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Dynamic stall control over an airfoil by NS-DBD actuation∗
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The wind tunnel test was conducted with an NACA 0012 airfoil to explore the flow control effects on airfoil dynamic
stall by NS-DBD plasma actuation. Firstly, light and deep dynamic stall states were set, based on the static stall character-
istics of airfoil at a Reynolds number of 5.8×105. Then, the flow control effect of NS-DBD on dynamic stall was studied
and the influence law of three typical reduced frequencies (k = 0.05, k = 0.05, and k = 0.15) was examined at various
dimensionless actuation frequencies (F+ = 1, F+ = 2, and F+ = 3). For both light and deep dynamic stall states, NS-DBD
had almost no effect on upstroke. However, the lift coefficients on downstroke were increased significantly and the flow
control effect at F+ = 1 is the best. The flow control effect of the light stall state is more obvious than that of deep stall
state under the same actuation conditions. For the same stall state, with the reduced frequency increasing, the control effect
became worse. Based on the in being principles of flow separation control by NS-DBD, the mechanism of dynamic stall
control was discussed and the influence of reduced frequency on the dynamic flow control was analyzed. Different from
the static airfoil flow separation control, the separated angle of leading-edge shear layer for the airfoil in dynamic stall state
is larger and flow control with dynamic oscillation is more difficult. The separated angle is closely related to the effective
angle of attack, so the effect of dynamic stall control is greatly dependent on the history of angles of attack.

Keywords: flow control, dynamic stall, dielectric barrier discharge (DBD), nanosecond pulse, reduced fre-
quency
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1. Introduction
Dynamic stall is a kind of intense unsteady and nonlin-

ear delayed flow phenomenon caused by a large range of flow
separation over the wings or blades when the angle of at-
tack changes periodically or dramatically with time.[1] This
phenomenon is commonly found in the retreating blades of
helicopter,[2–4] fast pitch maneuvering fighters,[5] wind tur-
bine blades,[6] and rotating surging compressors,[7] which
leads to unsteady flutter and vibratory loads.

The unsteady loads generated by dynamic stall will di-
rectly affect the mechanical properties of various aircrafts, es-
pecially helicopter, and the maneuverability, gas-elastic stabil-
ity, noise and propulsion will also be damaged. Therefore, it
is significant to use flow control methods to improve unsteady
aerodynamic characteristics of dynamic stall airfoil and reduce
or even avoid the risk and harm brought by dynamic stall.

Although great progress has been made in the understand-
ing of unsteady flow separation control in recent years,[8–10]

dynamic stall is still one of the major problems in aerody-
namics. With the analysis of flow field evolution, the stall
accompanied with flutter and a sharp drop in lift is found to
be caused by the generation and appearance of dynamic stall
vortex (DSV).[11] Thus, the major purpose of dynamic stall
control is to explore the effective methods to control DSV.[12]

Figure 1 shows the flow field of airfoil dynamic stall within a
pitch period, the formation and movement of DSV can be seen
clearly.

Previous researches have tried many passive and active
methods in this purpose.[14,15] Passive methods work by mak-
ing geometric modifications to the airfoil, which may result
in noise and vibration at off-design circumstances.[16] Con-
ventional active methods can provide benefit over a broader
operating range compared to passive devices. But at the same
time, this requires a prohibitive amount of momentum injec-
tion, which is not worth the cost.[17,18] Therefore, new cost-
effective method is urgently needed.

In the last decades, plasma actuation has become one of
the most popular active flow control methods due to its ad-
vantages of simple structure, rapid response, and wide fre-
quency band. In terms of flow separation control, dielectric
barrier discharge (DBD) has been extensively studied. Typical
DBD actuation method includes DBD driven by altering cur-
rent high voltage (AC-DBD) and DBD driven by nanosecond
pulses (NS-DBD).[19] It is confirmed that AC-DBD mainly
produces the momentum effect for flow separation control, and
NS-DBD mainly relies on its fast heating effect.[20]

In recent years, NS-DBD has shown great potential in
flow separation control of steady flows over a wide range of
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Mach numbers (Ma ≤ 0.75) and Reynolds numbers (104 <

Re < 2 × 106)[21] that are consistent with retreating blade
flows. However, dynamic stall control based on plasma ac-
tuation has not been widely studied. In 2004, the first research
on AC-DBD controlling an oscillating NACA 0015 airfoil ap-
peared. Subsequently, some studies using AC-DBD for dy-
namic stall control have emerged, which demonstrates that
dynamic stall could be controlled by AC-DBD. Since 2018,
few relevant researches based on NS-DBD have emerged.

Frankhouser M has found that NS-DBD actuation could im-
prove stall state and promote the early recovery of wing’s up-
per surface pressure.[22] Starikovskiy A has confirmed that
NS-DBD can alleviate the dynamic stall for a Reynolds
number of 4.5×105 and reduced frequency of 0.02.[23] Mo
Samimy has carried out experimental research at combinations
of different Reynolds numbers (Re= 1.67×105, Re= 3×105,
and Re = 5×105) and reduced frequencies (k = 0.025–0.075),
find that NS-DBD results in earlier reattachment.[23,24]
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Fig. 1. Flow field of airfoil dynamic stall within a pitch period.[13]

However, the reduced frequency and Reynolds number
in previous studies is still comparatively small. Typically,
the largest reduced frequency attempt in previous studies is
k = 0.075,[24] but for the real helicopter application, the range
of reduced frequency for rotor is k = 0.05–0.15.[25] Hence,
dynamic stall control at larger reduced frequencies and higher
Reynolds numbers is indispensable. What is more, previous
studies usually focus on a certain stall state, the effect of NS-
DBD dynamic stall flow control for different stall states on an
airfoil has not been given enough attention. Above all, the
research on dynamic stall flow control mechanism is still pre-
liminary.

In this paper, the wind tunnel tests of dynamic stall con-
trol over an NACA 0012 airfoil by NS-DBD actuation at a
Reynolds number of 5.8×105 were conducted. The flow con-
trol effect at different reduced frequencies (k = 0.05, k = 0.05,
and k = 0.15) and various dimensionless actuation frequencies
(F+ = 1, F+ = 2, and F+ = 3) was tested and analyzed under
light and deep dynamic stall conditions through direct aerody-
namic force measurement. Based on the experimental results,
the flow control mechanisms were discussed preliminarily.

2. Experimental set-up and preliminary test

Experiments were performed in the recirculating wind
tunnel of Nanjing University of Aeronautics and Astronau-

tics. The wind tunnel has an open test section measuring 5 m
(length)×3.4 m (width)×2.4 m (height), which can produce
freestream velocities up to 50 m/s with the axial turbulence in-
tensity on the order of 1.44%. An NACA 0012 airfoil with a
300-mm-chord and a 0.75-m-wingspan was employed. Airfoil
installation in the wind tunnel is shown in Fig. 2.

The airfoil is connected to its oscillation driving device
by a spar located at the quarter-chord line. The power of the
device comes from a DC motor. As shown in Fig. 3, a rocker
arm connected to the airfoil is driven by an eccentric wheel to
realize the oscillation of the airfoil. An angle senor is fixed at
a coaxial beam to the airfoil.

The motion of the airfoil α(t) is described by three pa-
rameters: mean angle of attack α0, motion amplitude αm, and
reduced frequency k (k = π f c/U∞ where f is the oscillation
frequency of the airfoil, c is the airfoil chord, and U∞ is the
freestream velocity). The motion of the airfoil is defined as a
sinusoidal curve, α(t) = α0 +αm × sin(ωt), where t is time
in seconds and ω = 2π f is the angular frequency. The mean
angle of attack and motion amplitude can be adjusted by the
eccentric distance and the length of the rocker arm. The os-
cillation frequency can be set by altering the parameters of
frequency converter connected to the DC motor.

To measure the aerodynamic forces of the airfoil, a six-
component strain balance is installed under the airfoil oscil-
lation drive device. The strain gauge directly measures the
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forces and moments on the airfoil so the aerodynamic forces
acting along the entire span are quantified. The data are ac-
quired by an NI PXI 4220 capture card, whose acquisition fre-

quency is adjustable. In this paper, it was set to 3000 Hz.
Before the experiments, the balance was calibrated and its ac-
quisition system’s repeatability was validated.

25% chord length position

NACA 0012 airfoil

Fig. 2. Airfoil installation and experimental layout in wind tunnel.

reducer

eccentric wheel 

angle sensor

connecting rod

rocker armairfoil spar

Fig. 3. Airfoil oscillation drive device.

The plasma actuation system consists of the DBD actua-
tor, the high-voltage power supply, and the electrical param-
eter measuring system. The actuator consists of the exposed
electrode, covered electrode and dielectric layer and is pow-
ered by a nanosecond pulse power supply. The electrodes,
made of copper tape (0.027-mm thickness), are separated by
a Kapton dielectric layer (0.18-mm thickness). Dissimilarly,
the width of the exposed electrode is 5 mm and that of the
encapsulated electrode is 10 mm. The actuator was placed
on the leading edge of the airfoil with the electrode junc-
tion at x/c = 0 (shown in Fig. 4), covering the entire span
of the airfoil. The plasma region is on the suction side. The
electrical parameters of plasma discharge are measured by a
DPO4104 digital oscilloscope, a P6015A high voltage probe,
and a P6022 AC current probe.

exposed electrode

discharge area

covered electrode

Kapton

leading edge section

P6015A voltage probe
DPO4104 oscilloscope

P6022 AC current probe

plasma power supply
(a) (b)

Fig. 4. Deployment of actuator at the leading edge of airfoil and electrical parameter measurement: (a) deployment of actuator. (b) system of electrical
parameter measurement.

The nanosecond pulse power supply used in the experi-
ment has a nominal power of 200 W and can generate voltage
pulses as high as 20 kV. The repetition frequency of the volt-
age pulse is continuously adjustable from 1 Hz to 20 kHz. The
actuator is driven by a nanosecond pulse to produce strong
impulse perturbations at the leading edge. The leading edge
is the receptivity region of the shear layer instabilities, which
is the location of maximum sensitivity to perturbations on
airfoil.[12] Before the wind tunnel test, ground characteristics

of the plasma actuation were tested based on a 0.75-m-length
actuator in still air. Results show that the discharge energy
can be instantaneously converted into heat, causing an instan-
taneous pressure rise and inducing a shock wave, as shown in
Fig. 5.

The shock wave is caused by the thermal effect caused by
the instantaneous breakdown of air by discharge.[19] Through
calculation, the propagation velocity of the shock wave is
335 m/s, which is approximately equal to the speed of sound.
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On the one hand, NS-DBD heats up local air to convert elec-
tric energy into heat energy, which is released instantaneously.
The gas expands under heat, causing a sudden rise in local
temperature and generating shock waves. The speed of the
shock wave is relatively fast, and it has a relatively large in-
stantaneous thrust. On the other hand, the heated air carries
a lot of heat and it lasts for a long time. With the evolution
of time, it diffuses in all directions, and the disturbance area
is large, resulting in a local high temperature region, which
mainly exerts a thermal effect on the convection field.

the shock wave NS DBD  actuator
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Fig. 5. Characteristics of NS-DBD in still air: (a) voltage and current
curves of NS-DBD (Vp−p = 13 kV), (b) discharge image of NS-DBD,
and (c) shock wave induced by NS-DBD experimental results.

3. Experimental results
3.1. Static stall characteristics

Firstly, the static experiment was carried out to explore
the effect of the physical presence of the actuator (when not in
use) and verify the control capability of NS-DBD on the static
aerodynamic coefficients with a static temperature of 25 ◦C.
The experimental conditions correspond to a freestream ve-
locity U∞ = 30 m/s, a temperature of 25 ◦C, a gas density
ρ = 1.185 kg/m3, a dynamic viscosity µ = 1.835×105, and a
Reynolds number Re = 5.8×105. As shown in Fig. 6, a slight
difference in the lift coefficient with and without the presence

of plasma actuator can be observed, indicating the minimal
impact of the actuator when not in use. The baseline stall an-
gle of the airfoil is 17◦, and lift is significantly improved when
plasma on, with the stall angle delayed to 21◦.
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plasma off with actuator

plasma off without actuator

plasma on

Fig. 6. Static experimental lift coefficient CL under different airfoil’s profile
states.

According to the static results, two dynamic stall states
(light stall state and deep stall state) were designed, as shown
in Table 1. Here, the reduced frequency is a non-dimensional
parameter to describe the flow instability over the airfoil.
Since the range of reduced frequency for helicopter retreating
blades is generally from 0.05 to 0.15, three typical conditions
(k = 0.05, k = 0.1, and k = 0.15) were selected under light and
deep stall states. The flow control effects and related control
laws for k were analyzed under the set stall states.

Table 1. List of dynamic stall states.

Stall state α0/(◦) αm/(◦) Range of α/(◦) k

Light stall 13.1 7.9 5.2–21 0.05, 0.1, 0.15
Deep stall 14.85 9.45 5.4–24.3 0.05, 0.1, 0.15

3.2. Flow control of light stall state

The airfoil’s motion profile was α = 13.1+7.9◦×sin(ωt)
under light dynamic stall, with ω = 2kU∞/c. With the
freestream velocity of U∞ = 30 m/s, dynamic stall control
was conducted under various reduced frequencies (k = 0.05,
k = 0.1, and k = 0.15) and dimensionless actuation frequen-
cies (F+ = 1, F+ = 2, and F+ = 3). The dimensionless fre-
quency is defined as F+ = f0c/U∞, where f0 is the frequency
of the high-voltage pulses. Three dimensionless frequencies
were arranged to ensure that NS-DBD could be efficient in
each reduced frequency state. The peak-to-peak voltage was
fixed at Vp−p = 13 kV with plasma on.

Figure 7 shows the baseline lift coefficient for various re-
duced frequencies. As the airfoil starts pitching up, the bound-
ary layer is attached and the lift coefficient increases steadily
with α . When α exceeds the static (critical) stall angle, the
lift continues to increase. At this moment, the vorticity at the
leading edge accumulates and the dynamic stall vortex begins
to form. The dynamic stall vortex formation is accompanied
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by counter-rotating vortices on the airfoil’s surface. These vor-
tices travel upstream, pushed by the dynamic stall vortex, re-
sulting in the detachment of the dynamic stall vortex.[26] Af-
ter the dynamic stall vortex has convected, the airfoil is fully
stalled with a sharp drop in the lift coefficient. Then, the
boundary layer gradually attaches on downstroke and lift co-
efficient slowly rises up. Finally, the boundary layer is fully
attached at small α , and the lift coefficient also returns to the
level of upstroke.
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Fig. 7. Baseline for various reduced frequencies of light dynamic stall.

As the reduced frequency increasing, the peak lift coeffi-
cient is almost unchanged but the flow separation is reduced
while a delayed flow reattachment is also observed. Larger
reduced frequency means greater flow instability over the air-
foil. Chandrasekhara[27] conjectured that this is due to the in-
creasing pitch rate enabling the boundary layer to withstand
higher levels of adverse pressure gradient. After character-
izing the baseline flow, various dimensionless actuation fre-
quencies were used in the flow control appilacations to deter-
mine the NS-DBD’s flow control capabilities at three typical
reduced frequencies.

3.2.1. Flow control effects at k = 0.05

Figure 8 shows the lift coefficients at Re = 5.8 × 105,
k = 0.05 and various dimensionless actuation frequencies. All
the states of actuation have little effect on upstroke and the lift
coefficient at maximum α is not promoted. At the beginning
of downstroke, the steep separation is weakened slightly while
a reduction in lift hysteresis from 21◦ down to 11◦ and the ad-
vance of reattachment angle can be observed on downstroke
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Fig. 8. Flow control effects under light stall state (k = 0.05).

with plasma actuation. Among the three actuation frequencies,
F+ = 1 and F+ = 2 have better flow control effect in the lift
enhancement on downstroke but the effect for earlier reattach-
ment is almost the same. The attachment angle with NS-DBD
actuation is 2 degrees earlier than baseline curve. In terms of
the area of the hysteresis loop, the maximum reduction of the
area (38.3%) is achieved at F+ = 1, while the reduction of
36.4% and 29.6% are also achieved at F+ = 2 and F+ = 3
respectively.

3.2.2. Flow control effects at k = 0.1

Figure 9 shows the flow control results of light stall state
at k = 0.1. The control effect occurs at almost the same range
of angle of attack as k = 0.5. With plasma on, the lift coeffi-
cient changes little on upstroke. At this time, the lift coefficient
is not increased and the stall angle is not delayed; On down-
stroke, the steep decrease of lift coefficient is alleviated and
the recovery of lift coefficient is relatively faster. From 20◦ to
11◦ of downstroke, the lift coefficient is significantly promoted
for all actuation frequencies, resulting in earlier reattachment
and the reduction of the area of the hysteresis loop. The area
is reduced by 20.8% at F+ = 1 and the reduction 19.8% and
15.6% are achived at F+ = 2 and F+ = 3, respectively.
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Fig. 9. Flow control effects under light stall state (k = 0.1).

3.2.3. Flow control effects at k = 0.15

Compared with cases at k = 0.05 and k = 0.1 intro-
duced above, the flow control effect at k = 0.15 is relatively
much weaker with the same actuation conditions, as shown in
Fig. 10. Only in the range of angle of attack from 17◦ to 13◦
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Fig. 10. Flow control effects under light stall state (k = 0.15).
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on downstroke, the small increase in the lift coefficient can be
observed. Moreover, the attachment angle has not been ad-
vanced in this condition. The area of the hysteresis loop is
reduced by 16.8% at F+ = 1 and F+ = 2 and it is reduced by
8.9% at F+ = 3.

3.3. Flow control of deep stall state

With the same set of flow conditions and actuation param-
eters, wind tunnel tests were conducted under deep dynamic
stall state with a motion profile of α = 14.85+9.45× sin(ωt)
for various reduced frequencies (k = 0.05, k = 0.1, and k =

0.15). Naturally, the range of α was 5.4◦–24.3◦. Before flow
control experiments, the baseline lift coefficients for various
reduced frequencies were also investigated. The results are
shown in Fig. 11. When the airfoil pitches up to α = 21◦ prior
to the maximum angle of attack, the lift begins to drop and the
stall occurs. At the beginning of the downstroke proccess, the
lift coefficient does not stop dropping until it reaches the the
minimum value of upstroke process, this value is even smaller
than the minimum value at k = 0.15. As the airfoil continues
pitching down, the boundary layer begins to attach and lift co-
efficient rises up slowly. It is worth note that when k = 0.05
and k = 0.1, the recovery of lift coefficient can be observed.
But when k = 0.15, only subtle recovery of lift can be ob-
served, which can even be ignored. However, the variation
of baseline with increased reduced frequency is similar to that
of light stall. Similar to the arrangement of light stall experi-
ments, various dimensionless actuation frequencies were used
in the flow control test to determine the NS-DBD’s control ca-
pabilities under deep dynamic stall state.
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Fig. 11. Baseline for various reduced frequencies of deep dynamic stall.

3.3.1. Flow control effects at k = 0.05

For deep dynamic stall cases, the flow control results at
various dimensionless actuation frequencies at k = 0.05 are
shown in Fig. 12. The hysteresis effect is more severe under
deep stall and the flow control effect is not as obvious as that
in light stall condition. Similarly, NS-DBD does not achieve
flow control effect on upstroke and at the stage of high α . The
NS-DBD starts to gain benefits when the airfoil begins to pitch
down. The improvement of lift coefficient and earlier reattach-
ment can be observed from 23◦ down to 8◦ on downstroke and

the attachment angle of attack with NS-DBD actuation is 2◦

earlier than baseline for all actuation states. In comparison,
the control effect at F+ = 1 is the best, while F+ = 2 is the
second, and F+ = 3 is the worst. At F+ = 1, the area of the
hysteresis loop is reduced by 13.2%, while at F+ = 2, it is re-
duced by 12.8%. At F+ = 3, the corresponding value is only
about 9.6%.
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Fig. 12. Flow control effects under deep stall state (k = 0.05).

3.3.2. Flow control effects at k = 0.1

At k = 0.1, the flow control effect is shown in Fig. 13. It is
obvious that there is no control effect on the whole of upstroke
and at the beginning of downstroke.When the airfoil pitches
down to 22◦, the lift coefficient is increased and the lift re-
covery is advanced under all actuation states. The attachment
angle of attack at F+ = 1 and F+ = 2 is 1◦ earlier than the
baseline. In terms of the area of the hysteresis loop, it can be
reduced by 12.6%, 10.8% and 8.9% at F+ = 1, F+ = 2, and
F+ = 3, respectively.
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Fig. 13. Flow control effects under deep stall state (k = 0.1).

3.3.3. Flow control effects at k = 0.15

When k = 0.15, based on the baseline results, the stall
is so severe that lift is difficult to recover. Under the actua-
tion conditions set in this paper, the flow control effect is very
weak compared to other reduced frequencies states, as shown
in Fig. 14. The actuation is not effective until the airfoil pitches
down to 13◦. The improvement of lift coefficient at the stage
of small α on downstroke is insignificant. It is as if the NS-
DBD actuation suddenly does not work. The area of the hys-
teresis loop is reduced by no more than 4% under all actuation
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states. This indicates the difficulty of deep dynamic stall con-
trol at large reduced frequencies, although the flow separation
is reduced at lager k.
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Fig. 14. Flow control effects under deep stall state (k = 0.15).

From the overall trend of lift coefficients in all experi-
mental states, it can be seen that, no flow control effect can be
achieved by NS-DBD on upstroke no matter in whether it is
light stall state or deep stall state. The increase of lift can be
observed around the maximum angle of attack but the stall an-
gle can not be delayed. However, the lift coefficient can be in-
creased within certain α on downstroke with plasma actuation.
The effective range of α for NS-DBD flow control decreases
with the increase of k. On the whole, the NS-DBD actuation
could play a certain role in controlling the DSV formed by the
airfoil motion so the area of hysteresis loop could be reduced
and the sharp separation could be eased. Compared with the
deep stall state, the flow control effect under the light stall state
is more obvious, with CL corresponding to each k recovering
faster and the reattachment angle appearing earlier. The lift co-
efficient at large α can also be improved under the light stall
state. For the same stall state, the control effect gets worse
with the increase of k. The mechanism of these phenomenons
are disccussed in the next section.

4. Analysis of experimental results and flow con-
trol mechanism

4.1. Mechanism of airfoil flow separation control by NS-
DBD

With the experimental results above, it is found that the
dynamic stall control is quite different from that of the static
case. The effect of delaying the stall angle and enhancing
the peak lift coefficient like that in static flow separation con-
trol has not been observed. According to the existing princi-
ples on airfoil stall control in static cases by NS-DBD plasma
actuation,[28,29] when the flow separation occurs over the air-
foil at high α , the NS-DBD actuation employed at the lead-
ing edge can induce a strong span-wise vortex at the leading
edge shear layer, accompanied with the induced shock wave
propagating outward rapidly. The span-wise vortex is attached
to the airfoil, keeps growing and moving downstream. In

the process, these vortices gain energy and momentum from
the shear layer, and promote the momentum mixture between
freestream and the boundary layer, which causes the suppres-
sion of flow separation and the enhancement of the lift coef-
ficient and stall angle. The evolution of flow fields with and
without NS-DBD actuation in Ref. [30] is shown in Fig. 15.
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Fig. 15. Flow field over a static airfoil with and without NS-DBD:[30] (a)
plasma off and (b) plasma on.

In general, the NS-DBD actuation can delay the airfoil’s
stall angle by 2◦–5◦ at low-speed flow conditions for different
airfoils. When α increases to a certain level, the separation
control becomes difficult. This is not only due to the limitation
of actuation intensity of NS-DBD, but also due to the enhanced
deflected angle of the separated shear layer at large angle of at-
tack. The deflected angle of the separated shear layer β can be
defined as the angle between the leading-edge separated shear
layer and the airfoil chord, as shown in Fig. 15(a). The large β

causes large adverse pressure gradient, making the span-wise
vortex move along the shear layer. Because of this, the vortex
is difficult to be locked on the airfoil’s upper surface. Ulti-
mately, the induced span-wise vortex is merged into the large
scale separation region. In this case, the separation is difficult
to control.

4.2. Discussion of flow control effects at the effective range
of α

From the experimental results of all actuation states, it is
found that for a fixed reduced frequency k, the NS-DBD actu-
ation could not delay the stall angle, and the control effect at
the high α is limited. When the airfoil pitches up to the stage
of high α , due to the action of the down-wash stream and the
dynamic stall vortex, the dynamic stall angle is much larger
than that of the static case,[31] and the corresponding maxi-
mum lift coefficient is also higher than that of the static airfoil.
However, once the dynamic stall vortex separates from the air-
foil’s upper surface, dynamic stall occurs. At this moment,

105203-7



Chin. Phys. B Vol. 29, No. 10 (2020) 105203

both α and β are large enough to produce severe adverse pres-
sure gradient. This may exceed the flow control ability of the
NS-DBD actuation. The schematic diagrams of the flow field
under baseline and actuation states are shown in Figs. 16(a)
and 16(b). Even if the span-wise vortex is produced by the NS-

DBD, the vortex will be swallowed by the stronger separated
region, making the separation unable to be effectively con-
trolled. In this condition, the momentum mixture promoted
by the plasma actuation between the freestream and boundary
layer is limited, which is insufficient to change the stall state.

(a) (b) (c)

Fig. 16. Flow field with and without actuation for dynamic stall: (a) base flow field at high α , (b) flow field with actuation at high α , (c) flow
field with actuation when airfoil pitching down to a certain degree.

As shown in Fig. 16(b), when the airfoil starts pitching
down from the maximum α , the up-wash flow becomes ob-
vious gradually and the effective α becomes larger. Coupled
with the large β , this leads to the severe adverse pressure gra-
dient, causing the serious flow separation. However, it is diffi-
cult for NS-DBD to resist the adverse pressure gradient in this
condition.

Only when the effective α decreases to a certain degree
and the β becomes small enough will the adverse pressure
gradient be moderated. Here, the phenomenon that the flow
control effect only occurs during the pitching-down phase is
consistent with Refs. [32,33]. Then, the plasma actuation can
induce a closed span-wise vortex being able to be locked on
the airfoil, similar to the effective flow control of static sep-
aration, as shown in Fig. 16(c). In this condition, NS-DBD
can play an effective role in the flow separation control, which
can be seen in the rapid recovery of lift and early reattach-
ment of airflow on downstroke. The macroscopic control re-
sult and the effect difference of different dimensionless actu-
ation frequencies can be analyzed from the microscopic flow
field. Briefly, the formation of airfoil-closed span-wise vortex
(coherent structures) induced by NS-DBD actuation entrains
high-momentum flow from the freestream and results in mo-
mentary reattachment.[23,24] However, the coherent structures
induced by different dimensionless frequencies are different.
At low dimensionless actuation frequencies (usually F+ < 2),
the induced structures are large, which can result in an earlier
attachment Angle and airflow attachment at a greater range of
α . The formation of small structures (such as those produced
by higher dimensionless actuation frequencies) only results in
partial reattachment.[23,24] Earlier flow reattachment reduces
the aerodynamic hysteresis. This results in the least decrease
of hysteresis loop area under F+ = 3 actuation.

Therefore, the flow control effect for dynamic stall is
mightily dependent on the history of angle of attack.

4.3. Effect of reduced frequency on dynamic stall control

Reduced frequency is used to describe the flow instabil-
ity of airfoil or wing. Wang et al.[34] point out that reduced
frequency value greater than 0.05 is more critical. Unstable
aerodynamics will lead to large fluctuations of airfoil surface
pressure, which will increase the load. Therefore, flows can be
considered quasi-steady if k < 0.05. Zhao[35] has carried out
numerical simulation for typical airfoil conditions (k = 0.05,
k = 0.1, and k = 0.15) respectively, and finds that with the
increase of reduced frequency, the hysteresis effect of aero-
dynamic coefficient is more intense and the area of hysteresis
loop increased, which is consistent with the experimental re-
sults in this paper. At the same time, the peak of the nose-down
moment increases with the increase of the reduced frequency
and moves back. Zhang et al.[36] also reach the same conclu-
sion. On the one hand, during the increase of α , the hysteresis
effect of the separation point is more significant. On the other
hand, the lift recovery delay is more significant on downstroke,
and the lift coefficient decreases more.

In general, the reduced frequency represents the strength
of the dynamic stall characteristic of the airfoil. The greater
the reduced frequency is, the stronger the dynamic character-
istic and hysteresis effect will be, and conversely, the weaker
the dynamic characteristic will be. This conclusion can be un-
derstood from the perspective of the airfoil oscillation motion.
On upstroke, the larger k is, the more obvious the induced lead-
ing edge downwash effect is, making the airfoil effective α

smaller, and leading edge is difficult to separate. While with
the increase of k on downstroke, the induced upwash effect
on the leading edge becomes more obvious, which makes the
airfoil effective α lager, leading edge easier to separate, and
the recovery of lift slower. Therefore, the dynamic hystere-
sis effect becomes more obvious. From the perspective of the
variation of aerodynamic hysteresis characteristics and nose-
down moment, the larger k is, the more difficult it is to control
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the dynamic stall once it occurs.

α
αe

U*

Um

U∞

(a)

α
αe U*

Um
U∞

(b)

α
αe

U*

UmU∞

(c)

Fig. 17. Analysis for effect of various k at certain α on downstroke: (a)
k= 0.05 pitch-down motion, (b) k= 0.1 pitch-down motion, and (c) k= 0.15
pitch-down motion.

In this paper, whether in light stall state or in deep stall
state, the flow control effect becomes worse with the increase
of k and the effective flow control only occurs at partial range
of α on downstroke. As shown in Fig. 17, for the same
freestream velocity U∞, mean angle of attack α0 and mo-
tion amplitude αm, larger k means greater change rate of α

(αmω cos(ωt)). When the airfoil pitches down to certain α ,
the up-wash velocity Um induced by the oscillation motion is
also larger for cases with larger k, leading to a larger combined
velocity U∗ which is the vector sum of Um and U∞. Hence, the
effective angle of attack αe of airfoil becomes larger and the
deflected angle of the separated shear layer β is larger too.
The corresponding separation region will expand and the sep-
aration will be more difficult to control. Therefore, at a large
reduced frequency (k = 0.15), the control effect is obtained
only at smaller α on downstroke. Conversely, when k is small,
the up-wash velocity (Um) induced by the oscillation motion
is small so that the deflected angle of the separated shear layer
β is relatively small. The perturbation induced by NS-DBD
actuation can promote the exchange of the energy and mo-
mentum on both sides of the shear layer effectively, which is
beneficial to the formation and development of the attached
span-wise vortex. Therefore, better lift recovery and wider
range of α with flow control effect can be observed at k = 0.05
and k = 0.1.

4.4. Analysis of results under different dynamic stall states

The stall state is determined by the mean angle of attack
α0 and motion amplitude αm. The α0 and αm of deep stall
are larger than those of light stall. Wang[37] have studied the

influence of α0 and αm on airfoil dynamic stall characteris-
tics, and finds that α could effectively affect the adverse pres-
sure gradient near the leading edge. With the increase of α0,
the airfoil dynamic stall characteristics are aggravated. Under
high α0, the stall is more intense, the hysteresis loop area is
larger, and the strength of the leading edge separation vortex
is larger. With the increase of αm, the dynamic stall charac-
teristic of the airfoil is also enhanced, that is, it has a larger
stall α , a higher peak of lift coefficient, and a smaller reattach-
ment α . Therefore, the area of hysteresis loop also increases
with the increase of αm. Under high αm, the peak moment
coefficient is higher, which is mainly because the leading edge
separation vortex under high αm is stronger, so the induced
nose-down moment when it moves to the trailing edge of the
airfoil is also larger.

In conclusion, the dynamic hysteresis effect of deep stall
state is more intense, so the stall is more difficult to control.
Therefore, under the actuation parameter combination set in
this paper, different results for various reduced frequencies un-
der the light stall state and deep stall state appear. Relatively
speaking, the greater k is, the worse the control effect is and
overall control results under deep stall state are not as good as
those under light stall state.

5. Conclusion
In view of the outstanding ability and advantages of NS-

DBD in flow separation control for subsonic flows, the dy-
namic stall control experiments based on NS-DBD actuation
were conducted on an NACA 0012 airfoil in wind tunnel. The
flow control effects were investigated and the influence law
of reduced frequency and dimensionless actuation frequency
were explored by direct force measurement under light and
deep dynamic stall conditions. Based on the experimental re-
sults, the mechanism of the dynamic stall control by NS-DBD
actuation was analyzed and discussed. Major conclusions are
as follows:

(i) For the stall characteristics of the static airfoil, the lift
of the airfoil is significantly improved by the NS-DBD actua-
tion, and the stall angle is delayed by about 4◦.

(ii) For both light and deep dynamic stall states, the dy-
namic stall angle is not delayed and the stall state does not
changed with actuation.

(iii) On upstroke, no flow control effect is acquired. When
the airfoil pitches into downstroke, the lift coefficient can be
promoted for all actuation frequencies, resulting in faster lift
recovery, earlier reattachment and the reduction of the area of
the hysteresis loop. Among three dimensionless actuation fre-
quencies, F+ = 1 is the best. The steep decrease of lift coeffi-
cient can be alleviated under light dynamic stall. The control
effect of the light stall state is better than that of deep stall
state.
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(iv) The reduced frequency has a great influence on the
dynamic stall control. As the reduced frequency increases, the
flow control effect gets weaker. The larger the reduced fre-
quency is, the more difficult it is to control and improve the
dynamic stall.

(v) Different from static separation control, the dynamic
stall has a larger separation angle of leading-edge shear layer,
which is difficult to be controlled at large angles of attack.
Only when the angle of attack is decreased to a certain ex-
tent can the flow control effect be achieved, especially with
larger reduced frequency. Therefore, the dynamic stall control
is greatly affected by the reduced frequency, and the flow con-
trol effect of dynamic stall is strongly dependent on the history
of angle of attack.
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