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ABSTRACT

Inter-regional connectivity is a crucial necessity in various emergencies; however, the limited standard of runways in
remote areas poses operational challenges for conventional aircraft. This study aims to investigate the influence of geometric
parameters and installation positions of rectangular counter-rotating vortex generators (VGs) on a NACA 4415 airfoil used
for short take-off and landing (STOL) amphibious planes. Numerical simulations using the Reynolds-averaged Navier-Stokes
k-w shear stress transport turbulence model were conducted to analyze aerodynamic performance across various angles of
attack. The results indicate that VGs effectively delay flow separation and improve the lift-to-drag ratio, particularly at medium
to high angles of attack. Geometric parameters such as a height of 30 mm and a length of 4.5 h proved to provide the most
rational performance for take-off and landing conditions. However, the installation of VGs also introduces adverse effects in
the form of increased parasitic drag at low angles of attack, potentially impacting fuel consumption during the cruise phase.
Overall, the proper configuration of VGs significantly enhances the safety and operational efficiency of amphibious aircraft
on short runways.

Keywords: Vortex generators; Amphibious aircraft; Aerodynamic characteristics; Flow separation; Computational fluid dyna-
mics; STOL aircraft.

INTRODUCTION

The aircraft industry has made a breakthrough in the world of transportation. The aviation industry offers connectivity between
cities and islands, which is critical in health emergencies, natural disasters, and fires (Grof3e et al. 2021). Air transportation is very
relevant for reaching remote areas, mainly when the area is limited by waters that separate one region from another, so land or sea
transportation is not the right choice regarding cost and time efficiency (Karyawan et al. 2024). Airplanes are one of the promising
modes of transportation, and their use can significantly help connectivity and tourism between regions (Mazzola et al. 2022), but
the construction of runways and airports in remote areas is a challenge for local area managers and it’s often, runways in remote
areas are not up to standard, making it difficult to operate an aircraft in the region, which is why the ability of the aircraft to take

off and land over short distances is essential (Meyer et al. 2021).
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Boundary layers affect both lift and drag forces in fluid mechanics, making the improved control of boundary layers a vital
focus of research (Algan et al. 2024; Nath ef al. 2021). This phenomenon has an impact on the performance of various technical
applications involving fluid flow, such as in the automotive, aerospace, and energy generation fields (Ichikawa et al. 2021; Li et al.
2024; Utomo et al. 2024). Flow control techniques can be categorized into active and passive. The active approach necessitates
external energy for its implementation, whereas the passive methods operate without the need for external energy to regulate
the flow (Algan et al. 2024). Flow separation control by utilizing passive devices is currently the cheapest and fastest solution
to implement. The addition of vortex generators (VGs) on aircraft wings is one way to help aircraft improve aerodynamic take-
off and landing capabilities (Szabo et al. 2024; Tsipenko et al. 2022). A VG is a device employed to regulate boundary layer
phenomena and mitigate the possibility of airflow separation around an aircraft’s wings. The vortex caused by VGs drives
momentum transfer from the high-velocity region to the low-velocity region near the wall (boundary layer) (Chung et al.
2023). This phenomenon reduces the boundary layer’s depth, delays and suppresses separation of the flow, which will indirectly
increase the lifting capacity.

Several investigations have been conducted to assess the impact of VG interaction on aerodynamic performance. Algan et al.
(2024) performed an experimental study on the NACA 4415 airfoil at a Reynolds number of 1.4 x 10°, demonstrating that the
inclusion of VG resulted in a 107.7% increase in the lift coefficient (C,), a 23.39% reduction in drag coefficient (C,), and a delay
in stall by 4° relative to its reference performance. There is also research conducted by Chen (2021), who added a VG to the Bell
A821201 type airfoil at a Reynolds number of 4.5 x 106, revealing a significant improvement in aerodynamic characteristics.
The C, exhibited a 62.23% increase, accompanied by a 10° extension of the stall angle. Additionally, the C,, of the airfoil using
vortex-producing components was reduced by 53.37%. Research on VGs installed on FFA-W3-301 and FFA-W3-360 airfoils was
also carried out by Li et al. (2019) using both numerical and experimental methods. Findings from this study indicated that VG
increased the stall angle by 10°, increased the C; by 48.7%, and reduced C}, by 84.9% at the maximum angle.

The effectiveness of VG depends on its geometry and orientation, which are regulated based on specific operational circumstances.
Geometric parameters of VGs significantly affect the aerodynamic behavior acting on an aircraft wing. These geometric and
installation characteristics are largely determined by the depth of the boundary layer that develops over the wing’s surfaces. Vortex
generators can be engineered in various forms and tailored to meet specific aerodynamic needs. The efficacy of VGs has been
the subject of numerous studies that have investigated the impact of geometric parameters. Experimental research by Manolesos
et al. (2023) regarding the conventional size of the vortex of a square-shaped generator, it was found that the conventional VG
size produces a vorticity that is too strong, causing additional resistance compared to the smaller VG. Manolesos et al. (2023) also
conducted research related to the placement of VG and concluded that the quantity of vortices produced is directly proportional
to the increase in the angle of incidence of the VG. Numerical research by Zhen et al. (2011) and experimental research by Chung
et al. (2023) regarding the influence of the VG position on aerodynamic performance state that the effective position of the VG
moves further forward in accordance with the angle created between the airfoil and the relative wind. A study conducted by
Verma and Sankar (2024) about the significance of the distance between each vane and its effect on the effectiveness of the vortex
force produced by VG it is asserted that reducing the distance between vanes in the VG will create more controlled airflow in the
separation region.

Research on the aerodynamic characteristics of VGs is often conducted using experimental (Hao et al. 2023) and numerical
methods. (Zhu et al. 2021). Experimental methods are considered expensive and time-consuming for developing an initial design
to find the optimal design (Rokhman et al. 2024). Today, numerical techniques have become an integral aspect of analysis. In
particular, computational fluid dynamics (CFD) simulations allow for a thorough evaluation of the characteristics of the flow field
and can better explain physical processes. (Khaled and Aly 2022).

Studying the influence of geometry and installing VGs is an important and challenging task because amphibious aircraft
require efficiency and great lift to be able to take off or land in a short time over short distances.

This investigation intends to analyze geometric and installation parameters such as height, length, vane distance, position,
and yaw angle of counter-rotating VG in a short take-off and landing (STOL) type amphibious passenger aircraft at the minimum

speed during take-off or landing.
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METHODOLOGY

Governing equation

Computational Fluid Dynamics (CFD) is a numerical simulation method (in this study, carried out using the ANSYS Fluent
2023 R2 software) based on the governing equations of fluid mechanics, namely the continuity and Navier-Stokes equations. For the
turbulent flow conditions investigated in this study, the Reynolds-averaged Navier-Stokes equations are employed (Tleubergenova
et al. 2023; van Druenen and Blocken 2023). These equations are solved using the k-w shear stress transport (SST) turbulence
model, which is well-suited for predicting flow separation and adverse pressure gradients on aerodynamic surfaces.

The basic equations for computational control are the continuity equation of (mass conservation), which asserts that the rate
of change within a fluid element corresponds to the rate of mass flow into the element, as written in Eq. 1, and the momentum

equation (Newton’s second law), which is expressed in Eq. 2 below (Sulistiya and Kasman 2019):

dp du;
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where x; and x; are the coordinates, %, and u; represent the averages of the speed components, P is the average pressure, p is the
density, g, is the acceleration of the gravity axis of inertial coordinates, u is the effective viscosity coefficient of dynamic viscosity,
and p u; u; is the Reynolds stress.

In this study, the SST & - w turbulence model was used because it has the ability to represent the phenomenon of fluid flow
near the wall well (Yan et al. 2019; Wang et al. 2023). This turbulence model is widely used by other researchers in phenomena
related to aerodynamic problems, not only in the flow of fluid around the airfoil (Sulistiya and Kasman 2019; van Druenen and
Blocken 2023; Yan et al. 2019), but also on various other objects (Bao et al. 2020; Li et al. 2023). The equations of the SST model
are written in Eqgs. 3 and 4 (Sulistiya and Kasman 2019):

g (pk)+ 0 (pku) = 0 I ok +G,— Y, +S 3

5c P ox; p KU ax, k 3 o, k — Y + 5k (3)
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where G, represents generated turbulence kinetic energy, I' is the effective diffusivity, and ¥, is the rate of successive turbulence
dissipation for k and w.

The pressure-velocity coupling was handled using the semi-implicit method for pressure-linked equations algorithm. To
ensure high spatial accuracy, a second order of approximation was used to discretize the governing equations. Specifically, second-
order schemes were applied to the pressure and momentum terms to minimize numerical diffusion. For the convective terms,
appropriate schemes were utilized to balance higher-order accuracy with the stability required for a robust computational iterative
process (Wijiatmoko et al. 2024).

To ensure a well-defined numerical problem, the following boundary conditions were applied to the computational domain:

the inlet was defined as a velocity inlet condition, set with a uniform flow velocity of 30 m/s, corresponding to the aircraft’s
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minimum take-off speed. The turbulence intensity was set to 5%, and the turbulent viscosity ratio was 10. The outlet was defined
as a pressure outlet condition, which was applied with a static gauge pressure of 0 Pa (ambient atmospheric pressure). The VG
surfaces were assigned a no-slip wall condition assigned to the surfaces of the NACA 4415 airfoil and the rectangular VGs. As

a fluid domain wall, these were set as slip walls (depending on the specific mesh setup) to simulate unconfined flow and reduce

boundary interference.

Geometry model

The simulation was conducted on an airfoil corresponding to the mean aerodynamic chord of an amphibious aircraft. For

more details, Table 1 and Fig. 1 show the primary geometry parameters used in the numerical simulation.

Table 1. Airfoil and VG geometry.

Dimension Symbol Value
Airfoil type - NACA 4415
Chord length L 2,100 mm
Spanwise length S 1,000 mm
VG pair distance p 01L
VG height h 20 mm; 30 mm; 40 mm
VG length / 3h 45 h;6h
VG distance d 0.8hm12h 18h
Position X 0.1L;0.125L;0.15L
VG angle of incidence I3 10°; 14°; 18°
Angle of attack a 0e-18e

Source: Elaborated by the authors.

Source: Elaborated by the authors.

Figure 1. Schematic and nomenclature of airfoil amphibious aircraft and VG. (a) Top; (b) Isometric; (c) Side.

Fluid domain

In external flow simulations, particularly for airflow around wing surfaces, the fluid domain must be carefully defined. This
allows the accurate representation of how the wing influences the surrounding airflow, while ensuring that the computational
demands remain within practical capabilities (Wijiatmoko et al. 2024). The domain size, as shown in Fig. 2, was used in this study

to avoid the effect of fluid domain walls that can interfere with the flow. (Golmirzaee and Wood 2024).
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(a)

Source: Elaborated by the authors.

Figure 2. Fluid domain. (a) Isometric view; (b) Side view.

Mesh generation

The body of influence in the study aims to capture the flow phenomenon around the airfoil and VG. The boundary layer
phenomenon was also studied using the inflation generation feature near the airfoil wall and the VG to capture the boundary
layer event in regions very close to the airfoil wall of the amphibious aircraft wing. Details of the formation of elements in the

simulation can be seen in Fig. 3. It can be seen that the mesh arrangement is made dense around the airfoil and densified around

the VG to capture the effect of the resulting vorticity.
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Figure 3. Details of mesh generation.

In addition to size, the quality of the mesh also needs to be considered. The quality of this mesh can be reviewed based on
the skewness value, orthogonal quality, and y*. Skewness indicates the asymmetry of grid elements, whereas orthogonal quality
measures the regularity of angles between grid elements. At the same time, y*indicates the mesh quality for representing near-
wall phenomena by estimating the distance from the wall surface to the first grid node.

The estimation of y* can be performed utilizing the following Eq. 5. (ITTC 2011):

()
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Based on the mesh quality shown in Table 2, the skewness and orthogonal quality values are in the acceptable category.
Based on the results of previous studies, the quality of the formation of mesh elements in the case of separation flows near the
surface of the airfoil must be maintained at a value of y*< 5. (Fouatih et al. 2019). Figure 4 shows the contour of the y* value

on the geometric wall.

Table 2. Quality of element generation.

Mesh parameters Value
Skewness maximum 0.841
Orthogonal minimum 0.159

Source: Elaborated by the authors.

(a)
Wall-y+
Wall Yplus

1.97e+00
1.79e+00
1.61e+00
1.42e+00
1.24e+00
1.06e+00
8.79e+01
6.97e+01
5.16e+01
3.34e+01
1.52e+01

Source: Elaborated by the authors.

Figure 4. Y* contour around the geometry. (a) Top view; (b) Bottom view.

The grid independence test in Fig. 5 was performed by comparing one of the output parameters against the number of mesh
elements. The allowed error in grid independence tests should be less than 5%. (Aliffrananda et al. 2022). The results of the grid
test process show that the number of elements used is optimal and does not significantly affect the results of the simulation
performed. The smallest error value was 0.16%, with a total of 6.6 x 10° elements. However, in this study, 6.35 x 10° elements
were used because the error value was still less than 1%, while using a smaller number of elements, so the computing time could

be shorter than if 6.6 x 10° elements were used.

Validation study

For validation, this study compared C; and C,, with the results from Fouatih’s (2016) experimental research, which investigated
the effect of adding a VG to the NACA 4415 airfoil at Re = 2 x 10°. Figure 6 presents the comparison between the simulation and
the journal’s results at four distinct angles. The variation between the two results remained under 5% in all cases, with an average
error of 2.80%. This result is well below the maximum threshold of validation margin error, which is 10% (Duan et al. 2019; Seth
and Liem 2021).
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Figure 5. Grid independence test.
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Figure 6. Validation study based on: (a) C;; (b) Cp,.

RESULTS AND DISCUSSION

Baseline performance

The performance of an aircraft is contingent upon various factors, among which the geometry of the airfoil is an essential
element in determining its aerodynamic efficiency. This stage aims to understand the characteristics and performance of the
amphibious aircraft airfoils used. The test was carried out at the minimum speed of the aircraft during the take-off phase, which
was 30 m/s. The data presented represent the aircraft’s performance at Re = 4.3 x 106, as shown in Fig. 7, in the form of C;, Cp,,
and lift-to-drag ratio (L/D). Baseline data are needed to specify the critical angle of attack of the amphibious airfoil, as well as
comparative data for aerodynamic performance before and after using the VG.

The graph in Fig.7 shows that the C; will decrease after reaching the maximum angle of attack. The highest C, was observed
at (a = 16°), which shows that this airfoil has a critical angle of attack at (a = 16°) witha C;,  of 2.18 and a C}, of 0.34. The L/D
provides a measure of the airfoil’s efficiency. The ratio has increased starting from (a = 0°), reaching its peak value at (a = 4°), and

decreases as the angle continues to rise. At the critical angle of attack, this airfoil has an L/D ratio of 6.52.

—G)
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Figure 7. Baseline performances.

Influence of geometric parameters
The geometric aspect greatly influences the vortex power generated from the VG. The geometry of the VG, such as its height
and length, plays a crucial role in creating a stable and effective vortex for controlling airflow. Vortex generators (VGs) with optimal

geometry can reduce drag and improve climbing and descending efficiency in aircraft. (Meyer et al. 2021).

Effect of VG height

The height of VGs affects the amount of vortex force created and has an impact on aerodynamic performance. Each angle
of attack has a different size of boundary layer, so it is essential to comprehend the effect of the VG height at various angles.
Three height variations of the VG were simulated, namely 20 mm, 30 mm, and 40 mm, with a length of 3 h; the distance
between VGs was 1.2 h, positioned at 0.15L from the leading edge, and the angle of incidence was 10°. Figure 8a-c shows the
C,, Cp, and L/D, respectively.
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Figure 8. The effect of VG’s height on: (a) C;; (b) C; (c) L/D.

The effect of the VG’s height on lifting capabilities at multiple angles is shown in Fig. 8a. At the angle of attack (0° < a < 14°),
each variation in the height of the VG has a higher C; compared to the previous one. The difference occurred at the critical angle
0f2.61% and 8.61%, respectively, while the
variation of 40 mm experienced a decrease in the C;, _value of -14.11% compared to the baseline C; before using the VG.
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Same phenomenon of declining performance was also observed by Yan et al. (2019). As illustrated in Fig. 8a and b, an increase in
the VG height leads to a greater concentration of vorticity and stronger flow control, but it could also lead to greater resistance.
(Liet al. 2019).

The effectiveness of aerodynamic performance can be seen through the ratio between the C; shown in Fig. 8a and the C, in
Fig. 8b. Figure 8c shows that at the angle of attack (0° < a < 8°), the entire addition of the VG has a negative impact on the L/D
ratio. This happens because the fluid flow tends to be still bound to the surface around the airfoil, so the resulting vortex damages
the flow around the wing and results in a decrease in the effectiveness of aerodynamic performance. However, it can be seen
that at the angle of attack(0° < a < 2°), the VG with a height of 20 mm has a higher L/D ratio compared to the other variations.
However, when at the angle of attack (4° < a < 16°), the height variation of 30 mm has the highest effectiveness among the other
three variations. These results indicate that a VG with low height is more effective at small angles of attack and vice versa (Hares
et al. 2019). The phenomenon of adding a VG occurs in the geometry with a height of 30 mm at the angle of attack (10° < a < 16°),
which provides an increase in the L/D ratio of 20.42%-57.94% compared to the initial performance.

Figure 9 shows the contour of turbulence intensity around the airfoil of the amphibious aircraft wing, especially at the rear of
the airfoil, where the red contour characterizes the flow with high turbulent intensity. Based on the level of turbulence intensity,
the addition of a VG with a height of 30 mm at an angle of 16° can reduce the turbulence intensity that occurs and produce the
lowest turbulence when compared to the other variations. This is because the VG can transfer sufficient energy into the boundary

layer while causing only a modest increase in drag (Yan et al. 2019).

Turbulent-intensity
Turbulent-intensity (%)

1.17e02 1.28e+00 2.55e+00 3.82e+00 5.08e+00 6.36e+00 7.62e+00 8.88e+00 1.02e+01 1.14e+01 1.27e+01

Source: Elaborated by the authors.

Figure 9. Contour of the effect of the height of the VG on the turbulence intensity. (a) Baseline; (b) 20 mm;
(¢) 30 mm; (d) 40 mm.

Effect of VG length

Vortex’s strength is also influenced by the VG’s length. The number of vortices needed to enhance fluid flow around the
wing changes with the increase in angle of attack. Three VG variations were simulated to investigate the influence of length on
aerodynamic efficiency and capabilities, namely 3 h, 4.5 h, and 6 h, with a height of 20 mm, the distance between VGs was 1.2 h,
the VG position was at 0.15 L, and the angle of incidence was 10°. The illustration of VG length on aerodynamic performance is

presented in Fig.10a-c.
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Figure 10. Effect of VG length on: (a) C;; (b) Cpy; (c) L/D.

The C; and C,, values shown in Fig. 10a and b will affect the effectiveness of aerodynamic performance. According to the
simulation, the performance effectiveness shown in Fig. 10c shows that the implementation did not give a positive impact when the
wing was at (0° < a < 8°), but at (8° < a < 16°), the VG with a length variation of 4.5 h had the highest performance effectiveness
value compared to the other two length variations. The 4.5 h vortex length of the generator at the angle (8° < a < 16°) provided an
increase in the L/D ratio of 0.15%-136.02% compared to the benchmark performance. The 6 h length variation ranked second and
was followed by the 3 h length variation as the variation with the lowest level of effectiveness. A similar phenomenon was also found
by Hares et al. (2019) in their research related to the influence of VG length. This result was obtained because the VG with a length
of 3 h produced a vortex that was less able to transfer energy to the low-energy airflow behind the airfoil and resulted in a turbulence
intensity that was not significantly reduced, while the 4.5 h variation created the most optimal vortex strength to control flow separation,
so that there was not much high-intensity turbulent flow around the aircraft wing. Although the VG with a height of 6 i was able to
control the flow separation around the wings, the resulting vorticity was too large, making it ineffective and producing unnecessary
drag. Although the angle (8° < a < 16°) height of 6 h did not give the best results, the variation succeeded in inhibiting the separation
phenomenon that occurred at the angle of attack (a > 16°) and delayed the stall that occurred at an angle of 16°. Figure 11 represents

a comparison of turbulence intensity in each variation, which supports the previous explanation.

Turbulent-intensity
Turbulent-intensity (%)

1.17e02 1.28e+00 2.55e+00 3.82e+00 5.08e+00 6.36e+00 7.62e+00 8.889e+00 1.02e+01 1.14e+01 1.27e+01
(b)

(c) (d)

Source: Elaborated by the authors.

Figure 11. Contour of the effect of VG length on turbulence intensity. (a) Baseline; (b) 3 k; (c) 4.5 h; (d) 6 h.
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Influence of installation parameters

In addition, the installation parameters of the VG are also crucial. The installation location and orientation determine the
interaction between the generated vortices and the surrounding airflow. An optimally placed VG can improve airflow control and
delay flow separation, ultimately improving overall stability and performance.
Effect of vane distance

Three variations of the VG were simulated to examine the distance effect between vanes on aircraft performance, ranging from
0.8 h, 1.2 h,and 1.6 h, with a 20 mm height, a length of 3 h, the position of the VG against the leading edge at 0.15 L, and the angle

of incidence set at 10°. The influence of VG distance on aerodynamic efficacy is presented in Fig. 12a-c.
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Figure 12. Effect of distance between vane on: (a) C;; (b) Cp; (c) L/D.

The distance between the VGs affects the ability to control the separation flow (Li et al. 2019), where the optimal distance
between the VGs varies at each angle of attack. An increased range on the VG results in improved performance at low angles of
attack. Conversely, a greater distance reduces the aerodynamic performance produced at high angles of attack (Fouatih et al. 2019).
Similar to the statement from Fig. 12a-c, when the angle of attack is at a low angle of attack (0° < a < 10°), among the other three
variations, the 1.6 1 VG provides the best performance, although at the angle of attack (0° < a <8°), the addition of the VG with
the three variations studied does not give positive results. This happens because at the angle of attack (0° < a < 8°), the vorticity
generated by the three VGs is too large and produces unnecessary drag, as shown in Fig. 12b. The additional drag compensates
for the C, value in Fig. 12a, thus deteriorating the aerodynamic performance. Different results are encountered when the angle of
attack is at (12° < a < 16°). The 0.8 h VG provides the best performance, followed by the 1.2 h and 1.6 h variations, respectively.
At a high angle of attack (12° < a < 16°), only the 0.8 h variation can provide better performance compared to the benchmark
performance, namely an increase in the L/D ratio of 3.52%-29.96%.

Figure 13 represents the turbulence intensity at the critical angle of attack. At that angle, the vane distance of 0.8 / can reduce

the turbulence intensity that occurs before using the VG, which is the most effective variation compared to the other variations.

Effect of VG location from the leading edge

The VG location influences the aircraft’s aerodynamic behavior and capacity. The optimal location for the placement of the
VG changes as the angle of attack changes. To find the most optimal installation location of the VG, three height variations of
the VG were simulated, namely 0.10 L, 0.125 L, and 0.15 L, while maintaining a VG height of 20 mm, a length of 3 A, an angle of
incidence of 10°, and a distance between VGs of 1.2 h for each variation.

Figure 14a-c shows the position effect on the C;, C,, and performance efficiency at various angles. Figures 14a and b indicate
that a mounting position closer to the separation point occurring at that angle provides a higher lift increase accompanied by a
slight increase in drag. This is because the installation of the VG is too far from the upstream position, causing more and more
areas to be affected by the VG (De Tavernier et al. 2021).
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Figure 13. Contour of the effect of the distance between the vane on turbulence intensity. (a) Baseline; (b) 0.8 h;

(c) 1.2 h;(d) 1.6 h.

Figure 14c shows that the presence of the VG at the angle of attack (a < 14°) adversely impacts the aircraft’s aerodynamic
capability. This event is caused by the vortex flow generated by the VG ruining the flow of the boundary layer that interacts on the
surface (Agarwal and Kumar 2016; De Tavernier et al. 2021). The increase in the best L/D ratio value when the angle of attack is
at (a =16°) can be seen in the installation of the VG at the location of 0.125 L, which is 20.73%, and an increase in the L/D value
of around 8.60% occurs in the installation of the VG at 0.10 L at (a = 18°). This result is reinforced by the statement of Fouatih
et al. (2019), who stated that the upstream position of the VG decreases the L/D at the low angles of attack and increases it as the

angle of attack increases. Figure 15 shows the intensity of turbulence that occurs at each variation at (a = 16°).
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Figure 14. Effect of VG location from the leading edge on: (a) C;; (b) C; (c) L/D.

Effect of vane angle of incidence

The angle of the installation of the VG relative to the direction of the wind flow rate affects the strength of the vortex flow
produced. Three variations of the angle of incidence of the VG were simulated, namely 10°, 14°, and 18° by maintaining the position
of the VGs at 0.15 L, a length of 20 mm, a height of 3 k, and a distance between vanes of 1.2 h.
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Figure 15. Contour of the effect of the VG location from the leading edge on turbulence intensity. (a) Baseline; (b) 0.10 L;
(c) 0.125L;(d) 0.15 L.

The angle of the VG installation relative to the direction of the wind flow rate affects the strength of the generated vortex
flow. In general, the greater the angle difference between the angle of installation of the VG and the angle of arrival of the airflow,
the greater the vortex force will be produced (Ibarra-Udaeta et al. 2019). The amount of vortex produced affects aerodynamic
performance; if the vortex produced is too small, it is not be effective in improving the flow around the airfoil, whereas large
vorticity increases the value of the C,, which can have an impact on decreasing aerodynamic performance.

Figure 16a-c points out that the effective mounting angle varies with an increase in the angle of attack. Figure 16a shows
that the mounting angle producing the highest C; at the angle of attack (0° < a < 12°) is found at the angle of incidence of 14°.
In comparison, when the angle of attack is at (12° < a < 18°), the angle of incidence of 16° produces the best C; value. In addition,

the VG with an 18° mounting angle successfully delays stall occurring at an angle of attack of 16° to at least 18°.
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Figure 16. Effect of vane angle of incidence on: (a) C;; (b) Cpy; (c) L/D.
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Based on Fig. 16, it can be seen that the incidence angle of the VG affects the effectiveness of aerodynamic performance.
The addition of a VG when at a low angle of attack (0° < B < 8°) has a harmful effect. At the angle of attack (10° < a < 14°), a 14°
angle of approach gives an increase in L/D of 26.16%-115.80%, while an 18° angle of incidence results in an increase in L/D of
15.92%-110.83%. The 18° angle of approach successfully delays the separation so that it can increase the stall angle from 16°, where
at (16° < a < 18°), the 18° angle of incidence results in an increase in L/D of up to 63.34%-219.21% from the initial performance.
A VG with a high angle of incidence is effective at a high angle of attack, while a VG with a low angle of incidence is effective
when the angle of attack is low (Fouatih et al. 2019).

Each variation in the mounting angle has a different effect on improving the airflow occurring around the wings, which can be
seen from the intensity of the turbulence that occurs. Figure 17 illustrates the flow around the airfoil at the critical angle of attack,
where the image contains a comparison of the turbulence intensity occurring before and after the installation of the VG at each
variation of the installation angle. The 18° mounting angle can be seen to have a positive effect in controlling the flow around the

VG, as shown by the absence of red high turbulence intensity around the airfoil.

Turbulent-intensity
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(b)
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(d)

Source: Elaborated by the authors.

Figure 17. Contour of the effect of the vane angle of incidence on turbulence intensity.

CONCLUSION

The results of the study using the numerical simulation method can show that the geometric parameters and mounting position
affect the amount of vortex force generated and influence the aerodynamic capabilities of the amphibious aircraft.
The following conclusions can be observed:

«  Within the angle of attack (0° < a < 8°), the entire addition of the VG had a negative impact on the aerodynamic efficiency,
as shown by the L/D ratio. In comparison, at a range of (10° < a < 16°), the variation of 30 mm showed the best result, which
was to increase the L/D ratio by 20.42%-57.94% compared to the baseline performance.

«  Within the angle of attack (0° < a < 8°), all the additions of the VGs had a negative impact on the L/D ratio, while at the angle
ofattack (8° < a <16°), the 4.5 h variation showed the best result, namely increasing the L/D ratio by 0.15%-136.02% compared
to the baseline performance.

«  Within the angle of attack (0° < a < 8°), the addition of the VG had a negative impact on the L/D ratio. In comparison, at the

angle of attack (a = 10°), the 1.6 h variation managed to provide an increase in the L/D ratio of 6.54%. In the angle of attack
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(12° < a<16°), the 0.8 h variation showed the best result, which was to increase the L/D ratio by 3.52%-29.96% compared to

the baseline performance.

«  Within the angle of attack (0° < a < 8°), the entire addition of the VG had a negative impact on the L/D ratio. At an angle
(a=10°), the variation of 0.125 L and 0.15 L succeeded in increasing the L/D ratio by 4.02% and 6.16%, respectively, while at
the critical angle of attack, the 0.125 L mounting position provided the highest L/D increase of 26.15% compared to without
using the VG.

o Within the angle of attack (0° < a < 8°), the entire addition of the VG has adversely affected the L/D ratio. At the angle of attack
(10° < a < 14°), a 14° angle of incidence yielded an enhancement in L/D of 26.16%-115.80%, while an 18° angle of incidence
produced an improvement in L/D of 15.92%-110.83%. The angle of incidence of 18° successfully delayed the separation so
that it could increase the stall angle from 16°, where at the angle of attack (16° < a < 18°), the 18° angle of incidence lead to
an increase in L/D of up to 63.34%-219.21% compared to without the use of the VG.

In summary, the configuration with 4 = 30 mm and I = 4.5 h provided the most significant improvement in aerodynamic
efficiency at high angles of attack. While the implementation of counter-rotating VGs significantly enhances lift and delays stall
at high angles of attack, it is essential to consider the associated drag penalty. At low angles of attack typical of cruise flight (0°
< a < 8°), the VGs act as additional surface obstructions that increase parasitic drag, as evidenced in Fig. 7. Consequently, this
technology is most economically feasible for short-haul amphibious operations where the cruise phase is relatively brief and the
operational priority is safely accessing hard-to-reach airfields with short runways. For such specific missions, the gain in STOL
performance and the increased safety margins during take-off and landing justify the marginal increase in fuel consumption and
emissions during the short transit phase.

Ultimately, this study confirms that VGs are a viable passive flow control method for improving the operational safety of
STOL amphibious aircraft.
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