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Abstract. The blown down wind tunnel tube has been developed. It provides a high degree of air flow laminarization.
The uniqueness of this design is the presence of a system of air vortices destruction. This system contains a complex of
metal grids, honeycomb straightener and contraction nozzle. The combination of these elements allows for low
turbulence level and promote the air flow relative to its axis. The complex of measuring equipment for the establishment
of operational characteristics in the test section has been performed. A four-channel probe has been developed to analyze
the total pressure and air flow velocity in the measuring tunnel area. The design of this probe makes possible to analyze
the boundary layers of air flow in a wind tunnel. The corrective algorithm of recombination for the obtained data and
software for their analysis is developed. A prerequisite for developing an algorithm for the recombination of the obtained
data and their subsequent visualization is the idea of sectoral analysis and averaging of the data of common areas of the
measuring area. Besides the developed algorithm, the correction function for leveling the aerodynamic resistance of the
design of the four-channel probe was included. Whereas it approaches the nozzle of static pressure, there is a distortion of
the real data distribution on each of the probe tube. To confirm the adequacy of the developed algorithm and the correct
functioning of the software developed on its basis, a series of experimental studies was conducted, which were based on
the measurement of total pressure when placing objects that create aerodynamic resistance in the measuring section. A
profile analysis of the data allowed to visualize correctly the distribution of total pressure around the investigated bodies,
even in the place of its sharp difference.

INTRODUCTION

The study of the power interaction of the flow and the physical body is one of the most important tasks of
aerodynamics, which is solved by experiment in wind tunnels. In most cases, the principle of reverse is used when
the model is fixed in the test section, and the flow of gas enters it at a given speed [1-4]. This principle, in
accordance with the general principle of the relativity of classical mechanics, is used in the case of homogeneous
linear rectilinear movement of the body [5-7]. Basically all currently used wind tunnels can be divided by structural
features into close- and open-circuit types. The modern aerodynamic experiment provides a large range of
measurements of the flow parameters of the gas flowing around the model [8-11]. The main types of measurements
in wind tunnels are related to the study of the flow around physical bodies and the definition of their aerodynamic
characteristics [12]. The other measurements are related to the definition of the wind stream parameters. In this case,
the measurement of pressure and velocity, as well as the definition of the velocity field in the working part of the
wind tunnel, are of great importance [13, 14].
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Development of Laminar Wind Tunnel and Description Auxiliary Equipment

In the laboratory of the Department of Power Machines University of West Bohemia in Plzen (Czech Republic)
open-circuit wind tunnel was designed and built. The tunnel could be characterized by the high degree of laminar air
flow, which allows to carry out with high accuracy the research of aecrodynamic characteristics of complex bodies
and turbulent streams created by them.

In collaboration with WTTech.CZ, the 3D model of the wind tunnel was developed using the Autodesk Inventor
software environment (Fig. 1a). On the basis of the developed 3D model, a pilot probe was prepared together with
traversing system and auxiliary equipment (Fig. 1b).

(a) (b)

FIGURE 1. Experimental model of the wind tunnel and equipment for its research. (a) 3D model of wind tunnel,
(b) implementation of the tunnel, (1) test section, (2) a module for air flow laminarization, (3) ventilator, (4) air filter, (5) frame,
(6) 2D traverse, (7) the switching block of the traverse, (8) pressure analysis system.

The developed wind tunnel design relates to low-noise tunnels. It allows you to create an airflow rate of up to
80 m's! which is significantly lower than the speed of sound. Under these conditions, the resulting flow can be
considered incompressible.

The uniqueness of the developed wind tunnel lies in its ability to create high-laminar air flow. That became
possible due to the use of the laminarization module. This module contains diffuser, settling chamber for
laminarization air flow, as well as an output contraction nozzle. The main purpose of the developed wind tunnel is to
destroy the turbulence present in the air flow.

To determine the profile of total pressure and flow velocity in the measuring plane, a special probe with four
Pitot tubes was developed (Fig. 2). Probe tubes allow for measurement of total pressure. Whereas the static pressure
required to calculate the dynamic pressure and flow velocity is measured by a separate tube located at the top of the
measuring chamber. The outer diameter of the tube is 2 mm, the inner diameter is 1.6 mm, the length is 55 mm. The
peculiarity of the design of the developed probe allows a high accuracy to measure the boundary layer of the air
flow. The movement of the probe relative to the measuring plane is carried out by the movement of the traverse,
which in turn is secured by the probe.

Probe tube —= . -

200

300

(a)

FIGURE 2. Scheme of an experimental model of a four-chanel probe. (a) To the left there is the trajectory of the probe
movement relative to the measuring area. (b) The design of the probe from the switching system of the branch pipes is shown on
the right. (1) Pito tube, (2) probe frame, (3) traverse, (4) pipes for supplying pressure to the measuring equipment.

030050-2



The presence of a four-channel probe and its complex trajectory of motion in the measuring section of the
developed wind tunnel does not allow the use of a classical linear algorithm for the recombination of the data
obtained. This tendency is due to the eccentric arrangement of the measuring nozzles relative to the central axis of
the probe by 35 mm. Thus, the actual measurement coordinates, and as a consequence, the data obtained for each of
the nozzles are displaced relative to the measuring plane by 70 mm. In this case, the range of the traverse is
0OX =0-230 mm, OY = 0-130 mm.

Description Recombination Corrective Algorithm

A prerequisite for developing an algorithm for the recombination of the obtained data and their subsequent
visualization is the idea of sectoral analysis and averaging of the data of common areas of the measuring area. Based
on the above idea, a series of experimental measurements of the dynamic pressure in the measuring area of the wind
tunnel was conducted. The graphic interpretation of the data obtained showed an uneven distribution of data with a
series of maximum and minimum deviations. This phenomenon is due to the presence of some aerodynamic
resistance to the design of a four-channel probe. Which, when approaching the nozzle of static pressure, causes
distortion of the real data distribution on each of the branch pipes. Therefore, for further recombination of the data
obtained, it is necessary to include the correction function in the processing algorithm.

The principle of the algorithm is as follows (Fig. 3). Data from each tube of the probe enters the common
database and forms separate information lines. Subsequently, the data format software reads and decomposes each
data line taking into account the displacement of the coordinates of the probe tubes relative to the measuring plane.
Simultaneously, the program forms the function of the deviation of the data obtained as the difference between the
atmospheric and static pressure of the measuring plane. After that, the program forms a corrective function, which is
actually a set of absolute values of the deviation function. The visually given function looks like a mirror image of
the surface of the deviation function. After that, a correction function is added to each row of data. As a result, we
obtain a corrected series of data for each tube of the probe. Next, the software recombination module combines the
corrected data of the third and fourth tube forming a matrix, which characterizes the data of the lower half of the
measuring plane of the wind tunnel. In addition, since the data obtained from these tubes, in the process of their
comparison, in a certain range of measurements are duplicated, it is expedient to find their mean value in this
interval. In turn, each curve consists of three parts formed as a result of the recombination of data obtained from the
third and fourth tube of the probe. The first part of the curve is located in the range of coordinates X; = 0-60 mm, the
second part of the curve is the so-called part of the averaged data in the range X, = 70-230 mm, the third part of the
curve - X3 = 240-300 mm. Thus, each curve characterizing the distribution of the investigated value is part of the set
of curves which in the result form the general plane of the data in the coordinates X = 0-300 mm, Y = 0-140 mm.
A similar procedure for recombination is performed over the data obtained from the first and second tubes of the
probe. As a result, an array of data for the distribution of the investigated quantity is generated which characterizes
the upper half of the measuring area of the wind tunnel and is within the coordinate X = 0-300 mm, Y = 100-200 mm.
After that, the software recombination module combines two received mass data for the upper and lower part of the
measuring plane. Averaging of duplicate data in the direction of the OY axis is parallel. As a result of this complex
recombination algorithm, a common data matrix of the measured value in the coordinates X = 0-300 mm, Y = 0-200 mm
is formed.

The developed algorithm allows simultaneously carrying out the corrected recombination of several data arrays
for visualization of data of dynamic pressure, flow rates and standard error values. A similar procedure for
recombination is performed over the data obtained from the first and second tubes of the probe. As a result, an array
of data for the distribution of the investigated quantity is generated which characterizes the upper half of the
measuring area of the wind tunnel and is within the coordinate X = 0-300 mm, Y = 100-200 mm. After that, the
software recombination module combines two received mass data for the upper and lower part of the measuring
plane. Averaging of duplicate data in the direction of the OY axis is parallel. As a result of this complex
recombination algorithm, a common data matrix of the measured value in the coordinates X = 0-300 mm, Y = 0-200 mm
is formed.

The developed algorithm allows simultaneously carrying out the corrected recombination of several data arrays
for visualization of data of dynamic pressure, flow rates and standard error values. Based on the developed
algorithm in the program environment LabVIEW was created a program for graphical interpretation of the data in
case of parallel decoding. In addition, the functionality of the program allows you to analyze the data obtained,
depending on the type of their numerical recombination.
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Data Measurements

v

v

\
APr. [0...i, 0..k] i=14, k=24

Atm. Pr. [0...i, 0..k] — St. Pr. [0...1,0..k]

Dynamic Pr.,=Total Pr.,-Static Pr.
[0...1, 0..k]; n=1, 2, 3, 4, i=14, k=24

'

Standard Deviation [0...1, 0...k];
Sdn=5qr{[2"1:1(xrx)2] /n-1 }
N=1, 2, 3, 4, i=14, k=24

| A Pr. | [0..4, 0..k] — min | A Pr. | [0...4, 0..k]
!

Wy

Array [0...1, 0..k]=0; i=14, k=7

P;[0...4, 0..k]; i=14, k=24

T R\

Correction Pr. [0..4, 0..k]; i=14, k=24 OR
v 17 Velocity [0...4, 0..k];
PLUS Va=sqr[(Dynamic P'r.n/ Density) x 2]
N=1, 2, 3, 4, i=14, k=24
v L2 17 17
P, [0...i, 0..k]; P [0...i, 0..k]; P4[0...1, 0..k]; P;[0...i, 0..k];
i=14, k=24 i=14, k=24 i=14, k=24 i=14, k=24
¥ Y ¢
P4[0..4, 0..k]; i=14, k=24 Array [0...i, 0..k]=0; i=14, k=7 Surface
U U APr. [0...1, 0..k];
=14, k=24

L2 L Z
Psu Array + Array U P; — Mediate Array [0...1,0...k]
i=14, k=31
Y
Mediate . . Mediate
Array; [0...1,0...k] Mediate Aflazzlgg'i;’o"‘k] /2 Arrays [0...4, 0..k]
i=14, k=7 e i=14, k=7
| Mediate Array; U Mediate Array, U Mediate Array; | = 14 k=24
| Total Array Py, P5[0..1,0..k], i=14, k=31 [N Total Array Py, P3[0..4, 0. k], i=14, k=31
U
- - - v - Array [0...1, 0..k]=0; i=7, k=31
o P[0, 0..k]; i=14, k=24 Array [0...i, 0..k]=0; i=14, k=7
u Y ; =0 i=7 k=
Array [0..1, 0..k]=0; i=14, k=7 Py [0...i, 0..K]; i=14, k=24 Array [0..., 0...L11<]70, =7, k=31
2 2 . 14 T
Total Array P, P;[0...1, 0.. k], i=14, k=31
P,U Amay + Amray U P, — Mediate Array [0...1,0..K] > Total Array P, Pi 1’* 1 =14, |
i=14, k=31
v v v Total Array P, Py U Array+Array u Total Array P, P,
Mediate . . Mediate [0..1,0..k], i=14, k=31
Array, [0..4, 0..k] || Mediate A?:;‘Zz 1[<0:117 0-KI72 11 Arrays [0...4, 0..k]
i=14, k=7 = i=14, k=7 v v
v v £Z Mediate Mediate
| Mediate Array; U Mediate Array, U Mediate Arrays | Array, [0...1, 0..K] Array; [0...1, 0..K]
i=31, k=7 i=31, k=7
- - \
| Total Array Py, P, [0...i, 0..k]; i=14, k=31 H Mediate Amays 0.1, 0.4/ 2
i=31, k=7

| Mediate Array, U Mediate Array, U Mediate Arrays;

2

Result Array P4, P3,P,, P [0...4, 0..k]; =21, k=31

FIGURE 3. Recombination corrective algorithm of the obtained data.

Also, the program developed allows you to determine the numerical characteristics of cross-sectional sections of
the obtained 3D data distribution graphs; set their maximum and minimum values and the numerical difference
between the two given points of the curve; make a visual interpretation of the correction function and save the

decoded mass of data.
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Analysis of Experimental Data Using the Developed Algorithm

The developed algorithm and software on its basis allows carrying out, with high precision, 3D visualization and
analysis of the investigated quantities in the measuring planes of the wind tunnel. Fig. 4 shows the measurement
results before and after data recombination for dynamic pressure, flow rate and standard error at 20 m's™. The
analysis of this figure showed the uneven distribution of the investigated quantities (a), (c) before the corrected
recombination and their uniform distribution after the corrected recombination (b), (d). At given parameters the
dynamic pressure value is 220 Pa, the value of the calculated flow velocity is 19.5 m-s™..

FIGURE 4. Visualization of the data obtained by the developed algorithm. (a), (c) Dynamic pressure and velocity
flow before and (b), (d) after corrected recombination.

A number of experimental studies were carried out to confirm the adequacy of the proposed algorithm for
corrective recombination. They were based on the measurement of dynamic pressure when placing objects that
create aerodynamic resistance in the measuring section (Fig. 5). As you can see from the figure, objects have
completely different geometric characteristics and different aerodynamic resistance. The specified speed of the wind
flow was 20 m's™!.

Camera height, mm

-200 Pa

a 60 120 180 240 300
Camera width, mm

(d)

2
2

120|

Camera height, mm

00'P

120 80 240 300
Camera width, mm

(2 (h)

FIGURE 5. The value of the dynamic pressure in the measuring section of the wind tunnel in the presence of resistance bodies.
(a) The body in the form of a rectangular parallelepiped. (e) The body with complex geometry. (b), (c), (d) The distribution of the
dynamic pressure in the presence of a rectangular parallelepiped. (f), (g), (h) Distribution of dynamic pressure in the presence of
a complex body geometry.
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Analysis of the data showed that the dynamic pressure on stable sections of the graph is 343 Pa. In addition, the
pressure difference at the location of the bodies is up to -200 Pa. It is worth noting that the developed algorithm of
the corrected recombination allows to visualize sharp local variations of pressure with high accuracy.

In addition, stable areas of pressure do not detect distortions in the process of processing them. A profile analysis
of the resulting surfaces allowed the installation of a certain transient pressure region around the body contour. For a
body in the form of a rectangular parallelepiped, this area is 40-50 mm, while for a body with complex geometry it
is 30 mm. In addition, as can be seen on Fig. 5 f, g, h, the cavity formed as a result of the pressure difference has two
clearly identified rounded peaks, arising due to the generation of swirls relative to the surface of the resistance body.

The analysis of the results confirmed the adequacy of the developed algorithm of the corrected recombination of
the measured data and the possibility of its further use in experimental research
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