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Abstract: The characteristic of delayed airfoil stalls caused by the bio-inspired Wavy Leading-
Edges (WLEs) has attracted extensive attention. This paper investigated the effect of WLEs on the
aerodynamic performance and flow topologies of the airfoil through wind tunnel experiments, while
also discussing the flow control mechanism of WLEs. The result shows that, at small Angle of Attack
(AOA), the flow through the WLEs exhibits periodic and symmetrical characteristics, where flow
vortices upwash at the trough and downwash at the crest, resulting in flow from the crest to the
trough. Upwash leads to the formation of a localized three-dimensional laminar separation bubble
(LSB) structure at the leading edge of the trough section. At large AOA after baseline airfoil stall, the
flow on the airfoil surface of WLEs presents a two-period pattern along the spanwise direction, and
the separation zone and the attachment zone appear alternately, indicating that the control effect of
delayed stall is accomplished by reducing the separation zone on the airfoil surface. The alternating
occurrence of the separation and attachment zones is the result of intricate interactions among flows
passing through multiple WLEs. This interaction causes the convergence of high-momentum attached
airflows on both sides, thereby constraining the spread of the separation from the leading edge and
enabling the re-attachment of separated air. The research results of this paper provide a reference for
researchers to reveal the flow control mechanism of WLEs more comprehensively.

Keywords: wavy leading-edges; flow topology; luminescence oil film; flow control

1. Introduction

Improving the aerodynamic performance of aircraft remains an ongoing endeavor
within the domain of aeronautics and astronautics research. The organisms of nature
that exhibit exceptional aerodynamic prowess serve as rich sources of inspiration for
researchers [1], exemplified by creatures like humpback whales [2–4]. The WLEs on
humpback whale fins showcase superior dynamic characteristics [5]. The aerodynamic
performance of airfoils featuring WLEs, designed based on humpback whale fins, exhibits
the potential for improvement [6–8]. Investigations have demonstrated that WLEs can
delay stall onset [9–11], reduce drag [12–14], mitigate shock buffeting [12,15], influence
shock wave structure [15], and attenuate noise [16–18].

To simplify the irregular WLEs found on fins, researchers frequently approximate the
leading edge of airfoil with a sinusoidal shape in their studies. Subsequent investigations
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have revealed a correlation between the aerodynamic performance of the airfoil and the ge-
ometric attributes (amplitude, wavelength, and count) of WLEs. Johari et al. [19] conducted
experimental investigations on airfoils featuring two wavelengths and three corresponding
amplitudes. Force measurement outcomes indicated that the amplitudes of WLEs exerted a
notable influence on the airfoil’s lift and pitch moment, whereas the wavelength exhibited
a minor effect on the airfoil’s aerodynamic forces. In contrast, Hansen et al. [20] arrived at
a contradictory standpoint, asserting that diminishing the wavelength can enhance lift per-
formance, encompassing the maximum lift coefficient, stall angle, and post-stall attributes,
with exceptions in specific instances. Furthermore, airfoils featuring larger amplitudes
exhibit enhanced aerodynamic performance during post-stall condition. Cai et al. [21,22]
considered the mutual influence of airflow between multiple WLEs, and therefore studied
the effect of a single WLE on the aerodynamic performance. Aerodynamic force measure-
ments revealed that airfoils featuring a single WLE display a two-step stall pattern, where
the ratio of amplitude to wavelength takes a pivotal role in enhancing airfoil aerodynamic
performance. The significance of the leading-edge amplitude-to-wavelength ratio has
similarly been acknowledged in the works of Hansen et al. [20] and Custodio et al. [23].

The advantages of WLEs have garnered considerable attention, prompting extensive
investigations into their internal flow control mechanism. Seyhan et al. [9] demonstrated
that regardless of the WLEs waveform, WLEs effectively delay stall. Moreover, WLEs
possess an optimal waveform that maximizes enhancements in lift coefficient, stall AOA,
and overall aerodynamic performance. Their findings suggest that the vortex pair generated
by WLEs contributes significantly to improving airfoil aerodynamic performance. Similarly,
research by Colak et al. [24] indicates that rotationally induced vortex pair originating from
WLEs contribute to enhancing airfoil aerodynamic performance. The resultant flow control
effect arises from the influence of rotating vortices on the separated shear layer. In study of
Cai et al. [22] study, the WLEs was found to restrict the local stall area along the spanwise
direction of the airfoil, underscoring the significance of spanwise disturbance caused by
the WLEs.

To elucidate the formation and development mechanism of streamwise vortices, Ros-
tamzadeh et al. [25,26] investigated the influence of Reynolds number on WLEs airfoil.
They elucidated the generation of streamwise vortices through the mechanism of induced
tilt, finding that the development of streamwise vortices is accompanied by flow separation
in the triangular region near the trailing edge. In comparison to the transitional state,
the lift of baseline airfoil after stall in a turbulent state exceeds that of the WLEs airfoil,
underscoring the significance of Reynolds number consideration in WLEs engineering
applications. Hansen et al. [27] explored the formation and evolution of streamwise vortices
through experimental and numerical methods. The outcomes revealed a pronounced pres-
sure gradient near the WLEs that engenders substantial vorticity flux within the vicinity.
Once initiated, this vorticity undergoes stretching, tilting, and diffusion in a markedly
three-dimensional manner, leading to the formation of a pair of streamwise vortices with
opposing rotation directions near the trough between the crest.

Hence, the underlying physical mechanism behind the flow control effect induced
by the WLEs may stem from the alteration in pressure distribution at the airfoil’s leading
edge [17]. This alteration results in pressure discrepancies between the crest and trough of
the WLEs, consequently engendering spanwise flow. The establishment of this progressive
flow contributes to the early separation of the WLEs root [4,21]. Moreover, the adverse
pressure gradient generated by the WLEs at the leading edge of the airfoil triggers the de-
velopment of directional vorticity [26,28]. The streamwise vortices that propagate towards
the separated shear layer, aided by the incoming flow, enhance the momentum exchange
within the shear layer [25], thus improving the aerodynamic performance of the airfoil.

The above research shows that the researchers have done extensive and in-depth re-
search on the effect of the size of WLEs, different airfoil, and different Reynolds number on
aerodynamics. However, the research on the impact of WLEs on airfoil surface topologies
is relatively limited. Although the numerical simulation results in the existing literature
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provide a certain description of the impact of WLE on airfoil surface topology [25,26],
the reliability of these results is still insufficient, and there is no quantitative standard to
evaluate. Therefore, it is necessary to further understand the relevant influence of WLEs on
the surface topologies of airfoil in order to fully understand the flow control mechanism of
WLEs. In this paper, the effect of the WLEs on the aerodynamic performance of the airfoil
and related flow topologies of the flow field is investigated utilizing aerodynamic measure-
ment, global Luminescent oil film (GLOF) visualization, and particle image velocimetry
(PIV). The outcomes of this research offer an empirical foundation for researchers to design
aircraft that are more efficient and energy-saving, while also refining the understanding of
the flow control mechanism of WLEs.

2. Experimental Setup
2.1. Experimental Models and Wind Tunnel

As shown in Figure 1, the experimental model consists of a baseline airfoil and a
modified airfoil. The baseline airfoil adopted for the experiments was the SC1094, in order
to further evaluate the improvement of the aerodynamic performance of the rotor airfoil by
WLEs. Even though the experiment was conducted under static conditions, it is important
to understand its aerodynamic characteristics. The chord length c0 of the baseline airfoil is
110 mm, and the spanwise length L is 300 mm. The WLEs airfoil is obtained by modifying
the leading edge of the baseline airfoil, and its shape is a sine curve, as shown in Figure 2.
The choices of amplitude (A) and wavelength (λ) values are referred to Ferreira et al. [28],
where A = 0.03 c0, λ = 0.11 c0. It should be noted that both the baseline and WLEs airfoils
are 3D printed from a resin material with a machining accuracy of ±0.1 mm.

Aerospace 2024, 11, x FOR PEER REVIEW 3 of 19 
 

 

exchange within the shear layer [25], thus improving the aerodynamic performance of the 
airfoil. 

The above research shows that the researchers have done extensive and in-depth 
research on the effect of the size of WLEs, different airfoil, and different Reynolds number 
on aerodynamics. However, the research on the impact of WLEs on airfoil surface 
topologies is relatively limited. Although the numerical simulation results in the existing 
literature provide a certain description of the impact of WLE on airfoil surface topology 
[25,26], the reliability of these results is still insufficient, and there is no quantitative 
standard to evaluate. Therefore, it is necessary to further understand the relevant 
influence of WLEs on the surface topologies of airfoil in order to fully understand the flow 
control mechanism of WLEs. In this paper, the effect of the WLEs on the aerodynamic 
performance of the airfoil and related flow topologies of the flow field is investigated 
utilizing aerodynamic measurement, global Luminescent oil film (GLOF) visualization, 
and particle image velocimetry (PIV). The outcomes of this research offer an empirical 
foundation for researchers to design aircraft that are more efficient and energy-saving, 
while also refining the understanding of the flow control mechanism of WLEs. 

2. Experimental Setup 
2.1. Experimental Models and Wind Tunnel 

As shown in Figure 1, the experimental model consists of a baseline airfoil and a 
modified airfoil. The baseline airfoil adopted for the experiments was the SC1094, in order 
to further evaluate the improvement of the aerodynamic performance of the rotor airfoil 
by WLEs. Even though the experiment was conducted under static conditions, it is 
important to understand its aerodynamic characteristics. The chord length c0 of the 
baseline airfoil is 110 mm, and the spanwise length L is 300 mm. The WLEs airfoil is 
obtained by modifying the leading edge of the baseline airfoil, and its shape is a sine curve, 
as shown in Figure 2. The choices of amplitude (A) and wavelength (λ) values are referred 
to Ferreira et al. [28], where A = 0.03 c0, λ = 0.11 c0. It should be noted that both the baseline 
and WLEs airfoils are 3D printed from a resin material with a machining accuracy of ±0.1 
mm. 

 
Figure 1. Airfoil model. (a) Baseline airfoil; (b) WLEs airfoil. 

 

Figure 1. Airfoil model. (a) Baseline airfoil; (b) WLEs airfoil.

Aerospace 2024, 11, x FOR PEER REVIEW 3 of 19 
 

 

exchange within the shear layer [25], thus improving the aerodynamic performance of the 
airfoil. 

The above research shows that the researchers have done extensive and in-depth 
research on the effect of the size of WLEs, different airfoil, and different Reynolds number 
on aerodynamics. However, the research on the impact of WLEs on airfoil surface 
topologies is relatively limited. Although the numerical simulation results in the existing 
literature provide a certain description of the impact of WLE on airfoil surface topology 
[25,26], the reliability of these results is still insufficient, and there is no quantitative 
standard to evaluate. Therefore, it is necessary to further understand the relevant 
influence of WLEs on the surface topologies of airfoil in order to fully understand the flow 
control mechanism of WLEs. In this paper, the effect of the WLEs on the aerodynamic 
performance of the airfoil and related flow topologies of the flow field is investigated 
utilizing aerodynamic measurement, global Luminescent oil film (GLOF) visualization, 
and particle image velocimetry (PIV). The outcomes of this research offer an empirical 
foundation for researchers to design aircraft that are more efficient and energy-saving, 
while also refining the understanding of the flow control mechanism of WLEs. 

2. Experimental Setup 
2.1. Experimental Models and Wind Tunnel 

As shown in Figure 1, the experimental model consists of a baseline airfoil and a 
modified airfoil. The baseline airfoil adopted for the experiments was the SC1094, in order 
to further evaluate the improvement of the aerodynamic performance of the rotor airfoil 
by WLEs. Even though the experiment was conducted under static conditions, it is 
important to understand its aerodynamic characteristics. The chord length c0 of the 
baseline airfoil is 110 mm, and the spanwise length L is 300 mm. The WLEs airfoil is 
obtained by modifying the leading edge of the baseline airfoil, and its shape is a sine curve, 
as shown in Figure 2. The choices of amplitude (A) and wavelength (λ) values are referred 
to Ferreira et al. [28], where A = 0.03 c0, λ = 0.11 c0. It should be noted that both the baseline 
and WLEs airfoils are 3D printed from a resin material with a machining accuracy of ±0.1 
mm. 

 
Figure 1. Airfoil model. (a) Baseline airfoil; (b) WLEs airfoil. 

 
Figure 2. Geometric parameters of WLEs.



Aerospace 2024, 11, 194 4 of 19

In addition, the experiments were conducted in a low-speed direct flow wind tunnel
of Xihua University, and the experimental picture is shown in Figure 3. The wind tunnel
test section was 2 m long, 0.3 m wide, and 0.5 m high, and the shrinkage ratio was 1:4. The
top and sides of the test section are plexiglass for optical access. The range of incoming
wind speed was 0.5–30 m/s, and the turbulence intensity (the ratio of root-mean-square of
pulsating velocity to time averaged velocity) was less than 0.5%.
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2.2. Experimental Technique and Analytical Method
2.2.1. Aerodynamic Force Measurement

The influence of the WLEs on the aerodynamic performance of the airfoil is evaluated
measuring the aerodynamic force on the model. Figure 4 illustrates the measuring device
of the airfoil subjected to aerodynamic force. The ends of the airfoil were near the wall of
wind tunnel and secured by metal supports. The metal supports connected the airfoil to the
balance to transfer aerodynamic power. The balance was connected to the rotating chassis
to adjust the AOA. The coordinate measurement system is shown in Figure 4, where the
origin O is at the midpoint of the leading edge of the baseline airfoil and varies with the
AOA, and the Oz axis is always perpendicular to the horizontal plane xOy.
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In this study, a six-component box balance is used to measure the forces in three
directions (Fx, Fy, Fz) and the torques in three directions (Mx, My, Mz). The Fx and The Fy
correspond to the lift and drag directions of the airfoil, respectively. Both were measured in
a range of 0–5 kg, with a measurement accuracy of 0.3% to 0.5%. The standard deviation of
the lift coefficient from three repeated experiments is 0.0087. The lift and drag coefficients
of the airfoil are calculated according to the following formulas:

CL =
FL

0.5ρU2s
, (1)
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CD =
FD

0.5ρU2s
, (2)

where FL and FD are the airfoil’s lift force and drag force, respectively; ρ is incoming air
density; U is the incoming flow velocity; and s is the reference area of the airfoil, s = c0*L.

To verify the accuracy of the experimental device and the aerodynamic measurement,
the aerodynamic force of baseline airfoil measured in this experiment was compared with
the results obtained by Ferreira et al. [28], as shown in Figure 5. Compared with the data
of Ferreira et al. [28], the linear range of the CL measured in this experiment is basically
consistent with it, with an average error of 2.28%, while the CD measured in this experiment
is relatively high, but the trend of variation with AOA is consistent. This may be due to
different model materials leading to different friction, resulting in a deviation in the total
resistance. In addition, due to the fact that this experiment did not correct for the blockage
effects, this is another important reason for the higher CD values.
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mental data of Ferreira et al. [28].

In general, the aerodynamic force measured in this experiment is in good agreement
with the data in the literature. Additionally, according to the data of Ferreira et al. [28], it
is found that the CL between −5◦–0◦ is linear, while the CD is basically maintained at a
low level. Therefore, the Aerodynamic force measurement in this paper only measured the
aerodynamic force under the positive AOA.

2.2.2. Particle Image Velocimetry

The flow field around the airfoil is obtained by PIV with high time resolution. In this
experiment, the deviation between the velocity measurement results of PIV and the wind
tunnel inflow velocity (measured by a pitot tube) was within the range of ±0.5 m/s (the
main sources of error are the boundary layers near the top, bottom, and sides of the wind
tunnel walls). In the experiment, flows on three typical sections were photographed, as
shown in Figure 6. The three sections are the middle section of the baseline airfoil, the
crest section of the WLE, and the trough section of the WLE. A Vlite-Hi-527 (Beamtech
Optronics, Beijing, Chia) dual-pulse laser emitted the laser plate with a laser frequency of
1000 Hz and a thickness of about 2 mm. The tracer particles, about 5µm in diameter, were
emitted from a thermostatic electronic cigarette machine at the entrance to the wind tunnel.
The Fastcam AX-100 mini has a resolution of 1024 × 1024 pixels2 and a shooting frequency
of 2000 Hz. The lens model is Nikon, and the focal length was 105 mm.
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2.2.3. Global Luminescent Oil-Film Visualization

The flow topology of the airfoil surface was obtained using the GLOF visualization,
which combines oil flow visualization with the optical flow method from computer vi-
sion [29], initially proposed by Liu et al. [30]. The luminescent oil film on the surface of
the model can reflect the dynamic evolution process of the near-wall flow field. At the
same time, the camera recorded the flow structure of the oil film at different times. From a
snapshot taken by the camera, we can get the flow topology on the surface of the airfoil
through GLOF.

When the oil film is sufficiently thin, its thickness is proportional to the luminance
emitted under ultraviolet excitation, i.e., h = c−1(I/Iex). Where h is the thickness of the oil
film, c is the coefficient related to the luminous efficiency of the fluorescent oil film, I is the
luminous brightness of the oil film, and Iex is the photo intensity of the ultraviolet excitation
light source on the model surface. We define the normalized luminescence intensity g =
I/Iex, and the film equation is projected from the surface of the model Xi to the imaging
plane xi, and the optical flow equation in general form is obtained [31]:

∂g
∂t

+ u · ∇g = f (x1, x2, g), (3)

where u is surface optical flow, t is the time; ∇ is the Hamiltonian gradient operator of the
imaging plane, ∇ = ∂/∂xi (i = 1, 2); and f (x1, x2, g) is the error term of optical flow. In order
to solve Equation (3), the global smoothing constraint is introduced. That is, the square of
the surface optical flow gradient is minimum. Equation (3) is combined with constraints to
form an energy function so that u of the minimum value of the function is the final solution.
The energy function in the imaging plane Ω is defined as follows:

J(τ) =
∫

Ω

[
(

∂g
∂t

+ u · ∇g − f (x1, x2, g))
2
+ α

(
|∇u1|2 + |∇u2|2

)]
dx1dx2 (4)

where α is the Lagrange multiplier used to smooth the weight relationship between op-
tical flow data items and constraint items. The variational method was used to solve
Equation (4), described in detail in Liu et al. [30].

Figure 7 shows the fluorescent oil film measuring device in the experiment. The
fluorescent oil film was made of fluorescent powder with Dow Corning PMX-200 (Dow,
Midland, Michigan, USA) silicone oil (viscosity is 100 cs and 350 cs). The UV excitation light
source was a LUYOR-3121 UV lamp (LUYOR, Joliet, IL, USA). In this study, the Fastcam
AX-100 mini (Photron, Tokyo, Japan)was used as a high-speed camera with a resolution of
1024 × 1024 pixels2. The Nikon lens had a focal length range of 14–24 mm. The camera
shoots at 50 Hz. Usually, the optical flow algorithm can get a surface optical flow snapshot
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solution by processing the front and back images. This study averages 50–200 snapshots to
obtain a stable and uniform flow topology.
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Figure 7. Luminescent oil film measuring device.

In addition, Liu et al. [32] used the Poincare–Bendixson exponential formula, which
includes the number of critical points and boundary switch points, as a general method
for surface topology analysis in separation flows. Their results make the topology analysis
method applicable in the connected region surrounded by permeable boundaries. Topolog-
ical analysis based on the critical point theory can be used to verify the correctness of flow
structure measurement, which is of great significance in explaining and understanding the
flow pattern or mechanism. The oil film topology on the airfoil surface is surrounded by
a closed boundary, and there are streamlines in and out. In previous studies [32–34], the
Poincare–Bendixson (P-B) exponential formula was used as the conservation law of the
number relationship between critical points and boundary switching points in the topology
to test the correctness and consistency of the surface optical flow topology. P–B index
formula form for #N − #S = 1 + (#Z+ − #Z−)/2 = 0. Where #N represents the number of
nodes, #S represents the number of saddle points, and #Z+ and #Z− are, respectively, the
number of positive and negative boundary switching points. Figure 8 shows the geometric
features of critical points and boundary switching points. Nodes that converge to one point
are called split nodes. Nodes that diverge from a point are called attached nodes. The
focal point (F) caused by the vortices is usually called the spiral node [35]. There is a small
enough point Z on the boundary, and if the streamline near this point first flows in from
outside the boundary and then flows out from inside, then the switching point is negative,
denoted as Z−; on the contrary, if the streamline flows out of the boundary first and then
into the boundary, then the switch point is positive, denoted as Z+.
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3. Results and Discussions
3.1. Aerodynamic Performance

The aerodynamic force acting on the airfoil serves as a direct indicator of the flow
control effect brought about by the WLEs. Figure 9 depicts the aerodynamic behavior
of airfoils at a Reynolds number (Re) of 140,000, 170,000, and 200,000 varying across
different AOA.
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As shown in Figure 9, the trend of the lift coefficient curve is typical for the baseline
airfoil. The pre-stall CL increases linearly at all Reynolds numbers. With the increase of
Reynolds number, the maximum CL increases and the stalling angles of attack increase,
which are 8◦, 9◦ and 11◦, respectively. After stalling, CL decreases significantly, and the
stalling process becomes abrupt with the increase of Reynolds number. When AOA is
greater than the corresponding stall AOA, the CD increases rapidly.

For WLEs airfoil, CL increases linearly in the range of 0 to 9◦ at all Reynolds numbers
and decreases slightly after 10◦ (before reaching the maximum CL), which is consistent with
the results of Johari et al. [19]. For the smallest Reynolds number Re = 140,000, CL recovers
after 11◦, and for the other two Reynolds numbers, CL recovers after 12◦. At all Reynolds
numbers, the maximum CL appears at 16◦, and then the CL decreases significantly and the
airfoil stalls. For CD, at all Reynolds numbers, CD increases slowly below 10◦ and faster
after 10◦.
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It can also be seen from Figure 9 that the difference in aerodynamic characteristics
between the baseline airfoil and the WLEs airfoil. The CL of baseline airfoil and WLEs
airfoil is almost the same in the lower range of AOA, indicating that WLE has little effect
on airfoil lift at small AOA. However, near the corresponding stall AOA at each Reynolds
number, the CL of the baseline airfoil is slightly greater than that of the WLEs airfoil.
Rostamzadeh et al. [37] measured the surface pressure of the airfoil and believed that the
above phenomenon was caused by the LSB phenomenon at the leading edge of the base
wing, which can be proved by the LSB structure in the flow topology later in this paper.
An LSB appears on the leading edge of the baseline airfoil, while it does not appear on
the WLEs airfoil. The presence of the LSB on the baseline airfoil generates additional lift
compared to the WLEs airfoil without the LSB.

The CD of the WLEs airfoil is slightly larger than that of the baseline airfoil in the
range of the AOA before the baseline airfoil stall. Previous studies [27,38] have shown
that the presence of WLEs changes the pressure distribution in the local front flow region,
resulting in a vortex structure. It can be inferred that in the non-stalling state, that is, the
surface flow of the base airfoil is in the laminar flow stage, WLEs destroys the laminar flow
characteristics of the flow field by changing the pressure distribution of the local flow field
on the airfoil surface, resulting in the increase of CD.

At a certain AOA after the baseline airfoil stall, WLEs can enhance the aerodynamic
performance of the airfoil, as shown in Figure 9. WLEs significantly increased CL compared
to the baseline airfoil. In addition, WLE also reduces the CD at this stage. The above results
show that WLEs has the characteristic of delayed airfoil stall. The WLEs’ ability to delay
stall may be related to the inhibition of airflow separation, and the control mechanism of
WLE is discussed in Section 3.3.

3.2. Flow topologies of Airfoil
3.2.1. Flow Topologies of Pre-Stall

In view of the greater effect of WLEs on airfoil stall delay at lower Reynolds number,
this paper only considers the effect of WLEs on airfoil flow topologies at Re = 140,000, the
lowest Reynolds number.

Figure 10 shows the representative oil film image and flow topologies of airfoil suction
surface when AOA = 0◦, including baseline airfoil and WLEs airfoil. It should be noted
that in the topologies of this paper, the topologies of the baseline airfoil cover the whole
airfoil suction surface, while the topologies of the WLEs airfoil does not include the WLEs,
and all of them are topologies at the condition of Re = 140,000. In Figure 10, three negative
switch points Z−

1 , Z−
2 and Z−

3 are identified in the two closed regions, respectively, and no
isolated singularities appear, satisfying the P–B law (#N − #S = 1 + (#Z+ − #Z−)/2 = 0).

At AOA = 0◦, the flow of the baseline airfoil along the flow direction is approximately
two-dimensional, but for the WLE airfoil, the flow of each WLE is symmetrical. From
the development and evolution of the oil film (not given in Figure 10), it can be seen that
in the process of flow downstream, the flow near the WLE flows from the crest section
to the trough section, and it can be concluded that the WLE generates a vortex pair in
the direction. With the crest of the WLE as the watershed, a pair of flow vortices with
opposite flow direction are formed on both sides, which form local downwash at the
crest section and local upwash at the trough section with the flow vortices generated by
the adjacent WLEs. According to the study of Cai et al. [39], upwash will increase the
effective AOA of the trough section, so there may be local separation of trough section
at a small AOA. For example, in this work, local three-dimensional LSB appear near the
downstream trough, which can be proved by the accumulation of oil film downstream
trough. Local three-dimensional LSB have appeared in the studies of Cai et al. [39] and
Rostamzadeh et al. [25].

Figure 11 shows the representative oil film image and the flow topology of the suction
surface of the airfoil when AOA = 4◦, including the baseline airfoil and the WLEs airfoil.
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When AOA = 4◦, the base airfoil also approximates two-dimensional flow along the
flow direction, but the streamline shows obvious spanwise flow near the leading edge,
and is partially curved and convergent at about 0.1 c. The convergent surface streamline
indicates the beginning of the formation of the separation line. In Figure 11, two negative
switch points Z−

1 and Z−
2 are identified in the two closed regions, respectively, and no

isolated singularities appear, satisfying the P–B law (#N − #S = 1 + (#Z+ − #Z−)/2 = 0).

3.2.2. Flow Topologies of Stall Angle

As the AOA increases to 8◦, a leading-edge LSB structure appears on the leading edge
of the baseline airfoil (see Figure 12a). The line where streamlines converge are separation
lines, and the lines that diverge from each other are reattachment line. Two spiral nodes N1
and N2 are identified at both ends of the LSB, which are mainly caused by the edge wall
effect. On the separation line, saddle points S1 and S3 alternate with node N3, and saddle
point S2 is located on the reattachment line. The consensus is that there are three nodes,
three saddle points, one positive switching point, and three negative switching points, and
it is established that #N − #S = 1 + (#Z+ − #Z−)/2 = 0, satisfying the P–B law. In addition
to the influence of wind tunnel walls on both sides, the LSB is generally fully spanwise,
supporting the inference that the lift of the baseline airfoil is greater than that of the WLE
airfoil when AOA = 8◦ in Figure 9a. For the WLEs airfoil, the topology is consistent with
the rule when AOA = 4◦, except that the structure size of the local three-dimensional LSB
near the trough section becomes smaller, because the increase of the Angle of attack leads
to the acceleration of the air flow near the leading edge, which causes the separated air
to rejoin faster, and the lines are still smooth. Two negative switch points Z−

1 and Z−
2 are

identified in the closed region in Figure 12b, and no isolated singularities appear, satisfying
the P–B law.
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Figure 13 shows the velocity flow field of the airfoil when AOA = 4◦ and 8◦, including
the midsection of the baseline airfoil and the crest and trough sections of the WLEs airfoil.
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Compared with the baseline airfoil, the velocity field of WLEs airfoil changes at crest and
trough sections. The velocity of crest and trough section is higher, and the velocity of trough
section increases more than that of crest, which was also reported by Hansen et al. [20], and
noted that surface flows may actually behave in the opposite way. However, the velocity
fields of the crest and trough sections have little effect on the flow field at the rear edge
of the airfoil. The wave crest causes the change of the local velocity field of the flow field,
destroys the laminar flow characteristics of the flow field, and reduces the aerodynamic
performance of the airfoil. This indicates at that base airfoil stall angle and AOA before it,
the WLEs increase CD, as shown in Figure 9b.
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3.2.3. Flow Topologies of Post-Stall

When the AOA is increased to 12◦, according to the aerodynamic results (As shown in
Figure 9), the baseline airfoil has stalled while the WLEs airfoil has not. In Figure 14a, the
air flow on the baseline airfoil surface is separated at x/c = 0.2, and a significant backflow
can be observed downstream, showing a significant stall characteristic. In the topology, it
can be seen that a pair of separate vortices with opposite directions appear on both sides
of the airfoil spread due to the influence of the wind tunnel side wall [40]. The separation
begins at the saddle point S1 and extends to the helical nodes N1 and N2 at both ends. Two
negative switch points Z−

1 and Z−
2 are identified at the boundary junction because there

are streamlines into and out of the boundary. Moreover, due to the induction of spiral node
N1, positive switching points Z+

1 and Z+
2 are identified at the boundary, and a consensus is

reached to two nodes, one saddle point, two positive switching points, and two negative
switching points. It is established that #N − #S = 1 + (#Z+ − #Z−)/2 = 0, which also satisfies
the P–B law.

For WLEs airfoil, different from the flow pattern under low AOA, a special flow pattern
appears on the airfoil, with the y/c = 0 section as the center, a symmetrical separation zone
appears on both sides, and the reverse vortex trend at the intersection of the separation
zone and the attached flow was observed near the trailing edge of the airfoil, Seyhan
et al. [9] also obtained similar result. The separation line as a whole presents a special
form of double “n”, saddle point S1 appears in the middle of the right “n” type separation
line, and two spiral nodes N1 and N2 appear in the middle part of the separation line.
The appearance of positive switch points Z+

1 ∼ Z+
5 and Z−

3 is closely related to this special
separation mode. It should be pointed out that the selected closed region does not contain
part of the flow line in the upper right corner of the airfoil, which is due to the accumulation
of oil film in this part of the region during the experiment, resulting in some errors in
the topology. Therefore, the closed region in Figure 14b does not contain this part. In
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Figure 14b, the closed boundary consensus is divided into two nodes, one saddle point, six
positive switching points, and six negative switching points, satisfying the P–B law.
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When AOA = 12◦, the flow on the entire WLEs airfoil can be partitioned, as shown in
Figure 15. It can be seen that the flow behind the WLEs is different at different spanwise
positions. I is the attached flow near the side wall first expands outward along the direction
of flow, and then converges inward after reaching a certain position; II is a large separation
area that extends along the flow direction to both sides, and then converges near the trailing
edge of the airfoil. III is the attached flow in the central region and is located between
the two symmetric separation regions, and first gathers and then expands along the flow
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At higher Re than the current work, the surface flow structure of the baseline airfoil
may show a similar periodic or symmetrical structure, which may be related to factors such
as initial conditions, boundary conditions, or some perturbations [41]. The WLEs studied
in this work, which are disturbance factors that cannot be ignored in the incoming flow,
will have a significant impact on the flow structure. The two separation zones shown in
Figure 14b may be the coupling result of multiple WLEs perturbing the incoming flow.

At large AOA, due to the segmentation effect of the WLEs, the separation zone, and
the attachment zone appear alternately, showing a two-period pattern [3]. According to the
study of Cai et al. [39], due to the induced effect of vortex clusters in the two separation
zones, a reverse rotating flow direction vortex pair is formed in the central region, and
strong downwash is formed in this region, which will greatly reduce the effective Angle
of attack in this region, and thus avoid the separation of this region. Therefore, it can
be inferred that the results in this paper also have a similar control mechanism. This
phenomenon will be directly reflected in the aerodynamic performance, as shown in
Figure 9. In summary, it can be seen that under a large AOA, WLEs can produce a delayed
stall control effect, which is achieved by reducing the separation area.

Figure 16 shows the PIV flow field when AOA = 12◦. It can be clearly seen that the
baseline wing has a flow separation at x/c = 0.2, while for the WLEs wing, the trough
and crest sections remain attached to the flow. It is fully demonstrated that WLEs can
inhibit flow separation and improve aerodynamic performance of airfoil. According to
Figure 14b, it can be seen that the flow at different display positions on the WLEs airfoil
is different, and the middle section is attached. Since PIV measures the crest and trough
sections in the middle region of the airfoil, the flow is not separated at the reaction point,
which also reflects the importance of surface flow display technology for the study of WLE
from the side. However, it can be seen from the figure that the acceleration effect of the crest
section is significantly greater than that of the trough section, that is, the momentum of the
crest interface is greater than that of the trough section. According to Figures 14b and 15,
it shows that the spanwise development of the separation region is limited by the high
momentum crest section, and the flow field is compartmentalized, which is consistent with
the study of Cai et al. [39].
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3.3. Discussion on Control Mechanism of WLEs

According to the above, the delayed stall of the WLEs is the comprehensive effect
of multiple mechanisms, resulting from the different behaviors of the flow vortex pairs
generated by the WLEs at different spanwise positions. According to Cai et al. [39], in the
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attachment region, due to the induction of the separation vortex, the airflow in the central
region washes down and the separation is inhibited, which means that the degree of flow
attachment after the crest is greater than that after the trough, which was also reported
by Johari et al. [19]. However, how the airflow downwash behavior acts on the airfoil
surface has not been fully explained. The behavior of streamwise vortices at different AOA,
coupled with its inherent spanwise attributes, forms the fundamental physical mechanism
of WLEs for flow control. In this section, the flow topologies near the WLEs will be analyzed
to analyze the control mechanism.

Figure 17 shows the oil film evolution images near the WLEs when AOA = 0◦ and
14◦. When AOA = 0◦, the post-WLEs flow at different diffusion positions is periodic and
symmetrical when AOA is small, while the flow at different diffusion positions is different
when AOA is large. The separation zone and the attachment zone appear alternately.
Figure 17b shows the oil film evolution image of the central region of the attachment flow,
corresponding to III in Figure 15.
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At the large AOA, the visualization image of the oil flow in the leading-edge region of
the WLE airfoil indicates that the WLE will generate vortices in the spanwise direction. Pre-
vious studies [17,21,42] also showed that the pressure distribution differed at the spreading
nodular crest and trough, resulting in different influences of the vortices on the flow field
at the crest and trough of the WLEs. The velocity distribution of the flow field at the WLEs
crest and WLEs trough is different, resulting from the streamwise vortices’ influence on the
spreading direction.

Figure 18 shows the topologies obtained from the oil film evolution process in Figure 18.
Consider connecting the topology in Figure 18a with A to D four-point connection, and the
topology in Figure 18b with E to H four-point connection, and identify the critical points
and boundary switching points in the topology in counterclockwise order. Obviously, both
ABCD and EFGH regions satisfy the P–B law.
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In Figure 18a, it can be seen that the flow line at the crest section is straighter than
that at the trough section, and the flow convergence trend from the crest to the trough
can also be seen. In terms of aerodynamic performance, at low AOA, the WLEs do not
significantly improve the aerodynamic performance in a positive way, but the pressure
gradient generated by WLEs increases the drag coefficient, as shown in Figure 9. Figure 18b
shows the topology of the central attached flow region at a large AOA. Two vortices in
opposite directions can be clearly seen, the center of which is the reflux region, indicating
that there is a small separation region near the leading edge WLE. However, due to the
complex interaction between the air flows passing through multiple WLEs, the converging
effect of high momentum attached air flows on both sides is caused, which limits the
diffusion of leading-edge separation and makes the separated air re-attach. This is the
reason for the alternating appearance of separation and attachment on the surface of the
WLEs airfoil at a large AOA, that is, the flow partition shown in Figure 15.

4. Conclusions

In this paper, the WLEs were applied to the SC1094 airfoil and the influence of WLEs
on its aerodynamic performance was studied through wind tunnel tests. And for the first
time, through GLOF experimental technology, the quantified flow topology structure of
WLEs wings was obtained, and the changes in flow topology before and after stall were
described in detail. And the flow control mechanism of WLEs was revealed. The main
conclusions obtained are as follows:

(1) The aerodynamic force measurement results show that, compared with the baseline
airfoil, WLEs can effectively increase the stall Angle of the airfoil under three Reynolds
numbers studied in this study, that is, delayed stall. For the WLEs airfoil, there is a
small drop in the lift curve after the baseline airfoil stalls, and then the lift continues to
increase until the stall. At the three Reynolds numbers of this experiment, WLEs achieved
a maximum lift gain of 24.72–31.07% and a maximum drag reduction rate of 30.28–32.11%.

(2) GLOF and PIV results show that at small AOA, the flow around the WLE is
periodic and symmetrical, and the flow vortices between WLEs upwash at the trough and
downwash at the crest, resulting in the flow from the crest to the trough. Due to upwash, a
local three-dimensional LSB structure appears at the trough section. The velocity of the
trough section is greater than that of the crest section, which is consistent with the result of
Hansen et al. [27].

(3) At large AOA after baseline airfoil stall, the air flow on the airfoil surface of
WLEs presents a two-period pattern along the spanwise direction, and the separation
zone and the attachment zone appear alternately, indicating that the control effect of
delayed stall is accomplished by reducing the separation zone on the airfoil surface. The
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alternating appearance of the separation zone and the attachment zone is caused by the
complex coupling between the flows passing through multiple WLEs, which leads to the
convergence of the high-momentum attached air flows on both sides, limiting the diffusion
of the separation of the front edge and making the separated air re-attach.

The coupling effect between WLEs is related to the wavelength or number of WLEs.
Therefore, the influence of the number and wavelength parameters of WLEs on the topolo-
gies will be studied in a future study.
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Abbreviation Original text
AOA Angle of Attack
GLOF Global Luminescent oil film
LSB Laminar separation bubble
PIV Particle image velocimetry
Re Reynolds number
WLEs Wavy Leading-Edges
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