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Laminar wake suppression of airfoil by rotating rod at low Reynolds number
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In this paper, the aerodynamic performance of an SD7003 airfoil with active control
through momentum injection into the boundary layer is explored at a low Reynolds number
of 5000. A two-dimensional incompressible flow is considered for the numerical solution
of flow dynamics by employing the high-order spectral element method. The baseline
airfoil cross section is modified with the presence of the rotating rod, which is placed at the
suction side. The aerodynamic performance is extensively investigated in terms of mean
and fluctuating components of lift and drag forces, lift-to-drag ratio, and control efficiency,
as well for a range of rod location and rotational speeds for three attack angles of 4◦, 8◦,
and 12◦, respectively. Variation of flow pattern with a steady wake and unsteady shedding
modes is then observed to be dependent on both the rotational speed and location. The
numerical results indicated striking aerodynamic improvement at the condition of proper
parameter combination, especially at incidence angles of 4◦ and 8◦. Pressure drop and
recovery at the upstream and downstream sides of the control rod, respectively, is found to
be the primary mechanism for the lift enhancement and drag reduction. Proper orthogonal
decomposition (POD) analysis on the instantaneous velocity field is carried out to illustrate
the mode structure modification due to the control rod. The influence of spanwise effects
is also tested for some representative cases by employing three-dimensional simulation,
verifying the effectiveness of the current active method.
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I. INTRODUCTION

Low-Reynolds-number (Re) aerodynamics of airfoils for the design of small-scale air vehicles,
such as microair vehicles (MAVs), nanoair vehicles (NAVs), and picoair vehicles (PAVs) [1–5], has
drawn increasing attention recently. According to the Defense Advanced Research Projects Agency
(DARPA) specifications, MAVs are defined as small flying systems which are designed for working
with a flow regime of Re = 104 ∼ 105; NAVs work at even smaller Re as low as 15 000, while
PAVs operate at ultralow Re values, smaller than 3000. At such a flow condition of low Reynolds
number, aerodynamic performance is quite sensitive to flow structure around airfoils, on which
viscous force is dominated over the inertial force. Two different types of flight modes, the flapping
mode and gliding mode, respectively, can be applicable for design of an effective airfoil at low Re
conditions. While extensive investigations on flapping-type airfoils have been reported in the past
[6–9], relatively little work has been dedicated to gliding-type airfoils so far. Inspired by dragonfly
flight in gliding mode, highly corrugated wings were explored in the literature [10–13]. Another
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way to possibly achieve a higher performance of gliding at low Re is the flow control technique
for typically applied airfoils at higher Re. For example, the Gurney flap, a simple passive control
device fixed at the trailing edge, was found to be effective to modify the flow structure around an
airfoil for improvement of aerodynamic characteristics at low Reynolds number. Mateescu et al.
[14] numerically studied its effect on flow structure alteration of symmetric and cambered NACA
airfoils at Re = 1000. More recently, Gopalakrishnan Meena et al. [15] reported that complex wake
modifications behind NACA airfoils can be produced by a Gurney flap, which was evaluated in
two-dimensional DNS simulations with companion three-dimensional simulations examining the
spanwise instabilities on the wake mode transitions. A similar passively operating device of a rigid
and flexible flap is also numerically tested in Fang et al. [16]. Their numerical results showed that
at an optimal position of the short flap the lift-to-drag ratio can be improved up to 17.84% with
significant suppression of lift and drag fluctuations.

Active control strategies, generally acting in a more efficient manner, have also received consider-
able attention. Among them, a moving surface is a favorable way to modify the wake characteristics
of airfoils in terms of increasing the lift and delaying the flow separation. The first practical
application of the moving surface for boundary-layer control to the airfoil was demonstrated by
Favre [17]. Using an airfoil with the upper surface formed by a belt moving over two rollers, Favre
[17] observed a significant delay of separation until the attack angle reached 55◦. Modi et al. [18]
later on introduced a similar concept in a wind tunnel study to examine its effectiveness. Their results
showed that momentum injection through the moving surface can significantly delay flow separation
within the boundary layer. In their experiment, cylinder rotation was utilized in the boundary layer
and found to be beneficial for improving the stall characteristics of the Joukowsky model in a
scenario of proper position. Al-Garni et al. [19] studied the increase of lift and decrease of drag
for a NACA 0024 airfoil with simple trailing edge flap under the conditions of a low wind speed.
Wind tunnel tests showed that if the rotating cylinder is close to the leading edge it would improve
the lift coefficient and lift-to-drag ratio of the airfoil. With the high rotational speed of the cylinder,
stall was also delayed. Du et al. [20] has carried out experimental research on the boundary-layer
development and wake structure of a NACA 0015 airfoil with the presence of a rotating cylinder
located at the leading edge. With the rotation of the cylinder, the separation of boundary-layer flow
was delayed, the wake became narrower, and the lift coefficient was enhanced. The momentum
thickness of the boundary layer was measured to decrease with the increase of cylinder rotational
speed. Gerontakos and Lee [21] also studied the rotation effect of a cylinder close to the leading edge
on the near wake of a NACA 0015 airfoil. Their results illustrated that, according to the rotational
speed, the wake structure could be substantially modified, and several vortex-shedding modes
appeared. It was also observed that the initial location of the Kármán vortex-shedding mode moved
upstream with the increasing rotational speed of the cylinder. All these experimental investigations
demonstrate that a rotating cylinder is an easy implementing solution of moving surface control.
However, there is still an open question of how the control effectiveness varies with the cylinder
position along the airfoil surface and how effective it is for flow conditions with low Re. More
importantly, the associated flow physics involving the interaction between the rotating cylinder and
the laminar boundary layer, which is responsible for the aerodynamic performance improvement
of the airfoil, has not been well documented in the literature. However, studies on bluff body
wake control by using rotating small cylinders [22–26] may shed some light on the underlying
mechanisms. Schulmeister et al. [25] conducted a series of experimental studies at Re = 47 000
and reported that the drag force around the main cylinder is measured to reduce by 45% at the
optimal rotation rate. In their complementary numerical simulation, the flow unsteadiness was fully
suppressed in the wake at Re = 500 with the rotation rate being equal to 3. In addition, they found
that the pressure recovery from the separation to reattachment points collapses with respect to a new
scaling whereby they highlighted that it is the viscous effect that is the intrinsic control mechanism.
This finding was further confirmed in Yu et al. [26], in which high-fidelity simulations for cylinder
flow were conducted at Re = 3900 with two counter-rotating rods positioned close to the rear side
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FIG. 1. Representative schematic view of an SD7003 airfoil at α = 8◦ with a rotating rod of d/c = 0.02
and g/c = 0.01.

of the cylinder. Another question arising naturally is whether this pressure recovery mechanism also
works for low Re airfoil control.

To address the aforementioned questions, we apply the rotating rod (or the small cylinder) from
the wake control of a bluff body to an airfoil in the current investigation. We perform extensive
simulations to explore the influence of a rotating rod position located in the boundary layer of the
suction side of an airfoil on its aerodynamic characteristics. Pressure variation over the surface of
the suction side is also explored to quantify the effects of control rod on flow dynamics in the
boundary layer. A low-Reynolds-number airfoil with SD7003 cross section is chosen because of its
wide availability in microair vehicles and unmanned air vehicles [27–30]. The Reynolds number
considered is Re = 5000, which falls into the low-Reynolds-number range associated with small-
scale air vehicles and ensures that the wake behind the baseline SD7003 airfoil is two-dimensional
with laminar flow in the boundary layer. In these simulations, the rotational speed ratio is varied in
a range from 0.0 to 4.0 for three different attack angles of 4◦, 8◦, and 12◦, respectively. A broad
range of parameter combinations results in the appearance of rich flow dynamics, but we mainly
focus on investigating the effect of variations of rod position on aerodynamic control efficiency and
flow behavior in the boundary layer. The paper is organized as follows: The computational approach
and numerical setup are described in Sec. II, followed by the results of two-dimensional simulations
presented in Sec. III. Three-dimensional simulations are supplementarily performed to examine the
spanwise effects in Sec. IV. The findings are summarized at the end of the paper with a discussion
on the prospects of potential applications.

II. PROBLEM FORMULATION

A. Flow configuration

We investigate the influence of a rotating rod located in the suction side boundary layer of an
airfoil with SD7003 cross section on the aerodynamic performance at the chord-based Reynolds
number of Re(≡ cU∞/μ) = 5000 (here c is the chord length of the airfoil, U∞ is the uniform
inflow velocity, and μ is the fluid viscosity), which approaches the Re range of small-scale air
vehicles [1–3,5]. The sketch of this problem is depicted in Fig. 1. The location of the rotating
rod is denoted by nondimensional length l/c, which measures the distance from the leading edge
of the SD7003 airfoil along the chord direction. The value of l/c is varied from 0.0 to 0.9 with
an increment of 0.1, while the rotational speed ratio is defined as ξ = Us/U∞, where Us is the
velocity on the rod surface and is normalized by the free-stream velocity, U∞. In the simulation,
the rotational speed ratio is varied from 0.0 to 4.0 with an increment of 1.0 at each location of
the rotating rod. It is noted that further increase in ξ causes a significant rise of input power (the
results are not shown here for sake of conciseness) and therefore the control efficiency would be
deteriorated drastically. The majority of simulations were conducted at angles of attack of α = 4◦
and 8◦, but α = 12◦, at which the laminar boundary layer separates approximately at the leading
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edge of the airfoil, was also considered due to its massively separated nature of flow and high wake
unsteadiness. The gap spacing between the rotating rod and the airfoil is fixed at g/c = 0.01, and
the diameter of the rotating rod with respect to the chord length is set to a value of d/c = 0.02 for
all the simulation cases. These values are much smaller when compared to those used in the cylinder
wake flow control with rotating cylinders in Schulmeister et al. [25], so as to minimize the change
of the original SD7003 geometry as much as possible. Keeping in mind that the control efficiency
is sensitive to these parameters, a parametric analysis is of necessary interest in our future work.

B. Numerical method

The Navier-Stokes equations of the incompressible flow are employed for the description of
fluid dynamics. The field variables of velocity and pressure are nondimensionalized by U∞, ρU 2

∞,
respectively, where ρ is the fluid density, while the length and time are by the chord length c and
c/U∞. The nondimensional form is expressed as

∂u
∂t

+ (u · ∇ )u = −∇p + 1

Re
∇2u, (1)

∇ · u = 0, (2)

where u ≡ (u, v) [for three-dimensional (3D) simulations u ≡ (u, v,w)] is the velocity vector, t
is time, and p is pressure. The above equations are solved by a high-order spectral or hp element
framework, NEKTAR++ [31,32]. For two-dimensional simulations, the computational domain is
discretized into quadrilateral elements and the high-order modified Jacobian tensor-product poly-
nomial shape functions are subsequently imposed on each macroelement. The spatial resolution is
controlled by varying the order of polynomial expansion Np, which is interpolated at the Gauss-
Lobatto-Legendre quadrature points. For three-dimensional simulations, the spanwise evolution of
the flow is resolved by introducing Fourier expansion as the discretization for the spanwise direction
because the flow configuration possesses a spatial homogeneity in this direction.

A representative computational mesh for simulations at α = 4◦ with l/c = 0.8 is depicted in
Fig. 2. The airfoil is located in the C-shape computational domain with the domain length in
streamwise direction being 16c with 6c ahead, the length in cross-flow direction being 12c. The
spanwise extent of the domain for three-dimensional DNS is chosen to be Lz = 0.2c. This span has
been verified to be large enough to capture the spanwise evolution of wake flow in Uranga et al.
[33] and Ducoin et al. [34]. The incoming flow is a uniform stream in simulations with a free-
stream velocity of (u, v) = (U∞, 0.0) imposed along the inflow boundary, and a free-slip condition
(∂u/∂y = ∂v/∂y=0.0) is specified on the far field boundary; a nonimpermeability condition is used
on the wall of both the airfoil and rotating rod, while the velocity is left free using Neumann
boundary conditions and the pressure is pinned to zero at the outflow. The spatial discretization in the
x-y plane consists of a mesh with 11 679 quadrilateral elements (Fig. 2) with a polynomial order of
Np = 4. For 3D simulations, 48 Fourier complex modes are used to resolve the three-dimensionality
in the spanwise direction.

C. Validation study

For the sake of the computational convergence, the efforts are made to conduct the mesh
independence test by applying different orders (NP = 2, 3, 4, and 5) of the polynomial expansion
to each element. Considering the case with the parameter combination of α = 8◦, ξ = 3.0, and
l/c = 0.75, the statistical results are summarized in Table I with the mean coefficients of lift and
drag, C̄L and C̄D, and their root-mean-square values, C′

L and C′
D, along with the Strouhal numbers,

St. Here the lift and drag coefficients are defined as CL = Fy

1/2ρU 2∞c and CD = Fx
1/2ρU 2∞c , Fx and Fy are

the fluid force exerting on the airfoil surface in streamwise and cross-flow direction, respectively;
the Strouhal number, i.e., the nondimensional form of the shedding frequency fs measured from the
time series of lift coefficient, is defined as St = fsl∗

U∞
, in which l∗ is the characteristic frontal length.
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FIG. 2. Computational mesh with α = 4◦ with l/c = 0.8 in the x-y plane: (a) detailed mesh around the
SD7003 airfoil, (b) zoomed-in mesh around the leading edge with Np = 4, and (c) zoomed-in mesh around the
rotating rod with Np = 4.

As Table I shows, with the increase in the polynomial order the relative errors decrease and are
lower than 1% at NP = 3 and 4. It is noticed that the global quantities of drag force, lift force, and
Strouhal number are decreased a bit if NP further increases from 4 to 5; however, the relative errors
are only about 0.3%, showing good convergence properties of the simulations. The mean coefficients
of drag and lift forces at Re = 10 000 obtained in both two- and three-dimensional (2D and 3D)
simulations are further compared against the results in Uranga et al. [33], as tabulated in Table II.
The difference in lift and drag coefficients relative to the 2D numerical simulations in Uranga et al.
[33] is 3.52% and 1.79%, respectively. The difference is slightly decreased in the comparison made
for 3D simulations. Therefore it can be concluded that the current investigation based on high-
fidelity simulations has sufficient resolution to capture the aerodynamic force characteristics in low-
Re regime.

In addition, the resolution of numerical results is further evaluated by comparing boundary-layer
quantities of the displacement thicknesses, δ1 = ∫ δ

0 (1 − u1
U1

)dn, and momentum thicknesses, δ2 =
∫ δ

0
u1
U1

(1 − u1
U1

)dn, of the isolated SD7003 airfoil in the time-averaged velocity field at Re = 5000
with the available data in literature [34]. Here δ is the boundary-layer thickness, u1 is the normal

TABLE I. The mesh-independent test at Re = 5000. The relative errors (%) with respect to the results at
Np = 5 are shown in the parentheses.

Np C̄L C̄D C′
L C′

D St

2 0.6835 (9.78%) 0.1025 (13.58%) 0.6859 (10.05%) 0.1028 (13.69%) 0.2446 (1.92%)
3 0.7540 (0.48%) 0.1178 (0.67%) 0.7589 (0.47%) 0.1183 (0.67%) 0.2400 (0.00%)
4 0.7589 (0.17%) 0.1189 (0.25%) 0.7638 (0.17%) 0.1194 (0.25%) 0.2400 (0.00%)
5 0.7576 0.1186 0.7625 0.1191 0.2400
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TABLE II. The comparison of mean drag and lift coefficients at Re = 10 000 (α = 4◦). The differences
(%) with the results in Uranga et al. [33] are shown in the parentheses.

Source C̄L(2D) C̄D(2D) C̄L(3D) C̄D(3D)

Uranga et al. [33] 0.3755 0.04978 0.3743 0.04967
Current 0.3892 (3.52%) 0.0489 (1.79%) 0.385 (2.78%) 0.0488 (1.78%)

profile velocity of the wall, and U1 represents the free-stream velocity in the tangential direction of
the wall. The comparison of the results is displayed in Fig. 3, showing that the displacement and
momentum thicknesses in the case of NP = 4 have minimal difference with those of NP = 5 and
are in agreement with the data from Ducoin et al. [34], especially the results of a fine mesh with
NP = 6. Considering both the efficiency and accuracy of simulations, NP = 4 is applied to all the
simulation cases, unless otherwise stated.

III. NUMERICAL RESULTS OF TWO-DIMENSIONAL FLOWS

A. Wake modes

Wake modes for an SD7003 airfoil without control are first visualized in terms of both instanta-
neous and time-averaged vorticity fields to serve as a reference baseline for the comparison purposes
against the cases with control. As shown in Fig. 4, two different types of wakes are developed at
Re = 5000, depending on the angles of attack considered: 2S and P mode. Here S and P stand for a
single vortex and a vortex pair, respectively. Such a nomenclature of wake pattern is consistent with
that observed for wake-vortex formation of an oscillating cylinder in Williamson and Roshko [35].

The 2S mode occurs at α = 4◦, which is characterized by two alternatively counter-rotating
single vortices in a shedding period. This mode then turns into the P mode when the attack angle
increases to α = 8◦. It can be seen that the streamwise separation between two vortex pairs in the
P mode is larger than the 2S mode. In terms of the time-averaged vorticity fields shown in Fig. 4,
the wake width, which is qualitatively measured as the distance between the two vorticity sheets
elongated in the wake, has the same trend with the gap between two vortex pairs, as shown in the
right column. In addition, the wake deflects to the lower side as it convects downstream in the 2S

NP = 4, Ducoin et al. (2016)

NP = 4, Ducoin et al. (2016)

NP = 6, Ducoin et al. (2016)

NP = 6, Ducoin et al. (2016)

NP = 4
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0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0

,

FIG. 3. Comparison of time-averaged displacement thickness δ1 and momentum thickness δ2 of SD7003
airfoil without the presence of the rotating rod at Re = 5000 with published data in Ducoin et al. [34].
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(a) (b)

(c) (d)
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FIG. 4. Nondimensional instantaneous and time-averaged vorticity fields ωc/U∞ of the SD7003 airfoil
without the presence of the rotating rod at Re = 5000 with two characteristic wake-vortex modes, 2S and P:
instantaneous vorticity fields with (a) α = 4◦, (c) α = 8◦, and (e) α = 12◦; time-averaged vorticity fields with
(b) α = 4◦, (d) α = 8◦, and (f) α = 12◦.

mode, but for the P mode it deflects to the upper side instead, which is caused by the roll-up and
subsequent shedding of the leading-edge vortex occurring in advance in this mode. Note that these
two wake modes were also noticed for NACA0012 airfoils at Re = 1000 [15,36].

The rotating rod substantially modifies the wake mode, depending on the parameter combinations
of rotational speed and rod location. Some typical wake modes are revealed for different angles
of attack in Fig. 5, and the overall maps in the (ξ, l/c) plane for α = 4◦ and 8◦ are plotted in
Fig. 6. Besides two unsteady wake patterns mentioned above, P+S mode is observed at α = 4◦
with (ξ, l/c) = (1.0, 0.2), where the airfoil periodically sheds a vortex pair and a single vortex, as
shown in Fig. 5(d). Compared with the 2S mode at (ξ, l/c) = (0.0, 0.5) depicted in Fig. 5(b), both
the streamwise separation and the wake width in the P+S mode are much larger. Moreover, like
the P mode, the wake of the P+S mode is biased to the upper side of the wake centerline. Apart
from the wake modes of 2S, P, and P+S, a steady wake occupies the nearly upper-half region of
the (ξ , l/c) plane at α = 4◦, which means that the rotating rod completely suppresses the wake
unsteadiness and a steady state is achieved. For this scenario it is expected that enough momentum
is injected into the shear layer that the shear layer reattaches to the suction surface of the airfoil
and strengthens the ability to resist the adverse pressure gradient. With no subsequent occurrence
of boundary-layer separation and vortex shedding, the steady regime contributes to the lowest drag
coefficient compared with that in the other unsteady wake-vortex patterns, which will be shown later
in Fig. 9(a).

The airfoil with the rotating rod of ξ = 4.0 depicted in Fig. 5(e) presents a 2S mode at α = 8◦,
whereas it changes into the P mode with the interference of a nonrotating rod. At the same attack
angle, no matter how the location of the rotating rod, l/c, varies between 0.0 and 0.6, increasing
rotational speed is always able to alter the mode gradually. As shown in Fig. 6(b), a typical 2S mode
starts to appear at ξ = 1.0, and its occupied region expands wider and wider with further increase
of rotational speed. From the comparison of these two maps in Fig. 6, it can also be observed that
the 2S mode appears dominantly at the lower right side of the plane at α = 4◦, whereas it moves to

034102-7



BAO, PING, ZHU, ZHOU, YANG, AND HAN

, l/c=0.5, =3° , l/c=0.5, =0°

, l/c=0.1, =1° , l/c=0.2, =1°

, l/c=0.3, =4° , l/c=0.9, =0°

, l/c=0.1, =4° , l/c=0.1, =1°

FIG. 5. Nondimensional instantaneous vorticity fields ωc/U∞ for the selected cases at Re = 5000 showing
four representative wake-vortex modes: steady, 2S, P, and P+S mode.

the upper left side at α = 8◦. This difference can be ascribed to the fact that flow separation occurs
much earlier at the higher attack angle α = 8◦, and therefore the effective position of the rotating
rod moves upward. A steady wake is not achieved even at the highest rotational speed considered
for α = 8◦. In our supplementary case at l/c = 0.6 with ξ = 8, the wake is suppressed to a steady

(a) (b)

FIG. 6. Maps of the wake pattern for an SD7003 airfoil in the (ξ, l/c) plane: (a) α = 4◦ and (b) α = 8◦.
In the plot, green stands for steady mode, red for 2S mode, blue for P mode, and orange for P+S mode. The
boundaries between the distinct wake patterns are obtained by polynomial curve fitting.
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FIG. 7. The frequency spectra of lift coefficients for various α, ξ , and l/c. The • highlights the dominant
frequency. Red, blue, and orange lines represent the 2S, P, and P+S mode, respectively. ĈL stands for the power
spectral density of the lift coefficient obtained through fast Fourier transformation over 100 vortex-shedding
cycles.

(a) (b)

FIG. 8. Instantaneous velocity vectors and nondimensional pressure fields around the rotating rod of rep-
resentative cases at Re = 5000, α = 4◦, and ξ = 4 with two different locations of the rotating rod: (a) l/c = 0
and (b) l/c = 0.6.
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FIG. 9. Variation of the mean drag (CD) and lift coefficient (CL) and mean lift-to-drag ratio (CL/CD) as a
function of l/c for representative cases at α = 4◦ and 8◦: (a) CD/CD0, (b) CL/CL0, and (c) CL/CD. The subscript 0

denotes the corresponding quantity for the baseline airfoil at the same α. The horizontal red and blue dashed
line in (c) denote a value of CL0/CD0 at α = 4◦ and 8◦, respectively.

state again (not shown here). However, such a high value of rotational speed would increase much
of the input power, so it is out of the scope of the current discussion.

Note that the map for α = 12◦ is not shown here because the majority of unsteady wakes at
α = 12◦ present the P mode pattern, which is similar to that found for the baseline airfoil at the same
attack angle, indicating that the rotating rod hardly influences the wake dynamics at higher attack
angle. The fact that the region corresponding to the 2S mode in the (ξ , l/c) plane shrinks remarkably
as compared with that at α = 8◦ implies that the control effectiveness is deteriorated for massively
separated flows from the leading edge of the airfoil. This observation is significantly different from
the high efficiency of circular cylinder wake control as stated in Yu et al. [26] and Schulmeister et al.
[25]. For the circular cylinder wake control, the rotating rod not only delays the flow separation but
also attenuates the interaction of separated shear layers, resulting in efficient wake suppression even
in the turbulent regime. In contrast, for the airfoil wake control, the rotating rod mainly imposes
its existence in the boundary layer to resist the adverse pressure gradient; therefore its efficiency is
weakened for massively separated flows at higher attack angles.

B. Frequency spectra

Frequency spectra of the sampling signal from the time history of lift force exerting on the
SD7003 airfoil with the rotating rod are plotted in Fig. 7, with the red, blue, and orange lines
representing 2S, P, and P+S mode, respectively. Note that since the frequency spectrum magnitude
of lift coefficient is uniformly scaled, the dominant frequency marked in the plot seems to be
undiscernible. In fact, as shown in the plot, at α = 4 with variant rotational speeds the 2S wake
is unsteady but in weak strength, and really peaks at a detectable dominant frequency. At α = 4◦
and ξ = 0.0, a dominant vortex-shedding frequency is detected for the P mode, whereas the
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vortex-shedding frequency associated with the 2S mode gradually shifts to higher frequency along
with the reduction of peak value when the rod moves toward the trailing edge of the airfoil. For
ξ = 1.0 there is a sudden change in the dominant vortex-shedding frequency occurring when l/c
is increased from 0.2 to 0.3, which implies there is a transition of wake-vortex patterns to the
2S mode. However, the peak is hard to discern in the plot due to the significant suppression of
wake oscillation for the 2S mode. At ξ = 2.0 the wake patterns for the locations of l/c ∈ [0.2, 0.9]
have eventually transformed into the steady regime without the formation of vortices; therefore no
dominant frequency is detected in the spectra. It is interesting to emphasize that for the cases with
the rotating rod quite close to the leading edge of the airfoil, for example at l/c = 0.0, increasing
momentum injection (ξ = 2.0, 3.0, 4.0) cannot prevent the unsteady wake formation as shown
in Fig. 7(c), which is because the rotating rod is located in the region of the favorable pressure
gradient rather than the adverse pressure gradient, as can be seen in Fig. 8(a). Due to the clockwise
rotation of the rod and the narrow spacing between the rod and wall (g/c = 0.01), the flow in
the gap is completely upstream so that the rod in the favorable pressure gradient region shown in
Fig. 8(a) will significantly affect the momentum growth of the boundary layer. More importantly,
the angle between the tangential direction of the wall in the favorable pressure gradient region and
the direction of the flow to be reattached to the wall is much larger than that in the adverse pressure
gradient region shown in Fig. 8(b), which greatly increases the losses of momentum injected by the
rotating rod. Therefore simply enhancing the speed ratio of the rod, like ξ = 3.0 or 4.0 in Fig. 7(c),
has little effect on the value of St compared with that at ξ = 2.0. Figure 8(b) also clarifies how the
rotating rod works to modify the pressure distribution through momentum injection. Specifically,
a flow circulation is developed by the rotating rod, which carries along higher momentum around
the rod and therefore a stagnation point is formed on the wall near the rear side of the rotating rod.
This creates a positive pressure on the wall and thereby a favorable pressure gradient is established
along the wall, causing the flow momentum to be streamed into the associated boundary layer further
downstream. Such a significant rise of pressure on the wall is also verified in the pressure distribution
at l/c = 0.6 with the same attack angle and rotating speed, as seen in Fig. 13(a).

For α = 8◦ and 12◦, with the increase in the characteristic frontal length, the dominant vortex-
shedding frequencies for the developed wake-vortex patterns have a general increase compared
with those at α = 4◦. For instance, both of the maximum values of St for the 2S mode at α = 8◦
and 12◦ exceed 0.3, which is much larger than that of St = 0.17 for the 2S mode at α = 4◦. More
interestingly, as the separation point of the boundary layer moves towards the leading edge of the
airfoil, the free shear layer is getting further away from the wall of the airfoil so that the momentum
cannot be directly injected into the free shear layer when the rotating rod is close to the trailing
edge of the airfoil. Therefore, as we can observe from Fig. 7, the transition regions of wake-vortex
patterns are getting narrower and closer to the leading edge of the airfoil as α increases. For ξ = 4.0
the transition regions l/c at α = 8◦ and 12◦ are in the range of 0.0–0.6 and 0.0–0.2, respectively,
which are distinctly narrower than that at α = 4◦. Beyond that, it is clearly observed that for α = 8◦
and l/c ∈[0.7, 0.9] with an interval of 0.1, it basically has no effect on the dominant vortex-shedding
frequency as ξ increases from 3.0 to 4.0, which is exactly what happens when the momentum cannot
be directly injected into the free shear layer.

C. Aerodynamic performance

Wake mode transition and spectral characteristics indicate that the rotating rod may have
promising results for the improvement of aerodynamic performance of SD7003 airfoils in the
low-Reynolds-number regime. In this section the effects of the control rod are further investigated
by scrutinizing the statistics of global flow quantities, including the lift force, drag force, and the
lift-to-drag ratio, in terms of both mean and fluctuating components. The numerical results are
presented for two representative rotational speeds in order to reveal the essential features at attack
angles of α = 4◦ and 8◦.
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FIG. 10. The comparison of pressure coefficient distributions for two different rotation speeds (ξ = 2 and

4, respectively) at l/c = 0.0 and α = 8◦. The results of the reference case without the control rod are also
included.

In Fig. 9 we plot the variation of mean drag and lift forces (normalized with respect to that for
the baseline airfoil without control) as a function of l/c. The lift-to-drag ratio is also plotted to
indicate the aerodynamic efficiency of various configurations with the control rod. In Fig. 9(a) most
of the curve is below the horizontal line which marks CD/CD0 = 1.0, implying that drag reduction
is achieved at l/c � 0.2. However, if the rod is located near the leading edge, for example, at l/c =
0.0, the drag force acting on the airfoil with the control rod is constantly larger than that for the
uncontrolled case, no matter how large the rotational speed is within the range investigated here.
The maximum drag reduction is achieved at l/c = 0.3 for an attack angle of α = 8◦ when ξ = 4.0.
For the case with α = 4◦, the minimum value of the drag is noticed at l/c = 0.4, which is slightly
larger than that for the case with α = 8◦. The drag reduction effects are less pronounced with the
increasing of l/c.

For a lower attack angle of α = 4◦, the lift force increases monotonically with the increasing
of l/c and exceeds a value of CL/CL0 = 1.0 (see the horizontal line). In contrast, the curves at a
higher attack angle of α = 8◦ indicate a more complicated influence of the rod location on the lift
force. If l/c is ranged between 0.0 and 0.2, the rotational speed has a distinct effect on CL/CL0. For
instance, a significant lift enhancement is noticed at ξ = 2, while it is decreased with respect to the
reference case at a higher rotating speed of ξ = 4. In order to explain the underlying reasons for this
difference, we plot the pressure distribution along the surface at both the suction side and pressure
side in Fig. 10. From this figure it can be seen that at this location the control rod has very little
impact on the pressure side. On the contrary, the distribution on the suction side is greatly modified
due to the rotating rod. At ξ = 2 the absolute value of pressure rises up significantly along the
surface as compared with that for the uncontrolled case, which is responsible for the increase of lift
at this rotational speed. When the rotational speed increases to a value of ξ = 4, the pressure changes
impulsively in the region close to the leading edge, but its value settles down when l/c > 0.1, and
therefore the lift is decreased accordingly at this speed. This observation indicates that the benefit
of cambering for lift generation shrinks visibly due to the flow modulations at higher rotational
speed. If the rod is located in the range of 0.2 � l/c � 0.5, the curves for ξ = 2.0 and 4.0 nearly
collapse toward each other, showing inconspicuous effects of rotational speed. If the control rod is
close to the trailing edge, the lift falls into a trough region, which is slightly lower than that for the
uncontrolled case.

The increase of CL/CD indicates the improvement of aerodynamic performance of the airfoil,
which is illustrated in Fig. 9(c). In the case of α = 4◦, the ratio exceeds that of the baseline (red
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FIG. 11. Variation of the drag fluctuation (C′
D) and lift fluctuation (C′
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baseline airfoil at the same α.

horizontal dashed line) approximately when l/c > 0.2 and reaches the peak value of 9.15 at l/c =
0.8 with ξ = 4, while the peak with a value of 10.22 occurs earlier, i.e., at l/c = 0.3, for the scenario
when the attack angle increases to α = 8◦. The lift-to-drag ratio is therefore increased by 86.50% for
the case at l/c = 0.3 (ξ = 4, α = 8◦), which is also much higher than the maximum value observed
for flexible flap control (17.84%) [16], showing that a promising performance is achieved for active
control via the rotating rod. The effective range of l/c is wider for α = 4◦ with respect to that for
α = 8◦. Both lift enhancement and drag reduction contribute to the intrinsic improvement of the
aerodynamic performance. However, the increase of CL/CD for the lower attack angle of α = 4◦ is
mainly attributed to lift enhancement, while drag reduction dominates for the higher attack angle of
α = 8◦.

Fluctuation of the aerodynamic forces quantified through the root-mean-square value is also
compared with the baseline case in Fig. 11. As shown in this figure, the fluctuation in both the
drag and lift is suppressed or even totally disappears at α = 4◦. This observation is in line with the
wake suppression described in Sec. III A, which underlines the favorable properties with improved
stability for low-Reynolds-number aerodynamics. At a higher attack angle of α = 8◦, the control
rod also displays promising aerodynamic performance along most of the chord, except for the
location near the leading edge and trailing edge, where the control rod may amplify both the lift
and drag fluctuations at a lower rotational speed. At ξ = 4 the drag and lift fluctuation is suppressed
nearly 96.18% at l/c = 0.4 and 96.39% at l/c = 0.4, respectively, values which are also remarkably
higher than the maximum values of 56.90% (drag fluctuation) and 40.90% lift fluctuation reported
in Ref. [16]. It therefore may signify that active control is an efficient alternative with respect to
passive control to improve the aerodynamic performance of a low-Reynolds-number airfoil.

To further investigate the influence of the control rod on the flow behavior within the boundary
layer, the wall friction coefficient [Cf = τw/(0.5ρU 2

∞), where τw is the shear force] along the airfoil
surface is plotted in Fig. 12. At α = 4◦, the high-speed clockwise rotation of the control rod reverses
the flow direction in the gap region, which is opposite to the main flow direction. Consequently, the
flow separation occurs at the upstream position of the control rod around x/c ≈ 0.65 and the jetlike
flow with high velocity gradient is therefore generated in the gap region. As a result, the friction
coefficient drops sharply to a value as low as –0.37 at the position x/c = 0.7. The entrapped flow
by the control rod injects external momentum into the shear layer just in the downstream region
of the control rod, leading to reattachment of the shear layer to the wall surface (x/c ≈ 0.72), and
as a result, Cf increases sharply. Further downstream, the kinetic energy loss of the fluid reduces
the shear stress along the wall surface, which is revealed by the recovery of Cf to the level without
a control rod. It is worth noting that the rotation of the control rod only affects the wall friction
near the rod and basically has no effect upstream of the rotating rod. When α increases to 8◦, the
corresponding Cf distribution along the surface has a similar trend as that at α = 4◦, except that the
Cf peak moves to the position at x/c = 0.3. In summary, the rotating rod causes abrupt changes in
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FIG. 12. The distributions of wall friction coefficient along the surface of SD7003 airfoil for control cases
at (a) α = 4◦ with l/c = 0.7 and ξ = 4, (b) α = 8◦ with l/c = 0.3 and ξ = 4.

the wall friction locally but has little effect at other positions, and the difference in Cf corresponding
to different wake modes is only shown at the airfoil trailing edge as displayed in Fig. 12(b).

Figure 13 illustrates how the pressure coefficient [Cp = (p − p∞)/(0.5ρU 2
∞)] is modified along

the surface on the suction side. The pressure magnitude significantly increases (more negative) in
the upstream side of the control rod with respect to the case without a control rod. The amplified
suction pressure upstream of the control rod is mainly ascribed to the accelerated flow velocity with
the aid of a control rod, which is verified clearly in Fig. 14(b). The increase of the pressure suction
therefore mainly contributes to the lift enhancement of the airfoil. On the other hand, pressure
recovery is observed in the downstream side of the airfoil. Such a behavior is well documented as
a drag reduction mechanism of a cylinder wake [25,26], which is applicable for the low-Reynolds-
number aerodynamics of the airfoil. The pressure redistributed in a similar form at α = 8◦; however,
it is also noticed that the pressure recovery region is elongated much wider with respect to the case at
α = 4◦. As a result, the drag reduction effect becomes much more profound at α = 8◦. The velocity
field at α = 8◦ is also seen in Fig. 14(d), showing acceleration of the flow at the upstream side of
the control rod and a thinning boundary layer at the downstream side.
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FIG. 13. The comparison of pressure coefficient distributions with and without control at (a) α = 4◦ and
(b) α = 8◦.
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FIG. 14. The distribution of time-averaged streamwise velocity around an SD7003 airfoil at (a) baseline
case at α = 4◦, (b) control case at α = 4◦ with l/c = 0.7 and ξ = 4, (c) baseline case at α = 8◦, and (d) control
case at α = 8◦ with l/c = 0.3 and ξ = 4.

D. Control efficiency

The active control of rotating rod needs external power to maintain continuous momentum
injection into the airfoil boundary layer; therefore it is necessary to study the associated power
consumption of control with a rotating rod. It is noted that for active control of wake flow over
a circular cylinder, the saved energy due to drag reduction can be estimated by comparison of
the drag force from the counterpart of that without control. However, for the aerodynamics of
an airfoil, changing power consumption due to lift enhancement should be taken into account. It
is therefore rational to evaluate the control efficiency under the condition that the airfoils with or
without the control rod experience equal lift force. Thereby, the total lift force (F T

L ) for the case
with control can be first obtained with F T

L = F c,a
L + F c,r

L (where F c,a
L and F c,r

L represent the lift
forces acting on the airfoil (a) and the control (r) rod, respectively). Subsequently, according to the
condition F T

L = F n
L = 0.5Cn

Lρ(U n
∞)2c, where F n

L is the lift force acting on the reference airfoil, and
then the free-stream velocity is updated as U n

∞ =
√

F T
L /0.5Cn

Lρc = √
F n

L /0.5Cn
Lρc. Therefore the

value of corresponding drag force is obtained as F n
D = 0.5Cn

Dρ(U n
∞)2c. Finally, the saved power is

estimated simply by Csav
pow = (F n

DU n
∞ − F T

D U c
∞)/(0.5ρU 3

∞c) (here U c
∞ = U∞, and the total drag on

the control system is contributed from both the airfoil and the rotating rod, i.e., F T
D = F c,a

D + F c,r
D ).

It should be noted here that the superscript n and c in the above variables stand for the case with
no control and with control, respectively. The rotational power consumption coefficient is defined
as Crot

pow = T ω/(0.5ρU 3
∞c), where T is the torque exerting on the rod, and ω is the angle velocity of

the rotating rod. In the following, the cases at α = 4◦ with ξ = 2 and ξ = 4 are chosen to test the
power-saving effectiveness through comparison of Crot

pow and Csav
pow for variation of the rod location

in Fig. 15, which shows that the active control of a rotating rod is efficient at lower rotation rate
(ξ = 2), as evidenced by the fact that the rotational power input is smaller than the saved power
when x/c approximately ranges from 0.43 to 0.87 due to drag reduction in the condition of the same
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FIG. 15. Saved power and rotational consumption power for the cases of (a) α = 4◦, ξ = 2 and (b) α = 4◦,
ξ = 4.

lift force with the reference case. For the higher rotation rate of ξ = 4, Crot
pow � Csav

pow holds for all the
rod locations, showing that power-saving effectiveness is deteriorated at higher rotation speeds. It
should be noted that in a practical scenario we could not expect such a high efficiency due to energy
loss caused by internal friction and so on.

E. POD analysis

With the objective to explore its underlying control mechanism, we resort to proper orthogonal
decomposition (POD) for further analyses. In view of the aerodynamic characteristics of the SD7003
airfoil at a representative attack angle α = 8◦ as shown in Fig. 9, optimal control is achieved at
l/c = 0.3 and ξ = 4, in which the lift-to-drag ratio reaches the highest value. This case is therefore
chosen as the typical case for POD analysis. A total of N = 800 snapshots of the fluctuating
streamwise velocity field with a temporal spacing of 0.016 time units are processed using the
algorithm described in Ping et al. [37]. The corresponding results of flow past a plain SD7003 airfoil
without the presence of the control rod are also included to serve as a baseline case for comparison.
For this case a total of N = 750 snapshots with a temporal spacing of 0.034 time units are adopted.
Note that N is large enough in two cases to ensure the POD results to be well converged.

Figure 16 displays relative and cumulative energy distributions of POD modes. It is noted that
the pairing phenomenon between two consecutive modes, characterized by almost equal energy
content, exists in both cases, suggesting that this phenomenon is robust to the external force on the
flow. A relatively concentrated distribution of the flow energy among the modes is observed for the
controlled case, since only the first three modes already approach 95% of the total energy, while
for the uncontrolled case the cumulative energy of the same number of modes is approximately
2% lower. This may indicate that the rotating rod brings coherence to the dominant flow structures.
The phase portraits of POD coefficients for the first three mode pairs are shown in Fig. 17. The
first noticeable distinction is that the trajectory is more repeatable in the controlled case, especially
for the higher modes. Such a repeatability implies a stronger connection and a more prominent
pairing process between two modes. Moreover, though both display a circular pattern, the radius
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FIG. 16. Distribution of modal energy for an SD7003 airfoil, for (a, b) the uncontrolled case with α = 8◦

and (c, d) the optimal controlled case with l/c = 0.3, ξ = 4, α = 8◦. In each case the relative energy of POD
modes, λ j , is visualized on the left, while the cumulative energy, λcum

j , is visualized on the right.

of the controlled case is considerably smaller, highlighting the effectiveness of the rotating rod on
suppression of the streamwise velocity fluctuation.

Figure 18 shows contours of streamwise velocity of the first four POD modes. For the uncon-
trolled case, large-scale coherent structures are present in the first mode pair (modes 1 and 2),
which appears as a phase-shifted version of each other. Modes 3 and 4, with half the streamwise
wavelength of mode 1, are higher harmonics of the first mode pair. It is interesting to note that modal

(a)

-60 -30 0 30 60
-60

-30

0

30

60

c
1
(t)

c 2
(t)

(b)

-30 -15 0 15 30
-30

-15

0

15

30

c
3
(t)

c 4
(t)

(c)

-12 -6 0 6 12
-12

-6

0

6

12 l/c=0.3, ξ=4, α=8°
 no control, α=8°

c
3
(t)

c 4
(t)

FIG. 17. The phase portraits of POD coefficients for the uncontrolled case with α = 8◦ (red) and the
optimal controlled case with l/c = 0.3, ξ = 4, α = 8◦ (blue): (a) the first mode pair c1 vs c2, (b) the second
mode pair c3 vs c4, and (c) the third mode pair c5 vs c6.
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FIG. 18. Contours of streamwise velocity of the first four POD modes for the uncontrolled case with α = 8◦

(upper row) and the optimal controlled case with l/c = 0.3, ξ = 4, α = 8◦ (lower row): (a, e) mode 1, (b, f)
mode 2, (c, g) mode 3, and (d, h) mode 4.

structures deflect upwards as they advect downstream. Clearly, this correlates with the P shedding
pattern observed in the wake of the plain airfoil. On the other hand, for the optimal control case,
the first mode pair and its higher harmonics are featured by the downward skewed structures, thus
confirming the transition from a P to 2S wake pattern triggered by a rotating rod with l/c = 0.3 and
ξ = 4. Unlike the former case where the modal structure covers part of the airfoil surface, by this
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FIG. 19. (a, c) The lift and (b, d) drag coefficient of an SD7003 airfoil for two representative cases at
Re = 5000: (a, b) α = 4◦, l/c = 0.8, ξ = 4 and (c, d) α = 8◦, l/c = 0.3, ξ = 4.
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FIG. 20. The instantaneous flow visualization using Q-criterion for an SD7003 airfoil at Re = 5000
(isosurface of Qc2/U∞2 = 2 colored by the streamwise velocity): (a) the uncontrolled case with α = 4◦, (b) the
controlled case with l/c = 0.8, ξ = 4, α = 4◦, (c) the uncontrolled case with α = 8◦, and (d) the controlled
case with l/c = 0.3, ξ = 4, α = 8◦.

control it sets out to make its appearance behind the trailing edge, which indicates that flow around
the airfoil is now stabilized and the onset of the velocity fluctuation is postponed downstream.

IV. NUMERICAL RESULTS OF THREE-DIMENSIONAL FLOWS

Three-dimensional numerical simulations were performed to examine the control effects of the
rotating rod with the occurrence of spanwise effects in flow dynamics. Figure 19 presents the time
history of drag and lift coefficients for two representative cases at α = 4◦ and 8◦. The data for the
reference case without a control rod are also included for the sake of comparison. The statistical
results show that for the controlled case at α = 4◦ the time-averaged lift coefficient is increased by
58.5% while the counterpart of drag is decreased by 5.1% with respect to the uncontrolled case. The
lift-to-drag ratio is increased by 67%, which is a little higher than that obtained in two-dimensional
simulations (56.2%). For the case at α = 8◦, the control rod has restricted effects on the lift force;
however, a significant drag reduction results in an increase of the lift-to-drag ratio by 82.7%,
which is close to that for two-dimensional simulation (86.5%). In addition, the hydrodynamic force
fluctuations are also apparently inhibited, particularly at a higher attack angle of α = 8◦. These
results verify an improved aerodynamic performance with the consideration of three-dimensional
effects.

The influence of the control rod on development of a three-dimensional wake structure is
illustrated in Fig. 20. As shown in this figure, for the uncontrolled case at α = 4◦ the wake is
primarily two-dimensional; however, the control rod triggers three-dimensional instabilities, which
grow in the boundary layer at the downstream side of the control rod. This is expected because
momentum injected into this region makes the boundary layer much more energetic and accordingly,
wake transition occurs. A similar behavior can be induced at α = 8◦, for which the shear layer
instability with the control rod occurs at a much earlier position as compared with that of the
uncontrolled case.

V. CONCLUSION

Two-dimensional numerical simulations employing a high-order spectral element method are
presented to investigate wake suppression effects of a rotating rod on low-Reynolds-number
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aerodynamics of an SD7003 airfoil. The study mainly focuses on revealing the variation of aerody-
namic performance due to the presence of a rotating rod in the boundary layer of the suction side
for different attack angles. In addition, three-dimensional simulations are also performed to examine
the influence of spanwise effects. The main findings of this study are summarized below:

Four different wake modes, respectively, of steady, 2S, P, and P+S are observed with the variation
of rod location and rotational speed. The associated distribution of the wake modes is mapped in
the (ξ, l/c) plane at α = 4◦ and 8◦. For the case with α = 4◦, a steady mode widely occupies the
upper right region while the P and P+S modes are available at the lower left corner of the plane.
The 2S mode fills out the area of the remaining region in the (ξ, l/c) plane. In comparison, the
(ξ, l/c) plane for α = 8◦ is divided into two different unsteady modes of 2S and P+S, respectively.
In contrast to the case at α = 4◦, the 2S mode shifts from the lower right corner to the upper left
corner at α = 8◦. In addition, of the region the P+S mode occupies is enlarged noticeably when the
attack angle increases from 4◦ to 8◦.

Statistical results of the aerodynamic forces are yielded in terms of mean and fluctuating
components of drag and lift force and lift-to-drag ratio as well. A pronounced increase of the
lift-to-drag ratio is observed for both attack angles 4◦ and 8◦, which are in line with the wake
mode transition from an unsteady wake of 2S to a steady (or weakly shedding) mode at α = 4◦
and from the P+S mode to 2S (or P) mode at 8◦. Contribution of the lift enhancement and drag
reduction to the aerodynamic performance varies according to the variation of attack angle. The
control efficiency is also evaluated with account of the external power consumed in the rod rotation,
showing promising effectiveness even at moderate rotational speeds.

We also apply POD to the computed streamwise velocity field, whereby the distinct wake modes,
2S and P modes, are faithfully correlated with the corresponding dominant modes. Furthermore, the
POD results reveal that (i) the rotating rod is favorable for lowering the fluctuation of streamwise
velocity, and (ii) the rotating rod is able to stabilize the flow around the airfoil and postpone the
velocity fluctuation further downstream.

Three-dimensional numerical simulations are supplemented to corroborate the 2D results. It
should be noted that the control performance of the rotating rod deteriorates when the attack angle
further increases because of massive flow separation from the leading edge of the airfoil. Multiple
rotating rods may be considered to ameliorate the aerodynamic performance at higher attack angles,
which will be studied in our future research. In addition, optimization of geometrical parameters
such as gap spacing and control rod diameter with respect to the chord length are also critical issues
which need to be prioritized in our work.
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