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1. Introduction 

Plasma flow control has received an overwhelming attention from the active flow control community during 

the last decade, due to promising application prospects in boundary layer transition control, lift augmentation, drag 

reduction, noise mitigation and so on [1-2]. Effective flow control relies on the proper selection of actuators. As a 

representative type of plasma actuators, plasma synthetic jet actuator (PSJA) features the unique combination of 

high jet velocity (>300 m/s) and high actuation frequency (>5 kHz), thus tailored for high-Reynolds-number 

supersonic applications [3-4]. Laboratory tests performed by Greene et al. and Narayanaswamy et al. have shown 

that for shock wave/boundary layer interaction formed by a compression ramp in a Mach 3 flow, the pitched and 

skewed PSJ is able to reduce the distance between separation line and compression corner by 40% meanwhile 

decrease the amplitude of low-frequency fluctuation associated with the unsteady separated flow by 30% [5-6]. 

However, a noticeable weakness of PSJA is the low energy efficiency (O(0.1%)), which has to be improved 

by the optimal design of actuator geometries [7]. As jet orifice diameter increases, the jet duration time decreases 

while the peak jet velocity and the electromechanical efficiency remains unchanged [8]. Electrode distance (typical 

range: la=0.5-3 mm) and cavity volume (typical range: Vca=20-2000 mm
3
) have also been reported to significantly 

affect the peak jet velocity and the jet duration time [9]. Nevertheless, their explicit relations with the energy 

efficiency are still unclear. In the present study, electrical measurements and phase-locked planar Particle Imaging 

Velocimetry (PIV) measurements are adopted to investigate the effects of electrode distance (la) and cavity volume 

(Vca) on the electromechanical efficiency of PSJA in a large parameter space (la=1-8 mm; Vca=50-942 mm
3
).  

2. Experimental Setup 

A. Actuators and Power Supply system 

Two actuators with distinct geometrical configurations are tested, as shown in Figure 1. The large-cavity 

actuator mainly consists of a flat-plate cap (thickness: 3 mm) and a cubic cavity (dimension: 15×15×15 mm
3
), 

both of which are made of machinable glass ceramic (MACOR) and can be assembled together through a step 

groove. The inner diameter (Dca) and height (Lca) of the cubic cavity are 10 mm and 12 mm respectively, 
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resulting in a fixed cavity volume (Vca) of 942 mm
3
. Three holes (diameter: 1 mm) are drilled in the centers of 

the two side surfaces and the bottom surface. The two opposing holes accommodate two electrodes (anode and 

cathode), while the bottom hole is connected with a thin capillary (inner diameter: 0.4 mm) which seeds particles 

inside the cavity during PIV measurements. The spacing between the two electrodes (la) can be adjusted between 

1-8 mm. A cylindrical orifice (diameter: Dex=1.5 mm) is created on the flat-plate cap, acting as the jet exit. 

The small-cavity actuator is inherited from Zong et al. [7] thus only a brief description is provided. A 

ceramic block and two ceramic cylinders are combined together to form an enclosed cavity. The inner diameter 

of the actuator cavity (Dca) is fixed as 4 mm, whereas the cavity length (also denoted as Lca) can be adjusted 

between 4 mm and 12 mm by sliding the two ceramic cylinders (Vca: 50-150 mm
3
). Two tungsten needles 

(diameter: 1 mm) are inserted through the center holes of the two ceramic cylinders, serving as the anode and the 

cathode respectively. The spacing between these two electrodes (la) can be varied independently from the cavity 

length. No extra seeding hole is drilled for this actuator, and PIV particles are fed inside the actuator cavity 

through the radial clearance between tungsten needles and ceramic cylinders (0.1 mm). The jet exit is located in 

the middle of the actuator cavity, with neck length of 3 mm. The exit orifice diameter of this small-volume 

actuator (1 mm) differs from that of the large-volume actuator (1.5 mm). Nevertheless, it will not interfere with 

the parametric studies of cavity volume and electrode distance, as orifice diameter plays a negligible role in the 

efficiency characteristics of PSJA during the single-shot operation mode [8]. A cylindrical coordinate system is 

established in the jet exit center as shown in Figure 1, with r-axis and x-axis along the radial and the axial 

direction respectively.  
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Figure 1 (a) Large-cavity actuator; (b) Small-cavity actuator 



 

A sequential discharge power supply (trigger discharge-capacitive discharge) proposed by Zong & 

Kotsonis is deployed to implement the energy deposition [10]. For the large-cavity actuator, an energy-storing 

capacitor with capacitance (C1) of 1µF is connected in the discharge circuit and the capacitor voltage (Uc) is 

charged to 2 kV before ignition. In contrast, C1 and Uc are reduced to 0.1µF and 0.25kV respectively to feed the 

small-cavity actuator. Under both circumstance, the arc voltage (Ud) and the discharge current (Id) at increasing 

electrode distance are measured by a high-voltage probe (Tektronix, P6015A) and a current monitor (Pearson, 

Model 325) respectively, and recorded by an oscilloscope (Tektronix, TDS 3054C). At C1=1 µF, Uc=2 kV and 

la=2 mm, representative discharge waveforms are shown in Figure 2 (a). 

 

Figure 2 (a) Representative discharge waveforms at C1=1 µF, Uc=2 kV and la=2 mm. (b) Variation of the 

discharge energy (Ed1 and Ed2) with electrode distance. 

The discharge current exhibits a half-sinusoidal shape with a peak value of 305 A and duration of 35 µs. 

The arc voltage follows the variation trend of the discharge current, ranging from 50-150 V. The integral of the 

discharge power (UdId) with time defines the discharge energy (Ed), as shown in Equation (1).  

0
( ) ( )

dT

d d dE U t I t dt                                                                (1) 

Where Td denotes the discharge duration. Subscripts are added to distinguish the large-capacitor cases 

(Ed1) from the small ones (Ed2). As show in Figure 2 (b), Ed1 increases monotonically with increasing electrode 

distance, whereas Ed2 experiences a small-magnitude fluctuation between 0.7 mJ and 0.8 mJ at la≤6 mm and 

drops to approximately 0.6 mJ afterwards. The dropping trend of Ed2 is attributed to the increasing residual 

capacitor voltage (not shown). Specifically, due to the rapid increasing arc resistance (O(10 Ω)), the peak 



 

discharge current in the small energy cases decreases significantly, which results in less energy deposition in the 

electrode gap and growing residual energy in the energy-storing capacitor. For the cases of large energy 

deposition, the drop of discharge current with increasing electrode distance is not prominent due to relatively 

small arc resistance (O(1 Ω)), and the monotonic increase of energy deposition (Ed1) is directly related to the 

improving discharge efficiency. 

B. PIV system 

A phase-locked PIV system consisting of a CCD camera (Imperx Bobcat IGV-B1610, sensor resolution: 

1628×1236 pixels, pixel pitch: 4.4 µm), a single head Nd:YAG laser (Quantel EverGreen, peak pulse energy: 

200 mJ) and a programmable timing unit (Lavision, PTU9) are deployed to measure the jet induced flow in the 

xr-plane. The optical configuration, seeding regime and synchronization methods are the same as that in [8, 11], 

thus will not described here. The imaged field of view is 12 ×12 mm
2
 for both actuators. An interrogation 

window size of 24×24 and an overlapping ratio 75% are used in post-processing, resulting in a spatial resolution 

of 22 vectors/mm. Approximately 20-30 phases are selected to restore the entire evolution of PSJ, starting from 

the emanation of incipient jets and terminating at the presence of suction flow. For each phase, 200 image pairs 

are acquired to get statistically converged mean velocity field. 

Table 1. Test scheme in PIV measurements 

Group No. Conditions Tested parameters 

1 
C1=1 µF; Uc=2 kV; 

Dca=10 mm; Lca=12 mm 
la=2, 3, 4, 6, 8 mm 

2 
C1=0.1 µF; Uc=0.25 kV; 

Dca=4 mm; Lca=10 mm 
la=1, 3, 5, 7 mm 

3 
C1=0.1 µF; Uc=0.25 kV; 

Dca=4 mm; la=3 mm 
Lca=6, 8, 10, 12 mm 

4 
C1=0.1 µF; Uc=0.25 kV; 

Dca=4 mm; la/Lca=0.5 
Lca=6, 8, 10, 12 mm 

14 cases classified into 4 groups are tested in PIV measurements, as listed in Table 1. Groups 1-2 focus 

on the effect of electrode distance (la) at fixed cavity volume. Group 3 and Group 4 concern the influence of 

cavity volume under conditions of fixed electrode distance (la=3 mm) and fixed ratio of la/Lca=0.5, respectively. 

 



 

3. Results and Discussion 

Based on the measured phase-averaged velocity fields (denoted as u(r,z,t)), the spatially-averaged exit 

velocity at a given time delay (denoted as Uex(t)) can be computed by Equation (2). 
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The exit velocity traces pertaining to Group 1 are shown in Figure 3 (a). Both the peak jet velocity and the 

jet duration time (Tjet) increases with increasing electrode distance, indicating an improvement in jet intensity. 

Based on these exit velocity traces, the time-varying exit density (ρex(t)) can be estimated using the model 

proposed in [8]. The combination of the exit velocity and the exit density enables the computation of jet kinetic 

energy (Em). The ratio of jet kinetic energy to discharge energy defines the electro-mechanical efficiency (ηm), as 

shown in Equation (3) where Aex is the area of jet exit. 
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Figure 3 (a) Time evolution of the mean exit velocity pertaining to Group 1. (b) Variation of the 

electromechanical efficiency (EM efficiency) in Group 1 

Figure 3 (b) shows the jet kinetical energy and the electromechanical efficiency for Group 1. Both Em and 

ηm increase linearly with the electrode distance, which can be attributed to the expanding heating volume [7]. 

Specifically, the pulsed arc discharge used to pressurize the cavity gas is confined locally in the electrode gap. 

As a result of this localized arc heating, multiple shock waves are created, propagating and reflecting in the 



 

actuator cavity. On the one hand, the propagating shock waves pressurize the cavity gas far away from the 

discharge region. On the other hand, a large portion of the mechanical energy is dissipated since it is a non-

isentropic process. When the electrode distance increases, the heating volume expands and the pressure 

distribution in the actuator cavity becomes more uniform. As a result, the propagation distance of the arc-

induced shock waves decreases and the shock wave intensity drops, leading to an increasing electromechanical 

efficiency. 

 

Figure 4 Variation of the electromechanical efficiency in Groups 2-4. 

Variation of the electromechanical efficiency in Groups 2-4 are shown in Figure 4. The benefit of 

increasing electrode distance to ηm is also valid for the small-cavity actuator (Group 2). When the electrode 

distance remains unchanged and the cavity length increases (Group 3), ηm drops steadily which is attributed 

again to the increasing propagation distance of arc-induced shock waves. In Group 4, the ratio of electrode 

distance to cavity length is kept constant and the four tested cases exhibit similar electromechanical efficiency. 

These variation trends indicate that the ratio of arc heating volume to cavity volume (denoted as ξ, 

nondimensional heating volume) plays a significant role in the electromechanical efficiency. The relation 

between geometrical parameters and ξ is as follows, 

2

2

a a

ca ca

l d

L D
                                                                             (4) 

Where, da represents the mean arc diameter. For the small and large energy cases, da can be estimated as 

0.6 mm and 1.0 mm respectively [12].  

In Figure 5, ηm is plotted against ξ. As expected, the data from Groups 2-4 collapse together and can be 

fitted by a line. Hence, the relation between ηm and ξ can be described by power functions. Exponents of these 

power functions are fitted to be 1.4 and 0.86 for the large-cavity actuator and the small-cavity actuator, 



 

respectively. Comparing the datasets from the two actuators, it is striking to notice that the efficiency values of 

the small-cavity actuator are approximately 30 times higher than that of the large-cavity actuator at same ξ. This 

indicates that the effect of cavity volume is considerably nonlinear. A simply combination of geometrical 

parameters (namely the nondimensional heating ratio) can only account for the losses caused by arc induced 

shock waves in small range (Vca: 50-150 mm
3
). 

 

Figure 5 Variation of electromechanical efficiency with nondimensional heating volume 

Apart from the localized arc heating considered earlier, the different discharge timescales and discharge 

energy should also be incorporated to interpret the distinction of ηm between the tested two actuators. 

Specifically, the discharge duration for large energy cases (35 µs, see Figure 2 (a)) is approximately ten times 

longer than that in small energy cases (approximately 3 µs, not shown) as a result of increasing capacitance. This 

long-duration discharge makes the energy deposition process deviate severely from the constant-volume heating 

process, which leads to a low thermal cycle efficiency [7]. Additionally, with increasing discharge energy, both 

the arc temperature and the arc diameter increase considerably. This accelerates the dissipation of arc heating 

energy to surrounding environment and results in a decreasing heating efficiency. 

4. Conclusions 

Influence of geometrical parameters on the electromechanical efficiency of PSJA (ηm) is investigated with 

electrical measurements and phase-locked planar PIV measurements. Two actuators with changeable electrode 

distance are tested. The first actuator features a fixed cavity volume (Vca) of 942 mm
3
, whereas for the second 

actuator, Vca can be adjusted between 50 mm
3 

and 150 mm
3
. As a result, ηm improves significantly with increasing 

nondimensional heating volume (ξ, ratio of heating volume to cavity volume) for both actuators. At the same value 

of ξ, the efficiency of the small-cavity actuator  (O (1%)) are approximately 30 times higher than that of the large-



 

cavity actuator (O (0.01%)), which is mainly ascribed to the losses caused by arc induced shock waves. From the 

perspective of energy efficiency, long electrode distance and small cavities in elongated shapes are recommended 

in the actuator design due to the considerable difficulty in producing long diffused arcs. 
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