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This research examines the aerodynamic performance of wavy (corrugated) air-
foils, focusing on the effects of two angles of attack: the airfoil’s and the tail’s (3).
Simulations used the W1011 airfoil at a Reynolds number of 200000, with airfoil
angles of 0°,2°, 5°, and 8°, and tail angles of 0°, 10°, 20°, 30°, and 40°. Results were
validated against experimental data from Williamson’s lab. Findings show a notable
lift coefficient increase, especially at higher flap angles. At 8 = 40° and 0° airfoil
angle, lift was nearly three times greater than other cases. While drag also increased,
it was less significant, indicating better aerodynamic efficiency. The lift-to-drag ratio
improved notably at lower attack angles but declined slightly at higher angles due
to turbulence and low-pressure zones. Overall, wavy airfoils with larger tail angles
provide aerodynamic advantages, especially at low angles of attack, enhancing lift and
fuel efficiency in aviation and marine contexts.

Nomenclature
a airfoil angle of attack cd drag coefficient
B airfoil tail angle of attack s airfoil studied in laboratory results (W1011)
cl lift coefficient w  airfoil studied (modified)
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1. Introduction

The aerodynamic performance of wave-shaped airfoils has attracted significant
attention, particularly in marine applications where noise reduction and aerody-
namic efficiency are crucial. This reduction not only enhances operational perfor-
mance but also helps meeting stringent noise regulations in maritime environments.
Numerous studies on airfoils with wavy leading edges have demonstrated that sig-
nificant amplitude and minimal wavelength can substantially moderate noise lev-
els [1]. For instance, Rarata in [2] compared smooth and wavy airfoils, observing
that while modifications to the suction side did not affect the acoustic feedback loop
mechanism, disturbances on the pressure side reduced trailing-edge noise. Further
research by Zhang et al. in [3] highlighted that undulating surfaces and protrusions
on airfoils can mitigate aerodynamic stalls, extending the operational lifespan of
these surfaces.

Bio-inspired wavy leading edges have also shown promising in reducing
trailing-edge bluntness noise, achieving reductions as high as 35 dB [4]. Spanwise
wavy surfaces have been found to enhance aerodynamics, reducing trailing-edge
noise by up to 17.7 dB in some cases, while also lowering pressure fluctuations
and drag [5]. In a related study [6], Xing et al. further investigated the impact
of bio-inspired wavy leading edges, concluding that airfoils with greater ampli-
tude and smaller wavelength were more effective at noise reduction, achieving
a decrease of up to 33.9 dB in sound pressure levels. Ferreira et al. in [7] also
explored the effects of wave combinations on cylinder aerodynamics, noting a re-
duction in drag, vortex formation, and separation bubbles, inspired by biological
structures.

Chen et al. in [8] expanded on the use of wavy leading edges, examining their
effect on noise reduction in turbulent flow. Their study compared three bionic treat-
ments — wavy, porous, and combined revealing that although these modifications
increased mean drag, they successfully reduced both broadband and tonal noise.
Additional studies found that grooved and wavy leading-edge structures effectively
reduced mid-frequency noise, with simulations showing that such structures en-
hanced decorrelation and reduced pulsation pressure, contributing to better noise
control [9].

Although wavy leading edges have proven effective at reducing noise, they
can adversely affect aerodynamic performance by increasing drag and decreasing
lift. However, these modifications have been shown to reduce lift fluctuations,
aerodynamic instability, and tonal noise. Studies have demonstrated that sinusoidal
trailing-edge serrations can reduce broadband noise across various frequencies
by disrupting vortex shedding and diminishing surface pressure fluctuations [10].
Inspired by owl wings and humpback whale fins, leading-edge serrations have
been shown to reduce airfoil-turbulence interaction noise, with the largest wave
amplitude yielding a 2.2 dB reduction in mid-frequency noise [11].
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Additionally, research on supercritical airfoils with undulating leading edges
has suggested that controlling wave amplitude is crucial for improving aerodynamic
performance and reducing shock buffet [12]. Du et al. in [13] investigated the
effect of wavy leading edges (WLEs) on airflow patterns, revealing that these
surfaces could reduce separation at high angles of attack, thereby improving the
flow attachment and overall aerodynamic stability. Furthermore, studies of the
NACA 4412 airfoil under undulating conditions have highlighted the potential
risks of large amplitude waves, which can exacerbate aerodynamic instability and
separation at certain Reynolds numbers [14].

Hu and Ma in [15] study on the NACA 4412 airfoil’s aerodynamic proper-
ties under undulating ground conditions revealed regular variations in coefficients,
except when the angle of attack was 0°. The study recommends using the middle
angle of attack, with undulating terrain causing most changes in aerodynamic co-
efficients. This information can be useful for wing-in-ground craft design. A study
comparing NACA 4412 airfoil’s aerodynamics subjected to wavy water surfaces
and stiff ground found significant differences influenced by Reynolds and Froude
numbers and distinct flow processes, providing guidance for safe wing-in-ground
craft flight design [16]. The interaction between airflow and sea waves significantly
influences ground-effect vehicle flight stability, and circulation control during rel-
ative upturn can enhance safety and stability [17].

Zverkov and Kryukov in [ 18] reduced airfoil-turbulence interaction noise using
edge teeth inspired by owl wings and humpback whale fins, achieving a 2.2 dB re-
duction in mid-frequency noise. A new technique using leading-edge protuberances
(LEPs) improves wind turbine blade performance by managing flow separation, en-
hancing aerodynamic performance and reducing flow separation, thereby enhanc-
ing airfoil design efficiency [19]. Experiments on a NACA 0012 airfoil showed that
as the angle of attack increases, laminar boundary layer instability noise changes
from broadband hump to tonal noise, which then becomes a broadband hump with
an increasing Reynolds number [20, 21]. Gao et al. in [22] conducted a numerical
simulation on the NACA 0012 airfoil, examining wavy roughness features near the
leading edge. The study found that roughness affects pressure, skin friction coef-
ficients, and separation behavior, but does not significantly alter the transition’s
start. The bionic airfoil design, inspired by humpback whales, reduces blade vi-
bration, dynamic stall, drag coefficient and lift coefficient. Enhancing the waviness
ratio enhances dynamic hysteresis effect [23]. Xin et al. in [24] numerical simu-
lations explored pitching airfoil behavior in flat and undulating ground, revealing
kinematic characteristics and flow dynamics, influencing wake vortices formation
and force peaks. Airfoils with undulating leading edges improve aerodynamic per-
formance and minimize noise [25]. This study involved numerical simulations at
50000 Reynolds number [26]. Zhao et al. in [27] conducted a large eddy simu-
lation on the impact of undulating leading edges on cavitation management in a
modified NACA634-021 hydrofoil, finding no significant decrease in cavity vol-
ume. Al technology also enhances flow management options, but understanding
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flow behavior is crucial. A framework for optimizing the geometry of airfoils using
machine learning with the goals of increasing resistance to flutter and decreasing
drag has been developed [28].

2. Methods

2.1. Governing equations and numerical methods for near-surface
airfoil interactions

The aerodynamic performance of airfoils in proximity to a surface, such as
the ground or water, is influenced by complex flow dynamics that require careful
mathematical modeling and numerical analysis. The accuracy and reliability of the
results depend heavily on the governing equations used to describe the flow as well
as the numerical methods implemented to solve them. In this study, the primary set
of equations governing the flow are the Navier-Stokes equations, which describe the
motion of fluid substances. These equations, in conjunction with specific turbulence
models and numerical techniques, are used to simulate and understand the effects
of near-surface interactions on the aerodynamic behavior of the wavy airfoils at
low Reynolds numbers.

2.1.1. Governing equations: Navier-Stokes equations

The flow of fluids with high viscosity is governed by the Navier-Stokes equa-
tions, a set of partial differential equations that describe the motion of incompress-
ible and compressible fluids. These equations are fundamental in fluid mechanics,
as they model the conservation of mass, momentum, and energy in a flow field.
The Navier-Stokes equations are derived from the application of Newton’s second
law of motion to fluid motion, with the assumption that the stress in the fluid is
proportional to the rate of change of velocity (i.e., the velocity gradient). In contrast
to the Euler equations, which are used to model inviscid flow (i.e., flows with neg-
ligible viscosity), the Navier-Stokes equations account for the effects of viscosity,
making them suitable for a wide range of fluid flow problems, including turbulent
and boundary-layer flows.

Mathematically, the Navier-Stokes equations can be expressed as a system of
equations that consist of the continuity equation (representing mass conservation),
the momentum equation (which describes the forces and accelerations in the flow),
and the energy equation (which governs thermal effects). In analyzing the fluid flow
around airfoils, the governing equations are essential to describing the dynamics
of the system. The continuity equation (mass conservation) ensures that mass
is conserved throughout the flow field (Eq. (1)). For incompressible fluids, it is
expressed as:

a—p+V-(pu):0, (1)
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where u is the velocity vector. This equation indicates that the net mass flow into
any region of the fluid must be balanced by the flow out of that region, implying
that mass does not accumulate or deplete.

The momentum equation, also known as the Navier-Stokes equation, governs
the conservation of momentum in the fluid, considering the effects of pressure
gradients, viscous forces, and external forces. It is given by Eq. (2):

d(pu)
ot

+V-(pu®u)=-Vp+V-(uVu)+f, (2)

where p represents the pressure, i is the dynamic viscosity, and f includes external
forces (e.g., gravity or electromagnetic forces). The term V2u captures the viscous
diffusion of momentum, while the nonlinear term u ® u represents the advection,
or convective transport of momentum.

Finally, the energy equation describes the conservation of energy, accounting
for both heat conduction and convection within the flow. It is written as Eq. (3):

d(pE)
ot

+V-(puH)=V - (uVu) +V - («kVT) + g, 3)

where T is the temperature, « is the thermal conductivity, and g represents any heat
source terms. This equation balances the rate of change of thermal energy within
the fluid with the diffusion of heat due to conduction and the advective transport
of thermal energy due to the flow.

These equations, when solved together, provide a comprehensive description
of the fluid’s behavior, enabling the analysis of various flow characteristics around
the airfoil, especially in proximity to the ground or other surfaces where effects
like ground proximity or wall interactions can significantly alter the flow dynam-
ics [29].

In the context of airfoils, the Navier-Stokes equations are particularly impor-
tant when the airfoil operates near a stationary surface, such as the ground or
water. This proximity introduces the ground effect, which reduces aerodynamic
drag and enhances lift. Ground effect occurs when the downward flow (downwash)
behind the wing is restricted by the surface, inhibiting tip vortex formation and
reducing induced drag. This phenomenon significantly alters the flow behavior,
especially near the surface, and is crucial for understanding the performance of
airfoils used in ground-effect vehicles (GEVs) or marine vessels. For example,
during takeoff, a fixed-wing aircraft may float just above the runway, benefiting
from ground effect to accelerate until it reaches the climb speed. The effect is
most pronounced when the airfoil is at or below half its wingspan above the
surface, resulting in improved lift-to-drag ratios and enhanced aerodynamic per-
formance.
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2.1.2. Numerical methods: Finite Volume Approach

The Finite Volume Method (FVM) is employed to solve the Navier-Stokes
equations and model the interactions between the airfoil and the ground. The
method is particularly advantageous for computational fluid dynamics (CFD) sim-
ulations due to its inherent ability to conserve mass, momentum, and energy within
control volumes, making it ideal for complex geometries and unstructured grids.

In FVM, the computational domain is discretized into small, finite volumes.
The governing equations are then solved within these control volumes, where the
fluxes of conserved quantities (e.g., mass, momentum, energy) are computed across
the surfaces of each control volume. The key strength of FVM lies in its ability to
ensure that conservation laws are strictly adhered to at the discrete level. A time-
stepping algorithm is used to advance the solution forward in time, allowing for
the simulation of dynamic flow behavior.

For a scalar quantity ¢ (such as temperature, concentration, or pressure), the
finite volume discretization of the governing equations is expressed in the following

general form of Eq. (4):
0 5 0
/a—fdv+‘7§F-ndA=O, “4)
1% S

where V is the volume of the control volume, S represents the surface of the control
volume, F is the flux of the scalar quantity ¢, and n is the unit vector normal to
the surface S. The sum of the fluxes across all surfaces of the control volume is
considered, ensuring the correct transport and conservation of the scalar quantity
across the domain.

This approach is well-suited for fluid dynamics simulations because it allows
for accurate representation of complex flow fields, including the effects of turbu-
lence, surface interactions, and other physical phenomena critical to understanding
the behavior of airfoils in proximity to surfaces [30].

2.1.3. Computational considerations: grid resolution and turbulence modeling

The accuracy of a simulation largely depends on its grid resolution and turbu-
lence modeling. To precisely capture the boundary layer effects near the airfoil and
the ground, a “sufficiently fine grid” is employed. In numerical simulations, par-
ticularly in computational fluid dynamics (CFD) for airfoil analysis, determining a
sufficiently fine grid is crucial for accurately modeling physical phenomena. This
involves considering several factors: the analysis goals, critical physical regions
needing high precision, and the turbulence models used. The grid must be fine
enough to capture details in boundary layers and flow separation while balanc-
ing computational cost. Convergence analysis helps verify result stability across
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different grid densities, and industry standards provide guidance. Ultimately, we
refine the grid step by step to strike the optimal balance between precision and
resources. LES filtering was performed using a Gaussian convolution kernel to
separate resolved and subgrid scales, enabling the Smagorinsky-Lilly SGS model
to operate on filtered velocity fields. To ensure temporal accuracy, a fixed time
step of 0.0001 s was used. The Smagorinsky-Lilly model was adopted for sub-grid
scale modeling with a constant of 0.1. Near-wall y* values were maintained below
using wall-resolved meshing. These choices ensured physical fidelity in resolving
boundary layer turbulence.
oii

1
—+(@-V)i--Vp+vWVi-V-1+f, (5)
ot Jol

where i represents the filtered velocity field, p is the filtered pressure, p is the fluid
density, v is the kinematic viscosity, T denotes the subgrid-scale stress tensor, and
f represents external forces [31].

2.2. Geometry and meshing

This study hypothesizes that the flap deflection angle 8 has a more pronounced
effect on lift enhancement at low Reynolds numbers than the main airfoil’s angle
of attack «. This is tested across multiple geometric configurations. The geometry
of the airfoils has been designed and adjusted according to the specifications
outlined in Fig. 1. Three distinct airfoil models have been created, each featuring
different undulation heights s, allowing for a comparative analysis of the effects of
varying wave amplitudes on airfoil performance. The models explore how changes
in undulation heights influence fluid flow dynamics, particularly turbulence and
boundary layer behavior.

Fig. 1. Isometric and side view of the airfoil geometry

Small undulation heights s are expected to induce subtle local effects and
may slightly increase turbulence, while larger undulation heights s are more likely
to generate significant flow changes and vortices, which could lead to more pro-
nounced aerodynamic effects. This study aims to assess the sensitivity of the flow
to these geometric changes by simulating fluid dynamics using the Navier-Stokes
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equations. By investigating the impact of small versus large undulations on air-
foil performance, the research seeks to determine whether minor adjustments can
yield results similar to those of more substantial changes, ultimately aiding in the
optimization of aerodynamic design.

The airfoil models are categorized based on the ratio of the tail chord length
to the total airfoil chord length. Specifically, the models are grouped into three
categories with the ratios of 0.1, 0.25, and 0.5 as shown in Fig. 2. The largest undu-
lation heights correspond to the model with a tail chord-to-total airfoil chord ratio
of 0.5, yielding a maximum undulation heights of 4.5 cm. The smallest undulation
heights is 9 mm. Additionally, distances from the tail to the edge of the airfoil
are represented as percentages of the total airfoil chord: 100%, 97%, 92.5%, and
85%. These values reflect the spanwise distribution of the undulation heights along
the airfoil. Let cf/c be the flap-to-airfoil chord ratio and s/cf the nondimensional
undulation amplitude. These parameters are fixed across the simulations for each
geometry variant.

20
—a— Surface profile height=0.1 cf/c

18 | —ae— Surface profile height=0.25 cf/c
—a— Surface profile height=0.5 cf/c

16 |
14 +
12 +

10

x/c %

o N > (o] (o]
T

0.0 0.5 1.0 1.5 2.0 25 3.0
ylc

Fig. 2. Geometry of the modified airfoil (W1011) showing undulation heights

The horizontal axis in the geometry plot corresponds to the spanwise ratio
relative to the airfoil’s chord length, while the vertical axis represents the distance
from the trailing edge to the leading edge of the airfoil, again expressed as a per-
centage of the chord. This geometric setup allows for a clear understanding of how
variations in undulation heights and placement influence the overall aerodynamic
performance of the airfoil.

The coordinate system origin (x = 0) is placed at the trailing edge of the flap,
progressing toward the leading edge along the chord line. This convention allows
consistent comparison between modified and baseline airfoil geometries.
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To ensure the results are solely a consequence of the applied physics and
boundary conditions, rather than the mesh resolution, mesh independence studies
were conducted in the computational fluid dynamics (CFD) simulations. c¢d and
cl versus number of simulations are shown in Fig. 3 for 0, 3, and 5 degrees.
Mesh independence is defined as the point at which further refinement of the
mesh does not significantly alter the simulation outcomes. As shown in Table 1,
the mesh was simulated four times, and after evaluating the results, a mesh of
3700000 cells was selected as the optimal resolution. This mesh size was chosen
because further increases in cell count did not significantly affect the velocity
fields, pressure distribution, or aerodynamic coefficients such as lift and drag. The
mesh independence study ensures that the simulation results are reliable and not
influenced by variations in mesh density.

0.6

0.014 //——A —t
0.4
—=—( degree
0.012 —e— 3 degree
ko) —a— 5 degree ©
© 0.2 —=— 0 degree

—e— 3 degree
—a—5 degree

\_.
.__% 0o

0.008 L L L L L L L L
1 2 3 4 1 2 3 4

Number of simulations Number of simulations

0.010

Fig. 3. Drag and lift coefficients diagram of mesh-independent simulations

Table 1. Mesh independence analysis showing the number
of mesh elements for each simulation

Simulation number Mesh
1 452000
2 890000
3 2800000
4 3700000

Table 2 shows the details of the selected mesh sizes used in the simulation,
specifically the wake and surface mesh refinements. These mesh sizes are crucial
for accurately capturing the flow behavior around the airfoil. Table 3, on the other
hand, presents the general geometry dimensions of the simulated airfoil, providing
essential information on its size and shape for context in the simulation study.
Boundary conditions were defined as follows: uniform inflow velocity for inlet,
zero-gauge pressure at outlet, slip condition at the top boundary, no-slip on the
airfoil and ground wall, and symmetry on lateral walls. This setup reflects wind
tunnel conditions used in reference experiments.
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Table 2. Grid mesh and airfoil size parameters for different mesh refinement settings

Mesh refinement Wake mesh Surface mesh
1 0.002 0.01 0.004
2 0.002 0.01 0.04

Table 3. Dimensions of the computational domain (tank)
used in the simulations

Axis Length (m)
Along x-axis 10.5
Along y-axis 4.0
Along z-axis 1.5

To validate the accuracy of the results, the W1011 airfoil was simulated at a
Reynolds number of 200 000 with angles of attack of 0°, 2°, and 5°. Additionally,
simulations for the airfoil flap were conducted across a range of angles of attack,
specifically 0°, 10°, 20°, 30°, and 40°. The simulation results were then compared
with experimental data from Williamson’s laboratory [32] as shown in Fig. 4.

1.8 0.12

—a— EXP-0 deg —a— EXP-0 deg
1.6 | —e—NUM-0 deg —e— NUM-0 deg
—a— EXP-3 deg 0109 —+—EXP-3deg
1.4 s NUM-3 deg 1 —v— NUM-3 deg
+— EXP-5 deg . —o— EXP-5 de
12+ J g
NUM-5 deg 0.08 <«—NUM-5 deg
10} A
— ho] i
Cosl o 008
06 0.04 4
04+
02l 0.02 -
00L 0.00 L 1 1 .
0 10 20 30 0 10 20 30
B B

Fig. 4. Lift and drag coefficient comparison between simulation results and experimental data
from [32]

Although the figure does not exactly replicate experimental charts from Wil-
liamson’s studies, it was cross-validated using their numerical data. Deviations were
within 10%, likely due to turbulence modeling choices and numerical resolution.
These results serve as an empirical validation baseline.

Fig. 5 provides a 3D visualization of the simulation tank alongside the ge-
ometry of the wavy W1011 airfoil. This representation illustrates the setup of the
simulation, highlighting the modified airfoil’s design with undulating features, as
well as the spatial configuration of the computational domain used for the fluid
dynamics analysis.



www.czasopisma.pan.pl N www.journals.pan.pl
1
POTSRA AKADEMTA N

Numerical simulation of wavy-flap airfoil performance at low Reynolds number. . . 445

Fig. 5. 3D view of the simulation tank and the geometry of the wavy W1011 airfoil

3. Results

It is important to clarify that in this study, two distinct angles of attack are
considered based on Williamson’s tests. One angle of attack is defined by the airfoil
itself, while the second angle is determined by the tail of the airfoil. In the following
diagrams, the term « refers to the angle of attack of the airfoil, whereas the term
refers to the angle of attack of the tail relative to the airfoil’s direction, as illustrated
in Fig. 1.

In our study, the chord length (cf) is set to 0.3 times the airfoil chord, and the
airfoil used is the W1011. The angles of attack examined include 0°, 3°, 5°, and 8°
for the airfoil, and 0°, 10°, 20°, 30°, and 40° for the tail.

Fig. 6 presents the lift coefficient diagram, comparing the simulation results
with Williamson’s experimental data. The diagram covers airfoil angles of attack
of 0°, 3°, 5°, and 8°, with the horizontal axis indicating the angle of attack of the
W1011 airfoil’s tail (8). The percentages in the diagram represent the undulation
heights relative to the tail chord, where 10% corresponds to a undulation heights of
9 mm (i.e., 10% of the tail’s chord length). The undulation heights s for the other
cases are 0.9 cm, 2.25 cm, and 4.5 cm.

In the diagram, a significant increase in the lift coefficient for the wavy airfoils,
compared to the natural (flat) airfoil, is evident. For instance, at a 8 of 40°, the
airfoil at a 0° attack angle shows a lift coefficient approximately three times greater
than that of the natural airfoil. At a 8 of 10°, the same increase is observed,
reaching a 4.2-fold growth at the same attack angle. This effect becomes even more
pronounced at higher tail angles, with a greater increase in lift.

Interestingly, the influence of 8 on the lift coefficient is more substantial than
the airfoil’s own angle of attack. Although the positive impact of 8 is clear, the
graphs show that as the airfoil’s angle of attack increases particularly at angles of
3°,5°, and 8° the growth ratio tends to stabilize. For example, at a 40° B angle,
at 8° of attack, the lift coefficient increases by 2.6 times for a undulation heights
of 50%, while at 3° and 0° attack angles, the growth ratios are 2.7 and 2.5 times,
respectively, compared to the natural airfoil.
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Fig. 6. Lift coeflicient diagram of wavy airfoils and W1011

In fluid dynamics, the drag coefficient is a dimensionless quantity used to
measure an object’s resistance to motion through a fluid, such as air or water. A lower
drag coeflicient indicates that the object experiences less drag. This coefficient is
related to the object’s surface area and is composed of skin friction and form drag,
the primary contributors to fluid dynamic drag. For lifting bodies such as airfoils
or hydrofoils, the drag coefficient also accounts for lift-induced drag. Additionally,
for more complex structures like airplanes, interference drag is considered.

In contrast, the lift coefficient is a dimensionless number that relates the lift
produced by a body to the surrounding fluid’s density, the body’s velocity, and a
reference area. A lifting body, such as a fixed-wing aircraft or any body with foils,
generates lift. The lift coefficient can be calculated using parameters such as Mach
number, Reynolds number, and the angle of attack to the flow. For two-dimensional
foils, the section lift coefficient represents dynamic lift properties, with the foil
chord serving as the reference area.

While the drag coefficient increases in a similar manner to the lift coefficient
for wavy airfoils, its growth is not as pronounced. For example, as shown in Fig. 7,
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with an angle of attack of 0 and 8 degrees and a 8 of 20 degrees, the drag coefficient
increases by 1.078 and 3.14 times, respectively, at a undulation heights of 10%.
This indicates a significant influence of the angle of attack on the drag coefficient.
However, while the angle of attack strongly influences the drag coefficient, its
impact on the lift coefficient is less significant.

04
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Fig. 7. Drag coefficient diagram of wavy airfoils and W1011

Fig. 8, which illustrates the lift-to-drag ratio, offers valuable insight into the
performance of corrugated airfoils. The ratio increases at a slower rate as the angle
of attack rises, indicating that the airfoils achieve better efficiency at lower angles
of attack, particularly for lower 8 values. For instance, at an angle of attack of
10 degrees with zero degrees of 83, the lift-to-drag ratio for the main airfoil is 40.5.
In comparison, the wavy simulation models show a lift-to-drag ratio ranging from
92 to 100, reflecting a 2.2 to 2.5 times increase. At an angle of attack of 8° with 8
values of 40°, 30°, and 20°, the increase in the lift-to-drag ratio becomes negligible,
suggesting that the influence of the flap angle diminishes at higher attack angles.

In certain cases, such as for the airfoil attack angle of zero degrees with a
of 0 degrees and a undulation heights of 50%, the lift-to-drag ratio was observed
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Fig. 8. Lift-to-drag coefficient diagram of wavy airfoils and W1011

to be lower than that of the natural airfoil. However, this behavior is considered an
exception in the performed simulations. In most cases, the wavy airfoils either show
competitive performance or a significant increase in the lift-to-drag ratio compared
to the original airfoil. Fig. 9 demonstrates the same general trend for the ratio of
lift-to-drag coeflicients as the airfoil 8 increases. In this image, which consists of
5 graphs, the airfoil shows a wave at the airfoil angles of attack. In each graph, two
lines are depicted corresponding to the wavy airfoils. The angles in each graph are
related to the tail angles of attack, and the horizontal axis angles are related to the
airfoil angles of attack. The percentages in each line also give information about
the height of the wave at the tail end of the airfoils.

Fig. 10 provides a clearer view of the simulation’s contours by showcasing
the corrugated W1011 airfoil in its tail section. It highlights three sections: A, B,
and C, which correspond to the wave’s trough, middle, and crest, respectively. For
clarity, the terms bottom, middle, and top will be used to refer to sections A, B,
and C, respectively, moving forward in the text.

One of the primary reasons for the reduction in lift-to-drag ratio at higher
angles of attack is the formation of low-pressure regions on the surface of the
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Fig. 9. Lift-to-drag coeflicient diagram of wavy airfoils and W1011.
The percentages correspond to the undulation heights at the end
of the airfoil (tail). The horizontal axis is the airfoil’s @, and each
graph line is associated with 3

: T e
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Fig. 10. 3D view of the W1011 wavy airfoil, with sections A, B, and C representing the trough,
middle, and crest, respectively

airfoils, coupled with turbulence flow. This phenomenon significantly contributes
to the decrease in the ratio. Figs. 11 and 12 illustrate this effect, showing the
pressure distribution, streamline speed, vector movement, and vorticity around the
wavy airfoil at two different B angles (0° and 40°), with the airfoil having an
attack angle of 8°. At a S of 40°, the formation of vorticity is more pronounced on
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Fig. 11. Contours in order of pressure, streamline velocity, scalar vector, velocity vector,
and vorticity. The trough, middle, and crest sections are arranged from left to right,
with @ is 8° and S is 0°

Fig. 12. Contours in order of pressure, streamline velocity, scalar vector, velocity vector,
and vorticity. The trough, middle, and crest sections are arranged from left to right,
with @ is 8° and S is 40°
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the surface of the airfoil, with a larger volume and higher amplitude of vorticity
compared to the case at a 0° 8 . Additionally, Fig. 13 presents a schematic of the
3D vorticity around the airfoil for both 8 angles (0° and 40°).

Fig. 13. 3D vorticity streamline, showing a wavy airfoil with @ is 8°
and B is 0°. The bottom image of the wavy airfoil @ is 8° and 8 is 40°

4. Conclusion

The present study aims to investigate the behavior of corrugated airfoils at two
angles of attack: the angle of attack of the airfoil and the angle of attack of its tail.
Williamson’s tests were conducted to analyze the impact of these angles on the
airfoil’s lift coefficient. The results show that the tail’s angle of attack significantly
influences the lift coefficient.

The lift coefficient diagram indicates a significant increase in the lift coeffi-
cient of wavy airfoils compared to their natural state. The growth ratio increases
considerably at higher tail angles. Similarly, the drag coefficient also increases in
wavy airfoils, although not as significantly as the lift coefficient.

The ratio of lift-to-drag coefficients provides insightful information on the
performance of corrugated airfoils. The lift-to-drag ratio shows less growth with
an increase in the angle of attack, and it is more efficient at lower angles for lower .

In conclusion, this study provides valuable insights into the behavior of corru-
gated airfoils and their impact on lift and drag coefficients. The findings indicate
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that the angle of attack of the tail has more influence on the lift coefficient than the
angle of attack of the airfoil itself. These insights can help design more efficient
airfoils for various applications.

Corrugated airfoils, with their unique aerodynamic properties, offer significant
potential for engineering applications. Their ability to influence airflow due to their
uneven surfaces can lead to improved aerodynamic characteristics such as reduced
drag and increased lift. This is particularly important in simulations near the ground,
where the effects of turbulent airflows and interactions with the ground surface are
critical.

Continued research in this area is essential for several reasons:

1. Enhanced Stability and Control: A better understanding of how these airfoils
interact with near-ground flows can improve the design of systems operating
at low altitudes.

2. Multiple Industry Applications: From aerospace engineering to wind en-
ergy production, corrugated airfoils can drive innovation in turbine and
energy generator designs, providing enhanced performance and efficiency.

The findings of this study indicate a strong influence of the tail angle 8 on lift
generation, particularly at low @. While lift generally improves with increasing un-
dulation height € and §3, drag also increases, leading to diminishing returns at higher
angles. This effect is attributed to enhanced vortex formation and pressure deficits
on the airfoil’s upper surface. The simulations confirm that while wavy trailing
flaps enhance lift, their benefits saturate as 8 increases beyond 30°, especially at
higher a.

Availability of data and materials

Datasets generated and/or analyzed during the current study are available at
sciencedb, [10.57760/sciencedb.07899]. This access will be open to the public
from the date of 01/08/2025. Also, datasets generated and/or analyzed during the
current study are provided to the corresponding author upon request.
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