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Abstract

:

This paper presents the experimental results of separation and reattachment transient flow processes over a NACA0015 airfoil wing when using a plasma actuator for flow control. In addition, it addresses the flow behavior in the transient processes when the flow control device is activated or deactivated, providing insights for future feedback-based active flow control. This approach offers the benefit of enhanced aerodynamic capabilities. The experiments were conducted at a Reynolds number of 66,000 and an angle of attack of 13 degrees for leading-edge separation without control. The plasma actuator was installed on the leading edge of the wing, with a voltage of 8 kV, base frequency of 30 kHz, and burst frequencies ranging from 100 Hz to 600 Hz. Particle image velocimetry was employed for the flow field velocity measurements, and surface pressure data were obtained using eight piezoelectric pressure sensors. The first proper orthogonal decomposition mode of the transient flow velocity field is the focus of this paper and the flow behavior is quantitatively discussed. The results reveal details about the flow separation and reattachment transient processes such as their flow structures and their evolution over time. It is concluded that the time asymmetry between the separation and reattachment transient processes could be leveraged for further improvements to the efficiency of actuators.
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1. Introduction


In recent years, interest in active flow control devices for separation suppression has increased significantly. One such device is the dielectric barrier discharge plasma actuator (hereafter, the plasma actuator), the control performance of which has been extensively researched in its multiple variations. The application of a high voltage between two electrodes separated by a dielectric material has several uses that depend on the configuration and the input electrical signal. These uses include inducing linear momentum [1,2] and creating spanwise vortices [3,4], streamwise vortices [5,6], three-dimensional vortices [7,8], synthetic jets [9,10], or thermal perturbations [11,12]. Another aspect that attracts great interest in the research of plasma actuators is their diverse range of practical applications, such as drag reduction [13], lift and rolling-moment control [14], and noise control [15,16]. In this work, a spanwise vortex generator plasma actuator will be used as a reference. Figure 1 shows an illustration of the device layout. This type of plasma actuator typically consists of two electrodes that are separated by a layer of dielectric material and are connected to a high-voltage power supply [17]. The power supply is usually an alternating current (AC) with a voltage in the order of kilovolts. In its simplest configuration, one electrode is exposed to the air while the other is fully covered by a thin layer of dielectric material. The thickness of the dielectric layer should be chosen carefully so that dielectric breakdown is prevented. When the device is powered on, an electric field is created between the two electrodes. When a voltage that exceeds the breakdown voltage of the air is applied to the plasma actuator, the electric field will weakly ionize the air surrounding the exposed electrode. This ionized air, also called cold plasma, simultaneously interacts with the electric field, leading to the induction of momentum in the surrounding air. As a result, the surrounding air moves from the exposed electrode toward the covered electrode.



Multiple studies have indicated that the performance of a plasma actuator is affected by the flow [18,19,20,21,22,23,24,25,26] or environmental [27,28,29] conditions, which change the optimal settings for the plasma actuator. Furthermore, recent efforts have been made toward the implementation of feedback control of flow separation by plasma actuators [30,31,32,33,34,35,36,37]. However, one area that is still not well known is the transient flow processes between flow separation and reattachment caused by the activation and deactivation of a plasma actuator. The flow typically becomes pseudo-stationary, with small vortices shedding at the burst frequency under continuous burst actuation; however, the flow is likely to start reattachment and separation transient processes when feedback control is turned on and off, respectively. Because of this, it is necessary to describe these transient processes and identify the flow field state from pressure sensors. Previous works [38,39] have indicated that the reattachment process is fast, with a brief period of lifting force loss caused by vortex shedding, and that the separation process is slow, with a brief period of lifting force increase caused by large vortices. However, the separation process has not been studied in detail. This asymmetry in the transient processes could be leveraged to lower the power consumption of the plasma actuator.



The objective of this study is to investigate the reattachment and separation transient processes to identify their flow structures and understand their time evolution. It is expected that this knowledge could be used in the future to improve the efficiency of plasma actuators. The methodology used to investigate the transient processes includes obtaining simultaneous time-resolved PIV data and unsteady pressure measurements of multiple runs using predetermined input signals for the plasma actuator. These input signals with a finite time window contain both an initial and a final time span where the plasma actuator is inactive and a middle time span during which the actuator is active, with varying actuation settings (more precisely, the burst frequency) across different sets of runs. This process enables us to obtain a statistically significant amount of information on how flow separation and reattachment transient processes occur. The PIV data are then processed using proper orthogonal decomposition (POD), which enables us to express the complex measured velocity field using a simpler representation based on the superposition of spatial modes, accounting for as much kinetic energy as possible using a limited number of modes [40,41,42,43]. The reattachment and separation transient processes are quantitatively discussed. In addition to the mode analyses, the ensemble-averaged flow fields and flow features are discussed. These processes can simplify the flow field, extract key flow field phenomena, and allow us to analytically study the velocity fields and compare the transient processes.




2. Experimental Setup


The Tohoku University Basic Aerodynamic Research Wind Tunnel (T-BART) was employed for the experiments. It is an open-circuit, closed test section suction-type wind tunnel, featuring a test section with dimensions of 0.3 × 0.3 m   2  . The test model, shown in Figure 2, was a NACA0015 airfoil wing, with a chord length of 100 mm and a span width of 300 mm, which was manufactured using stereolithography. The freestream velocity was set at 10 m/s for a Reynolds number of 66,000, and the angle of attack  α  was set at 13 deg. Under these conditions, the flow was completely separated from the leading edge of the wing without control. Additionally, the wing model had nine piezoelectric pressure sensors (Model 8507C-1, MEGGITT), eight of which were usable with the plasma actuator installed. Static pressure sensors were also available, but their sampling rate is low, and since many of the pressure taps near the leading edge were covered by the plasma actuator, a lift coefficient estimation would be mediocre and have no use beyond comparisons within this work. The wing had a plasma actuator installed on the leading edge, with the exposed electrode on the pressure side and the covered electrode on the suction side. The dotted line in Figure 2 shows the geometric leading edge of the wing, and it also coincides with the location of the gap between the electrodes. This configuration is often used and has been shown to be nearly as effective in separation control as the coflow-blowing configuration [44].



The electrodes were made from 0.07 mm thick copper tape, with the exposed electrode being 6 mm wide and the covered electrode 14 mm wide, with a gap of 1 mm between them. The spanwise length of the electrodes was approximately 200 mm, and their corners were curved to limit the concentration of the electric charge. The dielectric material was polyimide tape with a width of 20 mm, length of 220 mm, and thickness of 0.05 mm. The electrodes were connected to a high-voltage power supply (PSI-PA1050, PSI) with an 8 kV peak-to-peak output. The signal for the power supply was generated by a function generator (WF1948, NF). The plasma actuator was turned on and off during the experiment and burst actuation was considered when turning the plasma actuator on. Figure 3 (left) shows an enlarged view of the signal for burst mode actuation, where the superscript “+” denotes the quantities related to the modulation of the signal. The signal had a base frequency of   f c /  U ∞  = 300   (  f =    30 kHz), a burst ratio (  B R  ) of 0.1, and a nondimensional burst frequency   F +   of 1, 2, 3, or 6, depending on the ensemble, with the   B R   and   F +   defined as


     B R    =       T on    T on  +  T off     ,     



(1)






      F  +    =      f  +    c  U ∞    ,     



(2)




where   f +   is the burst frequency in Hz, c is the wing chord length, and   U ∞   is the freestream velocity. The same characteristic quantities were also used for the normalization of time, and the normalized time is simply expressed as   t  U ∞  / c  . Figure 3 (left) illustrates an overall view of the input signal of the plasma actuator. The predefined signal lasted    Δ t   U ∞  / c = 55   (  Δ t =    0.55 s) and included periods of time of    Δ t   U ∞  / c = 10   (  Δ t =    0.1 s) at the beginning and    Δ t   U ∞  / c = 25   (  Δ t =    0.25 s) at the end of the run where the plasma actuator was turned off. The flow behavior under the signal considered here shows the full transient processes between the flow separation and reattachment. Additionally, when studying the transient processes, it is necessary to shift the time origin using the relevant time points    t on  = 0.1   s and    t off  = 0.3   s, which correspond to the instances when the plasma actuator is turned on and off, respectively, as follows:


      ( t −  t on  )   U ∞  / c    =    t  U ∞  / c − 10 ,     



(3)






      ( t −  t off  )   U ∞  / c    =    t  U ∞  / c − 30 .     



(4)







The velocity field measurement was performed using the particle image velocimetry (PIV) technique. A Nd:YLF (LDY-303PIV, Litron) laser was utilized to illuminate the dioctyl sebacate seeding particles. The particle images were captured at 5000 fps in double-frame mode using a Phantom v2640 high-speed camera equipped with a 35 mm lens and a 527 ± 10 nm band-pass filter. The PIV data were then processed using Dynamic Studio 6.11 by Dantec Dynamics. The processing steps included the elimination of the background by the minimum value of each run, use of the adaptive PIV algorithm with an 8 px × 8 px interrogation window for the estimation of the velocity vectors in the flow field, and application of the included moving-average validation algorithm with the surrounding 3 × 3 arrays of vectors to smooth out the velocity vector fields. Then, all of the data for each ensemble were stacked together, POD was applied to the stacked data of the same condition, and the ensemble average (the average of all 30 runs of the ensemble) was obtained before performing a series of analytical studies of the flow field. In other words, the spatial POD mode was fixed for the different runs of the same flow-control parameters. It should be noted that the first six modes contained most of the valuable information for a reconstruction of the flow, whereas the seventh and higher modes contained fine turbulent and noise information.



During the experiments, there were undetected irregularities in the laser-camera synchronization, which caused issues with background elimination. Each frame used for PIV was composed of two images, where one pulse from the laser was captured for each image. Reflections other than particles were eliminated by subtracting the background image, which was estimated by the minimum illumination intensity at each pixel position throughout the entire run. However, the second image of a few frames turned out to be extremely dark and the minimum intensity of the entire run became almost zero in some cases. In such cases, the construction of the background image for the second image of nearly every other frame failed. This created error vectors over significant regions of the flow field. We found that the synchronization issues did not happen during the first 500 frames of any run, and it was proposed to obtain the minimum intensity from those initial 500 frames as a solution to the problem. This resolved the background subtraction problem, with minimum impact from the remaining background reflections on the image. Figure 4a,b show that the results obtained using this method proved to be consistent with the typical use of minimum intensity on runs with no synchronization problems. Additional processing was carried out and the frames at which synchronization issues occurred were systematically ignored. The velocity components were calculated at discrete sensing points across each frame. This array of velocities was rearranged into a single-column vector that contained a velocity component for all of the sensing points of each frame, and a new array for the entire run was created, with each column vector representing a frame. The standard deviation of each column vector was found to smoothly change from frame to frame when the number of error vectors was similar; however, a frame with a significantly increased number of error vectors (camera-laser synchronization problem) will vary greatly from the surrounding frames. These column vectors were identified and made equal to the previous column, and the influence of the synchronization problem was minimized. Figure 4c shows the curve of  σ  of U over time after processing the frames with large numbers of error vectors.



A basic diagram of the entire setup is shown in Figure 5. The surface pressure was sensed by eight unsteady pressure sensors, which were distributed over the wing chord at locations between 0.1 c and 1.0 c. The sensors were connected to signal amplifiers (Endevco model 126, MEGGITT), and the amplifiers were connected to low-pass analog filters (3625, NF). The cut-off frequency of the filters was set at 2 kHz in an attempt to eliminate the high-frequency noise from the plasma actuator because due to the internal design of the wing, proper shielding from the electric field was not practical. The data were acquired using a DAQ (terminal block BNC-2120, multifunction I/O USB 6366, National Instruments) with a sampling rate of 25,000 Hz and were immediately converted to digital data.




3. Results


The baseline flow characteristics of the typically separated and typically attached flows were first studied, and the reference points for the stationary states were clarified. Attention then shifted to the transient processes of flow reattachment and separation. The first POD mode was the primary focus of this study because it consistently represented the same flow features across different ensembles and accounted for a significant portion (>60%) of the total energy of the POD decomposition, which was nearly ten times more than the second mode. This justified the use of only the first POD mode for the analysis. The spatial distribution of the first POD mode seemed to correspond to the change in the recirculation region after separation. Therefore, the discussion of the first POD mode is considered to be directly related to the change in the recirculation region. Note that the higher POD modes tended to represent various complicated flow features across different cases, and therefore, the use of those POD modes makes their comparison difficult. Several processes in the transient response for pressure signals were selected for a more simplified discussion. First, the average pressure during complete separation was subtracted from the measurement of each pressure tap. Additionally, the data before    ( t −  t off  )   U ∞  / c = 2.5   were ignored so that the time period affected by noise caused by each burst of the plasma actuator was excluded. This particular noise vastly dominated the pressure sensor output, making it unusable during actuation time. A Butterworth low-pass filter with a cut-off frequency of 100 Hz implemented in Matlab was applied to the data, and the impact of other noise sources on the data was minimized. A constant high-frequency noise that affected the data was removed using this filter while preserving the basic behavior of the data. These measures made the visualization of the data easier for analysis. We measured only two runs from the case    F +  = 1   in which the plasma actuator was unable to reliably reattach the boundary layer, based on results from previously unpublished experiments at Tohoku University. These cases were not considered in the main analysis; however, their baseline flow field results are presented in Appendix B.



3.1. Baseline Flow Characteristics


3.1.1. Separated Flow


Figure 6 shows the ensemble-averaged time history of the POD coefficients and their standard deviations when the flow was fully separated. Figure 6 demonstrates that the POD representations of the separated flow for   F +   ranging from 2 to 6 were highly consistent, with the time average of the first POD coefficient z within 15% and the standard deviation  σ  of z within 20% of each other. The data for these values can be found in Table A1 in Appendix A. The reconstruction from the first POD mode shown in Figure 7 also proved to be an accurate representation of the averaged flow field.




3.1.2. Attached Flow


Figure 8 shows the ensemble-averaged time history of the POD coefficients and their standard deviations when the flow was fully attached. Figure 8 also demonstrates that the POD representations of the attached flow for   F +   ranging from 2 to 6 were highly consistent, with the time average of the first POD coefficient z within 10% of each other. The standard deviations  σ  of z for    F +  = 2   and 6 were within 15% of each other, but the    F +  = 3   cases had an outlier with significantly higher freestream velocity (possibly due to atmospheric factors during the particular run). A strong outlier, coupled with relatively low values of  σ , significantly increased the deviation and the relative error. The values were almost constant compared with those under fully separated conditions, and the time-averaged value of  σ  was less than half of that of the fully separated conditions in the case of    F +  = 2   and 6. The data for these values can also be found in Table A1 in Appendix A. These results illustrate that the first POD mode was comparable among the different   F +   conditions, and the following analysis should provide reasonable estimations of the phenomena that occurred during the transient processes. The reconstruction from the first POD mode in Figure 9 also proved to be an accurate representation of the averaged flow field, as it was under fully separated conditions.





3.2. Reattachment Transient Process


Here, the reattachment transient process is discussed. Figure 10 shows the ensemble-averaged time history of the POD coefficients and their standard deviations when the flow was in the reattachment transient process. Figure 10 illustrates that a nearly pseudo-stationary state was achieved by    ( t −  t on  )   U ∞  / c = 6   under all actuation frequencies, and there was a brief period of sustained z and increased  σ . The latter observation indicates the large vortex shed at the start of the actuation. The reattachment transient process was found to be consistent with previous studies by Amitay and Glezer [38] and Asada et al. [39].



Then, the ensemble-averaged flow fields are discussed, together with the time history of the first POD mode. Figure 11 shows the ensemble-averaged flow fields. Figure 11a,b, respectively, illustrate that the vortex first grew over the wing surface and was then shed. Figure 11c shows that there was a smaller one that followed immediately after this vortex, but this second one was not very clear owing to its smaller size, making it more sensitive to small differences in vortex-shedding behavior across runs. The shaded area of amplitude  σ  was also observed to be larger at lower burst frequencies, mainly before    ( t −  t on  )   U ∞  / c = 5  , which may be due to the interaction between the plasma actuator and the type of boundary layer separation, as discussed by Sato et al. [45]. However, the transient response time was found to be largely independent of the actuation frequency, as long as the conditions were suitable for suppressing separation. Finally,  σ  maintained the minimum value of any point in time during the experiments after    ( t −  t on  )   U ∞  / c = 7  , as only small periodic vortices from the PA were shed and the flow reached the pseudo-stationary state (Figure 11d).




3.3. Separation Transient Process


3.3.1. Flow Field Analysis


Next, the flow field in the separation transient process is discussed. Figure 12 shows the ensemble-averaged time history of the POD coefficients and their standard deviations when the flow was in the separation transient process. There were three stages in the separation transient process: vortex growth, vortex shedding, and recirculation region recovery. The vortex growth started when the plasma actuator was turned off. Initially, the vortices were small (similar in size to those generated by the plasma actuator) and dissipated quickly until they reached a critical size to combine and form a recirculation region. This point happened at approximately 3 to 5    ( t −  t off  )   U ∞  / c  , as shown in Figure 12.



Next, the ensemble-averaged flow fields in the separation transient process are discussed, along with the time history of the first POD mode and the instantaneous flow fields, because the ensemble-averaged flow fields did not show the smaller key vortices in the initial stage of the process in this case. Figure 13 shows the instantaneous and ensemble-averaged flow fields in the separation transient process. The growth in the coefficient of the first POD mode was consistent across all runs, with slowly increasing z and very low  σ , although the ensemble average could be misleading. The small vortices generated randomly make this stage look like a separation bubble in the ensemble average shown in Figure 13a, which differs from what actually happened in each individual run shown in Figure 13b. Here, z and its standard deviation increased rapidly on   4 <  ( t −  t off  )   U ∞  / c < 5  , as shown in Figure 13b–d, indicating the beginning of the vortex-shedding stage. This stage was characterized by the shedding of large vortices. However, many of these vortices were not observed to be strong and they did not lead to a recovery of suction. Large vortex shedding was not observed at all in some cases. Figure 13e,f show that strong vortices were randomly generated after    ( t −  t off  )   U ∞  / c = 6   but their distribution made them invisible in the ensemble average. Here,  σ  was the largest in the entire run due to the mentioned variations during this stage. The occurrence of large vortex shedding was not completely eliminated but it decreased notably after approximately    ( t −  t off  )   U ∞  / c = 15  , which indicated the beginning of the recirculation region recovery process. This last stage was characterized by a slow increase in z and a slow decrease in  σ , which showed that the flow approached normally separated conditions. However, the recirculation area recovery was very slow. The value of  σ  at    ( t −  t off  )   U ∞  / c = 25   was still nearly twice as high as that in Figure 6b, which indicates lingering effects from the controlled flow conditions. Although the measurement time might be insufficient for capturing the full recovery of the recirculation region (i.e., 99% or 99.9% of recovery of some statistic indices used in the following sections), capturing this entire transient process (likely up to    ( t −  t off  )   U ∞  / c = 50  ) using time-resolved PIV would be experimentally too expensive to address only a small change in the flow fields.




3.3.2. Surface Pressure Analysis


Finally, the pressure history in the separation transient process is discussed. Figure 14 shows the ensemble-averaged pressure measurements and their standard deviations at the position 0.1 c for    ( t −  t off  )   U ∞  / c > 2.5  . Figure 14 shows the decent consistency of the pressure at 0.1 c, with the POD analysis of the velocity field shown in Figure 12 regarding the vortex-shedding and recirculation region recovery stages. However, it was not possible to draw conclusions on the initial vortex growth, as the period of time was severely affected by noise. This also potentially made it more difficult to analyze the  σ  of the pressure signals, as the expected period with low deviation was out of range (   ( t −  t off  )   U ∞  / c < 2.5  ). This  σ , however, was significantly higher than that under the normally separated conditions and exhibited similar behavior to that of the first POD modes of the PIV measurements. Lastly, the actuation with    F +  = 6   showed stronger suction than the actuation with lower frequencies, which may explain the differences in the separation transient response time.



One more relevant point is the ability to identify the flow field state from pressure measurements, as it is one of the most practical and reliable means of obtaining information about the surrounding flow in the field. Figure 14a exhibits a similar pattern to that shown in Figure 12a after    ( t −  t off  )   U ∞  / c = 2.5  , although the piezoelectric sensors were strongly affected by the plasma actuator before    ( t −  t off  )   U ∞  / c = 2.5  , as mentioned before. The time history of the pressure signal followed a similar trend to that of the first POD mode coefficient. This suggests that it may be possible to use unsteady pressure measurements to estimate the flow state and determine the need for flow control, especially during the transient process when the plasma actuator is inactive.






4. Quantitative Evaluation


In Section 3, the initial results revealed a noticeable asymmetry between the transient processes of reattachment and separation. To determine the completion ratio of the transient process over time, the difference between the ensemble average of z in the pseudo-stationary state with and without flow control activated was quantitatively evaluated as a range from fully attached to fully separated flow conditions. The completion ratio of the reattachment transient process and the separation transient process are, respectively, defined by


     Completion ratio for attachment    =      z  (  ( t −  t on  )   U ∞  / c )  −   z ¯  sep      z ¯  att  −   z ¯  sep    ,     



(5)






     Completion ratio for separation    =    1 −   z  (  ( t −  t off  )   U ∞  / c )  −   z ¯  sep      z ¯  att  −   z ¯  sep    ,     



(6)




where    z ¯  sep   and    z ¯  att   are, respectively, the time averages of z on   0 ≤ t  U ∞  / c ≤ 10   when the flow is fully separated and z on   10 ≤  ( t −  t on  )   U ∞  / c ≤ 20   when the flow is attached. Subsequently, three comparison points within each transient process were selected, and arbitrary times of    ( t −  t  on / off   )   U ∞  / c = 2.5  ,    ( t −  t  on / off   )   U ∞  / c = 5  , and    ( t −  t  on / off   )   U ∞  / c = 15   were chosen for this purpose. Additionally, the nondimensional times it took each transient process to reach completion ratios of 0.3, 0.6, and 0.9 were also calculated. The completion ratios at designated points in time, and the time taken to reach the designated completion ratios are graphically represented in Figure 15.



Figure 16 presents the estimated completion ratios of the transient processes (both reattachment and separation) for the actuation with    F +  = 2  , 3, 6. In Figure 16a–c, the completion ratios for the different burst frequencies at times   2.5 ≤  ( t −  t  on / off   )   U ∞  / c ≤ 15   are compared, and in Figure 16d,e, the time each burst frequency took to reach completion ratios of 0.3, 0.6, and 0.9 is shown. Figure 16 demonstrates that the separation and reattachment processes behaved differently. The reattachment process exhibited nearly four times the progression compared to the separation process when    ( t −  t  on / off   )   U ∞  / c = 2.5  , whereas the reattachment process exhibited almost full completion, with completion ratios ranging from 0.89 to 0.95 and very low deviations for all   F +   values based on a 30-run ensemble average at a time of    ( t −  t  on / off   )   U ∞  / c = 5  . Figure 10 illustrates that the reattachment was complete for all   F +   conditions by    ( t −  t  on / off   )   U ∞  / c = 15  . Early in the transient process, the actuation with    F +  = 2   was capable of reaching the highest completion ratio, whereas the actuation with    F +  = 6   was the slowest. However, the quality and reliability of the reattachment for the actuation with    F +  = 6   were arguably the best out of the three, which, in turn, had an effect on the separation transient process. The times to reach completion ratios of 0.3, 0.6, and 0.9 showed very similar curves that were almost linear for all the   F +   conditions in the reattachment transient process. This suggests that the reattachment transient process is not strongly dependent on the burst frequency.



The separation transient process exhibited significantly less progress during the same time windows, with an average completion ratio of 0.10 and 0.42 for the actuation with    F +  = 2   at    ( t −  t  on / off   )   U ∞  / c = 2.5   and    ( t −  t  on / off   )   U ∞  / c = 5  , respectively. As   F +   increased, the completion ratio further decreased, achieving values as low as 0.07 and 0.30 for the actuation with    F +  = 6   at    ( t −  t  on / off   )   U ∞  / c = 2.5   and    ( t −  t  on / off   )   U ∞  / c = 5  , respectively. Moreover, the dispersion was large at    ( t −  t  on / off   )   U ∞  / c = 5   and    ( t −  t  on / off   )   U ∞  / c = 15  , as the separation vortices had already reached a critical size and large vortices were being shed. The reason for the difference in the completion ratio between the various   F +   conditions could be attributed to the fact that, despite the flow being practically fully attached and pseudo-stationary, it was not actually attached until the trailing edge under any of the tested actuation frequencies. The actuation with    F +  = 6  , however, was capable of sustaining flow attachment until slightly further downstream than the lower frequencies, which slowed down the transient response. In the separation transient process, the times to reach completion ratios of 0.3, 0.6, and 0.9 showed an almost exponential behavior, and the actuation with    F +  = 6   was the slowest process overall.



The discussion above demonstrates that under the given experimental conditions,    F +  = 6   was the most effective actuation frequency out of the tested frequencies. Additionally, it exhibited the smallest overall deviation (fewer random events) and delayed the separation transient process the longest. The asymmetric behavior of the reattachment and separation processes can be leveraged by turning off the plasma actuator when the flow is attached and by turning it on before the separation transient process progresses to a significant extent and the wing performance is significantly worsened. By efficiently turning on and off the plasma actuator, its power consumption can be reduced without significantly degrading performance. The findings in this work illustrate that intervals longer than    ( t −  t  on / off   )   U ∞  / c = 5   should be avoided, as the benefit of extending the reattachment transient process beyond    ( t −  t on  )   U ∞  / c = 5   is minimal, and the disadvantage of allowing the separation transient process to take longer than    ( t −  t off  )   U ∞  / c = 5   becomes significant.



The results regarding the reattachment transient process align with those reported in the previous studies conducted by Amitay and Glezer [38] and Asada et al. [39]. This study confirms the flow structures and, more importantly, the quantitative completion time of the transient process by using the first POD mode of the velocity field. Additionally, this work identifies new characteristics of the separation transient process. Understanding the various stages of the separation transient process, such as the vortex growth and vortex-shedding stages, is crucial in the field of active flow control. Knowing that the separation transient response is much slower than that of the reattachment is an important consideration when designing feedback control systems for flow separation control, as the efficiency of a plasma actuator can be enhanced by turning it on and off at appropriate times during the transient processes. Furthermore, the flow state can be inferred from the pressure measurements, which is key to the application of feedback-based flow control. However, it would be preferable to use a different high-frequency pressure-sensing method that is not sensitive to a strong electric field generated by plasma actuators.




5. Conclusions


In this study, we investigated the transient processes for flow reattachment and separation under the effect of a leading-edge plasma actuator. The wind tunnel experiments were conducted for a NACA0015 wing with a leading-edge plasma actuator and piezoelectric sensors. This was coupled with a high-speed PIV setting, providing simultaneous time-resolved PIV and pressure data. The angle of attack was set at 13   ∘   and the Reynolds number was 66,000 of which the flow field had boundary layer separation at the leading edge. An ensemble of 30 runs was obtained for each of the burst frequencies of the plasma actuator, with the exception of    F +  = 1  , which could not reliably control the separation. The results from the ensemble-averaged data were presented and discussed. The behavior of the separation transient process was observed using both PIV and pressure measurements. However, the reattachment process was primarily studied using PIV measurements, supplemented partially by piezoelectric pressure sensors. The signals contaminated by strong noise from the plasma actuator were excluded. The reattachment transient process was found to be consistent with previous studies, with a quick completion soon after an initial large vortex shedding. The separation transient process was found to be not only significantly slower than the reattachment process but also had considerable variations. Once the recirculation region reappeared, there was a possibility that no, one, or multiple large vortices would be shed for a long period of time after turning off the plasma actuator, leading to a flow condition with greater deviation than before actuation. Finally, alternating between reattachment and separation transient processes at appropriate times, as carried out in the ‘burst in burst’ actuation in the previous study, is recommended to significantly improve the efficiency of the plasma actuator due to the slow progress of the separation, as shown in this study.
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Abbreviations


The following abbreviations are used in this manuscript:



	z
	  First POD coefficient



	 σ 
	  Standard deviation



	   z ¯  att  
	  Time average of z during pseudo-stationary controlled conditions



	   z ¯  sep  
	  Time average of z during fully separated conditions



	AC
	  Alternating current



	c
	  Wing chord



	f
	  Frequency of sinusoidal wave



	  f +  
	  Burst frequency



	  F +  
	  Nondimensional burst frequency



	PA
	  Plasma actuator



	t
	  Time



	  t off  
	  Instant at which the plasma actuator is turned off



	  t on  
	  Instant at which the plasma actuator is turned on



	  t  on / off   
	  Instant at which the plasma actuator is either turned on or off



	T
	  Period of sinusoidal wave



	  T +  
	  Period of burst



	  T off  
	  Inactive period during burst



	  T on  
	  Active period during burst



	U
	  Horizontal component of wind velocity



	  U ∞  
	  Freestream velocity



	V
	  Voltage










Appendix A. Experimental Results


Table A1 shows the quantitative values of the POD mode coefficients.
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Table A1. Properties of test cases and their subdivisions.
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     F +  = 1    

	
     F +  = 2    

	
     F +  = 3    

	
     F +  = 6    




	

	

	
Case 1

	
Case 2

	

	

	






	
   0 < t  U ∞  / c < 10   

	
mean(z)

	
179.2

	
219.6

	
257.6

	
281.8

	
289.0




	
mean( σ (z))

	

	

	
107.3

	
113.3

	
97.1




	
   20 < t  U ∞  / c < 30   

	
mean(z)

	
−116.4

	
−334.2

	
−306.3

	
−320.6

	
−328.7




	
mean( σ (z))

	

	

	
35.2

	
73.6

	
40.0










Appendix B. Analysis of F+ = 1


Here, the flow control capability of the    F +  = 1   condition is discussed with the time history of the first POD mode, as well as the instantaneous flow fields. Figure A1 shows the time history of the POD coefficients for both    F +  = 1   cases before applying flow control and during actuation. Figure A1 shows that the cases with burst frequency    F +  = 1   had a significantly lower average z value than the cases shown in Figure 6, likely due to a different feature representation by their first POD mode. In the first case, the actuation with    F +  = 1   could not achieve reattachment. Conversely, the second case of    F +  = 1   could achieve partial reattachment, and the coefficient of the first POD mode coefficient became closer to the ensemble-averaged values of the higher   F +   cases.





[image: Actuators 12 00218 g0a1 550] 





Figure A1. z of first POD mode during complete separation (left) and steady plasma actuator activation for    F +  = 1   (right). 
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Figure A2 shows the instantaneous flow fields of both    F +  = 1   cases at    ( t −  t  o n   )   U ∞  / c = 10  . In the case of    F +  = 1  , there were significant variations, which indicates that it was unreliable for flow control under the given test conditions. Figure A2a displays a recirculation region of significant size, whereas Figure A2b displays relatively large vortices. Therefore, actuation with higher burst frequencies is capable of completely suppressing the separation, along with the near trailing-edge region, and achieving a pseudo-stationary state, as indicated by the almost constant values of z and low  σ  shown in Figure 8. The inability to successfully control the flow field led to the decision to exclude the    F +  = 1   cases from further analyses.
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Figure A2. U velocity fields of both    F +  1   cases at    ( t −  t  o n   )   U ∞  / c = 10  . 
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Figure 1. Schematic diagram of a plasma actuator. 
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Figure 2. Wing model with leading-edge PA installed in the wind tunnel. 
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Figure 3. Measurements of periods of bursting signal (left) and temporal structure of test runs (right). 
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Figure 4. Analysis of a singular case with synchronization issues. (a) Spatial distribution of first POD mode of U for 30 runs. (b) Temporal evolution of first POD mode of U of a single run without ensemble average. (c) Standard deviation of U values after complete processing. 
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Figure 5. Schematic diagram of experimental setup. 
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Figure 6. Analysis of first POD mode during normally separated flow conditions. (a) First POD coefficient z of 30-run ensemble average for    F +  = 2  , 3, 6. (b) Standard deviation of first POD coefficient z of 30-run ensemble for    F +  = 2  , 3, 6. 
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Figure 7. Flow visualization and reconstruction from first POD coefficient of ensemble average during normally separated flow conditions for    F +  = 3  . (a) Ensemble-averaged flow field at   t  U ∞  / c = 5   (ensemble for    F +  = 3  ). (b) Reconstructed flow field from the first POD mode at   t  U ∞  / c = 5   (ensemble for    F +  = 3  ). 
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Figure 8. Analysis of first POD mode during PA actuation and pseudo-stationary flow conditions. (a) First POD coefficient z of 30-run ensemble average for actuation with    F +  = 2  , 3, 6. (b) Standard deviation of first POD coefficient z of 30-run ensemble for actuation with    F +  = 2  , 3, 6. 
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[image: Actuators 12 00218 g008]







[image: Actuators 12 00218 g009 550] 





Figure 9. Flow visualization and reconstruction from first POD coefficient of ensemble average during PA actuation and pseudo-stationary flow conditions for    F +  = 3  . (a) Averaged flow field at    ( t −  t on  )   U ∞  / c = 15   (ensemble for    F +  = 3  ). (b) Reconstructed flow field from first POD mode at    ( t −  t on  )   U ∞  / c = 15   (ensemble for    F +  = 3  ). 
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Figure 10. z value of first POD mode during reattachment transient process. (a) First POD coefficient z of 30-run ensemble average for    F +  = 2  , 3, 6. (b) First POD coefficient z of 30-run ensemble average for    F +  = 2   and its standard deviation range. (c) First POD coefficient z of 30-run ensemble average for the actuation with    F +  = 3   and its standard deviation range. (d) First POD coefficient z of 30-run ensemble average for the actuation with    F +  = 6   and its standard deviation range. 
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Figure 11. Flow visualization during reattachment transient process. (a) Flow visualization of 30-run ensemble average of the actuation with    F +  = 6   at    ( t −  t on  )   U ∞  / c = 0.8  . (b) Flow visualization of 30-run ensemble average of the actuation with    F +  = 6   at    ( t −  t on  )   U ∞  / c = 1.8  . (c) Flow visualization of 30-run ensemble average of the actuation with    F +  = 6   at    ( t −  t on  )   U ∞  / c = 3.8  . (d) Flow visualization of 30-run ensemble average of the actuation with    F +  = 6   at    ( t −  t on  )   U ∞  / c = 6  . 
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Figure 12. z value of first POD mode during separation transient process. (a) First POD coefficient z of 30-run ensemble average for the actuation with    F +  = 2  , 3, 6. (b) First POD coefficient z of 30-run ensemble average for the actuation with    F +  = 2   and its standard deviation range. (c) First POD coefficient z of 30-run ensemble average for the actuation with    F +  = 3   and its standard deviation range. (d) First POD coefficient z of 30-run ensemble average for the actuation with    F +  = 6   and its standard deviation range. 
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Figure 13. Flow visualization during separation transient process. (a) Flow visualization of 30-run ensemble average of the actuation with    F +  = 6   at    ( t −  t off  )   U ∞  / c = 3.6  . (b) Flow visualization of single run of the actuation with    F +  = 6   ensemble at    ( t −  t off  )   U ∞  / c = 3.6  . (c) Flow visualization of 30-run ensemble average of the actuation with    F +  = 6   at    ( t −  t off  )   U ∞  / c = 6.0  . (d) Flow visualization of single run of the actuation with    F +  = 6   ensemble at    ( t −  t off  )   U ∞  / c = 6.0  . (e) Flow visualization of 30-run ensemble average of the actuation with    F +  = 6   at    ( t −  t off  )   U ∞  / c = 12.6  . (f) Flow visualization of single run of the actuation with    F +  = 6   ensemble at    ( t −  t off  )   U ∞  / c = 12.6  . 
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Figure 14. Pressure measurements at 0.1 c of 30-run ensemble average for    F +  2  , 3, 6 during separation transient process. (a) Pressure at 0.1 c of 30-run ensemble average for    F +  = 2  , 3, 6. (b) Pressure and its standard deviation at 0.1 c of 30-run ensemble average for    F +  = 2  . (c) Pressure and its standard deviation at 0.1 c of 30-run ensemble average for    F +  = 3  . (d) Pressure and its standard deviation at 0.1 c of 30-run ensemble average for    F +  = 6  . 
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Figure 15. Analysis of first POD mode during PA actuation with pseudo-stationary flow conditions. (a) Graphical representation of completion ratios   C  R  2.5    ,   C  R 5   , and   C  R 15    at times    ( t −  t  on / off   )   U ∞  / c =   2.5, 5, and 15, respectively. (b) Graphical representation of times   t  0.3   ,   t  0.6   , and   t  0.9   , which reach completion ratios of 0.3, 0.6, and 0.9, respectively. 
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Figure 16. Analysis of transient process completion ratio. (a) Completion ratio at    ( t −  t off  )   U ∞  / c = 2.5   (red) and    ( t −  t on  )   U ∞  / c = 2.5   (blue). (b) Completion ratio at    ( t −  t off  )   U ∞  / c = 5   (red) and    ( t −  t on  )   U ∞  / c = 5   (blue). (c) Completion ratio at    ( t −  t off  )   U ∞  / c = 15   (red) and    ( t −  t on  )   U ∞  / c = 15   (blue). (d) Times after PA state switch (off → on) to achieve completion ratios of 0.3, 0.6, and 0.9. (e) Times after PA state switch (on → off) to achieve completion ratios of 0.3, 0.6, and 0.9. 
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