Study of gas-dynamic throttle elements as sensors for nanotechnology processes
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[bookmark: _GoBack]Abstract – On the basis of experiments for air, the dependence of the flow coefficient α of the watchstones as throttles on the diameter of their passage hole was obtained. The deviation of the calculated value of α from the experimentally determined value is 0.45 %. Also, for a throttle with a diameter of 0.083 mm, the dependence of α for different types of gases was obtained. The use of the obtained dependencies will improve the characteristics of the designed sensors for nanotechnology process control systems.
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Introduction
Sensors are essential components of any cyber-physical system, including nanotechnology process control systems [1-3]. In chemical technology processes and various industries, for example, in gas-analytical instrumentation, the proper functioning of the respective systems requires a number of tools designed to both set and measure small and micro flow rates of various gases, absolute pressures and their differences, and the synthesis of complex gas mixtures of a given composition [4-11]. Such devices use gas-dynamic throttles as sensors – turbulent (nozzles, diaphragms) and laminar (glass or metal capillary pipes). The design of modern devices using such gas-dynamic throttles requires their further experimental study, since on the basis of the obtained results, new dependencies that are necessary for the construction of accurate mathematical models of modern gas-dynamic devices can be determined.
Among the special problems that arise in the process of developing control systems for the latest technological processes is the setting and measurement of small and micro flow rates of gases, in particular, in the production of fiber optics, integrated circuits, and medicine, nanotechnology, and energy, in particular, when controlling the composition of flue gases [12-18].
I. Purpose and objectives of the research 
The main goal of the research is to minimize the error in constructing the static characteristic of turbulent throttle elements by establishing an accurate analytical dependence of the throttle flow coefficient α on the diameter d of the passage channel based on experimental data obtained using a flow measuring installation that implements the film method of gas flow measurement.
To achieve the goal, we will adhere to the following tasks:
· to obtain accurate experimental flow rates features of throttle elements of various types and different gases;
· to determine the value of the flow coefficient α for each standard size of the tested on different gases throttle and, based on the least-squares method, plot graphs of the dependence of the flow coefficient α on the diameter d of the passage channel of the throttle and on the type of gas (molecular weight M).
ІІ. Research related to this issue
In this paper, turbulent throttle elements were studied, one of the important advantages of which is the possibility of applying them as primary measuring transducers of small and micro flow rates of gases, as well as for the synthesis of gas mixtures and dosing a wide range of industrial gases in the range of small and micro flow rate.
Our research has shown that in terms of stability and linearity of the calibration characteristic, as well as measurement accuracy, devices for measuring micro-flow rates of gases that implement the gas-dynamic throttle method of measurement, i.e. the variable differential pressure method [19], are promising. Watchstones with through-holes and capillary pipes are used as the primary measuring transducers of gas-dynamic micro flowmeters, which are narrowing devices [19, 20].
A well-known work [20] is dedicated to the study of turbulent throttle elements for the construction of a system of dosing elements based on gas-dynamic nozzles. This system of 6 connected in parallel nozzles is designed to set the flow rate of gas in multiples of 2, 4, 8, 16 to the throttle taken as the basic one. However, the flow rate through the basic nozzle is determined with an error of 1 %, which does not ensure the construction of high-precision gas-dynamic devices (meters of small and micro flow rate of gases, synthesizers of gas mixtures) built on their basis.
To reduce the influence of random errors, the construction of calibration curves is performed based on the least-squares method, for instance, as it was implemented in [21] for the calibration of natural gas composition analyzers. However, only appropriate processing of experimental data cannot provide highly accurate final results if measurements are made with relatively large errors. Therefore, the construction of high-precision equipment based on precision primary transducers, in particular, for the calibration of gas micro flowmeters, is relevant.
III. Watchstones as measuring transducers for gas microflow rates
The use of watchstones with through-holes as narrowing devices for gas-dynamic throttle micro flowmeters for measuring gas micro flow rates is considered. The relative area m of such narrowing devices reaches values of the order of 0.001, and micro flow of gas G in this case is determined by the absolute pressures P1 and P2 before and after the watchstone [19].
The measured flow of gas G by a gas-dynamic micro flowmeter with a watchstone as a narrowing device is determined by the equation [19, 22]
G=α·f·(2·ρ·ΔP)0.5·( P2/P1)0.5/ κ,                                                       (1)
where G – the mass flow rate of gas; α – flow coefficient; f – the area of the passage hole of the watchstone; ρ – gas density to the narrowing device; κ is the gas adiabatic index; ΔP = P1 - P2.
The flow coefficient α, included in the flow equation of such a narrowing device, depends both on the controlled gas, the type of dependence G=f (P1, P2), the Reynolds number Re, and on the value of the diameter d of the passage hole of the watchstone. The diameter d of such stones, depending on the size, ranges from 0.07 to 2.2 mm, and the deviation d from its nominal value can reach 5.0 %. Accordingly, the values of the coefficient α for watchstones of different sizes and of the same type differ among themselves. This leads to significant errors when measuring small and micro flow rates of gases using gas-dynamic flowmeters with watchstones as narrowing devices. The difference between α values for watchstones with diameters d in the range of only 0.08 to 0.11 mm reaches 9.5 %.
The flow coefficient α, which is included in the flow equation of the watchstone as a narrowing device of a gas-dynamic micro flowmeter, is determined experimentally using a flow measuring device based on the film method of measurement with stabilization of the measured flow, the limit of the main relative error of which is 0.25 %. The flow measuring device is equipped with gas reducers, pressure stabilizers, manometers and thermometers, barometers and a film flowmeter [23]. The procedure for determining the flow coefficient α of watchstones using such a flow measuring device is complex and time-consuming, since the study of the flow characteristic of the watchstone requires the use of high-precision instruments for measuring flow, pressure and temperature and stabilizing gas microflows, as well as gas flow parameters.
Therefore, there is a task to simplify and facilitate the procedure for determining the flow coefficient α of watchstones, in particular, to develop measures to determine an increased accuracy of the flow coefficient α of watchstones according to the value of the diameter d of their passage hole and, as a result, to increase the accuracy of measuring gas micro flow using gas-dynamic flowmeters with watchstones as narrowing devices.
The accuracy of measurement of gas-dynamic micro flowmeters with watchstones as narrowing devices (as it has been mentioned above) is determined both by the accuracy of measuring the pressures P1 and P2 before and after the watchstone, and by the accuracy of determining the flow coefficient α of such devices, the value of which depends on the diameter d of the passage hole of the stone. The value of the flow coefficient α is determined (as it has been also mentioned above) experimentally on the basis of the analyzed gas for a specific watchstone using a flowmeter, which is a rather complicated and time-consuming process. Therefore, the study of the dependence of the flow coefficient α on the diameter d of watchstones and the establishment of an analytical description of this dependence will make it possible to simplify the procedure and increase the accuracy of determining the coefficient α of a specific watchstone by the value of its diameter d, and, therefore, to increase the accuracy of measuring gas micro flow rates with such narrowing devices. 
The accuracy of the flow equation of watchstones with through holes as primary measuring transducers of gas flow is established by experimental studies of such measuring transducers. The values of the coefficient α included in the flow equation (1), which has been mentioned above, differ among themselves both for stones of different standard sizes and stones of the same type. To establish the dependence of the coefficient α of the stone on its diameter d and the type of controlled gas, experimental studies of the flow characteristics of watchstones of different sizes and on the basis of different gases were conducted. Experimental studies were performed with the help of a flow measuring device, which implements the film method of gas flow measurement and the limit of the basic relative error of which is 0.25 %. According to the obtained experimental data, the values of the flow coefficient α of the stones under investigation were calculated according to the flow equation (1). The results of these studies confirmed the dependence of the flow coefficient α for the flow equation (1) on the number of Re, the type of gas and the standard size of the watchstone.
To establish the functional dependence α(d) of the studied turbulent throttle, a model flow measuring device was developed, the diagram of which is presented in Fig. 1. Its main element is the flowmeter 5, built on the basis of the film method of gas flow measurement with the main relative error of 0.25 %. The throttle element DE under investigation is fixed in the mandrel 6. At the DE output, an electromagnetic valve Vl is installed, the "on-off" signal of which is given by the researcher-experimentalist using the MCU microprocessor unit. The metered gas from the source flows to the serially installed dehydrator and mechanical filter (not shown in the diagram), and then to the pressure stabilizer 1, from the output of which the gas passes through the chamber 7, in which the pressure sensor 2 is installed. Signals from sensors 2-4 are sent to the MCU, which displays the measurement indicators of input excess pressure P1, atmospheric pressure P0, and the temperature T stabilized in the thermostat Ts, respectively. The MCU calculates the flow rate of the test gas according to equation (1) based on the measured parameters.


Fig. 1. Scheme of the flow measuring installation for experimental studies of the flow features of watchstones: 
1 – regulator-target pressure; 2 and 3 – sensors for measuring input excess pressure P1 and atmospheric pressure P0, respectively; 4 – metered gas temperature sensor; 5 – film flow meter; 6 – block for hermetic fastening of the tested throttle; 7 – a chamber for smoothing possible gas pressure pulsations and placing the sensitive element of sensor 2
Therefore, the obtained values of the flow coefficient α of the studied watchstones calculated according to equation (1) based on the experimental flow characteristics of these stones for air differ significantly among themselves both for different standard sizes of stones and for different gases. Thus, the coefficient α in air in the range of Re number from 700 to 2700 for a watchstone with d = 0.083 mm is equal to 0.70, for a stone with d = 0.093 mm – 0.73, and for a stone with d = 0.113 mm – 0.77. The largest deviation of α of each of the given stones in the indicated Re number range does not exceed 1.3 %, and the difference between α values for different of these stones is 9.5 %. The graph of the dependence of the flow coefficient α on the diameter d of the passage hole for different standard sizes of watchstones for air is shown in Fig. 2.

Fig. 2. Graph of dependence of flow coefficient α on the diameter d of the passage hole of watchstones for air
The difference between the values of the coefficient α of watchstones for different gases is similar. For example, for a watchstone with d = 0.083 mm, the coefficient α for helium in the Re range from 200 to 500 is 0.63, and its largest deviation in this Re range does not exceed 3.2 %. For carbon dioxide, the same values and for the same stone in the range of Re numbers from 800 to 2500 are equal to 0.73 and 2.6 %, respectively. The graph of the dependence of the flow coefficient α on the type of controlled gas (molecular weight of the gas) for a watchstone with the diameter of its passage d = 0.083 mm is shown in Fig. 3.

Fig. 3. Graph of dependence of the flow coefficient α of the watchstone with the diameter of the passage hole d = 0.083 mm on the type of controlled gas (molecular weight of the gas)
Due to the dependence of α of the watchstone flow coefficient on the factors considered, its value for a particular watchstone is usually determined experimentally based on the study of its flow characteristics using a flow measuring installation. Such a procedure for determining α of the watchstones is complex and time-consuming and requires the use of high-precision devices for measuring and stabilizing micro-flow rates of gases
In this paper, based on the processing and analysis of the experimentally obtained values of the flow coefficient α of watchstones with different diameters d of their passage hole, an analytical description of the dependence of the coefficient α on the value of the diameter d of the watchstones in the form of a square polynomial is considered. This analytical dependence, for example, for watchstones with diameters d ranging from 0.08 to 0.11 mm for air is as follows [24, 25]:
α =a2·d 2 + a1·d  + a0,                                                              (2)
where a2 = -41.9781; a1 = 10.5357 and a0 = 0.1155 are the coefficients of the proposed quadratic polynomial, in which the diameter d of the passage hole of the studied watchstone is expressed in mm.
The deviation of the value of the flow coefficient α, determined according to dependence (2), from its value, determined experimentally, does not exceed 0.35 %. That is, this analytical dependence provides a high-precision calculation of the value of the flow coefficient α of a specific watchstone based on the particular value of its diameter d of the passage hole.
An analytical dependence of the flow coefficient α on the type of controlled gas (molecular weight of the gas M) for a watchstone with a diameter of its passage d = 0.083 mm is also provided. This dependence is as follows: 
α =b2·M 2 + b1·M  + b0,                                                             (3)
where b2 = -0.2147·10-4; b1 = 0.3529·10-2 and b0 = 0.6161 are the coefficients of the proposed quadratic polynomial, in which the molecular weight of the gas is expressed in kg/kmol.
The deviation of the value of the flow coefficient α(M), determined according to dependence (3), from its value determined experimentally, does not exceed 0.5 %.
IV. Results and discussion
Therefore, the application of the proposed analytical dependence of the flow coefficient α of watchstones on the diameter d of their passage hole provides a simplification of the procedure and an increase in the accuracy of determining the coefficient α based on the value of the diameter d of a specific watchstone as a narrowing device of a gas-dynamic micro flowmeter, i.e., it makes it possible to significantly improve the accuracy of measuring small and micro flow rates of gases by using such flowmeters. 
The deviation of the value of the flow coefficient α calculated according to the obtained analytical dependence (2) from the experimentally determined value for watchstones with diameters d in the range from 0.08 to 0.11 mm does not exceed 0.35 %, and the value calculated according to dependence (3) for a stone with d = 0.083 mm on various gases with a molecular weight ranging from 4 to 40 kg/kmol does not exceed 0.5 %. 
V. Conclusions
1. On the basis of the developed high-precision installation, the flow rate features of gas-dynamic turbulent throttle elements (watchstones) for various standard sizes and different gases were obtained.
2. Analytical dependences were gained using the least-squares method to determine the flow coefficient α from the diameter d of the passage channel of the studied watchstones. 
3. The use of such gas-dynamic resistances as narrowing devices of variable differential pressure flowmeters is perspective for the construction of high-precision gas-dynamic flowmeters of small and micro flow rate of both individual gases and gas mixtures.
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