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Abstract

At present, the control capability of dielectric barrier discharge (DBD) plasma
actuation covers the flow velocity range of helicopter’s retreating blades, so it is
necessary to extend it to the dynamic stall control of rotor airfoils. A DBD plasma
actuator was adopted to control the dynamic stall of an oscillating CRA309 airfoil in
this paper. The effectiveness of alternating current (AC) DBD plasma actuation on
reducing the area of lift hysteresis loop of the oscillating airfoil was verified through
pressure measurements at a Reynolds number of 5.2 × 105. The influence of
actuation parameters on the airfoil’s lift and moment coefficients was studied. Both
steady and unsteady actuation could effectively reduce the hysteresis loop area of
the lift coefficients. The flow control effect of dynamic stall was strongly dependent
on the history of angle of attack. Compared with the steady actuation, unsteady
actuation had more obvious advantages in dynamic stall control, with reducing the
area of lift hysteresis loop by more than 30%. The effects of plasma actuation on the
airfoil’s flow field at both upward and downward stages were discussed at last.

Keywords: Plasma actuation, Flow separation, Dynamic stall, Hysteresis, Dielectric
barrier discharge

1 Introduction
Dynamic stall phenomenon widely exists on helicopter’s retreating blades and highly

maneuverable aircraft. Dynamic stall can cause the wing’s flutter with a sharp drop in

lift and a rapid increase in drag and moment. For helicopters, the most direct impact

of the blade’s dynamic stall is to limit its maximum forward speed. Therefore, the

study of dynamic stall control is of great engineering significance. Plasma actuation is

prone to cause rapid and controllable broadband pneumatic actuation, and has a po-

tential in dynamic stall control. Common plasma actuation methods include plasma

synthetic jets (PSJ) [1], surface arc discharge (SAD) [2, 3] and dielectric barrier dis-

charge (DBD) [4]. PSJ and SAD actuations are mostly used for shock wave control in

the supersonic fields, while the low-speed flow separation is usually controlled by

plasma of AC DBD and pulsed nanosecond surface (NS) DBD [5]. The research pro-

gress of DBD plasma actuation in flow control was summarized in Literature [6].

Flow separation control by DBD plasma actuation is mainly focused on static airfoils;

while the dynamic stall control of oscillating airfoils has not been widely studied.
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Dynamic stall control by DBD plasma actuation started about 15 years ago [7]. The lit-

erature in recent years has an increasing trend [8, 9], indicating that dynamic stall con-

trol by plasma actuation has begun to attract more attention. Yang HS et al. [10]

summarized the airfoil’s dynamic stall control by plasma actuation in recent years. For

helicopters, the typical flow velocity over the retreating blades is on the order of 100 m/

s (Ma = 0.3) and the Reynolds number is on the order of 106 [11]. This typical flow

condition is within the controllable range of DBD plasma actuation. DBD plasma actu-

ation is expected to provide a new control method for improving the rotor’s perform-

ance during dynamic stall.

Mitsuo K et al. [12] found that the pulsed AC DBD could improve the lift hysteresis

loop at the optimal actuation frequency of F+ = 0.5 at the free-stream velocity 10 m/s-

50 m/s. Frankhouser M et al. [13] found that NS DBD actuation could improve stall

state and promote the early recovery of wing’s upper surface pressure. Sekimoto S et al.

[14] found that the separated flow can be reattached under actuation during the down

phase of an oscillating NACA0015 airfoil. Yu HC and Zheng JG found that NS DBD

achieves surprising success in enhancing lift and reducing aerodynamic hysteresis at

Re = 7.5 × 105, whereas AC DBD nearly has no effect on the flow [15]. The influence of

NS-DBD actuation parameters on the dynamic stall control effect was investigated with

the freestream velocity U∞ = 50 m/s in paper [16]. It is found that the flow control ef-

fect can be maximized by adopting the low nondimensional actuation frequency. Paper

[17] numerically revealed that F+ = 50 is the most effective for delaying dynamic stall

onset, F+ = 0.5 is best for enhancing aerodynamic forces during full stall, and F+ = 6 is

best for promoting reattachment. Lombardi AJ [18] revealed that the pulsed AC DBD

actuation could increase the integrated lift of an oscillating airfoil by 12% and reduce

the maximum nose-down moment by 60%.

However, the influence law of discharge parameters is still not very clear, in particu-

lar, the result of the optimal dimensionless actuation frequency is not consistent in

these researches. Most studies use symmetrical airfoil of NACA series, such

as NACA0015 or NACA0012 airfoil. It is more meaningful to choose an advanced

practical airfoil of helicopter blade in the research. The reduced frequency in most

studies is less than 0.1. Also, the control effect of AC DBD needs to be further evalu-

ated. In this paper, at the free-stream velocity of U∞ = 25 m/s, with corresponding

chord-based Reynolds number of 5.2 × 105, the discharge voltage, discharge frequency,

modulation frequency and duty cycle of unsteady AC DBD actuation were changed in

the wind tunnel tests to evaluate the flow control effect. Time-resolved pressure meas-

urement was conducted to obtain flow control effect by AC DBD plasma actuation.

The effects of plasma actuation on the airfoil’s flow field at both upward and downward

stages were also discussed at last.

2 Experimental setup
The test was completed in the FL-11 wind tunnel at China Aerodynamics Research and

Development Center (CARDC). The size of the test section is 1.8 m (width) × 1.4 m

(height). The stable wind speed ranges from 10m/s to 105 m/s. The turbulence is less

than 0.0008 when the wind speed is lower than 70 m/s.

A China’s 3rd generation rotor airfoil (CRA309) was used in the test. The CRA309 is

an advanced rotor airfoil developed by CARDC, and its maximum relative thickness is
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9% of chord length. The airfoil made of Carbon fiber had a span length of 1.78 m and a

chord length of 0.4 m. The pitching motion was realized using an upgraded experimen-

tal setup driven by a servo motor. The oscillating frequency of the airfoil could be var-

ied from 0.1-5 Hz. During the current test, the CRA309 airfoil was oscillated

periodically around 25% of the chord length, according to the following equation for

the angle of attack.

α ¼ α0 þ αm � sin 2kU∞ � t=cð Þ ¼ 10° þ 8° � sin ωtð Þ ð1Þ

Where t was time in seconds, α0 was the average AoA, αm the motion amplitude of

the AoA, k was the reduced frequency, U∞ was the freestream velocity, c was the air-

foil’s chord length, and ω was the angular frequency of the pitching oscillation. In this

study, α0 and αm were set to 10 deg and 8 deg, respectively. The oscillating frequency of

airfoil was fixed at 2 Hz, resulting in a reduced motion frequency k = πfc/U∞ = 0.1,

where f was the physical oscillation frequency of the airfoil.

The plasma actuation was generated by an asymmetrically arranged surface DBD actu-

ator driven by a high-voltage power supply. The DBD actuator consisted of two 0.04mm

thick copper tape electrodes separated by a dielectric barrier (Kapton tape) with a thick-

ness of 0.1 mm. The widths of the exposed and insulated electrodes were 3mm and 10

mm, respectively, and the zero gap between the two electrodes was located at x/c = 0%.

Thus, the total thickness of the actuator was 0.14mm. The actuator location can keep the

actuation always occurring upstream of the separation point during the airfoil’s pitching

motion. The plasma actuator location and construction are shown in Fig. 1.

Pressure around the model’s surface was measured by 39 pressure taps on the center

of the airfoil’s span, as shown in Fig. 1. Each pressure tap was connected to a fast re-

sponse transducer (ENDVECO 8510B) inside the model. Each pressure transducer was

in a plastic case and insulated to electric noise. The driving device, test equipment and

data processing method are the same as that used in the literature [19]. Since the air-

foil’s AoA was changing during the experiment, it was necessary to have a high enough

Fig. 1 Plasma actuation system with DBD actuator laid at the airfoil’s leading edge
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acquisition frequency during data acquisition. The dynamic pressure acquisition fre-

quency in this article was 512 Hz, which was 256 times the oscillation frequency of the

airfoil. The pressure of each test case was obtained by phase averaging from the pres-

sure data of 16 pitching cycles.

Pressure value p at each measurement point was converted into pressure coefficient

Cp with the static pressure p∞ and the dynamic pressure Q of the freestream.

Cp ¼ p − p∞ð Þ=Q ð2Þ

Using the phased distributions of pressure coefficient Cp, the time varying force and

moment coefficients on the airfoil were obtain by integrating the pressure coefficients.

The actuator near the leading edge was partly separated by the middle pressure meas-

uring taps. Two 50 mm-long actuators were arranged on the left and right sides of the

pressure measuring taps, as shown in Fig. 1. The exposed electrodes of the two actua-

tors were separated by a 20mm wide gap, and the insulated electrodes were separated

by a 10mm wide gap.

The plasma actuator was connected to an alternate-current (AC) high voltage

power supply with its operating frequency ranged from 6 kHz to 40 kHz. The elec-

trical circuit for plasma actuation system is illustrated in Fig. 1. The typical profile

of discharge voltage (Vpp)-current (I) signal is shown in Fig. 2 (upper). The per-

centage of time when the AC voltage is on is called the duty cycle (DC), which is

controllable within the range of 1%–100%. The carrier frequency of the output

voltage is continuously adjustable from 6 to 40 kHz, and the modulation pulse fre-

quency is continuously adjustable from 10 to 400 Hz. When the pulse-modulated

voltage is used to drive the DBD actuator, the actuator is cycled on and off with

an unsteady period, thus, an unsteady plasma actuation is generated, with continu-

ous vortices moving along the wall surface; When DC = 100%, the actuator is

driven by the continuous AC voltages and a steady plasma actuation can be gener-

ated, with a tangential jet along the wall [20]. The typical induced flows by steady

and unsteady plasma actuation in the still air are shown in Fig. 2 (lower) [20].

Fig. 2 Steady and unsteady actuation [20]
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3 Analysis of test results
At U∞ = 25m/s, with the corresponding dynamic pressure Q∞ = 341 Pa, the critical

AoA for the static airfoil was about 13°. In the dynamic experiments, the reduced fre-

quency k was set to 0.1, corresponding to airfoil’s oscillating frequency of 2 Hz. The air-

foil’s motion was described by α = α0 + αm × sin (2kU∞t/c) = 10° + 8° × sin (12.5 t). Firstly,

the flow control effect was assessed by using the steady plasma actuation, and then the

unsteady plasma actuation was tested for comparison with the steady case. For the un-

steady plasma actuation, the influence of pulse frequency fp, duty cycle DC and voltage

Vpp on the control effect was tested to obtain the optimum parameters in the dynamic

stall control.

3.1 Improvement of aerodynamic characteristics by steady plasma actuation

Steady actuation is a continuous discharge with a duty cycle of DC = 100%. When Vpp =

6.5 kV, three carrier frequencies of f = 7 kHz, 9 kHz, and 11 kHz were selected as the

test cases. The results are shown in Fig. 3.

When the oscillating airfoil approaches its maximum AoA, the lift begins to drop and

stall occurs. The lift coefficient has a large hysteresis loop. With steady actuation, the

changes of lift coefficients are not obvious at α = 2°–18° during the upstroke, indicating

that the actuation has not achieved obvious control effect in the pitching-up phase.

The lift coefficients at f = 11 kHz decrease slightly near the maximum AoA (α =

18°), while there are almost no changes for actuation at f = 7 kHz. At this up-stroke

stage, we can consider that the discharge actuation has no positive control effect.

At the beginning of the downstroke (α = 18°-15°), there are also no obvious changes

in the lift and moment coefficients. So, in the implementation of control strategy,

the actuation can be turned off in the pitching-up stage to save power consump-

tion. When the airfoil’s AoA descends to a certain degree (α = 15°-4°), the lift coef-

ficients with discharge are relatively higher than that of the uncontrolled case,

meaning that the lift recovery is faster and the hysteresis area decreases. Compared

with the uncontrolled case, steady actuation results in an obvious decrease in the

lift hysteresis area, 14%, 16.8% and 15.5%, for the three tested carrier frequencies

of f = 7 kHz, 9 kHz and 11 kHz respectively.

Fig. 3 Dependence of CL and CM on carrier frequencies of steady actuation
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Although the reduction values of lift hysteresis area have little difference under

the three carrier frequencies, the hysteresis loop’s morphology is different. When

the carrier frequency is higher, the lift coefficient begins to recover earlier (α = 15°-

11°), but then recovers slowly(α = 10°-5°). At a lower carrier frequency of f = 7 kHz,

the lift coefficient begins to recover slowly (α = 15°-10°), but then recovers quickly

(α = 10°-5°).

The flow’s characteristic time scale over the airfoil can be defined as T = c/U∞ =

0.016 s, resulting in the corresponding frequency of 62.5 Hz, which is about two or-

ders lower than the discharge frequency (carrier frequency). For the airfoil’s oscil-

lating frequency is just 2 Hz, we can consider that the high-frequency discharge

forms a quasi-steady disturbance during the airfoil’s oscillation. Thus, the differ-

ence between f = 7 kHz, 9 kHz, and 11 kHz to the flow is that the injection energy

is different. With the same actuation voltage (6.5 kV), a higher discharge frequency

means that the energy injected into flow field is larger. Literature [21] believes that

when the carrier frequency is small, the volume force strength is weak. As the car-

rier frequency increases, the volume force gradually increases, and the power dissi-

pation also increases; the carrier frequency continues to increase, the energy

dissipation makes the air temperature rise in an advantageous position during the

energy conversion process, so that the momentum exchange between the plasma

and the air becomes weak, which in turn leads to a reduction in the volume force

induced by DBD. For a particular actuator, there is an optimal operating frequency

to maximize the volume force. This may be related to impedance matching be-

tween voltage and DBD actuator, which needs further study. But one thing is cer-

tain, that is, the increase of carrier frequency does not mean an improvement of

the control effect.

For α = 14°-16° of the airfoil’s upstroke with no discharges, the pitching-up moment

gradually increases, combined with the lift coefficient, the leading-edge suction in-

creases more at this time, and the DSV has been formed. After α = 16° for the plasma

off case, the moment coefficient drops sharply. With actuation, the moment stall is de-

layed to a certain extent and the moment begins to decrease at α = 16.5°. After the mo-

ment coefficient reaches to its maximum value, it rebounds. Compared with the plasma

off case, the moment coefficient with discharge rebounds faster. Case of f = 7 kHz

rebounds slightly faster than f = 9 kHz case.

3.2 Improvement of aerodynamic characteristics by unsteady plasma actuation

When a continuous sine wave modulated by a pulsed square wave signal was applied to

the DBD actuator, the unsteady actuation was formed. Here, the carrier frequency was

fixed at 9 kHz during the modulation, and the influence of pulse frequency fp, duty

cycle DC and peak to peak voltage Vpp on the control effect was studied, to obtain the

key parameters that determine the flow control effect.

3.2.1 Influence of burst frequency

In particular, the burst frequency or the pulse frequency, is considered to be a domin-

ant parameter for the unsteady actuation, and is usually normalized into F+ based on

the chord length c and the freestream velocity U∞ as follows

Zhao et al. Advances in Aerodynamics             (2021) 3:7 Page 6 of 13



Fþ ¼ f pc=U∞ ð3Þ

With the actuation voltage Vpp = 9 kV and the duty cycle DC = 20%, the burst fre-

quency fp was adjusted to 62.5 Hz, 125 Hz, 250 Hz, 187.5 Hz and 375 Hz, respectively.

The control effect of F+ = 1, 2, 3, 4, and 6 on was investigated. The changes in lift and

moment coefficients before and after actuation are shown in Fig. 4.

Compared with the plasma off case, there are no obvious changes in the lift and mo-

ment coefficients during the airfoil’s pitching-up phase under actuation, with only a lit-

tle decrease at the maximum AoA. The control effect is similar to that of the steady

actuation cases. The most obvious changes still occur when the airfoil pitches down to

a certain degree (α = 16°-4°) in the downstroke stage, during which the lift coefficients

can be quickly recovered. The influence of pulsed actuation frequency on the control

effect is very obvious, with the area of the hysteresis loop reduced to varying degrees.

With F+ = 1, 2, 3, 4, and 6, the area of the lift hysteresis loop is reduced by 34.5%,

27.5%, 26.3%, 19.9%, and 21.2%, respectively. From the perspective of the lift hysteresis

loop, the optimal pulse actuation frequency is F+ = 1, which is consistent with the law

of static airfoil’s separation control at high angles. From the changes of the moment co-

efficients, the moment stall under pulsed actuation is not improved effectively. The

maximum nose-down moment coefficient is slightly reduced. After descending to the

maximum nose-down moment coefficient, the rapid rebound of moment coefficients

after pulsed actuation is very obvious, indicating that the leading-edge suction of the

airfoil is quickly enhanced.

At α = 13° on upstroke and downstroke, the changes of pressure coefficient before

and after control are compared, as shown in Fig. 5. At α = 13° of the upstroke, the air-

foil’s pressure distributions of the tested cases are almost same without any significant

difference. At this point, the leading edge has an obvious suction. While at α = 13° of

the downstroke for the plasma off case, the pressure distribution of the plasma off case

is nearly flat and the suction force on the leading edge is relatively small. Correspond-

ingly, the lift coefficient is low (CL = 0.57) and the nose-down moment coefficient is still

large (CM = -0.048). After actuation, the leading-edge pressure shows a significant nega-

tive pressure peak with Cp increased from − 1 to − 3.5. The reverse pressure gradient of

the upper surface is obvious, and the separation is effectively controlled at this point.

Fig. 4 Dependence of CL and CM on normalized burst frequency
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3.2.2 Influence of duty cycle

In addition to the burst frequency, the duty cycle is also an important parameter of the

unsteady actuation. The smaller the duty cycle, the stronger the non-stationarity of the

actuation. On the contrary, the larger the duty cycle, the more stable and steady of the

actuation. When the duty cycle is 99%, it can already be considered as a steady actu-

ation. With the normalized burst frequency of F+ = 2 (carrier frequency f = 9 kHz) and

actuation voltage of Vpp = 8 kV, the effect of the duty cycle with DC = 10%, 20%, 40%,

60%, 80% on the control was tested. The changes of the lift coefficients and moment

coefficients before and after actuation are shown in Fig. 6.

The effect is more obvious at α = 15°-5° in the downstroke stage than other AoA

ranges, and the lift coefficient under actuation recovers faster compared with the

plasma off case, which is similar to the control effects in Fig. 3 and Fig. 4. The actu-

ation at DC = 10%, 20%, 40%, 60%, and 80% duty cycles can reduce the hysteresis loop

area of lift coefficients by 33.2%, 25.5%, 25.9%, 24.3%, and 16.1%, respectively. Overall,

in the tested duty cycle values, the smaller the duty cycle, the greater the reduction in

the hysteresis loop area. The actuation at DC = 20%, 40%, 60% has no obvious differ-

ence in the changes of lift and moment coefficients. When DC = 80%, the reduction of

Fig. 5 The effect of normalized burst frequency on the airfoil’s pressure distribution of α = 13°

Fig. 6 Dependence of CL and CM on duty cycle of the unsteady actuation
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hysteresis loop area is about 15%, close to that of the steady actuation in Fig. 3. For the

tested duty cycles, actuation at DC = 10% obtains the best control effect, which means

that the short-pulse dischargeshave a better impact on the flow field.

In Fig. 6b, the maximum nose-down moment is also reduced under actuation. With

actuation, the moment coefficient recovers faster after the maximum nose-down mo-

ment. When α = 17° at the downstroke, although the corresponding lift coefficient does

not change much, the moment has begun to recover quickly, indicating that the pres-

sure distribution has been improved with the leading-edge suction enhanced and the

nose-down moment changed.

At α = 13° on upstroke and downstroke, the changes of pressure coefficient with

and without actuation are compared, as shown in Fig. 7. During the pitching-up

phase, the pressure distributions under actuation at different duty cycles have a

good repeatability, consistent with the lift coefficients with no obvious difference in

this stage. During the pitching-down phase, for the plasma off case and actuation

at DC = 80% case, the pressure of the airfoil’s upper surface is relatively flat, and

the leading-edge suction is small, indicating that there is still a serious flow separ-

ation near the leading edge. When the actuator works at DC = 10%, 20%, 40% and

60%, the leading-edge suction is significantly enhanced, especially when DC = 10%,

indicating that the flow is reattached.

This conclusion is very meaningful to guide the next research, and the development

of short pulse actuation has more advantages, such as unsteady nanosecond pulse DBD

or microsecond pulse DBD.

3.2.3 Influence of voltage

By changing the actuation voltage Vpp to 8, 9, and 10 kV with its pulsed actuation fre-

quency fixed at F+ = 2, the influence of the actuation voltage on the control effect was

studied. The changes of the lift and moment coefficients before and after actuation are

shown in Fig. 8. The voltage has a greater influence on the hysteresis loop of the lift co-

efficients. The discharges at Vpp = 8, 9, and 10 kV reduced the area of the lift hysteresis

loop by 26.4%, 33.1%, and 32.2%, respectively. Similar to the above results, different

Fig. 7 The effect of duty cycle on the pressure coefficient of α = 13°
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actuation voltages did not improve the lift and moment coefficients during the

pitching-up phase. When the airfoil drops below 15° from its maximum AoA, the lift

coefficient recovers faster. A higher voltage means greater pulsed actuation intensity,

yielding stronger flow control ability, and finally the lift coefficient recovers faster. The

corresponding moment coefficient shows the same control law.

The changes of pressure coefficients before and after discharges at α = 11° were

shown in Fig. 9. When α = 11° in the pitching-up stage, the controlled cases under dif-

ferent actuation voltages have a good coincidence with the plasma off case. Corres-

pondingly, there is no obvious control effect on the lift and moment coefficients in the

pitching up phase. For the plasma off case at α = 11° on downstroke, the suction peak

at the leading edge is not large enough, indicating that there is a severe flow separation

at the leading edge. After actuation, the suction of the leading edge is obviously en-

hanced. The greater the voltages, the larger the suction of the leading edge, which is

consistent with the change of lift coefficient depicted in Fig. 8.

4 Mechanism analysis
From the above results of dynamic stall control, the AC DBD actuation cannot delay

the dynamic stall AoA, and the control effect at high AoA is also limited. Post and

Fig. 8 The effect of actuation voltages on the lift and moment coefficients

Fig. 9 The effect of actuation duty cycle on the pressure coefficient
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Corke [7] showed similar results that the plasma actuator enhances the lift force during

pitching down rather than pitching up. Paper [12] conducted the time-resolved PIV

measurement to understand the flow control mechanism by the plasma actuator, and

found that the clear vortices appeared at the leading edge bring entrainment of main

flow. With the flow conditions being the same as that of the experiment in Ref. [12],

the LES result in Ref. [22] also showed a large leading-edge vortex emanates after every

plasma burst actuation, which was not observed for the plasma off case. These plasma-

induced large vortices not only induced suction force but also promoted reattachment

for exchanging the momentum between freestream and separated boundary layer at the

last phase of the pitching down. Combined with the above references, we discussed the

effectiveness of the plasma actuator on the dynamic flowfields as follows.

At high AoA during the pitching up phase, due to the effect of downwash flow and

the DSV, the dynamic stall AoA is much larger than the static stall AoA (generally lar-

ger than 5°), and the corresponding lift coefficient is also higher than the maximum lift

coefficient in the static situation. However, when the DSV moves downstream over the

0.25 chord length, the nose-down moment increases, and the moment stall occurs;

when the DSV is removed from the airfoil, the lift dynamic stall occurs. At this mo-

ment, the large AoA and the large separation angle of the leading-edge shear layer re-

sult in a large reverse pressure gradient; this may exceed the control capability of AC

DBD actuation. At this time, the flow field before and after actuation can be depicted

in Fig. 10a and b, which are extracted from Ref. [12] and Ref. [15]. Although AC DBD

produces a certain disturbance and induces the formation of a spanning vortex, the

vortex will be swallowed by the stronger separation vortex, as shown in Fig. 10b, msak-

ing the stall state unable to be controlled effectively.

When the airfoil starts pitching down from its maximum AoA, the effect of upwash

flow is gradually obvious. The effective AoA is still large, and the separation angle of

the separated shear layer at the leading edge is still large. It is still difficult to control

the flow separation for the reverse pressure gradient is large, and the flowfield after

actuation is similar to Fig. 10b.

Only when the effective AoA pitches down to a certain extent, the separation angle

of the leading-edge shear layer becomes small, and the reverse pressure gradient is

moderated, then, the AC DBD actuation can induce the formation of a closed span vor-

tex which can be locked on the airfoil surface, as shown in Fig. 10c. At this moment,

AC DBD actuation can play an effective role in controlling the flow separation.

Fig. 10 The Schematic diagram of flow field before and after actuation in dynamic stall state
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Therefore, the flow control effect of dynamic stall by AC DBD actuation is strongly

dependent on the history of the airfoil’s AoA.

5 Conclusions
This study extends the DBD plasma actuation to the dynamic stall control of an ad-

vanced rotor airfoil, verifies the effectiveness of AC DBD actuation to reduce the area

of lift hysteresis loop of the oscillating airfoil, and studies the influence law of plasma

actuation parameters to the control effect. The main conclusions are as follows:

(1) At the freestream velocity of 25 m/s and Reynolds number of 5.2 × 105, the AC

DBD plasma actuation can effectively reduce the area of the lift hysteresis loop of

an oscillating airfoil. Unsteady plasma actuation has obvious advantages in dynamic

stall control. The unsteady actuation can reduce the area of lift hysteresis loop by

more than 30%, while the reduction is less than 20% for steady actuation.

(2) For the unsteady AC DBD plasma actuation, the smaller duty cycle can obtain

more obvious control effect; the optimal unsteady reduced actuation frequency

F+ = 1; the larger the actuation voltage, the faster the recovery of lift and moment

coefficients. This conclusion is meaningful to guide the next research. The

development of short pulse actuation has more advantages in dynamic stall

control, such as unsteady nanosecond pulse DBD or microsecond pulse DBD.

(3) The flow control effect of dynamic stall is strongly dependent on the history of

AoA. Plasma actuation does not improve the lift coefficients of the entire upstroke

and the initial downstroke phase. Only when the effective AoA drops to a certain

degree, AC DBD actuation can play an effective role and make the lift coefficient

recover quickly.

Finally, the flow control mechanism is discussed based on international numerical

simulation and flow field test. That the spanwise vortex induced by plasma excitation is

locked on the airfoil is key to effectively controlling the separated flow. The formation

and development of spanwise vortex are strongly dependent on the Angle of attack. In

this paper, the relevant numerical simulation and the flow field measurement have not

been carried out, so the control mechanism needs further study.
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