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Abstract – The causes of errors in the measurement of small and micro gas flow rates by the film method are analyzed and measures to minimize them are proposed. An intelligent flow measuring installation with an error of 0.25% in the range of 0...25.0·10 -6 m3/s was developed. The installation for calibration of high-precision flowmeters and gas flow transmitters, gas mixture synthesizers for modern process control systems, including environmental monitoring is designed.
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Introduction
The effectiveness of automated process control systems significantly depends on the amount of primary information about the course of such processes and is determined by the level of development of control and measuring equipment [1-3]. Thus, in the design of automated control systems for modern technological processes that require the measurement of small and micro gas flows [4-9], as well as for the metrological support of gas analytical equipment, in particular, synthesizers of gas mixtures, design of environmental monitoring systems [10-13] and scientific research [14-19], one of the main problems is the lack of high-precision flow meters for micro gas flows (0…3.0·10-6 m3/s in pipes with a diameter of 1…5 mm) and small (3.0·10-6…3.0·10-3 m3/s in pipes with a diameter of 5…10 mm) gas flow rate measurement devices [20-22].
The need to measure such gas flows usually arises in the latest technologies, in particular, in the production of fiber-optic cables [22], the manufacture of integrated circuits and microelectronic devices [23], as well as in vacuum engineering processes, in medicine, and in metrological work [6, 8, 17]. Therefore, the development of intelligent high-precision flowmeters for the mentioned flow ranges with stable metrological characteristics is an essential task. 
I. Film flowmeters of small and micro flow rates of gases
One of the most promising methods of measuring small and micro flow rates of gases is the film method, on the basis of which a number of film flowmeters (FFM) are built [25-27]. The process of measuring small and micro flow rates of gases using FFM is accompanied by the influence of various factors that lead to errors. The occurrence of additional errors, in addition to errors in determining the volume of the calibrated section of the measuring pipe (MP) and measuring the time of passage of the film through this volume, is caused by changes in atmospheric pressure and temperature of the measured gas flow [20-22]. Elimination (minimization) of such effects makes it possible to significantly reduce the overall measurement error.
The schematic diagram of the FFM, traditionally used to measure such gas flow rates, is shown in Fig. 1 a [22]. The FFM contains the measuring pipe 2 fixed on the tripod 1 with the inlet element 3 for supplying the measured gas and the inlet element 4 for supplying a surfactant solution, a chronometer 5 and the elastic reservoir 6 with a surfactant solution 7 for forming a film. The flow of the measured gas moves the formed film along the inner wetted surface of the MP. Two marks (lower 8 and upper 9) on the MP limit its calibrated area (volume), the time of film passage between which is measured by a chronometer. 
The measurement of gas volumetric flow rate using a FFM is to directly determining the time interval for the film to displace a portion of gas from the calibrated volume, and the value of the volumetric flow rate is determined by the formula [20, 22]

,                                                                                (1)
where Q – volumetric flow rate; V – calibrated volume of the МP; τ – measured time of film movement between the marks of the calibrated volume of the MP.

Fig. 1. Schematic diagram of a film flow meter: 
1 – tripod;  2 – measuring pipe; 3 and 4 – inlet element for supplying the controlled gas and surfactant solution;  5 – chronometer;
a) basic design:  6 – elastic reservoir;  7 – surfactant solution;  8 and 9 – marks that limit the calibrated volume of the MP;
b) improved automated design: 6 – automated film former;  7 – surfactant solution reservoir; 
8 – surfactant solution; 9 and 10 – optoelectric level indicators; 11 – control device;
12 – rotary valve; 13 – electromagnetic drive
The main error in gas flow measurement using FFM usually does not exceed 1 % [7, 20]. However, due to the inconsistency of the design and application of the FFM with the measurement conditions, additional flow measurement errors occur. For example, as our research has shown, only due to the humidification of the monitored gas with water vapor as a surfactant solvent, the measurement error can reach 3 %.
To form a film in the film flowmeter, aqueous solutions of liquid soap or ammonium oleate are usually used. To prevent foam formation, a silicone emulsion is added to the surfactant solution [20]. The analysis of the operation of such FFM has shown that water evaporates from such a surfactant solution in the MP, as a result of which the volume of controlled gas in the MP increases. This leads to an additional systematic error in gas flow measurement. For example, at atmospheric pressure and a gas temperature of 25 °C, its humidification with water vapor to a relative humidity of 65 % leads to an increase in volume by 2.15 %, and in the case of gas humidification to full saturation – by 3.3 %. To reduce the impact of this factor, liquids with a higher boiling point than water should be used instead of water as a surfactant solvent. For example, for ethylene glycol with a boiling point of 190 °C, the saturated vapor pressure at room temperature does not exceed 100 Pa, so that even when the gas under test is fully saturated with ethylene glycol vapor, the increase in gas volume at atmospheric pressure and a temperature of 25 °C does not exceed 0.1 % [28, 29].
It should also be noted that some gases react with the surfactant solution. For example, carbon dioxide reacts with an aqueous soap solution, resulting in a decrease in the effective volume of the gas. This also increases the flow measurement error. To eliminate the influence of this factor, it is necessary to use solutions that do not react with the controlled gases. The most versatile solutions are neutral surfactant solutions, for example, solutions of oxyethylated alcohols.
Our research has shown that the following factors mainly affect the measurement error of a film flowmeter: 
· accuracy of determining the volume of the calibrated MP section;
· accuracy of measuring the time of passage of the film through this area; 
· flow rate measurement conditions (atmospheric pressure and temperature of gas and environment);
· speed of the film movement;
· gas flow through the film; 
· physical and chemical properties of both controlled gases and used surfactants and their solvents.
Thus, the aim of the work is to develop measures to improve the accuracy of gas flow measurement by the film method and to create metrological support for high-precision measurement of small and micro flow rates of gases used in automated control systems for innovative technological processes and environmental monitoring.
As a result of the analysis of the above factors and their influence on the components of the flow measurement errors, specific recommendations for the construction of high-precision flow meters and the creation of an intelligent installation for measuring small and micro flow rates of gases have been developed.
It is recommended to use liquids with a boiling point of at least 190 °C, in particular, ethylene glycol, as a solvent of the surfactant in the FFM, and neutral surfactants, such as oxyethylated alcohols, as a film forming agent.
It is advisable to choose the length of the MP of the film flowmeter within 50...80 cm, provided that the flowmeter is compact in design. To increase the accuracy of determining the volume of the calibrated MP section, it is advisable to make the sections with the limiting marks narrower. To prevent film rupture when moving from a narrower to a wider MP section and vice versa, the ratio of the diameters of its middle expanded and extreme narrowed sections should not exceed 3. To ensure smooth movement of the film along the calibrated section of the measuring pipe and to keep it in a horizontal position, the transitions between the expanded and narrowed sections of the measuring pipe should be made in the form of cut cones with an inclination angle of at least 60 º, which are connected to the cylindrical surfaces of the measuring pipe by means of toroidal surfaces.
Taking into account the proposed recommendations and research a high-precision automated film flowmeter was developed. During the development of the installation, all the technical requirements and application features of the system were taken into account. The schematic diagram of which is shown in Fig. 1 b.
The calibrated section of the MP of the developed FFM is limited by optoelectric level indicators 9 and 10 connected through the control device 11 to the chronometer 5, which minimizes the error in measuring the time of passage of the graduated volume by the film between the limiting marks. In addition, in this FFM, the inlet element 4 for supplying the surfactant solution to the MP before the inlet element 3 for supplying gas to it is equipped with a rotary valve 12 with an electromagnetic drive 13 connected to the control device 11, which ensures a hermetic separation of the container 7 with the surfactant solution from the controlled gas flow during the measurement of its flow. This design reduces the component of the measurement error arising from the evaporation of the surfactant solvent.
In addition, the peculiarity of the developed FFM is that the volume of the calibrated section of the MP is determined taking into account the adhesion of the surfactant solution on its inner surface, which minimizes the systematic component of the flow measurement error created by this factor. 
To minimize the effect on the error of the film flowmeter of gas transfusion through the film when measuring the flow rate of air or gases with a density greater than the density of air, such gases must be supplied to the MP from below. In this case, the film moves from the lower optoelectric indicator of level 9 to the upper level 10. Conversely, when measuring the flow rate of gases with a density lower than the density of air, it is necessary to supply gas to the measuring pipe from above and the film then moves from the upper optoelectric indicator of level 10 to the lower level 9.
All of the factors discussed above determine the systematic component of the film flowmeter measurement error. This component of the film flowmeter error is mainly influenced by changes in atmospheric pressure, temperature of the controlled gas, and the volume of the calibrated measuring pipe section.
The random component of the FFM measurement error is mainly determined by the instability of the measured flow. Our studies have shown that the random component of the error due to the instability of the measured flow can reach several percent. Therefore, in order to reduce the measurement error of the film flowmeter and its random component, it is necessary to stabilize the measured gas flow.
ІІ. Intelligent flowmeter for small and micro flow rates of gases based on the film measurement method
On the basis of the automated film flowmeter described above and taking into account the requirements for gas flow stabilization, an intelligent installation for measuring small and micro flow rates of gases was developed, the block diagram of which is shown in Fig. 2. The installation includes an automated flow meter placed in a closed enclosure with a temperature stabilization system, as well as a microprocessor device for monitoring and controlling the operation of the installation with displaying the flow measurement results [30]. The setup also contains a gas temperature sensor, a barometer, a gas flow stabilizer, and a section for installing the flow meter under test. The installation is intelligent, since the obtained flow measurement result takes into account, in addition to the main quantities – the volume of the calibrated measuring pipe section and the time of passage of the film through this section, and gas temperature and atmospheric pressure, i.e. parameters of the controlled gas state.


Fig. 2. Block diagram of an intelligent unit for measuring 
of small and micro flow rates of gases:
1 – automated FFM; 2 – gas temperature sensor; 3 – barometer; 4 – temperature stabilization system in the installation housing; 5 – installation housing; 6 – microprocessor control and management device; 6 – device for displaying flow measurement results;
8 – gas flow stabilizer; 9 – site for installation of the flowmeter under study; 
10 – the flow meter under test
Thus, the result of measuring the volumetric flow rate of gas reduced to normal conditions is determined using the microprocessor device of the intelligent flowmeter according to the following formula

                                                                           (2)
where  Q – the volume gas flow rate reduced to normal measurement conditions;  V – the volume of the calibrated measuring pipe section;  τ – the time of movement of the film along the calibrated measuring pipe section by the controlled gas;  Pb – the atmospheric pressure;   Tc – the temperature of the controlled gas;  Тn = 293.15 ºС – the normal temperature;  Рn = 101325 Pa – the normal pressure.
The developed intelligent installation provides measurement of small and micro flow rates of gases in the range of 0…25.0·10-6 m3/s with an error of 0.25 %. The installation is designed for calibration and verification of high-precision measuring instruments for small and micro flow rates of gases.
III. Conclusions
Thus, as a result of the technical implementation of measures to eliminate (reduce) the impact of the identified causes of systematic and random components of the measurement error of small and micro gas flow rates, a high-precision intelligent installation based on the film measurement method was developed. The developed installation, due to the determination of the parameters of the state of the controlled gas and the environment (external temperature and atmospheric pressure), as well as due to the stabilization of the gas flow in the process of measuring its flow rate, minimized the components of the flow measurement error, and thus increased the accuracy of measurements. The installation provides measurement of small and micro flow rates of gases in the range from 0…25.0·10-6 m3/s with an error not exceeding 0.25 %.
Further promising areas of research in film flowmeter include, in particular, expanding the range of industrial gas flow measurement, improving systems for measuring the time of film passage through the calibrated volume of measuring pipe, as well as thermostating and calibration. Such research will help to improve both the metrological and operational characteristics of the film flowmeter, which will further enable us to meet the growing demands for measuring small and micro flow rates of gases in the latest technological processes and environmental monitoring systems. This will also help to reduce the cost of their maintenance and operation, which is important for modern industry.
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