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Abstract—This article represents the study of the influence of airfoil layouts on aerodynamic coefficients
at high angles of attack. The review of the previous research on the studied topic is given. The features of
experimental equipment are described, including the set of sensors for the aerodynamic balance and the
information and measurement system. The features of the described experimental equipment allow to
realize the automation of the experimental test. The main features of the experiment technique are given.
The main functions of the information and measurement system are listed. The results of the experimental
test are represented as graphical dependencies of aerodynamic coefficients on angles of attack. The
detailed analysis of the obtained results has been dome. The results of the study can be useful for
designing unmanned aerial vehicle motion control systems and simulating unmanned aerial vehicle
motion, taking into consideration aerodynamic disturbances.
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I. INTRODUCTION AND PROBLEM STATEMENT

The research described in this paper is aimed at
expanding the range of flight angles of attack,
eliminating the phenomena of aerodynamic
hysteresis, stalling, and spin, global separation of the
air flow on the wing, and controls of unmanned
aerial vehicles during subsonic flight modes using
volumetric vortex generators on the leading edge of
the wing.

The study of the influence of the vortex
generators on the aerodynamic characteristics of
unmanned aerial vehicles (UAVs) is necessary to
optimize the operating parameters and develop an
optimal airfoil of a vortex-active wing.

In this research, it is proposed to use the energy of
the incident flow at the leading edge of the wing
using volumetric generators, which provide more
effective flow acceleration due to the streamlined
shape and have a separating vortex-forming edge.

Volumetric vortex generators form a new, not yet
sufficiently studied type of unsteady flow around the
wing-longitudinal vortex flow. Studying its features
will allow us to improve the design of vortex
generators and  increase the stability and
controllability of aerodynamic layouts.

The represented research is of great importance
for the control of aircraft in general and UAVs in
particular. Studying the influence of volumetric
vortex generators on the aecrodynamic characteristics

enables us to improve the mathematical model of a
UAV with vortex generators and, correspondingly,
the motion control system procedure. This leads to
the efficient carrying out of given missions.
Moreover, the flight safety and control accuracy are
increased significantly.

The main goal of the research is to describe the
features of the experiment in the wind tunnel directed
to studying aerodynamic characteristics of UAVs
with volume vortex generators. Great attention is
given to the behavior of the aerodynamic coefficients
in the region of subcritical angles of attack.

II. REVIEW OF PUBLICATIONS

Some features of the information and measuring
system, as a part of the equipment necessary for
carrying out experiments in the wind tunnel of a
definite type used in the experiments under study,
are described in publications [1], [2]. The paper [1]
deals with the detailed description of the measuring
errors of the equipment in the wind tunnel. The
general approach to the research of the aerodynamic
characteristics in the wind tunnel is represented in
the paper [2].

The paper [3] represents the results of a study on
the effect of triangular vortex generators on the
airfoil aerodynamic coefficients. The experiments
were carried out in the boundary layer wind tunnel,
only wusing an aerodynamic balance and a
visualization system. In contrast to this research, we
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use the transducers and information and
measurement data, which ensure some automation of
obtaining data about aerodynamic coefficients
depending on the angle of attack.

Publications [4] and [5] deal with different
interesting aspects of carrying out experiments in the
wind tunnel.

Papers [6] and [7] are connected with testing
UAVs in the wind tunnel. The main subject of the
paper [6] is the study of the influence of the airfoil o
the UAV aerodynamics for low Reynolds numbers.
Whereas the given research is oriented on the study
of the UAV’s aerodynamics in the region of critical
angles of attack.

The interesting study of the aerodynamic process
during the movement of a UAV near the ground is
described in the paper [8]. The authors researched
four airfoils of different shapes, which are used in
subsonic the high-speed aircraft. The advantage of
this paper is the determination of the aerodynamic
performance depending on the angle of attack. Such
an approach allows for optimizing the carrying out
of UAV missions.

The aerodynamic performance of two distinct
airfoils is also researched in the paper [9]. Authors
are researching in [9] three protuberance shapes,
such as sinusoidal, slot, and triangular. The features
of the equipment used in [9] are the subsonic wind
tunnel and the sensitive three-component force
balance. The processes used in [9] belong to fluid
dynamics, but general approaches can be used for
the dynamics of other objects.

The analysis and optimization of an airfoil based
on global sensitivity analysis are represented in the
paper [10]. A study of aerodynamic characteristics
in wide operating conditions is described in
publications [11], [12].

III. FEATURES OF EQUIPMENT

To determine the dimensionless aerodynamic
coefficients of forces and moments of the UAV’s
blowing model, it is possible to experimentally
measure them using a weight experiment in a wind
tunnel. Tests are conducted for airflows approaching
at different angles. The features of tests correspond
to the UAV’s operating conditions [13], [14].

The automation of tests is implemented in two
aspects. Firstly, the mechanical system of the
aerodynamic balance is changed to a strain gauge
system. Secondly, an information and measurement
system ensures automation of measurements.

The wind tunnel, in which the described research
has been carried out, presents a closed-type
atmospheric plant with an open elliptical working
part. A fan is driven by an asynchronous AC motor

with a system of speed smooth regulation. This
allows keeping the airflow speed within 5-30 m/s.
The tube is equipped with a three-component
aerodynamic balance, which allows measuring the
three components of the total acrodynamic force and
compensating for the weight of the model and
counterweights. When there is no airflow, the rods
of the force distribution system in the equilibrium
state are connected to strain gauge transducers
through collet clamps that receive the aerodynamic
forces. The process of tests in the wind tunnel is
illustrated in Fig. 1. The blowing model is
suspended in the aerodynamic balance. Side screens
are not shown.

The mechanism for changing the angular position
of the model provides a change of the angle of attack
in the range —20...+40°.

The important constituent of the applied
equipment is the information and measuring system
developed in the graphical programming
environment LabVIEW.

The information and measurement system carries
out the following functions.

e Connecting strain gauges to the force
distribution system of the three-component
aerodynamic balance.

e Amplification of signals from strain gauges
and their transmission to the computer.

Fig. 1. The blowing model during tests on aerodynamic
balance in the wind tunnel
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e Measurement of the pressure difference
between the wind tunnel’s previous chamber and the
atmosphere to determine the dynamic head.

e Control of the model position (angle of attack)
using the standard a-mechanism of the aerodynamic
balance, both in manual mode and under computer
control.

The strain gauges placed inside the wind tunnel
are operated in difficult climatic conditions. To
reduce possible temperature errors, calibration and
polynomial approximation at the beginning of the
research are carried out.

The zero correction before the start of each
experiment is also performed. The described
equipment ensures carrying out experiments in the
wind tunnel to research the influence of airfoil
components on the UAV’s aecrodynamic coefficients.

The obtained results can be useful for creating
the mathematical model and, correspondingly, the
synthesis of the UAV motion control system.
Moreover, the results can be applied for modelling
UAYV motion in conditions real to operating ones.

IV. EXPERIMENTAL STUDY AND RESULTS

The factors influencing the aerodynamic
characteristics of aerodynamic surface layouts with
volumetric vortex generators include: the external
geometry of the vortex generators, dimensions
relative to airfoil, the degree of protrusion beyond
the leading edge of the airfoil, the angle of
inclination relative to the chord of the airfoil, the
step of mounting the vortex generator along the span
of the airfoil, and other parameters.

Conducting such multifactorial studies to
determine the optimal layout schemes requires a
substantial number of model tests in a wind tunnel
and the processing of the resulting data.

The installation of vortex generators allows to an
increase in the permissible critical angle of attack
and an increase in the lift force. Such modification
of the aerodynamic characteristics of the airfoil is
important for unforeseen subcritical or supercritical
angles of attack, regardless of the reasons
(atmospheric effects, piloting errors, or other
factors) [15], [16].

At the same time, the use of vortex generators
should not negatively affect the characteristics in the
cruising flight mode; it is desirable to maintain
maximum aerodynamic quality and optimal angle of
attack. Hence, the criteria for the optimality of the
airfoil  configuration with volumetric vortex
generators can be the features of the change in lift
force at subcritical and supercritical angles of attack
compared to the version without vortex generators.

These features can be characterized by the values of
the critical angle of attack o, the maximum lift
coefficient C, nax, the gradient in the supercritical
region C,,, and the angle of attack deviation o, from
the linear dependence C, = f(a).

The installation of vortex generators influences
the flow around the airfoil by artificially forming an
ordered system of large longitudinal vortices along
the span of the model.

These vortices interact with the external air flow
and provide a gradual, smooth restructuring of the
flow structure over the upper surface of the airfoil at
supercritical angles of attack. This is significantly
different from the situation without vortex
generators, when the transition to the supercritical
region occurs abruptly and covers the entire surface.

The installation of vortex generators should lead
to an increase in the critical angle of attack and the
elimination of a sharp drop in lift. To increase lift,
the upper surface of the toe of a vortex generator is
shaped in such a way that a down force arises in this
zone. For example, a certain curvature can increase
the local flow velocity. Down force projections
increase lift and reduce drag in the wind coordinate
system. The effectiveness of the vortex generator is
determined by dimensions relative to the airfoil,
quantity, and spacing along the span.

These factors together form the surface area of
the airfoil. The angle of installation of the vortex
generator relative to the chord of the airfoil changes
the aerodynamic characteristics of the airfoil
depending on the angle of attack.

The object to be studied represents the symmetric
airfoil NACAO0012 [17]. The technique of tests has
some features [1], [2].

Firstly, the airflow velocities cover the transition
from the subcritical to the supercritical mode of the
flow around the aerodynamic surface. In this range,
a significant restructuring of the boundary layer and
vortex structures occurs, which causes
corresponding changes in the aerodynamic
characteristics of the blowing model. Therefore, it is
necessary to study the influence of the Reynolds
number on the model’s aerodynamic characteristics
in the specified range. In addition, the degree of
turbulence of the flow should be taken into account,
since it also determines the change in the flow mode.
It is worth mentioning that at low flow velocities,
the compressibility of the air does not affect the
aerodynamic characteristics of the model.

Secondly, the equipment in the wind tunnel
creates conditions for flow around the airfoil with an
infinite span due to the installed side screens. This
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makes it possible to separate the influence of the
vortex generator installation on the aerodynamic
characteristics of the model, caused by the formation
of longitudinal vortices on the airfoil surface, from
the influence arising due to the finite vortices.

Thirdly, studies of the change in aerodynamic
characteristics are conducted over a wide range of
angles of attack, encompassing significant
supercritical values, for both forward and reverse
movements of the a-mechanism, to investigate the
phenomenon of aerodynamic hysteresis during
increasing and decreasing angles of attack.

To determine the optimal layouts, the

dependence C, = /() on the region of subcritical

and supercritical angles of attack, values C

ymax?
a,,, the value and sign of the change gradient C|

in the supercritical region must be studied. The
desired result of vortex generators’ application is to
increase the magnitude of the lifting force and
eliminate its sharp decrease in the supercritical
region. This can be achieved by restructuring the
global separation at critical angles of attack by an
ordered set of longitudinal vortices created by
generators. The above-mentioned dependence is
shown in Figs 2 — 4, taking into consideration the
influence of vortex generators. Analysis of the
dependence in Figs 2 — 4 shows that the use of the
vortex generators significantly changes the
dependence in the subcritical and supercritical
regions, depending on the layout parameters and the
shape of the vortex generators. By installing the
vortex generators, it is possible to form such a lifting
force in the supercritical region, which actually
eliminates the concept of a critical angle of attack.

In the zone of large supercritical angles of attack
(over 24°), the growth of the lifting force leads to a
situation similar to the absence of the vortex
generators. However, sometimes situations are
observed when the growth of the lifting force without
the vortex generator is more abrupt. Hence, the
influence of the vortex generators at high angles of
attack takes place. This leads to a decrease in
rarefaction above the upper aerodynamic surface, or
to a decrease in the air pressure under the lower
surface of the airfoil. The dependence C, = f(a) in

the presence of vortex generators becomes nonlinear
already at lower angles of attack. However, this
nonlinearity is not associated with the beginning of
flow separation. It is caused by a change in the
structure under the influence of interaction with
longitudinal vortices created by generators and their
departure from the aerodynamic surface.
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Fig. 2. The dependence C,, = f(a): 1 is a without
vortex generators; 2 is the 1 vortex generator; 3 are
3 vortex generators, step 88 mm; 4 are 5 vortex
generators, step 70 mm; 5 are 7 vortex generators, step
44 mm; 6 are 9 vortex generators, step 35 mm
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Fig. 4. The dependence C,, = f(a): 1 are without

vortex generators; 2 are 5 vortex generators, 2%, step
58 mm; 3 are 5 vortex generators, 14.6%, step 70 mm;
4 are 12 vortex generators, 7.5%, step 27 mm; 5 are
25 vortex generators, 3.5%, step 13.5 mm
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In the zone of supercritical angles of attack
without vortex generators, global flow separation
usually occurs on the upper part of the airfoil. The use
of vortex generators prevents a sharp separation of the
transverse vortex due to the action of the system of
longitudinal vortices. In this case, an ordered set of
the vortices in the transverse direction is formed,
which gradually moves away from the surface of the
airfoil at supercritical angles of attack. As a result, the
dependence becomes smoother [18] —[19].

The description of the physical picture of the
influence of a vortex generator on the structure of
the airflow on its upper surface during a change in
the angle of attack is confirmed by visualization of
the flow pattern using silkworms. This process is
illustrated in Fig. 5.

Fig.

5. Representation of the flow around the upper
surface of the airfoil with vortex generators during the
transition of the angle of attack to supercritical values
using the silkworm method

The results represented in Figs 1 — 4 show the
effectiveness of using vortex generators in the region
of high angles of attack.

The obtained results can be useful for aircraft of
the wide class [20] — [22].

V. CONCLUSIONS

The features of the equipment necessary for
testing blowing models in the wind tunnel are
represented. The features of the aerodynamic
balance and the information and measurement
system for the weight experiment are described. The
possibilities of automation of the weight experiment
are discussed. The features of researching
aerodynamic characteristics in the wind tunnel are
represented. The basic steps of the appropriate
technique are given. The graphical dependencies of
aerodynamic coefficients on the angle of attack are
represented. The analysis of the obtained results is
given.

The obtained data explain how large longitudinal
vortices formed on the upper surface of the model by
volumetric generators affect the air flow structure

when the angle of attack increases to large
supercritical values and global separation is
eliminated.

It is promising to use the inherent acrodynamic
features of the UAVs to improve the operating
characteristics during flight at supercritical angles of
attack, which may occur due to wind gusts, piloting
errors, or other factors.

The conducted studies have identified areas for
further improvement of the parameters of the
acrodynamic layouts of UAVs using volumetric
vortex generators. First of all, it is necessary to
improve the shape of the vortex generators in terms
of increasing the power, creating conditions for
vortex adhesion to the surface, and increasing the
speed of the airflow flowing around the nose of the
airfoil and the vortex generator.

The obtained results can significantly improve
the processes of creating a mathematical model and
UAYV simulation due to the possibility of taking into
account nonlinear components of aerodynamic
moments and models of disturbances based on
experiments in the wind tunnel. The above-
mentioned results can also be applied to creating an
improved procedure for designing a UAV motion
control system.
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0. 1. Knanos, O. A. Cymenko, H. B. SIky6oBcbkuii. BB KOMIOHYBaHHsSI aepoauHAMiYHUX TpodiniB Ha
aepoaunamiuni koedinientu BITJIA st BeJJMKHX KYTiB aTaku

VY crarTi JOCHIKYETHCS BIUIMB KOMIIOHYBAaHHS aepoJMHaMIYHMX Npo(diTiB HAa aepoJuHAMIYHI KOe(iUi€HTH Hpu
BEJIMKMX KyTax aTtakd. HaBemeHo orisia momepeaHix MOCTIJDKEHb 3 AOciikyBaHol TeMu. ONUcaHO XapaKTepUCTHKU
EKCIIEPUMEHTAJILHOTO O0JIa/IHaHHs, BKIIOYAIOYM HaOlp NaT4MKiB aepojuMHaMiyHOro OanaHcy Ta iH(pOpMaliiHO-
BUMIPIOBAJIbHY CHCTEMY. XapaKTEPUCTHKH OIHMCAHOTO E€KCHEPHUMEHTAIBLHOTO OOJIaJHaHHS J03BOJISIOTH PeasizyBaTH
aBTOMATHU3alil0 E€KCHEPHUMEHTAIBHOrO BUIPOOyBaHHS. HaBeneHO OCHOBHI OCOOJIMBOCTI METOIMKH EKCIIEPUMEHTY.
ITepemiueHo ocHOBHI  (QyHKmi iHGOpMAIiHHO-BUMIPIOBAIbHOI  CHCTEMHU. Pe3ynbTaTH  eKCIIEPUMEHTaIhHOTO
BHNPOOYBaHHS TPEACTABIEHI y BUTIAAI TrpadiqHUX 3aJIe)KHOCTEH aepoAWHAMIYHUX KOeQIlli€HTIB Bif KYTiB aTakH.
[IpoBeneHo neranpbHUN aHANi3 OTPUMAHUX pPE3yNbTaTiB. Pe3ymbTaTH OOCTIHKEHHS MOXYTh OyTH KOPHUCHHMH IS
MIPOEKTYBaHHs cucTeM KepyBaHHs pyxoM BITJIA ta monmemroBanHs pyxy BIIJIA 3 ypaxyBaHHSM aepOoAMHAMIYHUX
30ypeHb.

KirouoBi cjoBa: cucreMa KepyBaHHS pPyXOM; aepoivHAMiuHI Koe(illieHTH; eKCIIepUMEHTalbHE BUIIPOOYBAHHS,
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