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Abstract

:

Conventional plasma synthetic jet actuators rely only on jet orifice for suction when functioning for long durations. A limited supplementary gas leads to jet velocity reduction and weakening of the flow control ability. Therefore, this study proposes an air-supplied actuator with a check valve externally connected to the cavity to improve its gas-supplying ability and jet performance. A quartz glass discharge chamber is developed to clarify the internal working mechanism of the air-supplied actuator. High-speed schlieren is employed to photograph the internal flow field of the discharge chamber. The results reveal that the inhalation airflow velocity of the jet orifice is doubled when the actuator is continuously working in the effective frequency band under the combined action of additional air supply from the check valve in the inhalation recovery stage. The gas pressure in the cavity is closer to the initial discharge state, discharge breakdown voltage is higher, discharge energy is stronger, and the process of gas expansion to generate a jet is less affected by the core defect of the heat source, thereby significantly increasing the jet velocity and saturation operating frequency of the actuator. The obtained results have important implications for the performance optimization of the air-supplied actuator.
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1. Introduction


Synthetic jet is a kind of discontinuous jet generated due to the alternate blowing and sucking of the surrounding fluid by the actuator, which has the advantages of compact structure, light weight, and no additional gas source, and has received a lot of attention from many researchers [1]. The plasma synthetic jet actuator (PSJA) was first developed by Kenneth et al. [2,3,4,5,6] from the Applied Physics Laboratory at Johns Hopkins University (JHU-APL) in the United States. PSJA has broad application prospects in the field of active flow control owing to its rapid response speed, wide excitation frequency band, easy adjustment, simple and stable structure, and absence of moving parts. At present, relevant experimental studies have been conducted in low-subsonic [7,8,9] and supersonic wind tunnels [10,11,12,13]. Various flow control objects include wings [7], flying wings [8], nozzles [9], flat plates [10,12], oblique wedges [11,13], blunt bodies [12], and transport aircraft rear bodies [14].



The conventional PSJA consists of an insulating closed cavity with a jet hole, a cathode, and an anode (Figure 1). Its operating process includes three stages: energy deposition, jet ejection, and inspiratory recovery [2]. The spark discharge produces a large sum of heat, and the air in the cavity is heated and rapidly expands. The jet is formed from the hole, and the external gas is backfilled to prepare for the next discharge [15].



Studies on the PSJA have reported that the current structure of the actuator is insufficient. After the synthetic jet is ejected, the pressure in the actuator cavity depends only on the inspiratory recovery of the jet hole, and the supplementary gas is limited. As the actuator operating time increases, the cavity is heated, gas replenishment in the cavity is insufficient, jet velocity decreases, and flow control ability weakens [16,17,18,19,20,21,22,23,24].



To solve these problems, scholars have proposed various solutions. Zhou et al. [18] realized rapid replenishment and pressurization of the operating medium in the cavity by introducing high-speed incoming flow through the stamping inlet in a rarefied atmospheric environment. Their theoretical calculation and numerical simulation results revealed that the initial gas density of the cavity before the discharge of the stamping PSJA in the supersonic flow increased by 60%, and the average mass flow rate of the cavity backfill phase could be increased by approximately 85%. Li et al. [19] developed a novel actuator with a piezoelectric vibrator to improve inspiratory recovery; preliminary numerical simulation results revealed that the inspiratory recovery ability of the actuator is closely related to the amplitude of the piezoelectric vibrator, which can effectively improve the peak velocity of the jet. Emerick [10,20] and Zhou [21] used an external gas source to increase the velocity of the actuator. Zong et al. [22] and Zheng et al. [23] proposed a self-supplemented double-cavity PSJA by setting a subcavity below the main cavity for gas injection to increase the saturation frequency of the actuator.



Previously, we proposed an air-supplied PSJA [24]. This actuator does not require an additional high-pressure gas source and pipeline, nor does it rely on the flow pressure. It uses a one-way valve to improve the inspiratory recovery ability of the actuator, thereby improving jet performance. In the inspiratory recovery stage, the air-supplied actuator is supplemented by an external one-way valve and jet hole simultaneously, which can quickly fill the cavity after the jet is ejected, improve the discharge frequency of the actuator, and increase jet energy (Figure 2). Previous studies have investigated the performance enhancement effect of one-way valve on plasma synthetic jet (PSJ) actuator and illustrated the working mechanism of one-way valve to enhance the performance of actuator by measuring the energy deposition and internal pressure variation of the actuator [15]. However, the evolution of internal flow structure in the cavity has not been determined, especially the effect of air supply through one-way valve on the internal flow. The above research is an important guideline for the performance optimization of air-supplied PSJ.



Herein, to explore the internal flow mechanism of a one-way valve and improve the jet velocity characteristics, a quartz glass vapor injection actuator was designed, and high-speed schlieren technology was employed to photograph the internal flow of the discharge cavity during the operation of the air-supplied PSJA. The flow state of gas in the cavity at different operating stages was investigated when the actuator discharged. The internal flow mechanism of the jet velocity characteristics of the one-way valve air supplement was explored by comparing the differences in the gas flow inside the actuator under different states and operating frequencies, and an internal flow model was established to guide further optimization of the air-supplied PSJA.




2. Experimental Setup


To study the discharge characteristics of the air-supplied PSJA and the flow characteristics in the discharge cavity, an experimental system was established for testing the internal flow field and discharge characteristics of the actuator cavity (Figure 3). The experimental setup primarily included a quartz vapor air-supplied PSJA, programmable high-voltage pulse power supply, discharge characteristic measurement system, and a high-speed schlieren measurement system.



2.1. Quartz Gas-Supplemented Plasma Synthetic Jet Actuator


PSJA cavity was studied using the experimental method proposed by Dong et al. [25], and a schlieren system was employed to photograph the internal flow of the actuator cavity. Therefore, a quartz-air-supplied PSJA was designed and fabricated. The actuator consisted of a quartz discharge cavity, air supplement one-way valve, anode, and cathode (Figure 4).



The quartz discharge cavity of the actuator was bonded with quartz glass of good light transmission performance, and the discharge cavity had a flat rectangular shape. The thickness of the light-transmitting side wall of the cavity was only 1 mm, which is convenient for the schlieren system to measure the gas flow state. The jet and filling holes were in the middle of the upper and lower sides of the discharge cavity, respectively. Electrodes of the actuator were located on the left and right sides of the discharge cavity.



The one-way air supply valve primarily comprises an inlet end, spool, and outlet end (Figure 5). It was found that the spool of the one-way valve was deformed and leaked air because the response speed of the silicone spool of the valve could not meet the required air supply frequency for the experiment [26]. Therefore, a special design of the one-way valve structure was carried out to enhance the air supply effect of the one-way valve. The valve core support structure inside the outlet end was designed as a conical boss, and a hole was made at the bottom of the boss to allow gas to enter and exit [27]. The conical boss has a buffering effect on the reverse airflow while supporting the spool, and the reverse airflow that originally directly impacts the spool acts on the inner surface of the conical cavity, effectively preventing the high-pressure airflow to strike the spool.



The outlet end of the one-way valve was connected to the air hole in the actuator cavity and fixed by a high-temperature-resistant silica sealing gel. Owing to the complex internal structure of the one-way valve, processing using the quartz material is difficult, and some structures (including the inlet and exhaust ends) have large curvatures and narrow gas pipelines. Hence, observing the internal gas flow state under the schlieren light path is difficult. The detailed structural parameters of the quartz gas-supplemented actuator are presented in Table 1.




2.2. Power Source and Discharge Characteristic Measurement Setup


The power source (XMU-PTLA-DY-02) can be controlled using a program, and its output voltage range is 0–20 kV, duty cycle is 5–50%, and frequency is 20–5 kHz.



The discharge characteristic measurement system of the actuator was established, and it primarily included an oscilloscope (Tektronix TBS2104), high-voltage probe (Tectronix P6015A), and current probe (Tectronix TCP0150). The discharge voltage and current changes of the vapor-injection actuator under different operating frequency bands and excitation states were measured.




2.3. High-Speed Schlieren Measurement System


A high-speed schlieren measurement system was used to study the flow evolution in the cavity of the air-supplied plasma synthetic jet actuator, and the measurement method was kept consistent with the literature [28]. The high-speed camera model was Photron FASTCAM SA-Z, the frame rate was set to 100,000 fps, the exposure time was 159 ns, and the image resolution was 640 × 280 pixels. The spatial resolution of the images was 0.28 mm/pixel, and the minimum image resolution was 0.5 pixels. The time interval between the two images was 10 µs. Therefore, the measurement error of the plasma synthetic jet front motion velocity was ±14 m/s, which corresponds to a distance of 0.5 pixel (0.14 mm) divided by 10 µs.



Ripple shadow images of the synthetic jet were taken for the entire process from generation to the end, then the position of the jet front in the images was identified, and from this the displacement of the jet front during a certain period of time was obtained, and finally the average velocity during that period of time was obtained using the velocity equation.





3. Characteristics Measurement Experiment of Air Supplement PSJA


According to previous studies [15], the effect of the one-way valve air supply on the PSJA is different at different frequencies, and it can be divided into effective and ineffective frequency bands. Therefore, herein, an excitation frequency in the f range of 60–300 Hz was selected for the experiment; the excitation voltage was U = 15 kV, excitation signal pulse width was tp = 1 ms, and frequency interval was Δf = 20 Hz. In the experiment, the vapor-injection PSJA exhibited an air supplement excitation state and conventional excitation state. In the air supplement excitation state, the actuator can complete vapor injection via the bottom vapor injection hole through a one-way valve. In the conventional excitation state, the actuator is still externally connected with a one-way valve; however, the inlet end of the one-way valve is closed with silicone sealant to eliminate the vapor injection effect.



Without loss of generality, the typical operating frequencies f = 80 Hz (invalid frequency band) and f = 200 Hz (effective frequency band) were selected to measure the discharge characteristics and perform high-speed schlieren experiments. The discharge and flow performance of the PSJA under different excitation states were compared. The reasons for the difference in the air supply effect of the one-way valve under different excitation frequencies were analyzed, and the internal flow mechanism of the air-supplied PSJA was clarified.



3.1. Ineffective Frequency Band


3.1.1. Discharge Characteristic Measurement


When f = 80 Hz, the air-supplied actuator was in an invalid frequency band, and the air supplement excitation could not improve the discharge parameters of the actuator (Figure 6). In the conventional excitation state, the discharge peak voltage of the actuator was 11.3 kV and the peak current was 31.5 A. The peak voltage was 11.7 kV and peak current was 30 A under air supplement excitation. The peak voltage and current of the actuator discharge did not significantly change under the two excitation states.




3.1.2. Flow Field Evolution in Cavity


The typical operating frequency f = 80 Hz (invalid frequency band) was selected to photograph the working process of the actuator in continuous multiple discharge cycles in the air supplement excitation state and the conventional excitation state.



	1.

	
Air supplement excitation state







The flow field state in the cavity under the air supplement excitation state is shown in Figure 7. The instant air between the actuators was broken down by the high voltage, spark discharge occurrence was considered to be the starting time, that is, t = 0 μs. At t = 10 μs, the discharge spark was extinguished, and the gas density between the two electrodes changed because of the intense heating effect of the high-temperature plasma generated by the spark discharge, thus forming a clear strip-like core of the heat source. The heat source core continued to expand, and the pressure in the cavity raised rapidly, thereby forcing a part of the gas in the discharge cavity to eject outward via the jet hole. At t = 120 μs, a high-velocity jet was appeared at the jet orifice, and part of the gas was ejected into the one-way valve cavity via the lower air supply hole of the discharge cavity. At t = 1300 μs, the cavity no longer ejected gas and the jet ceased.



After jet injection, the fluid entered the inspiratory recovery phase. The pressure in the discharge cavity was lower than the atmospheric pressure outside the cavity. Driven by internal and external pressure differences, the atmosphere outside the cavity was backfilled into the discharge cavity from the jet hole. At t = 1700 μs, the suction airflow front moved to the center of the discharge cavity.



At t = 2400 μs, the airflow moved upward from the discharge cavity position, which is the one-way valve-backfilling airflow. Simultaneously, a secondary jet appeared at the jet outlet of the actuator. The secondary jet velocity was extremely slow, and the jet height was limited. The jet was generated at t = 2400 μs and ceased at t = 5000 μs. From t = 10,000 μs onward, the gas in the discharge cavity returned to the state before discharge in preparation for the next discharge cycle.



	2.

	
Conventional excitation state







The flow-field state in the cavity under a conventional excitation state is shown in Figure 8. The discharge process and jet generation process were similar to those under the air supplement excitation state; however, at t = 1750 μs, a secondary jet appeared. Compared with the air supplement excitation state, the secondary jet appeared earlier and faster in the conventional excitation state.



At t = 2400 μs, the airflow moved upward from the position of the discharge cavity; this airflow was a one-way valve rebound airflow. In the conventional excitation state, because the one-way valve is in a closed state, the airflow was primarily from the jet occurring in the one-way valve cavity to form the gas owing to differential pressure rebound, perpendicular to the upward development of the air supply hole.



Subsequently, at t = 4400 and 10,000 μs, the second and third suction airflows were observed, respectively. In the conventional excitation state, the jet hole had three suctions and the three suction airflow velocities decreased. In addition, the intensity decreased, and the airflow was unclear during the third time. The above phenomenon of multiple inspiratory recoveries is a typical feature of conventional plasma synthetic jets [29].



	3.

	
Comparative analysis







A comparison of the height and velocity of the jet front movement (Figure 9) revealed that the dimensionless height Hj/d of the jet front under the conventional excitation state was higher than that under the air supplement excitation state, and the peak velocity of the jet front movement was slightly higher. This indicates that the air-supplemented actuator is indeed in the invalid working frequency band; that is, the one-way valve does not play a role in improving the jet performance. This is consistent with previous research [15]. In the invalid working frequency band, the primary reason for the decrease in the jet peak velocity under the air supplement excitation state is that the peak pressure inside the discharge cavity exceeds the critical value of the reverse impact that the one-way valve spool can withstand at low frequencies, and the one-way valve has a reverse air leakage [15].



A comparison of the two inspiratory airflows recovered by suction (Figure 10) revealed that compared with the conventional excitation state, the inspiratory airflow velocity of the actuator backfilled through the jet hole was higher, and the inspiratory airflow velocity of the actuator backfilled via the filling hole was lower. Because the pressure in the actuator cavity was lower and the pressure difference between the inside and outside was larger under the condition of air supplement excitation [15], the suction speed backfilling via the jet hole was higher. Simultaneously, owing to the leakage of the one-way valve in the air supplement excitation state, the pressure in the one-way valve cavity, internal and external pressure difference, and return airflow speed of the one-way valve decreased. However, because the backfilling air flow includes the initial rebound air flow of the one-way valve and the follow-up one-way valve, which continues to supply air from the outside, the duration of the backfilling air flow was much greater than that of the rebound air flow under the conventional excitation state. Therefore, only one inspiratory recovery is required to recover the actuator to the initial state in the air supplement excitation state, whereas three inspiratory recoveries are required to restore the initial state in the conventional excitation state.





3.2. Effective Frequency Band


3.2.1. Discharge Characteristic Measurement


When the gas-filled actuator is in the effective frequency band, air supplement excitation can increase the peak voltage and current of the actuator discharge. In the conventional excitation state, the discharge peak voltage of the actuator was 11.3 kV and peak current was 20 A (Figure 11). Whereas under supplement excitation, the peak voltage was 12.1 kV and peak current was 25.5 A. Thus, compared with the conventional excitation, the discharge peak voltage of the actuator increased by 0.8 kV, corresponding to a 7.1% increase, and the peak current increased by 5.5 A, corresponding to a 27.5% increase.



The discharge energies for a single cycle of the actuator under each working condition were compared (Table 2). The discharge energy was obtained by integrating the product of the discharge voltage and current [15].



When f = 80 Hz, the single-cycle discharge energy was 0.747 and 0.746 mJ in the conventional and air supplement excitation states, respectively. Thus, the vapor injection of the one-way valve did not improve the single-cycle discharge energy of the actuator. When the energy conversion efficiency was constant, the energy used to generate the synthetic jet did not increase significantly. Finally, the dimensionless height of the jet front and the moving speed of the jet front under the air supplement excitation state were similar to those under the conventional excitation state (Figure 9).



When f = 200 Hz, the single-cycle discharge energy was 0.408 and 0.485 mJ in the conventional and air supplement excitation states, respectively, i.e., the discharge energy increased by 18.9%. As abovementioned, the energy used to generate the synthetic jet increased; consequently, the dimensionless height of the jet front was higher under the air supplement excitation state, the jet front moved faster, and the jet performance improved (Figure 11).




3.2.2. Flow Field Evolution in Cavity


	1.

	
Air supplement excitation state







The evolution of flow field in the cavity under the air supplement excitation state is shown in Figure 12. After the spark discharge, the heat source core expanded and a synthetic jet was generated and eventually ceased at t = 1300 μs. Concurrently, the internal and external pressure difference caused the discharge cavity to inhale and backfill, and inspiratory airflow was observed at the jet hole. At t = 4950 μs, inspiratory airflow could still be observed in the cavity, thus indicating that the inspiratory process of the jet hole continued until the next cycle before discharge, and the actuator began working in the next cycle with insufficient recovery.



	2.

	
Conventional excitation state







The evolution of flow field in the cavity under conventional excitation is shown in Figure 13. After spark discharge and heat source core expansion, a synthetic jet was generated and continued to develop until t = 1450 μs, and the pressure difference inside and outside the cavity caused the discharge cavity to begin inhaling. The upper part of the discharge cavity was aspirated through the jet hole, and the gas in the lower one-way valve rebounded to the discharge cavity through the makeup hole. At t = 2000 μs, these two streams of air flow moved toward each other, and a secondary jet appeared at the jet hole. At t = 2450 μs, the two airflows in the cavity met, and the rebound airflow intensity was higher. After the airflow was absorbed by the flushing jet hole, it continued to move upward and gradually diffused into the cavity, and the secondary jet continued to develop gradually.



At t = 3750 μs, the secondary hole at the jet hole absorbed air and continued to fill the air pressure in the discharge cavity. At t = 4950 μs, as revealed by the schlieren image, the flow field density in the cavity remained uneven and inspiratory airflow could be observed, thus indicating that the second inspiratory process of the jet hole continued until the discharge of the next cycle, and the actuator began operating in the next cycle with insufficient restoration.



	3.

	
Comparative analysis







A comparison of the moving height and speed of the jet front (Figure 14) revealed that the dimensionless height Hj/d of the jet front under air supplement excitation was higher than that under conventional excitation at the same time after jet generation, and the peak speed of the jet front movement was slightly higher. This suggests that the air replenishing actuator is indeed in the effective working frequency band, and the one-way valve plays a role in improving jet performance. This result is consistent with previous studies [15].



From the qualitative analysis of the ripple shadow image (Figure 15), after 300 μs of the suction, the airflow front height at the jet hole is higher in the air supplement excitation state compared with the conventional excitation state. Compared with the conventional excitation, the dimensionless height of the jet-hole suction airflow is significantly higher in the air supplement excitation state (Figure 16a), and the gap becomes more distinct. The overall velocity of the suction airflow is larger than that of the conventional excitation state, and at t = 320 μs, the speed of the suction airflow in the air supplement excitation state is nearly three times that of the conventional excitation state. This indicates that the pressure difference between the inside and outside of the actuator cavity is greater under the condition of air supplement excitation [15], which enables rapid air suction backfill through the jet orifice. In addition, a comparison of the inspiratory duration in the inspiratory recovery process revealed that the inspiratory duration of the actuator was only in the air makeup state once, whereas the inspiratory duration of the actuator in the conventional state required two or even three times to complete the inspiratory recovery process. This indicates that the inspiratory recovery effect can be improved by supplementing air via a one-way valve. When air is supplemented, the inspiratory recovery of the actuator is faster, and the gas state can be fully recovered to the initial state. This is helpful for the actuator to maintain a continuous and stable high-speed jet under the continuous high-frequency working state and can improve the saturated working frequency of the actuator to avoid premature ‘misfire’.



The core of the heat source reflects the heating effect of discharge energy on the gas in the cavity. When the actuator operated continuously in the effective frequency band, the heat source core produced a clear depression during an expansion (Figure 12 and Figure 13). This depression occurred in the upper part of the heat source core, thus inhibiting the normal upward expansion of the heat source core. This, in turn, affected the production of the jet and reduced the jet’s velocity. The depression gradually increased with the expansion of heat source core, and continuous development caused the heat source core to completely separate along the depression.



A transverse comparison of schlieren images in the cavity under different frequencies and working conditions at t = 400 μs, as shown in Figure 17, was performed to observe the difference in the influence of the heat source core on the depression. Evidently, when the working frequency was the same, the influence of the depression on the expansion process of the heat source core under air supplement excitation was weaker than that under conventional excitation. In addition, the initial frequency (140 Hz) of the heat source core defects in the air supplement excitation state was higher than that in the conventional excitation state (120 Hz). In general, with an increase in the working frequency of the actuator, the heat source core was significantly affected by the depression.



The reason for this phenomenon is that when the actuator operates in the effective frequency band, the discharge frequency is high (hundreds of hertz), and the inspiratory recovery process of the previous working cycle is not yet complete before entering the next working cycle for discharge. At the beginning of the next working cycle, an external atmosphere is sucked into the discharge cavity from the jet hole. The movement of the airflow in the discharge cavity is observed in the schlieren image (Figure 13), thus indicating that the gas density distribution in the discharge cavity is not uniform. When discharging in the next working cycle, the uneven distribution of air in the cavity expands at different speeds, thus leading to a hollow heat source core. Moreover, the higher the frequency of the actuator, the shorter the duration of the inspiratory recovery phase, the less sufficient the suction of the discharge cavity before the next working cycle, the more uneven the gas density, and the more evident the heat source core depression. Owing to the presence of the one-way valve, the inspiratory recovery speed is improved, which enhances the uniformity of the gas density distribution in the chamber and slows down the effect of the heat source depression, thus increasing the jet speed.



The expansion process of the heat source core observed in this experiment is similar to that observed by Shi et al. [25]; however, no heat source core depression has been reported in the literature. This is because the discharge frequency of the actuator used in this study was 1 Hz, and the inspiratory recovery process was complete. In this experiment, the discharge frequency reached tens or even hundreds of hertz, the working cycle was short, and the inspiratory recovery duration was small. In addition, owing to the different volumes and structures of the actuator, the shape development of the heat source core was different.






4. Inner Flow Model of Air-Supplied Plasma Synthetic Jet Actuator


Based on the flow evolution process in the cavity of the actuator obtained from the abovementioned invalid and effective working frequency bands, the internal working mechanism of the air-supplied PSJA was clarified, and the working mechanism models of the actuator at different working frequency bands were determined, as shown in Figure 18 and Figure 19.



4.1. Invalid Working Frequency Band


In the discharge stage, for the invalid working frequency band, the pressure in the cavity was higher, the breakdown voltage was higher, and the spark discharge deposited additional energy. In the jet ejection stage, the core of the heat source generated by the discharge expanded, thus causing the air in the upper part of the cavity to be ejected via the jet hole to form a jet, and the lower part of the gas enters the one-way valve. The spool film of the one-way valve was deformed owing to the impact of the high-pressure gas, thus resulting in slight air leakage, as shown in Figure 18b. Therefore, the jet velocity was affected and reduced. In the inspiratory recovery stage, the discharge cavity became a low-pressure area after the jet was completely ejected. Under the action of the pressure difference, the actuator inhaled via the jet hole, and concurrently, the gas rapidly moved into the one-way valve in the jet ejection stage for rebound. Subsequently, the one-way valve was recharged to jointly fill the gas in the discharge cavity, as shown in Figure 18(c1). Owing to the inertia of the inspiratory airflow and the drop in cavity temperature, the pressure in the cavity was greater than the ambient pressure. Driven by the internal and external pressure differences, a secondary jet was formed, as shown in Figure 18(c2). After the end of the secondary jet flow, the pressure in the cavity was lower than the ambient pressure. Under the action of negative pressure, external air is inhaled into the cavity, thus resulting in secondary inspiration. However, the internal and external pressure differences were small at this time, and the inspiratory air generated was weak (Figure 18(c3)). Finally, the state of the gas in the cavity returned to the initial level and was prepared for discharge in the next cycle, as shown in Figure 18(c4), thus forming a complete working cycle of the air-replenishment type actuator.




4.2. Effective Working Frequency Band


For the effective working frequency band in the discharge stage, the inspiratory recovery of the actuator in the air supplement excitation state was fuller, the pressure in the cavity and breakdown voltage were higher, and the spark discharge energy and deposition energy were larger (Figure 19a). In the ejection stage, the core of the heat source generated by the discharge expanded, and the inner pressure increased abruptly. Under the action of the pressure difference, the air in the upper part of the cavity was ejected via the jet hole to generate a high-velocity jet. Compared with the conventional excitation state, additional energy was deposited in the charging stage under the air replenishment state; thus, the jet velocity was higher. Simultaneously, the gas entered the one-way valve, and the high-pressure airflow met the replenishment air flow of the one-way valve to be buffered, as shown in Figure 19b. In addition, owing to the insufficient mixing of gas in the cavity and uneven distribution of the gas density in the cavity during high-frequency operation, defects were formed in the core of the heat source and gradually developed, as shown in Figure 19b,c. Air replenishment using the one-way valve can effectively alleviate the influence of the sag on the expansion process of the core of the heat source and is conducive to the improvement of jet velocity. Under the action of negative pressure, the actuator was suctioned via the jet hole. Simultaneously, the buffered gas in the one-way valve returned, and the one-way valve performed additional air replenishment to jointly fill the gas in the discharge cavity. The inspiratory airflow rate of the actuator from the jet hole was significantly higher. Coupled with the extra air replenishment of the one-way valve, the inspiratory recovery of the discharge cavity was complete, and only one inhalation was required to complete the recovery. The pressure in the cavity was closer to the initial discharge state, thus providing adequate preparation for energy deposition in the discharge stage (Figure 19c). The abovementioned processes constitute to the working cycle of the air replenishment actuator in the effective acting frequency band.





5. Conclusions


	(1)

	
The peak current and voltage of the air-replenishing actuator in the ineffective frequency band did not increase significantly during spark discharge, the discharge energy remained unchanged within a single cycle, and the efflux performance did not improve.




	(2)

	
The air supplement excitation state actuator could recover the air pressure state in the cavity more rapidly. The phenomenon of multiple jet hole replenishments in the conventional excitation state was avoided.




	(3)

	
In the effective frequency band, the peak voltage and current during spark discharge were improved to a certain extent, and the discharge energy within a single cycle increased by 18.9%.




	(4)

	
In the effective frequency band, the suction airflow velocity increased exponentially in the inspiratory recovery stage. Only one suction was required to complete the recovery process, and inspiratory recovery enhanced the uniformity of the gas density distribution in the cavity.




	(5)

	
The air replenishment effect of the one-way valve alleviated the influence of the core sag of the heat source on its expansion, which increased both the negative pressure required for jet generation and jet energy generation.




	(6)

	
For future work, a transparent air replenishment one-way valve can be developed to study the flow state inside the one-way valve and improve its structure of the one-way valve.
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Figure 1. Operation process of plasma synthetic jet actuator (PSJA): (a) energy deposition; (b) jet ejection; (c) inspiratory recovery. 
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Figure 2. Scheme of air supplement via the one-way valve. 
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Figure 3. Schematic of the experimental setup. 
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Figure 4. Structure of the air-supplement PSJA. 
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Figure 5. Structure of the one-way valve. 
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Figure 6. Voltage and current waveforms for different excitation states at f = 80 Hz: (a) voltage; (b) current. 
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Figure 7. Evolution of the flow field in the cavity at f = 80 Hz under the air supplement excitation state. 
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Figure 8. Evolution of the flow field in the cavity at f = 80 Hz under conventional excitation. 
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Figure 9. Curve of jet parameters with time at f = 80 Hz: (a) dimensionless height; (b) velocity. 
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Figure 10. Comparison of inspiratory airflow front heights under two excitation states: (a) conventional excitation; (b) air supplement excitation. 
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Figure 11. Voltage and current waveforms for different excitation states at f = 200 Hz: (a) voltage; (b) current. 






Figure 11. Voltage and current waveforms for different excitation states at f = 200 Hz: (a) voltage; (b) current.



[image: Aerospace 10 00223 g011]







[image: Aerospace 10 00223 g012 550] 





Figure 12. Evolution process of the flow field in the cavity at f = 200 Hz under the air supplement excitation state. 
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Figure 13. Evolution process of the flow field in the cavity at f = 200 Hz under conventional excitation. 
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Figure 14. Curve of the jet parameters with time at f = 200 Hz: (a) dimensionless height; (b) velocity. 
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Figure 15. Comparison of the suction airflow front of the jet orifice at f = 200 Hz: (a) conventional excitation; (b) air supplement excitation. 
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Figure 16. Curves of inspiratory airflow parameters of the jet orifice with time at f = 200 Hz: (a) dimensionless height; (b) velocity. 
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Figure 17. Comparison of the flow field in the cavity at t = 400 μs under different excitation: (a) air-supplied excitation; (b) conventional excitation. 
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Figure 18. Inner flow model of the air-supplied actuator in the invalid frequency band: (a) spark discharge; (b) jet ejection; (c) inspiratory recovery: (c1) first suction (c2) secondary jet (c3) secondary suction airflow (c4) return to initial state. 
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Figure 19. Inner flow model of the air-supplied actuator in the effective frequency band: (a) spark discharge; (b) jet ejection; (c) inspiratory recovery: (c1) first suction (c2) return to initial state. 
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Table 1. Parameters of the quartz air-supplied plasma jet actuator.
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	Parameters
	Value (mm)





	Length A
	18



	Width B
	7



	Height H
	20



	Cavity length a
	14



	Cavity width b
	5



	Cavity height h
	15



	Electrode gap de
	7



	Jet hole height hj
	1



	Jet hole diameter d
	1



	Outlet throat length ht
	30



	Spool thickness hs
	0.4



	Inlet diameter Dc
	4



	Air-supplied hole diameter D
	4
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Table 2. Discharge energy of the actuator in a single cycle under different working conditions.
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Work Conditions

	
Discharge Energy (mJ)






	
Invalid frequency band

	
Conventional excitation

	
0.747




	
Air supplement excitation

	
0.746




	
Effective frequency band

	
Conventional excitation

	
0.408




	
Air supplement excitation

	
0.485
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