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Abstract

:

Plasma actuators have demonstrated great potential for active flow control applications, including boundary layer control, flow separation delay, turbulence control, and aircraft noise reduction. In particular, the material used as a dielectric barrier is crucial for the proper operation of the device. Currently, the variety of dielectrics reported in the literature is still quite restricted to polymers including Kapton, Teflon, poly(methyl methacrylate) (PMMA), Cirlex, polyisobutylene (PIB) rubber, or polystyrene. Nevertheless, several studies have highlighted the fragilities of polymeric dielectric layers when actuators operate at significantly high-voltage and -frequency levels or for long periods. In the current study, we propose the use of alumina-based ceramic composites as alternative materials for plasma actuator dielectric layers. The alumina composite samples were fabricated and characterized in terms of microstructure, electrical parameters, and plasma-induced flow velocity and compared with a conventional Kapton-based actuator. It was concluded that alumina-based dielectrics are suitable materials for plasma actuator applications, being able to generate plasma-induced flow velocities of approximately 4.5 m/s. In addition, it was verified that alumina-based ceramic actuators can provide similar fluid mechanical efficiencies to Kapton actuators. Furthermore, the ceramic dielectrics present additional characteristics, such as high-temperature resistance, which are not encompassed by conventional Kapton actuators, which makes them suitable for high-temperature applications such as turbine blade film cooling enhancement and plasma-assisted combustion. The high porosity of the ceramic results in lower plasma-induced flow velocity and lower fluid mechanical efficiency, but by minimizing the porosity, the fluid mechanical efficiency is increased.
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1. Introduction


Over the years, aeronautical and aerospace industries have been interested in the research and development of new flow control techniques. The possibility of performing flow control is essential for aircraft since it is associated with several potential benefits such as performance and maneuverability enhancement, payload augmentation, fuel consumption reduction, and environmental impact attenuation [1]. For a better understanding of the impact of flow control on aircraft performance, a drag reduction of only 1% allows one to achieve an equivalent saving of 380,000 L of fuel per year in a Boeing 747 [2]. Flow control techniques are commonly classified as passive and active techniques based on their respective energy input. Passive flow control techniques are usually easier to implement and do not require external energy; however, they cannot be deactivated or adjusted during aircraft flight. Contrastingly, active flow control techniques require an external energy supply but can be adjusted during the flight and activated in real-time and unsteady flow control [2]. Although the effectiveness of passive flow control techniques has been proven, active techniques have become much more attractive due to the possibility of being activated only when and where it is necessary [3].



Considering the need for emerging technologies for active flow control, in the early 2000s, surface dielectric barrier discharge (DBD) plasma actuators were proposed as simple electronic devices capable of manipulating adjacent airflow fields. These devices generate a discharge plasma with a high electric field, which interacts with adjacent particles and creates a body force that can be used to control the flow field. Promptly, several researchers started to focus on their study due to their interesting features including fast response times, the possibility of fabrication with low-cost materials, low weight, and easy implementation even on curved surfaces. Since then, various studies have been performed demonstrating the potential of plasma actuators for active flow control such as the dynamic control of unsteady flow separation [4,5], turbulent boundary layer control [6,7], aircraft noise reduction [8], bluff body flow control [9,10], velocity fluctuation adjustment [11,12,13], drag reduction in vehicles [14,15], etc. In addition, researchers revealed that plasma actuators produce considerable thermal effects during their operation, which can be used for icing mitigation [16,17,18,19]. Bearing this in mind, several researchers focused their studies on the operation of DBD plasma actuators for simultaneous active flow control and icing accumulation prevention [20,21].



The type and thickness of the material used on the dielectric layer highly influence the performance of the plasma actuator device [22,23,24]. Furthermore, the dielectric material is the critical constituent of the actuator that is exposed to ion bombardment, ultraviolet radiation, and radical species generated during the plasma operation and, thus, it is the constituent that is more susceptible to degradation and failure [25,26]. The degradation of dielectric layers due to plasma activity was studied by Pons et al. [27]. In their work, they characterized the degradation of two polymers (polymethylmethacrylat (PMMA) and polyvinyl chloride (PVC)) exposed to discharge plasma and compared it with borosilicate glass and ceramic plates. The authors concluded that the polymers were much more vulnerable to plasma degradation than borosilicate glass and ceramic plates; after being exposed to the same conditions, they did not exhibit observable degradation. This study suggested the potential of using ceramics for plasma actuator applications. Nevertheless, no further studies have been performed in this respect. Rigit et al. [25] also studied the degradation of dielectrics; in this case, the dielectric layer was made of the standard printed circuit board, and the authors observed degradation of the dielectric surface due to the plasma actuation. The authors concluded that the dielectric is subjected to a failure rate that increases with the operation time and magnitude of the applied voltage.



Considering the importance of the dielectric material on the performance and robustness of DBD plasma actuators, it is important to propose and develop new dielectric materials with the potential for actuator efficiency and/or durability improvement. Nonetheless, few studies have been conducted with the aim of proposing new dielectric materials for plasma actuator fabrication, and most authors have only focused on the use of Kapton, Teflon, Macor ceramic, and PMMA. Rodrigues et al. [28] studied the implementation of poly-isobutylene (PIB) rubber, poly-lactic acid (PLA), and acetoxy silicon in dielectric barrier discharge plasma actuators as alternative solutions to conventional Kapton plasma actuators. It was concluded that the PLA presented several fragilities as the dielectric layer and could not operate at voltage levels higher than 10 kVpp. However, both PIB rubber and acetoxy silicon materials proved to be suitable solutions for plasma actuators’ dielectric layers, achieving higher efficiencies than the conventional Kapton actuator. Later on, in a follow-up study, Rodrigues et al. [29] proposed and studied two additional materials for a plasma actuator’s dielectric layer, i.e., poly(vinylidene fluoride) (PVDF) and polystyrene (PS). In this study, the authors concluded that the PVDF did not produce good indicators for flow control applications since it could not induce velocities with magnitudes above 0.5 m/s and operate at voltages higher than 8 kVpp without failing. In the same line of thought, Nunes-Pereira et al. [30] proposed the utilization of Cirlex as a dielectric barrier in plasma actuators. In this work, the authors verified that Cirlex consumed less power than Kapton to generate a higher induced flow velocity of approximately 3.4 m/s for input voltages of 11 kVpp and 24 kHz. Considering these findings, it was highlighted that Cirlex is a suitable alternative for Kapton to fabricate DBD plasma actuators for flow control with improved performance.



In this context, considering the drawbacks of polymeric dielectrics, it is important to propose alternative types of materials for dielectric barrier layers of plasma actuators. In our recent work [31], we demonstrated the potential of ceramic materials to extend the lifetime and robustness of DBD plasma actuators and, as a follow-up, in the current work, we aim to analyze the influence of the ceramic material’s porosity and compare the behavior of a ceramics-based actuator with a conventional Kapton actuator. For that purpose, alumina-based ceramic composites were produced and experimentally tested as plasma actuator dielectric layers. Alumina-based ceramics were selected based on their features and the variety of reported applications in aeronautical and aerospace fields [32]. Moreover, the chosen alumina ceramics are based on common raw materials and obtained through a simple fabrication process. The ceramic samples were characterized in terms of the micro-structure, electrical parameters, and plasma-induced flow analysis and compared with a conventional Kapton-based actuator.




2. Materials and Methods


In the current work, two samples of MgO-Al2O3 were fabricated and applied as dielectric barriers for plasma actuators. Commercial aluminum oxide powder (Al2O3) supplied by Acros Organics(Geel, Belgium) and magnesium oxide powder (MgO) produced by Alfa Aesar (Ward Hill, MA, USA) with high purity (wt.%: 99 and wt.%: 96, respectively), were used as starting materials. In the manufacturing of the first alumina sample, hereinafter designated as “MA1”, the raw powders were milled for 3 h at 500 rpm in a high-energy planetary mill model “Pulverisette 6” distributed by Fritsch (Idar-Oberstein, Germany) using grinding bowls with a 250 mL capacity. The second alumina sample, hereinafter designated as “MA2”, was fabricated using the same method but with an optimized fabrication approach that included a milling time of 6 h instead of 3 h. The analysis of the particle size of the mixture—based on the laser diffraction principle with a multifunctional particle characterization tool, Beckman, model “Coulter LS-200” (Brea, CA, USA)—was conducted to control the particle size distribution. In addition, alumina balls of 1 mm diameter were added to the powder mixtures using isopropyl alcohol as a medium in a powder/alcohol/balls ratio of 1/1/2 (100 g of powder, 100 g of isopropyl alcohol, and 200 g of balls to provide the homogenization of the mixture). The milling process was performed with cycles of 30 min with intervals of rest to ensure that the mixture would not overheat inside the grinding bowls. Afterward, the mixture was dried at 50 °C for 24 h in the air using the oven model “Carbolite NR200-F” (Hope Valley, UK) to ensure complete evaporation of the isopropyl alcohol and, in due course, sieved with a vibratory shaker machine, model “Retsch AS200” (Haan, Germany) with a 63 µm mesh so that the collected fine particles would be free of unintended agglomerates and impurities. The uniaxial pressing technique was adopted in a universal testing machine, model “Instron 8800” (Canton, MA, USA) with an electromechanical actuator capacity of 100 kN and using rectangular dies of high-strength steel measuring 60 × 60 mm. The sintering process was carried out in the air in the oven model “Termolab MLR” (Agueda, Portugal) and consisted of a heating rate of 5 °C/min to the sintering temperature of 1600 °C with 120 min dwell time. To finalize, optimization grinding and polishing procedures were performed using the polishing machine model “Struers DAPV” (Ballerup, Denmark) with silicon carbide paper.



For the analysis of the fabricated ceramics, thermal etching was conducted for microstructure contrasting for 30 min at 1440 °C, considering heating and cooling rates of 10 °C/min. Moreover, the fabricated ceramic surfaces were gold-sputtered with a turbomolecular pump coater model “Emitech K550 Gold Sputter Coater, Quorum Technologies” (Lewes, UK) and, finally, scanning electron microscopy (SEM) measurements were performed with a scanning electron microscope model “Hitachi S-2700” (Kansai, Japan) by applying an accelerating voltage of 20 kV.



The apparent porosity of the fabricated ceramics was quantified following the ASTM C-20-00 [33] standard test methodology, using deionized water and the single-pan analytical balance model “Oertling” (London, UK). For the apparent porosity estimation, bar specimens were used to measure the dry weight (D), saturated weight (W), and suspended weight (S). After obtaining the above-mentioned quantities, the exterior volume (Ve) was determined by subtracting the suspended weight (S) from the saturated weight (W). Then, the apparent porosity (Pa (%)) was quantified by dividing the difference between the saturated weight W and dry weight (D) for the exterior volume (Ve), as described in Equation (1).


    P   a   =   W − D     V   e     × 100 %  



(1)







For a comparison of the two alumina ceramic dielectrics, a Kapton dielectric layer was also produced by overlapping several Kapton tape layers until a 5 mm thick layer (the same thickness as the fabricated alumina ceramic plates) with 60 × 50 mm dimensions was obtained. The dielectric layers produced (MA1, MA2, and Kapton) were then used to obtain plasma actuators by adding two electrodes to them, one exposed with a 10 mm width and one embedded with a 20 mm width. Both electrodes were made of copper tape with 80 μm thickness and the electrodes were asymmetrically mounted with co-aligned edges with no gap between them in such a way that the plasma spanwise length was 30 mm, as is shown in Figure 1.



The actuators were operated using a high-voltage power source, model PVM 500, manufactured by Information Unlimited (Amherst, NH, USA), which is capable of producing voltages of up to 20 kV AC peak-to-peak with frequencies within the range of 20 kHz to 50 kHz. The supplied signals were monitored using an analog-to-digital converter model 𝑃𝑖𝑐𝑜𝑆𝑐𝑜𝑝𝑒 5443𝐴 (St Neots, UK) coupled to a high-voltage probe model “Secondary Ignition Pickup”. The electric current method and the electric charge method, commonly reported in the literature [34,35], were used for electrical characterization. For applying the electric current method, a thermal stable metal film resistor of 100 Ω with 1% tolerance was used, placed in series with the actuator, while for the electric charge method, the resistor was substituted by a ceramic capacitor with 10 nF of capacitance and 10% tolerance.



Pitot tube measurements were also performed in order to evaluate the induced flow velocities and estimate the actuators’ mechanical efficiency. For that purpose, a stainless-steel Pitot tube, model “167-6”, with an inner diameter of 1.19 mm and an external diameter of 3.18 mm was used coupled to a micromanometer, model Extech HD 350 (Kent, UK) with a resolution of 0.01 m/s and an accuracy of 1%FS. The horizontal distance between the junction of the electrodes and the Pitot tube was 15 mm, as shown in Figure 1. This distance was chosen in accordance with other works reported in the literature, which have demonstrated that this is the region where the maximum induced flow velocities are found [36,37]. In addition, we verified that at this distance, the Pitot tube is close enough to capture the induced flow velocity well but far enough away to avoid any contact with the plasma area, as is demonstrated in Figure 1b. As we see in this figure, the Pitot tube is quite close to the plasma region but far enough away to avoid any arc formation even at 18 kVpp, which was the highest voltage level tested in the current work. The distance between the vertical measurement points was measured using a caliper rule with a resolution of 0.01 mm.




3. Results


3.1. Microstructure of the Fabricated Ceramics


As explained in the previous section, in order to understand the influence of the ceramic porosity on the plasma actuator performance, two alumina samples were fabricated with different milling times (MA1—3 h; MA2—6 h). Our aim was to obtain two ceramic plates with the same composition but different porosity contents in order to analyze their impact on the plasma actuator performance. The SEM images are presented in Figure 2. This figure illustrates the differences between the two alumina ceramics produced, making it clear that MA1 presents a higher content of porosity and pore interconnectivity, fewer points of contact among grains, and higher microstructure heterogeneity, while MA2 shows a greater compaction degree and higher densification of the material. Moreover, both alumina micrographs show a multiformity of grains, both in size and geometry. It is possible to observe some grains more elongated and longer with a chord length of <2 μm, others more circular and smaller with a chord length of <1 μm, and some uneven ones with variable chord lengths. However, in general, we may conclude that the grain sizes of both MA1 and MA2 samples do not exceed 3 μm chord length.



Additionally, both ceramic composites MA1 and MA2 present an irregular shape of the grains and high porosity, which indicate an incomplete sintering [38,39]. This means that by increasing the milling time of the MA2 sample, we effectively decreased the particle size of the MA2 mixture and, in turn, increased the atomic diffusion. Thus, to obtain an even more dense material, the sintering time can be increased, which will result in higher diffusivity and a better-defined crystal structure. Ultimately, the results demonstrate that we effectively produced two ceramic samples with different grain sizes, as desired.



In addition, the apparent porosity of both fabricated dielectric plates was estimated as described in the previous section. The results obtained confirmed a relatively high and high porosity of both alumina samples, i.e., MA1 and MA2, respectively. For MA1, an apparent porosity of approximately 34.62 ± 4.6% was obtained, while MA2 resulted in an apparent porosity of approximately 7.03 ± 0.9%. The data confirmed again that the different milling times allowed us to obtain two samples with different porosities, with MA1 presenting a significantly higher apparent porosity than the MA2 specimen. After analyzing the two microstructures of the fabricated ceramic plates, they were mounted as a surface dielectric barrier discharge device. Therefore, in the next subsections, the behavior of the material in terms of electrical characteristics and plasma-induced flow performances as a surface dielectric barrier discharge plasma actuator is studied.




3.2. Plasma Actuators Electrical Characterization


To perform electrical characterization, the electric current method and electric charge method were applied. The electric current method allowed us to obtain the current and voltage waveforms and, with that, the average electrical power consumed was quantified for different applied voltage levels as described in the following equation:


    P  ¯  =   1   n T     ∫  0   n T    V   t   · I   t   d t    



(2)




where n is the number of cycles analyzed, T is the period, V(t) is the voltage function, and I(t) is the current function. The current and voltage waveforms are presented in Figure 3a while the average power consumption results are shown in Figure 3b.



The current and voltage signals were acquired with a resolution of 14 bits at a sampling rate of 125 MS/s, which confer to the results an uncertainty lower than 2%. As we can see from Figure 3a, the voltage and current waveforms of the tested plasma actuators present the common behavior expected for a dielectric barrier discharge device, with the current leading the voltage with a displacement of approximately 90°. In addition, as expected, the current waveforms present the high-frequency current spikes superimposed on the lower-frequency current signal, which are generated by the fast impedance changes due to the formation of each micro-discharge. From Figure 3b, we verified that, at up to 17 kVpp, both alumina-based dielectrics present lower power consumption than the conventional Kapton actuator. However, for voltage levels higher than 17 kVpp, the measurements indicate that the power consumed by the MA2 actuator surpasses the power of the Kapton actuator. We can observe that the MA2 sample presents a behavior quite similar to MA1 for lower voltage levels, i.e., up to 10.2 kVpp, but for higher voltage levels, the power consumption is closer to the Kapton values. We should mention that this voltage level is close to the breakdown voltage of alumina-based actuators, which was approximately 10 kVpp, while for Kapton, the breakdown voltage was close to 11.3 kVpp. The breakdown voltage found for the alumina-based actuators is in agreement with the work of Lindner et al. [40] who reported a breakdown voltage of 8.2 kVpp for an actuator with a 2.4 mm thickness. As expected, the breakdown voltage found for our alumina-based actuators is larger since we are using a thicker dielectric layer, but not excessively larger since we are operating the actuator with a higher frequency level. Moreover, it is clear that the porosity of the material affects the power consumption and the electrical behavior of the device. Lastly, by comparing the values obtained for the MA1 and MA2 samples, we may conclude that the decrease in the ceramic plate porosity will lead to an increase in power consumption.



It is important to emphasize that, as explained by Synek et al. [41], the determination of power consumed in the discharge is very challenging and its accurate quantification is quite difficult since parasitic energy losses such as losses in dielectric, connection wires, humidity, and radiation of the electromagnetic waves into open space may affect its estimation. Therefore, to avoid erroneous interpretations and complete the electrical characterization, the electric charge method was also applied. The charge was quantified as the product of the capacitor capacitance and the voltage across the capacitor placed in series with the actuator. After obtaining the charge variation over time, almond-shaped charge–voltage curves were obtained. These curves show the evolution of the actuator charge during the voltage cycle, and the area inside the curve divided by the period provides the power consumption of the device. The charge–voltage curves are presented in Figure 4a for a constant applied voltage of 10 kVpp and Figure 4b for a constant applied voltage of 15 kVpp (frequency of 24 kHz). The curves presented in Figure 4 are the result of the average of five cycles. The power consumption was quantified for all tested voltage levels and the results are presented in Figure 4c.



From the analysis of Figure 4a,b, we can observe that for an applied voltage of 10 kVpp, the voltage value is very close to the breakdown voltage and the curves are quite narrow, mainly for the ceramic’s dielectrics, because still there is no active discharge, as explained in Synek et al. [42]. However, as we can see, there is already a measurable area inside the curves, which should be related to the power losses as dielectric heating. This is in accordance with the results obtained by the electric current method, which also exhibited a few watts of power consumed even at levels below the breakdown voltage (between 4 kVpp and 10 kVpp). As explained by Roth et al. [43], dielectric heating increases with the applied voltage and frequency; thus, since we are using a high frequency (24 kHz), we should expect considerable power dissipated as dielectric heating. Moreover, our results of power below the breakdown voltage are in the range of the estimations performed by Roth et al. [43] who reported approximately 2.5–3 watts of energy dissipated as heat for an applied voltage of 2 kV and a frequency of 13 kHz. Since we used a high frequency and thermal power losses increased, we also did not observe the linear power consumption as a function of voltage amplitude reported by Lindner et al. [40], but instead a polynomic function as described in Wilde et al. [44]. When we increase the applied voltage to 15 kVpp (Figure 4b)), we observe that the area inside the figures increases, and the figures become wider and more similar to the traditional almond-shaped figures. The results presented in Figure 4a,b clearly corroborate the power consumption results achieved by the electric current method with the Kapton, showing a wider charge–voltage curve with a larger area inside. In addition, for lower voltages, we observe that MA1 presents a wider curve than MA2, but with an increase in the voltage level, this scenario inverts, indicating a stronger discharge plasma formation by the MA2 sample.



By using the charge–voltage curves, the capacitance of the three different devices without discharge was also quantified using the same method as that reported by Synek et al. [42]. In this method, we used the Q-V plots for different voltages to obtain the line connecting the extremal points of the curve, where Q reaches the maximum or minimum value, and the capacitance is given by the slope of that line. The measurement was performed for voltages between 4 kVpp and 8 kVpp, and the average capacitance was quantified. From this analysis, we found that the Kapton actuator has a capacitance of 6.89 ± 0.06 pF, MA1 5.94 ± 0.01 pF, and MA2 has a capacitance of 5.47 ± 0.01 pF. From the literature, we know that the dielectric permittivity of Alumina is considerably larger than the dielectric permittivity of Kapton (the dielectric permittivity of alumina is approximately 9.2 [45] and Kapton is approximately 3.5 [46]) and, therefore, we were expecting to obtain a smaller capacitance for the Kapton actuator than for the alumina-based actuators. This can be justified by several reasons. The reason that most influenced the results was the manufacturing method used for producing the ceramic plates. As mentioned, the tested ceramics were manufactured by a conventional sintering process, which means that the specimen’s geometry will depend on the microstructure and, thus, we cannot fully control the accuracy of the thickness dimension during the sintering process. Having even the lowest porosity content in the ceramic specimens influences the thickness across the length of the specimen plate. Therefore, we tried to confirm the thickness of the ceramic plates by measuring them with a pachymeter and observed thickness variations between 4.92 and 5.41 mm on the edges of the plates. Keeping this in mind, we conclude that the actuator electrodes are positioned in a region where the thickness of the dielectric is slightly greater than 5 mm, and this explains the smaller capacitance of the alumina-based ceramic actuators in comparison to the Kapton actuator. Since the actuators were mounted manually, human error in the positioning of the electrodes may also influence the capacitance of the plasma actuator arrangements.



By comparing the plot obtained by the electric current method (Figure 3b) with the electric charge method (Figure 4c), we can observe that the power values are lower when the measurements are performed using the electric charge method. This is in line with the findings of Ashpis et al. [34] who reported that measurements of average power consumption using the shunt resistor may provide 80% larger values than using the monitor capacitor method. In our case, the percentage difference between the two measurements is lower, which demonstrates better consistency between the two methods, but still, we confirm that the average power measured with the monitor capacitor method is considerably smaller than that obtained using the shunt resistor method. In addition, we should emphasize that the trend observed in the power consumption computed through the electric current method is the same obtained now by the electric charge method. As shown in Figure 4c), at up to 17 kVpp, Kapton is the actuator that presents larger power consumption, but for higher voltages, it is surpassed by MA2. At up to 12 kVpp, the MA2 power consumption values are slightly lower but close to the power consumption of MA1. With the applied voltage growth, the power consumption of MA2 increases faster than the MA1, as was also observed by the electric current method. The same behavior is observed when we compare MA2 to Kapton, which, with the increase in applied voltage, presents a smoother power consumption increase than MA2. Because of that, we see that for applied voltages above 17 kVpp, the power consumption of MA2 surpasses the power consumed by the Kapton actuator. Therefore, we may conclude that both measurement methods are in accordance and the results obtained are consistent between the two independent methods.




3.3. Plasma-Induced Flow Mechanical Characterization


Plasma-induced flow velocity measurements were performed in order to evaluate the ability of the different plasma actuators for flow control. Figure 5a–c show the velocity profiles obtained for the Kapton, MA1, and MA2 actuators, respectively, operating at various voltage levels and a frequency of 24 kHz. The final results presented in these figures were obtained by averaging 10 measurements, which allowed us to confer them with an uncertainty of less than 0.1 m/s.



As expected, the plasma-induced wall jet was measurable in the regions very close to the surface, at distances of up to 4 mm from the surface. The results demonstrate that the MA2 sample could reach higher velocities than the conventional Kapton actuator, mainly for lower applied voltages. However, the results also indicate that MA2 reaches a stagnation in the evolution of the velocities with the applied voltage faster than the Kapton actuator. Regarding the MA1 sample, we verified that it allows us to induce wall jet velocities of up to 3.5 m/s, which, although they might be enough to perform flow control in several applications, are somewhat lower than the wall jet velocity provided by Kapton and MA2 operating at the same applied voltage. Therefore, we may conclude that, despite higher material porosity leading to a decrease in the actuator’s power consumption, it also reduces the kinetic power transferred by the actuator to the adjacent air.



For a complete understanding of the performance of alumina ceramics as dielectric barriers in plasma actuators, the fluid mechanical power of the device was estimated. The fluid mechanical power describes the part of the power transferred by the actuator to induce the plasma wall jet and is calculated by considering that it corresponds to the balance of the kinetic energy density flow rate. Therefore, it can be expressed according to the following equation:


    P   m   =   ∫  0   ∞      1   2   ρ   u ( y )   3   l d y    



(3)




where   ρ   is the fluid density, in this case, air, u(y) is the velocity along the height, and l is the plasma spanwise length. After the quantification of the fluid mechanical power, the fluid mechanical efficiency was estimated, as described in Equation (4), and was considered a performance evaluation parameter.


    η   m   =     P   m       P  ¯    × 100 %  



(4)







Figure 6 exposes the results obtained for the maximum induced flow velocity and fluid mechanical efficiency. As we can observe, the fluid mechanical efficiency is very low for any of the tested actuators because the fluid mechanical power is very small, in the order of just a few milliwatts, comparatively to the average power consumed by each actuator. Nevertheless, these results are consistent with the values reported in the literature [28]. The observed phenomenon happens because, in fact, most of the power applied to the actuator is dissipated as dielectric and gas heating while the other part is lost as reactive power and power expended to maintain the discharge plasma [20].



From the analysis of Figure 6, we conclude that the MA2 actuator effectively allowed us to induce higher wall jet velocities than the Kapton and MA1 actuators. For lower applied voltage levels of up to 14 kVpp and 15 kVpp, the velocity of the wall jet induced by the MA2 plasma actuator is larger than the velocity induced by the Kapton actuator and, besides that, the power consumption of MA2 is lower than Kapton, which results in a considerably higher fluid mechanical efficiency. For higher voltage levels, MA2’s induced velocity starts to stagnate while Kapton’s induced flow velocity keeps increasing with the increase in the applied voltage level. Due to this, for applied voltages above 16 kVpp, the fluid mechanical efficiency of the Kapton actuator surpasses the MA2 actuator. Once again, we observed that the high porosity of the MA1 sample does not benefit the active flow control performance of the plasma actuator device since it resulted in lower plasma-induced flow velocity and lower fluid mechanical efficiency for any of the applied voltage levels. With these results, we can conclude that the produced alumina ceramics are a material with great potential for DBD plasma actuator fabrication, being able to produce higher fluid mechanical efficiencies than the conventional Kapton actuator. In addition, the tested alumina ceramics presented fewer signs of surface degradation, indicating higher durability than the Kapton actuator, which, at higher applied voltage levels, started to show discoloration and dielectric surface degradation in the region of the plasma streamers formation. However, future works must be carried out to present evidence of the potential higher durability of the tested ceramics.



Compared to Kapton actuators, one drawback of alumina ceramics relates to the rigidity of these dielectrics after being manufactured, which cannot be as flexible as Kapton. Nevertheless, by using 3D printing techniques, for instance, ceramic dielectrics can be produced with quite complex shapes depending on the desired application [47]. On the other hand, we must emphasize that the tested ceramics present additional features that are not accomplished by Kapton, they present high-temperature resistance characteristics and are also suitable for TBC (Thermal Barrier Coating) and TPS (Thermal Protection Systems) applications [32]. Therefore, ceramic dielectric barriers will be very important for plasma actuators’ high-temperature applications such as turbine blade film cooling enhancement [48,49] and plasma-assisted combustion [50,51]. This represents a great advantage over Kapton, which is a polymer and cannot operate under high temperatures and under ultra-violet exposure without being degraded and rupturing.



To conclude, the results also demonstrated that ceramic porosity has a strong influence on the plasma actuator fluid mechanical performance, and by manipulating the porosity of the material during the fabrication process, the fluid mechanical efficiency might increase. The influence of the dielectric material porosity on surface plasma actuators has not been studied yet, and there is a lack of information in the literature on this topic. However, previous works carried out by Ran J. et al. [52,53] have demonstrated that the morphology of the dielectric materials greatly affects the performance of the plasma device and plays a crucial role in the formation of the Atmospheric Pressure Townsend Discharge in the open air. Although the works of Ran J. et al. [52,53] focused on the roughness effect, porosity is also a crucial parameter in the dielectric’s morphology. In their work, the authors explained that once the number of free charges drops or the electric field weakens, the phenomenon ceases. When we have a material with higher porosity, the pores will create local deflections of the electric field lines, due to the medium change, which, in turn, will weaken the electric field generated. This will lead to a weaker discharge formation, which explains the lower power consumption and lower plasma-induced flow velocity effect observed for the material with higher porosity (MA1 in comparison with MA2).





4. Conclusions


The dielectric material layer plays a highly important role in a plasma actuator’s performance and lifetime. Considering the drawbacks of polymeric materials pointed out in the literature, in the current work, alumina-based ceramics were proposed and studied as dielectric barrier discharge of a surface plasma actuator device. Two different samples were fabricated with the same composition and different porosities and tested as plasma actuator devices.



From the microstructural analysis, it was clear that MA1 presented a higher content of porosity, interconnectivity between pores, fewer points of contact among grains, and higher microstructure heterogeneity, while MA2 showed a greater compaction degree and higher densification of the material, resulting in an apparent porosity of 34.6% and 7.0% for MA1 and MA2, respectively.



After that, the alumina ceramic plates were tested as dielectric barriers for plasma actuator applications and the power consumption was estimated by applying the electrical current method and electrical charge method. We concluded that both alumina-based actuators presented lower power consumption than the conventional Kapton actuator for applied voltages of up to 17 kVpp. Furthermore, by comparing the values obtained for the MA1 and MA2 samples, we highlighted that a decrease in the ceramic plate porosity leads to an increase in power consumption. The electrical charge method was also applied in order to analyze the voltage–charge cyclograms and corroborate the power consumption results. However, from the capacitance measurements, we verified that the Kapton actuator presented higher capacitance than the alumina-based ceramics, which was not expected since the dielectric permittivity of Kapton is lower than alumina. The main reason for this lies in the sintering process used, which did not allow us to accurately control the thickness of the alumina ceramics produced. We verified that the ceramic plates produced do not present a fully constant thickness and, thus, we concluded that the actuator electrodes were positioned in a region where the thickness of the dielectric is slightly greater than 5 mm. This explains the smaller capacitance of the alumina-based ceramic actuators in comparison to the Kapton actuator.



To finalize, plasma-induced flow velocity measurements were conducted, and the flow control performance of the various plasma actuators was evaluated. The results demonstrated that the MA2 sample could reach higher velocities than the conventional Kapton actuator, mainly for lower applied voltages. For applied voltage levels of up to 14 kVpp and 15 kVpp, the velocity of the wall jet induced by the MA2 plasma actuator was larger than the velocity induced by the Kapton actuator and, in addition, the power consumption of MA2 was lower than Kapton, which resulted in a considerable higher fluid mechanical efficiency. For higher voltage levels, the MA2’s induced velocity started to stagnate while the Kapton’s induced flow velocity kept increasing with the increase in the applied voltage level. Due to that, for applied voltages above 16 kVpp, the fluid mechanical efficiency of the Kapton actuator surpasses the MA2 actuator. In addition, we showed that the high porosity of the MA1 sample does not benefit the active flow control performance of the plasma actuator device since it resulted in lower plasma-induced flow velocity and lower fluid mechanical efficiency. Overall, we concluded that the alumina ceramics produced are materials with great potential for DBD plasma actuator fabrication, with the ability to provide higher fluid mechanical efficiencies than the conventional Kapton actuator with fewer signs of surface degradation, which indicates higher durability and an extended lifetime. Moreover, the ceramics dielectrics studied presented high-temperature resistance characteristics, which are also suitable for TBC (Thermal Barrier Coating) and TPS (Thermal Protection Systems) applications, when compared to Kapton.
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Figure 1. Schematic of the experimental tests; (a) fabricated ceramics-based plasma actuator with the respective geometrical definition for Pitot tube plasma-induced flow velocity measurements; (b) plasma discharge visualization for the Kapton actuator operating at an applied voltage of 18 kVpp and a frequency of 24 kHz. 






Figure 1. Schematic of the experimental tests; (a) fabricated ceramics-based plasma actuator with the respective geometrical definition for Pitot tube plasma-induced flow velocity measurements; (b) plasma discharge visualization for the Kapton actuator operating at an applied voltage of 18 kVpp and a frequency of 24 kHz.



[image: Ceramics 07 00012 g001]







[image: Ceramics 07 00012 g002a][image: Ceramics 07 00012 g002b] 





Figure 2. SEM images obtained for the fabricated alumina ceramic samples: (a) MA1 at magnification factor of 5000×, (b) MA2 at magnification factor of 5000×, (c) MA1 at magnification factor of 10,000× and (d) MA2 at magnification factor of 10,000×. 
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Figure 3. Electric current method analysis for the various plasma actuators operating at a frequency of 24 kHz: (a) voltage and current waveforms at 15 kVpp and (b) power consumption estimation for different applied voltages. 
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Figure 4. Electrical charge method analysis: (a) charge–voltage curves at 10 kVpp, (b) charge–voltage curves at 15 kVpp, and (c) power consumption estimation for different applied voltages (24 kHz). 
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