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Abstract

:

Efficient control of flow separation holds significant economic promise. This study investigates flow separation mitigation using an experimental platform featuring a combination of passive and active actuators arranged in a matrix configuration. The platform consists of 5 × 6 hybrid actuator units, each integrating a height-adjustable vortex generator and a micro-jet actuator. Inspired by the distributed pattern of V-shaped scales on shark skin, these actuator units are strategically deployed in a matrix configuration to reduce flow separation on a backward-facing ramp. Distributed pressure taps encircling the hybrid actuators monitor the flow state. Parametric analyses examine the effect of different control strategies. By adopting appropriate passive and active actuation patterns, effective pressure recovery on the ramp surface can be achieved. The most significant flow control outcome occurs when the actuators operate under combined active and passive excitation, harnessing the benefits of both control strategies. Particle image velocimetry (PIV) results confirm a notable reduction in flow separation under the best-controlled case. These findings suggest a promising future for flow control devices employing combined passive and active actuation in matrix-like configurations.
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1. Introduction


Turbulence control presents significant economic and environmental advantages in various modes of transportation. In the context of high-speed trains, aerodynamic drag becomes especially pronounced, comprising 75–80% of the total drag at speeds of 300 km h−1 [1,2,3]. This proportion escalates to over 90% as the train accelerates to 400 km h−1 [4,5]. In passenger cars, aerodynamic pressure drag also emerges as the primary concern [6,7,8]. This type of drag accounts for 90% of the total aerodynamic drag, with 80% of its impact concentrated in the car’s rear section [9]. Notably, one of the primary sources of aerodynamic drag in passenger cars is the flow separation near the vehicle’s rear end, where detached airflow often leads to significant energy losses [10].



A wide spectrum of flow control techniques has been effectively employed in both academic and industrial configurations to mitigate flow separation [11]. Passive control devices, such as vortex generators [12,13], dimples [14,15], flaps [16], and transverse grooves [17], have demonstrated efficacy in controlling separation across various flow configurations. A recent study by Viswanathan [18] conducted a parametric analysis to investigate the impact of different vortex generators on car drag reduction under varying yaw angles. The rapid evolution of actuator design and manufacturing technologies has elevated active flow control to a prominent research area. A comprehensive survey of active actuators can be found in Cattafesta and Sheplak [19]. Fluidic oscillators [20,21], synthetic jets [22,23], plasma actuators [24,25], and pulsed jets [26] have been successfully deployed in various flow configurations, resulting in significant advancements in separation control. Despite the additional energy investment required, the promising performance, flexibility, and robustness of active control methods have rendered them a popular choice for flow control applications [27].



Synergizing active and passive flow control devices represents a promising future for more effective flow control outcomes. In Yagiz et al. [28], a 5% reduction of aerodynamic drag was achieved in a 2D airfoil by combining bump and jet actuation. This combined approach yields significantly better results compared to either form of flow control strategy alone. Similarly, Liesner and Meyer [29] simultaneously applied boundary layer fences and suction actuation in a compressor cascade to reduce energy loss, demonstrating the effectiveness of combining both flow control strategies. However, for these pioneering studies, passive and active control devices were deployed independently and lacked effective integration. The potential for achieving even more promising flow control outcomes with minimal energy investment could lie in the development and application of hybrid passive and active actuators, which are capable of performing active control based on passive control results. By integrating both active and passive strategies, these hybrid actuators have the potential to perform more effective flow control.



Currently, academic flow control experiments and simulations primarily focus on canonical configurations, utilizing a limited number of sensors and actuators [30,31,32,33,34,35]. However, the inherent complexity of industrial flow configurations necessitates the expansion of sensor and actuator dimensions. This entails deploying a large number of actuators and sensors in the flow control plant. Pioneering studies have showcased the effectiveness of distributed flow control approaches. For instance, in wind energy applications, many vortex generators have been extensively deployed on wind turbine blades to enhance aerodynamic performance [36]. Similarly, in the active flow control of bluff body wakes, hundreds of micro-jet actuators have been employed to manipulate wake structures and reduce drag [26].



This study introduces the design and validation of a flow separation control device comprising hybrid passive and active actuators arranged in a matrix configuration. These hybrid actuators possess the capability to simultaneously execute passive and active flow control, thereby maximizing control effectiveness. We integrate 30 hybrid actuators on the surface of a backward-facing ramp in a matrix configuration, accompanied by 42 neighboring pressure taps to monitor pressure recovery on the ramp surface. By individually controlling the excitation state of each hybrid actuator, this experimental setup enables localized flow control refinement both passively and actively. In this investigation, we conducted a parametric study to assess flow control performance under various uniform arrangements. While appropriate passive control proved effective in enhancing pressure recovery on the ramp surface, the combination of passive and active control yielded more pronounced flow control performance. Particle image velocimetry (PIV) results confirmed a significant reduction in flow separation under the best-controlled case. These promising findings highlight the substantial potential of advanced flow control utilizing hybrid passive and active actuators in a distributed configuration. By combining the strengths of both control strategies, these experiments represent a paradigm shift from using a few actuators to employing distributed, matrix-wise actuators with hybrid passive and active capabilities. This shift marks a significant advancement in the field of flow control.



This manuscript is structured as follows. We present the design of the experimental platform in Section 2, which includes the hardware configuration (Section 2.1), the flow control objectives (Section 2.2), and other experimental instrumentation (Section 2.3). A comprehensive aerodynamic characterization of the baseline flow profiles is detailed in Section 3.1. The results of the parametric study of the experimental plant are outlined in Section 3.2, which encompasses a thorough comparison of various purely passive and hybrid (passive + active) control patterns, along with an analysis of the flow field under the best-controlled case. Finally, we conclude with a summary and outlook in Section 4.




2. Methodology


2.1. Separation Control on a Smooth Ramp Using Hybrid Passive and Active Actuators in a Matrix Configuration


One key innovation in this study is the development of an experimental separation control platform that integrates hybrid passive and active control, forming an actuator matrix. Conceptually, by arranging the hybrid actuators in a matrix configuration and controlling the actuator elements individually, each actuator should be capable of mitigating flow separation at its respective location by employing the locally suitable strategy. In scenarios where flow separation is absent, these actuators should remain flush with the profiled ramp wall, thereby avoiding interference with the flow field or generation of additional disturbances. However, when flow separation occurs, these actuators can initially function as purely passive devices, mitigating flow separation without requiring additional energy investment. Building upon the effectiveness of passive control, the hybrid actuators can then employ additional active control to further enhance the flow field, leveraging the combined benefits of both passive and active control strategies if necessary.



Based on these key design principles, we develop the experimental platform to address the flow separation control problem using a backward-facing ramp model. This classical model has been extensively studied in previous works, such as [37,38,39,40], among others. Reducing flow separation and recirculation in this simplified model holds significant implications for industrial flow applications. The potential of passive devices such as vortex generators [41,42,43] and active devices such as microjet actuators [44,45,46,47,48,49] to the effective ramp separation control have been successfully demonstrated in the state-of-the-art experiments and numerical simulations. The current research adopts a smooth backward-facing ramp profile initially proposed in [40]. According to this pioneer work, the mathematical expression of the smooth ramp profile is defined as follows:


   y H  =  1  2 π    sin    a π x  H   −   a π x  H   + 1 ,   x H  ∈  0 ,  2 a   .  



(1)




In this equation, x and y represent the streamwise and wall-normal directions, respectively. The step height H is set to 50  m  m  in the current implementation. The shape factor   a = 0.703   is chosen to ensure that the maximum slope is 35°.



Figure 1 presents the three-dimensional schematics of the experimental platform based on the ramp model described in Equation (1). The platform consists of the 5 (streamwise) × 6 (spanwise) hybrid actuator matrix and the staggered sensor matrix on the ramp surface. The design follows a modular approach, as depicted in Figure 1a. Each module comprises five equidistantly arranged hybrid actuators along the ramp profile. To accommodate complex inner and outer geometries, these actuators are fabricated using 3D-printing techniques. Each actuator takes the shape of a triangular prism, with its top surface conforming to the local ramp profile. At the bottom of each actuator, a stepper motor is installed to control the actuator’s movement in the vertical direction. When the actuator’s top surface coincides with the ramp profile, it remains inactive. Additionally, the actuator can function as a passive vortex generator when lifted up. These triangular prisms are capable of producing a pair of counter-rotating vortices from the sharp leading edge. The effectiveness of a similar configuration has been validated in previous works, such as [18,50]. The motion of the hybrid actuators is quasi-static, allowing for the creation of different passive actuation patterns by assigning different heights to the actuators. The actuator dimensions, as well as the number of actuators, are designed based on the size of the stepper motors, which are mounted under the ramp surface, as well as the design principle to maximize the number of actuators that can be accommodated on the ramp body. The height of each actuator can be adjusted between 0 and 10  m  m . A height of 0 indicates that the actuator is inactive and flush with the ramp surface, while a maximum height of 10  m  m  exceeds the boundary layer thickness (   δ  . 99   ≈ 9.5    m m   ) of the incoming flow.



To enable active control, each actuator is equipped with an interior air tubing fabricated using 3D printing. The tubing features an inner diameter of 1  m  m , with its injection outlet positioned 2  m  m  below the actuator’s top surface. The tubing inlets of all elements in the actuator matrix are connected to a pressure vessel maintained at a constant gauge pressure. This configuration allows the actuators to generate high-momentum micro-air jets in the downstream direction. We adjust the supply air pressure to ensure a consistent volumetric flow rate of 60 L min−1 when all micro-jets are activated simultaneously. To regulate the on–off state of each micro-jet promptly, high-frequency solenoid valves (Festo, MHE2-MS1H) are connected between each actuator and the compressed air supply. These solenoid valves have the capability to operate at frequencies ranging from 0 to 200  Hz , enabling steady blowing, periodic blowing, and even more complex actuation patterns.



As depicted in Figure 1b, the hybrid actuator matrix is achieved by stacking a total of six modules in the spanwise direction. This configuration results in a total of   N = 30   equally spaced actuators on the ramp surface. In addition to the actuators, we incorporate a staggered distribution of pressure taps, arranged in a grid of 6 (streamwise) × 7 (spanwise) around the hybrid actuators. Each pressure tap is positioned at the center of the neighboring actuators and has a diameter of 1  m  m . To monitor the pressure distribution on the ramp surface, all pressure taps are connected to a HangHua PSU pressure scanner using plastic tubing, each 30  c  m  long with an inner diameter of 2  m  m . With this setup, the experimental platform can execute passive, active, or hybrid control commands while simultaneously evaluating the wall pressure distribution under the corresponding control commands.



The assembled actuator and sensor matrices are installed in the test section of an open-loop wind tunnel. To promote uniform incoming flow, a front body with a streamlined leading edge is positioned in front of the module assembly. Additionally, a boundary layer tripping device is installed upstream to induce a fully turbulent boundary layer at the ramp leading edge. To mitigate the influence of strong wall effects, the actuators are not deployed near the side walls of the wind tunnel. Instead, solid ramp profile modules are utilized to fill the corresponding regions. For this study, the freestream velocity is set to 7 m s−1. This velocity corresponds to a Reynolds number of   R  e H  =   23,000, based on the height of the ramp.



A control system based on LabVIEW is developed to orchestrate the actions of the hybrid actuator matrix according to user-defined commands. The control system is implemented on a PXIe-8840 Real-time system. To achieve the desired heights of the actuator matrix and on–off states of the micro-jets, an NI PXI-6509 digital I/O module is employed. This module provides the necessary digital ports to send digitized control signals to passive and active devices, enabling precise actuation of each element. For data acquisition, an NI PXI-6225 module is utilized. This module collects voltage signals obtained from the pressure scanner. These voltage signals can be converted into pressure readings  s  through a meticulous in situ calibration process. In subsequent discussions, the vortex generator height and micro-jet on–off state are denoted by   h i   and   a i  , respectively, where   i = 1 , 2 , … , N  . This setup ensures accurate control and data acquisition for the experimental platform, enabling detailed analysis of the flow control performance.




2.2. Flow Control Problem Formulation


One main objective of this study is to investigate the effects of different passive and active flow control patterns using the proposed hybrid actuator matrix. In this study, we focus on steady-state passive and active control laws, which can be parameterized as follows. For passive control, we discretize the height variable   h i   into five possible values, allowing each actuator to switch between 0  m  m , 2  m  m , 4  m  m , 6  m  m , and 8  m  m . For active control with constant blowing, the active parameter    a i  ∈  0 , 1    represents the on–off status of the i-th micro-jet.



To assess flow control performance, we define a cost function   J a   based on the pressure distribution on the ramp surface. To represent separation reduction and pressure recovery on the ramp surface, we mathematically define the cost function as:


   J a  = ∫  (   p ¯  0  −  p ¯  )  d S .  



(2)




In this equation,    p ¯  0   represents the pressure in the freestream, and   p ¯   is the time-averaged pressure distribution on the ramp surface S. We also define a non-dimensionalized cost function (denoted as   J a *  ) based on the ratio between   J a   and the baseline cost function   J  a , baseline    obtained under the unforced case:


   J a *  = 1 −   J a   J  a , baseline    .  



(3)




Here, a positive value of   J a *   indicates a negative pressure recovery, implying that the flow field becomes deteriorated. Conversely, a negative value of   J a *   signifies an improvement in separation control. This non-dimensionalized cost function will be adopted in the following discussions.




2.3. Experimental Setup and Instrumentation


In this study, a parametric study consisting of 120 test cases is performed to assess the effectiveness of flow control outcomes under various control strategies. To simplify the control laws, the hybrid actuators on each spanwise row are assigned uniform control commands. Initially, purely passive control is applied to the hybrid actuators, where these elements act solely as passive vortex generators at different heights. We consider combinations of single rows, two neighboring rows, three neighboring rows, four neighboring rows, and all five rows lifted up at a uniform height h above the ramp surface. Four different heights ranging from 2  m  m  to 8  m  m  are chosen, and this results in a total of 60 purely passive test cases.



The parametric examination of passive + active control is conducted by adding additional uniform, steady micro-jet activation to each purely passive case. For each case, pressure data are recorded for 20  s  at a sampling rate of 2048  Hz , and the non-dimensional cost function   J a *   is calculated according to Equation (3) from the sampled pressure signals. These results will be used to analyze the effectiveness of flow control in each parametric case and the results will be discussed in the following section.



Based on the results of parametric flow control experiments, several flow measurement techniques are employed to characterize the baseline and controlled flow fields. One such technique is the use of hotwire anemometry to characterize the boundary layer profile at the leading edge of the ramp (  x = 0  ). The hotwire system used in this study comprises a single-wire boundary layer probe and a CTA-02 anemometer from HangHua Inc. The boundary layer profile between   z = 1    m m    and   30    m m    is measured by installing the hotwire probe on a 2D traversing system. Data acquisition is performed using an NI USB-6009 DAQ card, with a sampling rate set to 2048  Hz  and a measurement time of 20  s  at each location. To ensure accurate velocity readings, the hotwire anemometry is calibrated in situ by recording the output voltage of the hotwire at a range of incoming velocities. A fifth-order polynomial fitting is then applied to establish the relationship between flow velocities and mean output voltages. The in situ calibration concludes an overall uncertainty of less than 1.5% considering probe alignment, curve-fitting, calibration flow, temperature and pressure variations, and A/D conversion [51].



Particle image velocimetry (PIV) is also employed to measure the velocity fields on different streamwise planes aligned with the spanwise locations of the pressure taps. A planar PIV configuration is set up to obtain two-dimensional velocity fields on these planes. Two cameras are positioned side-by-side to maximize the field of view (FoV) in the streamwise direction. Seeding particles, generated by an Antari fog machine with an average size of approximately 0.2 μm, are illuminated by a dual-cavity Nd:YAG laser with a wavelength of 532  n  m . For each measurement plane, a total of 3000 image snapshots are acquired at a sampling rate of 12  Hz . The acquired image pairs are subsequently post-processed using a standard multi-pass routine to calculate velocity vectors, ensuring a spatial resolution of approximately 0.5 mm for all measurements. Uncertainty analysis is performed based on the cross-correlation statistics during the calculation of velocity vectors [52], suggesting an uncertainty less than 0.1 m s−1 for all PIV measurement campaigns. Key parameters for flow measurement techniques are concluded in Table 1.





3. Results and Discussion


3.1. Characterization of the Unforced Flow


We commence our investigation with an examination of the initial flow boundary layer, which plays a pivotal role in the subsequent flow separation downstream, as highlighted by Hildebrand et al. [53]. The boundary layer profile at the leading edge of the ramp (  x = 0  ) is carefully measured using the hotwire anemometry coupled with a traverse system, facilitating scanning in the wall-normal direction. Figure 2 illustrates the streamwise velocity profile in the inner scaling region, often referred to as the “law of the wall” region. To provide a comprehensive perspective, we impose the theoretical solution proposed by Spalding [54], utilizing standard parameters   B = 5.0   and   k = 0.41  . The non-dimensionalized velocity profiles confirm the turbulent state of the boundary layer, with a logarithmic layer extending to approximately    y +  = 230  . This boundary layer profile corresponds to a momentum boundary layer thickness of   θ = 0.98   mm, yielding a Reynolds number of   R  e θ  ≈ 500   based on the momentum thickness. Remarkably, an excellent agreement is observed between the experimental profile and the DNS simulation results at   R  e θ  = 670   extracted from Schlatter and Örlü [55] under zero pressure gradient conditions. It is noteworthy that due to the minimum distance maintained between the hotwire sensor and the wall ( 1  m  m ), the region below    y +  = 23   remains unmeasured in the hotwire measurements. Consequently, the viscous sublayer, typically characterized by    y +  ≲ 10  , can not be resolved from the current hotwire measurement campaign.



To investigate the flow separation characteristics in the baseline flow, a series of 2D PIV measurements are conducted in this study. Figure 3 offers a comprehensive three-dimensional portrayal of the velocity fields captured at seven equally spaced spanwise locations. These measurement planes are aligned with the positions of the pressure taps in the experimental setup, with a spacing of   Δ z = 0.6   H between consecutive streamwise measurement planes. In addition to presenting velocity contours, 2D streamlines are superimposed on each measurement plane to visualize flow separation and recirculation phenomena. Notable similarities are evident across these planar velocity profiles, including the expansion of shear layers and the occurrence of flow recirculation. To capture the vortex core within the recirculation region, a vortex identification method proposed by Graftieaux et al. [56] is employed to extract the core locations on all measurement planes. These core locations are then connected by a red thick tube in the figure. The distribution of vortex cores exhibits strong symmetry about   z = 0  , with the locations of vortex cores shifting further downstream as the measurement planes approach the side walls.



In addition, we investigate the turbulence characteristics of the unforced flow using proper orthogonal decomposition (POD, [57]) applied to the recorded velocity snapshots. Due to strong similarities among spanwise directions, we focus on presenting results from velocity snapshots measured along the centerline of the model (  z = 0  ). Following the snapshot version of POD [58], where each velocity snapshot   u ( x , y ,  t n  )   at time instance   t n   is expanded as the ensemble-averaged mean velocity  U  plus the linear combinations of orthonormal basis functions   (   ϕ   ( m )    ( x , y )  )   and the corresponding modal coefficients    a  ( m )    (  t n  )   :


  u  ( x , y ,  t n  )  = U  ( x , y )  +  ∑  m = 1  M    ϕ   ( m )    ( x , y )   a  ( m )    (  t n  )  .  



(4)




Here, m denotes the m-th POD mode, and M represents the truncation of the leading POD modes. The contribution of the first 100 POD modes to the turbulent kinetic energy, as well as the cumulative sum, are presented in Figure 4. Notably, the first POD mode captures approximately 17% of the turbulent kinetic energy (TKE), while the second and third POD modes contribute only 7.5% and 5% of the TKE, respectively. Similar observations are reported in prior studies such as Kourta and Gilliéron [9] for a straight ramp profile and Thacker et al. [59] for the rear slant of an Ahmed body.



Figure 5 and Figure 6 illustrate the streamwise and wall-normal components of the first nine POD modes. The first POD mode captures large-scale fluctuations inside the recirculation region, as extensively discussed in Kourta et al. [39]. In their work, they demonstrated that a low-order reconstruction combining the mean velocity and the first POD mode reveals the flapping motion of the recirculation region. Modes 2 and 3 depict a pair of wave-like turbulent structures in the flow, representing turbulence convection at two orthogonal phases. These modes exhibit the largest-scale turbulent structures primarily residing within the shear layer. Higher-order modes also feature alternating positive/negative structures within the shear layer, albeit with smaller turbulent structures. These turbulent mechanisms, including the vertical flapping motion of the recirculation region and the downstream convection of large-scale coherent structures inside the separated shear layer, align closely with discussions in previous studies such as Cherry et al. [60], Kiya and Sasaki [61], Largeau and Moriniere [62].



The pressure coefficient (  C p  ) profiles on the uniformly distributed pressure taps on the ramp surface are depicted in Figure 7. Notably, there are strong similarities observed in the pressure profiles across all measured spanwise locations. Near the ramp leading edge, the pressure coefficients remain close to 0 across all spanwise positions. Moving downstream of the ramp, the pressure gradually increases, reaching its maximum value (   C p  ≈ 0.2  ) between   x / H = 1.26   and   x / H = 3  . With the implementation of hybrid passive and active actuators aimed at reducing pressure separation on the ramp, further enhancement of the downstream surface pressure is anticipated.




3.2. Parametric Study on Hybrid Passive–Active Actuators for Ramp Separation Control


This subsection delves into the parametric study of flow control outcomes using a hybrid actuator matrix within our experimental platform. We explore a total of 120 parametric actuation control configurations to assess their impact on pressure recovery along the ramp surface. These configurations consist of 60 purely passive and 60 passive + active control commands. Furthermore, we compare the pressure distribution and flow fields on various streamwise planes with those of the unforced case.



Figure 8 depicts the results of the parametric study conducted under purely passive actuation of the actuators. The parametric configurations are systematically arranged to ensure uniform operation within each spanwise row. We evaluate the effectiveness of single-row, double-row, …, to all-row actuations, yielding a total of 15 distinct actuation arrangements. Each arrangement is tested with the selected rows, highlighted in red, positioned at four different heights ( 2  m  m , 4  m  m , 6  m  m , 8  m  m ), resulting in a total of 60 test cases. As outlined in Section 2.2, a negative cost function   J a *   signifies improved pressure recovery on the ramp surface, while a positive   J a *   indicates increased pressure loss. Among the single-row actuation scenarios, activating the second row at a height of 8  m  m  emerges as the most effective flow control strategy, leading to a remarkable 36% pressure recovery compared to the unforced case. Conversely, activating the first row results in signified pressure loss as the actuator height increases. In other single-row instances, actuation patterns yield negligible flow control enhancements. Interestingly, similar trends are observed in multi-row actuation results. Initiating flow control with the second row consistently yields improved performance as actuator height increases. Conversely, incorporating the first row leads to progressively poorer outcomes with increasing height. Actuating downstream rows, excluding the first and second, has minimal impact on flow control performance across all cases. Optimal flow control performance is achieved when the second and third rows are raised to the maximum height of 8  m  m . Under this configuration, purely passive devices effectively mitigate flow separation and enhance ramp surface pressure recovery by 43% compared to the unforced case.



Similarly, the impact of hybrid passive and active actuation is assessed by integrating simultaneous active control into each parametric pattern. Figure 9 illustrates the flow control outcomes when the actuators execute both passive and active controls. We utilize the parametric patterns enumerated in Figure 8 and introduce additional, uniform micro-jet actuations in each case. For clarity, active control applications are denoted by green dots on top of the corresponding actuator units. Regarding single-row actuation patterns, noteworthy pressure recovery is observed when the first row is blowing at a minimum height of 2  m  m . However, as the actuator height increases, the performance of first-row blowing progressively deteriorates. While the activation of the second row leads to significant pressure recovery in the passive-only scenario, negligible flow control effects are observed at all heights when active control is added. The remaining single-row actuation patterns result in additional pressure losses compared to the baseline case. In the case of hybrid flow control with multiple rows, including the first row at 2  m  m , consistently produces promising results. Furthermore, the most favorable flow control outcome is observed when the first two rows are activated at 2  m  m , yielding a remarkable 91% pressure recovery compared to the baseline case. These findings suggest that active control from the first row at the minimum height consistently ensures flow control effectiveness. However, as the actuator height increases, the effectiveness of flow control diminishes. Multi-row control patterns that commence with the second row also guarantee pressure recovery at various heights. Nevertheless, actuation patterns excluding the first two rows only yield negligible effects on ramp wall pressure recovery.



Comparing the parametric control laws in Figure 8 and Figure 9 provides a deeper insight into the effects of passive and active actuations in this innovative experimental setup. The inclusion of active control introduces notable changes in the performance of previously effective actuation patterns in the passive-only case, and vice versa. For instance, the effects of the first and second rows differ significantly between the passive-only and passive+active modes. These observations suggest that isolating the impact of active and passive control when designing effective flow control strategies can be challenging. Furthermore, as more complex parametric patterns are included in actuator arrangements, more intricate dynamics may emerge.



In the parametric study, we also define the equivalent micro-jet usage rate   J b *   and the equivalent actuator height   J c *  . The definition of both parameters follows the following two equations:


   J b *  =   〈  h i  〉  i  /  h max  ,  



(5)






   J c *  =   〈  a i  〉  i  .  



(6)




In these equations,    〈  ·  〉  i   represents the average over all actuator elements and   h  max = 8  m m     is the maximum height of the actuators. Figure 10 illustrates the interplay between   J a *  ,   J b *  , and   J c *   resulting from the hybrid passive and active parametric investigation. Notably, distinct Pareto frontiers emerge from the relationships between (   J a  ,  J b   ) and   (  J a  ,  J c  )   pairs. This visualization underscores the intricate balance between the effectiveness of passive and active control strategies. Specifically, each value of   J b *   corresponds to a range of possible   J a *   values, suggesting that the spatial distribution of actuators holds more influence than the sheer number of actuators. Conversely, elevating the equivalent number of actuators, as represented by   J c *  , is found to detrimentally impact flow control efficiency. This observation insight highlights the inherent complexity of flow control mechanisms using hybrid passive and active control strategies.



Flow measurements are conducted to enhance our understanding of the flow control outcomes, focusing on the optimal parametric case identified in Figure 9, where the first two rows are activated at a height of 2  m  m . Figure 11 displays the pressure coefficient profiles (  C p  ) measured on the ramp surface under the best-controlled case. Close to the leading edge of the ramp,   C p   exhibits a gradual decrease towards the ramp surface, indicative of a favorable pressure gradient induced by active blowing. Subsequently, a sudden pressure drop occurs, followed by a steady recovery of pressure along the streamwise direction. Notably, at   x / H = 3  , the pressure coefficient reaches approximately    C p  = 0.5   at   z / H = ± 1.8  , while registering about    C p  = 0.65   across all other spanwise locations. The slightly lower pressure recovery observed on the sidewalls is attributed to the absence of corresponding actuators in those regions.



Figure 12 showcases the streamwise velocity contours and corresponding 2D streamlines captured under the optimal parametric conditions. A significant reduction in flow separation is evident compared to the baseline results depicted in Figure 3. Particularly at locations   z = 2  ,   z = 4  , and   z = 6  , flow separation is nearly eliminated, with no discernible recirculated streamlines. Instead, low-speed regions are observed to form a very thin layer closely attached to the ramp wall. Although small recirculation regions persist at locations   z = 3   and   z = 5  , they are notably restricted, underscoring the effectiveness of the flow control. However, at near-wall locations   z = 1   and   z = 7  , evident separation regions remain, attributed to the absence of corresponding actuators near the wall. Nonetheless, it is apparent that the streamwise extent of the recirculation region is reduced with the implementation of single-side actuation. For a more detailed comparison of streamwise velocity profiles between the baseline and optimal parametric cases, Figure 13 provides additional insights.





4. Conclusions


In this study, we design and validate a novel separation control platform featuring a hybrid passive and active actuator matrix on a backward-facing ramp. Each actuator unit is composed of a height-adjustable vortex generator and a built-in micro-jet actuator, leveraging the combined benefits of both passive and active control strategies. The individual control of each hybrid unit can lead to a wide spectrum of control law patterns. In this study, we conduct a comprehensive parametric study comprising 120 test cases to evaluate the performance of various flow control strategies. Specifically, we investigate the effectiveness of both purely passive and hybrid passive–active patterns, with the spanwise rows uniformly activated. Flow measurements under the baseline case reveal complex dynamics with oscillating and convective turbulent structures at different scales. Our parametric investigation unveiled a nuanced interplay between passive and active actuations, highlighting the importance of actuator placement and height in influencing flow control outcomes. Notably, we identified specific actuation patterns that yielded substantial improvements in pressure recovery on the ramp surface, with the optimal configuration achieving a remarkable 91% pressure recovery compared to the baseline case. Flow measurements provided further details of the flow field under the best-controlled case. The streamwise velocity contours and 2D streamlines under the optimal parametric case underscored a remarkable reduction in flow recirculation region at all spanwise locations. Pressure measurements also reveal enhanced pressure on the ramp surface compared to the unforced case. Overall, this study underscores the promising potential of deploying hybrid passive and active actuator matrices in optimizing aerodynamic performance and enhancing the efficiency of various engineering applications.



Building on the success of our parametric studies and flow measurements, future research will undertake a comprehensive comparison of the flow control outcomes between this novel strategy and traditional setups. This comparison will significantly enhance our understanding of the effectiveness of the proposed hybrid actuator matrix. In addition, numerical simulations will deepen our comprehension of this distributed flow control paradigm. Time- and scale-resolved simulations, such as detached eddy simulations [63], will be crucial for understanding the interactions between the hybrid actuator elements and the incoming flow, as well as for interpreting and distilling effective flow control mechanisms. Meanwhile, future work will dive into the optimization of control laws for individual actuator units. Since parametric studies cannot guarantee optimal flow control efficiency, cutting-edge optimization algorithms powered by machine learning, such as genetic algorithms [64,65] and reinforcement learning [66,67], will be employed to obtain the optimum open-loop and closed-loop control laws. These algorithms will help fine-tune control strategies to maximize flow control effectiveness and advance the frontier of flow control using a hybrid actuator matrix.
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Figure 1. The experimental configuration of the flow control device comprising hybrid passive and active actuators arranged in a matrix configuration. Key components are listed from ① to ⑥. ①: A hybrid actuator integrating a vortex generator and an encompassed micro-jet. ②: The ramp base. ③: A stepper motor controlling the height of the actuator. ④: Pressure taps for static pressure measurements on the ramp surface. ⑤: The fixed ramp profile near the side wall. ⑥: The front body with a boundary layer tripping device in the wind tunnel test section. Key design parameters are also provided for reference (unit:  m  m ). 
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Figure 2. Boundary layer profile at the leading edge of the ramp and   z = 0   under the unforced case. The theoretical curve from Spalding [54] and the DNS data from [55] at a similar   R  e θ    are also presented for a comprehensive comparison. 
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Figure 3. Streamwise velocity contours and the superpositioned 2D streamlines measured at 7 spanwise locations with particle image velocimetry (PIV). The spanwise planes are aligned with the locations of the pressure taps. The z locations 1 to 7 correspond to   z / D =  −1.8, 1.2, 0.6, 0, 0.6, 1.2, and 1.8, respectively. The red tube connects the vortex core locations on each measurement plane. 
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Figure 4. Energy distribution of the first 100 proper orthogonal decomposition (POD) modes (red) and the cumulative sum (blue). 






Figure 4. Energy distribution of the first 100 proper orthogonal decomposition (POD) modes (red) and the cumulative sum (blue).



[image: Aerospace 11 00422 g004]







[image: Aerospace 11 00422 g005] 





Figure 5. The streamwise component of the leading proper orthogonal decomposition (POD) modes. 
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Figure 6. The wall-normal component of the leading proper orthogonal decomposition (POD) modes. 
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Figure 7. Pressure distribution on the ramp surface under the unforced case. Different symbol lines represent different spanwise locations. 
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Figure 8. The parametric results of different purely passive control laws from the actuator matrix. The activated hybrid actuators are denoted in red. For each arrangement, flow control outcome at 4 different actuator heights are evaluated. The best flow control result is denoted by a yellow star in the figure. 
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Figure 9. The parametric results of different passive + active control laws from the actuator matrix. The activated hybrid actuators are denoted in red, and the green dots on top of these actuators indicate simultaneous active control. For each arrangement, flow control outcome at 4 different actuator heights are evaluated. The best flow control result is denoted by a yellow star in the figure. 
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Figure 10. Three-dimensional visualization of the relationship between the cost function   J a *  , equivalent duty cycle   J b *  , and the equivalent actuator height   J c *   from the parametric study. The location of the best-performed case is denoted by a yellow star. Different colors represent the projection of data onto different two-dimensional planes. 
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Figure 11. Pressure distribution on the ramp surface under the best parametric case. Different symbol lines represent different spanwise locations. 
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Figure 12. Streamwise velocity contours and the superpositioned 2D streamlines measured at 7 spanwise locations with particle image velocimetry (PIV) under the best parametric case. The spanwise locations are aligned with the locations of the pressure taps. The z locations 1 to 7 correspond to   z / D =  −1.8, 1.2, 0.6, 0, 0.6, 1.2, and 1.8, respectively. 
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Figure 13. Comparison of streamwise velocity profiles at different spanwise locations under the baseline and the best parametric cases. 
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Table 1. Key parameters for flow measurement techniques.
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	Parameter
	Value





	HWA measurement uncertainty
	⩽1.5%



	PIV seeding particle & density
	DEHS, 0.91 g cm−3



	PIV field of view
	  0 ⩽ x / H ⩽ 4.5  ,   0 ⩽ y / H ⩽ 2  



	PIV CCD camera resolution
	2752 pixel × 2200 pixel



	PIV measurement uncertainty
	<0.1 m s−1
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