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Abstract

The paper presents an analysis of two alternative methods of influence on integral aerodynamic characteristics at large
angles of attack with global flow separation. Firstly, the approach related to flat low-profile turbulators is reviewed.
Then the leading edge vortex generators (LEVGs) of complex volumic shape are introduced as a more recent and
efficient approach. It is explained how vortices generated at the upper surface shaped in a special way reach the
trailing edge region and change conventional vortex pattern of the wing. The last section is devoted to a numerical
modelling of vortex flow wings of unmanned aerial vehicles (UAVs).
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1. Introduction

The development of aviation, in particular in
unmanned aerial vehicles area, makes researchers
look for new ways to ensure all-weather vehicle
operation, correct operation of automatic flight
control systems as well as to increase level of flights
safety.

Nowadays the question of the protection of the
aircraft from the global flow separation and the
improvement of aerodynamic performance at high
angles of the attack is solved by means of high-lift
and flow control devices on the wing leading edge
(slat, slot, droop nose, Krueger flap, turbulators,
vortex generators) and wing trailing edge (flaps,
vortilons, turbulators, turbulators, vortex generators)
[1, 2]. There are also the active flow control methods
for lifting surfaces by means of blowing, suction,
pulsating jets, electromagnetic disturbances, etc.
However, they do not find practical application due
to significant energy costs [10].

The global stall on the aircraft wing is an
unsteady vortex flow in a gradient flow (Fig. 1). As
a result of the global stall, aerodynamic performance
of a wing varies significantly. Flow separation on
the suction side of a wing is accompanied by a
decrease in the efficiency of the control surfaces

(ailerons, flaps, elevators and rudders), which leads
to loss of controllability and stability of an aircraft.
Avoiding global flow separation allows to increase
aircraft safety level, increase the range of flight
angles of attack, contribute to wind gusts alleviation,
and improve flight conditions in a non-stationary
rough air.

In contrast to previous methods of boundary layer
control by means of turbulators, recently more
research works related to the study of flow around a
wing with various vortex generators are being
introduced. Such type of devices is characterized by
the use of flow energy outside the boundary layer of
the wing to form vortices along the wing chord in
the form of an organized swirling flow. The
longitudinal  vortex generators (LVGs) are
completely changing the conventional pattern of
flow around wing under a global stall at post-critical
angles of attack. The features of these flow control
devices involve increase in critical angle of attack (a
cr), elimination of static aerodynamic hysteresis,
impact on distribution of lift coefficient and
circulation along the wing and decrease in lift-
induced drag due to the influenced sidewash. LVGs
swirl the potential flow at the leading edge of the
wing into a non-stationary screw vortex flow.
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This work proposes an innovative concept of
changing the pattern of flow around finite wing. At the
post-critical angles of attack, transverse vortex is
replaced by a non-stationary organized longitudinal
vortex flow. The corresponding experiments were
planned and partially realized. These experiments are
aimed at verification of improvements in aircraft flight
safety, UAVs piloting, aerodynamic performance of
the wing and the empennage at post-critical angles of
attack in rough air and during take-off and landing.
Experimental investigation of flight performance in the
post-critical flow regime will provide the necessary
information for development of theoretical models of
longitudinal vortex flow, and also create the necessary
theoretical basis for the development of the theory of
vortex influence on the wing and the creation of a
series of vortex flow airfoils designed for UAVs, light
and transport aircraft.

(a)

- . )

Fig. 1. Visualization of the global separation by means
of numerical modeling performed on the section of the
wing with NACA-0015 airfoil: a) commencement of the
separation on the leading edge; b) vortex formation on the
leading edge; c) the vortex separates from the leading
edge and commencement of the vortex formation at the
trailing edge; d) separation of the vortex from the trailing
edge and the leading edge vortex breakdown [3].

2. Analysis of recent research and
publications. Problem statement

Low-profile vortex generating turbulators and
analysis of their effectiveness

Design of modern aircraft often employs low-profile
vortex generating turbulators (VRTs) for a flow
around a wing, a tail unit and a fuselage (Fig. 2).

The vortex formation from turbulators produces a
positive effect on a small area because of its low
energy intensity. Despite this fact, VRTs are widely
used on modern aircraft. An example of their use is
shown in Fig. 3.

In order to guide an airstream in vicinity of
leading and trailing edges of the wing, the vortilons
generating macrovortices are employed. Vortilons
can have a different shape such as a streamlined,
corrugated or plate-like shape.

Fig. 2. Different types of low-profile vortex-forming
turbulators

VRTs are used mainly on the aircraft wings.
However, they can also be used on the airplane
control surfaces and fuselage. VRTs are used to
control local flows and eliminate the separation on
the fuselage, nacelles, decreasing interference drag
and hindering buffeting. They can also be used to
enhance turbulent mixing increasing speed near the
wall, which improves the capability of an airflow to
overcome adverse pressure gradient and increased
friction. Therefore, other things equal turbulent
boundary layer separates further downstream
comparing to laminar boundary layer [3].

This statement is the basis for using turbulent
flow in order to control stall on lifting surfaces.In
order to increase the control performance of the
aerodynamic surfaces, they are installed just behind
the leading edge. In practice, several rows of
turbulators are used, which are installed along the
chord of a wing. On a modern passenger aircraft
Boeing 737 VRTs are installed in front of the
separation zone in the middle of the wing and in
front of aileron in order to improve its effectiveness,
see Fig. 3.

Fig. 3. VRTs installed in front of an aileron and the
separation zone (Boeing 737)
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The successful application of low-profile vortex
generators to prevent the development of a boundary
layer separation depends to a great extent on the
intensity and location of individual vortices in the
region of a positive pressure gradient than on
downstream boundary layer profile [4]. Vortex
generators bring energy from the external flow to the
boundary layer and are used mainly to prevent a
separation of the flow that has not been separated
yet. Their influence is evaluated by their
participation in a flow mixing process and a
formation of secondary velocity field downstream
through the induced vortex structures [5, 6]. If the
VRTs are placed properly with respect to flow field,
then the spiral flow of fluid in a vortex causes the
high-energy external flow to be involved in
changing velocities profile in the boundary layer.
[6]. Based on this fact, the use of vortex generators
also leads to a decrease in the thickness of the
boundary layer. A comprehensive overview of low-
profile vortex generators for the flow separation
control is presented in [7]. The different types of
VGs and evaluation of their effectiveness are given
in Fig. 4.

Modern vortex flow control methods for
influencing flow around lifting surfaces at large
angles of attack can be divided into passive and
active methods (swirling flow by blowing air jets).
The most widely used methods of passive influence
on the structure of the flow are the techniques
utilizing vortex generators located near the local
separation zone with a height slightly bigger than
thickness of the boundary layer of the VRTs.

The effect of VRTs has a positive influence on a
quite limited area. This is the reason for using VRTs
in several rows or enhancing a turbulence intensity
of the boundary layer by means of devices, which
yield higher vortex intensity such as vortilons.

Passive VRTs generates vorticity in the boundary
layer, which is insufficient to eliminate flow
separation along whole wing chord, especially at
post-critical angles of attack.

The use of VRTs at the leading edge is dangerous
from an ice protection point of view. It is possible
that ice accumulates on the devices even during a
thermal anti-icing systems operation on a leading
edge of a wing. This is an another reason why it is
most rational to use turbulators for delaying flow
separation in front of ailerons, which ensures more
efficient bank control by means of ailerons at high
angles of attack.
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Fig. 4. Comparison of overall flow control efficiency for
different VRTs geometries

However there is no available information
regarding efficiency of such devices positioning in
terms of increasing the critical angle of attack. It is a
reasonable assumption that in the presence of a
global flow separation from the wing leading and
trailing edges in the form of large transverse
vortices, the turbulators located in this way would be
ineffective. To tackle the separation from the leading
edge of the wing, the original solution would be to
install VRTs on a wing slat. It is clear that VRTs in
this case goes beyond the boundary layer.

For more pronounced vortex flow activation on
the wing, vortilons are installed on the leading edge
of the wing in the area of slat attachment.

Effective methods of using different types of
turbulators and vortilons as a means of generating
large longitudinal free vortices are being developed.
Some of the prospective application areas of VRT
involve aerodynamic interference and aerodynamic
noise reduction. Nonetheless all techniques of using
VRTs lead to an increase of approximately 20 drag
counts in the drag coefficient.

The effectiveness of VRTs can be estimated by
the area of influence. The most effective areas of
impact are HPT type blades (Vane-typeVGs).
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The results of investigation in the aerodynamic
wind tunnel TAD-2 NAU on the VRTs performance
at the post-critical angles of attack revealed that
turbulators are limited by their area of influence,
lead to complex nonlinearity behavior of
aerodynamic characteristics, and an increase in lift
coefficient does not exceed 0.1 [11]. Therefore,
effectiveness of VRTs is not sufficient for tackling
large detached vortices under global stall conditions.

At cruise angles of attack, VRTs tend to increase
drag force. There is practically no influence of
turbulators on downwash and induced drag. Paper
[8] studies low Reynolds number flow around
airfoils. It has shown a significant difference in the
aerodynamics of low Reynolds numbers comparing
to generally accepted theories developed for flow
regimes corresponding to civil airliners cruise
conditions. In order to improve wing performance at
low Reynolds numbers, it is recommended to
achieve a post-critical flow conditions while using
turbulators in the form of a wire placed in front of
the wing. The work presents the investigation results
of Go-625 airfoil with turbulating wire, which is
stretched in front of the leading edge. As a result of
the optimal installation of the turbulator in front of
the leading edge an increase in lift-to-drag ratio at
small Reynolds numbers was achieved.

Wing strake is a leading—edge root extension
(LERX) adjacent to a fuselage with a large sweep
angle and an acute vortex generating leading edge of
a special planform shape [11]. It has been proved
that longitudinal vortices have a positive effect on
aerodynamic performance at large angles of attack
both in subsonic flow regime during landing and in
the case of supersonic speeds, see Fig. 5. The study
of the Ilongitudinal vortices effect on wing
aerodynamic characteristics was intensively carried
out in 1970s.

In the paper by K. Fediaevskii [10], results of a
study of delta wings with strake are given. It has
been proved that the strakes efficiently increase lift
force of low aspect ratio wing of modern supersonic
fighter at large angles of attack.

Monograph [11] presents an investigation of
longitudinal vortices generated by strakes. It was
shown that under the influence of a longitudinal
vortex the dilution on the wing increases as well as
lifting force and the critical angle of attack.

At angles of attack of more than 14 degrees the
vortex begins to collapse in the region of the trailing
edge and the gradient of the lifting force decreases.
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Fig. 5. Distribution of velocity in the vortex core on
the wing of moderate sweep with a strake [11]
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The vortices are limited in stability and length.
The vortex destruction starts occurring when
pressure in the vortex core rises. After the
destruction, the vortex abruptly disintegrates and
disordered perturbed turbulent flow appears. Fig. 6
depicts vortex pattern and the corresponding
pressure coefficient distribution. This phenomenon
is called "vortex breakdown".

3. Experimental investigation

For a more efficient impact on the global stall, it is
proposed to use the vortex generators of a
volumetric shape with strakes installed on a wing
leading edge. They create a much more efficient
vortex flow emerging from suction side. Previously
performance of leading edge vortex generators
(LEVG) was compared against turbulators [11-12].
The device performs more efficiently comparing to
turbulators.

The study of vortex generators aerodynamic
characteristics at large angles of attack was carried
out at National Aviation University (NAU) in Kyiv
in subsonic wind tunnel in static and dynamic modes
of angle of attack variation. Vortex generators in the
experiment are of symmetrical strakes shape, which
follows the airfoil contour.

In static mode, aerodynamic studies of vortex
generators at the leading edge of the wing were
carried out in the UTAD -2 NAU wind tunnel. The
experiment was conducted at speed of 30 m/s,
Reynolds numbers of 2-10°.
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The wing model length is 0.4 m and width is
0.15m, which corresponds to a wing area of 0.06 m”
and low aspect ratio of 2.5.
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Fig. 6. The position of vortices on a wing of moderate
sweep with a strake [11]

Fig. 7. A general view of vortex generators
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Fig. 8. Types of the tested flow control devices: a)

trapezoidal turbulators; b) option 1 LEVGs; ¢) option 2
LEVGs; d) option 3 LEVGs

The investigation was done for symmetric vortex
generators . The dimensions are depicted in Fig. 7.
The ranges corresponding to b = 30-70% c, H = 20-
60% c, s = 8-110% ¢ were studied and optimal
values were selected.

Lift coefficient and lift-to-drag ratio curves are
depicted in Fig. 9 — 10. The analysis reveals that all
types of the devices are more efficient in the area of
post-critical angle of attack and up to 30 degrees
comparing to a clean wing where the global flow
separation occurs at 18°. The performance of vortex
generators can be increased by optimizing shape and
angle of the incidence. Higher efficiency of vortex
generators can be attained by implementing variable
angle of incidence.

The next tasks can be accomplished by means of
vortex flow wings and empennage:

* Increase the critical angle of attack up to
50%, which guarantees flight safety in strong wind
gusts (especially important for weatherproof UAV);

1
o8

06 H

s Unmodified

=== Turbulators
Option 1 LEVGs

i Option 2 LEVGs

i Option 3 LEVGs
o0 5 0

04

Fig. 9. Comparison of lift coefficient curves for all
studied configurations
1 — Unmodified; 2 — Turbulators; 3 — Option 1 LEVGs;
4 — Option 2 LEVGs; 5 — Option 3 LEVGs;
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Fig. 10. Lift-to-drag ratio dependency for all studied
configurations
1-Unmodified; 2 — Turbulators; 3 —Option 1 LEVGs;
4— Option 2 LEVGs; 5-Option 3 LEVGs;

* Eliminate aerodynamic hysteresis that
simplifies piloting at critical angles of attack;

* Reduce dynamic loops of aerodynamics
characteristics during unsteady oscillation motion of
the wing;

*  Reduce induced and vortex drag at high
angles of attack;

*  Exclude wing autorotation and aircraft spin
at high angles of attack;

* Improve ailerons
characteristics;

*  Eliminate wing trailing edge flutter;

+ Improve flaps effectiveness;

* Improve the aerodynamic performance in
rain and icing conditions;

* Eliminate the separation and reverse flow
zones on helicopter blades;

+ Improve stability of
transition;

* Reduce interference drag between airframe
structures;

+ Improve stability and control of «canard»
aircraft with vortex-active foreplane;

* Improve the effectiveness of horizontal and
vertical tail;

+  Stabilize the momentum characteristics of
longitudinal and lateral motion of the aircraft;

* Improve takeoff and landing performance,
expanding the exploitation range short takeoff and
landing aircraft;

*  Reduce the landing speed of the aircraft up
to 10% or more.

and rudders control

tiltrotor  aircraft

4. Numerical simulation of flow around a wing
with an asymmetric vortex generator

Modern capabilities of  high-performance
multiprocessor computing systems, which consist of
an assembly of individual hardware components,
allow aerodynamicists to solve the applied problems
of non-stationary aerodynamics. One of the actual
tasks is to determine aerodynamic characteristics of
a vortex flow wing equipped with longitudinal
vortex generators on the front edge. All-weather
airplanes should, in the first place, be protected from
dangerous wind gusts and remain stable and
manageable in post-critical flight modes.

An efficient solution to the problems of
aerodynamic performance enhancement of the wing
with the vortex generators by the organized vortex
structure of the flow is possible using Computational
Fluid Dynamics (CFD) software packages.

In  Ukraine, validation of  post-critical
aerodynamic characteristics using Ansys was carried
at Dnipro University [13]. In the dissertation of
Redchits D.A., an analysis was performed on the
basis of the RANS method with SA, SARC and
SALSA turbulence model. The analysis revealed
that estimation of lift and drag force coefficients at
small angles of attack is well in line with the
experiment. However, at post-critical angles of
attack such as 15°, there is large discrepancy in the
results for both the coefficient of lift and force
comparing to the experimental value.

The choice of the turbulence model is crucial for
the task of numerical modelling of organized vortex
flow around a wing. It is precisely turbulence
modelling that is the source of the biggest errors and
requires extremely high computational costs.
Turbulence model selection requires a valid
approach on the user's side, which takes into account
the physics of the considered flow.

The features of organized longitudinal vortex
flow around a wing involves dramatic change of the
flow around wing pattern at large angles of the
attack , positive effects of the attached transverse
vortices elimination, increase in the critical angle of
attack, and elimination of static hysteresis of
aerodynamic characteristics.

Due to the complexity organized vortex flow
around wing simulation, it is clear that precise
aerodynamic forces estimation would require
extensive preliminary validation studies, high-
fidelity grids and computational setup. As for the
flow pattern analysis, it is expected that RANS
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modelling approach with corresponding grid and
valid selection of turbulence model provides
reasonable  estimate.  Detailed classification,
guidelines and numerous numerical examples of the
application of turbulent flow modelling methods are
given in the books [14, 15].

This paper presents the numerical modelling
results of the developed of the vortex (spiral) flow
generated by the LVG obtained by means of RANS
method with SST turbulence model in ANSYS
software.

Due to the limited time for the certified software
product and computer facilities use, the problem was
simplified by investigating flow around a wing with
only one vortex generator. The purpose of the
investigation is to study kinematics of the
longitudinal vortex and corresponding pressure and
velocity fields. The lifting surface corresponds to a
foreplane model of an unmanned aerial vehicle.
Investigation of such control surfaces is important
for improving the stability and controllability of
UAV at high angles of attack under the influence of
vertical wind gusts or control mistakes.

The studied foreplane model (Fig. 11) involves
P-IIIA-15 airfoil with a maximum relative thickness
c=15%, relative distance from the profile leading
edge to maximal thickness loation xc=0.25,
maximum relative curvature f=4,572 %, relative
distance from the profile leading edge to the
maximum curvature x/= 0.25, tip chord of 0.145m,
root chord of 0.245m, area of 0.1069 m? span of
0.55 m, aspect ratio A = 2.9, sweep angle at the front
edge of 10°. The boundary conditions were set
according to the angles of attack range of 6-20° and
flow speed of 30 m/s.

Fig. 11. Foreplane CAD model

Characteristics of LVG involve asymmetric
shape; length corresponding to 15% of a chord,
maximum width of 0.015 m; vortex generating
surface of gothic shape. According to the TsAGI

studies published in the monograph [11], the gothic
shape of the vortex generating edge is the most
efficient. The vortices created by sharp leading edge
of a vortex generator, are more resistant to
breakdown in a trailing edge region.

The results of the numerical modelling based on
Navier-Stokes equations

The following quantities were studied:
- pressure distribution along the wing surface;
- visualization of the streamline of the vortex
flow generated by LVG;
- velocity field in the wing region.

Fig. 12. Pressure coefficient distribution over the upper
surface of the wing

Fig. 13. Chord location corresponding to the pressure
coefficient distribution chart

In order to study features of a vortex flow
kinematics generated by LVG, structured grids for
both an unmodified wing and a wing with a vortex
generator were manually created in ANSYS ICEM.
The size of the grid for the wing with a vortex
generator is 3772538 elements. In order to improve
stability and accuracy of a calculation, a rectangular
computational domain corresponds to 30 chords
lengthwise and 20 chords heightwise.
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Fig. 12 shows the results of the calculation in
terms of pressure distribution on the upper surface of
the wing and device.
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Fig. 14. Pressure coefficient distribution over the upper
surface of the wing

Fig. 15 reveals that flow is accelerated from 55
m/s to 88 m/s in a flow around the leading-edge
vortex generator.
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Fig. 15. Velocity magnitude variation in streamlines
in the region of the leading edge of the wing
with vortex generator (o= 16°)

Visualization of two longitudinal vortices using
streamlines is presented in Fig. 16. The right vortex
is vortex generating edge of the LVG while the left
vortex is formed as a result of the interference
between the LVG and the wings. Due to high
intensity, the right longitudinal vortex reaches the
trailing edge of the wing and deviating from straight
chordwise trajectory, due to the wing sweep.

Velocity magnitude in a vortex streamline of a
flow around an airfoil is increased to 86 m/s from 30
m/s freestream velocity.

b

Fig. 16. Streamlines and velocity magnitude variation on
the suction surface of a wing at 0=16"

The result of the experiment will serve as a basis
for the design of updated LEVGs. The appearance of
small parasitic vortices should be prevented while
the main longitudinal vortex generated by each
vortex generator should have sufficient intensity to
reach trailing edge. Future studies will be aimed at
creating a new optimal form of LEVGs taking into
account all aspects of interaction between a wing
and a device.

5. Conclusions

LVGs of an original shape with vortex generating
surface of gothic planform shape were studied by
means of numerical modelling. A model of UAV
foreplane with a single LEVG was used for this
purpose.

The investigated vortex generator changes the
vortex structure of the flow around foreplane at large
angles of the attack (ou~16") while at the angles of
the attack o<10°, the effect is small. Thanks to
volumetric curved shape, flow around vortex
generator is significantly accelerated. It also
generates a swirl in form of longitudinal vortex.

The longitudinal vortex reaches the foreplane
trailing edge and prevents development of flow
separation from the trailing edge. It also prevents a
dynamic flow separation in a region of the foreplane
leading edge. This leads to global stall elimination.

As a result of the simulation, a conclusion is
made regarding LVGs geometry and the prevention
of the development of parasitic vortices. The future
investigations can concentrate on LVGs shape
optimisation for new airfloils tailored to vortex flow.
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0e3MiJIOTHUX JITaJbHUX alaparis.

KiouoBi ciioBa: BHXPOAKTHBHE KpWIJIO; aepoAMHAMIYHA XapaKTEePUCTHKA; 3aKPUTHYHI KYTH aTakH,
TypbomnizaTopu; 00 ‘€MHI BUXpOTeHepaTopH; r100aIbHIH BiJpUB; MaTeMaTUYHE MOJCTIOBAHHS
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[TpoBenéH aHanmm3 ABYX aNbTCPHATHBHBIX METOJMOB BIHMSHUS Ha WHTETPAIBHBIC adpPOJUHAMHYECCKUE
XapaKTePUCTUKH Ha OONBINIMX yIiax aTakd IMpH T[IOOATEHOM OTPBIBE MOTOKA MPH IOMOIIUIUIOCKHX
HU3KONMPO(MUIBHBIX TYpOYJIH3aTOpPOB M BHXpeoOpazoBareneii 00beMHOH (OpMBI 3 OTPBIBHOW mepeaHei
KPOMKOH, KOTOpasi (OpMHUpPYET BUXPEBBIC XKI'YTHl B 30HE IeperHeld KPOMKH Kpbiaa. JKTyTel JOCTHTAIOT
3aJHed KPOMKH, 3aMCHss TPAIULHMOHYI0 BHXPEBYIO CTPYKTYpy OTpbIBA W IIOJIOKUTEIBHO BIHSIOT Ha
a’pOIMHAMHYECKUE XapaKTePUCTHKU. PacCMOTpeHa KOHLETIIS Pa3BUTHS MaTEMaTHYECKOTO MOACIUPOBAHUS
BUXPEAKTUBHOTO O0TEKaHUsI KpbLla OC3MIIOTHBIX JIETATEIBHBIX allapaToB.

KitoueBbie c¢JjI0Ba: BHXPEAKTUBHOE KPBUIO; a’pOJUHAMHYECKAs XAPAKTEPUCTHKA; 3aKPUTHYECKHE YTIIbI
aTaku; TypOyIH3aTopbl; 00bEMHBIC BUXPETeHPATOPbI; II00ANBHBINH OTPHIB; MATEMAaTHYECKOE MOICTTUPOBAHHE
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