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Abstract

This paper deals with researching the turbulent velocity head in the wind tunnel. The new equipment to reduce
labor and energy costs for measurements and information assessment in the system mentioned above is proposed.
A detailed description of the appropriate equipment is given. The usage of the one-degree-of-freedom coordinate
unit is grounded. The design features of the comb with pressure sensors are represented. The algorithm for the
information and measuring system operation has been developed. The basic stages of the computational method
are described. The program realization of the technique in LabVIEW is characterized. The appropriate graphical
dependencies, which represent the results of the developed method, are given.
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1. Introduction

The problems of researching the aerodynamic characteristics of aircraft in wind tunnels have a definite
history [1]. Research on vortex generators in the turbulent flow is described in [2]. The influence of
edge protuberances on the aircraft’s wing characteristics is represented in [3, 4]. Studies of the aircraft
characteristics in the wind tunnel have been given in [5, 6]. The features of tools in experiments in the
wind tunnel are represented in [7]. The first studies of the influence of volumetric vortex generators
installed on the nose of the aircraft airfoil began in the Aerodynamic Research Laboratory at the
Department of Aerodynamics and Flight Safety of the Kyiv Aviation Institute back in 2006 under the
leadership of Doctor of Technical Sciences, Prof. E.P. Udartsev [8]. The first patents on volumetric
vortex generators date back to 2010 [9, 10]. In 2018-2025, a large amount of experimental research
was carried out in the wind tunnel of the laboratory on the influence of installing volumetric vortex
generators on the aerodynamic characteristics of airfoil models of various types. Volumetric vortex
generator kits for installation on blowing models were designed and manufactured on a 3-D printer.
Studies have shown the effectiveness of using volumetric vortex generators to improve the change in
aerodynamic characteristics in the critical and subcritical areas of angles of attack, and the possibility
of maintaining and improving the flight characteristics in cruising flight modes [11, 12]. The research
mentioned above can be used in the synthesis of control laws for aircraft of various types [13, 14]. This
improves the safety of flights [15, 16, 17, 18].

Due to the increased requirements for the development and operation of highly manoeuvrable and all-
weather unmanned aerial vehicles, the above-mentioned topic has become particularly relevant today.
The computational method of researching turbulent head velocity represents a direct continuation of the
previous research. It is aimed to improve the flight and technical characteristics of aircraft in terms of
increasing flight safety in conditions of wind gusts, piloting errors by expanding the operational limits
of angles of attack and sideslip beyond critical values. The proposed approach improves characteristics
stability and controllability and ensures acceptable aerodynamic quality in cruising flight modes.
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A lot of work has been done to renew and adjust the experimental equipment to realize the proposed
computational method. In particular, this concerned the wind tunnel, on which the multi-fan installation
was modernized by replacing all 12 metal blades of imperfect aerodynamic shape on all 12 fans with
specially designed and manufactured aerodynamically high-quality plastic ones for specific dimensions
of the fan flow part and operating speeds, for right and left directions of rotation. The blades have a
geometric twist along the length, a variable chord, and curvature of the profile. The modernization
increased the efficiency of the wind tunnel; the airflow velocity in the empty working part of the wind
tunnel increased by ~ 18%.

2. Description of information and measurement system

The basic approaches to implementing tests in the wind tunnel are given in [19, 20, 21].

The study of the airflow velocity field requires the creation of new equipment to reduce labor and
energy costs for measurements and information assessment. The vertically moving rod with an air
pressure receiver at the end is a part of the equipment used in the research. Usually, the rod is moved
and fixed at the desired point by the operator in the Eiffel chamber above the working part of the wind
tunnel.

Initially, the possibility of installing an electromechanical drive for vertical movement of the rod
was considered. The main feature of this approach is the use of the one-degree-of-freedom coordinate
unit with a movement control system and computer-realized measurements. The drive mechanism of
the coordinate unit is located on the construction elements of the ceiling outside the working part in
specific places. The choice of these places is defined by the possibility of pushing out a rod with an air
pressure receiver above the ceiling of the working part. In this case, the function of manual movement
of the air pressure receiver and the presence of the researcher in the Eiffel chamber are eliminated.

Implementing the idea of a three-degree-of-freedom coordinate unit, or at least a two-degree-of-
freedom coordinate unit, involves creating a complex structure of guides and mechanisms for moving in
the direction of three coordinate axes. These guides and mechanisms must be mounted in the working
part. Thus, they can create considerable clutter and difficulties for the measuring process. This can
negatively influence measurement results. At the same time, labour and energy costs will decrease
insignificantly.

In this paper, a new idea is proposed. It lies in applying a comb with nine air pressure receivers
instead of one. The comb is installed vertically in the desired location and is fixed with one end to
the floor and the other to the ceiling of the working part of the wind tunnel. The realization of this
idea provides simultaneous measurement of airflow parameters at nine points located vertically for a
given flow velocity. After measurements, wind tunnel fans are turned off, the comb is moved to a new
location, and the test continues.

Structurally, the comb represents a rectangular cross-section steel rod on which nine tubular air
pressure receivers and sets of appropriate serving units are mounted. Connections represent a system of
electrical and pneumatic lines. After calibrating pressure sensors installed on the comb, it is necessary
to renew the communication of pneumatic lines serving the set of sensors of single-barrel air pressure
receivers. These operations provide the working state of the equipment required for experimenting. The
measuring system is completed by a surface unit. Therefore, the comb can be installed in the desired
place of the working part of the wind tunnel. Examples of the location of the combs in the working
part are shown in Fig. 1 In the lower part of the comb, you can see the output of two cables with power
and information wires for two lines of pressure sensors. The cables connect the comb sensors to the
computer located in the operator room. A pneumatic line tube comes out, which supplies atmospheric
pressure from the operator’s room as a reference to the pressure sensors serving the six-barrel air
pressure receiver.

The design features of the comb are the location of pressure sensors close to the inlets of the air
pressure receiver tubes. The short length of the pneumatic lines, ~ 15 <+ 20 cm, allows us to study air
pressure fluctuations as a characteristic of the turbulence in a wide frequency range compared to the



pneumatic line, ~ 12 m long, which is used during flow velocity measurements in research experiments.
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Figure 1: The comb in the working part of the wind tunnel (at the section of the nozzle and inside the wind
tunnel).

The information and measuring system provides measurement of the following airflow parameters
in the working part of the wind tunnel: full pressure P;; static pressure P, coefficient of air pressure
receiver g;,,; density of air p; airflow velocity V.

The algorithm of the information and measuring system can be described as follows. The first group
of sensors is installed inside the comb. It includes eight air pressure receivers and eight pressure sensors
(measuring channels 0-7). They measure the pressure difference between the total and static pressures

AP; = Py — Pig. (1)

Next, the velocity head
qi = fiaprAPi, (2)
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are determined, where NN is the number of measurements in the sample.

Formulas (1) — (6) allow us to determine basic parameters of the velocity head. The calculation of
measuring results has been realized by techniques represented in [22, 23]. Averaging of measuring
results has been implemented according to the expressions given in [24].

The coefficients of the airflow velocity head at the location of the air pressure receivers are determined
in the following way

Mg, = qmv/APecav‘ (7)

In formula (7), it is necessary to use the pressure drop in the Eiffel chamber Pec relative to the
atmospheric pressure Py,

APecav — Z(Pec - Patm)- (8)

Values (8) are determined using computer calculations based on the average values of the sensor
readings.
Based on (7), the air velocity coefficients py7, become

1v; = \/lg;- )

If the airflow velocity V; is not calculated, then it is possible to determine

View = V 2qmv/p- (10)

However, the formula (10) does not allow us to determine the degree of turbulence.

The calculation of coefficients by expressions (7) and (9) requires applying the special equipment and
a calibration technique.

The second group of sensors is also installed inside the comb and contains 6 sensors that serve 6
barrel nozzles (measuring channels 8-13). Sensors 91, 93, and 94, 95 measure pressure drops in the
side channels of the air pressure receiver nozzle relative to atmospheric pressure. They are used to
determine the directions of the airflow in the vertical and horizontal planes of the working part of the
air duct. The layout of the holes on the air pressure receiver nozzle is shown in Fig. 2.
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Figure 2: The location and numbering of receiving holes of the six-barrel air pressure receiver.

During the experiment, the average values of pressure drops on sensors 91, 93, and 94, 95 (see Fig. 2)
are determined and recorded. In the formulas, you can use the average values of pressure drops for
a certain time interval (or in each measurement cycle), define the instantaneous pressure differences
between the sensors by the expressions, and then determine the average values of AP, A Pagy).

APy = [(APy; — APy2) — (APo3 — APy2]/[(APy1 — APy) — (APy3 + APyg] (11)



APy = [(APys — APy3) — (APgs — APy2]/[(APoy — APy) — (APys + APyy] (12)

In formulas (11) and (12), sensor 92 measures the total pressure, and sensor 96 measures the static
pressure relative to atmospheric pressure. In the experiment, the average values of pressure drops are
determined and recorded.

The average value of static pressure from sensor 96 is recorded and used to analyze the change in
static pressure along the length of the working part of the wind tunnel. The difference in pressures
of sensors 92 and 96 is determined at each sensor measuring cycle to calculate the velocity head
q9 = &9apr(Po2 — Pog) and the remaining flow parameters in the same way as for the air pressure
receivers of the first group.

3. Computational method of determining characteristics of turbulent
velocity head in wind tunnel

The computational method for researching turbulent velocity head in the wind tunnel was developed
to determine the velocity head coefficients y, using special experimental equipment with calibrated air
pressure receivers simultaneously at nine points located one above the other with a fixed step.

The velocity field of the airflow in the working part of the wind tunnel was studied in five sections
with coordinates (distance from the nozzle cut towards the fans) X; = 0 mm, Xo = 1130 mm, X3 =
1990 mm, X4 = 3030 mm, X5 = 4000 mm. In this case, the values of the velocity head coefficients s,
were determined simultaneously for nine heights of the working part of the wind tunnel with coordinates
Y = —1000 mm, —700 mm, —450 mm, —200 mm, 0 mm, 200 mm, 450 mm, 700 mm, 1000 mm.

Determining the velocity head coefficients 11, was performed by measuring the signals (pressure
drops) on the air pressure receivers using an information and measuring system consisting of 15 pressure
sensors of the MPXV-5004 type manufactured by Freescale Semiconductor, connected by pneumatic
lines (tubes up to 0.2 m long) to 9 air pressure receivers.

In addition to calculating the velocity head coefficients of the airflow in the wind tunnel, the pressure
drop in the Fiffel chamber A P, is measured. The electrical signal from the pressure sensors is fed to the
input of a multi-channel analog-digital converter of the PCI-1746U type manufactured by Advantech,
and then to a computer. The above-described structural scheme of the information and measuring
system is shown in Fig. 3.

The computer realization of the information and measuring system has been implemented in the en-
vironment of the specialized graphical programming tool LabVIEW, developed by National Instruments
(USA) [25, 26, 27].

The user interface of the program for researching is shown in Fig. 4.

The computational method for the research of the turbulent velocity head in the wind tunnel includes
several stages:

« Preparation for setting up components of the information and measuring system.

« Setting the current parameters of the experiment.

+ Monitoring the signals and performing corrections of the current values of the measuring voltage
and velocities.

« Carrying out the experiment, estimating and recording the measurement results.

At the preparatory stage, the dynamic pressure conversion coeflicients of all air pressure receivers
and their height coordinates are entered into the program. You can check the correctness of the entered
data on the indicators when the program is running. In this case, it is necessary to take into account the
binding of vertical coordinates to the middle of the tunnel; the displacement of values is approximately
1.25 m.

The initial data include meteorological conditions of the experiment: temperature, humidity, and
atmospheric pressure. These parameters are used to calculate the air density outside and inside the
wind tunnel (in the Eiffel chamber).
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Figure 3: The structural scheme of the information and measuring system for the research head velocity field in

the wind tunnel: APR is an air pressure receiver; ADC is an analog-digital converter; PC is a personal computer.
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Figure 4: The user interface.
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The initial data also includes the parameters of the measurement signal sampling, such as the sampling
frequency and the duration (measurement time). The number of measuring channels is 17 (two groups



of 8 pressure sensors, one additional one in the Eiffel chamber, and two sensors are free).

During the experiment, it is desired to repeat measurements to improve the reliability and accuracy
of the results. The calculation of the airflow velocity using air pressure receivers and sensors requires
entering the conversion coefficients, taking into consideration the calibration procedure.

Before starting the experiment, to reduce the influence of noise on the measurement results, the
upper limit of the digital filters of the signals coming from the pressure sensors should be chosen. The
bandwidth frequency is set in relative units from the sampling frequency.

During the experiment, a series of measurements is performed for different positions of the air
pressure receivers in the wind tunnel cross-section. It is possible to record time signals of pressure
sensors, for example, for their further digital processing (spectral, correlation, statistical characteristics).

After starting the wind tunnel and setting the required airflow velocity, the measurement process is
started. At the beginning of the first measurement, the path for storing the file of time realizations of
pressure sensor signals is prescribed. A standard window for searching and selecting the definite file on
the internal disk automatically appears. The file name is also automatically formed and displayed in the
window. During repeated measurements, new time realizations are added to the already created file.

Next, the air pressure receiver’s pressure sensors are cyclically polled, and the values of pressures
and speeds, and other parameters are calculated.

Measurement results can be observed using indicators that perform the following functions:

« Accompany the measurement process and show the time of its completion.

« Display the realizations of air pressure signals, and it is possible to consider the realizations of
individual channels in more detail.

« Show the average values of the realizations of the air pressures and their root mean square values.

+ Show the realizations of the velocity signals.

The main results are presented as a data array. For more convenient analysis, the data can be grouped
by the height of the air pressure receivers.

At the end of the measurement series, the results are saved.

The program for studying the velocity field in the wind tunnel, realized in LabVIEW, is represented
in Fig. 5.
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Figure 5: The fragment of the program implemented in LabVIEW.



As a result of the research, eight air pressure receivers and three receivers of a known design were
tested. Since measuring the airflow velocity field in the working part of the wind tunnel was carried out
by air pressure receivers installed in a special structure (fairing), a similar structure was used during
calibration. In addition, some air pressure receivers were studied in isolation on a rod holder. The
obtained results, in combination with improved inertial sensors, can be useful in aircraft of increased
reliability [28, 29].

4. Results of the application of the computational method of
determining turbulent head velocity

The main individual parameter required for air pressure receivers is the dynamic pressure conversion
coefficient K, which was determined experimentally for each air pressure receiver in the wind tunnel.

To calibrate air pressure receivers and determine their Kt, a special software in the LabVIEW graphical
programming tool was developed [25, 26].

To determine the repeatability of the research results, separate air pressure readings were used. All
air pressure receivers were tested in the maximum possible speed range. Figure 6 shows a graph of the
dependence of the dynamic pressure conversion coefficient K; on the airflow velocity V for one air
pressure receiver for the full test range.
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Figure 6: The dependence of the coefficient of conversion of dynamic pressure.

From the above graph, it is clear that, starting from a speed of 12 m/s, the dependence is practically
linear.

The spectra of velocity signals for different average values of average V', depending on the number
of fans N included in the wind tunnel, are represented in Figures 7 and 8. These graphs also show the
values of the turbulence coefficients at a height of 0.7 m along the wind tunnel.

The signal spectrum at the output of pressure sensors or the airflow velocity signal can be divided into
two zones: one contains components from 0 to 20 Hz, caused by airflow fluctuations (flow component),
and the noise in the range of 20 Hz. The physical foundations (properties) of the origin of the flow
component and noise allow us to conclude that their frequency characteristics are different.

The flow component signal is lower-frequency and does not exceed several tens of hertz (Fig.8). The
flow component is due to the instability of the airflow dispersion system (fans), aerodynamic effects in
the channels of the wind tunnel, which has a large size and represents a system with high inertia.



The noise is caused by the airflow passing along the small holes of the air pressure receivers and
leads to the emergence of local aerodynamic effects [30, 31]. This is realized in the form of "whistling",
"rustling", collapse, etc. The noise signal is higher-frequency and, as can be seen from Fig. 7, is uniform.
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Figure 7: Signal spectrum of instantaneous airflow velocity values in the wind tunnel in a range up to 200 Hz.
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Figure 8: Signal spectrum of instantaneous airflow velocity values in the wind tunnel in a range up to 20 Hz.

Although the level of the noise spectral components is much lower than the level of the flow
component of the spectrum, the influence of the noise component on the level of the root-mean-square
deviation can be significant, given the increased width of the range of noise components (from 10 to
250 Hz). Therefore, when measuring the degree of turbulence of the airflow, it is desirable to take into
account only the flow component of the pressure sensor signal and exclude the noise component.

The proposed technique, together with the robust approach to the stabilization laws, can ensure the
high precision of stabilization processes [32, 33, 34]. The obtained results can also be useful for other
engineering applications [35, 36, 37].



5. Conclusions

A detailed analysis of the experimental equipment necessary for determining the turbulent velocity
head has been done.

Features of mounting air pressure receivers are described. The structural scheme of the information
and measurement system and the algorithm of its operation are represented.

The basic stages of the computational method for determining the turbulent head velocity are given.
The descriptions of preparatory setting components of the information and measuring system, setting
the current parameters of the experiment, monitoring the signals, correcting the current values of
measuring signals, carrying out the experiment, estimating and recording the measurement results are
represented.

The program realization of the computational method in the LabVIEW system has been developed.

The results of applying the computational method for determining the turbulent velocity head are
given.

The dependence of the dynamic pressure conversion coefficient Kt on the airflow velocity V for one
air pressure receiver for the full time range is represented.

The signal spectra of instantaneous airflow velocity values in the wind tunnel in the ranges up to 200
Hz and 20 Hz are shown.

The represented research is important for improving aircraft operating efficiency in difficult conditions
of external disturbances and complex manoeuvres.

The future work foresees the description of the calibration technique necessary for the efficient
operation of air pressure receivers.
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