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Abstract

The present numerical study simultaneously investigates the aerodynamic performance,
shape optimization, and aeroacoustic characteristics of modified leading-edge wavy
wings for the NACA 0020 airfoil. Unlike conventional passive flow-control approaches,
the present study proposes a collaborative vortex—slot control strategy, where streamwise
vortices induced by a wavy leading edge interact constructively with momentum injection
from upper-surface slot channels. Flow field is analyzed at a Reynolds number of 290,000
and various angles of attack (AoA) utilizing Computational Fluid Dynamics (CFD). Three
leading-edge wavy wing configurations, namely A3L11, A3L40 and A11L40, are exam-
ined and further modified by introducing streamwise slots near the leading edge on the
upper surface of the wing. Three slot diameters (0.07c, 0.10c, and 0.13c) are examined at a
constant draft angle of 7.5°, which represents the inclination of the slot relative to the wing
surface. The numerical results are validated against experimental data available in the
literature. The findings indicate that the A3L11 configuration with a 0.07c slot diameter,
as well as the A11L40 configuration at high angles of attack, outperform the baseline wavy
wing. This improvement is attributed to the slotting mechanism, which enhances surface
suction and streamwise momentum, thereby improving boundary-layer behavior. An in-
crease in aerodynamic efficiency, quantified by the lift-to-drag ratio, is observed at 20°
AoA for all configurations. To further enhance performance, shape optimization is per-
formed by optimizing the slot diameter and the distance between the chord line and the
slot center using a Genetic Algorithm (GA), with the A11L40 configuration at 20° AoA
identified as the optimal design. The optimized configuration yields an overall aerody-
namic performance improvement of approximately 27.76% compared to the smooth wing,
while broadband aeroacoustic source modeling indicates a relative reduction in predicted
noise-source intensity relative to the baseline modified wing. The results are presented
through combined quantitative metrics and qualitative flow analyses, demonstrating the
potential applicability of the proposed optimization framework to low-Reynolds-number
aerodynamic and aeroacoustic design problems, such as those encountered in small-scale
air vehicles, bio-inspired wings, and noise-sensitive systems.

Keywords: leading-edge waviness; aerodynamic modifications; passive flow control;
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1. Introduction

Flow control is a crucial research area in aerodynamics, aiming to manipulate the
flow field over air vehicles and improve their aerodynamic performance. Flow control
techniques are generally classified into active flow control (AFC) and passive flow control
(PFC). The PFC method is based on geometric or structural modifications of the surface,
and its devices can operate without energy input, whereas the AFC technique requires
additional energy sources. Among passive flow control strategies, the application of wavy
or sinusoidal leading edges, inspired by the tubercles on humpback whale flippers, has
attracted significant attention since it has the potential to suppress flow separation, delay
stall, and enhance lift in both aerodynamic and hydrodynamic environments [1-3].

Early investigations demonstrated that sinusoidal leading edges generate stream-
wise vortices, which re-energize boundary layer flow and can delay flow separation. Ex-
perimental studies conducted in wind and water tunnels demonstrated that leading-edge
tubercles can enhance lift performance and postpone stall when compared with baseline
configurations [4-7]. Van Nierop et al. [8] found that the increase in amplitude of the tu-
bercles improved stall characteristics and control, whereas wavelength had a negligible
influence. Their lifting-line analysis additionally predicted the aerodynamic behavior of
tubercle configurations in pre- and post-stall regimes. Subsequent experimental investi-
gations confirmed that leading-edge tubercles delay stall and generate streamwise vorti-
ces, which enhance post-stall lift, although a slight reduction in pre-stall performance was
observed [9,10]. These findings highlight the critical role of tubercle geometry in optimiz-
ing aerodynamic efficiency and advancing bio-inspired flow control.

Using commercial solvers such as STAR CCM+ and SolidWorks Flow Simulation,
researchers have demonstrated that sinusoidal leading edges improve lift performance
and maintain flow attachment at high angles of attack [11-13]. Numerical analyses also
revealed that leading-edge protuberances can induce streamwise vortices that promote
delayed flow separation [14,15].

A wide range of experimental studies on the wavy wing has further confirmed these
aerodynamic enhancements. Significant lift enhancement and improved stall control for
specific wavelength-amplitude combinations have been widely reported in the literature
[16-19]. These studies consistently demonstrated that streamwise vortices generated by
wavy leading edges effectively delay stall and enhance post-stall lift, particularly at high
angles of attack. envestigations on finite-span and infinite-span wings further confirmed
that leading-edge protuberances reshape flow separation, enhance post-stall performance,
and reduce lift fluctuations [20,21].

More recently, the application of sinusoidal leading edges has been extended to ad-
vanced wing configurations. Numerical and experimental studies have shown that wavy
leading edges can enhance post-stall lift while reducing lift fluctuations. The effectiveness
of tubercles has been found to depend strongly on geometric parameters such as airfoil
thickness, wavelength, amplitude, and angle of attack, particularly at low Reynolds num-
bers [22-24]. Combined configurations incorporating smart flaps, ground effects, and
winglet designs have further demonstrated that sinusoidal geometries can offer perfor-
mance advantages under specific flight conditions [25-27]. Experimental investigations
also suggest that wavy leading edges enhance boundary-layer momentum exchange, po-
tentially reducing unsteady aerodynamic loading and contributing to improved aeroa-
coustic performance [28,29].

The aeroacoustic characteristics of airfoils have been extensively studied due to their
importance in aviation and wind energy applications. To improve aeroacoustic perfor-
mance, some animals in the wild have been utilized, providing novel ideas for solving this
engineering problem. Previous research has shown that wavy leading-edge modifications
can simultaneously enhance aerodynamic performance and reduce noise emissions by
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disrupting coherent vortex structures and modifying pressure fluctuations [30-33]. Exper-
imental and numerical investigations have identified optimal sinusoidal configurations
that improve lift while reducing broadband noise [34-36]. Additional studies demon-
strated that wavy leading edges influence trailing-edge bluntness noise while maintaining
comparable aerodynamic performance [37,38].

Despite these advantages, excessive tubercle amplitude or wavelength may amplify
local flow disturbances, reduce lift, and increase drag. Therefore, the geometric parame-
ters of wavy wings must be carefully selected to achieve optimal aerodynamic perfor-
mance. en this context, optimization techniques have been increasingly applied to the de-
sign of bio-inspired wings with leading-edge tubercles. Adjoint-based and multi-objective
optimization studies have reported substantial improvements in aerodynamic efficiency,
lift enhancement, and stall delay for optimized configurations [39-41].

To address data insufficiency and environmental uncertainty in complex engineering
systems, algorithm optimization increasingly relies on data-driven strategies incorporat-
ing virtual sample generation and deep learning-based representation modeling. The in-
tegration of Monte Carlo sampling with autoencoder-driven optimization frameworks ef-
fectively enhances accuracy, stability, and generalization performance under non-ideal
and uncontrolled operating conditions [42,43].

Despite the extensive body of work on wavy and tubercle leading edges, the reported
aerodynamic benefits remain highly sensitive to geometric parameters, Reynolds number,
and angle of attack, and are often accompanied by trade-offs in drag or pre-stall perfor-
mance. While previous studies have shown that leading-edge waviness can delay stall,
enhance post-stall lift, and in some cases reduce broadband noise, these effects have gen-
erally been investigated in isolation. Consequently, limited attention has been given to the
combined interaction between waviness-induced streamwise vortices and additional pas-
sive momentum-enhancement mechanisms, as well as to their joint aerodynamic and aer-
oacoustic optimization.

Most studies have examined aerodynamic effects numerically and experimentally
across various Reynolds numbers and angles of attack. However, systematic comparisons
of numerical and experimental approaches for validating complex flow are still needed.
While passive flow-control techniques such as leading-edge waviness have been exten-
sively studied independently, their combined effects on slot-based momentum injection
and broadband aeroacoustic source behavior remain largely unexplored. Existing work
typically focuses on isolated drag reduction, lift enhancement, or reported noise reduction
tends, without considering how vortex-induced mixing and slot-driven boundary-layer
re-energization can act synergistically. This study addresses this gap by introducing a col-
laborative vortex-slot flow-control framework in which streamwise vortices generated by
the wavy leading edge interact with slot-induced flow to modify near-wall momentum,
suppress large-scale flow separation, and reduce broadband noise-source intensity indi-
cators. A genetic-algorithm-based optimization of slot geometry is integrated with aeroa-
coustic source analysis, providing a unified view of aerodynamic and acoustic perfor-
mance. This hybrid passive strategy offers an energy-efficient approach to improving aer-
odynamic efficiency while improving comparative broadband noise-source characteris-
tics in low-Reynolds-number wing applications.

2. Materials and Methods

The numerical analysis in this study encompasses wing modeling, definition of the
computational flow domain, mesh generation, and boundary conditions for the solution.
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2.1. Design Geometry

The NACA 0020 airfoil was designed using computer-aided design (CAD) software
(SolidWorks 2023) with a chord length (c) of 150 mm and a span (z) of 300 mm, as illus-
trated in Figure 1. en addition, leading-edge wavy configurations were generated based
on specified amplitude (A) and wavelength (A) parameters. As shown in Figure 2, three
wavy-wing cases were considered, A3L11 (A = 0.03¢, A = 0.11c), A3L40 (A = 0.03¢c, A =
0.40c), and A11L40 (A =0.11c, A = 0.40c), following the reference study proposed by Paula
[22].

150.00

30.00

() (b)

Figure 1. Design of the NACA 0020 airfoil. (a) Side view; (b) isometric view [dimensions in mm]
(note that integer values are displayed in decimal format due to the automatic output of the visual-
ization software.).

(@) (b) (©

Figure 2. Design of the NACA 0020 leading-edge wavy wings: (a) A3L11, (b) A3L40, (c) A11L40.

To investigate aerodynamic performance at various AoA, leading-edge wavy wings
were modified by adding slots on the upper surface near the leading edge. The slot geom-
etries were defined parametrically in this study based on geometric feasibility, manufac-
turing considerations, and preliminary numerical assessments, rather than adopting them
from existing databases or prior studies. Three slot diameters—0.07c, 0.1c, and 0.13c—
were tested for each configuration, with a fixed draft angle of 7.5° for all cases. The draft
angle, shown schematically in Figure 3b, defines the inclination of the slot relative to the
local wing surface and controls the orientation of the flow passing through it. Figure 3
summarizes the slotting parameters, and Figure 4 presents an isometric view of the mod-
ified wings with a 0.10c slot for all three configurations.

. 15.00
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Figure 3. The view of modified leading-edge wavy wing design parameters: (a) front view; (b) iso-
metric view (note that integer values are displayed in decimal format due to the automatic output

of the visualization software.).

(b) O

Figure 4. The isometric view of the modified wing with a slot diameter of 0.10c: (a) A3L11, (b)
A3LA40, (c) A11L40.

2.2. Mesh Generation and Boundary Conditions

A C-shaped computational flow domain was generated for the solution, where the
inlet and outlet were defined as a velocity inlet and a pressure outlet with a gauge pres-
sure of zero, respectively. The remaining boundaries of the flow domain were defined as
being symmetrical, and the wing was specified as a no-slip wall. The height and width of
the flow domain were determined as 20c, and the distance from the trailing edge of the
wing to the outlet was also 20c. Figure 5 shows the computational flow domain and its
dimensions in terms of chord length.

The meshing process was carried out using ANSYS Meshing (ANSYS 17.2) to discre-
tize the computational flow domain. A structured hexahedral mesh was generated in the
near-wall region of the wing to accurately resolve boundary-layer development and flow
separation, while a tetrahedral mesh was employed in the remaining part of the flow do-
main. The near-wall mesh resolution was designed based on a target y* value smaller than
1, consistent with the requirements of the SST k—w turbulence model for resolving the
viscous sublayer without wall functions, while local y* values slightly above unity are
generally considered acceptable. For the present Reynolds number (Re =290,000), prelim-
inary estimates of wall shear stress and friction velocity were used to determine the ap-
propriate first-cell height. Accordingly, the first-layer height was set to 0.004 mm, and 15
inflation layers with a smooth growth ratio were applied to ensure accurate capture of
boundary-layer behavior and flow separation. Additional face sizing was used to refine
the mesh in regions of high flow gradients. The overall mesh topology and near-wall re-
finement are illustrated in Figures 6 and 7.

For the slotted wing configurations, the mesh was locally refined around the slot re-
gions to accurately capture the smaller geometric features. While the overall meshing
strategy and near-wall resolution were consistent across all configurations, additional lo-
cal refinement was required for the slotted wings. Grid convergence was evaluated based
on aerodynamic performance metrics, and further refinement did not significantly affect
the results.

As shown in Figure 4a, the small-scale slot features necessitated a finer mesh, with
reduced face sizing and a first inflation layer height of 0.003 mm, to accurately resolve the
flow field for slotted wing configurations.

https://doi.org/10.3390/app16042078
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Figure 5. Computational flow domain and its dimensions.
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Figure 7. Mesh generation around the NACA 0020 wing.

The non-dimensional parameter y* value, which defines the distance from the wall
to the first mesh cell in the boundary layer, directly affects solution accuracy and simula-
tion results. To achieve the desired y* value, inflation layers can be generated near walls,
and mesh refinement can be applied to capture flow in the boundary layer. Therefore,
determining the proper y* value influences the accuracy of turbulence modeling and flow

https://doi.org/10.3390/app16042078
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simulations. The resulting y* contour is presented to verify that the intended near-wall
resolution was achieved rather than to determine the mesh posteriori. Figure 8 shows the
contour plot of the y* distribution. As shown in the figure, the y+ values are smaller than
1 over the majority of the wing; however, they can exceed 1 in some regions, particularly
near the leading edge.

] [ H |

YPlus: 0.10.20.30405060.70.809 1 11121314

Figure 8. Contour plot of the y* distribution over the NACA 0020 wing surface at Re = 290,000.

2.3. Computational Model

Computational Fluid Dynamics (CFD) is a widely used numerical approach for solving
the governing equations of fluid flow in engineering applications. en this study, the simula-
tions were performed using ANSYS Fluent, which employs the Finite Volume Method
(FVM) to discretize and solve the Reynolds-Averaged Navier-Stokes (RANS) equations.
The RANS equations, derived from the Navier-Stokes equations, are commonly used in
engineering analyses to model turbulent flows due to their computational efficiency and
robustness [44]. The solutions were performed as three-dimensional (3-D), steady, viscous,
and incompressible flow. The governing equations are given in Equations (1) and (2).

6u+6v+6w_0 1
ox dy 0z (1)

ou  du ou 10p 0*u 9%*u 9%u
= f )

uaﬂ-va-l-WE— 1 ox ﬁ-l_ﬁ-l_@
where p is the pressure, p is the density of the fluid, and u, v, w, are the velocities in x, y, z
directions, respectively.

The turbulence model is used to simulate flow and observe the averaging effects of
turbulence over the wing. Therefore, a turbulence model is incorporated into the RANS
equations to accurately predict flow physics over the body. For this, various turbulence
models have been improved to simulate the flow field for different bodies or geometries.
en this study, the SST (Shear Stress Transport) k—w turbulence model was employed, as it
provides better results by accurately predicting flow separation in complex geometries. et
is a hybrid two-equation turbulence model that combines the Standard k-w and Standard
k-¢ model [45]. This turbulence model necessitates a fine mesh resolution, particularly in
the near-wall region, which consequently increases the overall computational cost. The
governing equations of the SST k-w turbulence model are given in Equations (3) and (4).

ak+Uak—P k +6 v+ )ak 3
ot Uiy = e Bkt g |V ol o )
Jw Jw Py ,, O Jw Op2 Ok 0w
_ == — — —|4+2(1—-F)2___—__—
ot U 0x; * Ve P+ 0x; [(V 0wV 6x]] 2 V w 0x; 0x; @
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where k is the turbulent kinetic energy, w is the specific dissipation rate, Px is the produc-
tion of turbulent kinetic energy, and  and " are model constants for w dissipation and k
dissipation, respectively. a is a model constant for w production, ok is turbulent Prandtl
number for k, o is the turbulent Prandtl number for w, o2 is second turbulent Prandtl
number for w (SST model), 1+ is eddy viscosity, F1 is the blending function, Uj is the mean
velocity component, and x; is the spatial coordinate.

The solution was performed using a pressure-based solver with the Green—Gauss
cell-based scheme, and the second-order upwind method was applied for all other spatial
discretization parameters. Simulations were carried out under steady-state flow condi-
tions, viscous and three-dimensional. A velocity inlet was selected at the inlet, and a pres-
sure outlet with a gauge pressure of 0 Pa was set at the outlet. The wing surface was mod-
eled as a no-slip wall to account for the effects of viscous flow. The convergence criterion
was set to 10-5, and the computation run was to be finished when the variation in aerody-
namic coefficients was negligibly small over the last 100 iterations.

2.4. Broadband Source Acoustic Analysis

Aeroacoustics is a branch that investigates sound generated by flow motion, partic-
ularly airflow interacting with the surface or wall of a body. Aerodynamic noise is often
associated with flow irregularities, separation, and turbulence. These flow features are
also typically linked to degraded aerodynamic performance through increased drag and
loss of useful flow energy [46]. en this study, a CFD analysis was performed for steady-
state flow, and the noise source power level was estimated based on the magnitude of the
resulting turbulence, such as kinetic energy and dissipation rate. This methodology was
proposed by Proudman [47]. The acoustic formula derivation, using Lighthill’s acoustic
analogy [48], was performed to obtain the acoustic power for isotropic turbulence without
a mean flow, following Proudman [47]. Although Lilley [49] extended the theory to ac-
count for retarded-time effects in unsteady turbulence, in the steady-state application,
these effects are approximated using the mean turbulence quantities obtained from the
CFD solution. The prediction using the steady-state broadband noise model is given by
Equation (5).

&2

P = Cpoa—g ©)

where P is the acoustic source power density (W/m3), C is the calibration constant (dimen-
sionless), po is the density (kg/md), ¢ is the turbulent dissipation rate (m?/s%), and av is the
speed of sound in the medium (m/s).

¢t should be noted that the Proudman broadband noise model employed in this study
is used as a comparative aeroacoustic source indicator rather than an absolute far-field
noise prediction tool. Noise mechanisms such as trailing-edge scattering, vortex shedding,
and laminar-turbulent transition noise typically require unsteady flow simulations and
advanced acoustic analogies, which are beyond the scope of the present steady-state op-
timization framework. The present approach focuses on evaluating relative changes in
acoustic source strength under identical numerical conditions, enabling a consistent com-
parison among different geometric configurations.

et should further be emphasized that turbulence dissipation and the derived acoustic
source metrics are more grid-sensitive than integrated aerodynamic quantities such as lift
and drag coefficients. Accordingly, the reported acoustic source levels are not interpreted
as mesh-independent absolute values, but as comparative indicators. All configurations
were evaluated using the same meshing methodology, refinement strategy, and near-wall
resolution targets, and only relative differences observed under these consistent numeri-
cal settings are discussed.
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2.5. Mesh Sensitivity and Validation Analysis

The mesh sensitivity is a process that indicates a sufficient number of mesh elements
and ensures accurate results. en this study, four configurations—smooth, A3L11, A3L40,
and A11L40—were analyzed, and a mesh sensitivity study was performed for each. The
mesh sensitivity and validation for the lift coefficient (Ci) are presented in Figure 9 at a
Reynolds number of 290,000 and 10° AoA. The sufficient mesh element counts for the
smooth, A3L11, A3L40, and A11L40 configurations were 3250456, 4770956, 3865785, and
3692855, respectively. Validation was performed by comparing numerical results with the
experimental data reported by Paula [22], showing good agreement within acceptable lim-
its. CFD simulations were conducted at selected angles of attack (5°, 10°, 15°, and 20°) to
capture key pre-stall and post-stall flow regimes. These discrete CFD results were com-
pared with the full experimental trends to evaluate the capability of the numerical frame-
work in reproducing overall aerodynamic behavior. Figures 10 and 11 present the valida-
tion of lift and drag coefficients by comparing the present CFD results with the experi-
mental data reported by Paula [22].
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Figure 9. Mesh sensitivity analysis of NACA 0020 airfoil for four configurations. (a) Smooth wing,
(b) A3L11, (c) A3L40, (d) A11L40.
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Figure 10. Validation of lift coefficient for the NACA 0020 airfoil: comparison of CFD results with
full experimental lift curves reported by Paula [22] for the smooth wing, A3L11, A3L40, and A11L40
leading-edge configurations at Re =290,000.
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Figure 11. Validation of drag coefficient for the NACA 0020 airfoil: comparison of CFD results with
full experimental drag curves reported by Paula [22] for the smooth wing, A3L11, A3L40, and
A11L40 leading-edge configurations at Re = 290,000.
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3. Results and Discussion
3.1. Aerodynamic Flow Characteristics

The aerodynamic and aeroacoustic characteristics of the NACA0020 wing with
A3L11, A3L40, and A11L40 leading-edge waviness configurations were systematically in-
vestigated at a Reynolds number of 290,000 and AoA of 10°, 15°, and 20°. The numerical
results, including pressure contours and streamlines around the wing, are presented to
observe the flow field and compare the aerodynamic performance among configurations.
The wing configurations and their experimental results were adopted as reference data
from Paula’s [22] study.

Figures 10 and 11 show the lift and drag coefficients, respectively, obtained from the
present CFD simulations in comparison with the full experimental data reported by Paula
[22] for the smooth wing and the A3L11, A3L40, and A11L40 wavy leading-edge configu-
rations over a wide range of AoA. As illustrated in Figure 10, the numerical results suc-
cessfully reproduce the overall trends of the experimental lift curves across the pre-stall,
stall, and post-stall regimes. Although minor discrepancies are observed near the stall on-
set, the relative lift behavior among the different configurations is well captured, enabling
a clear comparison of their aerodynamic characteristics.

Figure 11 further demonstrates that drag predictions are more sensitive, particularly
in the post-stall region where flow separation becomes dominant. While certain wavy-
wing configurations exhibit lift enhancement at higher angles of attack, these improve-
ments are not always accompanied by corresponding drag reductions. This observation
highlights the nuanced aerodynamic behavior of wavy wings and emphasizes the im-
portance of evaluating lift and drag simultaneously. Based on the validated lift and drag
trends shown in Figures 10 and 11, the lift-to-drag ratios presented in Table 1 provide a
consistent and reliable basis for comparing different configurations and supporting the
subsequent shape optimization process.

Paula’s [22] results indicated that at 10° AoA and Re = 290,000, the A3L11 and A3L40
wavy-wing configurations reduced drag, whereas the A11L40 configuration showed in-
creased drag and a slight decrease in lift compared to the smooth wing. Numerical results
revealed similar trends in pressure contours and streamlines, indicating good pre-stall
flow and explaining the drag reduction for A3L40. The experimental study also showed
that at 15° AoA, A3L40 performance was reduced due to post-stall conditions, while
A3L11 maintained flow control and exhibited soft stall characteristics. The A11L40 con-
figuration exhibited lower aerodynamic performance compared to the A3L11 configura-
tion. At20° AoA, A3L11 and, in some cases, A11L40 showed smoother post-stall behavior
and higher flow attachment than the baseline, whereas A3L40 experienced full flow sep-
aration, and the smooth wing showed abrupt stall. The numerical analysis at 15° and 20°
AoA was consistent with these experimental findings, demonstrating close agreement be-
tween numerical predictions and experimental data. Figure 12 presents pressure contours
(Cp) and streamlines at a Reynolds number of 290,000 and AoA of 10°, 15°, and 20° for the
smooth wing, A3L11, A3L40, and A11L40 configurations (z/c = 0.5).

https://doi.org/10.3390/app16042078
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A3L11 leading-edge waviness

A3L40 leading-edge waviness

A11L40 leading-edge waviness

Figure 12. The pressure coefficient (Cp) contours and streamlines for the NACA0020 wing at 290,000
Reynolds number and AoA of 10°, 15°, 20°, shown for the smooth wing and the A3L11, A3L40, and
A11L40 configurations (z/c =0.5).

To improve clarity in flow-field interpretation, key flow features are identified in
pressure coefficient and streamline visualizations. Regions of attached flow are character-
ized by smooth streamlines following the airfoil contour and gradual pressure recovery,
whereas separated flow regions exhibit reversed streamlines and low-pressure zones near
the suction surface. Flow reattachment is indicated by streamlines reorganizing down-
stream of the separation point, accompanied by local pressure recovery. Leading-edge
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suction peaks, separation onset, and reattachment locations are qualitatively analyzed to
facilitate consistent interpretation of aerodynamic behavior.

The leading-edge waviness fundamentally alters the flow topology. All three designs
generate streamwise vortical structures originating from geometric undulations along the
leading edge. These vortices act as a passive flow-control mechanism, re-energizing the
boundary layer and locally enhancing momentum exchange. At 10° AoA, all configura-
tions remain in the pre-stall regime. The smooth wing exhibits a pronounced leading-edge
suction peak followed by a strong adverse pressure gradient, while A3L11 and A3L40
display locally enhanced suction at waviness crests and smoother pressure recovery, in-
dicating improved boundary-layer stability. A11L40 shows a more complex pressure dis-
tribution due to stronger streamwise vortices, consistent with modest drag reduction at
low AoA. At 15° AoA, the smooth wing experiences early leading-edge separation with
rapid lift loss, whereas A3L11 maintains partial flow attachment and soft stall behavior.
A3L40 shows locally modified separation patterns, but large-scale separation persists. Alt-
hough A11L40 generates strong streamwise vortices, these only locally alter flow topology
and cannot fully suppress separation at this angle. At 20° AoA, both A3L40 and A11L40
exhibit near-complete flow separation, similar to the smooth wing, while A3L11 shows
relatively smoother flow and localized attachment.

Comparison among configurations revealed distinct performance influenced by
wavelength and amplitude of the waviness. The A3L11 configuration, with smaller geo-
metric variations, exhibited moderate vortex formation that provides partial improve-
ment in boundary-layer stability. The A3L40 configuration, with a longer wavelength,
generated more coherent and persistent vortices, which significantly alter the pressure
gradients and streamline curvature. A11L40, with both larger amplitude and longer wave-
length, produces the strongest flow-control effects; however, these only locally mitigate
separation at high AoA without slot-induced momentum injection. encreasing the geo-
metric scale of waviness amplifies passive aerodynamic benefits.

Figures 13-15 illustrate the flow field of the modified NACA0020 wing with A3L11,
A3L40, and A11L40 leading-edge waviness configurations, incorporating slot diameters
of 0.07c, 0.10c, and 0.13c at Re = 290,000 and AoA =10°, 15° and 20°. Slots generally pro-
mote flow reattachment in post-stall conditions, with the magnitude of improvement
strongly dependent on the waviness geometry. Among the configurations, A11L.40 shows
the most pronounced enhancement in flow attachment with increasing slot diameter. The
interaction between slot-induced momentum and waviness-generated vortices creates a
combined flow-control mechanism that improves boundary-layer stability in post-stall
conditions.

Pressure Coeff.. —0.6 —0.46-0.32 -0.18-0.04 0.1 0.24 0.38 0.52 066 0.8

10° AoA 15° AoA 20° AoA

Slot diameter = 0.07¢
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Slot diameter =0.1c

Slot diameter = 0.13c

Figure 13. The pressure coefficient (Cp) contour and streamlines for the NACA0020 wing with the
A3L11 leading-edge configuration at 290,000 Reynolds number and AoA of 10°, 15°, 20°. Slot diam-
eters: 0.07¢, 0.10c, and 0.13c.
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Slot diameter = 0.13c

Figure 14. The pressure coefficient (Cp) contour and streamlines for the NACA0020 wing with the
A3L40 leading-edge configuration at 290,000 Reynolds number and AoA of 10°, 15°, 20°. Slot diam-
eters: 0.07¢, 0.10c, and 0.13c.

Pressure Coeff.. —0.6 —0.46-0.32-0.18-0.04 0.1 0.24 0.38 0.52 0.66 0.8
10° AoA 15° AoA 20° AoA

Slot diameter = 0.07¢

Slot diameter =0.1c

Slot diameter = 0.13¢

Figure 15. The pressure coefficient (Cp) contour and streamlines for the NACA0020 wing with the
A11L40 leading-edge configuration at 290,000 Reynolds number and AoA of 10°, 15°, 20°. Slot di-
ameters: 0.07¢, 0.10c, and 0.13c.

The results showed that slot diameter affects the aerodynamic response. Although
larger slot diameters generally improved post-stall aerodynamic performance, the results
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indicate that the optimal slot size is not universal and depends on both the waviness con-
figuration and the angle of attack. en particular, while the A11L40 configuration benefited
consistently from increased slot size, the A3L11 and A3L40 configurations exhibited non-
monotonic variations in lift-to-drag ratio, highlighting the importance of configuration-
specific optimization. At 20° AoA, for instance, the A11L40 with 0.13c slot diameter con-
figuration demonstrated the coherent streamline development, with flow remaining at-
tached over a significant chordwise region where the smooth wing exhibited strong de-
tachment. These findings suggested a combined effect of waviness geometry and slot di-
mension, together influencing the spanwise and streamwise redistribution of momentum
in the boundary layer. The CFD results for all configurations, with and without a slot, at
Re =290,000 and AoA of 10°, 15°, and 20°, are given in Table 1 to compare the lift-to-drag
ratios (C1/Cp) and the corresponding performance improvements.

Beyond the macroscopic observation of delayed flow separation, the slot channel
modifies the near-wall flow physics by locally altering the boundary-layer velocity profile.
The momentum injection through the slot increases the near-wall streamwise velocity,
resulting in a fuller boundary-layer profile and enhanced resistance to adverse pressure
gradients. This momentum redistribution suppresses low-momentum fluid accumulation
near the wall and weakens the formation of large-scale separation bubbles.

Moreover, the interaction between the slot-induced flow and the streamwise vortices
generated by the leading-edge waviness leads to a synergistic flow-control mechanism.
The slot flow stabilizes and elongates the vortical structures along the chordwise direc-
tion, promoting more uniform momentum exchange and reducing turbulent energy dis-
sipation. Consequently, regions with delayed separation are associated with reduced tur-
bulent dissipation and improved flow organization, particularly near the leading-edge
and mid-chord regions at high AoA.

Table 1. Comparison of Ci/Cpb values for all configurations with and without a slot at Re=290,000
and AoA of 10°, 15°, and 20°.

A3L11 Wing Configuration

Slot Diameter Ci/Cp (10°) C/Cp (15°) C1/Cp (20°)
Without slot 13.26 6.17 3.25
0.07¢c 13.24 6.99 4.18
0.10c 13.25 7.08 3.33
0.13¢ 13.22 6.78 3.78
A3L40 wing configuration
Slot Diameter C1/Cp (10°) Ci/Co (15°) C1/Cp (20°)
Without slot 16.56 4.20 2.93
0.07¢ 16.42 5.39 3.11
0.10c 16.39 5.47 3.05
0.13c 16.06 5.58 3.36
A11L40 wing configuration
Slot Diameter Ci/Cp (10°) C/Cp (15°) C1/Cp (20°)
Without slot 10.08 3.19 2.48
0.07¢ 10.46 3.98 2.82
0.10c 10.79 3.78 2.92
0.13¢ 11.07 3.93 2.88

3.2. Comparative Broadband Aeroacoustic Source Analysis

The aeroacoustic performance of the generated configurations was analyzed using
acoustic-source power-level distributions. Figure 16 presents the acoustic source power
level distributions for the modified NACA0020 wing with the A3L11, A3L40, and A11L40
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leading-edge configurations at a Reynolds number of 290,000 and angles of attack of 20°,
shown for slot positions at 0.07c, 0.10c, and 0.13c. The acoustic source power level con-
tours represent relative broadband noise source distributions derived from the Proudman
model. Although absolute sound pressure levels are not computed within the present
steady-state framework, the normalized color scale enables a comparative assessment of
noise-generating regions among different configurations. Regions of reduced acoustic
source intensity indicate weakened turbulent structures and delayed flow separation;
therefore, relative reductions in acoustic source power are used as indicators of noise mit-
igation effectiveness rather than absolute decibel-based metrics.

¢t should be noted that the broadband noise model used here is based on steady-state
RANS turbulence quantities and is intended for comparative evaluation rather than abso-
lute aeroacoustic prediction. The approach does not resolve unsteady acoustic wave prop-
agation or far-field sound pressure levels but instead provides a relative indicator of
broadband noise-source strength under identical numerical conditions.

The aeroacoustics analysis of the smooth wing revealed a pronounced increase in
acoustic source power level within a highly localized region near the leading edge, which
is consistent with the large-scale separation observed in the Cp distributions and stream-
line results. This behavior is characteristic of strong broadband noise generation domi-
nated by coherent turbulent structures. The application of leading-edge waviness config-
urations significantly altered the distribution of acoustic sources. en the A3L11 configura-
tion, increasing the slot diameter resulted in moderate reductions in peak acoustic source
power levels, consistent with the limited improvements in flow attachment observed aer-
odynamically. The A3L40 configuration exhibited an intermediate response; while peak
acoustic levels decreased at larger slot diameters, the acoustic field remained non-uniform
due to persistent separated flow regions. The most significant aeroacoustic improvement
was achieved with the A11L40 configuration. encreasing the slot diameter led to a marked
reduction in peak acoustic source power levels together with a more uniformly distrib-
uted acoustic energy field, indicating a weakening of localized dominant noise sources.
The acoustic source distributions closely correlated with the underlying flow structures,
particularly the extent and stability of separated regions and associated vortex dynamics.

Overall, increasing the slot diameter altered the redistribution of aerodynamic forces
and favorably influenced the aeroacoustic behavior. Larger slot sizes reduced the coher-
ence of turbulent structures, resulting in lower peak acoustic source intensities and re-
duced localized broadband noise-source indicators. This suggests a beneficial coupling
between passive flow control and broadband noise-source mitigation indicators. Similar
findings have been reported in the literature, where passive flow control modifications
such as leading-edge modifications have been applied, resulting in reported noise reduc-
tion trends, particularly under high-lift and separated flow conditions [50,51].

¢t is important to emphasize that broadband acoustic source metrics derived from
turbulence quantities are inherently more mesh-sensitive than integrated aerodynamic
coefficients. For this reason, the reported source levels are interpreted strictly on a relative
comparative basis across configurations computed with identical grid strategies.
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Figure 16. Acoustic source power level distributions for the NACA0020 wing with the A3L11,
A3L40, A11L40 leading-edge and smooth wing configurations at 290,000 Reynolds number and
AoA of 20°. Slot diameters: 0.07c, 0.10¢c, and 0.13c.

¢t should be noted that the acoustic source power density in this study was estimated
using turbulence dissipation rates obtained from steady RANS simulations. While this
approach does not capture unsteady turbulent fluctuations, it is suitable for identifying
relative trends and comparative aeroacoustic improvements among different configura-
tions rather than providing absolute noise predictions. For geometrically complex cases
involving larger numbers of slots, locally refined meshes were employed to adequately
resolve flow features. Comparable near-wall resolution and consistent meshing strategies
were maintained across all simulations to minimize grid-related effects.

Despite the demonstrated aerodynamic and aeroacoustic benefits, the implementa-
tion of wavy and slotted wing geometries may introduce certain practical challenges.
From a manufacturing perspective, these geometries are inherently more complex than
conventional smooth wings, potentially leading to increased production costs and fabri-
cation difficulty. Moreover, the inclusion of slots may raise structural integrity and
maintenance considerations in operational aerospace applications. Nevertheless, ongoing
advances in modern manufacturing technologies, particularly additive manufacturing,
offer viable pathways to address these challenges. As such, passive flow control concepts
based on leading-edge modifications are becoming increasingly feasible for practical im-
plementation.

4. Optimization

Optimization is the process of maximizing or minimizing an objective function with
respect to selected parameters under given constraints.
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4.1. Objective Functions

The goal of an optimization problem can be expressed as a mathematical function,
referred to as the objective function, which may be formulated as a minimization or max-
imization problem depending on the application [52]. en the present study, the optimiza-
tion objective is to maximize the lift coefficient and simultaneously minimize the drag
coefficient. Accordingly, the lift and drag coefficients of the wing are defined as the objec-
tive functions.

4.2. Design Variables and Constraints

The optimization problems may include some constraints or limitations, and the results
of objective functions are determined under these constraints. Design parameters were first
selected, and their upper and lower values were determined for specified problems. en the
study, the slot diameter (Ds) and the distance between the slot center and the chord line (dsc)
were determined as design parameters of modified leading-edge wavy wings. The lower
boundary (LB), the upper boundary (UB), and the baseline of the selected design variables
are presented in Table 2. en addition, the drag coefficient should be smaller than the baseline
one, while the lift coefficient should be higher than the initial configuration. These con-
straints are given in the following inequalities, Equations (6) and (7).

CL,opt = CL,baseline (6)

CD,opt < CD,baseline (7)

Table 2. Design variables and their bounds for the optimization.

Design Variables (mm) Baseline Values LB Values UB Values
Slot diameter (Ds) 0.10c 0.07c 0.13c
Distance between slot center and
1 . 11
chord line (dsc) 0-10c 0.09¢ 0-11c

4.3. Optimization Solutions

en the present study, a Genetic Algorithm (GA) that was described and explained by
Goldberg [53] and Holland [54] was employed to identify optimal design configurations
for enhanced aerodynamic performance due to its robustness and suitability for complex
engineering optimization problems. The optimization process was carried out entirely
within the ANSYS Workbench toolchain, utilizing its built-in Design Exploration and Ge-
netic Algorithm capabilities directly coupled with the CFD solver.

A surrogate-based optimization framework was adopted to reduce the computa-
tional cost associated with direct CFD-based optimization. Design points were generated
using the Design of Experiments (DoE) approach, specifically the Central Composite De-
sign (CCD) method, which is widely used for constructing second-order (quadratic) re-
sponse surfaces while minimizing the number of required simulations [55]. en this study,
nine design points were generated for two input design variables, and the corresponding
aerodynamic output responses were obtained from CFD simulations.

Based on these results, a response surface was constructed to approximate the rela-
tionship between the input design variables and the output parameters within the defined
design space. The response surface does not directly provide exact optimal values; in-
stead, it serves as a surrogate model that enables efficient exploration of the design space.
A Kriging model with a Gaussian kernel function was employed due to its proven capa-
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bility in accurately modeling nonlinear relationships with limited sample sizes and its ef-
fectiveness in aerodynamic shape optimization involving complex flow phenomena [56].
The Gaussian kernel ensures smooth interpolation between design points.

The response surface charts are presented in Figure 17 for lift coefficient versus Ds
and dsc. Subsequently, the GA was applied to the surrogate-based response surfaces to
identify optimal design variables while maintaining computational efficiency. The popu-
lation size was set to 50, and the maximum number of generations was chosen as 100,
which was sufficient to achieve stable convergence. A crossover probability of 0.8 and a
mutation probability of 0.05 were adopted, consistent with commonly accepted values in
aerodynamic optimization studies, to prevent premature convergence and preserve solu-
tion diversity.

E 0.88-
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U P |
e
= 0.84-

lﬂ.Sr ; 13.5

. , 14.25
Slot Dia. (Ds) 5~ ' 15 Slot Dia-Chord Line
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, L 5 1575
19.5 .
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Figure 17. Response surface chart (Lift coefficient versus Slot diameter and Distance between slot

center and chord line).

4.4. Optimization Results

The optimization solutions were performed on the A11L40 leading edge waviness
configuration at high AoA to improve aerodynamic performance. Following the optimi-
zation procedure, two optimal input design parameters and aerodynamic coefficients
were determined using a Genetic algorithm. The resulting optimal values are reported in
Table 3. The optimized wing geometry was subsequently reconstructed based on these
parameters to validate the optimization results. The CFD simulations were then repeated
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for the optimized wing configuration. Table 4 represents the CFD results of smooth, mod-
ified, and optimized wing configurations, along with the corresponding improvements in
the C1/Cp ratio compared to the smooth wing.

Table 3. Optimum design variables.

Design Variables (mm) Optimal Results
Slot diameter (Ds) 0.0827c
Distance between slot center and chord line (dsc) 0.0952c

Table 4. CFD results of smooth, modified, and optimized wing configurations and comparison of

their improvements relative to the smooth wing.

CL Co  Cu/Co total Improvement %
Smooth wing 0.71 0.33 -
A11L40 wing 0.79 0.32 11.34
Modified wing with slot 0.10c dia. 0.86 0.29 24.79
Modified and Optimized wing 0.87 0.28 27.76

The modified wing was redrawn based on the optimum parameters obtained from
the optimization process. The streamlines with pressure contours and the acoustic results
are presented in Figure 18. ¢t can be said that these results are consistent with the optimum
aerodynamic coefficients obtained from the GA. en addition, the acoustic source power
level was improved due to delayed flow separation and a reduction in the vortex size at
the trailing edge.

(a) (b)

Figure 18. (a) The pressure coefficient contour and streamlines. (b) Acoustic source power level dis-
tributions for the modified and optimized NACA0020 wing with A11L40 leading-edge configura-
tion at 290,000 Reynolds number and 20° AoA.

5. Conclusions

en this study, the aerodynamic and aeroacoustic performance of a NACA0020 wing
equipped with a leading-edge wavy geometry was numerically investigated at a Reynolds
number of 290,000. Three distinct wavy leading-edge configurations incorporating multi-
ple slot diameters on the upper surface were examined, and their performance was eval-
uated over a wide range of AoA. The numerical results showed good agreement with
previously published experimental data [22], confirming the validity of the computational
approach.

The findings demonstrate that the incorporation of leading-edge waviness, combined
with appropriate slot diameter modification, can significantly enhance the aerodynamic
performance of the NACA0020 wing, particularly at higher AoA where flow separation
is dominant. The coupled interaction between geometric parameters, boundary-layer sta-
bility, and flow reattachment mechanisms resulted in delayed separation, reduced recir-
culation regions, and improved lift generation.
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Among the investigated configurations, the A3L11 wavy wing with a 0.07c slot di-
ameter exhibited locally superior aerodynamic performance compared to the baseline
wavy wing. Furthermore, the results clearly indicated that slot diameter plays a critical
role in determining the aerodynamic response across all configurations. Notably, the
A11L40 configuration with a 0.10c slot diameter achieved the highest percentage improve-
ment in lift-to-drag ratio relative to the other cases. However, the effectiveness of the slot
implementation was strongly dependent on the waviness geometry and slot size. While
increasing slot diameter generally promoted flow reattachment tendencies, the optimal
slot size was not universal. The A11L40 configuration exhibited the most pronounced and
consistent improvement in both aerodynamic performance and flow stability when com-
bined with appropriately sized slots, whereas other configurations showed more limited
or non-monotonic responses.

Overall, the aerodynamic analysis showed that the optimized wavy-wing configura-
tion led to an improvement of approximately 27.76% in total aerodynamic performance.
en addition to aerodynamic benefits, an aeroacoustic analysis was conducted for all con-
figurations. The results indicated that leading-edge waviness modifies the broadband
acoustic source characteristics of the wing, suggesting its potential for comparative noise-
source reduction trends in noise-sensitive aviation applications. en this context, the
A11L40 configuration emerged as the most effective design, offering a favorable balance
between enhanced aerodynamic efficiency and reduced broadband noise-source intensity
indicators.

en conclusion, this study provides valuable insight into the synergistic effects of lead-
ing-edge waviness and slot geometry as passive flow control mechanisms, indicating the
feasibility of achieving concurrent aerodynamic improvement and comparative aeroacous-
tic source optimization through carefully tuned geometric modifications. The investigation
was conducted at a Reynolds number of 290,000, representing a critical low-Reynolds-num-
ber regime relevant to small-scale and bio-inspired aerodynamic applications. Although
limited to a single Reynolds number, the observed trends offer fundamental insight into the
coupled aerodynamic and aeroacoustic behavior of slotted wavy wings and establish a
foundation for the development of more efficient wing designs with improved broadband
noise-source characteristics. Future work will extend the analysis to multiple Reynolds
numbers and unsteady simulation frameworks to further assess the robustness and scala-
bility of the proposed design strategy. en addition, experimental validation of the slotted
wavy-wing configurations through controlled wind-tunnel testing is recommended as es-
sential in the future to confirm the predicted aerodynamic and comparative broadband
noise-source trends and to assess real-world implementation constraints.
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