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Abstract—This article deals with researching the aerodynamic airfoil model in the wind tunnel using
volume vortex generators. The volumetric vortex generators of three types for the definite blowing model
are described including their geometrical characteristics. The features of volume vortex generators
mounting on the surface of the aerodynamic airfoil model are represented. Features of the experiment in
the wind tunnel are described. Comparative changes in aerodynamic characteristics of the aerodynamic
airfoil model with and without volume vortex generators in the form of graphical dependencies have been
shown. The comparison has been made for different values of Re numbers. The analysis of the obtained
dependencies has carried out. The visualization of airflow in an experimental way is illustrated. The
results are directed at improving the aerodynamic characteristics of unmanned aerial vehicles. The main
significance of the research lies in improving the behavior of unmanned aerial vehicles in the area of
critical angles of attack. The obtained results can also be useful for aircraft of the wide class.

Index Terms—Airfoil section; volume vortex generator; wind tunnel; aerodynamic characteristics;

aerodynamic quality; experiment.
I. INTRODUCTION AND PROBLEM STATEMENT

The problem of expanding the range of angles of
attack for the safe operation of unmanned aerial
vehicles (UAVs) by eliminating the phenomenon of
stalling by controlled separation of the airflow on
the wing and control bodies in subsonic flight modes
by installing volume vortex generators (VVG) on the
leading edge of the wing and optimizing the
geometric parameters of their shape and the location
is of considerable scientific and practical interest.

The purpose of this work was to study the
possibility and effectiveness of using an artificially
created organized system of large longitudinal
vortices by modifying its space-time scales, as well
as the development of a practical approach to the
generation of 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 represents an experimental
weight test of the profile model in the wind tunnel
(WT) and a comparative analysis of their results in
the form of changes in integral aerodynamic
characteristics.

The experiments were carried out in a low-
velocity closed-type aerodynamic atmospheric tube

with an open working part of an elliptical cross-
section with the dimensions of the axes
750420 mm and a length of 900 mm. The airflow
speed is 3.5...30 m/s. The air tube is equipped with
an external three-component Reiter's aerodynamic
weight, which provides the measurement of three
components of the total aerodynamic force, which
allows calculating the dependence of dimensionless
aerodynamic coefficients on the angle of attack

Cxa»>Cya-Mz = f(a). The built-in o-mechanism for

changing the angular position of the model provides
a change in the angle of attack of the model in the
range o = —200... +400 degrees.

The suspension of the model in the working part
of the wind tunnel provides the possibility of circular
blowing of the model at the angle of attack in
separate areas within the available range of changing
the angular position of the model [3] — [6]. The
mechanical system for decomposing the forces of the
Reiter scale can be connected to the system of tensor
converters of weight loads on weight components
into electrical signals. The strain gauge system
provides automation of the process of measurement
and recording of test results during changes in the
angular position of the model, display of
measurement results in the form of dependences of
aerodynamic coefficients on the angle of attack on
the display screen during the experiment [7] —[9].
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II. RESEARCH OF AERODYNAMIC SURFACE MODEL

As the researched model of the aerodynamic
surface, the model of the classical symmetrical
aerodynamic airfoil NACAO0O012 is chosen. It is often
used in similar experiments. The blowing model has a
rectangular shape, the span of the model is 350 mm,
the chord is 175 mm, the area is 0.06125 m’ the
geometric elongation is A = 2, the longitudinal axis of
the model is located at a distance of 25% of the
length of the chord or 0.04375 m from the toe.

Vertical screens are installed on the sides of the
profile model, which ensures a large effective
elongation 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

€ < B <

Type 1

resistance of the profile model, primarily 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 is
composed of models of VVG, which are installed in
the model’s toe. Based on information on the use of
various types of vortex generators, turbulators,
generators, aecrodynamic inflows, and other means of
influencing and controlling vortex structures, the
three types of VVG were created. They are shown in
Fig. 1 in three different projections [8].

The first type of VVG has a spindle-like
clongated shape, the source of vortex generation is
the joint of the VVG and the airfoil section, as well
as the side surface of the VVG itself.

Type 2 Type 3

Fig. 1. Volumetric vortex generators of three types for the NACAO0012 aerodynamic airfoil model

The second type of VVG has a vertically
flattened shape with sharp front and side edges of an
arched shape. The source of vortex formation is used
as the joint. Undercuts are made on the lower
surface of the VVG to increase the vortex-generating
and load-bearing properties of the VVG.

The third type of VVG also has a flattened shape
but is symmetrical about its median plane, and when
viewed from above has a triangular outline with a
rounded nose and a rounded lateral edge. The
opening angle of the cone is 28 degrees, and the
source of the generation of longitudinal vortices is
the junction of the VVG with the profile and the side
edge of the VVG.

The chosen forms of VVG generate longitudinal
vortices of different intensities and with various
spatial and temporal characteristics [10] — [12]. In
addition to the shape of the VVG, the factors
affecting the characteristics of the generation of the
system of longitudinal vortices were the size of the
VVG, their number, and the geometric parameters of
the layout.

The dimensions of the VVG installed on the
acrodynamic airfoil 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
a certain amount is simulated. In the second case, the
installation of the VVG of a certain size is simulated
[13] — [15]. 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 airfoil 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 ¥ = 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



84 ISSN 1990-5548 Electronics and Control Systems 2024. N 3(81): 82-88

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].

III. ANALYSIS OF RESEARCH RESULTS

The analysis of the effect of the installation of
the VVG on the aerodynamic characteristics of the
NACAO0012 aifoil section model was carried out by
comparing the dependences of the aerodynamic
coefficients as a function of the angle of attack for a
clean profile and a profile with installed vortex
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generators, plotted on the same graph [12], [13].
Although the dependences of the aerodynamic
coefficients characterize the change in the total
loads, they are quite informative to clarify the
differences in the behavior of the dependencies and
put forward assumptions about the change in the
structure of the flow around the upper surface of the
model when reaching critical angles of attack and
flow disruption. Figure 2 compares graphs of
aerodynamic characteristics for the layout of the first
type VVG model in the amount of 5 pieces, size
20%, installed with a step of 70 mm. The graphs
make it possible to consider and analyze the main
characteristic effects of the installation of VVG on
the aerodynamic characteristics of the aerodynamic
airfoil model. Figures 2(a, b) show the influence of

VVG layout on the dependence c,, = f(a).
Figures 2(c, d) illustrate dependencies c,, = f(a),
and aerodynamic quality K = f(a). Figure 2e
illustrates the dependence c, , = f(a). Figure 2f
shows the influence of the airflow on the
dependence ¢, = f(a).
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Fig. 2. Comparison of the influence of VVG on aerodynamic characteristics of the aerodynamic airfoil NACA0012: 1, 2, 3
without VVG for Re = 100000, 200000, 300000; 4, 5, 6 with VVG, type 1, relative size of the chord 20%, 5 pieces for Re
= 100000, 200000, 300000; (a), (e) — turbulators V=18 m/s, relative size of the chord 7.5%; (b), (c), (d), (f) — section
NACAO0012, relative size of the chord 14%, step 70 mm, angle 10 degrees
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The analysis of the effect of the installation of the
VVG on the aerodynamic characteristics of the
NACAO0012 profile model was carried out by
comparing the dependencies of the aerodynamic
coefficients as a function of the angle of attack for a
clean profile and a profile with installed vortex
generators, plotted on the same graph. Although the
dependencies of the aerodynamic coefficients
characterize the change in the total loads, they are
quite informative in clarifying the differences in the
behavior of the dependencies and put forward
assumptions about the change in the structure of the
flow around the upper surface of the model when
reaching critical angles of attack and flow disruption.
Figure 2 compares graphs of aerodynamic
characteristics for the layout of the first type VVG
model in the amount of 5 pieces installed with a step
of 70 mm. The graphs allow us to consider and
analyze the main effects of VVG installation on the
aerodynamic characteristics of the airfoil model.

The comparison is made for three values of Re
numbers. The graphs make it possible to make the
main observations about the effect of the installation
of the VVG on the separation characteristics, 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 effect of the Re number on the
change in the aerodynamic characteristics of the
model in the area around the critical angles of attack
and beyond critical angles of attack due to the
installation of the VVG. The reason is the additional
turbulence of the flow on the model’s surface from
the turbulators. Installation of turbulators eliminates
the characteristic = change in  aerodynamic
characteristics during flow disruption. 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, which indicates the
stability of the airflow structure, organized by

Cmzl

0,050
0,0405
0,0307
0,020%
0,010%
0,000%
-0,010
-0,0202
-0,0302
-0,040°
-0,0507
-0,060%
-0,070%
-0,080%
-0,090:
-0,1002
20,1107, e el
6 -4 2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

f)

(See also p. 72)

superimposing a system of large longitudinal
vortices on the flow structure of a clean profile at the
critical angles of attack. As a result of this behavior
of the lifting force, the sign of the critical angle of
attack disappears. This level corresponds to the
value for low speeds, in our case 9 m/s. At critical
angles of attack, the structure of the flow becomes
so stable that the lifting force becomes less than in
the absence of VVG. But with an increase in the
speed of the airflow, the change in the coefficient of
lifting force occurs with the same gradient as in the
absence of VVG.

It is known that a sharp decrease in the lifting
force after reaching the critical angle of attack is due
to the occurrence of a global separation of the
airflow on the upper surface of the profile model.
Initially, the detachment of the turbulent boundary
layer develops gradually with an increase in the
angle of attack, the detachment line moves from the
trailing edge of the profile towards the flow. On the

dependence ¢, = f(a), this process is reflected in

the appearance of non-linearity in its change. When
the separation line approaches the line of maximum
profile thickness, at some point, there is a jump-like
transition of the separation line to the nose of the
profile. Such a process is called global detachment,
has an explosive uncontrolled nature, and spreads
over the entire upper surface of the profile model.
As a result, there are sharp changes in the behavior

= f(a) on the
aerodynamic characteristics graphs for the pure

profile model, and 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 ¢,

of dependencies ¢, = f(a), ¢

xa

and longitudinal moment. Less resistance and higher
aerodynamic quality at critical angles of attack in the
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conditions of the use of air defense systems.
Turbulent separation in the presence of VVG begins
at smaller angles of attack, judging by the earlier
appearance of a characteristic nonlinearity in the
behavior of the dependence ¢ , = f(a), most likely

due to increased turbulence of the boundary layer by
longitudinal vortices from the VVG and their

departure from the airfoil surface earlier than the
beginning of the separation of the turbulent

boundary layer [12], [13][.

Visualization of the structure of the airflow was
carried out with the help of mulberry profile models
pasted on the surface (Fig. 3).

Fig. 3. Visualization of airflow blowing of the aerodynamic airfoil surface without and with VVG: (a) — the angle of
attack 12° with VVG; (b) — the angle of attack 12° without VVG; (¢) — the angle of attack 12.5° without VVG; (d) — the
angle of attack 12.6° without VVG; (e) — the angle of attack 13° with VVG; (f) — the angle of attack 23° with VVG

A pair of large vortices rotating in the plane of
the surface of the profile model is formed in the
region of the separation by the VVG, which creates
a cross-flow.

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 [12], [13], the visualization results
confirm the complexity of vortex structures, their

interaction with the boundary layer, especially in the
conditions of the creation of large longitudinal
vortices from the VVG, which 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, only after the global
separation, a pair of large vortices is formed in the
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plane of the surface near the toe of the profile. When
installing the VVG, a pair of vortices is also formed
at smaller angles of attack in the nose part of the
profile, but 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 in
the wake of the VVG we have a longitudinal vortex
that restrains the global separation by interacting
with the boundary turbulent layer, dividing it 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.

IV. CONCLUSIONS

The main features of experiment in the wind
tunnel aimed at researching aerodynamic
airfoilmodels using volumetric vortex generators are
represented. The three types of aerodynamic
airfoilmodels are characterized.

The graphs show the change in the aerodynamic
force coefficients in the speed coordinate system
depending on the angle of attack at the different
distances from the toe. In these graphs, the presence
or absence of volumetric vortex generators is taken
into consideration.

The visualization of airflow blowing for the
acrodynamic airfoilsurface without and with
volumetric vortex generators is shown.
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O. I. Knanos, O. A. Cymenko, B. B. Opasanckmii. Jlocnimkennss mopeni aepoamHamiuyHoro mpodiamo 3
BUXPOYTBOPIOBAYaMU B aepOAMHAMIYHIA TPYOi

VY crarti mocmipkeHO Mozenb Npodiaro Kpuia Oe3MIOTHOrO JITaJIbHOrO amapara B aepoauHaMidHiil TpyOi 3
BUKOPHCTaHHIM 00’€MHHX BUXPOBHX reHeparopiB. OnmcaHo o0’€MHI BUXPOYTBOPIOBaYl TPHOX THIIB Ui KOHKPETHOT
MPOAYBAIBHOI MOJENI 3 ypaxyBaHHSAM I TE€OMETPUYHHX XapaKTepHCTHK. HaBeneHO OCOOIMBOCTI YCTaHOBJIICHHS
00’€eMHHMX BUXPOYTBOPIOBAaYiB Ha TIOBepxHI Mojeni npodinro. IlpencraBieHo 0COOIMBOCTI EKCIIEPUMEHTY B
aepoJuHaMiuHii TpyOi. Iloka3aHO NOpIBHSUIbHE 3MIHIOBaHHS aepOJMHAMIYHHMX XapaKTEPUCTHUK MOJeNi Mpodimo 3
00’€MHMMH BUXPOYTBOpIOBaYaMH Ta 0e3 HUX y BUNIAAL TpadiuHux 3anexHocTeil. [lopiBHSIHHS MPOBEACHO IS Pi3HUX
3Ha4eHb yncen PeliHonbca. [IpoBeneno anaiiz orpuManux 3anexHocrei. [IpoimtocTpoBaHo Bi3yasi3alliiro MOBITPSHOTO
MOTOKY EKCHEPUMEHTAIFHUM NUIIXOM. Pe3yibraT CIpsMOBaHI Ha ITOKpAIIEHHS aepOAWHAMIYHHMX XapaKTEpUCTHK
0e3MIOTHHX JIiTabHUX anapartiB. OCHOBHE 3HAUYEHHsI JOCIIKEHHS MOJISIrae B yIOCKOHAJICHHI TOBEIIHKH O€3MUJIOTHUX
JITaNbHUX amapariB y 30HI KPUTHYHUX KyTiB artakd. OTpuUMaHi pe3yiabTaTH MOXYTh OyTH KOPHCHHMHU TaKOX JJIs
JITaKiB HIMPOKOTO Kiacy.

KawudoBi caoBa: mnpodine kpuia; 00’€MHHI BUXpOYTBOpIOBAadY; aepojWHaMiyHa TpyDda; aepoxuHaMivHi
XapaKTEePUCTUKH; aepOJMHAMIYHA SKiCTh; EKCIIEPUMEHT.
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