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ABSTRACT: This paper studies the influence caused by a vortex generator (VG) on a wing section with NACA 0015 airfoil when this
generator is located before and after a recirculation bubble caused by the boundary layer detachment. The study was numerically carried out
and concentrated under conditions of flow with Re_ = 2.38 x 10° and angles of attack AoA = 3 and 6, characterized by the fact that they
undergo detachment of the boundary layer before and after the location of the VG, respectively. The use of the generator in AoA = 3 strongly
influenced the reduction of the recirculation bubble, leading to a drag reduction of 1.43%. In AoA = 6 with a bubble recirculation, the effect
was much lower; with no welldefined formation of longitudinal vortices, resulting in increased drag and lift at 0.33 and 0.35%, respectively.
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INTRODUCTION

Currently, there is a great effort in the aeronautical industry focused on developing means to control the flow on the aircraft,
seeking to improve its aerodynamic performance with the increase of the lift and maximum reduction of the drag on the structure.

According to Schlichting (1979), in low Reynolds (Re) numbers, curved surfaces are susceptible to the detachment of the
boundary layer occurring mainly in curved bodies due to pressure distribution gradients. When this gradient tends to be contrary
to the flow direction (i.e. [dp/dx] > 0), the boundary layer encounters resistance to its development, extending to the point where
it detaches from the surface, generating a recirculation region (low pressure), which can increase body drag.

Many airfoils operating in Reynolds number as a function of wing chord length Re_< 10° have a separation bubble at angles
of attack smaller than the stall angle; just after this bubble, a turbulent boundary layer is observed (Kerho et al. 1993).

The boundary layer represents a large part of the drag of an aircraft, and its separation consists of large loss of energy (Gardarin
et al. 2008). One of the solutions found to delay the occurrence of this detachment is the vortex generators (VG), which for Lin (1999)
are small fins or airfoils extended in the normal direction to the surface, being arranged with a slope relative to the direction of the flow.

According to Lin et al. (1991), these vortices have a fundamental role in the control of the boundary layer, since they add
momentum to the boundary layer, redirecting the high moment of external flow to regions near the surface, causing the boundary
layer to overcome the resistance of the adverse pressure gradient, which in turn eliminates or retards the layer detachment point.

There are many geometries and arrangements that can be applied to the VG, from rectangular, triangular, trapezoidal, to
more complex geometries. Several geometries have been studied as can be observed in the work of Lin et al. (1991), Ashill et al.
(2001, 2005), Tebbiche and Boutoudj (2014), as well as revealed in the patent documents of Wheeler (1981) and Veryan (1950).
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According to Manolesos and Voutsinas (2015), the use of VG is one of the simplest and most efficient boundary layer control
techniques currently available, moreover, is usually the fastest and cheapest solution to control the flow (Fouatih ef al. 2016). These are
some of the reasons for the growing number of studies related to VG and their application in other areas besides the aeronautical sector,
such as their use in wind turbine blades as observed in recent works by Zhang et al. (2016), Gao et al. (2015), Troldborg et al. (2015).

Another large field of application is particularly the automotive industry. Studies have been conducted primarily with regard
to race and high-performance cars as presented by Troldborg et al. (2015), Kuya et al. (2009, 2010) who brought a focus on the
use of VG with ground effect. For Booker et al. (2011), competition vehicles are also an example of the application of large-scale
VG, which have a dimension much larger than the thickness of the boundary layer described by Katz and Morey (2008), where
that aid diverts the wake of the flow away from intakes, ducts and other vehicle parts.

In the present work, the influence of the VG on a wing section with NACA 0015 airfoil at an angle of attack AoA = 3 in number of
Reynolds Re_=2.38 x 10°, which, according to Robarge et al. (2004), under these conditions, the boundary layer on the airfoil undergoes a
brief detachment over a distance of 0.38c and then reattach at 0.56c from the leading edge. Due to this fact, the VG was placed before this
region in an attempt to reduce this phenomenon. The case in AoA = 6 and the ability of the VG to form the longitudinal vortices when the
recirculation bubble falls on it is also studied, since in that condition the boundary layer after detachment reattach exactly on the VG position.

TESTS BASED ON NACA 00015 AIRFOIL

The main objective of this work is to study the interference generated by vortex generators in the flow on a wing with NACA 0015
airfoil, mainly emphasizing the variation of pressure, drag and lift due to the presence of VG in Re_=2.38 x 10° and AoA =3 and 6.
The wing has chord length ¢ = 252.3 mm, being:

Re = pV.c

€. 1)
u

i

where: V_: flow speed, y: dynamic viscosity and p: specific mass.

The vortex generator was developed and sized for a runoff at Re_=2.38 x 10° and angle of attack AoA = 3, knowing that under
these conditions the boundary layer undergoes a brief detachment over a distance of 0.38c and reattach at 0.56¢ from the edge
of attack, Robarge et al. (2004). The height of the VG was dimensioned in the same order of magnitude of the thickness of the
boundary layer 8, , . .
The geometry is shown in Fig. 1, with the generator surface starting at 0.29c increasing linearly until it reaches VG height

= 1.1mm at the point where the generator (0.33c) is located.

(h) = 1.2 mm at 0.33c and decreasing as an arc of circumference, until the distance of 0.336¢.
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Figure 1. Sizing of vortex generator.
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NUMERICAL METHOD

The Navier-Stokes equations are solved using the finite element method with Altair HyperWorks CFD trading code, using
the turbulence model of a Spalart-Allmaras (SA) equation.

The SA model was chosen because it presents sufficient accuracy to quickly solve the external boundary layer with adverse pressure
gradient (Versteeg and Malalasekera 2007), more details about the model can be seen in the work of Spalart and Allmaras (1992).

The computational domain is represented in Fig. 2, the simulation had the studies concentrated in Re_= 2.38 x 10°in AoA =3
and 6. Figure 2 also shows the boundary conditions used in the simulation, numbered as: Region 1 (symmetry condition), Region
2 (free flow condition, which determine the conditions of the inflow and outflow of the domain), and Region 3 (no-slip condition,

on the face representing the surface of the wing).

2
. 3
—_—
INLET 1
—
2 1 - -2
2

Figure 2. Computational domain and boundary conditions.

The mesh (Fig. 3) used in the boundary layer region contains prismatic volume elements, while the remainder of the domain

is composed of tetrahedral volume elements.

Figure 3. lllustration of the volumetric mesh near the VG.

VALIDATION

The validation of the results was performed with the airfoil without the vortex generator. Firstly, the validation of the code was
performed using the wind tunnel data obtained from the work of Sheldahl and Klimas (1981), who performed numerous wind
tunnel tests of various airfoil profiles, including NACA 0015 airfoil.
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The validation was done with the experimental data in Re_ = 3.6 x 10° because it was the experiment found closest to the
conditions studied in the present work, for the validation three meshes were created: Mesh 1 = 1.7 x 10%, Mesh 2 = 3.1 x 109,
Mesh 3 =5 x 10° elements, presenting good results, as shown in Fig. 4 and Fig. 5. The mesh convergence was performed for all
the tests carried out, being chosen the mesh with 5 x 10¢ elements, due to the good convergence of the results, and a moderate

computational cost (Fig. 4).

0.7 — Mesh 1 (C))
0.6 — Mesh 2 (CL)
— Mesh 3 (C))
0.5 — Reference: R. E. Sheldahl;
041 P. C. Klimas. (C))
O
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0 T T T T T 1
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Figure 4. Lift coefficient (C ) as a function of the angle of attack comparing
numerical result with the experimental data in wind tunnel.
00.67 —Mesh 1 (C,)
00.5- — Mesh 2 (C))
: — Mesh 3 (C))
| — Reference: R. E. Sheldahl;
00.4 :
P. C. Klimas. (C,)
U 00.3
00.2-
00.1
0 T T T T T ]
0 1 2 3 4 5 6
AoA
Figure 5. Drag coefficient (C,) as a function of the angle of attack comparing
numerical result with the experimental data in wind tunnel.
RESULTS

In Re_= 2.38 x 10° and AoA = 3, the emergence of the expected separation bubble was observed, whose detachment of the
boundary layer occurs at ~ 0.34c and immediately reattach at ~ 0.63c. Figure 6 shows a bluish region (low speed) extending a
considerable percentage of the chord, which indicates that the fluid is being braked. According to the enlarged detail presented,
it is evident that this is a region of recirculation with velocity vectors opposite to the flow.

When increasing the angle of attack for AoA = 6, the recirculation bubble travelling towards the leading edge can be observed,

with the boundary layer detachment at ~ 0.13c and reattaching at ~ 0.33c. Figure 7 shows the field as well as the recirculation region.
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Figure 7. Profile of the velocity field in Rec = 2.38 x 10° and AoA = 6 with extended detail.

EFFECT ON THE SPEED PROFILE AND DETACHMENT REGIONS
The study of the influence of the VG on Re_= 2.38 x 10° was carried out based on three plans of measurement (Plan 1, Plan
2 and Plan 3), represented in Fig. 8, where wing width (S) = 24 mm.

Plan 2
Plan 3 ~ S
/

Plan 1
)

Figure 8. Plans of pressure and speed taking.

The occurrence of well-defined counter-rotational longitudinal vortices extending over almost all extrados of the wing was
observed in AoA = 3, a strong interaction of these vortices over the recirculation region was observed in the longitudinal region

contained near to Plan 3 (Fig. 9).

0.9°C
0.8°C
0.7°C
0.6°C
0.5°C
0.4°C
0.3°C
0.2°C

0.1°C

Figure 9. Representation of detachment and reattachment regions over the wing
without (left) and with (right) VG in Rec = 2.38 x 10° and AoA = 3.
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Figure 9 shows a comparative between the simulation without (left) and with (right) VG, where the red and blue lines are given
by the program, representing the considered points of detachment and recollection by the software, respectively. Some random
lines that appear do not physically represent the actual regions of detachment and recollection are generated due to some implied
numerical error loaded in the model of analysis that estimates these regions. For clearer and representative results, the simulation
with VG the regions that were actually considered the region of separation are delimited by a yellow line, this line was stipulated
through a careful analysis of the flow based on the velocity vectors. This yellow line makes the interaction of vortices visible
by adding kinetic energy and forming a sort of boundary layer aisle attached to the surface, where it was once a single large
recirculation bubble.

The numerical analysis showed that the region below the longitudinal vortices location did not show detachment due to the
greater amount of kinetic energy injected in the region near the surface in that region. While on the Plan 3 where the vortices
meet, there is a strong interaction between them just after the VG inducing the increase of the velocity component in the normal
direction of the surface, because the vortices are counter-rotating. This eventually generates a small region of boundary layer
detachment and this reattachment increase in the turbulent flow intensity, which added the action of the vortices by throwing
the fluid with low kinetic energy out of the boundary layer, making the boundary layer to remain attached to the surface along
the rest way (Fig. 10).

The recirculation bubble would decrease considerably near the vortices, as can be seen from Fig. 10 and 14, which show the flow

velocity profile along the wing (in comparison with profile without VG, Fig. 11). The vortices are seen more clearly through Fig. 15.

Velocity_magnitude

Figure 12. Velocity profile on NACA 0015 airfoil with VG in Plane 3 in Rec = 2.38 x 10° and AoA = 6.
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Figure 13. Velocity profile on NACA 0015 airfoil without VG in Plane 3 in Rec = 2.38 x 10° and AoA = B.

Velocity_magnitude

Figure 14. Perspective view of the transverse velocity profiles on the NACA
0015 airfoil with VG in Rec = 2.38 x 10° and AoA = 3.

Figure 15. Perspective view of the longitudinal vortices generated by the VG in Rec = 2.38 x 10° and AoA = 3.

The simulation in AoA = 6 showed that the recirculation bubble directly falls on the VG, which hinders the generation of vortices since
the flow loses energy due to recirculation, this becomes more evident analyzing Figs. 12 and 16 (in comparison with profile without VG in

Fig. 13), in which the velocity profiles are presented, in these conditions the emergence of well-defined vortex structures was not observed.

Velocity_magnitude

584015

I i

Figure 16. Perspective view of the transverse velocity profiles on the NACA
0015 airfoil with VG in Rec = 2.38 x 10° and AoA = 6.
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EFFECT ON THE PRESSURE DISTRIBUTION
The performance of the VG can also be observed in Fig. 17, where the pressure distribution is taken in Plans 1, 2 and 3 being
compared to NACA 0015 airfoil.

-1.54
— Plan 1
144 VG — Plan 2
— Plan 3
-0.54 Y N vV NACAO0015 Database

1. T T T T T T T T T |
> 0 601 02 03 04 05 06 07 08 09 10

X/C

Figure 17. Pressure distribution along Plans 1, 2 and 3 for NACA 0015 airfail
with and without VG in Rec = 2.38 x 105 and AoA = 3.

Without a generator, the generator performance is evident mainly in Plane 3 (between the two surfaces of the VG). When analyzing
the region downstream of the VG (after 0.29¢), a pressure oscillation is observed first and a step format is identified in 0.38¢;
this step format indicates a sudden increase in pressure characteristic of reattached region. The reattachment point is followed
by a considerable pressure increase between 0.4 and 0.58¢, which is due to the fact that the vortices act on the boundary layer by
removing the bubble from surface, being this recirculation region characterized by the loss of pressure (low pressure), and when
removed, causes the local increase of Cp.

For AoA = 6, it was expected that the VG performance would be lower due to the emergence of the recirculation region before
the generator. The pressure as expected was not much affected by the VG. Figure 18 shows that the pressure profiles with and
without generator are coincident along almost any length of chord, except for the region near the VG where a slight increase of

the pressure between 0.29¢ to 0.34c (region that contains the VG) can be observed.

-2.51
) — Plan 1
E — Plan 2
15 VG — Plan 3

v NACAO0015 Database

1.5 T T T T T T T T T |
0 0.1 02 03 04 05 06 07 08 09 1.0

X/C

Figure 18. Pressure distribution along Plans 1, 2 and 3 for NACA 0015 airfoil
with and without VG in Rec = 2.38 x 105 and AoA = B.
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EFFECT ON AERODYNAMICS

The main focus in the study of aerodynamics is mainly the search for ways to increase lift (L) and decrease drag (D). Usually work
with L/D ratio to evaluate aerodynamic performance. Table 1 shows that the behavior of the results is in accordance with the
expected results. It is possible to analyze that at AoA = 3 there was a subtle decrease in the lift of 0.83% due to the increase of
the pressure generated by the VG, where in the previous time there was a low-pressure region due to recirculation on the extrados.
Another observed point analyzes that at AoA = 3 there was a subtle decrease in the lift of 0.83% due to the increase of the pressure
generated by the VG, where in the previous time there was a low-pressure region due to recirculation on the extrados. In this
case the reduction of drag is due to the action of the longitudinal vortices removing the recirculation bubble in a limited region,
resulting in an L/D gain of only 0.61%, but representing improvement of the drag, due to the removal of the detachment zone, a

longitudinal portion lying near Plan 3.

Table 1. Comparison between lift and drag between the wing with and without VG.

“ NACA 0015 NACA 0015 with VG

- C, C, L/D C, o} L/D
3 0.013803 0.387694 28.08828 0.013606 0.384489 2825958
6 0.018377 0.698030 38.06767 0.018397 0.700452 38.07517

Considering the surface of the VG result in the increased of friction drag, due to the increase of the surface wet area, it is
possible to observe that the reduction of the recirculation bubble was enough to compensate this drag fraction added, leading to
a net drag reduction of 1.43%.

When the wing was observed in AoA = 6, it was noticed that the effect of the generator was very small, due to the region of
detachment being located before the VG. In those conditions, the increase of the wet area and the loss of linear moment of the fluid
when finding with the fins cause the drag increase to be 0.33%; however, the small increase of 0.35% in the lift due to the new

pressure distribution ends up compensating drag, generating the same value of L/D in practice.

ANALYSIS FOR NEW GEOMETRIES

This stage carried out a study character for comparison of the variation of detachment of surfaces and inversion of sense of VG
are affect in lift and total drag to a condition of Re_= 2.38 x 10° and AoA = 3, where a bubble of recirculation is present and after
VG. The study was performed keeping fixed the height of the VG that worked so far, that is, h = 1.2 mm. In addition, the format
and the location of the new VG geometry beginning at 0.29c and ending at 0.33c were also maintained.

The simulations were separated into three groups represented in Fig. 19, which was classified in the sequence.

N h = D1 = (N+5).h
D2 = (N+5 D2=N.h
Group A Group B Group C

Figure 19. Parameters of VG geometry variation.

J. Aerosp. Technol. Manag., Sdo José dos Campos, v12, 1920, 2020



- Silva D, Malatesta V/
T T T e T T T T AR AR TREATAINS

The basic geometry of the VG that has been studied so far and is described in Fig. 1 was named as VG, whose value of the
B =14.01°, N = 2, and consequently, D1 = 2 h and D2 = 7 h. It would serve as a base geometry to evaluate the effect of variation
of and N.

The parameter N in group A defines proportionally the variation of the smaller (D1) and the greater distance (D2)
between the surfaces of the VG, maintaining B = 14°, where N is correlated by D1 = Nh and D2 =(N+5)h. For group B, the
value of B was changed, keeping a fixed value of D1 = 2 h. For group C the inverted geometry of VG, (rotated 180°) was
considered. The geometric parameters as well as the nomenclature of the developed geometries are detailed in Table 2.

Table 2. Geometric parameters of VG.

VG 0 Oh 5h

Al

VG 4 4h %h

A2

Geometry
VG, 19 2h
VG 24 2h

B2

VG 2 7h 2h

C1

VG 2 2h 7h

01

5
3
D
2

Table 3 presents the results of the simulation analyzed in group A, where the increase of the drag is observed, as the
surfaces move away as N increases, and the geometry of VG, | is the one that best presents performance with less drag
and lift among the other generators. The simulations of Group A indicated that the approximation of surfaces results
in improved aerodynamic performance, less drag and more lift, being the best results obtained in N = 0 (VG,,) with the
improvement of L/D in 2.56% while the VG, did not bring any benefit compared to wing without VG. Group B analysis
indicates that the increase in B clearly worsens drag and lift, being VG, with = 14° the only geometry that showed
better performance in relation to the wing without VG. Group C, in which the geometry VG was rotated 180°, resulted
in a change in the direction of rotation of the vortices; the results show an evident loss of lift and increase of drag.

J. Aerosp. Technol. Manag., Sdo José dos Campos, v12, 1920, 2020
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Table 3. Comparison of aerodynamic performance due to variation of geometric parameters.

e o
without VG 0.01380 0.38769 28.088
VG01 2 0.01361 0.38449 28.259
VGAl 0 0.01345 0.38742 28.806
VGA2 4 0.01368 0.38470 28.125
VGA3 6 0.01381 0.38416 27.816
I S U SR
without VG 0.01380 0.38769 28.088
VG01 14 0.01361 0.38449 28.259
VGBl 19 0.01397 0.38214 27.345
VG]32 24 0.01424 0.37906 26.612
I T S S U N
without VG 0.01380 0.38769 28.088
VG01 2 0.01361 0.38449 28.259
VGCl 2 0.01401 0.37573 26.811
CONCLUSIONS

This paper addressed the influence of a vortex generator on a wing with NACA 0015 airfoil at low angles of attack. The study
was divided into two cases.

The first case characterized by the occurrence of a separation bubble shortly after the VG showed that the VG performance
resulted in a significant decrease of the separation bubble, mainly in the areas near the Plan 3, leading to a small pressure gain
that resulted in drag reduction by 1.43%, as well L/D gain of 0.61%.

The second case was interesting to analyze the ability of VG to form vortices when the bubble separates over it, under these
conditions no well-defined vortex structures were observed, due to the fact that the recirculation zone decrease part of the linear
momentum that would be used to generate the longitudinal vortices. However, even in the face of this fact, a small change in the
pressure distribution close to the VG was observed compared to the database, which results in an increase of 0.35%, in contrast
to the drag which also increases around 0.33%, almost without influencing the ratio L/D.

The VG is an alternative for the NACA 0015 airfoil at low angle of attack and Re_ to lower the detachment region when it is
located before detachment. However, for the conditions where this region happens to affect the generator, the use of VG is not
strongly justified, but its presence has little influence on the final aerodynamic performance of the wing, since the increase in
drag is compensated by the increase in lift.

The results presented showed that the VG is inefficient in generating the vortex structures when it is located inside a recirculation
zone, in contrast when situated prior to this recirculation bubble, where it is able to considerably reduce the region of detachment.

An analysis was also carried out to evaluate how the changes in some geometric parameters affected wing performance, and

the following conclusions were made: drag and wing lift are improved by decreasing distance D1 and D2 (as a function of N)
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while maintaining 8 = 14°, for > 14° drag and lift are harmed, in addition, the rotation by 180° (inversion) of the geometry of
the VG worsened drag and lift.
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