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Abstract

This study focuses on the aerodynamic effect of vortex generators (VGs) placed on the wing surface, with a focus on the height and
chordwise position of the VGs. NACA 4412 airfoil was used for the investigation, which is a frequently used and well-researched
airfoil in the aerospace industry, with a chord length (c) of 200 mm. Six different configurations have been analyzed with
Computational Fluid Dynamics (CFD), with three chordwise positions (x) and two trailing edge heights (h). The results showed that
VGs placed furthest from the leading edge (x/c = 20%) were able to increase lift and reduce drag to the greatest extent. In terms

of height, the shorter (h/c = 0.5%) VGs produced the most lift. These results provide valuable insights as to how vortex generator

design can be optimized for aerodynamic performance across various operating conditions.
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1 Introduction
In fluid mechanics, boundary layer refers to the region of
flow near a solid surface, where friction is dominant and
in which velocity changes from zero at the solid surface to
the freestream value (Benson, 2021). When the boundary
layer detaches from the surface, it is called flow separation
or boundary layer separation. This is a critical condition
for various engineering systems because it causes a loss of
lift, an increase in drag, and vibration (Zhang et al., 2023).
One of the most used methods of flow separation control
is the use of vortex generators (VGs), which are small plates
mounted on the suction side of the wing. A vortex gener-
ator creates vortices that transfer air with high energy and
momentum from the freestream flow into the boundary layer,
thereby energizing it (Houghton et al., 2016). This increases
lift and reduces drag around curved surfaces like wings.
VGs are widely used in aviation, for example, to reduce
the drag of helicopters (Gibertini et al., 2015), wing-on-
ground craft fuselages (Methal et al., 2023) or increase the
lift on wings (Himo et al., 2021). In the automotive indus-
try, VGs are mainly used on racing cars, as these vehi-
cles often feature wings. In motorsports, increasing down-
force, rather than lift, is important. VGs are widely used
on wings to create higher downforce values, as well as

under the car in the Venturi tunnels (Katz, 2021).
VGs are also used on road cars and high-speed trains,
to reduce drag (Li et al., 2023). VGs are also used in the
energy sector to improve the flow around wind turbine
blades (De Tavernier et al., 2021) or increase heat transfer
of heat exchangers (Priyadi et al., 2022) and solar chim-
neys (Sheikhnejad and Gandjalikhan Nassab, 2021).

To design a properly working VG, the trailing edge
height (%) and chordwise distance from the leading edge (x)
are critical design parameters. The correct choice of these
parameters can increase the lift of the wing, reduce the
drag and increase the stall angle. Dividing these parame-
ters by the chord length (c), 4/c and x/c dimensionless num-
bers can be examined. Mueller-Vahl et al. (2013) found that
the optimal chordwise position of the vortex generators is
in the range of x/c = 15-20%. Li et al. (2020), De Tavernier
et al. (2021) and Balaji et al. (2023) all concluded that the
optimal location is at 20%, however, Zhang et al. (2016)
found that at 10% of chord the maximum lift coefficient
is highest. Based on these, x/c = 10%, 15%, and 20% were
investigated during this research. Gao et al. (2015) and
Zhang et al. (2016) both kept their 4/c ratio under 1%,
accordingly 0.5% and 0.75% were used in this study.
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The aim of the research is to find the x/c and A/c geo-
metrical ratios that achieve the highest lift coefficient and
the lowest drag coefficient values with constant Reynolds
number at various angles of attacks (AoA). Computational
Fluid Dynamics was used for the investigation.

2 Flow separation and vortex generators

A wing placed in the flow generates lift by causing the air-
flow to curve around the wing, creating a pressure differ-
ential between the upper and lower surfaces of the wing.
Pressure is highest at the stagnation point and, as the air
moves downstream on the upper surface, the flow velocity
increases until it reaches point M, where the flow veloc-
ity is maximum and pressure gradient dp/Ox is zero. After
point M, pressure increases, until the velocity gradient
0U/0y becomes zero at the separation point S (Rohdcs
et al., 2012) (Fig. 1).

This is followed by having reverse flow close to the sur-
face of the wing, an increase in pressure, and ultimately
a decrease in lift and an increase in drag.

As the air in the boundary layer is moving slower,
it contains less energy and less momentum than the faster
freestream flow. When this faster air doesn't continue to
follow the curvature of the wing surface, it causes the
boundary layer to separate. VGs can prevent flow sepa-
ration, by creating vortices. These vortices, as they rotate
and swirl the air, help mix the high energy freestream flow
with the boundary layer, transferring enough energy for
it to stay attached to the surface. The process of getting
momentum and energy into the boundary layer from the
freestream air is a form of momentum transfer.

3 Vortex generator geometry

In this study, the base of the investigation was a NACA

4412 wing profile, with a chord length of ¢ =200 mm.
Different triangular-shaped VGs were used to improve

the aerodynamical properties of this profile (Fig. 2). 2 geo-

metrical parameters were investigated with 6 geometries:

Fig. 1 Boundary layer separation

Fig. 2 Sketch of VGs

the distance of the VGs from the leading edge in the chord-
wise direction (x) and the height of the vortex generators'
trailing edge (/). All other parameters were kept constant.

In this study, x/c = 10%, 15%, and 20% were investi-
gated, with 4/c = 0.5% and 0.75%. Table 1 summarizes the
geometrical parameters of the VGs of this study.

For all cases the leading edge spacing d = 8 mm, spac-
ing of adjacent pairs of VGs S = 40 mm, vortex generator
AoA o = 14° and leading edge angle f = 14°.

4 Simulation methods

ANSYS Fluent finite volume Computational Fluid Dy-
namics software was used for the analysis, and ANSYS
Fluent meshing for the meshing (Ansys, online).

4.1 Turbulence modeling

Turbulent flow refers to an unsteady flow character-
ized by the random and irregular movement of fluid ele-
ments. (Anderson and Cadou, 2023). In the Fluent solver,
the Reynolds-averaged Navier-Stokes (RANS) equa-
tions were employed to model the turbulent flow, utiliz-
ing the k~w SST two-equation eddy-viscosity turbulence
model. Near the wall, this turbulence model uses the

Table 1 Vortex generator configuration parameters

Vortex Chordwise length x Trailing edge height &
generator ID (mm) (mm)

VGl1 20 1

VG2 30 1

VG3 40 1

VG4 20 1.5

VG5 30 1.5

VG6 40 1.5




k-w turbulence model, since that doesn't involve com-
plex non-linear near-wall damping functions, which are
required for the k-¢ model. However, k- is more sensitive
to freestream conditions, so the numerically robust k-¢ is
utilized in the freestream flow. This means that the k-w
SST turbulence model combines the advantages of both
k- and k-¢ models, so it accurately captures complex tur-
bulent behavior (Ansys, 2021).

4.2 Simulation setup and boundary conditions

Steady state and incompressible flow were assumed for all
the calculations. In the case of incompressibility, the den-
sity is assumed to be constant, and the conservation of
mass and conservation of momentum equation reduces to:

Vxu=0, M
uxVu—Vx(vVu):—Vp, 2)

where u is the fluid velocity vector, v is the kinematic vis-
cosity and p is the kinematic pressure (Ansys, 2021).

Air was maintained at constant density and viscos-
ity corresponding to 15 °C, and an operational pres-
sure of 101,325 Pa, which is the International Standard
Atmosphere (ISA) condition.

A 200 mm chord length NACA 4412 profile was used for
the calculations, which was 600 mm spanwise (b). The air
domain is a combination of a prism with a semi-circular
cross-section (with a rotational axis as the wing's leading
edge) and a cuboid. The 2 sides of the air domain were
symmetry boundary conditions. As all simulations were
conducted at Re = 4 x 10° and modeling at ISA condition,
the inlet velocity can be calculated as:

_Rexpu
pXxc

U ~21.2147m/s, 3)
where Re represents the Reynolds number and u is the
dynamic viscosity of the air.

In this research, a range of AoA values at constant
Reynolds number were investigated for each geometry,
0°, 2°, 4°, 6°, 8°, 10°, 12°, 13°, 14°, 15° and 16°. By having
6 different vortex generator geometries, and a case with-
out any vortex generators (clear model) was also exam-
ined, a total of 77 individual CFD simulations were per-
formed (Fig. 3).

4.3 Lift and drag calculations
To change the AoA without having to change the geom-
etry, the inlet velocity x and y components were changed
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Fig. 3 CFD domain

between simulation cases, and the air domain x and y force
components (F and F ) were calculated. Then these force
components could be calculated into lift (L) and drag (D):

L =F,cos(AoA)—F,sin(AoA), @)
D = F,sin(AoA )+ F, cos(AoA). 5)

Lift- and drag coefficients can be calculated as:

2L
c, = 5 6
L pUZA ( )
2D
c,=—, 7
b= U )
where Eq. (8) is the frontal area:
A=bxc=0.6 mx02 m=1.2 m’. (8)

5 Numerical mesh and mesh independence study

To ensure the accuracy of the simulation results, a mesh
independence study was conducted with 6 different numeri-
cal meshes for the same geometry. This investigation is nec-
essary to determine the density of the mesh and optimize the
computational efficiency of the numerical grid. A baseline
mesh of 1.98 million cells was used, and different parame-
ters of this mesh were varied, together and separately to cre-
ate the 6 different numerical grids. The calculation of aero-
dynamic forces is important for this study, so the quality of
the surface mesh is crucial. For this reason, the finest mesh
was created by refining all surface mesh parameters by 25%
to the baseline mesh. Furthermore, the maximum edge size
for the wing's surface (which is important in the middle of
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the wing, where there is no significant curvature) and the
inflation layer first layer height and number of layers (with
constant total thickness) were investigated, to ensure bet-
ter efficiency. Since the difference between the finest and
base mesh lift coefficient results was 2.62% (Fig. 4) and
2.33% difference in drag coefficient (Fig. 5), this 1.98 mil-
lion baseline mesh was used for the rest of the calculation.
In this study, we aimed for y* = 1 to ensure the proper reso-
lution of the boundary layer, and with the baseline mesh the
average )~ value was 0.83.

Poly-Hexcore cells were used for the volume mesh.
This meshing approach fills the bulk region with hexahe-
dral elements to reduce computational time, layered poly-
prism cells in the boundary layer, and connects these two
regions with general polyhedral elements, which are suit-
able for complex geometries (Ansys, 2020).

6 Simulation results
Table 2 and Table 3 contain the lift and drag coefficient
results of the CFD simulations.
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Fig. 4 Lift coefficient values of the different meshes
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Fig. 5 Drag coefficient values of the different meshes

6.1 Clear model results and expectations
As Fig. 6 shows, the drag coefficient increases over the
whole investigated AoA range.

Lift coefficient is growing at a nearly linear rate from
Ao0A =0°to 12° beyond that, the rate of increase begins to
level off, reaching its peak at 15°. After this point, the lift
coefficient declines (Fig. 7).

An important requirement for a VG to work properly
is to be positioned before the separation point to give it
enough space and time to put energy and momentum into
the boundary layer to help delay separation. Therefore,
it is worthwhile examining the clear model to determine
the chordwise length (x) value at which the velocity gra-
dient (OU/0y) at the wall first becomes zero (Fig. 8). When
the velocity gradient is zero, the wall shear stress is also
zero, which can be queried in Fluent.

At AoA = 0° and 2° separation never occurred.
As Fig. 8 shows, the separation point did not decrease
below x =40 mm even at a 16° AoA, therefore all 6 vortex
generator configurations are located before the clear mod-
el's separation point.

Since this method of delaying separation and increasing
lift requires transferring momentum from the freestream
air to the boundary layer, the vortex generator needs to be
higher than the local boundary layer thickness (Katz, 1996).

6.2 Vortex generator cases

At lower angles of attack, all six VG configuration per-
formed worse than the clear model, since all generated less
lift up to AoA = 10°. VGs mix the boundary layer and
the freestream flow, which increases the total amount of
kinetic energy loss. So, when there is no significant flow
separation, VGs don't tend to have added benefits.

The comparison of the # = 1 mm (h/c = 0.5%) vortex
generator configuration (VG1, VG2, VG3) with the clear
model above AoA = 12° (Fig. 9 (b) and Fig. 10 (b)) shows
that all three VGs produced more lift than the clean model,
with the maximum lift ¢,  being reached at 15°. Up to
15°, VG3 generated the largest increase in lift compared
to the clear model, while VGI generated the smallest. This
means that the vortex generator farthest from the leading
edge downstream (x/c = 20%) produced the most lift, and
the closest one (x/c = 10%) produced the least. The same
trend is true for the three 2 = 1.5 mm (h/c = 0.75%) con-
figurations, as VG6 generated the most lift for angles of
attack higher than 4°, and VG4 the least (Fig. 9 (c)). After
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Table 2 Lift coefficient simulation results

Lift coefficient ¢, (-)

AoA Clear model VGl1 VG2 VG3 VG4 VG5 VGo6
0 0.379 0.377 0.377 0.376 0.376 0.375 0.374
2 0.573 0.571 0.570 0.570 0.568 0.567 0.566
4 0.758 0.754 0.753 0.754 0.750 0.750 0.750
6 0.929 0.923 0.923 0.924 0.919 0.919 0.919
8 1.080 1.075 1.075 1.076 1.069 1.070 1.070
10 1.215 1.213 1.213 1.214 1.209 1.209 1.210
12 1.344 1.345 1.346 1.349 1.340 1.343 1.346
13 1.374 1.377 1.379 1.383 1.370 1.375 1.379
14 1.385 1.392 1.394 1.399 1.385 1.391 1.396
15 1.386 1.396 1.397 1.405 1.389 1.396 1.403
16 1.366 1.368 1.376 1.376 1.360 1.371 1.380

Table 3 Drag coefficient simulation results

Drag coefficient ¢, (-)

AoA Clear model VGl VG2 VG3 VG4 VG5 VGo6
0 0.0285 0.0282 0.0282 0.0284 0.0283 0.0284 0.0286
2 0.0325 0.0322 0.0323 0.0324 0.0324 0.0325 0.0327
4 0.0402 0.0398 0.0399 0.0400 0.0400 0.0401 0.0403
6 0.0514 0.0510 0.0510 0.0511 0.0512 0.0512 0.0514
8 0.0667 0.0663 0.0662 0.0664 0.0666 0.0666 0.0667
10 0.0876 0.0874 0.0873 0.0873 0.0881 0.0879 0.0880
12 0.1181 0.1177 0.1173 0.1174 0.1183 0.1180 0.1178
13 0.1328 0.1321 0.1317 0.1318 0.1325 0.1322 0.1322
14 0.1482 0.1472 0.1468 0.1467 0.1476 0.1472 0.1470
15 0.1654 0.1639 0.1642 0.1630 0.1645 0.1636 0.1633
16 0.1981 0.2015 0.2000 0.2005 0.2023 0.2017 0.1992
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Fig. 6 Clear model drag coefficient values Fig. 7 Clear model lift coefficient values
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Fig. 8 Separation line of the clear model

the maximum lift coefficient (AoA = 15°), all VGs experi-
enced a decrease in lift.

At 16°, VG2 and VG3 produced similar results in lift,
as VG3 experienced a significant decrease in lift. This
drop at higher AoA was caused by the local boundary
layer thickness being too large for the 1 mm trailing edge
height to induce significant mixing between the freestream
flow and the boundary layer. At x =20 mm and 30 mm,
the boundary layer is thinner, allowing the same trailing
edge height to facilitate adding more momentum and kine-
matic energy from the freestream flow to the boundary
layer, than at x = 40 mm. Since VG6 has a greater trailing
edge height than VG3 for the same x location, it can facil-
itate higher mixing of layers (Fig. 11).

However, VG2 and VG3 generate more lift at high AoA
than VGl, regardless of their distance from the leading
edge. The reason why putting VGs further downstream is
more efficient is that the swirl that the VGs create in the air
dissipates in strength over distance, and if they are located
too far upstream, they lose their usefulness by the time
they are needed the most.

When the VGs are placed further downstream, the
swirl is introduced (mixing the BL with high energy flow)
closer to the separation zone. Consequently, the point of
separation can be delayed. Furthermore, VGs create stag-
nation zones ahead of them, which decreases the suction
on the upper side of the wing. Since the strongest suction
occurs just after the leading edge, these stagnation zones
will have a greater effect at lower x values (Fig. 12).

The larger a VG (bigger h), the larger the stagnation
zone it creates, which results in less lift (Fig. 12). This is

the reason why VGs with a trailing edge height of 1.5 mm
came with lower lift compared to those with 1 mm. The big-
ger VGs cause slightly bigger stagnation pressure ahead of
them, which increases pressure on the suction side of the
wing and ultimately loss of lift, as explained earlier.

In drag, until AoA = 15° all three VGs with a trailing edge
height of 1 mm resulted in lower drag values. In the same
Ao0A region, some of the 1.5 mm VGs generated more drag
(Fig. 10 (a)). The reason behind this is that the positive effect
of delaying flow separation was equalized by the added
skin-friction drag, due to the bigger surface of the VGs.
This added friction was not so overwhelming for the smaller
VGs. Furthermore, due to the thickness of a VG, there is
an added pressure drag component, because flow separates,
and a wake region forms at the VG trailing edge (Fig. 13).

At 16° of AoA, the local boundary layer thickness is
too large for the VGs to decrease the total drag by delay-
ing the separation (Fig. 11), but there is the added viscous
drag and pressure drag due to the thickness of the VGs.
Due to the reasons above, for both the I mm and 1.5 mm
VG configurations, the x = 20 mm generated the most
drag (Fig. 10 (b) and Fig. 10 (c)).

7 Conclusion

In this paper, the aerodynamic effect of the chordwise
length and trailing edge height of vortex generators were
investigated on the NACA 4412 airfoil, at 4 x 10° Re.
The conclusion was that vortex generators with smaller
trailing edge heights (k/c = 0.5%) performed better in
terms of lift generation at lower angles of attack than 15°,
generating higher maximum lift coefficient values.
In drag, the ones positioned further from the wing's lead-
ing edge (x/c = 20%) resulted in lower drag.

Based on the investigation, the optimal vortex generator
position was x/c = 20% (VG3 and VG6) for increasing lift
and decreasing drag. VG3 (h/c = 0.5%, x/c = 20%) was the
best to generate the most amount of lift and least amount
of drag until 15° of AoA and reaching the highest peak in
lift. However, at maximum AoA (16°), VG6 (h/c = 0.75%,
x/c = 20%) could generate the most lift and least drag out
of all the vortex generator configurations.

The mesh resolution used in this study, although compu-
tationally efficient, cannot adequately model smaller-scale
turbulence effects. To address this, more accurate simula-
tion results could be obtained in the future using a finer
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Fig. 9 Lift coefficient simulation results of the clear model compared with the VGs between 10° and 16° AoA: (a) all VGs, (b) #=1 mm VGs,
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