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The main two mechanisms of morphing wall flow control are direct injection of momentum in the streamwise
direction and indirect momentum transfer via triggering instabilities. Traveling waves have been shown to perform
better than standing waves, probably because they can use both mechanisms. However, the relative importance of the
two mechanisms is not known. To differentiate between the mechanisms, a range of parameters (frequency,
amplitude, and starting location) at stall (15 deg angle of attack) and poststall (20 deg angle of attack) is tested
using wall-resolved large-eddy simulations with a sharp-interface curvilinear immersed boundary method at a low
Reynolds number of Re = 50,000 over a NACA 0018 airfoil. The results of the simulations demonstrate that the flow is
reattached within a range of nondimensional frequencies, actuation amplitudes, and starting locations of oscillation at
the stall and poststall angles of attack. Significant lift enhancement and drag reduction are also observed within these
ranges. The nondimensional frequency range at which the flow is reattached is found to be similar to the dominant
nondimensional frequencies of leading-edge vortex shedding of the unactuated airfoil. These indicate that the indirect
transfer of momentum is the dominant mechanism because direct injection of momentum increases with the increase
of amplitude and frequency; that is, separation should reduce as they increase. Nevertheless, direct injection of
momentum improves the performance relative to pure excitations of standing waves when instabilities are triggered.
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Nomenclature

a = maximum amplitude of oscillation

a* = nondimensional amplitude of oscillation; a/L

C = wave speed; Af

C* = nondimensional wave speed; C/U

Cp = mean drag coefficient; Fp,/ 0.5pU%L

C ;= mean skin-friction coefficient

C, = mean lift coefficient; F; /0.5pUL

Cp = mean pressure coefficient

F, = mean drag force per airfoil unit span acting along the x
direction

F, = mean lift force per airfoil unit span acting along the y
direction

f = frequency

f* = nondimensional frequency; fL/U

h = displacement of the suction side

L = chord length of the airfoil

P = fluid pressure

p = p value of statistical two-sample 7 test

Re = Reynolds number; UL /v

s airfoil span length; 0.1L

t = time

U freestream velocity

Xy = nondimensional starting location of oscillation on airfoil
suction side along streamwise direction; X /L

ot = time step

A = wavelength

A* = nondimensional wavelength; 1/L
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v = kinematic viscosity
fluid density
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1. Introduction

LOW control at low Reynolds numbers (Re < 500, 000) [1] is of

particular interest to micro air vehicles [2] and unmanned aerial
vehicles [3]. At low Reynolds numbers, a laminar boundary layer
forms on the suction (upper) side of the airfoil, which may separate
and fail to reattach when the angle of attack (AOA) surpasses the
airfoil’s stall angle [4-6]. Boundary-layer separation reduces the aero-
dynamic performance (increases drag and reduce lift) of the aforemen-
tioned aerial vehicles. Therefore, flow control techniques have been
adopted to reduce and even eliminate flow separation [7]. Flow control
techniques can be classified based on the mechanism of reattachment:
1) direct injection of momentum in the streamwise direction into
the boundary layer, e.g., suction and blowing [8—12]; and 2) indirect
transfer of momentum by the triggering of instabilities passively, e.g.,
surface roughness bumps [13], vortex generators [14,15], or actively
through periodic excitation [16]. Periodic excitations such as actuators
[6,17,18], synthetic jets [19,20], and acoustic excitations [21] trigger
an inherent flow instability, e.g., Tollmien—Schlichting transitioning a
laminar boundary layer into a turbulent one [22] or accelerating the
formation of large coherent structures (LCSs) in the boundary layer via
the triggering of Kelvin—Helmholtz (K-H) instability [6], thereby
increasing the mixing of high-momentum fluid of the separated shear
layer with the low-momentum fluid of the reverse flow zone.

Surface actuation is an energy-efficient technique that makes use
of light inexpensive piezoelectric actuators [23,24]. Piezoelectric
actuators are attached along the upper surface (suction side) of the
airfoil where they interact with the near-wall boundary layer. These
piezoelectric actuators typically create a standing wave [6,17,18]
that increases the fluid’s kinetic energy at the near wall by periodic
excitation and have been shown to reduce flow separation
[6,17,18,25,26]. Compared to standing waves, traveling waves can
be created via piezoelectric actuators, but not as easily as standing
waves [27]. Backward-traveling waves are typically used by aquatic
animals to swim forward [28-30], which have been shown to keep the
flow attached to the swimmer’s body [31,32]. Backward-traveling
(opposite to the airfoil’s forward motion) waves might perform better
than standing waves because they can directly inject momentum into
the boundary layer in the streamwise direction as well as trigger
instabilities (amplification of the K-H instability, hence regulating the
generation of LCSs). Akbarzadeh and Borazjani [33] found that
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traveling waves outperform standing waves in controlling flow sep-
aration over an airfoil. However, the relative importance of the
mechanisms (direct injection of momentum versus the indirect one)
is still unknown.

The axial force generated by a traveling wave is of order
O{a*?[f* — (1/4)]?} [34], which is derived based on Lighthill’s
elongated body theory (EBT) [35], where f* is the nondimensional
frequency (f* = fL/U, where f denotes the frequency, U denotes
the freestream velocity, and L denotes the airfoil chord length), a* is
the nondimensional amplitude (a* = a/L, where a denotes the
amplitude), and A* is the nondimensional wavelength (A* = A/L,
where 4 denotes the wavelength). If the direct injection of momentum
is the main mechanism, then increasing the frequency and amplitude
should reduce flow separation. However, if triggering is dominant,
flow separation might not decrease if the frequency and amplitude
increase; i.e., there might be an upper bound limit on the frequency
and amplitude [17,18], and the location of excitation may be impor-
tant [6,21]. Previous work from our group investigated the roles of
frequency and amplitude in traveling wave flow control of a turbulent
channel [36], an inclined plate [34], and a NACAO0018 airfoil at near-
stall (AOA = 10 deg) [37] and stall (AOA = 15 deg) [33] angles
of attack. They observed that flow separation reduced as the fre-
quency increased. They also observed that increasing the frequency
increased the lift enhancement and drag reduction of the airfoil [33].
However, the maximum frequency tested was f* = 8.0 [33], and
higher frequencies (f* > 8.0) need to be explored. Similarly, they
observed that the range of amplitude, 0.001 < a* < 0.002, signifi-
cantly reduced the flow separation, increased the lift, and reduced
the drag over the airfoil [33,37]. However, the amplitudes tested are
higher than the range of amplitudes of experimental traveling wave
oscillations that can be generated from piezoelectric actuators
(2x 1073 > a* > 6 x 1075) [38,39]. Therefore, lower amplitudes
and higher frequencies of traveling wave oscillations still need to
be tested.

The goal of this study is to identify the relative importance of the
two mechanisms (direct injection vs indirect momentum transfer)
for traveling waves, thereby obtaining the range of parameters that
will achieve optimal flow control for the initial design of traveling
wave actuators. To attain this goal, the wave parameters (frequency
f*, amplitude a*, and excitation location X)) at the stall and post-
stall angles of attack are varied in our numerical simulations to see
if they monotonically reduce separation (then direct injection of
streamwise momentum is dominant) or if there is a bound for the
parameters (and then indirect momentum transfer will be domi-
nant). A comparison of the numerical simulation results of the
traveling wave morphing against standing wave morphing is also
performed. This paper is organized as follows: The governing
equations, computational mesh, and numerical methods for wall-
resolved large-eddy simulations (LESs) are described in Sec. II. The
lift and drag coefficient of the NACAQ018 airfoil for different
frequencies and amplitudes are compared against an unactuated
(baseline) NACAOO018 airfoil (Sec. III). The observed trends are
explained by visualizing the flowfield (Sec. III). A discussion on the
results and their comparison with previous work are provided in
Sec. IV. Finally, the results are discussed and the conclusions are
reported in Sec. V.

II. Method

Numerical simulations are performed for a NACAO0018 airfoil near
the stall and poststall angles of attack (AOA = 15-20 deg) at which
the flow starts to separate from the leading edge, and a large reverse
flow is generated on the suction side of the airfoil. The structure of
the simulation and the numerical method employed for solving
the problem are similar to previous publications [33,37,40,41]. The
freestream velocity U and the airfoil chord length L are, respectively,
the characteristic velocity and length; and Re = UL /v = 50, 000,
where v is the kinematic viscosity. The airfoil geometry and fluid
mesh are shown in Fig. 1. The suction side of the airfoil undergoes a
backward-traveling (opposite to the airfoil’s forward motion) wave
deformation. To calculate the new location of the suction side of the
airfoil under motion in the original Cartesian frame (x, y, z), a local
frame (X, Y, Z) is defined; i.e. its origin is at the leading edge and is
rotated by the angle of attack (Fig. 1b). The backward-traveling wave
oscillation [h(X, 1)] prescribed along the Y direction is

(X, 1) = a*(X) sinQr(f*t* — X*/1*)) (1

Moreover, the equation of the standing wave oscillation, prescribed
along the Y direction is

h*(X. 1) = a*(X) sinzf*r*) sin(2rX* /2% @)

where h* = h/L is the nondimensional displacement of the suction
side, f* = fL/U is the nondimensional frequency, 1* = A/L is the
nondimensional wavelength, t* = ¢U /L is the nondimensional time
unit, X* = X/L is the nondimensional streamwise length that starts
from the leading edge, X, = X/L is the starting location of oscil-
lation of the actuator, and a*(X) = a(X)/L is the amplitude of the
wave. The amplitude a*(X) remains constant and equal to its maxi-
mum value a},,, from X = (X, + 0.05)L to X = 0.8L and decreases
linearly toward the leading and trailing edges, as illustrated in Fig. 2.
The backward-traveling wave propagates with a nondimensional
wave speed of C* = 1* f* from the leading edge toward the trailing
edge. Here, the parameters with the asterisk (*) symbol are non-
dimensional.

The governing equations for the flow are the unsteady, three-
dimensional, incompressible, 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 [42,43]. The momentum equations are
solved with a Newton—Krylov method with an approximate analyti-
cal Jacobian solver [44], and the pressure Poisson equation is solved
using a generalized minimal residual (GMRES) solver with a
multigrid preconditioner [42,43].

The moving boundaries are handled using the sharp curvilinear
immersed boundary method (CURVIB), which was explained in
previous publications [42,43,45]. In this method, the background
mesh is fixed and the airfoil surface motion [i.e., the prescribed
surface motion given in Eq. (1) for traveling wave motion and
Eq. (2) for standing wave motion] discretized using a triangular mesh
is set as a sharp-interface immersed boundary over the background
mesh (Fig. 3). The grid nodes found inside the immersed boundary
(moving boundary) are classified as solid nodes. The solid nodes
are blanked out, whereas the velocities of the fluid points (nodes)

Fig.1 Representations of a) computational O-grid mesh domain and b) simulation setup with O-grid mesh around NACA0018 airfoil.
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Fig.2 Amplitude as a function of chord length of airfoil’s suction side with starting location of oscillation of X, = 0.1.

adjacent to the moving boundaries (immersed nodes) are recon-
structed using an interpolation along the surface normal. The classi-
fication of the domain into solid, immersed, and fluid nodes is
performed by a ray tracing algorithm [43]. A no-slip boundary
condition is prescribed at the moving boundaries. The CURVIB
method is validated for flows with moving boundaries [43] and has
been applied in simulations involving turbulent flow [46] and bio-
logical flows such as aquatic locomotion [47-49], cardiovascular
flows [43,50-52], and aneurysm blood flow [53,54]

The turbulent flow is modeled using a large-eddy simulation
method. Here, a dynamic subgrid-scale model [55], without trigger-
ing, is used to compute the subgrid stress tensor because previous
studies [56,57] have shown that subgrid-scale models are suitable for
modeling transitional turbulent flows. The flow is fully separated in
the unactuated case such that it automatically becomes a turbulent
flow. The LES was validated extensively for wall-bounded flows in
previous studies [34,36,48]. The LES of the fully developed turbulent
channel [36] confirmed that our LES can resolve the mean flow and
turbulent statistics of turbulent boundary layers. Moreover, the LES
is validated for transitional and turbulent flows over bluff bodies such
asinclined plates, oscillating airfoils [34], and circular cylinders [48].
The LES of the unactuated case, in which the flow is separated, was
performed until the quasi-steady state was reached. Also, the turbu-
lence kinetic energy (equal to (u?) /2; <> is the volume average in the
domain, and u;(i = 1,2, 3) is the ith component of the velocity) in
the quasi-steady-state domain does not vary significantly in time. The
LESs of the actuated cases are initialized by the LES of the unac-
tuated case. The details of our LES modeling and its validation can be
found in previous studies [36,45].

The computational mesh is the same as in a previous study [33]. The
grid adopted for the fluid domain is an O grid (Fig. 1a) generated in
curvilinear coordinates (&, 7, {), where ¢ is parallel to the airfoil surface
and 7 is normal to the airfoil surface. The resolution of the gridis 421 X
281 x 21 inthe (&, 1, {) direction. The grid is extruded in the { direction

Fig.3 Oscillating airfoil surface (red line) inside O-grid mesh. Adapted
from Ref. [33] and reprinted with permission.

for 0.1L (spanwise length) to generate a three-dimensional domain.
The spanwise length of the computational domain is selected to be
0.1L in order to minimize computational cost. This spanwise domain
length has been shown to be sufficiently suitable for prior simulations
involving active flow control via periodic excitations over airfoils at
high angles of attack and low Reynolds numbers [33,37]. For a
thorough description of the sensitivity of the computational domain
spanwise length and grid, the reader is referred to the previous studies
of Akbarzadeh and Borazjani [34,37]. Furthermore, a grid refinement
study for the LESs of flow over a baseline airfoil at a 15 deg angle
of attack is provided in the Appendix. The approximate radius of the
O-grid mesh shown in Fig. lais 15L. A zoomed-in view of the mesh
near the airfoil is shown in Fig. 1b. The boundary conditions along &
and ¢ are periodic. On the outer boundary #, the upstream is charac-
terized by an inlet velocity (1, = U)atx < 0, whereas the downstream
is characterized with a Neumann boundary condition with a mass flux
correction at x > 0. To resolve the boundary layer at AOA = 15 deg,
the grid resolution is maintained constant at 0.0003L along the 5
direction near the airfoil surface that corresponds to a wall unit spacing
of y* = 0.9 (4" = 8,u,/v; 5, is the normal distance between the first
fluid node and the wall surface, and u, is the friction velocity), whereas
for AOA = 20 deg, the grid resolution is kept constant at 0.00019L
along the 7 direction with a wall unit spacing of s = 0.5. This was
chosen to ensure thaty* < 1.0 is preserved as the airfoil surface moves
with the prescribed motion [Eq. (1) or Eq. (2)] during the simulation.
Note that the grid resolution is not fine enough to resolve amplitudes
less than the minimum grid spacing of 0.0003L (AOA = 15 deg) and
0.00019L (AOA = 20 deg). Although the amplitude less than the
minimum grid spacing is not resolved, the velocity of the surface is
resolved because of the sharp-interface nature of our immersed boun-
dary method. The CURVIB method imposes the surface velocity (at
the exact location of the interface) as the boundary condition for the
flow without diffusing it over several grid nodes. The grid spacing is
constant until # = 0.022; then, it increases with a hyperbolic function
to the boundaries. The minimum grid spacing along the airfoil circum-
ference and span is equivalent to wall unit spacings of . = 1.3 and

+. = 13, respectively, similar to a previous study [33]. The time step
is 0.001L /U for the baseline (unactuated) case and actuated cases at
15 deg and 0.0003L /U for the simulations at 20 deg, corresponding to
the Courant—Friedrichs—Lewy (CFL) number of Udt/Ax < 0.5. Each
cycle of the actuated case consists of 500 to 2000 time steps, depending
on the frequency of the oscillations. It has been chosen such that
CFL < 0.35.

To verify the quality of the LES, the LES index quality (LESIQ)
proposed by Celik et al. [58] is used. Celik et al. [58] recommends at
least 80% for good LES quality. The LES index quality is calculated
near the unactuated airfoil centerline (y = 0.3L), which has the
highest turbulence intensity in the wake of the airfoil (x = 1.5L
and x = 2.5L) for both grids. The LESIQ was approximately 80%,
suggesting that the LES is of good quality.

More details on the simulation setup, grid sensitivity study, and
validation can be found in previous studies [33,37].
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To quantify the aerodynamic performance of the NACA0018 air-
foil, the mean lift coefficient

Fy

CL=—"5-
LT 05pUL
the mean drag coefficient
Fp
Cp=—"5+
b7 05p02L

the mean pressure coefficient

2\ [ouz
= (&) )

the mean power coefficient

1 .
Cpo = 73/ /—Pnyh dA ) dr
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and the standard deviation ¢ are computed by averaging at least 10
cycles for the actuated cases and at least 40 nondimensional time
units (+* = tU/L) reported in Table 1:

our  out of

dy* O oy*

ouy on
on* oy*

is the velocity gradient in curvilinear coordinates, P is the mean fluid
pressure, F; is the mean force per unit airfoil span acting along the y
direction, F, is the mean force per unit airfoil span acting along the x
direction, p is the fluid density, h is the velocity of the surface
oscillation in the Y direction, ny is the surface normal component
in the Y direction, dA is the area of the surface element, and A is the
area of the actuated surface of the airfoil’s suction (upper) side. Here,
the overbar denotes time-averaged values. The mean pressure coef-
ficient is computed with the reference pressure (zero pressure)
located at the trailing edge (X,Y = L,0). The top parts of the c »
and C ' profile plots represent the suction surface of the airfoil,
whereas the pressure surface is represented by the bottom parts of
the profiles. In this study, all mean parameters (e.g., é/,) are time

averaged along the span of the airfoil as well because the airfoil is
two-dimensional (2-D). The separation and reattachment locations
on the suction side of the airfoil are defined where C; <0 and
C; > 0, respectively.

The statistical two-sample ¢ test was employed to compare the
mean C; and Cp, of the NACAQ0018 airfoil cases. The datasets of two
samples at different f*, a*, and X, were compared with each other
and the unactuated case. The statistical two-sample ¢ test determines
if the means of two datasets are significantly different from each other
(p < 0.05) or the means of the two datasets are statistically simi-
lar (p > 0.05).

III. Results

To identify the dominant mechanism of flow control, the effects of
the wave parameters (frequency f*, amplitude a*, and starting loca-
tion of oscillations X,) of the backward-traveling wave on the
aerodynamic performance of the NACAOO18 airfoil at AOA =
15-20 deg are investigated by comparing the mean coefficients of
lift and drag with the unactuated airfoil. Moreover, the mean
spanwise-averaged coefficients of the pressure and skin friction are
examined to better observe the enhancement of the lift coefficient and
the location of the separation and reattachment on the upper surface
of the airfoil, respectively. Lastly, the contours of the instantaneous
spanwise vorticity and the three-dimensional isosurface of the Q
criterion of the unactuated and actuated airfoils are visualized. As
stated in Sec. II, the data presented in this Sec. III are collected from
the final 10 cycles for both the unactuated and actuated cases.

To obtain the bounds for frequency, the leading-edge vortex shed-
ding frequency is analyzed via the fast Fourier transform for the
unactuated airfoil ata 15 deg AOA. Figure 4 shows the power spectrum
density of the frequency domain for the unactuated airfoil. The spec-
trum is computed by spectrum analysis of the streamwise velocity u,
for a total nondimensional time of t* = 220 at a point near the leading
edge, i.e., at X = 0.086L and Y = 0.28L with respect to the leading
edge (X,Y = 0,0) (Fig. 1b). The plot indicates the shedding fre-
quency of the shear layer is in the range of f* = 6 to f* = 10. The
frequencies of the actuation were kept within the vicinity of the range
of the leading-edge vortex shedding frequency. In addition, frequen-
cies outside the leading-edge vortex shedding frequency range were
investigated. Specifically, the frequencies tested in this study were
f*=4,8,10,12, 16, and 20. In addition to the frequency, the ampli-
tude and starting location of the oscillations were also varied. The

Table 1 Case studies including unactuated airfoil as well as backward-traveling and standing wave actuations with different frequencies f*,
amplitudes a*, and starting locations of oscillation X,*

Case Wave type f* a* X, C* Cy Cp oc, oc, AOA,deg Cpo oc,,
1 Unactuated 0.0 0.0 00 —— 0.676 0.279 0.191 0.047 15 0.0 0.0
2 Backward-traveling wave 4.0 0.00006 0.1 1.76 0.70 0.284 0.246 0.067 15 0.0000034  0.0000026
3 Backward-traveling wave 10.0 0.00006 0.1 4.40 0.75 0301 0.181 0.043 15 0.0000080 0.0000059
4 Backward-traveling wave 20.0 0.00006 0.1 8.80 0.63 0.283 0.206 0.043 15 0.000082  0.000012
5 Backward-traveling wave 8.0 0.0005 0.1 352 0.76 0.253 0.160 0.038 15 0.00010  0.000040
6 Backward-traveling wave 40 0.001 0.1 176 069 0.262 0.185 0.055 15 0.000052  0.000048
7 Backward-traveling wave 8.0 0.001 00 352 090 0.090 0.140 0.042 15 0.00025 0.00010
8 Backward-traveling wave (X/L € (X,,0.9)) 80 0.001 0.1 3.52 0.89 0.090 0.151 0.035 15 0.00016  0.000083
9 Backward-traveling wave 8.0 0.001 02 352 070 0.261 0.160 0.038 15 0.000040  0.000074
10 Backward-traveling wave 12.0 0.001 0.1 528 0.87 0.098 0.293 0.071 15 0.00023 0.00013
11 Backward-traveling wave 16.0 0.001 0.1 7.04 0.67 0.247 0506 0.127 15 0.00040 0.00024
12° Backward-traveling wave 8.0 0002 0.1 352 092 0.090 0.170 0.040 15 0.00027 0.00019
13 Backward-traveling wave 8.0 0.004 0.1 352 086 0.100 0476 0.117 15 0.00057 0.00047
14 Standing wave (X/L € (X, 0.9)) 80 0001 0.1 352 0.82 0.106 0.160 0.036 15 0.00024 0.00018
14b  Backward-traveling wave (X/L € (X,,0.2)) 8.0 0.001 0.1 3.52 090 0.090 0.135 0.012 15 0.00005 0.00003
15 Unactuated 0.0 0 0 — 070 0308 0.170 0.057 20 0.0 0.0
16 Backward-traveling wave 40 0.001 01 176 069 026 0.140 0.052 20 0.000072  0.000046
17 Backward-traveling wave 8.0 0.001 0.1 352 087 0.17 0.143 0.048 20 0.00015 0.000090
18 Backward-traveling wave 10.0 0.001 0.1 440 086 0.17 0.196 0.069 20 0.00018 0.00010
19 Backward-traveling wave 16.0 0.001 0.1 7.04 0.69 028 0297 0.116 20 0.00031 0.00013
*Cr, Cp, and C), are the lift, drag, and power coefficients, respectively; and o¢, , 6¢,, and oc,, are the standard deviations of the lift, drag, and power coefficients.

Case 12 is from Ref. [33].
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Fig. 4 Power spectrum density plot of velocity P, in the frequency domain for unactuated airfoil at AOA = 15 deg at leading edge.

amplitude was varied between a* = 0.00006 and a* = 0.004, which
covers the range that traveling waves have generated experimentally
[38,39]. The separation point of the unactuated airfoil at AOA =
15 degisatX/L = 0.04. Therefore, the range for the starting location
of the actuation was selected to be 0.0 < Xy < 0.2 (Xg = X/L). The
wavelength is kept constant at A* = 0.44, which is the same as the
traveling waves generated experimentally [38,39].

The wave parameters for the studied cases are presented in Table 1
along with the average lift, power, and drag coefficients. Moreover,
the standard deviation is reported in Table 1 to investigate the
significance of the variation of the mean forces and power with
respect to the baseline (unactuated) case. Note that the error bars,
which represent the standard deviation, are included in the plots of the
average lift, drag, pressure, and skin-friction coefficients. The first
case is an unactuated (baseline) airfoil, and cases 2—13 are actuated
airfoils with backward-traveling waves with amplitude range of a* =
0.00006 to a* = 0.004, a frequency range of f* =4 to f* = 20
(corresponding wave speed range of C* = 1.76 to C* = 8.80), and a
starting location range of Xy = 0.0 to X, = 0.2. Case 14 is an
actuated airfoil with standing waves with an amplitude of
a* = 0.001 and a frequency of f* = 8. The upper surface of the
airfoil in cases 2—14 is actuated from X /L = X, — 0.9; i.e., the wave
oscillations start at X /L = X, and terminate at X /L = 0.9. Case 14b
is an actuated airfoil with backward-traveling waves that begin from
X/L =0.1 andend at X/L = 0.2 (i.e., 10% of the upper surface is
actuated). The angle of attack of cases 1-14b is AOA = 15 deg,
whereas cases 15-19 have an angle of attack of AOA = 20 deg.
Cases 2—4 have the lowest amplitude (a* = 0.00006), with the other

1.1 T T T T T

cases having significantly higher amplitudes, e.g., a* > 0.0005.
From Table 1, it can be observed that the mean power for these
oscillations is small as compared with the power loss due to drag
(U X Cp). In Sec. IIL.A, the effects of frequency on the aerodynamic
performance (mean lift coefficient, mean drag coefficient, mean
spanwise pressure coefficient, and mean spanwise skin-friction
coefficient) are discussed by comparing cases 14,6, 8,10, and
11 for stall (AOA =15 deg) and cases 15-19 for poststall
(AOA = 20 deg), in which only the frequency is varied and the rest
of the parameters are the same. Also, the effects of the amplitude and
starting location of oscillation on the aerodynamic performance
(mean lift coefficient, mean drag coefficient, mean spanwise pressure
coefficient, and mean spanwise skin-friction coefficient) are dis-
cussed by comparing cases 5, 8, 12—13 in Sec. IIL.B, and cases 7-9
in Sec. II.C, respectively. The flowfield around the airfoil, detailing
the effects of different actuations on the vorticity, is discussed in
Sec. IIL.D.

A. Effect of Frequency at Stall and Poststall

The mean C; and Cp (symbols) and their standard deviations
(error bars) are plotted for different actuation frequencies f* at stall
(AOA = 15 deg) and poststall (AOA = 20 deg) in Figs. 5 and 6,
respectively. Note that the error bars represent the standard deviation
of the mean C; and Cjp for the time cycle duration. As can be seen
from Figs. 5 and 6 for the low-amplitude (a* = 0.00006) actuations
at stall (represented by [J), the increase of the nondimensional
frequency to f* = 4, f* = 10, and f* = 20 leads to small negligible
percentage changes in C; and Cp, as compared to the unactuated case.

09

0.8
Cr

0.7

-
>
1

1 1 1 L 1 1

10 12 14 16 18 20
f*

Fig. 5 Effect of frequency on lift coefficient C; of airfoil with starting location of oscillation of X, = 0.1: actuated airfoil at AOA = 15 deg and
amplitudes of a* = 0.00006 (squares) and a* = 0.001 (circles); actuated airfoil at AOA = 20 deg and amplitude of a* = 0.001 (triangles); and
unactuated case for AOA = 15 deg (asterisks) and AOA = 20 deg (diamonds).
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Fig. 6 Effect of frequency on drag coefficient Cj, of airfoil with starting location of oscillation of X, = 0.1: same designations as Fig. 5.

However, these increases/decreases are not statistically significant
(p > 0.05); i.e.,, C; and Cp, for actuated and unactuated cases are
similar. This indicates that the actuation with a low amplitude of a* =
0.00006 at any frequency is insignificant. To investigate further, the
amplitude of actuations is increased to a* = 0.001 (represented by
solid circles; o) in Figs. 5 and 6. For a* = 0.001, there are small
insignificant percentage deviations (p > 0.05)in C; and Cp at f* =
4 and f* = 16 as compared to the unactuated case, i.e., statistically
similar to the unactuated case. When the nondimensional frequency
changes to f* = 8 in case 7, however, C; significantly increases by
32% (p < 0.05) and Cp, significantly decreases by 68% (p < 0.05) as
compared to the unactuated case. Increasing the frequency to f* =
12 in case 8, C; decreases and Cj increases, but both remain
statistically similar to case 8 (p > 0.05) while still significantly
(p < 0.05) higher and lower, respectively, than the unactuated case.
A similar trend is observed at poststall, where the angle of attack is
increased to AOA = 20 deg (represented by triangles; A) in Figs. 5
and 6. At poststall (AOA = 20 deg), C; and Cp remain statistically
similar (p > 0.05) to the unactuated case (case 15) at f* = 4 (case 16)
and f* = 16 (case 19). Changing the frequencies to f* = 8 (case 17)
and f* =10 (case 18), there is a significant increase in Cj
by 23% (p < 0.05) and a significant reduction of 54% (p < 0.05) in
Cp. Based on the aforementioned information, there is a range
of frequencies f* at both stall (AOA = 15 deg) and poststall
(AOA =20 deg) at which significant lift enhancement and drag
reduction are observed for a* = 0.001 actuations. This frequency
range where the maximum lift enhancement and drag reduction were
observed is similar to the range of the leading-edge vortex shedding
frequency observed in Fig. 4. This suggests that backward-traveling
wave oscillations with a frequency f* range equal to or closely equal to
the leading-edge vortex shedding frequency range are needed to sup-
press stall and improve the aerodynamic performance of the airfoil.
The observed trends of lift and drag coefficients can better be
explained by the distribution of the time-averaged pressure coefficient
C » and the time-averaged skin-friction coefficient C_'f around the air-
foil, which are plotted in Figs. 7 and 8, respectively. The top parts of the
C p and c '+ plots represent the suction (upper) surfaces of the airfoil,
whereas the pressure surfaces are represented by the bottom parts of the
profiles. The pressure coefficient profile of the unactuated case
depicts a stalled airfoil (at AOA = 15-20 deg) because on the suction
side of the unactuated case, ép decreases near the leading edge,
peaking at X/L = 0.02. Then, it increases and keeps a flat profile
within the range of 0.07 < X/L < 0.8. Applying a low-amplitude
(a* = 0.00006) actuation at AOA = 15 deg (stall), all the pressure
profiles are close to the unactuated case, which explains the insignifi-
cant C; and Cp as compared to the unactuated case (Fig. 7a). At
a* = 0.001, the ép plots at f* =4 and f* = 16 are both similar
to the unactuated case (Fig. 7b), which explains the insignificant
differences in C; and Cp as compared to the unactuated case.

However, the C,, plots at f* = 8 and f* = 12 are similar to each
other but differ significantly from the unactuated case (Fig. 7b). Both
experience a higher C,, peak near the leading edge at X /L. = 0.014 as
compared to the unactuated case (Fig. 7b). The significant increase in
the pressure peak near the leading edge (Fig. 7b) coincides with the lift
C; enhancement observed at these frequencies (f* = 8 and f* = 12)
[6]. From Fig. 7b, the significant rise in the pressure peaks near the
leading edge on the airfoil’s suction side suggests that the point of
separation may have been moved downstream as compared to the
unactuated (baseline) case [59]. The separation point of the airfoil
cases is further investigated in Fig. 8b. Note that the starting location of
actuation is at X, = 0.1, which is in the vicinity of the leading edge.
Keeping the amplitude constant at a* = 0.001 but increasing the angle
of attack to 20 deg, the C), plots at f* = 8 and f* = 10 show a
significant peak difference from the unactuated case; whereas at f* =
4 and f* = 16, they are similar to the unactuated case (Fig. 7c). The
peak of the C), plots near the leading edge at f* = 8-10 are signifi-
cantly higher as compared to the unactuated case (Fig. 7c), which
coincides with the maximum lift enhancement observed in Fig. 5. The
trend observed at poststall (Fig. 7c) is similar to that of stall (Fig. 7b).

The separation and reattachment points on the airfoil surface are
investigated using the mean skin-friction coefficient C; plot. The
separation and reattachment locations on the suction side of the airfoil
are defined as where C; becomes negative and positive, respectively.
The flow separation reduces either by pushing the separation down-
stream or by the reattachment of the separated flow downstream. On
the suction side of the unactuated case, the flow separates near the
leading edge at X/L = 0.04 and remains separated without flow
reattachment. Applying a low-amplitude (a* = 0.00006) wave at
stall, the C profile remains similar for all the tested nondimensional
frequencies, as shown in Fig. 8a. However, the C, profile varies
significantly for the higher-amplitude case at stall (Fig. 8b) and post-
stall (Fig. 8c). Applying a backward-traveling wave actuation of f* =
4 and a* = 0.001, the flow separation point remains the same at
X /L = 0.04, with the skin-friction coefficient profile almost identical
to the unactuated case, as shown in Figs. 8b and 8c. Increasing the
frequency to f* =8 and f* = 12 at stall (AOA = 15 deg), the
separation point is pushed downstream to X/L = 0.08; reattaches
downstream at X/L = 0.13 and X/L = 0.12, respectively; and
remains attached until the trailing edge (Fig. 8b). At poststall
(AOA = 20 deg), the flow was found to remain attached until the
trailing edge, with no separation point near the leading edge with the
frequencies of f* = 8 and f* = 10 (Fig. 8c). At these frequencies,
the highest lift enhancement, drag reduction, and suction pressure
coefficient were observed in Figs. 5,6, and 8, respectively. Increasing
the frequency further to f* = 16, the flow separates near the leading
edge at X /L = 0.04 with no reattachment, similar to the unactuated
and f* = 4 cases (Figs. 8b and 8c). Downstream of the reattachment
point, the pressure recovery and the skin-friction coefficient behave
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Fig. 7 Effect of frequency on pressure coefficient Ci, for airfoil with starting location of oscillation of X, = 0.1: a) AOA = 15 deg and amplitude
a* = 0.00006, b) AOA = 15 deg and amplitude a* = 0.001, and ¢) AOA = 20 deg and amplitude a* = 0.001.

similarly for both unactuated and actuated cases (Fig. 8). Near the
trailing edge (x/L > 0.9), apositive C ' (« '+ > 0) value occurs for both
the unactuated and actuated cases (Fig. 8). However, this high positive
value occurs due to the trailing-edge vortex in the flow [33].

B. Effect of Amplitude

The effect of amplitude on the mean C; and Cj, is investigated by
testing the following actuation amplitudes: a* = 0.0005, 0.001,
0.002, and 0.004. The low-amplitude actuation (a* = 0.00006) is

not plotted because it is ineffective in improving the aerodynamic
performance (lift and drag), as discussed in Sec. IIl.A. The non-
dimensional frequency and starting location of oscillation are kept
constant at f* = 8 and X, = 0.1, respectively, which showed the
maximum performance (Figs. 5 and 6) in Sec. III.A. The effects of the
amplitude on the mean C; and Cj, are presented in Figs. 9 and 10,
respectively. It can be observed in Fig. 9 that for an actuation with the
amplitude of a* = 0.0005, C; and Cp remain statistically similar
(p > 0.05) to the unactuated case. Increasing the amplitude to
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Fig. 8 Effect of frequency on skin-friction coefficient C ' for airfoil with starting location of oscillation of X, = 0.1: a) AOA = 15 deg and amplitude
a* = 0.00006, b) AOA = 15 deg and amplitude a* = 0.001, and ¢c) AOA = 20 deg and amplitude a* = 0.001.

a* = 0.001, C;, significantly increases by 32% (p < 0.05) and Cp
reduces significantly by 68% (p < 0.05) as compared to the unac-
tuated case. Increasing the amplitude further to a* = 0.002, C; and
Cp remain statistically similar (p > 0.05) to a* = 0.001 (case 8).
Nevertheless, C; and Cp are significantly (p < 0.05) higher and
lower, respectively, as compared to the unactuated case. Increasing
the amplitude further to a* = 0.004, C; insignificantly decreases by
3% (p > 0.05) as compared to a* = 0.001 (case 8) but is still
significantly higher than the unactuated case by 21% (p < 0.05).

Similarly, Cp increases insignificantly by about 11% (p > 0.05) as
compared to the a* = 0.001 case, whereas it is still significantly less
than (p < 0.05) the unactuated case.

The observed trends of variation of C; and Cp with actuation
amplitude can be explained by the distribution of the mean C p and
C:f along the airfoil chord, which are depicted in Figs. 11 and 12,
respectively. The error bars represent the standard deviations of
the mean C, and C; for the time cycle duration. Whereas a
low-amplitude traveling wave (a* = 0.0005) does not change the
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Fig. 9 Effect of amplitude on lift coefficient C; for airfoil at AOA = 15 deg with frequency of f* = 8 and starting location of oscillation of X, = 0.1.
Unactuated case is represented by an asterisk.
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Fig. 10 Effect of amplitude on drag coefficient C;, for airfoilat AOA = 15 deg with frequency of f* = 8 and starting location of oscillation of X, = 0.1.

Unactuated case is represented by and asterisk.
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Fig. 11 Effect of amplitude on pressure coefficient C p for airfoil at AOA = 15 deg with frequency f* = 8 and starting location of oscillation of
Xy =0.1.

C,, profile, increasing the amplitudes to a* = 0.001 and a* = 0.002 Pressure recovery occurs from the peak at X/L = 0.014 toward
modifies C,; i.e., the pressure coefficient reduces significantly near the trailing edge. Further increasing the amplitude to a* = 0.004,
the leading edge, withapeak C,, at X/L = 0.014. Atthese amplitudes, the pressure coefficient reduces near the leading edge as compared

we observed the highest lift enhancement, as shown in Fig. 9. to the unactuated case but increases slightly relative to a* = 0.001 and
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Fig. 12 Effect of amplitude on skin-friction coefficient 6 s for airfoil at AOA = 15 deg with frequency f* = 8 and starting location of oscillation of

X, =0.1.

0.002 with its peak at X/L = 0.014 and pressure recovery occurring
downstream toward the trailing edge. ~

The flow separation is investigated by plotting C (Fig. 12). On the
suction (upper) side of the unactuated case, the flow separates near
the leading edge at X /L = 0.04 and remains separated without flow
reattachment. Whereas a low-amplitude actuation (a* = 0.0005)
does not change the flow separation, actuations with a* = 0.001
and a* = 0.002 reduce the flow separation by moving the separa-
tion point toward downstream and reattaching the flow. At these
amplitudes, the separation occurs at X/L = 0.08 and reattaches
downstream at X /L = 0.13 (Fig. 12). The flow remains attached
downstream toward the trailing edge. Further increasing the fre-
quency to a* = 0.004, the flow separates near the leading edge at
X/L = 0.08 but reattaches at X/L = 0.14 and remains reattached
downstream toward the trailing edge.

C. Effect of Starting Location of Oscillation

The effect of the starting location of oscillation on the mean C; and
Cp, is investigated by testing the following locations: X, = 0.0, 0.1,
and 0.2. The nondimensional frequency and amplitude are kept
constant at f* = 8 and a* = 0.001, respectively. At these values,
the maximum lift enhancement and drag reduction were observed as
shown in Secs. III.A and III.B. The effect of the starting location of
oscillation on the mean C; and Cp, is presented in Figs. 13 and 14,
respectively. Figures 13 and 14 show that C;, significantly increases
and Cjp, significantly decreases (p < 0.05) when positioned at Xy =

0.0 and X, = 0.1, but they are not significantly different at
Xy =0.2(p > 0.05). At X, = 0.0, C;, significantly increases and
Cp significantly reduces by 33 and 68 %, respectively, as compared to
the unactuated case (p < 0.05). Increasing the starting location of
oscillation to X, = 0.1, both C; and Cp remain statistically similar
(p > 0.05) to the previous case (case 7) at X, = 0.0 but are signifi-
cantly higher and lower, respectively, as compared to the unactuated
case (p < 0.05). However, increasing the starting location of oscil-
lation to Xy =0.2, C; and Cp become statistically similar
(p > 0.05) to the unactuated case.

These trends in C; and Cp are investigated by inspecting the
pressure and skin-friction coefficient profiles in Figs. 15 and 16,
respectively. On the suction side of the unactuated case, C » decreases
near the leading edge, peaking at X /L = 0.02. Then, it increases and
keeps a flat profile within the range of 0.07 < X/L < 0.8. Applying a
backward-traveling wave actuation at X, = 0.0 and X, = 0.1, where
the highest lift was observed (Fig. 13), there is a significant decrease
in the pressure coefficient near the leading edge at X/L = 0.014.
After which, pressure recovery is observed downstream toward the
trailing edge. Increasing the starting location of oscillation to
Xy = 0.2, the pressure coefficient significantly reduces near the
leading edge as compared to X, = 0.0 and X, = 0.1, with the peak
ép at X/L = 0.014. Pressure recovery occurs from the peak at
X/L = 0.014 toward the trailing edge. ~

The flow separation is investigated by plotting C (Fig. 16). On the
suction (upper) side of the unactuated case, the flow separates near
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Fig. 13  Effect of starting location of oscillation on lift coefficient C; for airfoil at AOA = 15 deg with amplitude a* = 0.001 and frequency f* = 8.

Unactuated case is represented by an asterisk.
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Fig. 14 Effect of starting location of oscillation on drag coefficient C}, for airfoil at AOA = 15 deg with amplitude ¢* = 0.001 and frequency f* = 8.
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Fig.15 Effect of starting location of oscillation on pressure coefficient C p for airfoilat AOA = 15 deg withamplitudea® = 0.001 and frequency f* = 8.
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Fig. 16 [Effect of starting location of oscillation on skin-friction coefficient C r for airfoil at AOA = 15 deg with amplitude a* = 0.001 and frequency

f*=8.

the leading edge at X /L = 0.04 and remains separated without flow
reattachment. Applying a backward-traveling wave actuation at
Xy = 0.0, the flow does not separate but remains attached down-
stream from the leading edge to the trailing edge. Increasing the

starting location of oscillation to X, = 0.1, the separation point
occurs at X/L = 0.08 and reattaches downstream at X/L = 0.13.
The flow remains attached downstream toward the trailing edge. The
reattachment of the flow near the leading edge occurs during the
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pressure recovery of the suction (upper) side of the airfoil, as shown
in Fig. 15. Increasing the starting location of oscillation to X, = 0.2,
the flow separates near the leading edge at X/L = 0.04, with no
reattachment. Based on the preceding information, when the flow
does not separate (X, = 0.0) or reattach (X, = 0.1) due to the
actuation, C; increases and Cp, decreases.

D. Flowfield

The eftect of oscillations for all the cases presented in Table 1 can be
observed by the instantaneous flowfield (instantaneous contours of the
out-of-plane vorticity) in Figs. 17 and 18 at four different phases of the
cycle (0, 1/4f*,1/2f*, and 3/4f* in columns 1 to 4 of Figs. 17 and
18, respectively). Figures 17 and 18 show the contours of the spanwise
vorticity at stall (AOA = 15 deg) and poststall (AOA = 20 deg),
respectively. For unactuated cases 1 (AOA = 15 deg) and 15
(AOA = 20 deg), the flow is highly separated; i.e., the shear layer
separates from the leading edge of the airfoil and a large recirculation
(trailing-edge vortex) is generated near the trailing edge. Although a
traveling wave with a low amplitude of a* < 0.0005 (cases 2-5) was
prescribed on the airfoil at stall (AOA = 15 deg), the flow separation
was not suppressed (Figs. 17b—17e). However, by increasing the
amplitude of the oscillation to a* = 0.001-0.004, keeping the fre-
quency range of 8 to 12, and starting the location of the oscillation
range from X, = 0.0 to X, = 0.1 in cases 7, 8, 10, 12, and 13, the
shear layer is attached on the leading edge of the airfoil and the large
recirculation zone is eliminated (Fig. 17). In fact, reducing the size of
the actuated surface from 100 to 10% (case 14b) did not significantly
alter the flow reattachment. The flow remained reattached to the upper
surface with the corresponding reduction in the large recirculation zone
near the trailing edge, as shown in Fig. 170. This flow reattachment is
also observed when the angle of attack is increased to AOA = 20 deg,
with the amplitude set to a* = 0.001, the starting location of oscil-
lation set to X, = 0.1, and the frequency range of f* = 8-10, as
shown in cases 17 and 18 (Figs. 18b and 18c). Nevertheless, by
increasing the frequency in case 11 (AOA = 15 deg) and case 19
(AOA = 20 deg) to f* = 16 or decreasing the frequency in case 6
(AOA = 15 deg)andcase 16 (AOA = 20 deg)to f* = 4, the shear
layer separation and trailing-edge vortex increase. Flow separation is
also observed when increasing the starting location of oscillation from
Xy = 0.1 (case 8) to Xy, = 0.2 (case 9) at AOA = 15 deg (Fig. 17i).
Lastly, the standing wave actuation (case 14) at AOA = 15 deg
suppresses stall and reduces the flow separation, as shown in Fig. 17n.

The three-dimensional instantaneous vortical structures visualized
by means of the isosurface of the Q criterion [60] for the unactuated
case (case 1) and the backward-traveling wave actuated airfoil with
f*=28,a* =0.001, and X, = 0.1 (case 8) at AOA = 15 deg, as
well as the unactuated case (case 15) and the actuated case with
f*=28,a* =0.001, and X, = 0.1 (case 17) at AOA = 20 deg are
shown in Fig. 19. From Figs. 19a and 19c, the flow starts to separate
near the leading edge of the airfoil and fails to reattach to the airfoil
surface. The separation is characterized by a large recirculation zone
occurring on the suction side of the airfoil. The periodic streamwise
vortices move downstream from the leading edge. Large vortex
sheddings 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 Figs. 19b and 19d, the airfoil undergoes a backward-
traveling wave actuation of f* = 8, with a* = 0.001 at X, = 0.1
from the leading edge on the suction side of the airfoil. As the flow
propagates downstream, the large vortical structures break down; and
they enhance the mixing of the high-momentum separated shear layer
with the low-momentum flow near the suction side of the airfoil [6].
The flow separation near the leading edge of the airfoil is reduced
significantly. Then, flow reattachment occurs immediately near the
leading edge of the airfoil, with the fully turbulent flow moving
downstream to the trailing edge.

IV. Discussion

Previous works [33,34,40,41,61] on flow control via traveling
wave actuation on airfoils have shown that backward-traveling waves

can suppress stall and reduce flow separation. As mentioned previ-
ously, traveling waves influence the flow separation by transfer of
momentum by triggering flow instabilities (indirect momentum
transfer) and direct injection of streamwise momentum. The relative
importance of these mechanisms for traveling waves can be best
understood from the effect of the wave parameters on the flow
separation. In this section, the importance of these mechanisms will
be discussed based on the trends observed for the different wave
parameters, which were reported in Sec. III. In addition, the findings
will be compared against the previous work; and the performance of
the traveling waves at different angles of attack will be discussed.

A. Mechanisms of Flow Control

The thrust force generated by traveling waves is of order
O{a*?[f* — (1/4*)]?} [34], which is derived from Lighthill’s elon-
gated body theory [35]. Although EBT assumes inviscid flow, it can
serve as a good scaling for the thrust force of traveling wave surfaces
because it is mainly based on the added mass argument [34,35],
which is still valid for viscous flows. Therefore, if injecting stream-
wise momentum is the dominant mechanism, then increasing the
amplitude a* or frequency f* should decrease the separation. If the
triggering of instabilities is dominant, then separation may not
decrease if the frequency and amplitude increase. Furthermore, the
location of excitation X, might alter the growth of instabilities in
the flow.

Comparing the flowfields (Figs. 17 and 18) of the unactuated
(cases 1 and 15) with the traveling wave actuated cases
when f* = 8-12, a* = 0.001-0.004, and X, = 0.0-0.1 (cases
7,8,10,12*,13, 17, and 18), it is noticeable that there is a reduction
in the flow separation. This reduction in the flow separation led to a
significant improvement in the aerodynamic performance (lift and
drag) of the airfoil (Figs. 5 and 6). However, insignificant differences
were observed in the flow separation, lift, and drag as compared to the
unactuated case when the frequencies of the traveling wave were
f* =4and f* = 16. This indicates that there is a range of frequen-
cies at which the traveling waves can reattach the flow. This range is
similar to the range of dominant frequencies in leading-edge vortex
shedding of the unactuated case (Fig. 4). A range of frequencies for
effective flow control has also been observed for other periodic
excitations [62-65] for which the main mechanism is triggering flow
instabilities [6,16]. Note that increasing the frequency increases the
wave speed C* because the wave speed is dependent on the frequency
and wavelength (C* = 1* f*). Because the wavelength is kept con-
stant in this study, the increase in the frequency causes a correspond-
ing increase in the wave speed. Hence, traveling waves can reattach
the flow for a range of wave speeds. Note that the flow separation
(compared to the unactuated case) does not reduce when the wave
speed is increased above this range. This suggests that the dominant
mechanism by which traveling waves reduce flow separation is the
indirect momentum transfer via the triggering of flow instabilities.

Although traveling waves with a* < 0.0005 have similar flow
behavior with the unactuated case, increasing the wave amplitude
to 0.001 < a* <0.004 sees a significant improvement in the lift
enhancement and drag reduction. In Fig. 17, it can be seen that the
flow separation reduced significantly as compared to the unactuated
case. As the wave amplitude was increased from a* = 0.001 to
a* = 0.004, there was little variation in the mean lift and drag. This
suggests that the wave amplitude, and consequently the O(a*?)
thrust, generated by traveling waves is not correlated to the lift
enhancement and drag reduction. However, the standard deviation
of the coefficients of lift and drag at a* = 0.004 increased substan-
tially as compared to a* = 0.001-0.002. This indicates that the data
of the lift and drag at a* = 0.004 are less concentrated around the
mean value and have a higher variance (spread) of values as compared
to those of a* = 0.001-0.002. Therefore, this suggests that the range
of the wave amplitude of 0.001 < a* < 0.002 is more reliable for
optimal flow control via traveling waves.

Actuators located near the leading edge can affect the separation
point and boundary layer on the suction side of the airfoil [66]. The
separation point on the unactuated airfoil was X /L = 0.04, as shown
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Fig.19 Three-dimensional vortical structures visualized by isosurface of Q criterion (Q = 20) of NACA0018 airfoil: a) unactuated case and b) actuated
case with f* = 8 and a* = 0.001 at AOA = 15 deg; and c) unactuated case and d) actuated case with f* = 8 and a* = 0.001 at AOA = 20 deg.

in Fig. 16. The traveling wave oscillations (with favorable frequency
and amplitude) excited near the leading edge (around 10% of the
chord length L) significantly suppressed stall, increased the lift, and
decreased the drag as shown in Figs. 13 and 14, respectively. The flow
separation significantly reduced when the traveling wave actuation
was located at X, = 0.0-0.1. However, increasing the starting loca-
tion of oscillations to X, = 0.2 had an insignificant effect on the
unactuated airfoil, as shown in Figs. 13 and 14. The reduced effect of
the location of oscillation at X, = 0.2 on the lift and drag, compared
to Xo = 0.0 and X, = 0.1, is due to the unactuated separation point
being upstream of X, = 0.2, as shown in Fig. 16. This suggests that
flow control via traveling waves is dependent on the starting location
of oscillation, and it is most effective when the actuation (with the
optimal frequency and amplitude) is located near the point of flow
separation on the suction side of the airfoil.

Based on the preceding information, it was demonstrated in this
study that traveling waves can effectively reduce flow separation. The
flow separation was shown to be significantly influenced by the
frequency, amplitude, and location of the oscillation. The results show
that flow separation is greatly decreased within a frequency range
(f* = 8-12) corresponding to the leading-edge vortex shedding fre-
quency range. Furthermore, ranges of amplitudes (¢* = 0.001-0.002)
and oscillation locations (X, = 0.0-0.1) were shown to significantly
minimize the flow separation. Because flow separation does not reduce

monotonically with frequency and amplitude, and it depends on the
oscillation location, the main mechanism is the indirect injection of
momentum (triggering instabilities). Identifying which inherent insta-
bilities are triggered by the traveling waves requires a detailed stability
analysis, which is beyond the scope of this work.

The main mechanism by which standing waves reduce flow sep-
aration is also indirect injection of momentum [6,64,67]. In fact,
standing wave actuation suppressed stall and reduced the flow sep-
aration, as shown in Fig. 17n. The standing wave significantly
increased the lift enhancement and drag reduction as compared to
the unactuated case but was less effective as compared to the traveling
wave (Table 1). Compared to the traveling wave actuation (case 8)
with the same frequency, amplitude, and starting location of oscil-
lation, the standing wave actuation case (case 14) had an 8% signifi-
cantly lower C; value (p < 0.05) and an 18% significantly higher Cp,
value (p < 0.05), as presented in Table 1. Note that the size of the
actuated surface was also constant; i.e., the wave oscillation propa-
gated from X/L = X, to X/L = 0.9. This is probably because
traveling waves also directly inject streamwise momentum into the
flow [33]. This indicates that if the instabilities are triggered, travel-
ing wave actuators perform better than standing wave actuators
because they can use both indirectly injecting momentum via trigger-
ing the flow instabilities and directly injecting streamwise momen-
tum into the boundary layer. In fact, it was observed that the traveling
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wave actuation (case 14b), with the size of the actuated surface
reduced (X/L € 0.1, 0.2), had an 8% significantly higher C; value
(p <0.05) and an 18% significantly lower Cp value (p < 0.05)
(Table 1) as compared to the standing wave actuation but was
statistically similar to the traveling wave actuation case with the
larger actuated surface (case 8). This provides further evidence that
the major mechanism of flow reattachment for traveling waves is the
indirect injection of momentum via triggering instabilities.

More analysis on the leading-edge vortex shedding frequency of
the unactuated and actuated cases was performed for a quantitative
discussion. Figures 20a and 20b show the power spectrum density of
the streamwise velocity for the actuated cases with reduced frequency
(Fig. 20a) f* = 8.0 (case 8) and (Fig. 20b) f* = 16.0 (case 11).
Similar to the unactuated case (case 1) shown in Fig. 4, the spectrum
is computed via the fast Fourier transform for a total nondimensional
time of #* = 220 at the same location near the leading edge. As
shown in the Results section (Sec. III), Fig. 4 shows that the power
spectrum density peak of the unactuated airfoil is within the range of
f* = 6-10. In fact, it has been observed in the literature that the
power spectrum density peak of the vortex shedding frequency of the
unactuated airfoil corresponds to the frequency of the most unstable
linear mode disturbance [68—70]. For the actuated case with f* = 8
(case 8) presented in Fig. 20a, the highest peak of the leading-edge
vortex shedding frequency is observed at f* = 8, which corresponds
to the frequency of the traveling wave oscillation of f* = 8. Spectra
peaks of less magnitude are also observed at f* = 2,6, 10, and 12.
The flow separation is observed to be reduced significantly such that
flow reattachment occurred (Fig. 17h). This is probably because the

f* =8 actuated case excited the Kelvin—Helmholtz instability,
which amplified the leading-edge vortex shedding frequency in the
shear layer [69]. The amplification of the vortex shedding frequency
led to the promotion of transition of the shear layer to turbulence
[68,70-72]. This indicates that the growth of the power spectra
density is significant near the shedding frequency (f* = 6-10) of
the unactuated case. The frequency of the traveling wave, f* = 8, is
within the range of the shedding frequency of the leading-edge
vortex. Sato et al. [70] observed that the vortex shedding frequency
of the separated shear layer is closely related to the peak frequency of
the natural unstable mode of the shear layer using linear stability
analysis. Hence, this indicates that if the frequency of the actuation is
near the leading-edge vortex shedding frequency of the unactuated
case, transition of the shear layer to turbulence is promoted, thereby
resulting in flow reattachment and significant improvements in the
aerodynamic performance (lift and drag). For the actuated case with
f* = 16 shown in Fig. 20b, the highest peak of the power spectra
density is observed at f* = 16. The peak corresponds to the fre-
quency of the actuation. A smaller distinct spectra peak is observed at
the subharmonic of f* = 8. However, the excitation of the natural
unstable mode does not significantly suppress the flow separation, as
shown in Fig. 17k. Flow reattachment is not observed, and there are
insignificant changes in the aerodynamic performance (lift and drag).

Sato et al. [70] observed that for flows within the Reynolds number
range of 50,000 < Re < 200,000, an important mechanism for
flow reattachment was the transition of the laminar boundary layer
to turbulence. This suggests that effective flow control methods for
flows of 103 < Re < 10° may not work for flows with higher
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Fig.20 Power spectrum density plot of velocity P; in frequency domain for actuated airfoil with amplitude of a* = 0.001, starting location of oscillation
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Reynolds numbers (Re > 10°) where the boundary layer is already
turbulent. Hence, a different strategy for flow control methods would
be needed for separated turbulent flows (Re > 10°) [70-73]. Under-
standing the effect of Reynolds numbers on flow separation control
via traveling waves at the stall and poststall angles of attack is an
interesting topic for future studies.

B. Comparison with Previous Work

As discussed in the previous subsection (Sec. IV.A), the dominant
mechanism for traveling waves and periodic excitations is the same.
A similar frequency bound has been observed for periodic excita-
tions. Lei et al. [62], in their numerical investigations of the effect of
sinusoidal oscillations on an airfoil, observed significant lift enhance-
ment and drag reduction when the nondimensional frequency was
equivalent to the vortex shedding frequency. However, significant
reductions in the lift enhancement and drag reduction were observed
when the nondimensional frequency was greater than double the
shedding frequency. The size of the flow separation increased as
the frequency increased above the shedding frequency, having a
similar size to the unactuated airfoil. Thompson and Goza [74]
numerically studied the effect of traveling waves at Re = 1000. They
observed that the wave speed and wave number can influence the lift
and drag of the airfoil. Note that wave number is the reciprocal
(inverse) of the wavelength. They observed that increasing the wave
speed with a corresponding increase in frequency (at a constant wave
number) does not monotonically increase the lift enhancement and
drag reduction. In fact, they observed that a range of wave speed with
acorresponding range of frequency, which was similar to the range of
the shedding frequency, led to a significant lift enhancement and drag
reduction. Outside the range of the shedding frequency, negligible
changes in the lift and drag were observed. Other flow control via
periodic excitations [63,75] also observed a loss in lift and increase in
drag when the frequency was increased above the vortex shedding
frequency. This would suggest that flow control that incorporates the
mechanism of indirect momentum transfer via has a frequency bound
beyond which flow separation might not reduce. This is in stark
contrast to flow control via direct injection of streamwise momentum
mechanism, e.g., suction and blowing, where the lift enhancement
and drag reduction were observed to be independent of the frequency
[76]. Our work on traveling waves observed that increasing the
amplitude of traveling wave oscillation within the range of 0.001 <
a* < 0.004 reattached the flow and significantly improved the lift
enhancement and drag reduction. An insignificant influence was
observed when the amplitude was increased from a* = 0.001 to
a* = 0.004. Lei et al. [62] performed numerical investigations on
sinusoidal wavy oscillations on the airfoil’s upper surface at Re =
30,000and AOA = 4 deg. They observed thatincreasing the ampli-
tude to a® = 0.001 led to an increase in the lift enhancement and drag
reduction. In addition, they observed that the flow reattached at
a* = 0.001. However, increasing the amplitude toward a* =
0.005 saw an insignificant reduction in the lift and drag. For periodic
excitations (flow reattachment mechanism via triggering flow insta-
bilities), the wave amplitude seemed to be not linearly related to the
liftt enhancement and drag reduction [63]. Contrary to the mechanism
of indirect momentum injection via triggering flow instabilities, the
mechanism of direct injection of momentum has been seen to observe
amore direct effect due to amplitude. Huang et al. [77] observed that
increasing the suction amplitude resulted in a significant linear
increase in the lift enhancement and drag reduction. They also
observed a reduction in flow separation as the suction amplitude
increased [77]; although, the opposite effect was observed for blow-
ing because increasing the blowing amplitude caused an increase in
the drag and flow separation [77]. Compared to the flow reattachment
mechanism via triggering flow instabilities, the direct injection of
momentum seems to observe a linear relationship between the suc-
tion amplitude and the improvement in lift enhancement and drag
reduction. As mentioned earlier, the location of oscillation has a
significant impact on the aerodynamic performance (lift and drag)
of traveling wave actuations. We observed that the closer the actuator
was to the leading edge (X, = 0.0-0.1), the better the aerodynamic

performance. The flow separation was reduced significantly when
the actuator was within the vicinity of the leading edge. The depend-
ence on location has been typically observed in flow control using
periodic excitations and vortex generators. Hsiao et al. [21] exper-
imentally investigated the flow control over an airfoil via acoustic
excitation vibrations at Re = 300,000 and AOA = 18-22 deg
(poststall) and observed the maximum improvement in lift with the
actuation located nearest to the leading edge (X, = 0.0125) than
when located further downstream (X, = 0.1325). Post and Corke
[78] experimentally compared the flow control performance of vor-
tex generators and plasma actuators on an airfoil at different locations
from the leading edge at Re = 79, 000-158, 000. They observed that
both vortex generators and plasma actuators performed better when
located closer to the leading edge. Sato et al. [72,79] also observed
significant lift enhancement and drag reduction when the plasma
actuator was located upstream of the separation point near the leading
edge. Donovan et al. [66] numerically investigated the active flow
control over a NACAO0012 airfoil at Re = 8.5 x 10° via synthetic
jets. They observed that the effects of flow control were more
significant when the actuator was located closer to the leading edge
at X, = 0.015 than when positioned farther off at X, = 0.14. Feero
etal. [65] experimentally studied the effect of synthetic jet location on
flow control over a NACAQ0025 airfoil at Re = 100,000 and
AOA = 12 deg. They observed the largest significant increase in
the lift-to-drag ratio when the synthetic jet slot was located upstream
of the separation point, near the leading edge. This would imply that
the effectiveness of the mechanism of indirect momentum injection
via triggering flow instabilities on flow control is highly dependent
on the location of the actuator. However, flow control via the mecha-
nism of direct injection of streamwise momentum is independent of
the effect of actuator location. Suction and blowing have been
observed to influence flow control positively when located either
near the leading edge or trailing edge [77,80-87]. Hence, we can
deduce that the location of the actuator plays a more significant role in
flow control via indirect transfer of momentum by triggering flow
instabilities as compared to flow control via direct injection of
streamwise momentum mechanism.

C. Stall Delay by Traveling Waves

The preceding results and discussion were based on the stall and
poststall angles of attack (AOA = 15-20 deg). Here, we investigate
the impact of traveling waves actuation at different angles of attack,
including the prestall angles of attack (AOA = 10 deg) [37].
Figures 21aand 21b present the lift and drag coefficients as a function
of angle of attack for both the unactuated (baseline) and actuated
airfoils. The actuated airfoils are the ones that showed the highest
performance (Sec. III.A) with a surface traveling wave actuation of
nondimensional frequency of f* = 8.0, an actuation amplitude of
a* = 0.001, and the starting location at X, = 0.1 from the leading
edge. The lift coefficient of the unactuated airfoil increases linearly as
the angle of attack increases. The peak C; of the unactuated airfoil is
achieved at AOA = 10 deg. Beyond AOA = 10 deg, the lift coef-
ficient decreases significantly as the angle of attack increases toward
AOA = 20 deg. As for the drag coefficient, Cp increases slightly as
the angle of attack increases (AOA = 0-10 deg). As the angle of
attack increases beyond AOA = 10 deg, there is a dramatic increase
in the drag coefficient as the angle of attack increases toward
AOA = 20 deg. These significant changes in C; and Cp, at AOA =
15 deg suggest that the airfoil has experienced the effects of stall.
Hence, AOA = 15 deg is the stall angle, and the poststall occurs
at AOA > 15 deg.

For the actuated airfoil, there is an increase in the lift and a decrease
in the drag. Atthe prestall angle (AOA = 10 deg), the lift coefficient
increases by 4% and the drag coefficient reduces by 9% as compared
to the unactuated airfoil. As the angle of attack is increased, the effect
of the traveling wave flow control becomes more significant. At the
stall angle (AOA = 15 deg), C; significantly increases by 32%
(p <0.05) and the Cp, significantly reduces by 68% (p < 0.05) as
compared to the unactuated airfoil. At the poststall angle
(AOA = 20 deg), the significant percentage increase in C; is 23%
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Fig.21 Representations of a) lift C; and b) drag C}, curves of baseline (unactuated) and actuated (f* = 8.0, a* = 0.001) airfoils against angles of attack

from 0 to 20 deg.

(p <0.05), and the significant percentage decrease in Cp is 54%
(p < 0.05) as compared to the unactuated airfoil. These results dem-
onstrate that the traveling waves are an effective flow control method
at stall and poststall regions.

V. Conclusions

To investigate the mechanisms of flow control by traveling waves,
the effects of the nondimensional frequency, amplitude, and starting
location of oscillation of traveling waves on the flow and perfor-
mance of a NACAOQ018 airfoil at stall (AOA = 15 deg) and poststall
(AOA = 20 deg) conditions were investigated numerically by vary-
ing f* from f* = 4 to f* = 20, amplitudes from a* = 0.00006 to
a* = 0.004 and by ranging the starting location of oscillation from
a* = 0.00006 to a* = 0.004. The flow was visualized, and the
aerodynamic performance metrics (Cy, Cp, C,, and C;) were cal-
culated.

Traveling wave actuations affect flow separation by employing
two mechanisms: 2) direct injection of momentum in the streamwise
direction, and 2) indirect injection of momentum via triggering flow
instabilities. The mechanism of indirectly injecting momentum by
triggering instabilities and transitioning the boundary layer to turbu-
lence is found to be dominant because frequency has bounds and the
starting location needs to be close to where the instabilities can be
triggered. At a* = 0.001 and X, = 0.1 (stall and poststall), the
ranges of frequencies for the maximum lift enhancement and drag
reduction were 8 < f* < 12 (stall) and 8 < f* < 10 (poststall). Stall
was suppressed, and flow reattachment occurred. Also, the maximum
lift enhancement, drag reduction, and flow separation occurred at the
starting location of oscillation (X, < 0.1) near the vicinity of the flow
separation point. Moreover, the range of the wave amplitude for the

maximum lift enhancement and drag reduction was a* > 0.001; but,
to reduce the standard deviation of the coefficients, a* < 0.002.
When the instabilities were successfully triggered, the injection of
the streamwise momentum of traveling waves improved the perfor-
mance relative to standing waves. This was because standing waves
reduced the flow separation by only indirectly injecting momentum
via triggering the flow instabilities. Traveling waves have an extra
advantage due to directly increasing the streamwise momentum of
the shear layer.

Appendix: Grid Sensitivity and Grid
Convergence Analysis

To investigate the grid sensitivity of the airfoil simulations, a grid
refinement study on the LESs of a NACAQO18 airfoil was performed
using three O-grid meshes. The grid refinement study of the grid was
performed to ensure the results of the simulations were independent
of the grid for both the unactuated and actuated flows. Additionally,
convergence analysis results were reported to show the order of
accuracy of the numerical scheme. The stall angle of attack of
15 deg and the Reynolds number of Re = 50,000 were selected
for the study, and the mean coefficients of the lift C; and drag Cp
were examined for about 40 nondimensional time units (t* = tU/L)
for the unactuated flow. For the actuated airfoil, the surface actuation
selected was the traveling wave with a reduced frequency of
f* = 8.0, an amplitude of a* = 0.001, and a starting location of
oscillation of X, = 0.1. The mean coefficients of the lift C; and drag
Cp were computed by averaging about 10 cycles for the actuated
flow. Details about the grid domain and the mean coefficients of the
lift and drag of the unactuated and actuated flows are shown in
Tables Al and A2, respectively. A number of points along &, 7, and
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Table A1 Details of the computational mesh grid for unactuated flow
Grid N: N, N, 8&L. ent. 8Ch. Alg"i“ Alg““ Alg‘i" (o3 Cp
1 213 141 13 20 1.4 21.7 0.008L 0.0006L 0.008L 0.672 0.274
2 421 281 21 1.3 0.9 13.0 0.001L 0.0003L 0.005L 0.676 0.279
3

677 445 41 06 02 6.5

0.0002L 0.00006L 0.002L 0.677 0.281

Table A2

Details of the computational mesh grid for actuated flow (f* = 8.0,

a* =0.001, Xy =09)

Grid N: N, Ng 8&h, ont, 8L, AR® Afpin A Cp Cp
1 213 141 13 20 14 217 0.008L 0.0006L 0.008L 0.95 0.110
421 281 21 13 09 13.0 0.001L 0.0003L 0.005L 0.89 0.090

3 677 445 41 06 02 6.5

0.0002L  0.00006L 0.002L 0.90 0.090

{ are represented by N, N,, and N, respectively. The wall unit
spacings along the &, 5, and ¢ directions are represented by 6&1. .
Syt and 8¢, | respectively. The minimum grid spacings along the
&, 17, and ¢ directions are represented by Al};‘i“, ALNn and Al‘g‘i“ inthe
tables (Tables A1 and A2), respectively. The minimum grid spacings
were chosen to ensure that 77 < 1.0 in order to accurately resolve the
boundary layer along the airfoil surface. The boundary conditions
and time step are kept constant for all grids: the same as those reported
in Sec. II. Grid 3 has the highest grid refinement (i.e., highest grid
resolution) in the three directions (&, 7, {). The mesh domain of grid 2
and a zoomed-in view with the airfoil are shown in Fig. 1. As can be
seen from Table A1, the C; and Cp results of the unactuated flows
obtained from the three grids were similar because the deviations
between the C; and Cp, results of grids 1 and 2, as compared to grid 3,
were about 0.5%. From Table A2, the results of C; and Cj, of the
actuated flow were similar. The percentage difference of C; and Cp
results of the actuated flow of grid 1, as compared to grid 3, were
about 5 and 2%, respectively. The percentage difference of C
between grid 2 and grid 3 reduced to about 1%, whereas Cp, of grid
2 is the same as that of grid 3. These show that the results are grid
independent, and grid 2 is suitable to obtain grid-independent results
for our simulations. As a result, therefore, grid 2 was selected to
perform the simulations for this study.

Figure A1 shows alog—log plot of the C; error and the grid spacing
in the # direction. The C; error is calculated by the absolute differ-
ence between the C; of grid 1 and grid 2 as compared to grid 3; i.e.,
grid 3 was used as the exact solution. From Fig. A1, the slope of the

W
X
—

1<

log—log plot is 1.98; i.e., the order of numerical accuracy is two. This
verifies that the numerical scheme adopted in this study is second-
order accurate.
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