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Large-eddy simulations (LES) over a NACA0018 airfoil at a low Reynolds number (Re =

50, 000) fluid flow are performed to investigate the effect of active flow control at different angles

of attack (AOA = 10◦ to 20◦) using low amplitude surface morphing backward (opposite to

the airfoil’s forward motion) traveling wave actuation on the suction (upper) side of the airfoil.

The curvilinear immersed boundary (CURVIB) method is used to handle the moving surface

of the airfoil. While our previous simulations indicated the effectiveness of traveling waves at

near stall angle of attack (AOA = 15◦), the effectiveness of these waves at post-stall AOA such

as AOA = 20◦ is not understood. The actuation amplitude of the surface morphing traveling

waves is 0∗ = 0.001 (0∗ = 0/!, 0: amplitude, !: chord length of the airfoil) and the range of

the reduced frequency ( 5 ∗ = 5 !/*, 5 : frequency,*: free stream velocity) is from 5 ∗ = 4 to 16.

The results of the simulations at the post-stall angle of attack (AOA = 20◦) show that the lift

coefficient, �! , increases by about 23% and the drag coefficient, �� , decreases by about 54%

within the frequency range from 5 ∗ = 8 to 5 ∗ = 10.

Nomenclature

0 = maximum amplitude of oscillation

0∗ = nondimensional amplitude of oscillation, 0/!

� = wave speed, _ 5

�∗ = nondimensional wave speed, �/*

�� = mean drag coefficient, ��/0.5d*2!

� 5 = mean skin friction coefficient
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�! = mean lift coefficient, �!/0.5d*2!

�? = mean pressure coefficient

XC = time step

5 = frequency

5 ∗ = reduced frequency, 5 !/*

�� = mean lift force per airfoil unit span acting along the - direction

�! = mean lift force per airfoil unit span acting along the . direction

! = chord length of the airfoil

% = fluid pressure

'4 = Reynolds number,*!/a

B = airfoil span length, 0.1!

* = free stream velocity

_ = wavelength

_∗ = nondimensional wavelength, _/!

d = fluid density

a = kinematic viscosity

I. Introduction

The study of flow separation control is of extreme importance to the aircraft industry. At low Reynolds number

('4 < 500, 000), a laminar boundary layer forms on the upper (suction) surface of the airfoil which is prone to separate

from the upper (suction) surface of the airfoil either with or without turbulent reattachment depending on the angle of

attack [1–3]. When the angle of attack increases towards the stall angle of the airfoil, the adverse pressure gradient on

the suction side of the airfoil increases [4]. The flow separation point moves upstream as it is displaced towards the

leading edge [1, 4]. The adverse pressure gradient continues to increase to a certain point, at which the flow boundary

layer will separate near the leading edge on the suction side [4]. As the angle of attack increases near the stall angle, the

lift coefficient increases until it reaches the maximum lift coefficient [1, 5–8]. After which, there is a significant drop in

the lift of the airfoil [5, 9], where the stall occurs.
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Distinct active flow control techniques such as steady blowing [10, 11], periodic suction and blowing [12–17],

synthetic jets (zero net mass flux) [18, 19], and surface morphing [20–22] have been applied to improve the aerodynamic

performance of airfoils at different AOA, including stall and post-stall AOA. The surface morphing technique is described

as an energy efficient technique using light piezoelectric actuators [23], fixed along the upper surface of the airfoil.

These actuations can be in the form of standing wave [20, 22, 24] or traveling wave vibrations[25–31]. Munday et al.,

[22] experimentally investigated the effect of a simple vibration morphing actuated on the suction side of a NACA4415

airfoil at low Re of 25, 000 and 50, 000, and angle of attack range of 0◦ − 9◦. They observed that the surface morphing

simple vibration with an amplitude (0 = 0.002!; ! = chord length of the airfoil) on the suction side of the airfoil

reduced the size of the flow separation by 30 − 60%. Jawahar et al. [32] experimentally studied the effect of morphing

trailing edge flaps for a NACA0012 at Re= 350, 000 for AOA, −5> <AOA< 20>. They observed trailing edge morphing

flaps could improve the lift by at most 13% near the stall angle. However, this came at the expense of the drag which

underwent a 14% increase at the stall angle of attack. Jones et al., [3] experimentally investigated the flow control

around a NACA4415 airfoil using standing waves morphing at Re = 50, 000 and angle of attack range of 0◦ − 16◦.

They observed that applying a high frequency standing wave actuation resulted in the significant reduction of the flow

separation, decrease in the drag and increase in the lift compared to the non-actuated case. The studies above dealt with

active flow control surface morphing in the form of standing waves, simple vibration, and flaps. However, there is little

known about active flow control via traveling waves. Traveling waves have been created recently using piezoelectric

actuators on structures [33]. The idea of using traveling waves for the exact purpose of flow control originates from the

observation of aquatic swimmers in nature [31, 34–36]. Aquatic swimmers increase the flow momentum near their

body by deforming their bodies in the form of a traveling wave [34, 35]. The flow separation of a turbulent boundary

layer can be reduced via traveling waves in a channel [37, 38].

In recent work on flow control with traveling waves, the role of reduced frequency has been probed in the numerical

simulations of a NACA0018 airfoil near the stall angle of incidence [26, 27, 29]. Akbarzadeh and Borazjani [26]

showed that traveling waves are more effective than standing waves in terms of drag reduction and decreasing of flow

separation at near stall condition (AOA = 15◦) owing to the fact that traveling waves can enhance the fluid momentum

directly. Ogunka et al., [29] expanded on the work of Akbarzadeh and Borazjani [26] by numerically investigating the

range of amplitude 4 × 10−3 > 0∗ > 6 × 10−5 at high reduced frequency range 20.0 > 5 ∗ > 4.0 for the exact purpose
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of optimal flow control of a NACA0018 airfoil at near stall condition (AOA = 15◦). They observed that the stall was

suppressed and flow reattachment occurred at the amplitude range of 0.001 ≤ 0∗ ≤ 0.004 at constant reduced frequency

5 ∗ = 8. Flow reattachment was also observed for the reduced frequency range of 8 ≤ 5 ∗ ≤ 12 at constant amplitude

0∗ = 0.001. They observed that decreasing the amplitude below 0∗ = 0.001 or decreasing the reduced frequency below

5 ∗ = 8 led to flow separation. This might be because of the reduction of the streamwise fluid momentum due to the

decrease in the amplitude (0∗) and reduced frequency ( 5 ∗)[39]. The fluid momentum scales with (0∗ 5 ∗)2 (1 − 1/�∗2 )

[40]. Decreasing the reduced frequency ( 5 ∗) would reduce the wave speed (� = _ 5 ), thereby increasing the flow

separation [39, 40]. This is because the nondimensional wave speed (�∗ = _∗ 5 ∗) depends on the reduced frequency

( 5 ∗) and nondimensional wavelength (_∗) [40]. In addition to direct increase of momentum, traveling waves can trigger

instabilities (Kelvin-Helmholtz instabilities) that tend to reattach the flow. It was found that frequencies outside the

range of shedding frequencies at the leading edge did not reattach the flow [29].

The above findings suggest that traveling waves can improve the aerodynamic performance and reduce the flow

separation at near stall angles of attack. Nonetheless, there remains ambiguity in the understanding of the aerodynamic

performance of traveling waves at post-stall angles of attack (AOA ≥ 18◦) because of the unsteady flow characteristics

that occur at post-stall angles of attack [4]. Therefore, this paper is focused on investigating the flow characteristics and

aerodynamic performance (lift and drag) of the NACA0018 airfoil at post-stall angle of attack (AOA = 20◦).

This paper is organized as follows: the governing equations, computational mesh, and numerical methods are

described in Section II. The aerodynamic performance of the NACA0018 airfoil is quantified by measuring the mean lift

and drag coefficients of the NACA0018 airfoil. The results of the lift and drag coefficient of the NACA0018 airfoil for

different frequencies are compared against an baseline NACA0018 airfoil at AOA = 10◦, 15◦ and 20◦ (Section III). The

flow characteristics of the NACA0018 airfoil is analysed by visualizing the spanwise vorticity flow field on the suction

side of the airfoil (Section III). Finally, the results are discussed, and the conclusions are reported in Section IV.

II. Method

The numerical simulations for a NACA0018 airfoil at different angles of attack (AOA = 10◦ − 20◦) are compared.

The structure of the simulation and the numerical method employed for solving the problem are similar to our previous

publications [26, 27, 29]. The free stream velocity (*) and the airfoil chord length (!) are, respectively, the characteristic

velocity and length, and '4 = *!/a = 50, 000, where a is the kinematic viscosity. The upper (suction) surface of the
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airfoil is prescribed with a backward (opposite to the airfoil’s forward motion) traveling wave oscillation as shown in

Fig. 1a. The location of the upper side of the airfoil is defined in a local frame (-,., /) with its origin at the leading

edge. The backward traveling wave oscillation (ℎ(-, C)) prescribed along the . direction, is:

ℎ∗ (-, C) = 0∗ (-) sin(2c( 5 ∗C∗ − -∗/_∗)), (1)

where ℎ∗ = ℎ/! is the nondimensional displacement of the suction-side, 5 ∗ = 5 !/* is the reduced frequency, _∗ = _/!

is the nondimensional wavelength, C∗ = C*/! is the nondimensional time, -∗ = -/! is the nondimensional streamwise

length that starts from the leading edge, and 0∗ (-) = 0(-)/! is the amplitude of the wave which starts from - = 0.1!

from the leading edge, to - = 0.85! towards the trailing edge. The amplitude is constant and equal to its maximum

value 0∗<0G from - = 0.0! to - = 0.8! and decreases linearly toward the trailing edge. The backward traveling wave

propagates with a nondimensional wave speed, �∗ = 5 ∗_∗, from the leading edge toward the trailing edge, and is

presented in Fig. 1a. Here, the parameters with (*) symbol are nondimensional.

The flow governing equations are the three-dimensional (3D), incompressible, unsteady, filtered Navier-Stokes and

continuity equations. The governing equations are discretized via a second order central scheme and integrated in time

using a second-order fractional-step methodology. The momentum equations are solved with a Newton-Krylov method

with an approximate analytical Jacobian solver [41], and the pressure Poisson equation is solved using GMRES solver

with a multigrid preconditioner [42].

The turbulent flow is modeled using the large eddy simulation (LES) technique. A dynamic subgrid-scale model

[43] is used to compute the subgrid stress tensor as previous studies [44, 45] have shown that subgrid-scale models are

suitable for modeling transitional turbulent flows. The LES method is validated for modeling transitional and turbulent

flows, e.g., inclined plates [40] and circular cylinders [46], and has been used in different applications such as aquatic

swimming [46] and vortex flow [47]. The detail of our LES modeling can be found in previous studies [39, 48].

The computational mesh is same as previous study [26, 27], as presented in Fig.1b. The fluid domain grid is an

O-grid mesh generated in curvilinear coordinates (b, [, Z ) where b is parallel to the airfoil surface and [ is normal to the

airfoil surface. The grid size is 421 × 281 × 21 in the (b, [, Z ) direction. The grid is extruded in the Z direction for 0.1!

to generate a 3D grid domain. The radius of the O-grid shown in Fig. 1b is 15!. Periodic boundary conditions are

prescribed along the b and Z directions. On the outer boundary [, the upstream is characterized by an inlet velocity
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(a)

(b)

U

U

X

X

Y

Fig. 1 (a) The schematic of backward traveling wave and (b) the simulation setup [26]

(D- = *) at - < 0, while the downstream is characterized with a Neumann boundary condition with a mass flux

correction at - > 0. The grid resolution is maintained at 0.0003! along [ direction near the airfoil surface that

corresponds to a wall unit spacing of [+ = 0.9 ([+ = X[Dg/a; X[ is the normal distance between the first fluid node and

wall surface, and Dg is the friction velocity) for AOA = 10◦ - 15◦. For AOA = 20◦, the grid resolution is kept at 0.00019!

along [ direction with a wall unit spacing of [+ = 0.5. The minimum grid spacing along the airfoil circumference and

span are b+
<8=

= 1.3 and Z+
<8=

= 13, respectively, similar to our previous study [26]. The grid spacing is constant until
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[ = 0.022, then it increases with a hyperbolic function towards the boundaries. The time step is 0.0005!/* for all

the simulations at 10◦, 0.001!/* for the simulations at 15◦, and 0.0003!/* for the simulations at 20◦. The time step

values correspond to the Courant–Friedrichs–Lewy (��!) number, ��! = *XC/ΔG ≤ 0.5. More information on the

simulation, grid sensitivity study, and validation can be found in our previous studies [26, 27, 29].

The moving boundaries are treated via the sharp curvilinear immersed boundary method (CURVIB), which is

explained in the previous publications [48, 49]. The background mesh is fixed and the immersed nodes are reconstructed

via an interpolation along the surface normal. A no-slip boundary condition is prescribed at the moving boundaries.

The classification of the grid domain into solid, immersed, and fluid nodes is performed using the ray tracing algorithm

[50]. The CURVIB method is validated for flows with moving boundaries [50] and has been applied in simulations

involving turbulent flow [47], and biological flows such as aquatic locomotion [31, 46, 51, 52] and cardiovascular flows

[49, 53, 54].

To quantify the aerodynamic performance of the NACA0018 airfoil, the mean lift coefficient �! = �!/0.5d*2!

and mean drag coefficient �� = ��/0.5d*2! are computed by averaging the final 40, 000 number of iterations which

corresponds to about 40 time units (C∗) reported in table 1. �! is the mean force per unit airfoil span acting along the y

direction, �� is the mean force per unit airfoil span acting along the x direction, and d is the fluid density.

III. Results

In this section, the aerodynamic performance (lift and drag) of the baseline and actuated NACA0018 airfoil cases

are investigated and discussed in Subsection III.A at the angle of attack (AOA = 10◦, 15◦, and 20◦). The case studies are

presented in Table 1. The wavelength is kept constant at _∗ = 0.44, the same as the experimental study of Olivett et al.

[25, 30]. The first and third cases are the baseline (unactuated) airfoil at AOA = 10◦ and 15◦, respectively. Case 2∗ and

cases 4∗∗ − 5∗∗ are the actuated airfoils with backward surface morphing traveling waves with amplitude of 0∗ = 0.001

and frequency range of 5 ∗ = 4 − 8 for AOA = 10◦ and 15◦, respectively. Case 6 is an baseline airfoil at AOA = 20◦, and

cases 7 − 9 are actuated airfoils with backward traveling waves with an amplitude of 0∗ = 0.001 and frequency range of

5 ∗ = 4 − 16.
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Table 1 The case studies, including baseline airfoil, backward traveling actuations with different frequencies
( 5 ∗), and angle of attacks (AOA). The amplitude (0∗) is kept constant at 0∗ = 0.001. �! and �� are the mean lift
and drag coefficients, respectively. Here, cases with (∗) are from the previous work of Akbarzadeh et al., [27]
and cases with (∗∗) are from the previous work of Ogunka et al., [29].

Case Wave Type 5 ∗ 0∗ �! �� AOA
1∗ Baseline 0 0 0.96 0.064 10◦

2∗ Backward traveling wave 4.0 0.001 0.998 0.059 10◦

3∗∗ Baseline 0 0 0.676 0.279 15◦

4∗∗ Backward traveling wave 4.0 0.001 0.69 0.262 15◦

5∗∗ Backward traveling wave 8.0 0.001 0.89 0.090 15◦

6 Baseline 0 0 0.70 0.308 20◦

7 Backward traveling wave 4.0 0.001 0.69 0.26 20◦

8 Backward traveling wave 8.0 0.001 0.87 0.17 20◦

9 Backward traveling wave 10.0 0.001 0.86 0.17 20◦

10 Backward traveling wave 16.0 0.001 0.69 0.28 20◦

A. Effect of Angle of Attack

From Table 1, the results show that an increase in the angle of attack of the baseline case from 10◦ pre-stall (case 1∗)

to 15◦ stall (case 3∗∗) leads to a 30% significant reduction in �! and a 336% significant increase in �� . This change in

the lift and drag coefficients implies that the airfoil has stalled near the 15◦ angle of attack, i.e., 15◦ is near the stall angle

of the airfoil. Increasing the angle of attack to AOA = 20◦ post-stall for the baseline case (case 6), the lift decreases by

27% and the drag increases by 381% compared to the baseline case 1∗ at 10◦ pre-stall. A low amplitude (0∗ = 0.001)

traveling wave oscillation, with frequency 5 ∗ = 4, applied at AOA=10◦ increases �! by about 4% and decreases the ��

by about 8% compared to the baseline case 1∗. The result of this actuation is very similar to the baseline case at AOA =

10◦, which indicates that the actuation is seemingly ineffective in making significant changes to the flow characteristics

at AOA = 10◦, a point further shown in Fig. 4a and Fig. 4b. However, this is not the case for AOA = 15◦ − 20◦. At

5 ∗ = 4 and 0∗ = 0.001, the �! increases by about 1.6% and decreases the �� by about 1.4% compared to the baseline

case 3∗∗. Increasing the frequency to 5 ∗ = 8 and keeping the amplitude constant, �! increases by about 32% and ��

decreases by about 68% compared to the baseline case 3∗∗. At AOA = 15◦, the frequency increase from 5 ∗ = 4 to 5 ∗ = 8

caused a significant increase in the lift and significant reduction of the drag of the airfoil. This suggests that a backward

traveling wave surface morphing actuation of 0∗ = 0.001 and 5 ∗ = 8 will enhance the aerodynamic performance of the

airfoil at the near stall angle of attack. From Table 1, the maximum lift coefficient and minimum drag coefficient occur

at AOA = 10◦. However, the highest percentage change between the baseline and actuated airfoil occurred at AOA =
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15◦. From our previous works, the optimal range of the surface morphing wave parameters (frequency and amplitude)

on the aerodynamic performance (lift and drag) of the airfoil are 5 ∗ = 2 − 8 and 0∗ = 0.001 − 0.002 at AOA = 10◦ and

5 ∗ = 8− 12 and 0∗ = 0.001− 0.004 at AOA = 15◦. Increasing the angle of attack to post-stall (AOA = 20◦) and applying

the traveling wave actuation at 5 ∗ = 4 or 5 ∗ = 16 and 0∗ = 0.001, the �! decreases by about 2% and decreases the ��

by about 28% compared to the baseline case 6. Increasing the frequency to 5 ∗ = 8 − 10 and keeping the amplitude

constant, �! significantly increases by about 23% and the �� significantly decreases by about 54% compared to the

baseline case 6.

1. Aerodynamic Performance of the Baseline and Actuated Airfoils

Figures 2a and 2b present the lift and drag curves of the baseline and actuated ( 5 ∗ = 8.0, 0∗ = 0.001) airfoils. The

lift coefficient, �! , of the baseline airfoil linearly increases with increasing low angles of attack, AOA = 00 − 100. The

maximum value of the lift coefficient of the baseline airfoil is reached at AOA = 100, after which stall occurs at AOA

= 150. �! significantly reduces at AOA = 150, but slightly increases as the angle of attack increases to AOA = 200

post-stall. The drag curve of the baseline airfoil show that �� slightly increases as the angle of attack increases for low

angles of attack (AOA = 00 − 100) but significantly increases as the angle of attack approaches AOA = 150 (stall angle)

and continues to increase post-stall (AOA = 200). The actuated airfoil at AOA = 100 angle of attack observed an increase

in �! of 4% and a �� reduction of 9% compared to the baseline airfoil as shown in Figs. 2a and 2b. This suggests that

no significant changes in the aerodynamic performance of the airfoil occurred at AOA = 10◦ compared to the baseline

airfoil. Nevertheless, at the stall (AOA = 150) and post-stall (AOA= 200) angles of attack for the actuated airfoil, the lift

coefficient (�!) significantly increases by at least 23%, and the drag coefficient (��) significantly reduces by at least

54% compared to the baseline airfoil.

2. Effect of Frequency at Post-Stall

Here, the effect of frequency at post-stall (AOA = 200) is investigated. Figures 3a and 3b show the effect of frequency

of the traveling wave actuation on the aerodynamic performance (lift and drag) of the NACA0018 airfoil with the

actuation amplitude set to 0∗ = 0.001. The lift coefficient, �! , reduces by 2% at 5 ∗ = 4 and 5 ∗ = 16, but significantly

increases to 23% at 5 ∗ = 8 − 10 compared to the baseline airfoil. The drag coefficient, �� , reduces by at most 28% at

5 ∗ = 4 and 5 ∗ = 16 compared to the baseline airfoil. However, we observe a significant decrease of 54% in the drag
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C
L

0.8

BASELINE

ACTUATED

0.6

1.0

20

0.4

15

0.2

0

0

5 10

AOA

CD

BASELINE

ACTUATED

AOA

0.4

0.2

0.3

0.1

0

150 5 10 20

(a)

(b)

Fig. 2 Evolution of the (a) lift (�!) and (b) drag (��) curves of the baseline and actuated ( 5 ∗ = 8.0, 0∗ = 0.001)
airfoil for AOA = 00 − 200.

coefficient at 5 ∗ = 8 − 10 compared to the baseline airfoil. Therefore, the The max lift and min drag coefficients were

observed at the range of the reduced frequency, 5 ∗ = 8 − 10.

3. Flow Visualization

The effects of the actuation deformation on the flow development around the airfoil for all the cases listed in table 1

above can be observed by the distribution of the contours of the instantaneous spanwise vorticity profile around the
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0.9

f *

0.7

CL

0.8

0.6

C
D

0

0.4

0.3

0.2

f *

0 4 8 1612

0.1

0 4 8 12 16

(b)

(a) 1.0

Fig. 3 Effect of frequency of the traveling wave on the (a) lift coefficient (�!) and (b) drag coefficient (��) of
an airfoil for AOA = 200 with amplitude 0∗ = 0.001.

airfoil NACA0018 at three different angles of attack (AOA = 10◦, 15◦ and 20◦) in Fig. 4. Each case is visualized at

four different phases of the trailing edge vortex shedding cycle. For case 1∗ at AOA = 10◦, the flow boundary layer

remains attached from the leading edge of the airfoil. There is a periodic formation of small vortices near the trailing

edge [55]. Applying a backward traveling wave actuation with 5 ∗ = 4 and 0∗ = 0.001 in case 2∗ does not seem to have

any significant effect on the flow structure as the flow field is similar to that of case 1∗. There is no significant change in

the size or location of the boundary layer region or trailing edge vortex compared to the baseline case 1∗. On the other

hand, increasing the angle of attack to 15◦ with no actuation in case 3∗∗, the flow boundary layer separates from the

leading edge and a large recirculatory zone is formed near the trailing edge. A large vortex is also shed continuously
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CASE 1 *

CASE 2*

CASE 3**

CASE 4**

CASE 5**

CASE 6**

(b1 )

(a1 ) (a2) (a3) (a4)

(c1 )

(d1 )

(b2)

(c2)

(d2)

(b3)

(c3)

(d3)

(b4)

(c4)

(d4)

(e1 )

(f1 )

(e2) (e3) (e4)

(f2) (f3) (f4)

CASE 6

(f1 ) (f2) (f4)(f3)

(g2)(g1) (g3)

(j2)

(g4)

(j1)

(h1) (h2) (h3) (h4)

(i1) (i2) (i3) (i4)

(j3)

CASE 7

CASE 8

CASE 9

CASE 10

(j4)

Fig. 4 The contours of the instantaneous spanwise vorticity.
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(c2) Case 8

(b1) Case 3** (b2) Case 5**

(a1) Case 1* (a2) Case 2*

(c1) Case 6

Fig. 5 Three dimensional (3D) vortical structures visualized by the isosurface of Q-criterion (Q=20) of the
NACA0018 airfoil (a1) baseline case and (a2) actuated case ( 5 ∗ = 4 and 0∗ = 0.001) at AOA = 10◦, b1) baseline
case and (b2) actuated case ( 5 ∗ = 8 and 0∗ = 0.001) at AOA = 15◦, c1) baseline case and (c2) actuated case
( 5 ∗ = 8 and 0∗ = 0.001) at AOA = 20◦.
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near the trailing edge. Despite applying a backward traveling wave actuation with 5 ∗ = 4 and 0∗ = 0.001 in case 4∗∗

at this angle of attack, AOA = 15◦, the flow field remains relatively similar to that of case 3∗∗ as can be observed in

Fig.4. However, by increasing the frequency of the oscillation to 5 ∗ = 8 and keeping the amplitude at 0∗ = 0.001 in case

5∗∗ (Fig.4), the flow boundary layer is reattached on the leading edge of the airfoil and the large recirculatory zone is

eliminated. The separated flow has been suppressed, the stall has been delayed, and the highest lift enhancement and

drag reduction are observed. This suggests that a backward traveling wave surface morphing actuation of 0∗ = 0.001

and 5 ∗ = 8 will enhance the aerodynamic performance of the airfoil at the near stall angle of attack. Further increasing

the angle of attack to 20◦ with no actuation in case 6, the flow boundary layer remains separated from the leading edge,

with a large vortex generated at the trailing edge as shown in Fig. 4. This formation and shedding of the vortex at

the trailing edge leads to the decrease of the lift and stall of the airfoil. Similarly to the stall angle of 15◦, applying a

backward traveling wave actuation with 5 ∗ = 4 and 0∗ = 0.001 in case 7 at this angle of attack, AOA = 20◦, the flow

field remains relatively similar to the baseline airfoil (case 6) as can be observed in Fig.4. Nevertheless, by increasing

the frequency of the oscillation to 5 ∗ = 8 − 10 and keeping the amplitude at 0∗ = 0.001 in cases 8 − 9 (Fig.4), the flow

boundary layer is reattached on the suction side of the airfoil, stall is suppressed, and the large vortex shedding at the

trailing edge is diminished. The maximum lift enhancement and drag reduction at post-stall, AOA = 20◦, are observed.

This suggests that a backward traveling wave surface morphing actuation of 0∗ = 0.001 and 5 ∗ = 8 − 10 will enhance

the aerodynamic performance of the airfoil at post-stall angle of attack. However, increasing the reduced frequency to

5 ∗ = 16 (case 10), the flow field is separated and a large recirculatory zone is formed at the trailing edge, similar to the

baseline airfoil (case 6).

The three dimensional (3D) instantaneous vorticity contours visualized by means of the iso-surfaces of the Q-criterion

[56] for the baseline case (case 1∗) and actuated case (case 2∗) at AOA = 10◦, baseline case (case 3∗∗) and actuated

case (case 5∗∗) at AOA = 15◦, and baseline case (case 6) actuated case (case 8) at AOA = 20◦ are shown in Fig. 5.

From Fig. 5a1, the flow remains reattached to the leading edge of the suction side of the airfoil at AOA = 10◦. The

actuation of 5 ∗ = 4 and 0∗ = 0.001 applied at AOA = 10◦ does not make any major change to the size and structure of

the flow boundary layer as shown in Fig. 5a2. At AOA = 15◦, the flow starts to separate near the leading edge of the

airfoil and fails to reattach to the airfoil surface, shown in Fig. 5b1. The laminar separation bubble (LSB) bursts at the

near stall angle of attack (AOA= 15◦) [57]. The separation is characterized by a large recirculation zone occurring
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on the suction side of the airfoil. Large shedding vortices are formed behind the trailing edge of the airfoil due to the

interaction between the structures separated from the turbulent shear layer and the incoming flow along the pressure

side of the airfoil. In Fig. 5b2, a backward traveling wave actuation of 5 ∗ = 8 and 0∗ = 0.001 on the suction side of

the airfoil is applied and the flow separation near the leading edge of the airfoil is reduced significantly at AOA = 15◦.

Then, flow reattachment occurs immediately near the leading edge of the airfoil, with the fully turbulent flow moving

downstream to the trailing edge. Increasing the angle of attack to AOA = 20◦, the flow boundary layer on the suction

side of the airfoil still separates near the leading edge, with a large trailing edge vortex and a large recirculation zone on

the suction side of the airfoil as shown in Fig. 5c1. In Fig. 5c2, a backward traveling wave actuation of 5 ∗ = 8 and

0∗ = 0.001 on the suction side of the airfoil is applied and the flow separation near the leading edge of the airfoil is

reduced significantly at AOA = 20◦, similar to that shown in Fig. 5b2. Flow reattachment occurred near the leading

edge of the airfoil and the large recirculatory zone at the trailing edge is eliminated. This effect is similar to those

observed in the two dimensional (2D) flow of the vorticity contours presented in Fig. 4.

IV. Conclusion

This study provides a quantification of the aerodynamic performance of the effect of low amplitude traveling wave

surface morphing with different reduced frequencies on the airfoil NACA0018 at different angles of attack (AOA

= 10◦, 15◦, and 20◦) at Re = 50, 000 using Large-eddy simulations (LES). The effect of backward traveling waves with

various reduced frequencies, ranging from 5 ∗ = 4 to 5 ∗ = 16, are investigated on the flow separation and aerodynamic

performance of a NACA0018 airfoil at different angles of attack (AOA = 10◦, 15◦, and 20◦).

Flow separation occurred at the stall and post-stall angles of attack (AOA = 15◦ and 20◦). The lift and drag

coefficients,�! and�� increased as the angle of attack (AOA) increased. The lift coefficient,�! , significantly decreases

as the NACA0018 airfoil reached the stall angle of attack (AOA = 15◦). The plots of �! and �� profiles, and the

contours of the instantaneous spanwise vorticity profile of the flow field suggest that the actuation oscillation does not

have a significant effect on the lift and drag of the airfoil at the pre-stall angle of attack, AOA = 10◦. However, at the near

stall AOA = 15◦, the maximum lift enhancement and drag reduction is achieved when applying a backward traveling

wave actuation with a reduced frequency of 5 ∗ = 8 and an actuation amplitude of 0∗ = 0.001. At these values, a

maximum lift increase of 32% and drag decrease of 68% occurred at 15◦. Similarly, the maximum lift enhancement and

drag reduction were achieved with a reduced frequency range of 5 ∗ = 8 − 10 and an actuation amplitude of 0∗ = 0.001
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at post-stall angle of attack (AOA = 20◦). The lift significantly increased by 23% and the drag significantly decreased by

54%. At these values, the flow was reattached to the suction side of the airfoil at post-stall (AOA = 20◦). Therefore, low

amplitude (0∗ = 0.001) backward traveling wave actuations suppressed the stall at AOA = 15◦ and 20◦.
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