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Abstract

:

An indirect method and procedure for determining the local heat transfer coefficient in experimental studies on the intensity of heat transfer at a gas–surface interface is described. The article provides an overview of modern approaches and technical devices for determining the heat flux or friction stresses on surfaces in the study of thermophysical processes. The proposed method uses a constant-temperature hot-wire anemometer and a sensor with a thread sensitive element fixed on the surface of a fluoroplastic substrate. A substrate with the sensor’s sensitive element was mounted flush with the wall of the investigated pipeline. This method is based on the Kutateladze–Leontiev approach (the laws of friction and heat transfer) and the hydrodynamic analogy of heat transfer (the Reynolds analogy): this is an assumption about the unity of momentum and heat transfer in a turbulent flow, which establishes a quantitative relationship between friction stresses on the heat exchange surface and heat transfer through this surface. The article presents a method for determining the speed of the developed measuring system. An example of a successful application of the proposed method in relation to the study of thermomechanical processes in the gas exchange systems of reciprocating internal combustion engines is described.
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1. Introduction


Determining the intensity of heat transfer at the interface of two media experimentally is a widespread problem in science and technology. The main solution consists of determining the heat flux density qc = αΔT and then calculating the heat transfer coefficient α. Today, there are reliable methods for measuring heat flow by creating a temperature difference between the medium (gas, liquid) and the surface (channels, pipelines) [1,2]. A large number of sensors (technical devices) and special techniques for conducting thermophysical experiments have been developed to implement these methods practically. One of the most common types of sensors are film sensors [3,4,5,6]. These sensors have a conductive film that is heated to a specific temperature to create a temperature difference between the flow and the surface. Thermocouples under the film record the temperature change over time. Yan Y.-C. et al. [3] developed a new film sensor based on a two-layer substrate structure. This made it possible to increase the sensitivity and accuracy of the measurement. For example, the accuracy of determining the heat transfer intensity increased by almost 8%. Etrati A. et al. [4,5] proposed a new thermal sensor with protective heating to improve the accuracy of measuring shear friction stresses in a turbulent flow. The relative uncertainty of the thermal experiment improved by almost 5%. Liu X. et al. [6] improved the design of traditional film sensors in order to enhance the accuracy of measuring shear friction stresses (with subsequent determination of the heat flux) during gas flow in a pipe. Determining surface heat flux with depth measurements of temperature via various thermocouples and other special devices is also widespread [7,8]. Along with a detailed study of the traditional methods for determining the intensity of heat transfer in various cases, experts also proposed original approaches for solving this thermophysical problem. For example, Hurley P. et al. [9] used fiber-optic sensors rather than thermocouples to measure temperature. The authors show decent results in measuring the temperature change in fuel rod simulators during quenching while using fiber-optic sensors. The accuracy of the new approach for determining the temperature is almost 15% higher compared to traditional methods. Wang Y. et al. [10] developed two original methods for calculating heat flux with a slug calorimeter in the field of a plasma jet: these methods increase the accuracy of predicting thermophysical processes. Alanazi M.A. and Diller T.E. [11] proposed an original, non-invasive sensor for heat energy consumption based on a combination of measurements of heat flow and temperature during gas flow in pipes. Liu Y. et al. [12] proposed a method for rapid temperature measurement using a thread sensor. This type of sensor has a higher response speed compared to film heat flow sensors. As such, thread sensors are often used to record rapidly changing (non-stationary) thermal processes. Original techniques for determining the intensity of heat transfer at the interface between two media can also be found in [13,14]. The authors propose various devices to create a temperature difference between the surface and the gas and for determining heat flux in various applications with a high degree of accuracy and speed.



Important developments in making sensors for determining heat flux and/or friction stresses are improving sensor indicators (response time, speed range, accuracy, etc.) and allowing for the change in flow temperature during experiments to be corrected. In particular, Hubble D.O. and Diller T.E. [15] developed a hybrid method for determining heat flux that improved the response time, accuracy, and versatility of the sensor. The accuracy of the proposed method is higher by 5–10% in comparison with classical approaches in thermal experiments. Experts have paid a lot of attention to methods for correcting changes in the temperature of a gas/liquid flow during experiments [16,17,18,19]. For temperature correction, various authors proposed using calibration functions to take into account gas/liquid temperatures [16], introducing correction factors [17], and employing mathematical correction methods [18,19]. The proposed correction methods significantly increase the accuracy of determining heat flux in experiments, as they consider the nonstationarity of these processes.



It should be noted that specialists have developed techniques and devices for determining the intensity of heat transfer by taking into account developments in particular scientific and technical fields. For example, one can single out studies on methods for determining heat flux at ultrahigh temperatures (more than 2000 °C) [20,21]. This can be useful in the study of hypersonic flows. Determining heat flow in spacecraft [22], the cylinders of reciprocating internal combustion engines [23,24] and complex channels [25] have also been studied separately. Several studies are related to the study of heat transfer in microchannels through numerical modeling and experimental techniques [26,27,28,29,30]. In most cases, these sensors have a high response rate, taking into account the physical characteristics of the investigated processes, and special designs applicable only to specific cases.



In most heat flux measurements, a conductive film (in particular, foil) is used to heat the surface to a certain temperature before measurements are made. In parallel with this, surface temperature is measured using thermocouples located directly under the film. Specialists focused on calibrating sensors and correcting changes in the medium’s temperature to obtain more accurate measurement results. These methods for determining heat transfer coefficients have disadvantages: (1) the large sizes of measuring devices (sensitive elements) limit the applicability of this method in many areas; (2) the influence of a large number of factors when determining the heat transfer coefficient (reliable thermal contact between the thermocouple and the surface, heat loss through the elements of the working section, thermal insulation of the non-working surface, etc.), which complicates the use of this method outside the laboratory; and (3) labor-intensive calculations of the quantitative values of the heat transfer coefficient for gas-dynamic systems with complex configurations.



This work proposes an indirect method for determining the heat transfer coefficient using a constant-temperature hot-wire anemometer and a thread sensor. This method allows for comparisons of the heat transfer rate in gas-dynamic systems with different configurations and under different boundary conditions.




2. Sensor Calibration


The measuring system consists of two main elements—a hot-wire anemometer and a special sensor. A constant-temperature hot-wire anemometer [31] was used. The hot-wire anemometer contains a resistive temperature-sensitive element (hot-wire anemometer sensor) connected to a bridge circuit (a Wheatstone bridge) and a feedback amplifier connected to the measuring bridge. The output current of the feedback amplifier passes through the hot-wire anemometer sensor, heating it to a temperature TS exceeding the flow temperature Tf. The temperature TS was kept constant during measurements with a feedback amplifier. The current flowing through the hot-wire anemometer sensor depends on the speed of the gas flow cooling it at given environmental parameters. The hot-wire anemometer sensor has an original design (Figure 1).



The sensor’s basic element is a fluoroplastic substrate with a thermal conductivity coefficient of 0.07 W/(m∙K). A nichrome thread with a diameter of 5 μm and a length of 4–5 mm was passed over the surface of the substrate with a slight tension. This thread is the sensitive element of the hot-wire anemometer sensor. The dimensions of the sensing element determine the speed and accuracy of the measuring system. On the one hand, the minimum thread sizes improve the performance of the measuring system. On the other hand, the accuracy of determining the local heat transfer coefficient increases if films are used instead of a thin thread. Therefore, the dimensions of the sensitive element of the sensor are determined by the scope and objectives of the study. The thread was welded to the conductive rods by annealing. Wedge-shaped clamps were used to fix the substrate and the rods, as well as to maintain tension during the experiment. The resistance of the sensing element in a cold state was 1.8–2.3 Ohms. The sensor characteristics remained stable for at least 2–3 months. This method makes it possible to give the sensor readings long-term stability during measurements [32].



The hot-wire anemometer’s thread sensor measures local friction stresses on the channel surface τc. On the basis of τc, it is possible to determine heat flux density and, subsequently, the local heat transfer coefficient, if the physical properties of the liquid and other flow parameters (velocity, temperature) are known. In this method, determining the local coefficient at the wall–gas flow boundary is based on the effect of the hydrodynamic analogy of heat transfer (the Reynolds analogy). This implies the unity of the impulse and heat transfer in a turbulent flow and establishes an unambiguous relationship between heat transfer and hydraulic resistance. In other words, friction on the heat exchange surface and heat transfer through this surface are interrelated [33]:


   q c  =  τ c   λ μ  ⋅    T f  −  T c   w  ,  



(1)




where qc is the heat flux density; τc is friction stress on the surface; λ is the thermal conductivity coefficient of the gas; μ is the dynamic viscosity coefficient of the gas; Tf − Tc is the temperature difference between the gas and the wall; and w is the average gas flow velocity away from the wall.



The use of expression (1) is correct for laminar and turbulent fluid flows with a Prandl number Pr ≈ 1, as well as for cases of gas flow with physical properties independent of temperature, without internal heat sources and in the absence of mass forces.



In the proposed method, determining the local heat transfer coefficient can be done through indirect calibration using known empirical dependencies, i.e., without direct calculation of the heat flux taken from the sensor thread. This method is based on the basic index of local heat transfer for stationary heat transfer in a long straight pipe (l/d ≥ 50) with a circular cross-section. Thus, the calibration consisted of correlating the calculated heat transfer coefficient α (W/(m2·K)) for a long straight pipe and the value of the signal from the hot-wire anemometer sensor U (V). The heat transfer coefficient’s base level (Nusselt number) was calculated according to the known dependence for a turbulent flow [34]:


    Nu   ( x ) d   = 0.022   Re  x  0.8     Pr  x  0.43    ε l  ,  



(2)




where Nu(x)d = αx·d/λx, in which αx is the local heat transfer coefficient (at a distance x from the entrance); d is the pipe’s inner diameter; and λx is the thermal conductivity coefficient. The decisive factor is Tx—the average temperature in the control section “x”. Prx is the Prandl number; εl is the correction factor for the channel length; Rex = w·d/νx is the Reynolds number; w is the average speed; d is the pipe’s inner diameter; and νx is the kinematic viscosity.



To calibrate the measuring system, an experimental setup was designed, a diagram of which is shown in Figure 2.



This installation included a traction fan with the ability to adjust the air flow rate by changing the engine speed. The investigated pipe had a length of 1800 mm and an inner diameter of 32 mm. Hot-wire anemometer sensors for determining the local air flow velocity and local friction stresses were installed in the pipe at a distance of 1600 mm from the entrance. The temperature was measured with a copper-constantan thermocouple placed in the channel. Data from all the sensors were fed into an analog-to-digital converter. The following values were measured when calibrating the hot-wire anemometer sensors: flow temperature, barometric pressure, local flow velocity and the voltage from the calibrated sensor. The experiments were carried out in 10–12 modes. In this case, the air flow velocity w varied from 0 to 120 m/s. Thus, a calibration curve was obtained in the form of a functional relationship between the voltage at the output of the hot-wire anemometer U and the local heat transfer coefficient αx (Figure 3). It was revealed that the calibration curve of the measuring system has an almost linear characteristic (Figure 3). However, it is necessary to take into account the different slope angle of the linear function for different ranges of air flow velocities for a more accurate determination of the heat transfer coefficient in the gas-dynamic system.



The obtained calibration dependence can be used to compare the local heat transfer in gas-dynamic systems with different configurations and at different initial boundary conditions. This approach for determining the local heat transfer coefficient is based on the Kutateladze–Leontiev method (laws of friction and heat transfer) [35,36]. This shows that it is possible to obtain the laws of friction and heat transfer for a certain standard (reference) process and then extend them to more complex cases, i.e., these laws are conservative in relation to changes in boundary conditions. A similar analogy of heat transfer (Olujic’s model) is shown in [37]. Similar conclusions can be found in [16].




3. Measuring System Speed


Additionally, dynamic calibration was carried out to assess the speed of the measuring system (hot-wire anemometer with the proposed sensor). The evaluation of the speed of the measuring system was carried out on a laboratory installation (Figure 4). The installation consisted of an air blower with the ability to adjust the air flow by changing the engine speed. Air was supplied to the nozzle through a piping system. The gas-dynamic and heat exchange characteristics of the air were recorded by the sensitive element of the sensor located behind the nozzle. The hot-wire anemometer signal entered the analog-to-digital converter, which modified the analog signal into a binary code for further processing on a personal computer. The temperature was measured with a copper-constant thermocouple placed in the supply channel. Thermocouple readings were made using a millivoltmeter.



Pulsations of the air flow velocity in the gas exchange system of a reciprocating engine were chosen as the basis for determining the speed of the measuring system. Previously, the expected form of the flow velocity pulsation curve was obtained by mathematical modeling in the Diesel-RK program developed at the Moscow State Technical University named after N. E. Bauman (Figure 5). It has been established that the time of one flow pulsation is approximately τp = 60 ms at the crankshaft speed n = 600 rpm and τp = 16 ms at n = 3000 rpm. Accordingly, the front time is τf = 8–30 ms. The time of significant velocity fluctuation is about Δτ = 1–3 ms in the range of average flow velocity w from 10 to 100 m/s.



The main task of dynamic calibration was to evaluate the speed of the measuring system (hot-wire anemometer with a sensitive sensor element). It is essential that the measuring system correctly capture the expected fluctuations in the air flow velocity. Dynamic calibration consisted of creating air flow pulsations by blocking the inlet channel using different blades. Two blade configurations were made (Figure 6). Slotted blades were needed to test the measuring system using the pair pulse method. The dynamic calibration of the measuring system was carried out at different blade speeds and different air flow rates.



First, an analytical evaluation of the time of one pulsation τp, the front time τf and the steady-state time τss was carried out when the air flow was blocked by the blade in the laboratory installation. The blade overlap scheme is shown in Figure 7.



The intended form of the input signal Sin from the one–piece blade is shown in Figure 8.



It is possible to obtain equations for calculating the front time and the steady-state time for the input signal based on an analytical analysis of this transient process.



Let us estimate the front time τf—the time for which the blade completely closes the nozzle hole. The overlap angle of the nozzle φ (in radians) is equal to φ = d/L (Figure 7). Then the time of the front is equal to:


   τ f  =  φ   2 π  f   =  d  2 π f L   ,  



(3)




where f—blade rotation frequency, 1/s.



Let us estimate the steady–state time τss—the time during which the nozzle opening is completely blocked by the blade:


   τ  s s   =   l − 2 d   2 π f L   .  



(4)







Obviously, the decline time τdec is equal to the front time τf.



The intended view of the input signal Sin from the blade with slots is shown in Figure 9.



The characteristic pulsation times are τf = τdec = 1.7 ms, τss = 2 ms, τp = 5.4 ms during rotation of a one–piece blade with parameters: L = 270 mm, l = 36 mm, d = 11.4 mm, f = 4 1/s.



Comparison of the input (estimated) Sin and output (obtained by the measuring system) Sout signals at different air flow speeds is shown in Figure 10.



Experiments showed that the transient process does not have time to end in τp = 5.4 ms only at a flow velocity of 17.8 m/s. This indicates that the speed of the measuring system is not enough to correctly process the input signal at low air flow rates. However, the speed is sufficient to register such flow disturbances. In this case, the measuring system registers the number and shape of pulsations, but it slightly distorts the numerical parameters. The measuring system processes the input signal with acceptable accuracy at air flow speeds above 20 m/s. The degree of correspondence between the input and output signals depends on the average flow velocity w (Figure 10). The correspondence degree should be assessed by the ratio of the characteristic linear dimensions of the output and input signals, of which the width of the signal trough (tin and tout) is the most representative. The waveform conformance factor Kw is determined by the formula:


   K w  =    t  o u t      t  i n     ,  



(5)




where the index “out” corresponds to the output signal, and “in”—to the input signal.



The dependence Kw = f (w) for the measuring system is shown in Figure 11. It can be seen from the figure that the waveform conformance factor increases with a growth in the average air flow velocity.



It was found that the correspondence degree grows with an increase in air flow velocity. This indicates that the accuracy of the measuring system increases when investigating high velocity flows (w > 50 m/s). The lowest values of the coefficient Kw are typical for velocities in the range 5 < w < 20 m/s.



The time constant of the measuring system τo can be approximately estimated by the expression [38,39]:


   τ Σ  =    τ f 2  +  τ o 2    ,  



(6)




where τΣ—duration of the transient process; τf—front time; τo—time constant of the measuring system.



Figure 12 shows the dependence of time constant τo of the measuring system on the average air flow velocity w. It has been established that the time constant decreases with an increase in the average air flow velocity. It was found that the τo of the developed measuring system is approximately 3.0 ms at air speed w = 28 m/s and τo = 2.0 ms at w = 40 m/s.



It can be concluded that the speed of the developed measuring system is sufficient to study gas-dynamic and heat exchange processes in heat engines in the air flow velocity range from 5 to 100 m/s. This is due to the fact that the time constant of the measuring system is about five times less than the time of the pulsation front. This satisfies the requirements of analog signal processing [40,41].



Additionally, dynamic calibration by the method of paired pulses was carried out. Comparison of the input and output signals at various air speeds is shown in Figure 13. It can be seen from the figure that the measuring system correctly processes the input signal with a slight delay at speeds of 28 and 40 m/s. At the same time, the measuring system slightly distorts the input signal at a flow velocity of about 15 m/s (the system does not have enough speed to fully process the input signal).



Thus, as a result of dynamic calibration, it was found that the speed of the developed measuring system (hot-wire anemometer with a sensitive element) is quite sufficient for studying gas-dynamic and heat exchange processes in heat engines. The output signal of the measuring system correctly reflects the physical processes occurring in gas-dynamic systems in the range of air flow velocities from 5 to 100 m/s. The measuring system is able to detect small fluctuations in the flow velocity but distorts them slightly at low flow rates.




4. Application of the Indirect Method


As an example, experiments comparing the values of local heat transfer coefficients in pipelines with different cross-sections as applied to the gas exchange systems of reciprocating engines were generalized [42]. An unsteady air flow in a gas-dynamic system with a complex configuration (consisting of a pipeline, a valve with obstacles and a cylinder (a cavity with a variable volume)) was investigated. A part of the pipeline (about 30% of the system’s total length) was replaced by a profiled section with a cross-section in the form of a square or an equilateral triangle. The inner diameter of the pipeline was 32 mm. The equivalent hydraulic diameter was also 32 mm for all the profiled sections. The total length of the gas-dynamic system was 0.5 m. The average air flow velocity in the system varied from 10 to 100 m/s (20,000 < Re < 200,000). The air temperature was 18–22 °C. Several control sections at different distances from the flow inlet were selected in the investigated pipeline. A hot-wire anemometer sensor was installed, the design of which is described in detail in the previous section of the article (Figure 14 and Figure 15).



A diagram showing the connection between the sensor and the measuring system is shown in Figure 16. The developed sensor has a resistance RS and is one of the arms of the bridge for resistances R, R1, R2. The differential amplifier is connected to the measuring diagonal of this bridge. It contains the voltage amplifier KU and the current amplifier KI. The output of this amplifier supplies the diagonal of the resistance bridge. The electric current flows through the sensitive element and heats it up to 120 °C. The sensitive element’s temperature is kept constant by a servo-controlled system. The instantaneous value of the consumed electrical energy is equal to the instantaneous heat loss for heating the environment. A similar measuring system was also used in the study [43].



If the sensitive element begins to cool as a result of the flow’s heat exchange, then its resistance begins to change, which leads to a voltage drop in the diagonal of the bridge 1–1′, which is fed into the input of the amplifier. This voltage is amplified and applied to the bridge so that the amplifier current, which goes to heat the thread, increases, and compensates for its cooling. Thus, the voltage U (characterizing the heating of the sensor) is a measure of local friction stress on the pipeline’s surface.



A stabilized 24 V DC power supply with a current of at least 1.5 A was used to power the hot-wire anemometer. The hot-wire anemometer’s output signal was an analog signal up to 5 V, which was fed into an analog-to-digital converter.



As a result of the experiments, it was found that a change in the cross-section of the engine intake manifold reduced the intensity of local heat transfer by 5–20%, which corresponds to the results of numerical simulations in CFD systems [44] and data from other authors [45,46]. The measurement error was about 11.9%, which is quite acceptable for thermal experiments. The proposed indirect method was also used to analyze the intensity of heat transfer in the gas exchange systems of piston engines with and without supercharging [47,48].



It should be noted that the proposed indirect method can also be used to assess the intensity of heat transfer in gas and steam turbines, rotary engines, compressor technology, the nuclear industry, and other technical devices in which the working fluid is a gaseous medium.




5. Conclusions


Based on the research carried out, the following conclusions can be drawn:




	
An indirect method for determining the local heat transfer coefficient of gas flows in pipelines based on a hot-wire anemometer and a thread sensor is proposed. The approach’s applicability is based on the Kutateladze–Leontiev method (the laws of friction and heat transfer) and the effect of the hydrodynamic analogy of heat transfer (the Reynolds analogy).



	
The use of an indirect method, the design of a thread sensor for determining local friction stress on a surface, a method for calibrating the sensor, the main electrical parameters for connecting the sensor to the measuring system and the basic parameters of a measuring system are described.



	
It was found that the time constant of the measuring system is from 1.3 to 3.5 ms, depending on the gas flow velocity. Accordingly, the proposed method for determining the local heat transfer coefficient is applicable to the study of unsteady heat-mechanical processes in various applications.



	
The limitations of the proposed method for determining local heat transfer coefficients are discussed, and an example of using this method when building piston engines is given.



	
In the future, this research could be furthered by discussing improvements to the proposed method in terms of increasing its accuracy, expanding its applicability, and enhancing its speed and stability.
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Nomenclature




	MV
	millivoltmeter



	H-WA
	hot-wire anemometer



	ADC
	analog-to-digital converter



	PC
	personal computer



	SCS
	speed control system



	CFD
	Computational Fluid Dynamics



	Re
	Reynolds number



	Nu
	Nusselt number



	Pr
	Prandtl number



	RS
	sensor resistance, Ohms



	R, R1, R2
	bridge electrical resistances, Ohms



	wx
	local air velocity, m/s



	w
	average air flow velocity, m/s



	αx
	local heat transfer coefficient, W/(m2·K)



	po
	barometric pressure, kPa



	T
	temperature, °C



	d
	pipeline diameter, mm



	l
	linear dimension, mm



	n
	crankshaft rotation frequency, rpm



	U
	electrical voltage, V



	qc
	heat flux density, W/m2



	τc
	friction stress on the surface, N



	λ
	thermal conductivity coefficient of the gas, W/(m·K)



	μ
	dynamic viscosity coefficient of the gas, Pa·s



	Tf − Tc
	the temperature difference between the gas and the wall



	νx
	kinematic viscosity, m2/s



	εl
	correction factor for the channel length



	τp
	time of one pulsation, s



	τf
	front time, s



	τdec
	decay time, s



	τss
	steady-state time, s



	Δτ
	time of significant pulsation, s



	φ
	nozzle overlap angle, deg.



	f
	blade rotation frequency, 1/s



	Sin
	input signal, V



	Sout
	output signal, V



	Kw
	waveform conformance factor



	KU
	voltage amplifiers



	KI
	current amplifiers



	tin
	input signal trough width, s



	tout
	output signal trough width, s



	τΣ
	duration of the transient process, s



	τo
	time constant, s



	τ
	time, s
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Figure 1. Scheme (a) and three-dimensional model (b) of the hot-wire anemometer sensor: 1—fluoroplastic substrate (thermal conductivity—0.07 W/(m·K)); 2—sensitive element of the sensor (a nichrome thread with a diameter of 5 μm and a length of 3–5 mm); 3—conductive rods; 4—wedges (wood). 
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Figure 2. Diagram of the experimental setup for calibrating the measuring system: 1—pipeline (the length is 1.8 m and the inner diameter 32 mm); 2—hot-wire anemometer sensor for determining the local friction stress on the surface; 3—hot-wire anemometer sensor for determining the flow velocity; 4—thermocouple; 5—traction fan; MV—millivoltmeter; H-WA—electronic unit of the hot-wire anemometer; ADC—analog-to-digital converter. 
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Figure 3. Calibration dependence for determining the local heat transfer coefficients in the pipe. 
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Figure 4. Installation diagram for evaluating the speed of the measuring system (hot-wire anemometer with a sensitive element of the sensor): 1—air blower; 2—air supply channel; 3—nozzle; 4—hot-wire anemometer; 5—sensitive element of the sensor; 6—analog-to-digital converter; 7—personal computer; 8—millivoltmeter; 9—blades; 10—electric motor; 11—speed control system; 12—section of hydrodynamic stabilization. MV—millivoltmeter; H-WA—hot-wire anemometer; ADC—analog-to-digital converter; PC—personal computer; SCS—speed control system. 
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Figure 5. Assumed form of the curve of the air flow velocity pulsation in the gas exchange system of a reciprocating engine (simulation data): τp—time of one pulsation; τf—front time; Δτ—air flow fluctuation time. 






Figure 5. Assumed form of the curve of the air flow velocity pulsation in the gas exchange system of a reciprocating engine (simulation data): τp—time of one pulsation; τf—front time; Δτ—air flow fluctuation time.



[image: Sensors 22 06395 g005]







[image: Sensors 22 06395 g006 550] 





Figure 6. Blade configurations for dynamic calibration of the measuring system: (a)—one–piece blade; (b)—blade with slots: l—blade width; L—distance from the blade axis to the center of the hole; d—linear size of the slots. 
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Figure 7. Blade overlap diagram for calculating the time during dynamic calibration of the measuring system: l—blade width; L—distance from the blade axis to the center of the hole; d—nozzle hole diameter; φ—nozzle overlap angle. 
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Figure 8. View of the input signal Sin in time τ during dynamic calibration of the measuring system using a one–piece blade. 
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Figure 9. View of the input signal Sin in time τ during dynamic calibration of the measuring system using a blade with slots. 
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Figure 10. Comparison of the input Sin and output Sout signals of the measuring system for a one–piece blade (τp = 5.4 ms) and at different air flow velocities w: (a)—17.8 m/s; (b)—28 m/s; (c)—40 m/s. 
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Figure 11. Dependence of the waveform conformance factor Kw on the average air flow velocity w. 
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Figure 12. Dependence of the time constant τo of the measuring system on the average air flow velocity w. 
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Figure 13. Comparison of the input Sin and output Sout signals of the measuring system during calibration by the method of paired pulses at different air flow velocities w: (a)—15 m/s; (b)—28 m/s; (c)—40 m/s. 
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Figure 14. General view (a) and photograph (b) of the control section for determining local friction stress on the surface: 1—pipeline; 2—hot-wire anemometer sensor for determining local friction stress on the surface; 3—hot-wire anemometer sensor for determining the local gas flow velocity; 4—sensitive element of sensors. 






Figure 14. General view (a) and photograph (b) of the control section for determining local friction stress on the surface: 1—pipeline; 2—hot-wire anemometer sensor for determining local friction stress on the surface; 3—hot-wire anemometer sensor for determining the local gas flow velocity; 4—sensitive element of sensors.



[image: Sensors 22 06395 g014]







[image: Sensors 22 06395 g015 550] 





Figure 15. Detailed diagram of the hot-wire anemometer sensor in the pipe: 1—pipeline; 2—fluoroplastic substrate; 3—sensitive element of the sensor. 
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Figure 16. Schematic diagram of the connection of the hot-wire anemometer sensor to the power supply: ADC—analog-to-digital converter; KU and KI—voltage and current amplifiers, respectively; R, R1, R2—bridge electrical resistances, RS—sensor resistance. 
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