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Abstract

:

Measuring the viscosity and density of petroleum products is important for their proper production, transportation and application. Viscosity and density are the main parameters determining the composition and structure of petroleum products. Therefore, in the industry, to control the quality of petroleum products during various technological processes, automatic and non-automatic devices are used for their measurement. The accuracy of measuring the viscosity and density of petroleum products is an important factor. The authors analyzed different methods of measuring the viscosity and density of petroleum products and synthesized three versions of throttle bridge transducers. These versions implement differential measurement methods and have different numbers of laminar and turbulent throttles. The authors obtained new equations of static conversion functions by channels of measuring the kinematic viscosity and density of petroleum products of the proposed throttle bridge transducers. The authors developed a block diagram and designed measuring equipment to study experimentally the static characteristics of the throttle bridge transducers. The authors determined that the maximal relative deviations of the results of experimental studies from numerical calculations of a static conversion factor by channels of kinematic viscosity and density were 5.88% and 8.76%, respectively. The authors developed two versions of automatic devices for measuring the kinematic viscosity and density of petroleum products based on the proposed throttle bridge transducers. The first version is an automatic analyzer with tracking astatic balancing. The second version is an automatic analyzer with deployment balancing. The authors developed constructions of both versions of automatic analyzers and obtained the results of experimental measuring of the kinematic viscosity and density of petroleum products in different ranges.
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1. Introduction


The need for reliable information about physical and chemical parameters of fluids, fuels and lubricants is one of the conditions for improving the efficiency of industrial production [1]. Viscosity and density are the main parameters that characterize composition and structure of petroleum products, which are mostly Newtonian fluids, and determine their properties [2]. Therefore, accurate measurements of these parameters must be provided in refining industry, aviation, transport, metallurgy and heat power engineering [3].



Issues of improving the reliability and efficiency of transport are directly related to the rational selection and application of fuels, oils, lubricants and special fluids in engines and mechanisms. Low-quality petroleum products may enter the market of fuels and lubricants. After their application, friction units and machines may fail prematurely. This requires restoration of the operating condition of equipment. The solution is to create new methods and automatic devices for determining the quality of fuels and lubricants, suitable for use in refineries and in processes of transportation, storage and utilization of petroleum products [4,5,6].



Kinematic viscosity and density are important factors when standardizing fuel for jet, gas turbine and diesel engines. For all types of oils and lubricants, kinematic viscosity is a main indicator of quality, which determines their chemical properties [7].



To determine viscosity and density is a time-consuming task [8]. These parameters are difficult to establish during quality control of petroleum product production, transportation and utilization, especially in conditions of fast-moving technological processes. Known methods and devices for determining the viscosity and density of petroleum products [2,9] do not meet modern practical requirements. Therefore, there is a relevant problem of developing measuring methods and facilities for providing high sensitivity and accuracy in conditions of manufacturing and production. Therefore, the development of new sustainable methods of time-combined automatic measurement of viscosity and density of petroleum products is relevant for many industries. This improvement would increase the accuracy of quality control and determination of the composition of petroleum products and provide a high level of technological process automation.



The density of petroleum products is in a (650–1000) kg/m3 range. The range of changes in kinematic viscosity v from ether to bitumen is much larger and equals 108 [10]. For each type of petroleum product, viscosity and density are two of the main indicators of quality and composition. These parameters determine the efficiency and durability of technical means and devices used in industry and transport. The kinematic viscosity of fuel affects properties of engines, such as the wear of their components, fluidity and pumping ability, especially at low temperatures [11]. The fuel density also determines caloric content and combustion intensity [12].



Newtonian fluids (gasoline, kerosene, diesel fuel, solvents, mineral oils, synthetic base liquids, ready-made condensed lubricants) have a viscosity that remains unchanged and does not depend on impact and shear-rate. Non-Newtonian fluids (condensed lubricants, bitumens, tars and other low refining fractions) are characterized by a significant dependence of viscosity on impact and shift rate. Despite their non-Newtonian properties, kinematic viscosity and density are also measured to evaluate their quality.



For most light petroleum products, the kinematic viscosity is measured in a (1–5)·10−6 m2/s range at a temperature of 20 °C [13]. For refined intermediary products (motor oils, base oils, distillate components, extracts and deasphalzate), the viscosity changes in a (5–25)·10−6 m2/s range at a temperature of 100 °C. The kinematic viscosity varies only in lower fractions of the oil rectification process (tar, fuel oil, oil fuel), at a temperature of 100° C in a (50–300)·10−6 m2/s range.



Considering the efficiency of application of fuels and lubricants, one may claim that it is important to control kinematic viscosity, humidity [14] and density when preparing the fuel for combustion in engines of vehicles. The kinematic viscosity at constant pressure before the injector in engines on diesel fuel determines the degree of spraying and the completeness of its combustion [15,16]. Therefore, creating automatic viscosity control systems is a relevant task [17,18].



The aim of the work is experimental investigation of the developed automatic analyzers of kinematic viscosity and density of petroleum products on throttle bridge transducers with the increased accuracy of quality control and the parallel estimation of indicators of petroleum product quality.




2. Materials and Methods


The most promising devices for studying rheological structural and mechanical properties of fluids are rotary viscometers with rotating or symmetrical bodies moving in a studied medium [19].



Flow and immersion viscometers were developed for industrial measurements. They provide measurements without a manual sampling of dynamic viscosity of Newtonian fluids and rheological parameters of non-Newtonian fluids. The measurement results are fed to indicator and control devices, and this regulates technological processes by changing the viscosity.



Industrial rotary viscometers manufactured by Contraves (Zevenhuizen, The Netherlands) of DD and DC types are flow types, and those of the TO kind are used for continuous viscosity measurements in open tanks, when a measuring transducer is immersed in a test fluid [20]. A measuring part of the device is completely sealed for protection against vapors of aggressive gases and fluids. All elements touching the fluid are made of stainless steel. The measuring cylinder moves by a magnetic coupling. These viscometers transmit signals remotely to the indicator and controller simultaneously with torque readings at a measuring point. The Covimat 105 series of rotary flow viscometers was developed by Solartron Mobrey Limited (Bognor Regis, UK) for the rapid measurement of viscosity at various shift stresses [21]. The device consists of an explosion-proof measuring head connected by a magnet to a measuring cell filled with a test fluid. The measuring head can be disconnected from the measuring cell without stopping the technological process in all versions of the devices. The viscosity measurement range is (8–720,000) Pa·s, and a relative measurement error is ±1% of the viscometer scale. The Brookfield company (Terschuur, The Netherlands) produces an immersion viscometer TT-200 [22]; its readings do not depend on temperature, pressure, flow laminarity and fluid density. The device measures viscosity by the braking moment on a rotating cylinder mounted on a torsion bar. The main feature of TT 200 is a patented measuring system with a twisting tube, which is completely isolated from torsional and compressing pressures on the measuring cylinder. The measurement uncertainty does not exceed ±0.5% of a scale.



Basic information about rotary viscometers is given in Table 1.



All laboratory and industrial rotary viscometers measure only dynamic viscosity and rheological characteristics of fluids and do not measure fluid density, which does not allow for determining the kinematic viscosity of petroleum products.



The disadvantages of rotary devices are the thermoreological effect (a change in temperature of a test fluid during measurement due to viscous friction) and the influence of edge effects on measurement results, which reduces their accuracy.



In oscillating viscometers, electrical elements are utilized to generate oscillations and to measure the oscillatory characteristics of probes. In some cases, pneumatic elements are utilized for these purposes [23]. We considered industrial vibrating viscometers—devices of the “Covistat type” by Thermo Scientific (Waltham, MA, USA). They include a viscosity regulator with remote maintenance and remote recording. When the measured viscosity value deviates from a set value, a controller generates electrical pulses that directly control actuators. The viscometers are made of aluminum alloys, resistant to aggressive liquids and gases. The measuring unit is explosion-proof. Characteristics of the vibrating industrial viscometers are given in Table 2.



The output signal of oscillating viscometers is proportional to a square root of the product of dynamic viscosity by density. Therefore, automatic analyzers for continuous measurement of kinematic viscosity and fluid density with high metrological characteristics cannot be built on their basis. In addition, the accuracy of measurement is significantly affected by pressure [24] and non-Newtonian behavior of the tested fluid [25], as well as the influence of external vibrations.



Theoretical foundations of capillary viscometers were described in the works of Hagenbach [26] and Poiseuille [27]. According to Poiseuille’s law, for a fluid flow at a given flow rate in long capillaries in a laminar mode (laminar throttles), the pressure drop across them is proportional to the dynamic viscosity of the fluid. At a given flow rate of fluid flow through nozzles or diaphragms (turbulent throttles), the pressure drop across them depends on the density of the fluid [28]. Therefore, the output signal of laminar throttles depends on the dynamic viscosity, while the output signal of turbulent throttles depends on the fluid density. Therefore, we suggest that connected laminar and turbulent throttles can be utilized as primary converters of kinematic viscosity and fluid density. However, in the previously studied measuring transducers, this was not realized. Technical characteristics of industrial capillary viscometers are given in Table 3.



Capillary viscometers provide the automatic continuous measurement for the dynamic viscosity [29]. Capillary viscometers measure kinematic viscosity “only for application to liquids for which primarily the shear stress and shear rates are proportional (Newtonian flow behavior)” [29]. Kinematic viscosity is measured periodically in Ostwald or Engler glass viscometers. In automatic capillary viscometers, the substance is pumped through a capillary in a laminar mode at Re < 2000. Dynamic viscosity is determined by a pressure drop across the capillary according to Poiseuille’s law. Capillaries connecting to bridge circuits and bridge circuits with turbulent throttles expand their capabilities but do not eliminate this disadvantage. Laminar-turbulent dividers and bridge circuits as primary transducers of kinematic viscosity have potential, but this requires additional research.



After the analysis, we considered that the most promising method was the capillary method, as well as measuring transducers synthesized on its basis from throttles of different shapes.



Float, weight, vibration, radioisotope and hydrodynamic methods are most often used to measure the petroleum product density when determining their composition, quality and compliance with standards.



A common disadvantage of all types of float densitometers is low accuracy, the need for thermal compensation, and changes in readings over time when particles of the measuring medium stick to the float, which is typical for petroleum products [30]. Therefore, the investigated medium is additionally filtrated and its thermostatting is performed. When particles of the substance adhere significantly, which is typical for synthetic proteins, periodically cleaning the measuring transducer is required [31]. The interval of cleaning is determined by the degree of adhesion and is 10 min and more. Flushing liquids (water, alcohol, acids, etc., depending on the investigated medium and the degree of adhesion) are applied to clean the measuring transducer. Duration of flushing the measuring transducer is up to 1 min.



In a weighting method the readings do not depend on properties of the medium (surface tension, viscosity, presence of solid particles, etc.) and on parameters of the controlled flow (velocity through a sensing element, pressure, flow pulsation and pressure, etc.). The densitometer consists of a sensing element as horizontal loop-shaped tube fixed at one end in a support implemented on two rolling bearings. The tube has two flexible undulated pipes for the supply and discharge of fluid.



The sensitive elements of vibration density sensors are tubes, cylinders and plates. They are rigidly fixed and driven into the self-oscillating mode of motion by an excitation system. Resonators are mechanical oscillators with low scattering of a vibrational energy in fixation nodes. Such resonators can be of open or closed types. The advantage of the closed-type resonators is the absence of positional error, which depends on the resonator location in space, and the higher sensitivity of the sensor to changes in the controlled fluid density [32].



To measure the density of liquid media, the attenuation of penetrating radiation (γ-rays) when passing through the test medium is used. Radioisotope densitometers are not applied for quality control of petroleum products during their manufacture and usage.



Hydrodynamic measuring transducers of fluid density operate on a basis of measuring the pressure drop ΔP on a throttle element at a constant flow rate. Throttle elements are a diaphragm or a nozzle. An output signal of the hydrodynamic transducers is affected by pressure pulsations, changes in viscosity and temperature of fluid [33]. Hydrodynamic densitometers do not measure density in a wide range of its change with sufficient accuracy. Therefore, development of the hydrodynamic method and improvement of a design of petroleum products densitometers are relevant scientific and technical problems.



The paper considers the possibility of constructing measuring transducers on balanced throttle pressure dividers—a laminar one, which consists of two series-connected laminar throttle in form of capillary tubes with different sizes, and a combined one, consisting of a laminar throttle and turbulent in form of a diaphragm.



Fluid can move in a laminar or in a turbulent mode. In the laminar mode, fluid jets move parallel to each other, and the layers do not mix. When the Reynolds number Re < 2000, the mode of fluid motion is considered to be laminar [34]. In the turbulent mode, there is a disordered motion of the fluid, particles mixing with each other and moving chaotically along variable trajectories. It is considered that for the turbulent flow Re > 2000.



A hydrodynamic throttle (Figure 1a) consists of an interconnected chamber 1 and a capillary tube 2 of cylindrical shape (D and L are the diameter and length of the throttle chamber; d and l are the diameter and length of the throttle tube).



A system of hydrodynamic equations [35] can be applied as a theoretical basis for the processes in hydrodynamic throttles in case the flow is laminar and Re < 2000. This system of hydrodynamic equations consists of the Navier-Stokes Equation (1) and the equation of flow continuity (2) for stationary fluid motion without compression


    ∂ V   ∂ t   = ν    ∇ 2  V − ( V ⋅ ∇ ) V −  1 ρ  ∇ P ,  



(1)






  ∇ V = 0 ,  



(2)




where  ν  is the kinematic viscosity of fluid;  Ρ  is the pressure at each point of the throttle;  t  is the time;  V  is the velocity vector;   ∇ =    ∂  ∂ x   ,  ∂  ∂ y   ,  ∂  ∂ z       is Hamilton’s differential operator.



Since the hydrodynamic throttle is of axial symmetry, let us consider the area  Ω  of half of the longitudinal section (Figure 1b).



In the laminar mode of fluid flowing through the hydrodynamic throttle with axial symmetry, the radial and longitudinal flow velocities do not change, while the density and viscosity of the fluid at each point of its volume are constant [36]. The boundary conditions   ∂ Ω   at the boundary of the considered area are as follows:




	
the radial component of velocity on the axis of symmetry is zero


   n ⋅ V = 0     for   ∂  Ω  s y m m e t r y   ;   



(3)







	
at the inlet to the throttle, the fluid moves along its axis at the velocity    υ 0   


   V =   0 ,    υ 0        for   ∂  Ω  i n   ;   



(4)







	
at the outlet of the throttle there is no radial component of the velocity, and the zero pressure is maintained


   t ⋅ V = 0   ,   p = 0     for   ∂  Ω  o u t   ;   



(5)







	
the fluid near the walls of the throttle is at the resting state


   V =   0 ,   0       for   ∂  Ω  b o u n d a r y   .   



(6)












To illustrate the processes in the laminar throttle, some simulations were performed for a fluid with a kinematic viscosity of 10−5 m2/s and a density of 850 kg/m3, which flows in a cylindrical tube with a diameter of 1.5 mm and a length of 150 mm. For the laminar mode conditions, Re = 1000 was selected. The average fluid flow velocity is determined by the formula


   V c  = Re ν  d   D 2    ,  



(7)




where  d  is the diameter of the tube;  D  is the diameter of the chamber.



Figure 2 shows the pressure distribution in the chamber-tube transition region of the hydrodynamic throttle with laminar flow mode, where the arrows show the scale of the fluid velocity and solid lines show isolines of the pressure. The pressure distribution in the chamber-tube transition region shows that in the chamber at the 5 mm distance from the boundary of the chamber-tube, the pressure is redistributed in the radial direction. When the fluid enters the tube, it is inhibited near its walls and the pressure is distributed irregularly in the radial direction. At a distance of approximately 10 mm from this boundary, inside the tube the pressure is equalized at the cross section, which indicates forming the laminar flow mode.



Figure 3 shows an axisymmetric model of the turbulent throttle. It consists of inlet and outlet chambers of a diameter  D  and a length  L  with aligned axes connected by a short tube (diaphragm) of a diameter  d  and a thickness  l .



Considering the axial symmetry of the hydrodynamic throttle, we set the following boundary conditions [37].



	
The radial component of velocity on the axis of symmetry is zero (3);



	
At the inlet of the throttle, the fluid moves along its axis with velocity    υ 0   , the energy value is maintained constant, and the energy dissipation along this axis is


       V =   0 ,  υ 0    ,     n ∇ k = 0 ,     n ∇ ε = 0 ,             for   ∂  Ω  i n   ; .   



(8)







	
At the outlet of the throttle there is no radial component of velocity, a zero value of the pressure is maintained, the energy value is maintained constant, and the energy dissipation along this axis is


       t ⋅ V = 0 ,     P = 0 ,     n ∇ k = 0 ,     n ∇ ε = 0 ,             for   ∂  Ω  o u t   ;   



(9)







	
The distribution of fluid velocity near the inner surface of the throttle is described by a logarithmic function. Kinetic energy and energy dissipation are functions of the velocity component tangential to the surface


       V =  v τ     1 K  ln      δ w   v τ   ν    + C   ,     k =    v τ 2       C μ      ,     ε =    v τ     C μ       δ w    ,             for   ∂  Ω  b o u n d a r y   ,   



(10)




where    v τ    is the velocity component tangential to the surface of the throttle;   K = 0.42   is the von Kármán constant;    δ w    is the distance from the point where the velocity is determined to the wall;   C = 5.5   is the constant of the model [4].






To illustrate the processes in a turbulent choke with a 0.9 mm diameter and a 0.3 mm length, the fluid flow was simulated; it had an 850 kg/m3 density, a     10   − 5     m2/s kinematic viscosity, and Reynolds numbers in the tube equaled 4000 and in the chamber they equaled 1330. By the simulation results (Figure 4), the authors established that in the chamber-tube transition region of the hydrodynamic throttle the pressure was redistributed in radial direction and declined along the axis of the throttle. The main pressure drop occurred at the boundary of the inlet chamber and in the area of the tube. When the fluid flowed in the outlet chamber, the pressure became negative due to depression of the fluid during its flowing from the tube to the outlet chamber.



After testing we can consider that when the pressure drop on the laminar divider throttles is balanced by a change in the volume flow rate, the kinematic viscosity ν of fluid is defined as


  ν = k  Q 0  ,  



(11)




where k is the constructive factor of the divisor;    Q 0    is the flow rate at which the pressure drop on the divider throttles is balanced.



The sensitivity of the laminar divider to changes in kinematic viscosity is maximal when the ratio of diameters of the laminar throttles equals 0.5 and the length is minimal. It was established that one of the laminar throttles should have a minimum length and be transformed into a diaphragm, and the laminar divider should be transformed into a laminar-turbulent divider.



The differential measurement method having a number of advantages, three types of throttle bridge transducers (TBTs) with different numbers of laminar and turbulent throttles were synthesized. For the first time, their static conversion functions were described analytically by measuring the kinematic viscosity and density of petroleum products (Table 4). They were obtained under the condition of balancing a hydrodynamic bridge measuring circuit (in the absence of pressure drop in a measuring diagonal) by the system of equations of fluid flow continuity and pressure change equality on throttles located in parallel branches of the bridge.



The Reynolds number of the flux over the entire measurement range was experimentally established to be constant, because when the kinematic viscosity changed in proportion to it the fluid flow rate changed. This determines the stability of conversion factors of laminar and turbulent inductors and the overall conversion factor of the TBT.



Table 4 shows schematics and static conversion functions of throttle bridge transducers of kinematic viscosity and density of fluids. Three TBT schemes with various combinations of laminar and turbulent throttles were considered. The choice of the sustainable ratio of structural dimensions of laminar and turbulent throttles in the synthesized TBT circuits has some restrictions. These constraints (parameters A, B and C) must be taken into account when designing throttle bridge converters. According to the results of the performed analysis, the TBT of 2L-2T type in comparison with other schemes is characterized by a maximal sensitivity, so it is eligible for application when creating industrial analyzers.




3. Results


An installation was developed to investigate experimentally the TBTs with different numbers of laminar and turbulent throttles, the block diagram of which is shown in Figure 5.



The installation included a thermostat 5 with the tested TBT 9 inside it and a vessel 6 with a calibrated liquid. Distilled water was used as thermostatic liquid at a temperature of +(10–60) °C, while medical Vaseline oil was used at a temperature of +(50–110) °C. Two heaters 7 and a stirrer 8 driven by an engine were installed to maintain the set temperature in the thermostat. The temperature inside the thermostat was measured by a mercury glass laboratory thermometer 13. A similar thermometer was installed in a vessel 6 for measuring the temperature of the calibrated liquid from the TBT.



In order to eliminate a systematic error, both thermometers were installed in the thermostat and the difference between their readings was determined. The power of the heater maintaining the set temperature was set automatically by a temperature controller 14 according to readings of the contact thermometer.



The calibrating liquid was pumped through the TBT with a pump 1. A change and maintenance of rotation speed of the pump engine was performed with a regulator 4 change and maintained a fluid flow rate through the TBT. A change of the flow rate was set by special dosing pumps of various productivity (NS-3, NS-6, NS-12), powered by the electric engine of ETO-1 type (Figure 6).



The flow rate was measured by averaging 5 fillings from a measuring flask 15 with capacity of 250 or 500 cm3. The fluid came in the measuring flask from the TBT through a 3-way tap 12. In the first position of the tap, the calibrated fluid through the TBT came back to a vessel 6. When measuring the flow rate, the tap 12 was turned to the second position and the fluid flowed into the measuring flask 15.



The pressure drop in an indicator diagonal of the TBT was measured with a U-shaped water differential pressure gauge 11 having a measuring range of (0–630) kPa. The total pressure drop on the transducer is measured by a differential pressure gauge 10 of DM 3583 type having a measuring range of (0–1.6) MPa. The uncertainty of the pressure drop measurement was 9.8 Pa.



According to recommendations [29], calibrating substances are the mixtures of refined petroleum products in different proportions:




	
Turbine oil TP-22 with the density    ρ  20   = 880     kg  /   m 3      at the temperature 20 °C and the kinematic viscosity    ν  50   = 18.312      mm 2   / s    at the temperature 50 °C;



	
Airplane oil M-20A with    ρ  20   = 895     kg  /   m 3      and    ν  50   = 195.43      mm 2   / s   ;



	
Kerosene    ρ  20   = 882     kg  /   m 3      and    ν  20   = 1.453      mm 2   / s   ;



	
Petrol A-95 with    ρ  20   = 732     kg  /   m 3      and    ν  20   = 0.924      mm 2   / s   .








The kinematic viscosity was measured with a glass capillary viscometer of VPZh-1 type according to [29]. The density of calibration fluids was measured with an oil densimeter of ASTM D5002 type according to [38].



When the static conversion factor of TBT was determined experimentally, the calibrated mixture of petroleum products was poured into the vessel 6. Changing the speed of the pump 1 set the flow rate at which the balancing state controlled by the differential pressure gauge 11 could be achieved. At this value of the flow rate, the mixture was pumped through the TBT for 30–40 min until complete mixing to exclude the influence of residues of a previous sample, which could remain in throttles of the TBT. Next, the TBT was accurately balanced one more time, the flow rate value was measured and a sample for measuring the kinematic viscosity was chosen. To exclude a temperature error, the TBT and the volumetric flask were installed directly in the vessel 6. The total pressure drop in the TBT was measured with a differential pressure gauge of DM 3583 type.



Six TBT samples were investigated (Figure 7), two for each of three schematics (Table 4) with a range of kinematic viscosity measurements of (5–25)·10−6 m2/s. The samples were designed with symmetrical and asymmetrical bridge circuits. For each TBT, the static conversion factor and the pressure drop at imbalance were determined at 10–12 different points of the kinematic viscosity range at constant density of the petroleum product mixture, and then the experimental results were averaged (Table 5).



When the asymmetry factor n = 1 (Table 4), the uncertainty of the analytical estimation of the static conversion factor of the TBT test samples by kinematic viscosity is in a (3.76–7.53)% range, and by density is in (4.32–12.18)% range. This uncertainty is due to the insufficient accuracy of measuring geometric dimensions of the laminar and turbulent throttles, and to the uncertainty of the fluid flow rate estimate at the time of TBT equilibrium. To increase the accuracy of automatic analyzers [39] with TBT, their nominal conversion characteristics must be calibrated using sample fluids with known values of kinematic viscosity and density [40,41].



Three prototypes of automatic analyzers with different balancing methods were experimentally investigated. Each sample was tested in two different ranges of kinematic viscosity and at a different density of petroleum products. The range was changed by replacing the TBT throttles with appropriate geometric sizes, while other elements of the analyzer were not replaced. Metrological characteristics were estimated by verifying the measurement results of the automatic analyzer of kinematic viscosity and density with calibration mixtures of petroleum products at five points for each measurement range [42]. The density of the petroleum product mixture was measured with a naphtodensimeter of 0.2 accuracy class [38]. The actual value of kinematic viscosity was determined by a glass VPZh-1 type viscometer by conventional methods [33]. The installation was calibrated (Figure 6). The thermostat of the installation contains the TBT, a vessel with a calibration fluid and a glass viscometer. The zero indicator and the flow rate meter were removed from the thermostat. All hydraulic connections were carefully thermally insulated. The calibration mixture was poured into the vessel 6 (Figure 5), and the automatic analyzer was turned on, and after setting its readings, the measured value of kinematic viscosity was recorded. Following values of the automatic analyzer readings were determined after reconnection. Thus, 10 measurements of the kinematic viscosity of one sample under the same conditions were performed. To eliminate the effect of temperature error, the glass viscometer was placed in the vessel 6 and constantly washed with the calibration fluid from the TBT output of the automatic analyzer. Simultaneously with the measurements of the kinematic viscosity by the differential pressure gauge, the total pressure drop on the TBT was determined, which was used to determine the density of the calibration mixture.



Figure 8 illustrates a block diagram of the tested automatic analyzer with static balancing.



The TBT of the analyzer was designed according to the symmetrical scheme of 2L-2T type. Inside it, two identical laminar throttles were made as a capillary tube cut into two parts, and two identical turbulent throttles were made as a diaphragm with a cylindrical hole. The zero indicator 8 is a differential pressure gauge of DM 3583 type with a nominal pressure drop of 6.3 kPa. The signal from output of the differential pressure gauge was amplified and after rectification was fed to a thyristor unit 7 to control an engine 3 of ETO-1 type. The electric engine through a worm gear 4 with a gear ratio 60 drives a gear pump 5 of NSh-20 type. The output signal of the analyzer is a rotation speed of the engine, measured by a photoelectric speed converter with 100 symmetrical holes. The frequency of electric pulses at the time of TBT balancing was measured with a frequency meter 2 of ChZ-32 type. The conversion factor between frequency and flow rate for 100 holes of the photoelectric converter disk and the performance of the pump of NSh-3 type 3·10−6 m3/s is 3·10−8 m3/pulse.



Results of experimental investigation of the automatic analyzer with tracking static balancing performed in the range of kinematic viscosity measurement (0.9–5)·10−6 m2/s are shown in Table 6.



According to the obtained results, the static conversion characteristic of the automatic analyzer with tracking static balancing was determined as a regression polynomial of the first order [40,41]


  ν = a +  k ν  Q ,  



(12)




where  a  and    k ν    are the constant and conversion factor (regression coefficient) determined experimentally.



Values  a  and    k ν    were found by well-known regression equations [43]


  a =     ∑  i = 1  n    Q i      ∑  i = 1  n    ν i 2    −   ∑  i = 1  n    ν i   Q i      ∑  i = 1  n    ν i      n ⋅   ∑  i = 1  n    ν i 2    −       ∑  i = 1  n    ν i       2    ,  



(13)






   k ν  =   n ⋅   ∑  i = 1  n    ν i   Q i    −   ∑  i = 1  n    Q i      ∑  i = 1  n    ν i      n ⋅   ∑  i = 1  n    ν i 2    −       ∑  i = 1  n    ν i       2    ,  



(14)




where   n = 10   is the number of measurements.



The static characteristic of the conversion determined from the experimental data is


  ν = − 0.058 + 0.044 Q  



(15)




with average and maximum relative approximation errors of 0.438% and 1.266%, respectively, with a pairwise correlation coefficient of 0.9977, which confirms the accuracy of the approximation.



The constant component in (15) is explained by incomplete balancing, because the analyzer provides the static balancing. The relative deviation of the conversion factor    k ν    determined from the experimental data is 5.88% by the value calculated in Table 4 (Figure 9).



The calculated and experimental conversion factors have a discrepancy due to inaccuracy in determining the geometric dimensions (especially the inner diameter) of laminar and turbulent throttles and because of the dosing pump efficiency. Due to the high accuracy of approximation, we considered Equation (15) as nominal static characteristic of the automatic analyzer with tracking static balancing by kinematic viscosity.



To estimate metrological characteristics of the automatic analyzer with tracking static balancing, experimentally measured flow values were converted by Equation (15) into the value of kinematic viscosity. According to the estimation results, the systematic component of automatic analyzer error in the range of kinematic viscosity measurement (0.9–5)·10−6 m2/s does not exceed 0.032·10−6 m2/s, and the standard deviation of kinematic viscosity measurement is less than 0.024·10−6 m2/s.



The automatic analyzer with a measuring range (5–25)·10−6 m2/s based on the TBT with laminar and turbulent throttles with changed geometric dimensions was investigated by the considered method. The results of this investigation are presented in Table 7.



The static characteristic of the conversion determined from experimental data for the range (5–25)·10−6 m2/s is


  ν = 0.119 + 0.241 Q  



(16)




with average and maximum relative approximation errors of 0.318% and 0.976%, respectively at a pairwise correlation coefficient of 0.9986, which confirms the accuracy of approximation.



The static conversion characteristic of the analyzer in the measuring range (5–25)·10−6 m2/s was calculated according to Table 4 and has the form   ν = 0.252 Q  . The calculated and experimental characteristics of the analyzer are shown in Figure 10 and have minor differences due to shortcomings of static balancing and inaccuracy in the definition of structural complexes of the throttles. According to the evaluation results, the systematic component of error in the automatic analyzer in the range of kinematic viscosity measurement (5–25)·10−6 m2/s did not exceed 0.42·10−6 m2/s, and the standard deviation of the kinematic viscosity measurement was less than 0.097·10−6 m2/s.



The total pressure drop in the TBT was measured (Table 8) in order to determine experimentally metrological characteristics for each calibrated sample of petroleum products by the density measurement channel.



Considering the results of the experiments (Table 7 and Table 8), density values were estimated and metrological characteristics of the automatic analyzer by density channel were evaluated according to the formulas in Table 4. We established that the systematic component of error of the automatic analyzer did not exceed 4.1 kg/m3 when measuring density, and the standard deviation of density measurement was    s ρ  ≤ 9.6   kg/m3.



The experimental automatic analyzer with astatic balancing was realized similarly and consists of the unified equipment and TBT (Figure 11).



The imbalance signal in an indicator diagonal TBT 7 was measured by a differential pressure gauge 11 of DM 3583 type. The coil of the differential pressure gauge was shifted so that at zero pressure drop the voltage of the secondary winding was also zero. The compensating winding of the differential-transformer converter was short-circuited, so the voltage from output of a differential pressure gauge 12 was fed to input of a secondary measuring instrument 13.



With the kinematic viscosity changing, a voltage of some amplitude and phase was supplied to input of an amplifier 10, and a reversing engine 9 changed parameters of a terrestrial control unit 6 of an engine 3. With the speed of the engine 3 changing, a gear pump 5 connected through a gearbox 4 changed the flow rate of the petroleum product mixture through the TBT to reach a new state of balancing. Simultaneously, the reversing engine 9 changed the readings of a secondary measuring instrument 8. The photoelectric converter of a frequency meter 2 monitored the speed of the engine 3 according to the readings of a secondary measuring instrument 1.



The total gain of the automatic analyzer    K Σ    exceeded    K  Σ max     even at the minimum gain    K  min     of the amplifier 10, which led to oscillations in the measuring instrument. To maintain stability without replacing serial elements, a nonlinear pulse correcting element with adjustable pulse ratio was implemented into the automatic analyzer. Pins of the pulse element were connected in series with a control winding of a reversing motor 9, which ensured stable operation of the automatic analyzer. Results of experimental investigation of the automatic analyzer with astatic balancing (Figure 12) for a range of kinematic viscosity measurement of (1 … 5)·10−6 m2/s are shown in Table 9.



The systematic error component of the automatic analyzer with tracking astatic balancing in the range of kinematic viscosity measurement (1–5)·10−6 m2/s was no more than 0.039·10−6 m2/s, and the standard deviation of the kinematic viscosity measurement was    s ν  ≤ 0.045 ⋅   10   − 6     m2/s.



In the automatic analyzer with tracking astatic balancing in a range of kinematic viscosity measurement (5–25)·10−6 m2/s laminar and turbulent throttles with the following geometrical sizes    l L  = 0.175   m;    d L  = 1.1   mm;    d T  = 0.75   mm were used in the TBT (Figure 13). Results of experimental investigation of the automatic analyzer with tracking astatic balancing for the range of kinematic viscosity measurement of (5–25)·10−6 m2/s are presented in Table 10. We have established that in this range of kinematic viscosity measurement the systematic component of measurement error did not exceed 0.097·10−6 m2/s, and the standard deviation of kinematic viscosity measurement was    s ν  ≤ 0.109 ⋅   10   − 6     m2/s.



Metrological characteristics of the automatic analyzer with astatic balancing were determined by a channel for measuring the density of petroleum product mixture (Table 11 and Table 12).



Having performed the investigation, we established that the systematic component of error in the automatic analyzer with tracking astatic balancing by the channel of petroleum product density did not exceed 7.42 kg/m3, and the standard deviation of density measurement equaled    s ρ  ≤ 25.11   kg/m3, which was 1% and 3.3% of the measurement scale.



In an automatic analyzer with unfolding balancing (Figure 14) the TBT 5 was designed by the scheme with additional throttles. This provided a linear dependence of the output signal on the kinematic viscosity when the flow rate of the petroleum product mixture changed by sawtooth with a constant component law. To implement this law, at output of a gear pump 2 a tank with a variable volume—an undulated pipe 4—was installed. The volume of the undulated pipe was changed with a profiled pusher with an eccentric 3. The pump and the pusher were driven by a synchronous engine 1.



In the indicator diagonal of the TBT there was a low-inertia zero indicator 7, consisting of a soft membrane with a solid magnetic center and a magnetically controlled contact. The time interval between two tripping of the zero indicator (an output signal of the automatic analyzer) was measured by a frequency meter 6 of ChZ-32 type.



Results of experimental investigation of the automatic analyzer with unfolding balancing in ranges of kinematic viscosity measurement (1–5)·10−6 m2/s and (5–30) 10−6 m2/s are shown in Table 13 and Table 14.



In the range of kinematic viscosity measurement (1–5)·10−6 m2/s, the maximal systematic component value of measurement error was 0.035·10−6 m2/s, and the standard deviation of kinematic viscosity measurement was    s ν  ≤ 0.079 ⋅   10   − 6     m2/s. For the automatic analyzer with the measuring range (5–30)·10−6 m2/s, these values equaled 0.181·10−6 m2/s and 0.243·10−6 m2/s, respectively.



In the measuring instrument channels with noise, a random component of uncertainty may appear, which can be estimated by the equation [44]


   s N  =    s 1 2  +  s 2 2  +  s 1   s 2  sin φ   =      q 1  +  q 2  +    q 1   q 2    sin φ    q 1   q 2      ,  



(17)




where    s 1    and    s 2    are the noise RMS in the measuring instrument channels;    q 1  =    P 1     s 1 2      and    q 2  =    P 2     s 2 2      are the ratio of the signal power    P 1    or    P 2    to the noise power in the measuring instrument channels;  φ  is the phase shift determined by time delay of signal propagation in the channel.



In [45], the Allan variance method was proposed for identification of the noise structure in channels of the measuring instrument.



The TBTs were investigated analytically and experimentally. Additionally, the automatic analyzer prototypes based on TBT were investigated. The results of the investigations can be applied when developing industrial automatic analyzers for the continuous and simultaneous measurement of kinematic viscosity and density of petroleum products in the stream.




4. Discussion


Three TBTs with different numbers of laminar and turbulent throttle in arms of the bridge circuit were experimentally investigated. They confirmed the adequacy of the mathematical models and static transformation characteristics obtained in Table 4.



The maximal relative deviations of the results of experimental investigations from the analytical calculations of the static conversion factor by channels of kinematic viscosity and density were 5.88% and 8.76%, respectively. The reason for these discrepancies is the lack of accuracy in determining geometric dimensions of the turbulent and laminar throttles, performance of the dosing pump and the influence of technological holes and of TBT channels. Therefore, to clarify their static conversion factors when creating industrial automatic analyzers, the TBT should be calibrated using reference mixtures of petroleum products.



We established experimentally that for the automatic analyzer with tracking astatic balancing, the uncertainties for estimating the kinematic viscosity and density of petroleum products were less than in the automatic analyzers with tracking static balancing. The systematic component of measurement error of such automatic analyzers is less than 2.7% for the kinematic viscosity and less than 1.1% for the density of petroleum products. For such automatic analyzers, the standard deviation of kinematic viscosity measurement is    s ν  ≤ 4.2 %  , and the standard deviation of measurement of the density of petroleum products is    s ρ  ≤ 2.4 %  .



According to the results of experimental investigation, the minimal values of measurement uncertainties were established for the automatic kinematic viscosity analyzer with unfolding balancing—the systematic component was less than 2.3%, the standard deviation of kinematic viscosity measurement was    s ν  ≤ 2.2 %  ) However, the technical implementation of such analyzer is more complex and less reliable than that of the automatic analyzer with tracking balancing.




5. Conclusions


The paper presents developed mathematical models and determined constructive restrictions for three schemes of a throttle bridge transducer (TBT) with various quantity of laminar and turbulent throttles in arms of the bridge scheme. According to the results of experimental investigations of such TBTs, the maximal relative deviations of the obtained results from the analytical calculations of a static conversion factors by channels were 5.88% for kinematic viscosity and 8.76% for density. The discrepancies were caused by the inaccuracies in determining geometric dimensions of the TBT throttles, the instability of the dosing pump flow rate and the influence of technological holes and TBT channels. Industrial automatic analyzers of kinematic viscosity and density of petroleum products have been developed, manufactured and implemented. The automatic analyzer with deployment balancing was experimentally established to have minimal uncertainties for estimating the kinematic viscosity of petroleum products (a systematic component was less than 2.3%, a standard deviation of kinematic viscosity measurement was sυ ≤ 2.2%). Furthermore, the automatic analyzer with tracking astatic balancing was experimentally established to have the minimal uncertainties for estimating the density of petroleum products (a systematic component was less than 1.1%, a standard deviation of petroleum product density measurement was sρ ≤ 2.4%). However, technical implementation of the automatic analyzer with deployment balancing is more complex and less reliable than that of the automatic analyzer with tracking balancing. When creating industrial automatic analyzers, the TBTs should be calibrated when pumping reference mixtures of petroleum products to clarify their static conversion factors.



The results of experimental investigations of the TBT and automatic analyzers confirmed the reliability and validity of the developed theory. This provides the development, manufacture and implementation of industrial automatic analyzers of kinematic viscosity and density of petroleum products.
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Figure 1. Design of the hydrodynamic throttle (a) and its axisymmetric model (b): 1 is an interconnected chamber; 2 is a capillary tube of cylindrical shape. 
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Figure 2. Pressure distribution in the chamber-tube transition region of the hydrodynamic throttle with laminar flow mode. 
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Figure 3. Axisymmetric model of the turbulent throttle. 
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Figure 4. Pressure distribution in the chamber-tube transition region of the turbulent throttle. 
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Figure 5. Block diagram of the installation for experimental investigation of TBTs: 1 pump; 2 reducer; 3 DC engine; 4 automatic control system; 5 thermostat; 6 vessel; 7 heater; 8 stirrer; 9 TBT; 10 differential pressure gauge; 11 U-shaped differential pressure gauge; 12 three-way tap; 13 thermometer; 14 temperature regulator; 15 measuring flask. 
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Figure 6. Installation for experimental investigation of the TBT. 
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Figure 7. Design of the TBT for the kinematic viscosity and density of petroleum products: 1 input adapter; 2 block of input and output cells; 3 output adapter; 4 block of turbulent throttles; 5 adapter for connection with the differential pressure gauge; 6 block of laminar throttles. 
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Figure 8. Block diagram of the automatic analyzer with tracking static balancing: 1, 10 secondary measuring instruments; 2 frequency meter; 3 electric engine; 4 reducer; 5 pump; 6 TBT; 7 electric engine control unit; 8 zero indicator; 9 differential pressure gauge. 
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Figure 9. Static calculated (1) and experimental (2) characteristics of conversion for the automatic analyzer with tracking static balancing in the range of kinematic viscosity measurement (0.9–5)·10−6 m2/s. 
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Figure 10. Static calculated (1) and experimental (2) conversion characteristics of the automatic analyzer with tracking static balancing in the range of kinematic viscosity measurement (5–25)·10−6 m2/s. 
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Figure 11. Block diagram of the automatic analyzer with tracking astatic balancing: 1, 8, 13 secondary measuring instruments; 2 frequency meter; 3 electric engine; 4 reducer; 5 pump; 6 electric drive control unit; 7 TBT; 9 reversing engine; 10 amplifier; 11 zero indicator; 12 differential pressure gauge. 
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Figure 12. Automatic analyzer with tracking astatic balancing with the range of kinematic viscosity measurement (1–5)·10−6 m2/s. 
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Figure 13. Automatic analyzer with tracking astatic balancing with the range of kinematic viscosity measurement (5–25)·10−6 m2/s. 
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Figure 14. Block diagram of the automatic analyzer with unfolding balancing: 1 electric engine; 2 pump; 3 eccentric; 4 undulated pipe; 5 TBT with additional laminar throttles; 6 frequency meter; 7 zero indicator; 8 differential pressure gauge; 9 secondary measuring instrument. 
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Table 1. Technical characteristics of rotary viscometers.
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Brand

	
Model

	
Viscosity Measurement Range, Pa·s

	
Maximal Flow Rate, 10−3 m3/s

	
Temperature Range






	
Brookfield

	
TT-200

	
(10–50)·104

	
immersive

	
−40 °C–150 °C




	
TT-100

	
(10–50)·104

	
1.5

	
up to 150 °C




	
Bruss

	
System Bruss

	
(100–50)·107

	
immersive

	
up to 120 °C




	
Contraves

	
Covlstat 1

	
up to 2000

	
0.2

	
up to 150 °C




	
DC43

	
up to 4.5·106

	
0.7

	
up to 350 °C




	
DD

	
0.4–12,000

	
0.1

	
up to 90 °C




	
TO

	
(1–5)·104

	
immersive

	
up to 65 °C




	
Crosfield

	
Viscomex 390

	
10–400

	
0.15

	
0 °C–150 °C




	
Eur-Controe

	
visc-21 E, P

	
80–1500

	
0.2

	
40 °C–120 °C




	
Haake

	
Viscontro

	
5·107

	
0.27

	
up to 160 °C




	
VC-1, VC-2

	
1000

	
0.1

	
up to 100 °C




	
Rheometrics

	
On-Line

	
104–107

	
-

	
up to 150 °C




	
Solartron Mobley

	
Covimat 105

	
(8–72)·104

	
0.05

	
up to 120 °C
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Table 2. Technical characteristics of vibrating viscometers.






Table 2. Technical characteristics of vibrating viscometers.





	Brand
	Model
	Viscosity Measurement Range of the Viscometers, mPa·s
	Note





	Automation Product
	Dynatro CL-10RL
	100–105
	Compensating T



	Zendix Corporation
	Ultra-Viscoson”
	50–50,000
	Compensating T



	Nametre
	7.006 CЧP
	1–106
	Digital display T



	Unipan
	Type 505
	50–50,000
	Compensating T



	AND
	SV-10A
	1–100,000
	Controlling T



	Solartron Mobrey Limited
	Solartron 7827
	0.5–20,000
	Controlling T
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Table 3. Technical characteristics of capillary viscometers of dynamic viscosity.






Table 3. Technical characteristics of capillary viscometers of dynamic viscosity.





	Brand
	Model
	Range of Measurement,

mPa·s
	Maximal Operating Temperature, °C
	Pressure,

MPa





	m-VROC
	Type A
	0.2–100
	70
	-



	m-VROC
	Type E
	1–100,000
	70
	-



	RHEOTEST
	LK 2.2
	1–10,000
	80
	0.75



	Ametek
	TT100
	10–500,000
	150
	2



	Rheotec
	KV 100-F
	0–500
	150
	0.25
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Table 4. Static characteristics of the throttle bridge transducer (TBT) conversion.






Table 4. Static characteristics of the throttle bridge transducer (TBT) conversion.





	
TBT Schematic

	
Static Conversion Functions

	
Restrictions




	
by Kinematic Viscosity

	
by Density






	
 [image: Inventions 07 00006 i001]

3L-1T

	
   ν =    C 2  −  n 2   B 1      1 + n   n  A 1    Q   

	
   ρ =   n     1 + n    2   A 1    n  A 1     C 2  +  B 4    +  A 4     C 2  −  B 1   n 2        Δ  P Σ     Q 2      

	
        B 4     B 3      < n <    A 4     A 3      
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1L-3T

	
   ν =    C 2  −  n 2   B 1      1 + n   n  A 1    Q   

	
   ρ =       1 + n    2     C 2  +  B 4    ⋅   Δ  P Σ     Q 2      

	
    C 2   C 3  >  B 2   C 4    




	
 [image: Inventions 07 00006 i003]

2L-2T

	
   ν =    C 2  −  n 2   B 1      1 + n   n  A 1    Q   

	
   ρ =       1 + n    2     C 2  +  n 2   C 3    ⋅   Δ  P Σ     Q 2      

	
        B 4     C 3      < n <      C 2     B 1        








Where   n =    Q 1     Q 2     ; L1, L2, L3 are the laminar throttles; T1, T2, T3 are the turbulent throttles;    A 1  ,    A 2  ,    A 3  ,    B 1  ,    B 2  ,    B 3    are the structural constants of laminar throttles      A i  =   4 a  l i    π  d i 4       ;      B i  =   16 b   π  d i 4       ;    C 1  ,    C 2  ,    C 3    are the structural constants of turbulent throttles      C i  =   16 c   π  d i 4       ; ZI is the zero indicator;   Δ  P Σ    is the general pressure drop on TBT.
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Table 5. Results of experimental investigation of static conversion factors of the TBT for kinematic viscosity and density.






Table 5. Results of experimental investigation of static conversion factors of the TBT for kinematic viscosity and density.





	
Type of the CBR Scheme

	
Static Conversion Factor of the TBT

	
Relative Uncertainty, %




	
ν

	
ρ




	
Calculated

	
Experimental

	
Calculated

	
Experimental

	
ν

	
ρ






	
1L-3T

	
symmetrical

	
0.292

	
0.279

	
4.92·10−6

	
5.34·10−6

	
4.65

	
8.54




	
asymmetrical

	
0.402

	
0.383

	
4.56·10−6

	
4.96·10−6

	
4.96

	
8.76




	
2L-2T

	
symmetrical

	
0.252

	
0.241

	
5.51·10−6

	
5.85·10−6

	
4.64

	
6.17




	
asymmetrical

	
0.293

	
0.280

	
5.26·10−6

	
5.68·10−6

	
5.52

	
7.98




	
3L-1T

	
symmetrical

	
0.360

	
0.340

	
4.63·10−6

	
4.28·10−6

	
5.88

	
8.17




	
asymmetrical

	
0.314

	
0.297

	
4.19·10−6

	
3.86·10−6

	
5.72

	
8.55
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Table 6. Results of experimental investigation of the automatic analyzer with tracking static balancing performed in the range of kinematic viscosity measurement (0.9–5)·10−6 m2/s.






Table 6. Results of experimental investigation of the automatic analyzer with tracking static balancing performed in the range of kinematic viscosity measurement (0.9–5)·10−6 m2/s.





	
     ν r  ⋅   10   − 6   ,    m 2  / s    

	
Flow Rate at a Balancing Moment in the TBT     Q i  ⋅   10   − 6   ,    m 3  / s   

	
     Q ¯  ⋅   10   − 6   ,    m 3  / s    






	
0.92

	
22.51

	
22.48

	
22.41

	
22.46

	
22.46

	
22.50

	
22.41

	
22.34

	
22.26

	
22.20

	
22.40




	
2.11

	
48.74

	
48.36

	
48.21

	
48.58

	
48.09

	
48.51

	
48.53

	
48.66

	
48.05

	
48.61

	
48.43




	
2.94

	
68.25

	
68.15

	
68.33

	
68.15

	
68.14

	
68.05

	
68.65

	
68.43

	
68.91

	
69.38

	
68.44




	
3.85

	
88.76

	
88.75

	
88.78

	
88.84

	
88.86

	
88.76

	
88.76

	
88.94

	
88.96

	
89.11

	
88.85




	
4.95

	
113.23

	
112.79

	
113.08

	
113.53

	
113.43

	
113.65

	
113.29

	
113.54

	
113.78

	
113.73

	
113.40








Where    ν r    is the actual value of kinematic viscosity,   Q ¯   is the average flow rate.
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Table 7. Results of experimental investigation of the automatic analyzer with tracking static balancing in the range of kinematic viscosity measurement (5–25)·10−6 m2/s.






Table 7. Results of experimental investigation of the automatic analyzer with tracking static balancing in the range of kinematic viscosity measurement (5–25)·10−6 m2/s.





	
     ν r  ⋅   10   − 6   ,    m 2  / s    

	
Flow Rate at a Balancing Moment in the TBT     Q i  ⋅   10   − 6   ,    m 3  / s   

	
     Q ¯  ⋅   10   − 6   ,    m 3  / s    






	
5.12

	
20.98

	
20.85

	
20.83

	
20.68

	
20.89

	
21.06

	
21.14

	
20.99

	
21.11

	
20.99

	
20.95




	
10.34

	
41.76

	
41.59

	
41.69

	
41.68

	
41.93

	
41.99

	
41.58

	
41.44

	
41.49

	
41.81

	
41.69




	
14.87

	
61.41

	
61.59

	
61.41

	
61.76

	
62.03

	
62.20

	
62.03

	
62.23

	
61.91

	
61.60

	
61.82




	
21.57

	
89.49

	
89.14

	
90.06

	
90.18

	
90.18

	
90.45

	
90.28

	
90.20

	
90.11

	
89.98

	
90.01




	
24.55

	
100.55

	
100.39

	
100.38

	
100.11

	
100.21

	
100.70

	
101.00

	
101.05

	
101.04

	
100.59

	
100.60
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Table 8. Results of experimental investigation of the automatic analyzer by the density measurement channel.






Table 8. Results of experimental investigation of the automatic analyzer by the density measurement channel.





	
     ν r  ⋅   10   − 6   ,    m 2  / s    

	
    ρ r    ,

kg/m3

	
Pressure Drop in the TBT   Δ  P  Σ i   ,   kPa  

	
     P ¯  Σ    ,

kP






	
5.12

	
732

	
59

	
58

	
56

	
59

	
58

	
56

	
57

	
57

	
59

	
56

	
57.5




	
10.34

	
770

	
239

	
242

	
244

	
242

	
240

	
238

	
241

	
244

	
242

	
239

	
241.1




	
14.87

	
795

	
543

	
540

	
551

	
540

	
554

	
546

	
549

	
551

	
554

	
543

	
547.1




	
21.57

	
830

	
1212

	
1196

	
1187

	
1212

	
1222

	
1215

	
1218

	
1215

	
1222

	
1208

	
1210.7




	
24.55

	
836

	
1511

	
1516

	
1508

	
1526

	
1508

	
1530

	
1526

	
1523

	
1511

	
1536

	
1519.5








Where    ρ r    is the actual value of the density,     P ¯  Σ    is the average value of the pressure drop.
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Table 9. Results of experimental investigation of the automatic analyzer with tracking astatic balancing in the range of kinematic viscosity measurement (1–5)·10−6 m2/s.






Table 9. Results of experimental investigation of the automatic analyzer with tracking astatic balancing in the range of kinematic viscosity measurement (1–5)·10−6 m2/s.





	
     ν r  ⋅   10   − 6   ,    m 2  / s    

	
    Results   of   Measurement    ν i  ⋅   10   − 6   ,    m 2  / s    

	
    Δ  ν s  ⋅   10   − 6   ,    m 2  / s    

	
     s ν  ⋅   10   − 6   ,    m 2  / s      






	
1.070

	
1.03

	
1.04

	
1.05

	
1.07

	
1.08

	
1.08

	
1.04

	
1.06

	
1.08

	
1.04

	
0.013

	
0.022




	
2.038

	
2.00

	
2.02

	
2.00

	
1.98

	
2.03

	
2.05

	
2.00

	
1.96

	
2.00

	
2.05

	
0.029

	
0.029




	
2.965

	
3.02

	
2.98

	
2.98

	
2.96

	
3.00

	
3.02

	
3.04

	
2.98

	
2.92

	
2.92

	
−0.017

	
0.040




	
3.818

	
3.80

	
3.78

	
3.78

	
3.80

	
3.76

	
3.78

	
3.77

	
3.80

	
3.74

	
3.80

	
0.037

	
0.020




	
4.903

	
4.90

	
4.94

	
4.96

	
4.88

	
4.91

	
4.95

	
4.90

	
4.96

	
4.88

	
4.84

	
−0.009

	
0.040








Where   Δ  ν s    is the systematic error component,    s ν    is the standard deviation of kinematic viscosity measurement.
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Table 10. Results of experimental investigation of the automatic analyzer with tracking astatic balancing in the range of kinematic viscosity measurement (5–25)·10−6 m2/s.






Table 10. Results of experimental investigation of the automatic analyzer with tracking astatic balancing in the range of kinematic viscosity measurement (5–25)·10−6 m2/s.





	
     ν r  ⋅   10   − 6   ,    m 2  / s    

	
    Results   of   Measurement    ν i  ⋅   10   − 6   ,    m 2  / s    

	
    Δ  ν s  ⋅   10   − 6   ,    m 2  / s    

	
     s ν  ⋅   10   − 6   ,    m 2  / s      






	
5.10

	
5.11

	
5.12

	
5.11

	
5.21

	
5.31

	
5.13

	
5.17

	
5.28

	
5.13

	
5.31

	
−0.088

	
0.079




	
9.86

	
9.99

	
9.92

	
10.10

	
10.12

	
10.09

	
9.86

	
9.98

	
10.06

	
10.09

	
9.88

	
−0.06

	
0.082




	
14.92

	
14.91

	
14.76

	
14.91

	
14.92

	
14.93

	
14.83

	
14.82

	
14.83

	
14.80

	
14.72

	
0.077

	
0.072




	
20.22

	
20.34

	
20.41

	
20.38

	
20.18

	
20.19

	
20.23

	
20.14

	
20.36

	
20.34

	
20.41

	
−0.078

	
0.102




	
24.86

	
24.71

	
24.69

	
24.80

	
24.80

	
24.75

	
24.62

	
24.64

	
24.90

	
24.84

	
24.91

	
0.094

	
0.102
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Table 11. Results of experimental investigation of the automatic analyzer with astatic balancing by the channel of density measurement.






Table 11. Results of experimental investigation of the automatic analyzer with astatic balancing by the channel of density measurement.





	
     ν r  ⋅   10   − 6   ,    m 2  / s    

	
    ρ r    ,

kg/m3

	
Pressure Change in the TBT    Δ  P  Σ i   ,   MPa   

	
     P ¯  Σ    ,

MPa






	
5.10

	
730

	
0.061

	
0.061

	
0.061

	
0.063

	
0.066

	
0.061

	
0.062

	
0.065

	
0.061

	
0.066

	
0.063




	
9.86

	
763

	
0.244

	
0.240

	
0.249

	
0.250

	
0.249

	
0.237

	
0.243

	
0.247

	
0.249

	
0.238

	
0.245




	
11.92

	
786

	
0.559

	
0.548

	
0.559

	
0.560

	
0.561

	
0.553

	
0.552

	
0.553

	
0.551

	
0.545

	
0.554




	
20.22

	
818

	
1.083

	
1.090

	
1.087

	
1.066

	
1.067

	
1.071

	
1.062

	
1.085

	
1.083

	
1.090

	
1.078




	
24.86

	
840

	
1.641

	
1.639

	
1.653

	
1.653

	
1.647

	
1.629

	
1.632

	
1.667

	
1.659

	
1.668

	
1.649
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Table 12. Results of experimental investigation of the automatic analyzer with tracking astatic balancing by the density channel.






Table 12. Results of experimental investigation of the automatic analyzer with tracking astatic balancing by the density channel.





	
     ρ r  ,   kg /  m 3     

	
Results of Measurement     ρ i  ,   kg /  m 3    

	
   Δ  ρ s    ,

kg/m3

	
     s ρ  ,   kg /  m 3     






	
730

	
754.0

	
739.1

	
730.0

	
736.8

	
720.4

	
736.2

	
771.6

	
728.6

	
748.1

	
709.3

	
−7.42

	
19.22




	
763

	
779.7

	
793.9

	
735.2

	
723.2

	
758.2

	
765.0

	
781.2

	
762.7

	
727.5

	
784.3

	
1.91

	
25.11




	
786

	
773.1

	
801.8

	
781.6

	
769.3

	
775.3

	
782.9

	
791.1

	
774.4

	
790.4

	
796.1

	
2.40

	
11.16




	
818

	
823.3

	
799.7

	
802.8

	
821.9

	
831.8

	
832.3

	
822.0

	
816.4

	
819.6

	
815.4

	
−0.52

	
10.71




	
840

	
841.9

	
847.4

	
839.9

	
837.9

	
832.6

	
846.0

	
858.5

	
838.2

	
826.5

	
829.5

	
0.16

	
9.39








Where   Δ  ρ s    is the systematic component of error,    s ρ    is the standard deviation of density measurement.
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Table 13. Results of experimental investigation of the automatic analyzer with unfolding balancing in the range of kinematic viscosity measurement (1–5)·10−6 m2/s.






Table 13. Results of experimental investigation of the automatic analyzer with unfolding balancing in the range of kinematic viscosity measurement (1–5)·10−6 m2/s.





	
     ν r  ⋅   10   − 6   ,    m 2  / s    

	
    Results   of   Measurement    ν i  ⋅   10   − 6   ,    m 2  / s    

	
    Δ  ν s  ⋅   10   − 6   ,    m 2  / s    

	
     s ν  ⋅   10   − 6   ,    m 2  / s      






	
1.11

	
1.10

	
1.21

	
1.10

	
1.11

	
1.02

	
1.19

	
1.10

	
0.98

	
1.01

	
1.00

	
0.028

	
0.019




	
1.94

	
1.95

	
1.96

	
1.88

	
1.85

	
1.89

	
1.94

	
1.97

	
1.84

	
1.91

	
1.86

	
0.035

	
0.048




	
3.02

	
3.10

	
3.09

	
3.10

	
3.05

	
3.04

	
3.02

	
3.02

	
2.95

	
2.98

	
2.97

	
−0.012

	
0.054




	
4.11

	
4.07

	
4.10

	
4.07

	
4.20

	
4.19

	
4.18

	
4.16

	
4.09

	
4.07

	
4.13

	
−0.016

	
0.053




	
4.81

	
4.78

	
4.76

	
4.81

	
4.82

	
4.86

	
4.84

	
4.89

	
4.89

	
4.83

	
4.80

	
−0.018

	
0.043











[image: Table] 





Table 14. Results of experimental investigation of the automatic analyzer with unfolding balancing in the range of kinematic viscosity measurement (5–30)·10−6 m2/s.






Table 14. Results of experimental investigation of the automatic analyzer with unfolding balancing in the range of kinematic viscosity measurement (5–30)·10−6 m2/s.





	
     ν r  ⋅   10   − 6   ,    m 2  / s    

	
    Results   of   Measurement    ν i  ⋅   10   − 6   ,    m 2  / s    

	
    Δ  ν s  ⋅   10   − 6   ,    m 2  / s    

	
     s ν  ⋅   10   − 6   ,    m 2  / s      






	
5.23

	
5.32

	
5.53

	
5.58

	
5.61

	
5.31

	
5.01

	
5.02

	
5.54

	
5.60

	
5.14

	
−0.136

	
0.112




	
10.12

	
10.02

	
10.38

	
10.56

	
10.60

	
10.24

	
10.11

	
10.02

	
10.04

	
10.58

	
10.46

	
−0.181

	
0.217




	
15.31

	
15.04

	
14.98

	
15.26

	
15.13

	
15.39

	
15.54

	
15.62

	
15.40

	
15.02

	
15.47

	
0.025

	
0.232




	
20.08

	
20.00

	
19.68

	
20.11

	
20.17

	
20.36

	
20.44

	
20.28

	
20.12

	
20.05

	
19.96

	
−0.037

	
0.218




	
29.63

	
29.87

	
29.74

	
29.51

	
29.42

	
29.20

	
29.18

	
29.37

	
29.46

	
29.31

	
29.44

	
0.180

	
0.218
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