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1  Introduction
The plasma synthetic jet (PSJ) concept, which was first proposed by Grossman et al. [1] 
at Johns Hopkins University Applied Physics Laboratory in 2003, is based on spark dis-
charge and has gained increased attention in the field of plasma flow control technology. 
As this approach exhibits the unique ability of producing high-velocity pulsed jets with-
out additional gas sources, it is particularly tailored for high-speed active flow control in 
aerospace engineering.

The structure and working process of a PSJ actuator are shown in Fig. 1. The PSJ actua-
tor is composed of a cavity with a hole and a pair of electrodes. Its working process can 
be divided into three stages: energy deposition, jet ejection, and recovery [2]. The spark 
discharge generates a large amount of heat, and the air in the chamber suddenly expands 
upon heating. The high-pressure air emerges from the orifice forming a high-speed jet; 
then, the external gas is refilled through the jet to prepare for the next discharge. Thus, 
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the PSJ actuator can generate a high-speed jet in a short time. Moreover, it has a faster 
speed and higher actuation frequency than piezoelectric and mechanical synthetic jets.

Recently, previous studies on PSJs have made some important progress. In particular, 
Popkin et al. [3, 4] studied the influence of the actuator structure and actuation mode on 
jet characteristics to improve the jet performance and experimentally estimated the jet 
energy efficiency. Zong et al. [5, 6] also studied the energy efficiency characteristics of 
actuators. Belinger [7] and Wu et al. [8] used different technical approaches to explore 
the effects of different electrical parameters on jet performance.

To explore the PSJ control effect and mechanism under low-speed flow, Caruana et al. 
[9] experimentally verified the PSJ control effect on flow separation at the trailing edge 
of a two-dimensional (2D) airfoil. Twenty PSJ actuators were arranged at 0.32c (c: chord 
length) from the leading edge of a NACA0015 airfoil. The results showed that the drag 
decreased by 13% at a wind speed of 20 m/s (Rec = 6.7 × 105). Subsequently, Liu et al. [10] 
arranged two PSJ actuators at 0.15c from the leading edge to actively control the flow 
separation of a NACA0021 airfoil model. The drag coefficient decreased by 33.1%, and 
the lift-drag ratio increased by 104.2% at a wind speed of 20 m/s (Rec = 3.6 × 105). Li et al. 
[11] arranged three PSJ actuators at the leading edge of the airfoil to control the flow 
separation of a high-lift airfoil and found that the airfoil stall angle and maximum lift 
coefficient increased by 5° and 8.1%, respectively, when the wind speed was 20 m/s. Su 
et al. [12] designed a new type of multi-channel discharge PSJ and found that a 12-chan-
nel PSJ could effectively inhibit the flow separation of the airfoil suction surface, increase 
lift, and delay stall. At a moderate Reynolds number (Rec = 1.7 × 105), Zong et  al. [13] 
used 26 PSJ actuators arranged at 0.25c from the leading edge of a NACA0015 wing 
model for flow separation control. The maximum stall angle was delayed from 15.5° to 
approximately 22°, and the maximum lift coefficient was increased by 21%. It was found 
that the flow separation control mechanism by the PSJs is related to the relative actua-
tion position and the  dimensionless actuation frequency. Gu et  al. [14] performed a 
numerical study on active PSJ flow separation control for the rear body of a transporter. 
Their results showed that the delayed flow separation mechanism by the PSJs is that the 
jet inputs high-energy momentum into the separation area and the vortex formed via 
the interaction with the external flow strengthens the external flow mixing with the low-
speed boundary layer. Sun et al. [15] used multi-channel PSJs for flow separation control 
for a flying wing model with three-dimensional flow characteristics at a wind speed of 

Fig. 1  Working process of a PSJ actuator [2]. Reprinted with permission from the American Institute of 
Aeronautics and Astronautics, Inc.
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30 m/s (Rec = 9.9 × 105). They found that the PSJs could significantly enhance the lateral 
stability of the flying wing model while increasing the lift and decreasing the drag, and 
the fluctuation range of the rolling moment coefficient was reduced by 66.7%. Zhou et al. 
[16, 17] also achieved a good flow control effect in supersonic flow by using a three-
electrode PSJ actuator.

Although PSJ actuators have many advantages, they rely on the jet hole for suction 
when the jet is sprayed out, resulting in a limited amount of backfill gas per unit time. 
In continuous discharge or high-frequency discharge cases, insufficient air supply in 
the chamber decreases the jet velocity and weakens the flow control effect. To address 
this problem, Luo et al. [18] proposed a method for realizing the rapid supplement and 
pressurization of the air in the chamber by using high-speed flow dynamic pressure in 
a rarefied atmospheric environment. Li et al. [19] designed a new type of actuator con-
figuration using a piezoelectric vibrator to regulate the chamber volume to improve the 
suction recovery ability. Emerick [20] and Zhou et al. [21] used an external high-pres-
sure gas source to supply air to the discharge chamber of the actuator to significantly 
improve the jet performance. We previously proposed an air-supplement PSJ actuator 
[22] that does not need a high-pressure gas source or incoming flow pressure for air sup-
ply; instead, it uses a check valve to improve the plasma jet performance (Fig. 2).

The air-supplement spark discharge plasma jet generator connects a check valve to the 
opposite wall of the discharge chamber jet outlet, as shown in Fig. 2. When the gas in the 
cavity discharges, a large amount of heat is released by the plasma, which instantane-
ously expands the gas to form a high-speed jet. Then, in the recovery process, the check 
valve is automatically opened and closed under a pressure difference inside and outside 
the cavity, respectively. Under negative pressure in the cavity, the check valve automati-
cally opens to suction the outside air to supplement the gas in the cavity to restore pres-
sure. Under high pressure in the cavity, the check valve automatically closes to prevent 

Fig. 2  Schematic of air supplement through a check valve [22]
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leakage. To restore the air pressure in the cavity after discharge as soon as possible, the 
channel area at the connection between the check valve and the cavity is set to several 
times that at the jet orifice, so as to shorten the recovery process and improve the PSJ 
actuator working frequency [22]. In addition, the proposed actuator can increase the air 
supply area through the check valve to quickly recover the low pressure in the chamber 
after the jet ejection, improve the actuator response speed, and increase the jet energy. 
This actuator has a simple structure, strong working stability, and adaptability. Without 
external atmospheric environmental influence, it can work in both atmospheric pressure 
and rare environments. Previous studies on air-supplement PSJs have focused on basic 
actuator characteristics alone, and there is still a lack of experimental research on flow 
control applications. Moreover, the flow control effect and mechanism of the air-supple-
ment PSJ actuator are not yet clear.

Therefore, based on the air-supplement actuator, we used the NACA0021 airfoil as the 
control object in the present study. The actuator was arranged 0.2c away from the lead-
ing edge of the airfoil. Then, the flow field of the suction surface under three states (i.e., 
non-actuation, conventional actuation, and air-supplement actuation) at different attack 
angles was measured through a wind tunnel experiment and particle image velocimetry 
(PIV) system. The flow field boundary layer characteristic parameters are compared in 
detail to explore the air-supplement PSJ mechanism and effect on flow separation on 
a 2D airfoil suction surface. The research results verify the flow control effect of air-
supplement PSJ and provide valuable reference information for its practical application. 
After clarifying the flow control mechanism, these findings could also guide the further 
optimization of the air-supplement PSJ actuator and improve its control effect.

The remainder of this paper is organized as follows. The experimental setup is 
described in Section 2. The flow field under different actuation states and PSJ-based flow 
control mechanism are presented in Sections 3 and 4, respectively. Finally, the results are 
discussed and the conclusions are drawn in Sections 5 and 6, respectively.

2 � Experimental system
To explore the air-supplement PSJ actuator mechanism and effect on airfoil flow separa-
tion, PIV was used to photograph the flow field of the NACA0021 airfoil model under 
different control conditions in a low-speed direct wind tunnel. The experimental system 
consisted of a low-speed direct wind tunnel, a PIV system, an air-supplement PSJ actua-
tor, and a 2D airfoil model, as shown in Fig. 3.

2.1 � Low‑speed direct wind tunnel and PIV system

A low-speed straight through-type wind tunnel was used in the experiment. As shown 
in Fig. 3, the experimental cross-section size was 300 × 300 mm, the experimental sec-
tion length was 600 mm, and the turbulence level was ≤0.5%.

The PIV system (SM3-4 M200, MicroVec) used in this experiment included a dual-
pulse Nd:YAG laser with a 532-nm green light (pulse frequency up to 15 Hz), a  high-
speed digital camera (SM-CCDB4M20, 2048 × 2048 resolution), a  synchronization 
controller, a workstation, and control software. The maximum PIV frequency was 15 Hz, 
and a frequency of 5 Hz was used in this study. The average velocity field was obtained by 
averaging 100 pairs of images each time. Tracer particles were produced by heating the 
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glycerol on a stage smoker (AB-1500, Svnscomg). To fully reflect the PSJ control effect 
on the flow field, the PIV test cross-section was located at the spanwise center section of 
the wing model, which is the center of the jet orifice under a single jet control state.

2.2 � Air‑supplement PSJ actuator and high‑voltage pulse power supply system

The air-supplement PSJ actuator used in the experiment consisted of a discharge cham-
ber, a  cathode, an  anode, and an  air-supplement check valve, as shown in Fig.  4. The 
discharge chamber was fixed inside the wing model using a sealed silica gel to form a 
closed chamber. Small jet holes were placed at appropriate positions in the airfoil. Two 
electrode holes were present at the bottom of the discharge chamber, and the cathode 
and anode were inserted from above the holes. The cathode and anode were connected 
to the output end of the programmable four-channel high-voltage pulse power supply 
(XMU-PTLA-DY-02). The side end of the discharge chamber was connected with a 
check valve.

The actuator chamber was composed of zirconia ceramics with a volume of 1050 mm3. 
Table 1 lists the model structural parameters. The output voltage amplitude of each pro-
grammable four-channel high-voltage pulse power supply channel was approximately 

Fig. 3  Wind tunnel experimental system

Fig. 4  Structural schematic of the air-supplement PSJ actuator
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0–20 kV, the frequency was approximately 20 Hz–5 kHz, and the duty cycle was approxi-
mately 5%–50%. The anode and cathode were composed of silica gel wire.

The check valve is a specially designed plastic diaphragm check valve. It is mainly com-
posed of an inlet port, a  valve core, and an  outlet port. As the actuator working fre-
quency was as high as hundreds of Hertz, the response speed of the silica gel valve core 
of an ordinary check valve could not provide the refilling frequency required by the 
experiment. The high-frequency and high-pressure reverse airflow inside the actuator 
directly affected the check valve core, leading to deformation and leakage and causing 
the actuator jet velocity to decrease.

To weaken the reverse impact of internal high-pressure airflow on the valve core, the 
check valve structure was specially designed. The support structure of the valve core in 
the outlet end was changed from a plate trapezoidal support (Fig. 5a1) to a conical con-
vex platform (Fig. 5a2). Gas holes were opened at the bottom of the convex platform for 
gas inlet and outlet [23]. While supporting the valve core, the conical convex platform 
had a buffer effect on the reverse flow, which effectively improved the reverse opening 
pressure. When the check valve worked, the high-pressure airflow in the actuator cav-
ity entered the one-way valve. The reverse airflow that directly affected the valve core 
first entered the conical cavity and acted on the inner wall of the conical cavity. After 
the airflow was buffered, it entered the one-way valve cavity through the gas hole at the 
bottom of the conical convex platform, effectively avoiding the direct impact of the high-
pressure airflow on the valve core, as shown in Fig. 5b [24].

Table 1  Structural parameters of the air-supplement PSJ actuator

Parameter Value/mm

Actuator length A 20

Discharge chamber length a 14

Actuator width B 10

Discharge chamber width b 5

Actuator height H 25

Discharge chamber height h 15

Electrode spacing de 10

Length of check valve outlet ht 15

Diameter of check valve inlet di 4

Diameter of check valve outlet do 4

Fig. 5  Check valve structure [24]
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The check valve was produced via 3D printing using a high-temperature-resistant 
resin. Through previous experiments, it was found that the check valve had the best air 
supply effect when the silica gel valve core thickness was 0.3 mm, so a valve core with 
this thickness was used for subsequent research.

2.3 � NACA0021 2D wing model

A NACA0021 airfoil with a relatively large thickness was selected to design the 2D wing 
model and facilitate the installation of air-supplement PSJ actuators. The main body of 
the model was composed of ABS plastic, the chord length c was 200 mm and the span 
length l was 250 mm, as shown in Fig. 6.

The upper wing of the model had an actuator jet outlet, and the air-supplement PSJ 
actuator was installed inside the model, as shown in Fig. 6a. The installation position of 
the jet outlet was determined based on the flow separation point position. Amitay et al. 
[25] and Zong et  al. [13] demonstrated that the jet near the separation point has the 
best control effect. At low speeds, the flow separation point of the NACA0021 airfoil 
was concentrated near x/c = 0.2, where x is the distance from the airfoil surface position 
projection on the chord length to the leading edge. Therefore, the jet outlet was arranged 
at x/c = 0.2 to achieve a better flow control effect. The jet outlet was perpendicular to 
the airfoil surface and was located in the spanwise center. It had an aperture of 1.2 mm, 
and the model thickness was 3 mm. The actuator was mounted on the wing surface with 
sealed silica gel, and the discharge chamber was facing the jet hole. The fixed rod could 
be installed in the model to fix it in the wind tunnel test section.

In this experiment, due to wind tunnel test condition and airfoil model size limita-
tions, on the one hand, the aerodynamic force measurement experiment cannot be car-
ried out. On the other hand, the internal space of the model is limited, as is the number 
of actuators that can be arranged. Accordingly, only one actuator is arranged to carry 
out the experiment. However, the jet control effect has a certain range in the spanwise 
direction. Previous research [26, 27] also showed that the action range of the jet could 
reach more than 10 times the distance range of the jet orifice. Therefore, the flow field 
near the excitation position of the jet hole is measured via PIV to explore the control 
effect of the jet.

Fig. 6  Schematic of the 2D airfoil model
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3 � Flow separation control effect of the air‑supplement PSJ actuator 
at different attack angles

To explore the air-supplement PSJ flow separation control effect, PIV technology was 
used to measure the flow field on the upper wing before and after the flow separation 
critical attack angle in the wing model under different actuation conditions. According 
to the flow field, the changes in the flow separation critical attack angle α*, backflow area 
SU < 0 above the airfoil, and relative position s/c of the flow separation point on the air-
foil (s is the distance from the flow separation point projection on the chord length to 
the leading edge) under different actuation conditions were compared and analyzed. The 
different incentive states included non-actuation, conventional actuation, and air-sup-
plement actuation with three control states; the non-actuation state was the reference 
state when the actuator was closed. In the conventional actuation state, when the actua-
tor was working, the inlet end of the check valve was sealed with sealed silica gel to cut 
off the air supply. In the air-supplement actuation state, the check valve inlet was kept 
open and air was supplied. α* is the minimum angle for airfoil flow separation, reflecting 
the difficulty of airfoil flow separation. The greater the angle, the more difficult the flow 
separation. The critical attack angle variation Δα* under different actuation states can 
effectively characterize the actuator flow control effect. The velocity recirculation zone is 
the area in which the transverse velocity component is opposite to the incoming veloc-
ity in the flow field profile of the upper wing. SU < 0 indicates the separation degree of the 
upper wing flow field. The larger this value, the more intense the flow separation. It can 
be used to measure the PSJ flow separation control effect. Point location s/c indicates the 
flow separation location. The larger this value, the farther the flow separation. To some 
extent, it can also measure the PSJ flow separation control effect.

According to our previous research on the air-supplement PSJ actuator working mech-
anism [24], there is an effective working frequency range at which the air-supplement 
actuator works normally. The effective working frequency range of the air-supplement 
actuator  used in this experiment is approximately 160–300 Hz. To ensure the work-
ing reliability of the actuator, the experimental parameters were set as follows: loading 
voltage amplitude Ua = 15 kV, actuation signal pulse width tp = 1 ms, and actuation sig-
nal frequency f = 250 Hz. Moreover, the jet peak velocity Vp and the average velocity Va 
were 31.66 and 10.12 m/s, respectively, under air-supplement actuation, and 27.94 and 
8.65 m/s, respectively, under conventional actuation.

We installed the actuator at x/c = 0.2 inside the wing surface on the wing model. At a 
wind speed v of 5 m/s and Reynolds number Re of 6.7 × 104 (based on c), the flow field 
on the airfoil surface under different actuation states was measured to explore the flow 
separation control effect of jet actuation. The airfoil attack angle α increased from 5° to 
12°, and each interval Δα = 1° corresponded to a group. A total of 100 flow field image 
pairs were taken in each state, which were averaged as the flow field results.

3.1 � Flow field comparison under different actuation states at different attack angles

The wind tunnel test results show that the airfoil surface flow field state varies under dif-
ferent actuation conditions for the same α. Moreover, the flow separation α* in the non-
actuation, conventional actuation, and air-supplement actuation states is 8°, 10°, and 11°, 
respectively. Figure 7 shows the flow field velocity contours of the upper wing under the 
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three actuation states. The velocity Uc = U/U∞, where U∞ is the incoming wind speed, 
in the contour is dimensionless. The solid black line in the contour is the separation 
streamline to characterize the separated flow region, which starts from the separation 
point with zero velocity on the airfoil surface. The dotted black line is the zero-velocity 
line, and the area between the zero-velocity line and the upper surface of the model is 
the velocity backflow area. In this area, the direction of the transverse velocity compo-
nent of the flow field velocity is opposite to that of the incoming flow velocity. In Fig. 7, 
the black arrow represents the velocity vector and the red arrow in the airfoil represents 
the jet control position.

Air-supplement actuation can improve the flow separation α*, inhibit flow separation 
generation on the airfoil wing surface, and improve the control effect compared to that in 
the conventional actuation state (Fig. 7). Compared with the non-actuation (α* = 8°) and 
conventional actuation states (α* = 10°), air-supplement actuation (α* = 11°) has a better 
inhibitory effect on the flow separation of airfoil, and the critical attack angle α* for flow 
separation increases by 3° and 1°, respectively, as shown in Fig. 7. The control effect of 
conventional actuation is similar to the increase in the stall angle of the NACA0021 wing 
model by a PSJ in a previous study [10]. In addition, it is similar to the control effect of 
the NACA0021 wing model by a conventional synthetic jet with an injection angle of 90° 
adopted by Gu et al. [28].

Fig. 7  2D airfoil upper surface velocity contour under different actuation states. Black arrows: velocity profiles 
at selected streamwise locations; solid black line: dividing streamline; dotted black line: contour lines of Uc = 0 
(referred to as zero-velocity lines); the jet orifice position is indicated by a red arrow
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3.2 � Flow separation characteristic parameters comparison under different actuation states

In addition to the qualitative observation of the flow field velocity contours on the airfoil 
surface, the backflow region area and flow separation point position are also important 
parameters for investigating the degree of flow separation. Therefore, based on the PIV 
flow field measurement results of the above airfoil surface, we further quantitatively cal-
culated the dimensionless backflow zone area SU<0/S0, where S0 is the 2D airfoil cross-
sectional area, under different actuation states and the relative flow separation point 
position s/c on the airfoil, as shown in Fig. 8.

Under the three actuation states, after flow separation occurs on the airfoil surface, 
with increasing α, SU<0 increases gradually, and s/c decreases gradually. The separation 
position moves to the leading edge, and the degree is more intense. Compared with the 
non-actuation and conventional actuation states, the backflow region area is smaller, and 
the separation point position is more backward, which has better inhibitory effects on 
flow separation. Furthermore, compared with the conventional actuation case, the air-
supplement actuation inhibitory effect on the backflow area and the delay effect on the 
separation point position are increased by 102.43% and four times, respectively.

Based on the experimental results, the conventional PSJ can inhibit flow separation 
and improve the flow separation α*. However, after separation occurs, the flow control 
effect is weak. Compared with the conventional jet, the air-supplement PSJ can not only 
further improve the flow separation α*, but also the control effect after separation.

After clarifying the flow separation control effect of the air-supplement PSJ actuator, it 
was necessary to further clarify the flow separation control mechanism with an air-sup-
plement PSJ to provide guidance for flow control optimization. The necessary conditions 
for flow separation in the boundary layer are the fluid viscous force and the existence 
of a certain inverse pressure gradient in the flow field. The ability to resist the reverse 
pressure gradient is what the jet can change under active flow control. The main param-
eters that reflect this ability are the boundary layer velocity profile and the displacement 
thickness. The velocity profile is composed of velocity profiles at several positions, which 
can visually represent the velocity variation along the airfoil chord. The fuller the veloc-
ity profile, the stronger the ability of the boundary layer flow to resist the reverse pres-
sure gradient and the PSJ flow control effect. The boundary layer displacement thickness 

Fig. 8  Flow separation characteristic parameter variation according to the attack angle under different 
actuation states
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δ* reflects the boundary layer mass loss due to the viscous force (Eq. 1). The smaller δ*, 
the less the mass flow loss, and the more significant the flow control effect.

where U is the velocity, Umax is the peak velocity on the profile, y0 is the starting position 
of the velocity profile, and yr is the position when the velocity reaches Umax.

Although the boundary layer velocity profile and δ* can deepen the understanding of 
the flow control mechanism; the velocity profile is still a result of jet action. To reveal 
the flow mechanism, we must study the flow structure generated by the jet (i.e., vor-
tex structure). Gu et al. [28] showed that the control effect of a synthetic jet on airfoil 
flow is through the vortex structure generated by the jet, increasing the mixing effect 
between the airflow inside and outside the boundary layer and introducing the outer 
high-momentum flow into the boundary layer. Moreover, Zong et al. [27] found that the 
reverse vortex pair generated by a PSJ can significantly enhance the ability of the flow 
boundary layer to resist the reverse pressure gradient. The vortex structure produced 
by the jet is the key to clarifying its control flow separation mechanism. Therefore, it 
is necessary to compare the changes in the  vortex structure under different actuation 
states to reveal the enhancement mechanism of the flow separation control effect under 
air-supplement actuation.

To explore the flow separation control mechanism with the air-supplement PSJ, we 
compared the changes in the flow field velocity profile, δ*, and the  vortex structure 
under different actuation states (non-actuation, conventional actuation and air-supple-
ment actuation) based on the results at α = 10° in Section 3.1 (Fig. 7b, e, and h).

3.3 � Velocity distribution and displacement thickness under different actuation states

The measured flow field, as discussed in Section 3.1, is processed to obtain the flow field 
velocity profiles on the upper wing and the boundary layer displacement thickness. The 
boundary layer velocity profiles are extracted along the normal direction at an airfoil 
surface position of x/c = 0.1 ~ 0.8 at an interval of Δx/c = 0.1. Figure 9 shows the veloc-
ity profiles of the upper wing under three different excitation conditions at α = 10°. The 
vertical coordinate y is the boundary layer height, which is nondimensionalized by the 
maximum airfoil thickness t. The horizontal coordinates are x/c + 0.05 U/Umax, which 
reflect the position and fullness of the velocity profiles [29].

Compared with the non-actuation and conventional actuation states, the velocity 
profile at each position of the upper wing flow field under air-supplement excitation is 
fuller, the flow velocity is greater at the same height, and the ability of the air flow to 
resist the reverse pressure gradient is stronger. Therefore, the airfoil flow separation α* is 
improved, as shown in Fig. 7.

Figure 10 shows the variation in δ* according to x/c under different excitation condi-
tions at α = 10°. The vertical coordinate is the displacement thickness, which is dimen-
sionalized by t. The red arrow indicates where the jet is applied. Compared with the 
non-actuation and conventional actuation states, the jet can significantly reduce δ* under 
air-supplement excitation when x/c > 0.2. The influence of the conventional excitation on 

(1)δ∗ =

yr

y0

1−
U

Umax
dy,



Page 12 of 22Liu et al. Advances in Aerodynamics            (2022) 4:34 

δ* is weakened when α = 10°. At x/c = 0.5, the jet only decreases δ* by 6.0%. Moreover, 
under air-supplement excitation, the jet can still reduce δ* by 81.7%.

3.4 � Vortex structure under different excitation conditions

Based on the velocity fields shown in Fig.  7b, e, and h, the flow field vortex contour 
and streamline diagram on the airfoil upper surface under the three actuation states at 
α = 10° are shown in Fig. 11. The vortex is identified via the Q criterion.

Under non-actuation (Fig.  11a), flow separation occurs from the leading edge, and 
the vortex structure appears near the flow separation point, but the scale is small and 

Fig. 9  Velocity profile of the suction surface under different actuation states at α = 10°

Fig. 10  Boundary layer displacement thickness under different actuation states at α = 10°
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dense. Under the influence of the viscous force and the inverse pressure gradient, there 
is a large range of velocity backflow in the boundary layer, mixing with the mainstream 
along the inflow direction, and the small-scale vortex gradually develops into a large-
scale irregular vortex structure. Under conventional actuation (Fig. 11b), although the jet 
cannot inhibit flow separation, it interacts with the mainstream and generates a stream-
wise counter-vortex structure at the jet actuation position. The counter-vortex develops 
downstream with the mainstream and gradually dissipates, evolving into an irregular 
vortex structure. Under air-supplement actuation (Fig. 11c), the jet energy is higher, and 
flow separation is completely suppressed. The range of the generated counter-vortex 
structure is significantly larger than that under conventional excitation, and it is basically 
attached to the airfoil surface. This indicates that the PSJ flow control effect is noticeably 
better than that under the conventional and air-supplement actuation states.

4 � Effect of jet orifice diameter on the flow separation control effect
As an important structural parameter of a PSJ actuator, the jet orifice diameter affects 
not only the jet velocity characteristics, but also the jet flow, which is bound to change 
the jet flow control effect. Therefore, this section focuses on the influence of the jet ori-
fice on the control effect.

4.1 � Jet velocity comparison

First, the peak velocity Vp of an air-supplement PSJ with a jet orifice diameter d of 0.8, 
1.2, 1.6, and 2.0 mm was measured. The results obtained with a voltage amplitude Ua of 
15 kV, pulse width tp of 1 ms, and frequency f of 250 Hz are shown in Fig. 12.

The velocity measurement results show that under the same electrical parameters, 
with an increase in d, the jet Vp increases first and then decreases, and the maximum Vp 
appears at d = 1.6 mm. The reason is that when d is small, the viscous force has obvious 
influence, the throat boundary layer has a blocking effect, and the jet velocity increases 
as the aperture increases. However, as d further increases to a critical value, the jet mass 
flow becomes saturated, and reduces the jet velocity [30–32]. The critical d is deter-
mined by the discharge energy and the actuator chamber volume. In this experiment, 
the actuator with d = 1.6 mm obtained the maximum jet velocity. For different diame-
ters, the actuator jet velocity under air-supplement actuation is more than 10% higher 
than that under conventional actuation. This finding shows that the check valve is effec-
tive for different jet orifice diameters.

(a) Non-actuation (b) Conventional actuation

Streamwise vortex

Jet position

(c) Air-supplement actuation

Streamwise vortex

Jet position

Fig. 11  Vortex contours and streamlines under different actuation states at α = 10°
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4.2 � Flow separation control effect comparison

Subsequently, a wind tunnel test was conducted by using a single actuator with differ-
ent d, and the results are shown in Fig. 13. The experimental results show that the larger 
the d, the better the air-supplement PSJ flow control effect. When d ≥ 1.6 mm, the airfoil 
flow separation α* under air-supplement actuation increases by 4° and 1°, respectively, 
compared with that under non-actuation and d ≤ 1.2 mm.

Under non-actuation, the flow field on the airfoil upper surface is separated at α = 8°. 
After separation occurs, with increasing α, the backflow region area expands, and the 
separation point moves forward, so the separation becomes worse. Under air-supple-
ment actuation, flow separation is effectively suppressed. When d = 0.8 and 1.2 mm, α* 
increases from 8° to 11°, respectively (Fig.  13e and h); hence, Δα* = 3° compared with 
that under non-actuation. When d increases to 1.6 and 2.0 mm, the jet flow separation 
control effect is further improved. At this time, α* = 12° (Fig. 13l and o); hence, Δα* = 4° 
compared with that under non-actuation.

Increasing d not only changes the jet velocity, but also the jet mass flow rate. To reflect 
the effect of d on the flow control more accurately, a dimensionless jet momentum coef-
ficient Cμ [33] is defined to characterize the PSJ energy under different d, as shown in Eq. 
(2).

where ρ∞ is the incoming flow density, 1.203 kg/m3; v∞ is the incoming flow speed; c 
and l are the airfoil model chord length and span, respectively; ρj is the jet gas density, 

(2)Cµ =

ρjV
2
a hjd

ρ∞v2
∞
cl
,

Fig. 12  Air-supplement PSJ velocities according to jet orifice diameter
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approximately taking the incoming flow density ρ∞; Va is the average jet velocity; hj is 
the jet outlet throat length; and d is the jet orifice diameter.

At α = 12°, with increasing d, Cμ increases, SU < 0/S0 decreases, and s/c is delayed 
(Fig. 14). When d = 2.0 mm, compared with the non-actuation state and d = 0.8 mm, the 
backflow region area is decreased by 68.1% and 62.2%, respectively, and the separation 
point position is delayed by 30.7%c and 27.0%c, respectively. Thus, the larger the d, the 
stronger the jet energy. PSJ has a more obvious control effect on the flow separation of 
the airfoil.

(a) Non-actuation, α = 10°   (b) Non-actuation, α = 11°    (c) Non-actuation, α = 12°

(d) d = 0.8 mm, α = 10°     (e) d = 0.8 mm, α = 11°       (f) d = 0.8 mm, α = 12°

(g) d = 1.2 mm, α = 10°     (h) d = 1.2 mm, α = 11°       (i) d = 1.2 mm, α = 12°

(j) d = 1.6 mm, α = 10°         (k) d = 1.6 mm, α = 11°      (l) d =1.6 mm, α = 12°

(m) d = 2.0 mm, α = 10°        (n) d = 2.0 mm, α = 11°       (o) d =2.0 mm, α = 12°
Fig. 13  Flow field velocity contours for different jet orifice diameters
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4.3 � Flow control effect comparison between the conventional and air‑supplement 

actuation states

With increasing d, the flow control effect of the conventional excitation is also enhanced, 
but the enhanced control effect is still significantly weaker than that under air-supple-
ment PSJ actuation with the same diameter (Figs. 13 and 15). On the one hand, when 
d = 2.0 mm, α* under conventional actuation is increased by 3° compared with that 
under non-actuation but is still less than that under air-supplement actuation. On the 
other hand, when α = 12°, compared with the conventional actuation state, the separa-
tion point is delayed by 16.0%c and the backflow region area is decreased by 37.9% in 
the air-supplement actuation state (Table 2). This finding further proves that the jet flow 
separation control effect under air-supplement actuation is noticeably better than that 
under conventional actuation.

To summarize, the flow control effect of a PSJ under air-supplement actuation is supe-
rior to that under conventional actuation and is affected by the jet orifice diameter. The 
larger the diameter, the better the control effect. In practical flow control applications, 
the jet orifice diameter should be set reasonably to obtain the best flow control effect.

Fig. 14  Flow separation characteristic parameter and jet momentum coefficient variation according to the 
jet orifice diameter at α = 12°

(a) α = 10°   (b) α = 11°       (c) α = 12°
Fig. 15  Flow field velocity contours under conventional actuation for different jet orifice diameters
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4.4 � Velocity profiles and displacement thickness under different actuation states

To explore the flow separation control mechanism with the air-supplement PSJ with dif-
ferent jet orifices, we compared the changes in velocity profile, δ*, and flow field vortex 
structure under the different actuation states based on the results at α = 12° presented in 
Section 4.3 (Figs. 13c, o, and 15c). Figure 16 shows the velocity profiles of the upper wing 
under the three different actuation states at α = 12°.

Compared with the non-actuation and conventional actuation states, the velocity pro-
file at each flow field position under air-supplement actuation is fuller, the flow velocity 
is greater at the same height, and the ability of the air flow to resist the reverse pressure 
gradient is stronger. Therefore, the airfoil flow separation α* is improved (Figs. 13 and 
15). Under non-actuation, the flow starts to separate in a wide range from the leading 
edge. Due to the viscous force at the bottom of the boundary layer and the flow field 
inverse pressure gradient, the airflow velocity near the wall gradually decreases. At 
x/c = 0.15, the airflow velocity decreases to zero, and flow separation starts. Under con-
ventional actuation, the boundary layer velocity profile gradually becomes fuller, and 
the ability to resist the inverse pressure gradient is enhanced. The separation point is 
delayed to x/c = 0.30, and the backflow region area is decreased by 47.3% compared with 
that under non-actuation. Under air-supplement actuation, the boundary layer velocity 
profile becomes much fuller than that under conventional actuation, and the separa-
tion point is further delayed to x/c = 0.46. The backflow region area is greatly decreased, 
being 68.1% and 37.9% smaller than that under non-actuation and conventional actua-
tion, respectively. It is sufficient to show that the PSJ in the air-supplement actuation 
state improves the ability of the boundary layer to resist the inverse pressure gradient 
more than in the conventional actuation state. In addition to qualitatively analyzing the 
velocity profiles, we quantitatively compared the variations in δ* according to x/c under 
the three different actuation states (Fig. 17).

Table 2  Flow separation parameters under different actuation states

Actuation state SU<0/S0 s/c

Conventional 0.29 0.30

Air-supplement 0.18 0.46

Fig. 16  Velocity profiles of the suction surface under different actuation states
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Compared with the non-actuation state, the jet can decrease δ* under conventional 
and air-supplement actuation when x/c > 0.2 (the red arrow position in Fig. 17). Moreo-
ver, the control effect under air-supplement actuation is better. Overall, δ* under air-
supplement actuation is approximately 15% thinner than under conventional actuation. 
The smaller the δ*, the stronger the ability of the boundary layer to resist the inverse 
pressure gradient, and the higher the ability to suppress the flow separation.

4.5 � Vortex structure on the airfoil upper surface under different actuation states

Based on the velocity fields shown in Figs.  13a, o, and 15c, the flow field vortex con-
tour and streamline diagram of the airfoil upper surface under the three actuation states 
at α = 12 ° are given in Fig. 18. The vortex is identified via the Q criterion. Under non-
actuation (Fig.  18a), the vortex structure is similar to that in Fig.  11a. Under conven-
tional actuation (Fig. 18b), after the jet is sprayed, it interacts with the mainstream and 
generates a strong flow direction counter-vortex at the jet actuation position. At the 
jet actuation position, the contour-vortex is in the early developing stage and the vor-
tex is strong and maintains a relatively complete structure. It can be observed that the 
actuation of two adjacent jets produces two counter-vortex pairs. The counter-vortex 
develops downstream from the main stream and gradually dissipates, evolving into an 

Fig. 17  Boundary layer displacement thickness under different actuation states

(b) Conventional actuation

Streamwise vortex

Jet position

(c) Air-supplement actuation

Streamwise vortex

Jet position

(a) Non-actuation

Fig. 18  Vortex contour and streamlines in different actuation states at α = 12°
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irregular vortex structure. From the streamline analysis, under jet actuation, the separa-
tion point is delayed, and the backflow region and the flow separation range are greatly 
reduced. The separation vortex scale is reduced, showing a multi-vortex structure. It is 
worth noting that near the jet actuation position, the streamlines are arched by the jet 
and deformed. Thus, a high-speed PSJ has a strong disturbance effect on the flow field.

Under air-supplement actuation (Fig. 18c), the jet energy is higher (Fig. 12), and the 
action range of the generated counter-vortex is significantly larger than that under con-
ventional actuation; additionally, the first two adjacent counter-vortex pairs are basi-
cally applied to the airfoil surface. From the streamline analysis, the separation point is 
delayed more and the backflow region and the flow separation range are smaller than 
those under conventional actuation. The separated vortex scale near the leading edge 
is noticeably reduced and presents a multi-vortex structure. Furthermore, near the jet 
actuation position, the streamlines are arched by the jet and deformed, but the defor-
mation degree is slightly smaller than that under conventional excitation. Thus, the PSJ 
flow control effect under air-supplement actuation is noticeably better than that under 
conventional actuation.

5 � Discussion on the flow control mechanism
Based on the flow field analysis results, the PSJ flow control mechanism can be described 
in terms of two aspects. On the one hand, there are two direct effects of energy injec-
tion during the jet ejection stage and low-energy fluid suction during the recovery 
stage, and these effects are stronger under air-supplement actuation. These two direct 
effects mainly work near the jet excitation position. Part of the jet energy accelerates the 
boundary layer flow and absorbs the bottom low-energy fluid to enhance the bound-
ary layer energy. The direct energy injection requires a higher jet velocity, which is only 
reflected under air-supplement actuation. In Figs. 16 and 17, at x/c = 0.3, the boundary 
layer velocity profile becomes fuller only under air-supplement actuation (Fig. 14), and 
the boundary layer displacement thickness decreases by 30%. However, the range of the 
direct effect is limited, and it has a secondary role.

On the other hand, the PSJ produces an indirect mixing effect due to the counter-vor-
tex (Figs. 11 and 18), which increases the boundary layer energy, and the vortex mixing 
effect on the boundary layer is better under air-supplement actuation. The PSJ is a high-
frequency pulsed jet. Under the action of such a jet, a periodic counter-vortex sequence 
is formed with the main stream gradually developing downstream (Figs.  11c and 18b, 
c), where the first two adjacent counter-vortex pairs have the strongest effect on the 
boundary layer. Under air-supplement actuation, the action range of the counter-vortex 
is larger than that under conventional actuation, and the boundary layer mixing effect is 
better. The boundary layer velocity profile is fuller (Figs. 9 and 16), the boundary layer 
displacement thickness is smaller (Figs. 10 and 17), and the ability to resist the inverse 
pressure gradient is stronger. Therefore, the jet can further delay the separation and 
reduce the flow separation and backflow region areas under air-supplement actuation 
(Figs. 13 and 14, Table 2). The indirect effect of vortex mixing works in a wider range, 
and it is dominant [27, 28]. In practical flow control applications, focus should be placed 
on enhancing the vortex mixing effect to further improve the PSJ flow control effect.
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The mechanism summarized above is similar to that obtained by Zong et al. [13]. A 
PSJ with an appropriate actuation position and frequency can make the zero-velocity 
line periodically close to the airfoil upper surface through the mixing enhancement 
effect on the boundary layer flow, which plays a role in inhibiting flow separation.

Furthermore, the above mechanism can explain why the flow control effect is 
improved by increasing the jet orifice diameter. As the jet orifice diameter increases, 
the momentum coefficient of the jet increases (Fig. 14), which means that the jet energy 
increases, enhancing the injection energy and suction effect accordingly. More impor-
tantly, the intensity of the generated counter-vortex sequence also increases, and the 
boundary layer mixing effect is strengthened so that the boundary layer velocity profile 
is much fuller, the displacement thickness is smaller, and the ability to resist the inverse 
pressure gradient is higher, which can inhibit flow separation and improve the flow sepa-
ration critical attack angle (Fig. 13).

6 � Conclusion
In this study, to address the knowledge gaps in the flow control of air-supplement PSJs, 
we experimentally investigated their control effects, influencing factors, and mecha-
nisms. Additionally, we proved the excellent control effect of air-supplement PSJs and 
clarified the jet flow separation control mechanism by comparing the critical attack 
angle α*, backflow area SU < 0, separation point position s/c, velocity profile, displacement 
thickness δ*, and vortex structure contour of a NACA0021 2D airfoil under different 
actuation states. The main conclusions of this study can be summarized as follows.

(a)	 A PSJ can decrease the boundary layer thickness, the flow separation, and the back-
flow region; suppress flow separation; and improve the flow separation critical 
attack angle. Compared with the conventional actuation state, the flow control 
effect is better under air-supplement actuation. When Re = 6.7 × 104, the critical 
attack angle α* increases by 3° and 1°, respectively, compared with the non-actua-
tion and conventional actuation states. At an attack angle of 12°, compared with the 
conventional excitation state, the jet under air-supplement actuation decreases the 
boundary layer thickness by 15%, delays the separation point by 16.0%c, and mini-
mizes the backflow region by 37.9%.

(b)	 The PSJ flow control effect is related to the momentum coefficient of the jet. In this 
experiment, increasing the jet orifice diameter could improve the jet momentum 
coefficient, enhance the flow separation suppression, and increase the flow separa-
tion critical attack angle.

(c)	 The dominant mechanism through which PSJs can control flow separation is the 
indirect mixing effect by the counter-vortex sequence produced by the pulsed jet, 
which improves the boundary layer energy and enhances its ability to resist the 
inverse pressure gradient, thus delaying flow separation. Under air-supplement 
actuation, the action range of the counter-vortex is larger than that under con-
ventional actuation, and the boundary layer mixing effect is better. PSJs can fur-
ther delay flow separation, decrease the separation and backflow region areas, and 
improve the flow separation critical attack angle.
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Despite its many advantages, this study also has some deficiencies. For example, due 
to wind tunnel and 2D airfoil model limitations, the number of jets arranged is limited. 
Subsequently, the model size needs to be adjusted to increase the number of jets. Fur-
thermore, it is necessary to further study the influence of the control position and the jet 
direction on the control effect, as well as improving the counter-vortex mixing effect and 
the active flow control effect. Presently, the flow control Re is relatively low, so it is nec-
essary to further study the flow control effect of the air-supplement PSJ at higher Re to 
improve its practical application value.
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