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Vortex generator is a component that has a significant impact on aircraft performance.
The function of the vortex generator is to create vortices that can optimize the
aerodynamic performance of aircraft wings by avoiding air flow separation and
increasing lift at high angle of attack. Vortex generator can provide increased lift during
take-off and landing due to the increased wing angle of attack. Although the use of
vortex generator can be carried out using an experimental approach, a computational
fluid dynamic approach to determine the influence of geometric parameters and
placement of the vortex generator needs to be carried out. The aim of this research is
to determine the effect of parameters like placement on the wing chord, height of the
boundary layer, length, shape, angle of incidence and distance between pairs on the
lift and drag. The model used as a computational fluid dynamic calculation model is the
Spalart Allmaras transient model. As a result, vortex generator does not always have a
good effect on aerodynamics. All configurations have a negative influence on the lift
and drag values, but the flow separation phenomenon can be reduced significantly. Of
all the configurations, the best configuration is obtained by exhibiting an ogive shape,
positioned at 13.8% of the chord length, set at a 13° angle of incidence. The vortex
generator should have a height closely matching the boundary layer, with a length 6.5
times the height and a pair spacing of 6.7 times the height.

1. Introduction

Regional aircraft are a type of aircraft that serves short to medium flight routes. Usually,
connecting small or regional cities with a small passenger capacity for regional airlines or short flights
[1]. Installation of vortex generator (VG) on regional aircraft is necessary to improve aerodynamic
performance. In stall conditions, the lift drop and drag heaps due to flow separation [2]. VG is used
to control air flow around aircraft wings, reduce the risk of air flow separation (stall), and increase lift
[3]. This helps aircraft to be able to take off and land on the shorter runways that regional aircraft
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encounter at small airports, as well as reducing fuel consumption, which is especially important in
regional aviation operations which often involve small airports with short runways [4].

The VG on the aircraft wing functions to optimize aerodynamic characteristics by controlling the
surrounding air flow. VG creates turbulence or small vortices that help keep the air flow against the
surface of the wing, thereby preventing flow separation which can reduce lift [5]. By keeping the flow
attached to the wing, the VG increases lift, reduces drag, and in some aircraft, also increases stability
during flight maneuvers. This makes it an important element in modern aircraft design, aiming for
greater efficiency, performance and maneuverability in a wide range of flight conditions.

The influence of geometric parameters on the VG, which include height, length and shape, greatly
influences the aerodynamic characteristics of lift and drag on aircraft wings. This geometric
parameter is very dependent on the thickness of the boundary layer (BL) formed on the wing surface.
Several types of VG can be designed to sink into the BL, right at the BL or higher than the BL [6]. The
installation position and distribution of the wings also have a big influence. These parameters include
position relative to the chord, installation angle or distance between pairs. VG is usually installed
before the separation point or right at the separation point [7]. Some VG are arranged in pairs co
rotating or counter rotating and single VG. Some are arranged in multi rows with inline or staggered
arrangement. These arrangement parameters are very dependent on the shape of the airfoil, and
the flying conditions of the aircraft. Improper geometry and position can have the effect of increasing
the size of the wake region or making flow separation worse.

Agarwal and Kumar [8] conducted research on the NACA 4412 airfoil wing at Re=10° by varying
the position of the VG and at various angle of attack (AoA). In his research, it was found that VG at
low AoA provides aerodynamic losses in the form of reduced lift and increased drag. However, at
higher AoA, the VG provides significantly increased lift and reduced drag. And the position of the VG
is advantageous when it is close to the leading edge of the airfoil [8]. Huang et al., [9] studied the
phenomenon of shockwave boundary layer interaction (SWBLI) for specific VG on transonic aircraft
using the RANS equation model. The VG's row and location in relation to the chord were changed
throughout the study process. Consequently, in transonic flights, the VG can lessen wing-tip vortice,
spanwise flow, and flow separation behind the SWBLI [9]. Srinath and Sahana [10] conducted
research on the VG model using the computational fluid dynamic (CFD) method and experiments
with 2 VG models installed at the leading edge and trailing edge. The result is that the pressure above
the wing surface increases so that the BL is reenergized and drag decreases [10]. Namura et al., [11]
carried out multipoint design optimization on a vane type VG on a swept wing with a common
research model (CRM) airfoil using the CFD method to get the right configuration for cruise and
critical conditions. As a result, the revised VG design can cut the drag penalty by 50% and stop shock-
induced separation from spreading to the wing tips at the CRM wing's Yehudi break [11]. Ito and
Yamamoto [12] studied the effects of a corotating blade-type VG on a transonic swept wing using
CFD methods and experiments. The result is that the toe out VG configuration is more efficient in the
CRM model [12]. Kuwik et al., [13] conducted a study on the design of a VG for the MQ 9 Reaper wing
with varying rectangular, delta, round and trapezoidal shapes at an AoA of 0° with Re= 5.8 x 10°. The
result was that all VG had a negative impact on reducing the lift force by 5.8% to 15%, but the
turbulence flow over the wings can be avoided [13].

The study of the use of VG on aircraft wings using the Computational Fluid Dynamics (CFD)
method is very important considering its crucial role in increasing the aerodynamic efficiency of
aircraft. This research is important because it can provide insight into how VG configurations and
parameters can be optimized to increase lift, reduce drag, and overall improve the performance of
regional aircraft operating at low speeds and high AoA. CFD methods provide powerful predictions
for modeling the complex interactions between VG and airflow. The aim of this research is to examine
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the design of a counter-rotating vane type VG for regional aircraft airfoils in takeoff conditions. The
VG configuration obtained is then compared with a wing without a VG at all AcA.

2. Methodology

This research was carried out on small capacity regional aircraft to improve aerodynamic
performance, especially in critical take-off and landing conditions on short runways, namely at a
speed of 30 m/s and an AoA of 15°. Validation is carried out by comparing research from previous
journals to validate the program. Optimization is carried out on geometric parameters and
arrangement parameters to see changes in the values of lift, drag and flow behavior. Various VG
shapes, heights and lengths are optimized to get optimal results. And various installation positions
such as angle of incidence, chord location, pair distance are also studied to obtain an efficient design.

2.1 Validation

Validation is carried out to ensure that the model and simulation settings are correct according
to previous research. In order to verify the accuracy of the simulation, it is compared to the findings
published in reputable journals that were similar in terms of the objects, phenomena and output
taken. All geometric conditions, meshing and simulation settings are equalized to obtain similar
results. Simulated lift coefficient (Cl) from the results was compared with Cl from research by Agarwal
and Kumar [14], regarding steady simulation of the NACA 4412 airfoil wing with the S-A model at a
speed of 20 m/s. Meanwhile, comparison of the results with research by Zhen et al., [15], regarding
transient simulations on the NACA 4415 airfoil at a very low speed of 3.625 m/s, a graph of the ratio
of lift force to AoA is obtained in Figure 1(b).

2.0 2.0

—e— Agarwal and Kumar [14] —=e—Zhen et al.[15]

16 4— Simulation 16. 4— Simulation

. ,/.
1.2 /ASl 1.2 /’

o ot o L
0.8+ /A 0.8 /
04q= 044
0.0 T T T T T T T 0.0~ : ; : ; ; . ;
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Angle of Attack (deg) Angle of Attack (deg)
(a) (b)

Fig. 1. Lift coefficient comparison with Agarwal and Kumar’s results (a) and Zhen’s results (b)

From the results of these two validations, it can be concluded that the largest error value was
obtained in research by Agarwal and Kumar at 9% with an average error of 5.9% and the largest error
for research by Zhen et al., was 7% with an average error of 1.8%. So, it can be concluded that the
simulation model used is valid and can be used for this research simulation.

2.2 Model Geometry

The simulation was carried out on a finite wing with airfoil from the regional aircraft under study.
The airfoil chord length is equivalent to the wing MAC length and the wing section width of 1 m. The
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parameters studied in this research are divided into 2 types, namely geometric parameters and
arrangement parameters. The geometry of the VG is shown in Figure 2 and Table 1.
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Fig. 2. VG geometry

Table 1

Vortex generator geometry

Geometry Value

BL height (6) 0.4%c

VG height (h) 0.756; 16; 1.256; 1.56; 1.756

VG shape Triangular; Rectangular; Ogive; Parabolic; Gothic; Trapezoid
VG length (/) 2h; 3.5h; 5h; 6.5h; 8h

Leading edge distance (x) 5%c; 7.5%c; 10%c; 12.5%c; 13.8%c; 15%c
Angle of incidence (a) 13°; 16.5°; 20°; 23.59; 27°

Pair spacing (s) 36; 46; 56; 66; 76

Spanwise spacing Fixed at 20%c

2.3 Fluid Domain

Determining the size of the fluid domain is a critical step that affects the accuracy of the
calculation. In the case of external flow, the fluid domain must be made sufficient to represent the
fluid that is affected by the air flow on the wing but can still be handled by computer capabilities. The
Body of Influence domain is used to detail the behavior of the airflow around the wing and the wake
turbulence area behind the wing. The size of the fluid domain for this case is shown in Figure 3.

Body of Influence

7.5c
[

3m|3m

-

7.5¢

5¢ 15¢ |
Fig. 3. Fluid domain
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2.4 Meshing

The meshing process is an important process that involves the formation of discrete elements
that cover the fluid flow area in the VG. Mesh quality and meshing independence affect the accuracy
of the simulation [16]. In this model, meshing uses the tetrahedron model because it is able to handle
complex geometry and has better representation when reviewing the BL. The meshing settings and
guality are shown in Table 2. And the geometry mesh is shown in Figure 4.

Table 2

Mesh setting

Item Value

General element size 500 mm

Body of influence element size 100 mm

Wing element size 10 mm

VG element size 0.5mm

Inflation Maximum thickness 10mm, 4 layer
Skewness 0.88933

Element 3098055

(a) (b)
Fig. 4. Geometry mesh

Before simulation, mesh is tested using a grid independence test to determine the sensitivity of
the results to the number and size of mesh elements. When the simulation results do not change
much when the number of mesh elements is increased, it means the mesh is valid. The grid
independence test graph is shown in Figure 5.
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Fig. 5. Grid independence test
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2.5 Simulation Set Up

Simulations were carried out with ANSYS Fluent transient using Spalart Allmaras (S-A) model. The
S-A model is used because of its wide application in aerodynamic analysis, which has been proven
empirically in many cases [17]. This model is also quite good at modelling flow in the BL, which is an
important aspect in VG optimization. The SIMPLE scheme is used because it has strong performance,
uses relatively low memory and stable convergence, making it a suitable solving engine for a wide
range of CFD problems [18]. SIMPLE is also specifically designed to handle pressure-velocity coupling
problems well [19]. This is beneficial when there is a complex interaction between the pressure
distribution around the wing and the airflow pattern. Second order upwind in spatial discretization
is used because it provides better numerical diffusion reduction and maintains the gradient of the
flow variable with second order accuracy, which means the error will be smaller than first order [20].
Residual 1073 is used because judging from the force and lift values taken, the data has not changed
significantly in iterations below 1073. The 1.5 second time is determined from the residence time of
the fluid in the enclosure from inlet to outlet, also look at the lift and drag graph plot which shows
stability at that time. Simulations set up are shown in Table 3.

Table 3

Simulation set up

Item Setting

Time Transient

Model Spalart Allmaras
Scheme SIMPLE

Pressure Second order
Momentum Second order upwind

Turbulent kinetic energy
Turbulent dissipation rate
Initialization

Residual

Time step size

Number of time step

Second order upwind
Second order upwind
Standard

103

0.005

300

3. Results
3.1 Plain Wing Test

This stage aims to understand the behavior of regional aircraft wings in stall conditions without a
VG during the take-off/landing phase. Plain wing test data is needed to find the airfoil stall angle and
comparative data for the lift and drag at all AoA when the VG is installed. Data from plain wing testing
results on the airfoil being studied are shown in Table 4, Figure 6 and Figure 7.

Table 4

Plain wing test

AoA Lift (N) Drag (N) L/D
12° 2023.24 66.25 30.54
13° 2100.00 75.02 27.99
14° 2157.18 84.96 25.39
15° 2213.73 94.33 23.47
16° 2263.17 103.43 21.88
17° 2320.90 115.42 20.11
18° 2365.11 128.03 18.47
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Fig. 7. Velocity contour of plain wing test

3.2 Effect of VG Height

The height of the VG varies depending on the thickness of the BL at the separation point. Based
on research from Namura et al., [11], the BL thickness is around 0.4% of the chord length. The height
of the VG varies from 0.756 < h/6 < 26. Other parameters are kept constant with a triangular shape,
leading edge distance 12.5%c, length 5h, angle of incidence 20° and pair spacing 56. A comparison of
the results of each variation can be seen in Table 5, Figure 8 and Figure 9.

Table 5

Effect of VG height to lift, drag and L/D

Height (mm) Lift (N) Drag (N) L/D
Plain Wing 2213.73 94.33 23.47
6.3 2196.37 96.64 22.73
7.5 2188.66 97.04 22.55
8.4 2190.93 101.84 21.51
10.5 2191.00 108.39 20.21
12.6 2184.01 115.76 18.87
14.7 2190.86 124.15 17.65
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Fig. 9. Velocity contour of height variation

Based on these results, the optimal VG height is produced at a height of 0.756. In this geometry,
flow separation can begin to be reduced, and the wake region becomes smaller. However, the higher
the VG, the more detrimental the effect on lift and drag and the flow becomes very chaotic.

3.3 Effect of VG Shape

The shapes of VG vary widely and each has its own characteristics. In this research, various forms
of VG are simulated for regional aircraft take-off/landing conditions. These shapes include triangular,
rectangular, ogive, parabolic, gothic and trapezoid. Other parameters are kept constant with height
0.756, leading edge distance 12.5%c, length 5h, angle of incidence 20° and pair spacing 56. A
comparison of the results of each variation can be seen in Table 6, Figure 10 and Figure 11.
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Table 6
Effect of VG shape to lift, drag and L/D
Shape Lift (N) Drag (N) L/D
Plain 2213.73 94.33 23.47
Triangular 2196.37 96.64 22.73
Rectangular 2190.00 103.20 21.22
Ogive 2197.85 96.40 22.80
Parabolic 2191.87 93.80 23.37
Gothic 2191.50 101.25 21.64
Trapezoid 2203.90 100.25 21.98
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Fig. 10. Effect of VG shape to lift, drag and L/D
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Fig. 11. Velocity contour of shape variation

Based on these results, the optimal VG shape is an ogive shape. This shape provides a better lift
drag value than other shapes but has almost the same characteristics as the triangular shape.
Meanwhile, the rectangular shape produces a significant decrease in lift and increase in drag and
gothic shape provide the most chaotic flow patterns.
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3.4 Effect of VG Angle of Incidence

Because this type of VG is counter rotating in pairs, the angle configuration that can be used is
toe in and toe out. The toe in configuration is used with variations in the angle of incidence of around
20°, namely 13°< a < 27°. Other parameters are kept constant with shape ogive, height 0.756, leading
edge distance 12.5%c, length 5h, and pair spacing 56. A comparison of the results of each variation

can be seen in Table 7,

Figure 12 and Figure 13.

Table 7
Effect of VG angle of incidence to lift, drag and L/D
Angle of incidence Lift (N) Drag (N) L/D
Plain 2213.73 94.33 23.47
13° 2202.00 93.92 23.45
16.5° 2208.90 99.98 22.09
20° 2197.85 96.40 22.80
23.5° 2190.65 99.25 22.07
27° 2195.42 100.50 21.84
2215 106 24
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2210 Z:B'Sg N) |- 104
- L1z [2
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2 . \ " tioZ "
= 2200 o - o225
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Fig. 12. Effect of VG angle of incidence to lift, drag and L/D
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Fig. 13. Velocity contour of angle of incidence variation
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Based on the results, the optimum VG is obtained with an angle configuration of 13°. At this angle,
increased lift and reduced drag can be achieved compared to the previous configuration and the flow
over the wing becomes better with a smaller wake region. In this variation, all angle of incidence
values provide a fairly good flow pattern.

3.5 Effect of VG Length

The length of the VG is designed to be sufficient to be able to produce a stable vortex and re-
energize the air flow around the wing. The longer it is, the stronger the vortex will be, but the
resulting drag will be greater. The length of the simulated VG varies from 26 </ < 84. Other
parameters are kept constant with shape ogive, height 0.756, leading edge distance 12.5%c, angle of
incidence 13°, and pair spacing 56. A comparison of the results of each variation can be seen in Table
8, Figure 14 and Figure 15.

Table 8
Effect of VG length to lift, drag and L/D
Length (mm) Lift (N) Drag (N) L/D
Plain 2213.73 94.33 23.47
12.6 2207.00 97.00 22.75
22.05 2202.65 95.20 23.14
315 2202.00 93.92 23.45
40.95 2207.80 96.16 22.96
50.4 2202.00 97.40 22.61
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24
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Fig. 14. Effect of VG length to lift, drag and L/D
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Fig. 15. Velocity contour of length variation
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Based on the results, the length of the VG that provides the best effect is 6.5h. In this
configuration, the separation flow can be reduced. Even though the L/D ratio is smaller, the lift
formed is larger and flow separation can be reduced significantly. The 12.6 mm length also provides

quite good lift and drag values and a flow pattern with a small wake region.

3.6 Effect of Pair Distance

In counter rotating VG, the distance between pairs is an important aspect that determines the
flow characteristics of the counter rotating vortex. The counter rotating flow at a closer distance
between pairs causes the vortex to become stronger due to the interaction between two opposing
vortices. The distance between pairs varies from 26 < s < 85. Other parameters are kept constant
with shape ogive, height 0.756 leading edge distance 12.5%c, angle of incidence 13°, and length 6.5h.

A comparison of the results of each variation can be seen in Table 9, Figure 16 and Figure 17.

Table 9
Effect of VG pair distance to lift, drag and L/D
Pair distance (mm)  Lift (N) Drag (N) L/D
Plain 2213.73 94.33 23.47
25.2 2200.15 97.01 22.68
33.6 2205.00 96.26 22.91
42 2207.80 96.16 22.96
50.4 2200.00 95.00 23.16
58.8 2204.57 97.17 22.69
2212 LN 106 25
2210 :: Brgg (N) |-104 "
2208 4 102
= e -100 | o3
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Fig. 16. Effect of VG pair distance to lift, drag and L/D
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Fig. 17. Velocity contour of pair distance variation
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Based on the results, the optimum distance between pairs is 58. Too close distance will have a
bad effect on lift and a more turbulent flow because the interaction of two vortices that are too close
can break the formation of both vortex.

3.7 Effect of Leading Edge Distance

The placement of the VG also depends on the flow separation point at a certain AoA. Usually
placed close to the separation point to reattach the separated flow. The distance of the VG from the
leading edge varied from 5%c < x £ 15%c. Other parameters are kept constant with shape ogive,
height 0.756, pair distance 56, angle of incidence 130, and length 6.5h. A comparison of the results

of each variation can be seen in Table 10, Figure 18 and Figure 19.

Table 10

Effect of leading edge distance to lift, drag and L/D

Leading edge distance Lift (N) Drag (N) L/D
Plain 2213.73 94.33 23.47
5% 2193.40 98.85 22.19
7.5% 2203.37 99.90 22.06
10% 2198.20 96.00 22.90
11% 2199.60 95.50 23.03
12.5% 2202.00 97.18 22.66
13.1% 2209.54 98.00 22.55
13.8% 2214.18 98.65 22.44
14.4% 2203.60 96.50 22.84
15% 2204.70 94.82 23.25
2225 106 30
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2220 —a—Drag (N) |- 104 [ 29
22151 *—LD 28
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Fig. 18. Effect of leading edge distance to lift, drag and L/D
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Fig. 19. Velocity contour of leading edge distance variation

Based on the results, the optimal position to get a better lift is 13.8%c. The location of the VG
must be chosen correctly because if it is not suitable for the separation location it will actually worsen
the flow separation and increase the wake region area. At this point, there is an increase in lift but
the L/D ratio is lower than other positions. In this position, flow separation can be completely
avoided, and the airfoil can hold up to a higher AoA. The formation of the vortex with the final
configuration can be seen in Figure 20.

Veloci&
Vortex Core Region 1

Fig. 20. Vortex contours in final configuration

The best final VG design is with an ogive shape configuration, height 0.756, pair distance 56, angle
of incidence 13°, length 6.5h and located at 13.8% chord. A comparison of the lift and drag values on
the wing before and after the VG was installed is shown in Figure 21.
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Fig. 21. Comparison of wings before and after VG installed
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Based on the comparative data, the counter rotating VG configuration does not have a good
effect on increasing lift and reducing drag. Although the air flow around the wing has shown that the
flow separation problem can be corrected, it does not always have a good effect on lift and drag.
From testing, the final configuration also had negative effects on lift and drag on all AoA.

4. Conclusion

Conclusions from research on counter-rotating vane type wing vortex generators installed on
regional aircraft wings using the CFD method is that the use of the VG in all configurations regarding
the parameters of shape, height, length, angle of incidence, pair distance and leading edge distance
tested does not have the effect of increasing lift or reducing drag. However, the VG successfully
overcomes the flow separation problem, which is a positive achievement in this context. The
influence of the geometric parameters of the vortex generator is as follows

i. Itis better to set the height of the VG submerged in the boundary layer. The greater the
height of the VG, the smaller the L/D ratio and the more chaotic the flow becomes.

ii. Itis better to use an ogive or triangular VG shape because the lift and drag results are
better. Meanwhile, rectangular shapes have the worst effect on aerodynamic
characteristics.

iii. Theangle ofincidence is better installed at a relatively small angle, namely 13°. The larger
the angle, the worse the effect on L/D.

iv.  Thelength of the VG is better to use a length of 6.5h because the lift is greater, and flow
separation can be reduced compared to other sizes.

v. The distance between pairs is better at 56. Too close a distance has a bad effect on the
lift and the flow becomes more turbulent because the interaction of the two vortices can
break the two vortices apart.

vi. It is very important to pay attention to the distance to the leading edge because the
wrong position will actually damage the flow by increasing the separation that occurs.

The test results also show that the use of a VG in the tested configuration produces adverse
effects at all attack angles analyzed. Therefore, further studies are needed to evaluate the potential
for using VG with other configurations, such as using a single VG or a co-rotating arrangement. While
VG can overcome the separate flow problem, its impact on lift and drag needs to be further
evaluated, and configuration variations need to be considered to achieve better results in aircraft
wing design.
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