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Abstract

:

This study numerically investigated the mechanisms of separation control using a synthetic jet (SJ) and plasma actuator (PA) around an NACA0015 airfoil at the chord Reynolds number of 63,000. Both SJ and PA were installed on the leading edge with the same order of input momentum (   C μ   = O (   10  − 3    –   10  − 5    )   ) and the same actuation frequencies in    F +  = 1.0  –30. The momentum coefficient   C μ   is defined as the normalized momentum introduced from the SJ or the PA, and   F +   stands for the actuation frequency normalized by the chord length and uniform velocity. A number of large-eddy simulations (LES) were conducted for the SJ and the PA, and the mechanisms were clarified in terms of the exchange of chordwise momentum with Reynolds shear stress and coherent vortex structures. First, four main differences in the induced flows of the SJ and the PA were clarified as follows: (A) wall-tangential velocity; (B) three-dimensional flow structures; (C) spatial locality; and (D) temporal fluctuation. Then, a common feature of flow control by the SJ and the PA was revealed: a lift-to-drag ratio was found to be better recovered in    F +  = 6.0  –20 than in other frequencies. Although there were differences in the induced flows, the phase decomposition of the flow fields identified common mechanisms that the turbulent component of the Reynolds shear stress mainly contributes to the exchange of the chordwise (streamwise) momentum; and the turbulent vortices are convected over the airfoil surface by the coherent spanwise vortices in the frequency of   F +  .
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1. Introduction


An improvement of the capability to suppress flow separation brings a great benefit to systems which have fluid flow in or around them. The typical and conventional devices for separation control are a mechanical “flap” and “slat” implemented on aircraft wings, which, however, require complicated systems and result in increasing the structural weight. To replace these conventional devices, “microdevices” that are simple, small, and have low energy consumption have been investigated by many researchers [1,2,3].



This study focuses on the separation control at low-Reynolds-number (  R e = O (  10 4  )  ) flows around the airfoil and the use of two active-control devices: a synthetic jet (SJ) and a plasma actuator (PA). The SJ, also known as a zero-net-mass-flux jet, consists of a cavity and an orifice connected to the cavity, of which the bottom oscillates with a small amplitude, and produces a weak and periodic flow from the orifice exit. The PA generates plasma to put kinetic energy inside the boundary layer by means of direct current, alternative current, radio frequency (RF), microwave, arc, corona, and spark electric discharge. Both SJ [4,5,6,7,8,9,10] and PA [11,12,13,14,15] are categorized as microdevices, which are small (  O ( 10 )   mm), light-weight, and are more simple and have lower energy consumption than conventional devices.



Based on the recent studies, one of the key phenomena in the effective control at a low-Reynolds-number regime has been clarified to be an unsteadiness of input disturbance and the excitation of shear layer instabilities [9,10,13,15,16,17]. Most of those attempts to investigate the separation control mechanism for those microdevices can be seen for each device independently. Specifically, the separation control by the SJ was investigated in [9,10], and that by the PA was performed in [13,15,16,17]. However, few researchers have tried to compare either the capabilities or mechanisms of separation control between different devices, which cannot lead to the development of basic and general design criteria for the separation control. This paper focuses on the quasi-steady state of the controlled flow fields with the SJ and the PA, while the transient phase from separated to attached flows is similarly significant for control capability. The latter transient mechanism will be targeted in a future study.



Extensive studies on the SJ have been performed experimentally [4,6]. Smith and Glezer investigated basic characteristics of induced flows by the SJ. Later, [5] experimentally revealed that the induced flow is initially a pair of vortices that is transient to a turbulent jet as evolving in the vertical direction. On the other hand, [18] performed a Reynolds-averaged Navier–Stokes simulation (RANS), which agrees well with the experimental results in the time-averaged vertical velocity; however, the other turbulent statistics such as velocity fluctuations were not in good agreement. This is probably due to the use of the RANS that often fails to capture unsteady turbulent statistics and the computational model of the SJ that adopts a boundary condition of a top-hat velocity distribution on the airfoil surface, where the flow inside the cavity was not resolved. Okada et al. [8] conducted a large-eddy simulation (LES) resolving the flows inside the orifice and cavity, where the velocity fluctuation qualitatively agrees well with the experimental results. Therefore, both a high-fidelity model of the SJ and the unsteady flow simulation, e.g., LES, are necessary for an accurate prediction of the induced flows by the SJ. The present study follows [8] for the modeling of the SJ using the orifice and deforming cavity with a uniform shape in the spanwise direction. For the actuation frequency, which is one of the most significant parameters for control, most of the previous studies reported that the low-frequency control utilizes the wake instability [7,9,19]. Meanwhile, although the actuator is not limited to the SJ, it has been shown that the high-frequency control utilizes several flow phenomena, including the shear layer instability [20,21] and turbulent transition/mixing enhancement [13]. The advantage of high-frequency control for dynamic stall on a pitching airfoil was also demonstrated experimentally and numerically [22,23].



Meanwhile, studies on the PA have also been conducted. Asada and Fujii [24] investigated the capabilities and control mechanisms of the burst mode actuation around a NACA0015 airfoil through a large-eddy simulation, where the    F +  = 6.0   actuation achieves better aerodynamic performance than    F +  = 1.0  . They also reported that the difference is mainly caused by the promotion of a turbulent transition on a laminar-separated bubble [24]. Subsequently, Sato et al. [13,15] more precisely clarified the mechanism of the effective control using the burst mode through the numerical analysis of Reynolds stress decomposition and linear stability theory (LST) [13]. More recently, Yarusevych et al. [25,26] performed an experimental study for the steady and transient response of a laminar separation bubble (LSB) using the PA. They employed the LST analysis to relate the shear layer stability and the bubble dynamics. In the LSB, the unstable disturbances in the separated shear layer is amplified and roll-up vortices are formed from the shear layer by the flow control. Those roll-up vortices are locked onto a excitation frequency with a strong coherent structure if the excitation frequency is sufficiently close to the unstable frequency. The spatial growth of disturbance and the coherent vortex structures were also reported in [27,28]. An extensive experimental study on the separation control using the PA was performed by Sekimoto et al. [29], and they classified the control trends based on the separation conditions such as leading-edge and trailing-edge separation.



Thus far, the separation control capabilities and mechanisms of those microdevices have been extensively investigated numerically and experimentally. Both SJ and PA introduce spatially and temporally localized flows, although they have different operation mechanisms in the generation of disturbance. Therefore, a similarity is expected to exist behind the separation-control mechanisms using the SJ and the PA, which has not been rigorously investigated. The objective of this study is to clarify a common mechanism for separation control around the airfoil using the SJ and the PA. The flow field was assumed to be in the low-Reynolds-number regime (  R e = 63 , 000  ) around the NACA0015 airfoil, and the LES was conducted to compare the separation control using the SJ and the PA. The difference in the input disturbance as well as the mechanisms to maintain the suppression of the separated flow were compared in detail.



The remainder of the paper is organized as follows. Section 2 specifies the problem settings and numerical models for the SJ and the PA. Section 3 describes the numerical methods. Section 4.1 discusses the flows induced by the PA and the SJ and compares the differences. Then, in Section 4.2, the separation-control capabilities are arranged from the viewpoint of the effect of   F +   for both devices, and the characteristics common for each devices are clarified. Finally, Section 5 concludes the present study.




2. Problem Specifications


2.1. Separated Flow


This study focuses on the separation control around the NACA0015 airfoil at the chord Reynolds number of 63,000. The angle of attack was set to be 12   ∘  , wherein the flow is separated near the leading edge, i.e., approximately 2.0% of the chord length from the leading edge [24]. Such a flow condition helps us clarify the mechanism of amplification of extremely small disturbances from the SJ or the PA and resultant modification of the entire flows. For ease of comparison, the specifc chord length and the inflow velocity are introduced herein: for example, the chord length    c h  = 0.1   m and inflow air velocity    u ∞  = 10.0   m/s correspond to the Reynolds number of 63,000. The experimental condition above was used for the validation study in [10,13,24].




2.2. Configuration of the SJ


A two-dimensional shape along the span was adopted for the orifice and cavity of the SJ for simplicity, as shown in Figure 1. The SJ was installed on the leading edge of the airfoil, and its orifice was normal to the airfoil surface. Figure 1b shows the details of the SJ, where green and blue colored regions indicate an airfoil surface and the SJ, respectively. The bottom of the cavity oscillates periodically and the flow inside the cavity and orifice was numerically solved. The orifice width   l e   was set to be   0.5 %   of the chord length (   l e  = 0.005  c h   , where   c h   is the chord length), which was often used in previous studies [8,30]. The orifice height was set to be   l e  ; the cavity depth is denoted by   L ( t )   (t is the nondimensional time), which was initially set as   L  ( 0 )  =  L 0  = 10  l e   ; and the width of the cavity bottom was set as    l b  = 5.5  l e   . The nondimensional value of actuation frequency f is denoted by   F +   according to the previous studies [1,8].   F +   is defined as


      F +  =    f *   c h    u ∞   ,     



(1)




which is the same normalization as the Strouhal number,   S t  , based on the same reference length and velocity. It should be noticed that although the normalization of   F +   is the same as   S t  , they are distinguished in this paper, since   F +   is imposed as a controllable parameter unlike naturally excited frequencies in the flow. The bottom of the cavity oscillates in a translational motion according to Equation (2). The amplitude of oscillation is denoted by A (normalized by   c h  ), and the cavity depth   L ( t )   is defined as follows:


     L  ( t )  =  L 0  + A cos  ( 2 π  F +  t )  .     



(2)







Figure 2 shows the schematic diagram of the time history of the cavity depth   L ( t )  . The momentum coefficient   C μ   is defined by Equation (3), which is the ratio of the momentum induced by the SJ and the freestream per unit time. This definition assumes the incompressible fluid, and the maximum momentum (  ρ  u max   ) induced by the SJ is approximately estimated as follows:


      C μ  =   ρ  u  max  2   l e    ρ  u  ∞  2   c h    ,   u max   l e  =  l b  max    d L ( t )   d t    = 2 π  l b  A  F +  .     



(3)







Note that the amplitude A is changed according to   F +   when   C μ   is kept constant as   A =  u ∞     c h   C μ   l b    /  ( 2 π  F +   l e  )   .
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Figure 2. Schematic diagram of the time history of the cavity depth in the SJ, where   t  p e r i    is the period of the oscillation. 
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2.3. Configuration of the PA


The PA consists of two electrodes and a dielectric, of which the schematics are illustrated in Figure 3a. A high AC voltage generates plasma in between two electrodes, which induces a flow over the PA. The base frequency of AC voltage is denoted as   f  b a s e    hereinafter, which is approximately 60Hz in the experiment. The burst mode actuation is defined by the multiplication of a sinusoidal higher base frequency and the lower frequency of the square wave (i.e., a step function) in the temporal direction, where the on and off phases are periodically enforced to input voltage in addition to the base-frequency oscillation (see Figure 3c) [31]. The lower frequency of the square wave is called a “burst frequency” in the previous studies, i.e., f. The burst frequency f is normalized to   F +   according to Equation (1) based on the same definition as that used for the actuation frequency of the SJ.   F +   is called the actuation frequency for the conciseness of the notation throughout this paper.



The details of the settings and series of verification studies for the present PA model can be referred to in Sato et al. [13] and Aono et al. [32]. The details of the PA model is described as follows. The PA was modeled by the unsteady body force and energy based on the Suzen model [33], which has a spanwise-uniform (two-dimensional) distribution. Based on this modeling, source terms were added to the momentum and energy equations of the compressible Navier–Stokes equations. Precisely, the body force term is expressed as   D c   and the energy term is    D c  S · u  . The nondimensional parameter   D c   denotes the ratio of the energy input from the PA and a dynamic pressure of the freestream as follows:


      D c  =    Q  c ; ref    E ref   c h     ρ ∞   u ∞ 2    ,     



(4)




where   Q  c ; ref    and   E ref   were given by the spatially maximum values of   Q c   (electric charge) and   | E |   (magnitude of an electric field) preliminary computed by the Suzen model [33], that is, a physical model of the PA.   S = (  S x  ,  S y  ,  S z  )   denotes the body force vector, which was computed by   S = Q E /  Q  c ; ref    E ref   . Figure 3b illustrates the computational result of the Suzen model [13,32], where the component of the body force in the x direction (  S x  ) is shown. The grey and red regions indicate the wall and the exposed electrode, respectively. This study focuses on the PA implemented at the leading edge of the airfoil. Therefore, the actual body force distribution used in the computation was that rotated in the clockwise direction by   90 ∘  . Namely, the horizontal axis in Figure 3b, denoted as x, was in the tangential direction of the airfoil surface. The original Suzen model only defined the steady distribution and thus the unsteady model was introduced as follows:


     S =  S suzen   sin 2   ( 2 π  F base  t )  ,     



(5)




where the base frequency of AC voltage   f base   is normalized by the chord length and freestream velocity as


      F base  =    f base   c h    u ∞   .     



(6)







The burst ratio   B R   was introduced as   B R =  t on  /  t peri   , and the time history of the input voltage including the burst mode is illustrated in Figure 3c. The present unsteady model was sufficiently validated through the comparison with experiments by Aono et al. [32]. The governing equations for the flow are the compressible Navier–Stokes equations. The present PA model is implemented into the momentum and energy equations as follows:


       ∂ ρ   ∂ t   +   ∂ ρ  u k    ∂  x k    = 0 ,     



(7)






       ∂ ρ  u i    ∂ t   +   ∂ ( ρ  u i   u k  + p  δ  i k   )   ∂  x k    =  1  R e     ∂  τ  i k     ∂  x k    +  D c   S i  ,     



(8)






       ∂ e   ∂ t   +   ∂ (  ( e + p )   u k  )   ∂  x k    =  1  R e     ∂  u l   τ  k l     ∂  x k    +  1   ( γ − 1 )  P r R e M  a 2      ∂  q k    ∂  x k    +  D c   S k   u k  ,     



(9)




where   x i  ,   u i  ,   q i  ,  ρ , p, e,   τ  i j   ,   δ  i j   , and t denote the nondimensional forms of position vector, velocity vector, heat flux vector, density, pressure, energy per unit volume, stress tensor, Kronecker delta, and time, respectively. Note that   S i   denotes the component of  S  defined in Equation (5). The Einstein summation convention is used in Equations (7)–(9).
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Figure 3. Computational model of the PA. 
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The strength of the input momentum is defined by the momentum coefficient   C μ   as follows:


      C μ  = B R     D  c ; effe    ∫   ∫ Ω   S  x ; suzen   d x d z      ρ ∞   u ∞ 2   c h  / 2   ,     



(10)




where   D  c ; effe    is defined as a time average of the unsteady body force as


      D  c ; effe    S suzen      =  1  t on    ∫ 0  t on    D c   S suzen   sin 2   ( 2 π  F  base  +  t )  d t =  1 2   D c   S suzen  .     



(11)







The momentum coefficient   C μ   is generally used in those microdevices for active flow control. Meanwhile, the definition of   C μ   is significantly different between the SJ and the PA as described in this study. It is not yet clear if matching   C μ   with the present definitions would lead to a fair comparison rigorously; however, as a starting point, we would like to adopt the momentum coefficient as a uniform criteria on the intensity of flow control.



Finally, from a more practical standpoint, atmospheric conditions external to the PA and SJ would impact their controllability. Lilley et al. [34] conducted experimental research in which water droplets were directly sprayed on the PA electrodes to assess the performance of the DBD-PA under rain. They discovered that the thrust is generally decreased due to droplet adhesion at the beginning stage, which is gradually restored depending on the applied voltage and operating frequency. Tanaka et al. [35] installed DBD-PAs on a 300 kW wind turbine and conducted the flow-control experiment, which included the installation of a protection system on the power supply to prevent unanticipated discharge in rainy conditions. Based on our internal communication, the actuation was stopped during the rain and restarted after the rain stopped; the plasma was successfully generated after approximately one rotation of the blade due to the water droplets adhering to the blade surface being blown away by the external flow. A number of researchers have also investigated the performance of the PA under varying humidity conditions [36,37]. The SJ would show fewer difficulties with actuation than the PA due to the absence of exposed electrodes, as reported by Weigel et al. [38], for instance. In terms of detailed flow physics, however, such as the control of the LSB, external atmospheric conditions have not yet been rigorously examined; therefore, the application of the PA and SJ in practical conditions should be attempted with caution.




2.4. Case Description


The computational cases for separation control using the SJ and the PA are summarized in Table 1.



In order to compare the capabilities of the SJ and the PA, both of the strong and weak input momentum cases were considered. The momentum coefficient,   C μ  , was similar to or smaller than that in the previous studies, e.g.,    C μ  = 3.5 ×  10  − 3     in [7]. Note that the weak   C μ   values are different between the SJ and the PA:    C μ  = 2.00 ×  10  − 5     and   5.15 ×  10  − 5     are set for the SJ and the PA, respectively. This is because the PA with    C μ  = 2.00 ×  10  − 5     was not able to control the separation, while the SJ with the same   C μ   successfully suppressed the separation. Since the present study aims to clarify a common mechanism for suppressing the separated flow, it was preferred that the similar controlled flows were compared between the SJ and the PA. The PA with    C μ  = 5.15 ×  10  − 5     was able to suppress the separation, and the input disturbance of    C μ  = 5.15 ×  10  − 5     is close to the minimum input controllable case using the PA. The definitions of   C μ   are different between the SJ and the PA, wherein the maximum velocity at the orifice exit and the spatial integral of the time-averaged body force are adopted for the SJ and the PA, respectively. Such a difference in the definition of   C μ   can lead to the difference in the minimum controllable   C μ  . The details of induced flows will be discussed in Section 4.1, wherein the cases with different   C μ  , e.g.,    C μ  = 2.00 ×  10  − 5     and   2.00 ×  10  − 6    , were additionally considered for the ease of comparison and data availability from the previous studies [32].





3. Methodology


3.1. Flow Solver


In the present study, LANS3D [39] was employed for the series of computations. LANS3D is a high-order compressible flow solver for structured grids, which was developed at the ISAS/JAXA and applied to a considerable number of engineering problems [13,40], and the capability of the code has been sufficiently verified through the literature above. The governing equations were the three-dimensional compressible Navier–Stokes equations in body-fitted coordinates. The spatial derivatives of the convective and viscous terms were evaluated by a sixth-order compact finite-difference scheme [41]. The metrics and Jacobian for the coordinate transformation were evaluated by the symmetric conservative forms [42,43]. The metrics form can avoid a freestream preservation error on moving and deforming grids even with the high-order compact scheme, which was utilized for simulating the cavity deformation of the SJ. The body force and energy terms for the simulations of the PA were added to the governing equation as described in Equation (5). A tenth-order filtering [44] was used with a filtering coefficient of   0.495  , and a numerical oscillation was suppressed. Time integration is conducted by a backward second-order difference formula converged by the five subiterations [45] of the lower-upper symmetric alternating direction implicit and symmetric Gauss–Seidel (ADI-SGS), and the second-order of accuracy in time is ensured. An implicit LES approach (ILES [45,46]) was adopted for turbulent modeling. The ILES approach, unlike the standard LES approach, employs no additional stress and heat flux as the subgrid-scale (SGS) models. Instead, a high-order low-pass filter selectively damps only poorly resolved high-frequency waves.




3.2. Computational Grids and Boundary Conditions


The computational grid was constructed based on the zonal grid approach [47]: background grid around an airfoil (Zone 1), intermediate region (Zone 2), the cavity of the SJ (Zone 4), and the orifice of the SJ (Zone 3) were generated separately, as shown in Figure 4. Zones 1 and 2 were adopted for the PA simulations, where the body force was not directly mapped to the background grid (Zone 1) but to the intermediate grid (Zone 2) for simplicity as well as enhancement in the resolution. The C-type grid was adopted around the airfoil, and the outer boundary was located at   25  c h    away from the leading edge. The size of the computational domain in the spanwise direction (y direction) was   0.2  c h   . The boundary-fitted coordinate system   ( ξ , η , ζ )   was employed as shown in Figure 4; the minimum grid size in the wall-normal direction ( ζ  direction) was   0.12 %   of the chord length   c h   (or   0.03 /   R e    ). The grid of the cavity (Zone 4) was deformed periodically in time, where the grid points were determined in the algebraic manner given by [8,48]. On the boundaries where the zonal grids were connected with each other, approximately 20 grid points were overlapped and the flow variables were exchanged with small errors [47]. The total number of grid points was approximately 30 million (Table 2). At the outflow boundary, all variables were extrapolated from the points next to the outflow boundary. A periodic boundary condition was applied to the spanwise direction. An adiabatic no-slip condition was adopted on the surface of the airfoil and the walls in the SJ. The nondimensionalized computational time step was   Δ  t *   u ∞  /  c h  = 4.0 ×  10  − 5     and the corresponding maximum Courant number became approximately 1.6.




3.3. Validation and Verification


First, the validation and verification for the PA actuation are described. The flow solver, the PA model, and the computational grids used in this study are the same as those in Sato et al. [13], although   C μ   is not the same. For example, in Figure 6a of Sato et al. [13], the mean pressure coefficient along the airfoil surface was compared between the simulation and experiment for non-controlled and controlled cases with    C μ  = 2.06 ×  10  − 4     and    F +  = 1.0   and   6.0  . The results are reasonably agreed well with each other, and thus the simulation in the present manuscript is sufficiently validated.



For the SJ actuation, the same flow solver with the present SJ model was used in Abe et al. [10], wherein an experimental comparison for the non-controlled case and grid/span length/time-step-size convergence studies for the controlled case were carried out. For example, Figure 20 of Abe et al. [10] shows a good agreement with the experimental result on the pressure coefficient along the airfoil surface; Figures 21 and 22 in Abe et al. [10] show the grid convergence results for the controlled case with    F +  = 6.0   and    C μ  = 2.0 ×  10  − 3    . Those verifications and validations sufficiently support the present simulation, including the flow solver and computational grid for the SJ cases.





4. Results and Discussion


4.1. Differences of Induced Flows from the SJ and the PA


In this study,   C μ   is utilized as a criterion for characterizing the strength of the input momentum from each device, as it has been in previous studies [4,6,9,13,19,49]. However, the definitions of   C μ   are different for the SJ and the PA because the operation mechanism and properties of induced flows are different. For example, the time average of the induced flow of the PA has the velocity in the direction from the exposed to the insulated electrode. Meanwhile, the time average of the induced flow, strictly a net input momentum, is zero in the SJ, as the blowing and suction phases periodically occur. This section discusses differences in the induced flow from the SJ and the PA, wherein the following four items are taken into account:




	A.

	
Wall-tangential velocity;




	B.

	
Three-dimensional flow structures;




	C.

	
Spatial locality;




	D.

	
Temporal fluctuation.














	A.

	
Wall-Tangential Velocity









Figure 5b,c represent the phase- and spanwise-averaged velocity at the SJ’s orifice exit, with   u jet   in the wall-normal (normal to the orifice exit) component and   w jet   in the wall-tangential (along the orifice exit) component. Figure 5a 1 depicts the phase diagram of cavity deformation. The notations   u jet   and   w jet   relate to the flows around the airfoil, with the negative value for the   u jet   corresponding to the blowing operation. The horizontal axis   x orifice   represents the coordinate along the orifice exit plane (note the red line in the orifice of Figure 5d), which is at half depth on the orifice section. Solid and broken lines represent the blowing phase (  φ = π / 2  ) and the suction phase (  φ = 3 π / 2  ), respectively. The results of four different   C μ   including the strong and weak input cases of Table 1 with the fixed actuation frequency of    F +  = 6   are compared.   w jet   (wall-tangential component) is approximately   10 %   of   u jet   (wall-normal component), so   u jet   characterizes the induced flow of the SJ in all input momentum cases. The three cases (   C μ  = 2.0 ×  10  − 3    ,   2.0 ×  10  − 4    , and   2.0 ×  10  − 5    ) suppressed the separation; however the    C μ  = 2.0 ×  10  − 6     condition was unable to manage the separation. At the suction phase,   w jet   and   u jet   have asymmetric profiles with respect to the orifice center (   x orifice  = 0  ). This occurs because the external flow crosses the orifice exit, where the internal flow is entrained downstream (   x orifice  > 0  ). When the SJ is in a quiescent flow, the profiles become symmetric, according to [8], and the wall-tangential flow component approaches zero. Furthermore, Figure 5d demonstrates the vortical structures inside the cavity in the case of    C μ  = 2.0 ×  10  − 3     and    F +  = 6.0  , where the isosurface corresponds to the second invariant of the velocity gradient tensor colored by the chordwise vorticity. The flow inside the cavity shows a strong three-dimensional structure, which will be described by the turbulent component of the phase-averaged velocity in the next part B.



It is difficult to identify the induced velocity of the PA during the separation control due to the existence of external flows. On the other hand, the body force distribution of the PA in Figure 3b suggested the existence of the wall-tangential component of the induced flow. Therefore, the momentum in the freestream direction was more directly introduced from the PA than the SJ, which can be regarded as one of the differences in the separation control mechanisms, especially for the strong   C μ   cases.
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Figure 5. Profile of phase-averaged velocity inside the orifice of SJ with    F +  = 6.0  : (a) the phase diagram; (b) wall-normal velocity (solid and dashed lines represent the blowing and suction phases, respectively); (c) wall-tangential velocity (solid and dashed lines represent the blowing and suction phases, respectively); and (d) instantaneous vortex structures within the cavity (   C μ  = 2.0 ×  10  − 3   ,  F +  = 6.0  ). The isosurface of (d) corresponds to the second invariant of the velocity gradient tensor and is colored by the chordwise vorticity normalized by the uniform flow:    ω x   c h  /  u ∞   . 
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	B.

	
Three-Dimensional Flow Structures









The turbulent component of the spanwise fluctuation inside the orifice is shown in Figure 6. The actuation frequency was set to    F +  = 6.0  , and the measurement line is identical to that shown in Figure 5. The blowing and suction phases are shown by solid and dashed lines (  φ = π / 2   and   3 π / 2  , respectively). The greater the   C μ  , the larger the turbulent component of the fluctuation within the cavity, indicating three-dimensional structures in the generated flow. Similar effects of   C μ   on the three-dimensional induced flow were observed in the prior work for the quiescent flows [8]. The instantaneous vortices within the cavity for three distinct   C μ   at each phase from   φ / 2 π = 1 / 10   to   9 / 10   are shown in Figure 7, where the isosurface depicts the second invariant of the velocity gradient tensor colored by the chordwise (x-axis) vorticity. These visualizations show that, in contrast to the weak   C μ   simulation, the strong   C μ   case forms the three-dimensional structures within the cavity.





[image: Actuators 12 00322 g006 550] 





Figure 6.   v jet  ′ ′    is the turbulent component of the phase-averaged velocity profile within the orifice of SJ with    F +  = 6.0  . The blowing (  φ = π / 2  ) and suction (  φ = 3 π / 2  ) phases are shown by solid and broken lines, respectively. 






Figure 6.   v jet  ′ ′    is the turbulent component of the phase-averaged velocity profile within the orifice of SJ with    F +  = 6.0  . The blowing (  φ = π / 2  ) and suction (  φ = 3 π / 2  ) phases are shown by solid and broken lines, respectively.
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Figure 7. (a) Structure of instantaneous vortices in the SJ cavity for various   C μ   and    F +  = 6.0  . The figures are taken from Figure 9 in [10]. The isosurface of (b) corresponds to the second invariant of the velocity gradient tensor and is colored by the chordwise vorticity normalized by the uniform flow:    ω x   c h  /  u ∞   . 






Figure 7. (a) Structure of instantaneous vortices in the SJ cavity for various   C μ   and    F +  = 6.0  . The figures are taken from Figure 9 in [10]. The isosurface of (b) corresponds to the second invariant of the velocity gradient tensor and is colored by the chordwise vorticity normalized by the uniform flow:    ω x   c h  /  u ∞   .
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The body force model for the PA, on the other hand, used spanwise-uniform profiles, preventing the PA from generating three-dimensional structures. As a result, one of the discrepancies between the SJ and the PA in the current computational models occurs in the spanwise fluctuation (three-dimensional structure) when   C μ   is high, which could influence the promotion of a turbulent transition in the separated shear layer around the leading edge. Since the weak input momentum situations (   C μ  = O  (  10  − 5   )    do not exhibit large spanwise variation even in the SJ, there are little variances between the induced flow from the SJ and the PA in these circumstances. On the other hand, the extraction of the induced flow by the PA under flow control was not realizable due to the existence of the external flow. To partly support the present discussion, the instantaneous vortex structures which will be discussed in detail later in Figure 16 can be referred herein. The strong input momentum case showed three-dimensional fluctuation only in the SJ cases. It should also be noted that recent experimental and numerical simulations of the PA revealed the presence of a three-dimensional body force [50,51]. The effects on the three-dimensional unsteady flow motion, such as a turbulent transition, have not been adequately addressed, despite evidence that such spanwise fluctuation of the body force has little effect on an induced flow in terms of the time and spanwise-averaged characteristics [50].








	C.

	
Spatial Locality









The power spectral density (PSD) of the wall-normal fluctuation at the leading edge in the separation control utilizing a weak input with    F +  = 6.0   is shown in Figure 8. The PSDs are taken at each   x /  c h    point when the turbulent kinetic energy (TKE) reaches its highest. The peak of the SJ and the PA is at    F +  = 6.0  , and its harmonics are enhanced downstream. The PSD of   F p = 6.0   at the leading edge, on the other hand, is approximately 10 times greater in the SJ than in the PA, despite the fact that   C μ   was adjusted to be almost identical (   C μ  = 2.00 ×  10  − 5     for the SJ;    C μ  = 5.15 ×  10  − 5     for the PA). This suggests that the wall-normal fluctuation at the referred location is different, despite the fact that the input momentum is in the same order.



The spatial profiles of time- and spanwise-averaged induced flow of the SJ and PJ are presented in Figure 9. In the controlled situations, the induced flow of the SJ was calculated from the flow field within the orifice, using the root-mean-square for the wall-normal component (  w jet  ) at half the depth of the orifice. The vertical axis of Figure 9 corresponds to the horizontal axis (the coordinate along the orifice exit   x jet  ) in Figure 5a,b for awareness. Because the induced velocity of the PA cannot be measured during separation control, the induced flow of the PA was estimated in the quiescent flow and obtained from [32]. The coordinate in the wall-normal direction corresponds to the vertical axis of Figure 9. The velocity profile in Figure 9 (solid lines represent the SJ; dotted lines show the PA) shows that the induced flow is more confined in the SJ than in the PA. This tendency for the localization would be predicted in the separation-controlled flow employing the PA, as illustrated in the induced-flow schematic of Figure 10. The boundary layer covers the leading edge where the SJ and the PA are implemented under the current flow/actuator circumstances. Because the thickness of the boundary layer is so thin at the leading edge, the SJ can introduce the fluctuation into the boundary layer more efficiently than the PA. Since the SJ introduces a larger amount of fluctuation to the boundary layer than the PA, the PSD in the separated shear layer would be impacted, as seen in Figure 8.



Finally, the width of the orifice can alter the spatial profiles of the flow induced by the SJ. In addition, the distance between the separated shear layer and the orifice exit is highly dependent upon the flow condition (e.g., angle of attack), airfoil, and location of the SJ. As a result, the spatial localization of the SJ-induced flow is not necessarily superior to that of the PA, which should be carefully considered under the various flow/actuator settings.
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Figure 9. Time-averaged velocity fluctuation. 






Figure 9. Time-averaged velocity fluctuation.
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Figure 10. The flows induced by the SJ (left) and by the PA (right) are shown schematically. The grey area depicts a zoomed-in view of an airfoil’s leading edge; red arrows indicate induced fluctuation; and black dotted lines depict separation streamlines. 






Figure 10. The flows induced by the SJ (left) and by the PA (right) are shown schematically. The grey area depicts a zoomed-in view of an airfoil’s leading edge; red arrows indicate induced fluctuation; and black dotted lines depict separation streamlines.
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	D.

	
Temporal Fluctuation









As can be seen from the PSD of the wall-normal fluctuation in Figure 8, the power distribution of high-frequency modes at   S t ≃ 100   is greater in the PA than in the SJ around the leading edge, where the fluctuation directly impacts its profile. As a result, the temporal variation of the induced flow causes the difference between the SJ and the PA in such a high-frequency domain. The higher (  S t ≥ 100  ) frequencies in the induced flow are included in the PA owing to the base frequency of the AC input voltage. The differences in the time history of input fluctuations are clearly seen in Figure 2 and Figure 3c. Previous research for the PA [13,32], which used the burst mode (duty cycle), found a comparable trend in the large amplitude of higher-frequency fluctuation (  S t ≥ 100  ).



The simulation of the SJ with burst actuation with the base frequency of    F +  = 100   was additionally conducted in the quiescent flow, and the effect of the base frequency was clarified. Blue and red lines in Figure 11 show the PSDs of the burst and normal actuation with the base frequency, respectively. For the wall-normal component of the flow velocity, the PSD was measured at the orifice exit. The data clearly reveal that in the burst actuation with base frequency, the PSD of higher frequencies (  S t ≃ 100  ) was much greater than in the normal actuation case. This indicates that the burst actuation is capable of introducing the higher frequency fluctuations of the base frequency into the induced flow. In separation-controlled conditions, such a high-frequency mode directly affects the nonlinear evolution of turbulent fluctuation, which occurs at a higher frequency than shear layer instability. The modulation of the base frequency, on the other hand, has no effect on the capacity of the separation control utilizing the burst actuation of the PA [13]; however, the differences from the normal actuation without such higher-frequency fluctuation were not fully explained.
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Figure 11. PSD of wall-normal velocity fluctuation induced by the SJ in the quiescent air (red is the normal mode; blue is the burst mode). 






Figure 11. PSD of wall-normal velocity fluctuation induced by the SJ in the quiescent air (red is the normal mode; blue is the burst mode).
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4.2. Capabilities of Separation Control


In this section, the separation-control capabilities were evaluated with regard to time-averaged aerodynamic coefficients. The time-averaged aerodynamic coefficients are shown in Figure 12, where the horizontal axis represents the actuation frequency   F +   and the vertical axis represents each time-averaged coefficient employing the SJ and the PA. The strong, weak, and non-controlled cases are shown by the red, blue, and black lines, respectively. The results of the SJ and the PA are shown by solid and dashed lines, respectively. Throughout this work, the control capabilities were assessed using the time-averaged lift-to-drag ratio (   C L  /  C D   ). For either strong or weak input momentum,    C L  /  C D    was largely recovered in both SJ and PA at approximately   6 ≤  F +  ≤ 20  . There is a localized range of frequencies where the separation is effectively suppressed, which is not significantly different between two devices. Therefore, the controlled flow fields of    F +  = 1.0   and   6.0   are mainly focused, and the mechanism of the localization of the optimal actuation frequencies is discussed hereafter.



Here,    C L  /  C D    of the PA was lower than that of the SJ for   6.0 ≤  F +  ≤ 15   in the weak   C μ   cases. Moreover, only the SJ was able to suppress the separation in the case of    F +  = 20  . In circumstances when the   C μ   was low, the SJ exhibited greater control capabilities across a broader range of   F +  , despite the fact that the PA’s   C μ   was nearly double that of the SJ. A difference of this magnitude would be the result of the spatial locality in the induced flow (C in Section 4.1). In the current model parameters, the maximum amplitude of the velocity fluctuation introduced by the devices into the separated shear layer is greater by the SJ than the PA. As a result, a turbulent transition starts in the upstream region, and the SJ maintains the size of the separation bubble smaller (see the red lines in Figure 14).



On the other hand, no significant difference was observed in the cases with the strong   C μ   (   C μ  = 2.00 ×  10  − 3    ).    C L  /  C D    was recovered by any   F +  , and the   C L   was slightly better in the PA than in the SJ. The wall-tangential momentum which is directly introduced from the device can effectively modify the separated flow in these strong   C μ   cases. As was discussed in A of Section 4.1, the PA can more directly introduce the momentum in the wall-tangential direction than the SJ, which leads to the difference in the   C L   with strong   C μ  . It is also noteworthy that later in Figure 14, the separation bubble using the SJ is smaller than using the PA, which indicates that the turbulent transition in the SJ occurs at a more upstream position than the PA. Therefore, enhancing the shear layer instability by the three-dimensional and localized flows induced by the SJ (see B and C of Section 4.1) can be less effective in the strong   C μ   cases than injecting the direct momentum from the PA.





[image: Actuators 12 00322 g012 550] 





Figure 12. Time-averaged   C L  ,   C D  , and    C L  /  C D    are summarized. Solid and dashed lines represent the results of the SJ and the PA, respectively. The blue and red lines are strong and weak   C μ   cases, respectively. 






Figure 12. Time-averaged   C L  ,   C D  , and    C L  /  C D    are summarized. Solid and dashed lines represent the results of the SJ and the PA, respectively. The blue and red lines are strong and weak   C μ   cases, respectively.
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4.3. Flow Fields of Controlled Cases


The time- and spanwise-averaged chordwise velocity,   u /  u ∞   , in the cases of    F +  = 1.0   and   6.0   are shown in Figure 13. As shown in Figure 13a–d, attached flows were obtained by both SJ and PA in cases with strong   C μ  . A separation bubble was formed on the leading edge, with the size of the bubble being smaller in    F +  = 6.0   than   1.0  . A similar trend was seen in the reversed flow area depicted in Figure 14. Figure 14 shows that the size of the separation bubble decreases when SJ is used instead of PA for each actuation condition. This difference can be explained by the position of a turbulent transition in the separated shear layer. Figure 15 shows the time-averaged pressure coefficient along the airfoil surface. Figure 15a,b show the controlled cases with    F +  = 1.0   and   6.0  , respectively, as well as the non-controlled case. In the controllable cases, pressure plateau regions are observed near the leading edge at approximately   x /  c h  ≃ 0.1  . Note that the controlled cases with    C μ  = 2.0 ×  10  − 3     and    F +  = 6.0   for both SJ and PA in Figure 15b do not clearly show the plateau region; those pressure distributions correspond to the separation bubbles represented in Figure 14.
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Figure 13. Time- and spanwise-averaged fields of   u /  u ∞    colored between   0.0   and   1.5  . 






Figure 13. Time- and spanwise-averaged fields of   u /  u ∞    colored between   0.0   and   1.5  .
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Figure 14. Reversed flow region near the leading edge: Solid and dashed lines show the reversed flow region around the leading edge using the SJ and the PA, respectively. Red and blue lines indicate the weak and strong input momentum, respectively. 






Figure 14. Reversed flow region near the leading edge: Solid and dashed lines show the reversed flow region around the leading edge using the SJ and the PA, respectively. Red and blue lines indicate the weak and strong input momentum, respectively.
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Figure 15. Time-averaged pressure coefficient along the airfoil surface. 






Figure 15. Time-averaged pressure coefficient along the airfoil surface.
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Figure 16 shows the instantaneous flow fields. The isosurface is a second invariant of the velocity gradient tensor colored by the chordwise (x-directional) vorticity. In each case, two-dimensional (spanwise-uniform) vortex structures are emitted from the separated shear layer, then they are convected in the downstream direction with amplifying three-dimensional fluctuations. The separated shear layer is mostly laminar, then it reattaches to the airfoil surface and a turbulent boundary layer is formulated, when the separation is suppressed, i.e., except for the cases with    F +  = 1.0   of the weak   C μ   for the SJ and the PA. Thus, the separation bubble can be thought of as a laminar separation bubble in those cases. Note that in the case with the strong   C μ  , the SJ introduces three-dimensional fluctuation near the leading edge, while the PA only introduces the two-dimensional fluctuation (see B in Section 4.1).




4.4. Phase Decomposition of Turbulent Statistics


The phase decomposition of an instantaneous quantity   f ( t )   is introduced as


     f ( t )      =    f ¯  ︸   overall  average   +     f ˜  φ  ︸   periodic   fluc .    +     f  ′ ′    ( t )   ︸   turbulent   fluc .    =     〈 f 〉  φ  ︸   phase  average   +     f  ′ ′    ( t )   ︸   turbulent   fluc .    ,     



(12)




where the total and phase-averaging operators are defined as   • ¯   and    〈 • 〉  φ  , respectively. Based on the decomposition of Equation (12), a time-averaged correlation of fluctuations,    f ′   ( t )    and    g ′   ( t )   , can be


        f ′   g ′   ¯  =     f ˜  φ    g ˜  φ   ¯  +    f  ′ ′    g  ′ ′    ¯  .      



(13)







The periodic and turbulent components of the Reynolds shear stress are shown in Figure 17:      u ′   w ′   ¯  =    u ˜   w ˜   ¯  +    u  ′ ′    w  ′ ′    ¯   . A spanwise averaging was also performed; however, the symbol for this operation was deleted for brevity’s sake. The Reynolds stress     u ′   w ′   ¯   represents the correlation between the velocity fluctuation in the x and z directions. This corresponds to the exchange of momentum in the chordwise direction, which shows how the momentum can be entrained from the external freestream into the near-wall surface. The overall component of   o v e r l i n e  u ′   w ′    is shown in the left column, while the phase and turbulent components,     u ˜   w ˜   ¯   and     u  ′ ′    w  ′ ′    ¯  , are shown in the center and right columns, respectively. All the cases demonstrate that the turbulent component   o v e r l i n e   u  ′ ′    w  ′ ′      is dominant, and hence turbulent structures mostly contribute to momentum exchange in the chordwise direction. In terms of the periodic component, however, there is a small variation between the SJ and the PA. The strong input case (   C μ  = 2.0 ×  10  − 3    ) with    F +  = 1.0   and   6.0   using the PA (Figure 17b,d) has a stronger periodic component at   x /  c h  ≃ 0.5   than the case using the SJ (Figure 17a,c). The lack of three-dimensional (spanwise-nonuniform) variations in the induced flow of the PA (B in Section 4.1) causes this difference. In these strong   C μ   situations, two-dimensional vortex structures strongly remain further downstream when utilizing the PA rather than the SJ, as stated in Section 4.5. As a consequence, the exchange of chordwise momentum is mostly produced via turbulent vortex structures independent of devices in the current flow and actuator settings; however a little difference in the intensity of the periodic component arises when the input momentum becomes strong.
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Figure 16. Instantaneous vortex structures around the leading edge. Isosurfaces show the second invariant of the velocity gradient tensor (colored by chordwise velocity   u /  u ∞    for   0.0   to   1.5  ). The figures (a,c,g) are taken from Figure 9 in [10]. 






Figure 16. Instantaneous vortex structures around the leading edge. Isosurfaces show the second invariant of the velocity gradient tensor (colored by chordwise velocity   u /  u ∞    for   0.0   to   1.5  ). The figures (a,c,g) are taken from Figure 9 in [10].
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Figure 17. Phase decomposition of the Reynolds shear stress   −    u ′   w ′   ¯  /  u ∞ 2   . The Reynolds shear stress is decomposed into periodic (    u ˜   w ˜   ¯  ) and turbulent (    u  ′ ′    w  ′ ′    ¯  ) components. The figures (a,c) are taken from Figure 12 in [10]. 






Figure 17. Phase decomposition of the Reynolds shear stress   −    u ′   w ′   ¯  /  u ∞ 2   . The Reynolds shear stress is decomposed into periodic (    u ˜   w ˜   ¯  ) and turbulent (    u  ′ ′    w  ′ ′    ¯  ) components. The figures (a,c) are taken from Figure 12 in [10].
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4.5. Coherent Vortex Structures and Chordwise Momentum Exchange in Phase-Averaged Flow Fields


Based on the decomposition of Equation (12), a phase-averaged correlation of fluctuations,    f ′   ( t )    and    g ′   ( t )   , can be written as


       〈   f ′   g ′   〉  φ  =   〈    f ˜  φ    g ˜  φ   〉  φ  +   〈   f  ′ ′    g  ′ ′    〉  φ  ,     



(14)




which is applied to the Reynolds shear stress as follows:     〈   u ′   w ′   〉  φ  =   〈   u ˜   w ˜   〉  φ  +   〈   u  ′ ′    w  ′ ′    〉  φ   . The spanwise average was also conducted in addition to the phase averaging procedure. Figure 18 and Figure 19 show    〈   u ˜   w ˜   〉  φ   and    〈   u  ′ ′    w  ′ ′    〉  φ   in the phases from   φ / 2 π = 1 / 10   to   9 / 10  . The black contour lines show the second invariant of the velocity gradient tensor in each phase.



The black contour lines in Figure 18 and Figure 19 identified the coherent vortex structures with its axis along the spanwise direction. The number of those vortex structures depends on the actuation frequency   F +  . The coherent vortices are generated in the downstream of the separation bubble near the leading edge. They formed a large single vortex in the case of    F +  = 1.0   in Figure 18 and six vortices in the case of    F +  = 6.0   in Figure 19. Therefore, both SJ and PA generate the coherent vortex structures in the separation-controlled (attached) flows, which is concealed in the turbulent boundary layer but can be successfully identified by the phase-averaging procedure. The Reynolds shear stress distribution illustrates that the turbulent component    〈   u  ′ ′    w  ′ ′    〉  φ   is dominant over most of the airfoil surface for both SJ and PA. The turbulent component is also locally amplified around the coherent vortices, which is entrained as the coherent vortices convecting in the downstream direction. On the other hand, the periodic component    〈   u ˜   w ˜   〉  φ   in the PA cases appears more strongly than that in the SJ cases (e.g., Figure 18a,c). This is caused by the spanwise-uniform fluctuation introduced by the PA (B in Section 4.1), wherein the PA does not induce three-dimensional fluctuation and thus the spanwise vorticity remains strongly. The strength of such a coherent vortex can affect the entrainment of the turbulent component of the Reynolds shear stress. Indeed, the turbulent components around the coherent vortices in Figure 18d and Figure 19d are stronger than in Figure 18b and Figure 19b, respectively. Such a difference leads to the more effective exchange of the chordwise momentum using the PA, and thus the aerodynamic performances are better in the PA than in the SJ, as in Figure 12. Another remark on the difference between the SJ and the PA in    F +  = 1.0   with    C μ  = 2.0 ×  10  − 3     is that in the PA case, the turbulent component of    〈   u  ′ ′    w  ′ ′    〉  φ   is locally amplified in the vicinity of the trailing edge. Such an amplification is not observed in the SJ case for    〈   u  ′ ′    w  ′ ′    〉  φ  . This is again explained by the strength of the spanwise coherent vortex along the suction surface. In the PA, the two-dimensional vortex structure remains stronger even in the aft portion of the airfoil surface, which collapses into a three-dimensional structure near the trailing edge. The similar transition first occurs on the laminar separation bubble near the leading edge, which can be observed both in the SJ and the PA. The PA induces the stronger two-dimensional structure than the SJ, and thus the turbulent component is again amplified near the trailing edge, which is not observed in the SJ case.



In summary, the phase decomposition of the Reynolds shear stress in the separation-controlled flows revealed that the turbulent component mainly contributes to the effective exchange of the chordwise momentum in both SJ and PA cases. On the other hand, in the strong   C μ   cases, the coherent vortex structures and periodic component of the Reynolds shear stress are stronger in the PA than in the SJ due to spanwise-uniform fluctuation induced by the PA. Since such coherent vortex structures strongly remain in the downstream direction, the flow is better suppressed by PA than SJ in the strong   C μ   cases.
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Figure 18. Phase decomposition of the Reynolds shear stress in the case of    C μ  = 2.0 ×  10  − 3    ,    F +  = 1.0  . Contour color shows periodic    〈   u ˜   w ˜   〉  φ   and turbulent    〈   u  ′ ′    w  ′ ′    〉  φ   components. Black contours show the second invariant of the velocity gradient tensor in the phase- and spanwise-averaged flow field. The figures (a,b) are taken from Figure 13 in [10]. 






Figure 18. Phase decomposition of the Reynolds shear stress in the case of    C μ  = 2.0 ×  10  − 3    ,    F +  = 1.0  . Contour color shows periodic    〈   u ˜   w ˜   〉  φ   and turbulent    〈   u  ′ ′    w  ′ ′    〉  φ   components. Black contours show the second invariant of the velocity gradient tensor in the phase- and spanwise-averaged flow field. The figures (a,b) are taken from Figure 13 in [10].
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Figure 19. Phase decomposition of the Reynolds stress in the case of    C μ  = 2.0 ×  10  − 3    ,    F +  = 6.0  . Contour color shows periodic    〈   u ˜   w ˜   〉  φ   and turbulent    〈   u  ′ ′    w  ′ ′    〉  φ   components. Black contours show the second invariant of velocity gradient tensor in the phase- and spanwise-averaged flow field. The figures (a,b) are taken from Figure 13 in [10]. 






Figure 19. Phase decomposition of the Reynolds stress in the case of    C μ  = 2.0 ×  10  − 3    ,    F +  = 6.0  . Contour color shows periodic    〈   u ˜   w ˜   〉  φ   and turbulent    〈   u  ′ ′    w  ′ ′    〉  φ   components. Black contours show the second invariant of velocity gradient tensor in the phase- and spanwise-averaged flow field. The figures (a,b) are taken from Figure 13 in [10].
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5. Conclusions


This study numerically investigated the mechanisms of separation control with the SJ and the PA around an NACA0015 airfoil at the chord Reynolds number of   63 , 000  . Both SJ and PA were installed on the leading edge with the same order of input momentum   C μ   (   C μ  = O  (  10  − 3   )    and   O (  10  − 5   )  ) and the same actuation frequencies between    F +  = 1.0   and 30.



First, the induced flows from the present numerical model of the SJ and the PA were compared, and the four main differences were clarified as follows:




	A.

	
Wall-tangential velocity;




	B.

	
Three-dimensional flow structures;




	C.

	
Spatial locality;




	D.

	
Temporal fluctuation.









The item A indicates that the momentum in the wall-tangential direction is less induced by the SJ than the PA. The item B explains that the three-dimensional structure can be generated in the induced flow of the SJ, while the present PA only models the two-dimensional (spanwise-uniform) body force. The item C describes that the flow induced by SJ is spatially localized near the airfoil surface while the velocity induced by PA shows a wider wall-normal distribution. The item D shows that the PA introduces higher-frequency fluctuation (  S t = O ( 100 )  ) due to the existence of the base frequency, which may contribute to the amplification of higher-frequency modes in the downstream of the separated shear layer. The first two items (A and B) would much affect the capabilities of separation control when   C μ   is strong; on the other hand, the last two items (C and D) can appear regardless of the strength of   C μ  .



Next, the capabilities and mechanism of separation control were investigated. Separation control by both SJ and PA shows better    C L  /  C D    in    F +  = 6.0 − 20   than in other frequencies. Specifically, the PA recovered    C L  /  C D    better than the SJ in the strong   C μ   cases. In those cases, spanwise-coherent vortices remain further downstream using the PA. In the weak   C μ   cases, the SJ recovered    C L  /  C D    better than the PA for    F +  = 6.0 − 20  . This is due to the drag reduction by promoting the turbulent transition near the leading edge and decreasing the size of the separation bubble.



As such, there are differences in the induced flows and capabilities of separation control by the SJ and the PA. Nevertheless, the overall mechanisms for separation control in the present condition were similarly identified as follows: The turbulent component of the Reynolds shear stress mainly contributes to the exchange of the chordwise (streamwise) momentum; and the turbulent vortices are convected over the airfoil surface by the coherent spanwise vortices with the frequency of   F +  . We believe that those common and different mechanisms for separation control can be applied to more general devices as long as they are operated with a small input momentum such as    C μ  = O  (  10  − 3   −  10  − 5   )    and the separated flow is in the low Reynolds number of   R e = O (  10  − 4   )   and at a low angle of attack.
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Appendix A. Results of Higher F+ Actuation


This appendix summarizes some of the results with higher   F +  , which were not shown in the main context. Figure A1 presents the instantaneous flow fields for    C μ  = 2.0 ×  10  − 3     with    F +  = 10  , 20, and 30. As in the lower frequency cases, two-dimensional (spanwise-uniform) vortex structures were emitted from the separated shear layer, then they convected in the downstream direction with amplifying three-dimensional fluctuations. It is noteworthy that in the SJ cavity, three-dimensional structures are suppressed in the    F +  = 30   case (Figure A1e) due to the smaller amplitude of the oscillation of the cavity bottom. Therefore, two-dimensional vortex structures more clearly emerge in the vicinity of the leading edge, which is close to the PA actuation in Figure A1f.



Figure A2 shows the periodic and turbulent components of the Reynolds shear stress in the cases of    C μ  = 2.0 ×  10  − 3     and    F +  = 10  . The turbulent component is dominant over the suction side in both SJ and PA, while the periodic component is stronger in the PA than in the SJ. This observation is the same in the lower frequency cases of Figure 17 for    F +  = 1.0   and 6.0. It should be also noted that as in the lower frequency cases, the PA induces a stronger two-dimensional structure than the SJ, and thus the turbulent component is again locally amplified near the trailing edge (  x /  c h  ≃ 0.7  ), which is not observed in the SJ case.



Figure A3 shows the phase history of the decomposed Reynolds shear stress in the cases of    C μ  = 2.0 ×  10  − 3     and    F +  = 10  . As was shown in Figure 18 and Figure 19, the turbulent component mainly contributes to the exchange of the chordwise momentum in both SJ and PA cases. Moreover, the coherent vortex structures and periodic component of the Reynolds shear stress are stronger in the PA than in the SJ, which are also similar to the lower frequency cases of    F +  = 1.0   and 6.0.
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Figure A1. Instantaneous vortex structures around the leading edge. Isosurfaces show the second invariant of the velocity gradient tensor (colored by chordwise velocity   u /  u ∞    for   0.0   to   1.5  ). 






Figure A1. Instantaneous vortex structures around the leading edge. Isosurfaces show the second invariant of the velocity gradient tensor (colored by chordwise velocity   u /  u ∞    for   0.0   to   1.5  ).
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Figure A2. Phase decomposition of the Reynolds shear stress   −    u ′   w ′   ¯  /  u ∞ 2   . The Reynolds shear stress is decomposed into periodic (    u ˜   w ˜   ¯  ) and turbulent (    u  ′ ′    w  ′ ′    ¯  ) components. 






Figure A2. Phase decomposition of the Reynolds shear stress   −    u ′   w ′   ¯  /  u ∞ 2   . The Reynolds shear stress is decomposed into periodic (    u ˜   w ˜   ¯  ) and turbulent (    u  ′ ′    w  ′ ′    ¯  ) components.
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Figure A3. Phase decomposition of the Reynolds shear stress in the case of    C μ  = 2.0 ×  10  − 3    ,    F +  = 10  . Contour color shows periodic    〈   u ˜   w ˜   〉  φ   and turbulent    〈   u  ′ ′    w  ′ ′    〉  φ   components. Black contours show the second invariant of the velocity gradient tensor in the phase- and spanwise-averaged flow field. 






Figure A3. Phase decomposition of the Reynolds shear stress in the case of    C μ  = 2.0 ×  10  − 3    ,    F +  = 10  . Contour color shows periodic    〈   u ˜   w ˜   〉  φ   and turbulent    〈   u  ′ ′    w  ′ ′    〉  φ   components. Black contours show the second invariant of the velocity gradient tensor in the phase- and spanwise-averaged flow field.
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Figure 1. Coordinate system and geometrical configurations of the SJ. 
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Figure 4. Computational grids (every 5 points are visualized) and coordinates. 
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Figure 8. PSD of wall-tangential fluctuation in the separated shear layer during control. The grey straight line illustrates Kolmogorov’s   5 / 3   law. The figure (a) is taken from Figure 11 in [10]. 
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Table 1. Computational cases. Both of the PA and the SJ are installed on the leading edge.






Table 1. Computational cases. Both of the PA and the SJ are installed on the leading edge.





	Case Name
	Input Momentum (   C μ   )
	    F +    





	strong input (SJ)
	   2.00 ×  10  − 3     
	1.0, 6.0, 10, 15, 20, 30



	strong input (PA)
	   2.00 ×  10  − 3     
	1.0, 6.0, 10, 15, 20, 30



	weak input (SJ)
	   2.00 ×  10  − 5     
	1.0, 6.0, 10, 15, 20, 30



	weak input (PA)
	   5.15 ×  10  − 5     
	1.0, 6.0, 10, 15, 20, 30
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Table 2. Number of grid points.   (  N ξ  ,  N η  ,  N ζ  )   represents the number of grid points in each direction.






Table 2. Number of grid points.   (  N ξ  ,  N η  ,  N ζ  )   represents the number of grid points in each direction.





	Zone Name
	Description
	    N ξ    
	    N η    
	    N ζ    
	Number of Grid Points





	Zone 1
	airfoil grid
	795
	134
	179
	19,068,870



	Zone 2
	intermediate grid
	253
	134
	91
	3,085,082



	Zone 3
	orifice grid
	45
	134
	75
	452,250



	Zone 4
	cavity grid
	157
	134
	214
	4,502,132
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