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Abstract—This article solves the problem of widening the range of the angle of the attack of safe flight
using volumetric vortex generators. The research method is based on experimental tests in the wind
tunnel. Analyzing the obtained results allows us to research changes in the integrated aerodynamic
characteristics. The features of the experimental test are described. The volumetric vortex generators of
three types for the definite blowing model are represented. A comparative analysis of the aerodynamic
characteristics of the profile model in the form of graphical dependencies is represented. The graphs
show the change in the aerodynamic force coefficients in the speed coordinate system. The visualization
of airflow was carried out. Volume vortex generators are described. A description of the experiment in
the wind tunnel is given. The analysis of the obtained results has been carried out. Layouts of profile
models with lateral screens are represented. The obtained results can be useful for aircraft of a wide
class especially for unmanned aerial vehicles. The results can be used in synthesis control laws in
disturbed stabilization and control systems.

Index Terms—Vortices; wind tunnel; aerodynamic characteristics; aerodynamic profile model;

experiment.
I. INTRODUCTION AND PROBLEM STATEMENT

The problem of widening the range of changing
attack angles for the safe operation of unmanned
aerial vehicles (UAVs) is relevant in scientific areas
and practical applications. It can be solved by
installing volumetric vortex generators (VVG) on
the wing front edge and optimizing the geometric
parameters of their shape and location.

This article studies the possibility and efficiency
of using an artificially organized system of big
longitudinal vortexes. The emphasis has been placed
on modifying space-time scales and developing a
practical approach to creating large longitudinal
vortices on the surface of an aerodynamic profile
model.

Research studies in this direction have shown the
effectiveness of using VVG and even led to using
such a term as a vortex-active wing or, more broadly,
a vortex-active aerodynamic surface [1], [2].

The research method lies in experimental weight
tests of the profile model in the wind tunnel and
comparative analysis of their results in the form of
changes in integral acrodynamic characteristics.

There are vortex generators (VG) with different
shapes and dimensions. Prototypes of VG could be
characterized by various geometrical characteristics

such as the chord, area, volume, setting angle, and
installation step.

Forming a shape of VG, it is desirable to achieve
the maximal efficiency of the longitudinal vortex.
For this, the longitudinal vortex must be mounted on
the profile model surface in correspondence with
some requirements. It means that power
consumption of the external air flow must be
minimized. Moreover, the length of the vortex along
the profile chord must be minimized also. It is
necessary to eliminate the longitudinal vortex
backward in conditions of changing the pressure
gradient on the profile surface.

The vortex source can be located at the point,
which is contacting with the VVG and aerodynamic
surface simultaneously. Is noteworthy that the
interference phenomenon can create positive or
negative conditions because it can create a decrease
or increase in front drag force. It is necessary to
remember that the VG itself can be a source of the
vortex. As an example, we can consider components
of the VG arising outside the profile model and
arranged at some angle relative to the airflow. Some
valleys and ledges of the VG surface also can be
sources of vortexes. Hence, we deal with the possible
negative consequences of interference. To decrease
these negative consequences and even to improve the
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situation, we must ensure smooth transitions between
the profile model and VG [3], [4].

The efficiency of generating vortexes depends on
the attack angle. The influence of VG must be
minimal in cruising modes. And especially the
possibility of arising critical attack angles has a great
significance. Therefore, we must locate the VG
relative to a chord in a definite way considering the
chord curvature. It is possible also to improve this
situation by varying the angular location of VG
depending on the airflow conditions [5]. It is
desirable to increase the suction force both on the
surface of the airfoil and the toe of the profile model.
This can be done by forming the shape curvature of
the airfoil surface shape. This influences the airflow
acceleration in the boundary layer on the surface of
the airfoil and profile model toes [6].

The number of factors that influence
characteristics of aerodynamic surface compositions
with VVG, based on the results of research studies
[7], [8] include the following factors. They include
the external shape of the VG, profile model
dimensions, the arrangement by the size of the peak
far off the profile frontal edge, the inclination angle
of the chord of the VG relative to the chord of the
profile, the step of setting the VG according to the
scale of the model, and others. Carrying out such
multifactorial studies to determine optimal layouts
requires a large number of tests of layout models,
analysis of results, and determination of optimal
layouts according to chosen criteria [9], [10].

II. DESCRIPTION OF EXPERIMENT

The experiments were carried out in a closed-
type low-velocity aerodynamic atmospheric tube
with an open working part of an elliptical cross-
section with the dimensions of the axes
750x420 mm and a length of 900 mm. The airflow
speed was 3.5 ... 30 m/s. The air tube is equipped
with an external three-component rider aerodynamic
weight, which provides the measurement of three
components of the total aerodynamic force. The
measured forces allow us to calculate the
dependence  of  dimensionless  aerodynamic
coefficients on the attack angle. The built-in device
for setting the angle location of the profile model
provides changing attack angles in the range

=—-20° ... +40°.

The model suspended in the wind tunnel must
have the possibility of circular blowing at the angle
of attack in separate areas within the available range
of changing the angular location. The mechanical
system for decomposing the forces of the rider
weight can be connected to the system of tensor

converters of loads on weight components into
electrical signals. The set of strain gauges provides
automation of the process of measurement and
recording of test results. It should be pointed out that
tests are accompanied by changing the angular
position of the profile model. Measurement results
are displayed in the form of dependences of
acrodynamic coefficients on the angle of attack.

As the studied model of the aecrodynamic surface,
the compartment model of the classical symmetrical
NACAO0012 profile was initially chosen. Such a
model is often applied in tests. This blowing model
is characterized by a rectangular form. The model’s
characteristics are as follows: the span — 350.0 mm,
the chord — 175.0 mm, the area — 0.06125 m? and
the geometric prolonging — A = 2. The longitudinal
model’s axis is arranged at an interval of 25% of the
chord length or 0.04375 m relative to the toe. It is
observed that the angle location is determined
relative to the longitudinal axis. Vertical shields are
mounted on the specific side profile model. The
chosen sides must ensure a maximally effective
expansion of the model =~ 10. Such a layout of the
model makes it possible to single out the influence
of the artificially created structure of longitudinal
vortices with the help of VVG on the profile
resistance of the profile model. First of all, it
concerns pressure resistance, as well as friction,
without taking into account the inductive component
from the influence of finite vortices.

The model of the aerodynamic profile consists of
VVG models. Volumetric vortex generators are
arranged in the toe of the profile model. which are
installed in the toe part. Using the technical
information about the different types of VG,
turbulators, aerodynamic influxes, and other means
of controlling vortex structures [11] — [13], the basic
forms of VVG were created.

The selected types of VVG generate longitudinal
vortices of different intensities and with different
spatiotemporal characteristics. In addition to the
shape of the VVG, the factors influencing the
characteristics of the generation of the system of
longitudinal vortexes are the size of the VVG, their
number, and the geometric characteristics of the
mounting place.

The chosen forms of VVG generate longitudinal
vortices of different intensities and with various
spatial and temporal characteristics [10] — [12].

The dimensions of the VVG installed on the
acrodynamic aerofoil model can be changed by
pushing the VVG on the section or by scaling the
dimensions of the VVG. In the first case, the
extension of the VVG from the toe of the section by
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a certain amount is simulated. In the second case, the
installation of the VVG of a certain size is simulated
[13, [14]. The general geometric parameters of the
VVG layout of various shapes and sizes will be the
area of the VVG that protrudes beyond the front
edge of the section, the length of the protrusion, the
length of the front edge of the section covered by the
VVG, the angle of installation of the VVG (the
angle between the chords of the VVG and the
section), and the installation step of the VVG by
scale of the model. The specified geometric
parameters of the VVG and their location in absolute
values attributed to the model’s dimensions can be
useful during the analysis of the effectiveness of the
effect of vortex generation on the aerodynamic
characteristics of the aerofoil section.

Tests of the section model were carried out for
three values of the average speed of the airflow in the
working part of the wind tunnel such as V' = 9 m/s,
18 m/s, and 27 m/s, which correspond to the numbers
Re = 100000, 200000, and 300000, respectively. The
airflow quality was characterized by an average
degree of turbulence € = 3.5% at V=9 m/s, € = 2% at
V=18 m/s, and € = 1% at V=27 m/s. The geometric
angle of attack of the model varied in the range from
-5 to 34 degrees, in some versions of the tests from
5 to 44 degrees, and covered large closed angles of
attack. The real angle of attack was calculated taking
into account the geometric and inductive bevel of
the airflow in the working part of the wind tunnel.
The results of the experiment are the real angles of
attack and the angles of attack of the a-mechanism,
the results of measurements of aerodynamic
coefficients and airflow speed, calculated as the
average values of multiple measurements at a given
angular position of the model, and the statistical
characteristics of the measurements in the form of
root mean square deviations [9], [10].

ITII. ANALYSIS OF RESEARCH RESULTS

The analysis of the influence of the mounted
VVG on the aerodynamic characteristics of the
NACAO0012 profile model was implemented based
on a comparative analysis of the dependences of the
aerodynamic coefficients as a function of the attack
angle. These dependencies were plotted on the same
graph both for a pure profile and a profile with
mounted VG. The dependences of the aerodynamic
coefficients describe the changing of total loadings.
Nevertheless, they are quite informative to show the
differences in the behavior of the dependencies.
They also allow us to propose assumptions relative
to the change in the structure of the flowing upper
surface of the model while achieving critical attack

angles and flow separation. The aerodynamic
dependences for the layout of the first type VVG are
compared in Figs 1 and 2. Model in the amount of
5 pieces and the size of 20% are mounted with a step
of 70 mm. The graphs allow us to analyze the main
specific effects of the mounted VVG on the
aerodynamic characteristics of the profile model.
During the tests, the comparison was made for three
values of the Reynolds numbers. The graphs make it
possible to make the main observations about the
efficiency of the mounted VVG on the separation
properties, which are inherent to a greater or lesser
extent to each type of VVG. First of all, let us note
the significant decrease in the influence of the
Reynolds number on the change in the aerodynamic
characteristics of the model in the region around the
critical and the critical attack angles due to the
installation of the VVG.
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This is the additional turbulence of the flow on
the surface of the model from the turbulators.
Installation of turbulators actually eliminates the
characteristic change in aerodynamic characteristics
during flow stalling.

This situation is characterized by a sharp
decrease in lifting force after reaching a critical
angle of attack. In the presence of an air conditioner,
the lift coefficient reaches a certain constant level.
This indicates the stability of the airflow structure,
realized by the imposition of a system of large
longitudinal vortices on the airflow structure of a
pure profile at the critical angles of attack.

It is known that a drastic decrease in the lifting
force after reaching the critical angle of attack is
caused by a global separation of the airflow on the
upper surface of the profile model. Initially, the
separation of the turbulent boundary layer develops
gradually with an increase in the attack angle. The
separation line moves from the trailing edge of the
profile toward the flow. This process is reflected in
the plot of the dependence c¢,, = fla) in the
appearance of changing non-linearity. There is a
jump-like transition of the separation line to the toe
of the profile at some point when the separation line
approaches the line of maximum profile thickness.
Such a process is called global separation. It has a
divergent uncontrolled nature and spreads over the
entire upper surface of the profile model. As a result,
there are sharp changes in the behavior of the
aerodynamic characteristics dependencies c,, = f(a),
¢a = fla) for the pure profile model. They are
especially noticeable in the behavior of the most
sensitive characteristic m,; = f{a).

Under the conditions of the presence of VVG,
there is a smooth change in the angle of attack c,,
and longitudinal moment. Less resistance and higher
acrodynamic quality at critical values of attack
angles in the conditions of the use of VVG are
observed. Turbulent separation in the presence of
VVG begins at smaller angles of attack as follows
from the earlier appearance of a characteristic
nonlinearity in the behavior of the dependence c,,.
Most likely, this is caused by increased turbulence of
the boundary layer by longitudinal vortices from the
VVG. Also, the separation of vortices from the
airfoil surface occurred earlier than the beginning of
the separation of the turbulent boundary layer.

Taking into account the new data on the three-
dimensionality of vortex structures on the surface of
the two-dimensional profile model under separation
conditions [18] we can make the following
conclusions. The visualization results confirm the
complexity of vortex structures interacting with the

boundary layer, especially in the conditions of the
creation of large longitudinal vortices from the
VVG. They interact with large-scale vortices,
rotating in the plane of the wing. Thus, there is an
interaction of two large vortices of different types
and their interaction with the turbulent boundary
layer under separation conditions. Without VVG, a
pair of large vortices is formed in the plane of the
surface near the toe of the profile only after the
global separation.

When installing the VVG, a pair of vortices is
also formed at smaller angles of attack in the toe part
of the profile. Nevertheless, the longitudinal vortex
structure prevents global separation. We have a pair
of vortices in the plane of the surface on the sides of
the VVG and a longitudinal vortex in the track of the
VVG. The longitudinal vortex restrains the global
separation by interacting with the boundary
turbulent layer. This is implemented by dividing into
separate sections along the wing span by the number
of installed VVG, creating an ordered vortex
structure of the flow and preventing it from breaking
away from the surface, introducing additional energy
into the boundary layer.

Due to the installation of vortex generators, is
possible to predict an increase in the critical value of
the attack angle and the maximal lifting force and
improve the flight-technical characteristics. Such
correction of the aerodynamic characteristics of the
carrying surface is important in the event of
unpredictable near-critical and over-critical angles of
attack, regardless of the factor that caused the
violation of the limits of the permissible area of
operation. These factors can include the influence of
atmospheric  phenomena, piloting errors, or
something else. On the other hand, the installation of
vortex  generators should not impair the
characteristics of the flight cruising mode. It is
desirable to keep values of the maximum
aerodynamic quality and the most favorable angle of
attack. From this point of view, the criteria for the
optimality of the layout of the profile model with the
volumetric VG can be the behavior of the lifting
force on the near-critical and over-critical attack
angles. On the contrary, the absence of the VG can
be characterized by the values of the critical attack
angle, the maximum value of the coefficient of the
lifting force, the gradient in the supercritical area,
and the angle of attack from which the violation of
linear dependence begins. Important criteria will be
the magnitude of the change in aerodynamic quality
in cruising flight modes due to the installation of the
VG, the magnitude of the most advantageous angle
of attack, and features in the change in the
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dependence of the longitudinal moment on the angle
of attack.

The effect of the installation of the VG on the
airflow around the bearing surface lies in the
artificial creation of an ordered system of large
longitudinal vortexes by the span of the model. It
interacts with the external airflow and ensures a
gradual and smooth local restructuring of the airflow
structure on the upper surface of the profile while
approaching the over-critical attack angles. In
contrast to the conditions of the absence of vortex
generators, this process is global and occurs
explosively. The consequence of installing vortex
generators should be an increase in the critical angle
of attack and the absence of a drastic drop in the
lifting force in the critical region. To increase the
lifting force, it is necessary to shape the upper
surface of the toe part of the vortex generator in such
a way (for example, to set a certain curvature and
increase the local speed) that a suction force arises in
this place. In the speed coordinate system, the
projections of this force increase the lifting force and
decrease the drag [22] — [24].

The effectiveness of the application of the VG is
influenced by its size relative to the dimensions of
the profile, the number, and the step of their
installation along the span of the profile model,
which together determines the surface area of the air

conditioner served by the air conditioner. The angle
of installation of the vortex generator relative to the
airfoil chord affects the change of the aerodynamic
characteristics of the airfoil model by the angle of
attack.

As we can see, there are several geometrical
parameters regarding the dimensions of the VG of a
certain type and their location, which affect the
aerodynamic characteristics of the profile models,
and we have six profile models. There are also some
criteria for the efficiency of using vortex generators.
Therefore, to find out the influence of the above
factors, a multivariate experiment with a large
number of trials should be carried out.

To shorten the test program, it was decided to
determine the geometric characteristics of the
effective arrangement of the VG of 3 types of the
developed shape for the model of one type of
aerodynamic profile and to carry out further studies
of the layouts of other profiles only for the
determined effective arrangement of the selected
profile. We define such a layout as quasi-optimal of
a local nature because in general, more efficient
layouts are also possible according to other criteria
of optimality. The NACAO0012 symmetrical profile,
well-known in experimental aerodynamics, was
chosen as such profile. Layouts of profile models
with lateral screens are represented in Fig. 3.

Fig. 3. Layouts of profile model with lateral screens

The carried out research can be useful for
synthesis control laws in disturbed stabilization and
control systems [25] — [27] and reliable navigation
measurements [28] — [30].

IV. CONCLUSIONS

The expected results of research in wind tunnels
consist of improving the interaction of VG with the
features of the dynamics of the flow around the
wing, the distribution of velocity and the change in
the pressure gradient along the wing, and the
interaction of eddy currents on the wing with

terminal vortices. The results of experimental studies
will make it possible to set the problem of forming a
class of profiles of vortex active wings.

The most effective arrangement for each of the
3 types of the form of the VU turned out to be their
installation with a step of 70 mm (20% of the span
of the model) in the amount of 5 pieces with an
angular position y = 0. The magnitude of the VU
protrusion beyond the front edge of the profile is
20% of the chord length of the profile.

The graphs show the change in the aerodynamic
force coefficients in the speed coordinate system, the
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longitudinal moment coefficient relative to the point
on the profile chord at a distance of 25% from the
toe, and the aerodynamic quality graph.
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0. 1. KnanoB, O. A. Cymenko, B. B. OpiasHckuii. BUKoOpuCTaHHA MTYYHUX BHUXOPIB IJsl JAOCJHiIKeHb
aepoAUHAMIYHMX XapaKTEePUCTHUK JiTakiB

VY crarTi BHpIIEHO 3amady pO3MIUPEHHS Miala3oHy KyTa aTakd Oe3MeYHOro IMOJhOTY 3a JIOTIOMOTOI0 00’ €MHHX
BHXpOTeHepaTopiB. MeTOJ TOCIi/PKeHHS 3aCHOBAaHWH Ha EKCIIEpUMEHTAILHUX BUMPOOYBAHHSIX B aepOJMHAMIYHIH
TpyOi. AHaI3 OTPUMAHUX PE3YNIBTATIB O3BOJISIE TOCITIKYBATH 3MiHHU 1HTETPAIBHUX aepOAMHAMIYHUX XapaKTEPUCTHK.
OrmrcaHo 0CcOOJIMBOCTI eKCTIepUMEHTATBHOT mepeBipku. [IpeacraBneHi 00’e€MHI BUXPOTEHEPATOPH TPHOX THIIIB IS
neBHOI MoJiedi BuayBaHHS. HaBeneHO NOpIBHSUIBHMI aHaili3 aepoJMHAMIUYHMX XapaKTEPUCTUK MOJeNi mpodumo y
BUrIsIAl rpadiunmux 3anexHocted. Ha rpadikax mokasaHo 3MiHY Koedilli€HTIB aepoJUHAaMIYHMX CHJI Yy CHCTEMI
KOOpJMHAT MIBUAKOCTI. [IpoBeneHo Bi3yanizaliito MoBiTpsHOro notoky. Onucano o0’e€MHi BUXpOBI reneparopu. JlaHo
ONUC eKCIIEPUMEHTY B aepoiuHaMiyHii TpyOi. IlpoBeneno anamiz orpumanHux pesynsrariB. IIpeacrasneHi
KOMITOHYBaHHs NpOoGUIBHUX Mojeneil 3 OiyHuMH ekpaHamu. OTpuMaHi pe3yibTaTh MOXKYTh OyTH KOPUCHUMH JUIs
JITaKiB MIMPOKOTO KJacy, 0COOIMBO Uil OE3MUIOTHUX JIITAJBHUX anapatiB. Pe3ynbraT MOXKYTh OYyTH BUKOPHCTaHI B
CHHTE31 3aKOHIB KEpyBaHHS B 30ypeHUX CUCTeMax cTabimizamii Ta KepyBaHHs.

KiarouoBi ciaoBa: BHXOpH; aepoiwHaMidyHa TpyOa; aepoJWHAMIYHI XapaKTEPUCTHKH, MOJEIh aepOIMHAMIYHOTO
podisto; eKCTIepUMEHT.
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