01  s  . A comparison of the time-correction results obtained using both methods confirms the applicability of Method 2. Method 2 was also used to evaluate the time correction for smaller flow rates, where Method 1 experiences a significant increase in the uncertainty. The results show a minor effect of the flow rate on the time correction.



A potential source of the observed dependency of the diverter’s operation on the time between the two diversions is the stability of the driving pressure of the diverter. For that reason, the plan for the future is to improve the configuration of this part of the measurement system and re-evaluate both methods for the correction time. The uncertainty of the model for the correction time could be further decreased by defining a narrower speed range for the diverter during the use of the PVTt primary standard.







Author Contributions


P.Ž.: Conceptualization, Methodology, Software, Investigation, Validation, Formal analysis, Writing—original draft. G.B.: Conceptualization, Writing—review and editing. J.K.: Conceptualization, Methodology, Formal analysis, Writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


The authors acknowledge the financial support from the Slovenian Research Agency (research core funding no. P2-0223).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bobovnik, G.; Kutin, J.; Bajsić, I. Uncertainty analysis of gas flow measurements using clearance-sealed piston provers in the range from 0.0012 g min−1 to 60 g min−1. Metrologia 2016, 53, 1061–1068. [Google Scholar] [CrossRef]

	



Berg, R.; Tison, S. Two Primary Standards for Low Flows of Gases. J. Res. Natl. Inst. Stand. Technol. 2004, 109, 435. [Google Scholar] [CrossRef] [PubMed]

	



Vičar, M.; Krajíček, Z.; Pražák, D.; Sedlák, V.; Gronych, T.; Hajduk, T.; Tesař, J. Gravimetric flow standard in the vacuum and hermetic modes. Meas. Sci. Technol. 2018, 29, 095011. [Google Scholar] [CrossRef]

	



Ren, J.; Duan, J.; Dong, Y. Application and uncertainty analysis of a balance weighing system used in natural gas primary standard up to 60 bar. Flow Meas. Instrum. 2021, 77, 101836. [Google Scholar] [CrossRef]

	



Berg, R.F.; Cignolo, G. NIST–IMGC comparison of gas flows below one litre per minute. Metrologia 2003, 40, 154–158. [Google Scholar] [CrossRef]

	



Cignolo, G.; Alasia, F.; Capelli, A.; Goria, R.; La Piana, G. A primary standard piston prover for measurement of very small gas flows: An update. Sens. Rev. 2005, 25, 40–45. [Google Scholar] [CrossRef]

	



Berg, R.F.; Gooding, T.; Vest, R.E. Constant pressure primary flow standard for gas flows from 0.01 cm3/min to 100 cm3/min (0.007–74 μmol/s). Flow Meas. Instrum. 2014, 35, 84–91. [Google Scholar] [CrossRef]

	



Bobovnik, G.; Kutin, J. Experimental identification and correction of the leakage flow effects in a clearance-sealed piston prover. Metrologia 2018, 56, 015013. [Google Scholar] [CrossRef]

	



Bobovnik, G.; Kutin, J. Correlation of the leakage flow rate with pressure changes in a clearance-sealed piston prover. Flow Meas. Instrum. 2020, 74, 101785. [Google Scholar] [CrossRef]

	



Kutin, J.; Bobovnik, G.; Bajsić, I. Dynamic effects in a clearance-sealed piston prover for gas flow measurements. Metrologia 2011, 48, 123–132. [Google Scholar] [CrossRef]

	



Kutin, J.; Bobovnik, G.; Bajsić, I. Dynamic pressure corrections in a clearance-sealed piston prover for gas flow measurements. Metrologia 2013, 50, 66–72. [Google Scholar] [CrossRef]

	



Kramer, R.; Mickan, B.; Dopheide, D. Double piston prover usable as flowrate comparator for various gases. In XVIII IMEKO World Congress; Metrology for a Sustainable Development: Rio de Janeiro, Brazil, 2006. [Google Scholar]

	



Jousten, K.; Menzer, H.; Niepraschk, R. A new fully automated gas flowmeter at the PTB for flow rates between 10−13 mol/s and 10−6 mol/s. Metrologia 2002, 39, 519. [Google Scholar] [CrossRef]

	



Wright, J.; Mattingly, G. NIST Measurement Services: NIST Calibration Services for Gas Flow Meters. Piston Prover and Bell Prover Gas Flow Facilities; NIST: Gaithersburg, MD, USA, 1998. [Google Scholar]

	



Boineau, F. Characterization of the LNE constant pressure flowmeter for the leak flow rates measurements with reference to vacuum and atmospheric pressure. PTB Mitteilungen 2011, 121, 313. [Google Scholar]

	



Wright, J.D.; Johnson, A.N.; Moldover, M.R. Design and Uncertainty Analysis for a PVTt Gas Flow Standard. J. Res. Natl. Inst. Stand. Technol. 2003, 108, 21–47. [Google Scholar] [CrossRef]

	



Johnson, A.N.; Wright, J.D. Gas Flowmeter Calibrations with the 26 m3 PVTt Standard; NIST Special Publication 250-1046; NIST: Gaithersburg, MD, USA, 2005. [Google Scholar]

	



Li, C.; Johnson, A. Bilateral comparison between NIM’s and NIST’s gas flow standards. MAPAN 2011, 26, 211–224. [Google Scholar] [CrossRef]

	



Ishibashi, M.; Morioka, T. The renewed airflow standard system in Japan for 5–1000 m3/h. Flow Meas. Instrum. 2006, 17, 153–161. [Google Scholar] [CrossRef]

	



Arai, K.; Yoshida, H. Primary flow meter for calibrating a sniffer test leak artefact by a pressure rise method. Metrologia 2014, 51, 522–527. [Google Scholar] [CrossRef]

	



ichi Nakao, S. Development of the PVTt system for very low gas flow rates. Flow Meas. Instrum. 2006, 17, 193–200. [Google Scholar] [CrossRef]

	



Wright, J.D.; Johnson, A.N. Lower Uncertainty (0.015% to 0.025%) of NIST’s Standards for Gas Flow from 0.01 to 2000 Standard Liters/Minute. In Proceedings of the 2009 Measurement Science Conference, Anaheim, CA, USA, 23 March 2009. [Google Scholar]

	



Wright, J.; Johnson, A.; Moldover, M.; Kline, G. Gas Flowmeter Calibrations with the 34 L and 677 L PVTt Standards; NIST: Gaithersburg, MD, USA, 2004. [Google Scholar]

	



Chahine, K.; Wang, Z. Establishment of an Ultra-High Accuracy 670 PVTt Gas Flow Primary Standard at NMIA. In Proceedings of the 18th International Flow Measurement Conference, Portugal, Lisbon, 26–28 June 2019. [Google Scholar]

	



Cheong, K.H.; Doihara, R.; Shimada, T.; Terao, Y. Gravimetric system using high-speed double switching valves for low liquid flow rates. Meas. Sci. Technol. 2018, 29, 075304. [Google Scholar] [CrossRef]

	



ISO 4185; Measurement of Liquid Flow in Closed Conduits—Weighing Method. Standard, International Organization for Standardization: Geneva, Switzerland, 1980.

	



Lemmon, E.; Bell, I.H.; Huber, M.; McLinden, M. NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties-REFPROP, Version 10.0, National Institute of Standards and Technology; Standard Reference Data Program: Gaithersburg, MD, USA, 2018. [Google Scholar]

	



JCGM 100:2008; Evaluation of Measurement Data—Guide to the Expression of Uncertainty in Measurement. Technical Report; Joint Committee for Guides in Metrology: Paris, France, 2008.








[image: Sensors 22 04001 g001 550] 





Figure 1. Schematic representation of a diverter. 
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Figure 2. Connection between diverter position, position sensor signals and mass flow into measuring volume. 
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Figure 3. Schematic of a system without control signals. Diverter (V0) in red box. 
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Figure 4. Photograph of the system taken during maintenance. Labelled essential components: (1)—Cylinder part of   V mea  , (2a)—valve V0, (2b)—actuator for V0, (3)—mass flow contoller, (4)—  p dif   pressure transducer, (5)—  p div   pressure sensor, (6)—  T mea   temperature probe. 
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Figure 5. Example of recorded voltage from the piezo pressure sensor together with signals from inductive sensor. 
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Figure 6. Example of consecutively measured flow rate with alternating fill time and without time correction (   t  div   I I → I   ≈ 0.2  s   and    t  div   I → I I   ≈ 0.6  s  ). 
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Figure 7. Example of consecutively measured diversion time (   t  div   I I → I   ≈ 0.2  s   and    t  div   I → I I   ≈ 0.6  s  ;    q m  ≈ 9  m g  min  − 1    ). 
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Figure 8. Example of consecutively measured correction time with two methods. Blue lines represent average of presented Method 1 results. (   t  div   I I → I   ≈ 0.2  s   and    t  div   I → I I   ≈ 0.6  s  ;    q m  ≈ 9  m g  min  − 1    ). 
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Figure 9. Comparison of the measurement results for the correction time according to Method 1 and the approximation model Equation (9) (   q m  ≈ 9  m g  min  − 1    ). 
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Figure 10. Comparison of the measurement results for the correction time according to Method 2 and the approximation model Equation (9) (   q m  ≈ 9  m g  min  − 1    ). 
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Figure 11. Results of correction time measurement obtained with Method 2 in combination with values according to defined model for different flow rates. 
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