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Abstract

:

In this study, a numerical investigation is conducted on combustion-driven pulsed-jet actuation to control the flow around a lifting surface. Based on relevant experimental measurements and computations, high-speed jets are generated from the impulsive variation in pressure at the actuator boundary. A supersonic jet flow is momentarily generated by combustion in a reaction chamber of the actuator, and the flow interacts with the external flow around the lifting surface and alters the aerodynamic characteristics. The computational results indicate that the flow control performance of the jet actuation is significant at a high-incidence angle of attack, such as beyond the stall angle, whereas the impact is minimal at low angles of attack, such as in the linear lift region. Repetitive jet actuation can produce additional momentum to the external flow and alters the pressure distribution on the suction surface, particularly downstream of the actuator location. This pressure variation from the actuation yields an additional lift force on the lifting surface and reduces the amplitude of the aerodynamic moment at a given angle of attack, thus enhancing the aerodynamic performance of the airfoil.






Keywords:


combustion-powered actuation; active flow control; impulse jet actuation; flow separation; computational fluid dynamics












1. Introduction


Flow separation can occur around lifting surfaces at high-incidence angles, limiting their aerodynamic performance and flight envelope. Various flow control techniques have been studied to control the separating flow and recover aerodynamic performance [1,2]. Gad-el Hak [1] reviewed various flow control techniques for the realization of desired impacts, such as lift augmentation, drag reduction, and separation prevention. Ashill et al. [2] reviewed the key advantages and challenges associated with flow control devices, including passive and active methods. Their report indicated that passive flow control devices (e.g., vortex generators, miniature trailing-edge effectors, grooves, and riblets) can easily be installed and do not require extra energy input. However, unexpected drag penalties might occur in high-speed flow conditions. Slats and flaps, which are active flow control techniques with geometric variation, can control external flows effectively. Nevertheless, exploiting these methods for certain scenarios where a brief response is required might be challenging.



Various actuation methods have been explored to control the aerodynamic characteristic of a lifting body [3,4,5,6,7,8,9,10,11,12]. Müller-Vahl and Greenblatt [3], Kim et al. [4], and Gardner et al. [5,6,7] focused on the impact of a steady-blowing jet on lifting surfaces, revealing changes in aerodynamic characteristics with the use of a high-momentum steady-blowing jet. Feng et al. [8] assessed the effects of constant suction actuation at different locations on a plunging SD7003 airfoil, using RANS computations for analysis. The potential of plasma actuation in stall control has also been a subject of research [9,10]. Post and Corke [9] observed that employing a plasma actuator near the leading edge not only enhanced the lift but also mitigated the sharp decline of the lift during the downstroke. Yu and Zheng [10] demonstrated the effectiveness of nano-second plasma actuation in reducing dynamic stall events in their RANS computational studies. Additionally, zero-net mass-flux, commonly known as synthetic jet actuation, has been applied in dynamic stall control scenarios [11,12]. Rehman and Kontis [11] successfully used a synthetic jet to improve the aerodynamics of a NACA 0015 airfoil. Taylor and Amitay [12] conducted experiments with a synthetic jet actuator installed on a finite-span wing, showing that periodic momentum injection near the leading edge can effectively suppress the recirculation region.



Pulsed-type fluidic actuation via combustion, a key focus in this study, employs high-velocity jet impulsive actuation [13,14,15]. This technique, known as combustion-powered actuation (COMPACT), involves generating a high-speed jet from a combustion process in a small chamber, about 1 mL in volume (see Figure 1). Crittenden et al. demonstrated that this process can produce a supersonic jet due to rapid pressure increases within the chamber, leading to the flow choking at the chamber’s outlet. The absence of moving parts in COMPACT devices aids in initiating high-frequency combustion, up to 200 Hz, allowing for integration into the internal structure of the wings, especially near the leading edge. Crittenden et al. [13,14,15] indicated that a minimal electrical ignition energy of 2 mJ was sufficient for igniting hydrogen in the combustion process. Furthermore, they reported that a hydrogen/air mixture undergoing combustion in a 1 mL chamber results in an energy release of approximately 3.2 J, which is three orders of magnitude higher than the initial electrical energy input.



Brzozowski et al. [16] and Woo et al. [17] tested this method on a stalled NACA 4415 under incompressible flow conditions and demonstrated a rapid increase in circulation in the experimental measurements. Woo et al. [18] used this actuation for the rotor–body interaction and demonstrated a reduction in the aerodynamic drag of the fuselage. Matalanis et al. [19,20,21] and Tan et al. [22] utilized COMPACT actuation to control the dynamic stall phenomena under various flow conditions. Jee et al. [23] and Kim et al. [24,25,26] applied this flow control technique to mitigate rotorcraft-related dynamic stall events using unsteady Reynolds-averaged Navier–Stokes simulation (URANS) computations. Later, Kim et al. [27] conducted a delayed detached-eddy simulation (DDES) to investigate detailed flow physics with the jet actuation, and they identified two distinct time scales associated with the flow features closely related to variations in the aerodynamic performance of a lifting body.



Recent relevant computational studies employing large-eddy simulation (LES) and direct numerical simulation (DNS) [28,29,30,31,32,33] have emphasized their substantial computational demands for simulating lifting surfaces, whether stationary or in motion, under compressible flow conditions, like high Mach and Reynolds numbers. These high-fidelity computations [30,31,32] are essential for a detailed understanding of the physics of lifting surfaces, utilizing simple geometries, such as unmodified wings. However, the application of these computations is still limited to certain low-speed flow conditions. On the other hand, the unsteady Reynolds-averaged Navier–Stokes (URANS) approach has been effectively utilized for aerodynamic simulations under compressible flow conditions [34,35,36,37,38,39,40,41]. Furthermore, ongoing research in the area of flow control [8,10,24,25,26,42] indicates the continued relevance of the URANS approach for investigating flow mechanisms, complementing experimental studies.



In this study, high-speed jet actuation was applied to a lifting surface to control the aerodynamic performance. The experimental study by Ladson et al. [43,44] was simulated as a baseline airfoil case, and jet flows were applied using the same actuating configurations as in the wind tunnel tests by Matalanis et al. [19,20,21]. The computational results were validated using the related experimental data. The remainder of this paper is organized as follows: The computational methods and actuator models are presented in Section 2. The computational results, including the baseline and actuated cases, are described in Section 3. Finally, the conclusions of this study are presented in Section 4.




2. Computational Methodology


The flow around the NACA 0012 airfoil tested in [43,44] is simulated as the baseline case. The flow conditions of the current simulations are   M a = 0.3   and   R e = 3.95 ×  10 6   , based on the freestream velocity   U ∞  , air density   ρ ∞  , and viscosity   μ ∞  . The moment center is located at   ( x , z ) = ( 0.25 c , 0 )  . The actuator is tangentially installed at   x / c = 0.1   on the suction surface of the airfoil, at the same location as the actuator slot tested in the previous related experiments by Matalanis et al. [19,20,21]. The jet angle, based on the slot exit, is approximately    θ  j e t   ≃  20 ∘   , and the jet height is    h  j e t   = 0.0016 c  .



The conservative forms of the compressible Navier–Stokes equations are solved numerically using NASA’s flow solver CFL3D. A detailed numerical implementation of the generalized coordinates to Navier–Stokes equations is well documented in References [45,46,47,48,49]. In this section, only substantial information on the coordinate transformation will be discussed. The time-dependent compressible Navier–Stokes equations in generalized coordinates are expressed as


       ∂  Q ^    ∂ t   +   ∂ (  F ^  −   F v  ^  )   ∂ ξ   +   ∂ (  G ^  −   G v  ^  )   ∂ η   +   ∂ (  H ^  −   H v  ^  )   ∂ ζ   = 0     



(1)




The conservative variables are


   Q ^  =  1 J       ρ    ρ u     ρ v     ρ w    e     T   



(2)




where J is the Jacobian of the transformation,   J = ∂ ( ξ , η , ζ , t ) / ∂ ( x , y , z , t )  ;  ρ  is the fluid density;   ( u , v , w )   is the flow speed in the   ( x , y , z )   direction; and e is the total energy per unit volume. The vectors (  F ^  ,   G ^  ,   H ^  ) and (   F v  ^  ,    G v  ^     H v  ^  ) are the Euler and viscous fluxes of a generalized coordinate system in a  ξ ,  η , and  ζ  direction, respectively.



Euler and viscous fluxes are


   F ^  =  1 J       ρ U u       ρ U u +  ξ x  p       ρ U v +  ξ y  p       ρ U w +  ξ z  p        ( e + p )  U −  ξ t  p       



(3)






    F v  ^  =  1 J      0       ξ x   τ  x x   +  ξ y   τ  x y   +  ξ z   τ  x z          ξ x   τ  x y   +  ξ y   τ  y y   +  ξ z   τ  y z          ξ x   τ  x z   +  ξ y   τ  y z   +  ξ z   τ  z z          ξ x   b x  +  ξ y   b y  +  ξ z   b z        



(4)






   G ^  =  1 J       ρ V u       ρ V u +  η x  p       ρ V v +  η y  p       ρ V w +  η z  p        ( e + p )  V −  η t  p       



(5)






    G v  ^  =  1 J      0       η x   τ  x x   +  η y   τ  x y   +  η z   τ  x z          η x   τ  x y   +  η y   τ  y y   +  η z   τ  y z          η x   τ  x z   +  η y   τ  y z   +  η z   τ  z z          η x   b x  +  η y   b y  +  ξ z   b z        



(6)






   H ^  =  1 J       ρ W u       ρ W u +  η x  p       ρ W v +  η y  p       ρ W w +  η z  p        ( e + p )  W −  η t  p       



(7)






    H v  ^  =  1 J      0       ζ x   τ  x x   +  ζ y   τ  x y   +  ζ z   τ  x z          ζ x   τ  x y   +  ζ y   τ  y y   +  ζ z   τ  y z          ζ x   τ  x z   +  ζ y   τ  y z   +  ζ z   τ  z z          ζ x   b x  +  ζ y   b y  +  ξ z   b z        



(8)




where


     U =  ξ x  u +  ξ y  v +  ξ z  w +  ξ t        V =  η x  u +  η y  v +  η z  w +  η t        W =  ζ x  u +  ζ y  v +  ζ z  w +  ζ t      



(9)






   b i  =  u j   τ  i j   −  q i   



(10)




The viscosity  μ  is calculated using Sutherland’s law [50]:


     μ  ( T )  =  μ 0     T  T 0     1.5      T 0  +  T S    T +  T S        



(11)




where the coefficients are   μ 0   = 1.717   ×   10  − 5     kg/m    ·    s,    T 0  = 273.15   K, and    T S  = 111   K. More details of the flow solver CFL3D, including the grid system and coordinate transformation, are summarized in [49].



The Roe flux-differencing scheme [51] is used for the Euler fluxes with third-order MUSCL, and central differencing is used for the viscous fluxes. A second-order dual-time-stepping method is used for temporal integration [52,53]. The time step size with respect to the convective time scale    t c  = c /  U ∞    and pulse duration   t p   is   Δ t ≃  t c  / 145 ≃  t p  / 100  , and the Courant–Friedrich–Lewy number for the inner iteration is 0.8 with 20 iterations to converge the inner iterations. A multigrid technique is used for every iteration to accelerate the solution convergence. The URANS is performed using the Spalart–Allmaras (SA) turbulence model [54]. The transport equation of the SA working variable   ν ˜   is expressed as


       ∂  ν ˜    ∂ t   +  u j    ∂  ν ˜    ∂  x j    =  c  b 1    [ 1 −  f  t 2   ]   S ˜   ν ˜  −   c  w 1    f w  −   c  b 1    κ 2    f  t 2        ν ˜  d   2  +  1 σ    ∂  ∂  x j      ( ν +  ν ˜  )    ∂  ν ˜    ∂  x j     +  c  b 2     ∂  ν ˜    ∂  x i      ∂  ν ˜    ∂  x i         



(12)




The turbulent viscosity is computed as    ν t  =  ν ˜   f  v 1    , where    f  v 1   =  χ 3  /  (  χ 3  +  C  v 1  3  )    and   χ =  ν ˜  / ν  . Additional definitions and constants are summarized in [54]. The freestream condition for the SA variable     ν ˜  ∞  = 4  ν ∞    is based on previous studies on freestream conditions for a fully turbulent simulation [55,56].



The computational grids are generated around the actuator-installed NACA 0012 airfoil, as shown in Figure 2. A c-type grid system is used to solve the external flow around the airfoil, and additional grids are applied to the actuator slot at   x / c = 0.1  . Four computational grid systems (fine, medium, coarse, and coarser) are tested with no actuation. The corresponding grid qualities are summarized in Table 1. Figure 3 shows the aerodynamic forces and moment of the baseline airfoil with respect to the different grid qualities listed in Table 1, and grid convergence is achieved at the medium grid level. Therefore, the medium and fine grids provide indistinguishable similar results. In this study, a fine grid is used for the rest of the computations, consisting of   1120 × 256   and   112 × 192   for the grid points in the external flow and actuator slot, respectively. The height of the first wall-normal grid point is    Δ  y , 1  +  < 1   in the wall unit. The freestream boundary is located   20 c   away from the airfoil surface. The adiabatic wall condition is applied to the airfoil surface and slot walls, and the actuator boundary condition for high-speed jet generation [26,27] is applied to the slot bottom. This is detailed in the results section.




3. Computational Results


The aerodynamic forces and moment of the baseline NACA 0012 without actuation are compared with those in previous studies, as shown in Figure 4. The current computational data are time-averaged over 20  t c   in a quasi-steady state after a sufficient time of 20  t c   from the initial condition and compared with the related experimental [43] and numerical data [57]. Herein, the turbulent simulation data of [57] were obtained from a fully turbulent simulation using the SA turbulence model [54], which is the same numerical approach used in the current study. The baseline computation in this study showed good agreement with the related experimental and numerical data, as shown in Figure 4. The stall angle is predicted to be    α  s t a l l   ≃  14 ∘   , and the forces and moment are consistent with the experiment.



The surface pressure distribution around the baseline airfoil is compared with the experimental data, as shown in Figure 5. The computational results of the two selected angles of attack   α =  10 ∘    and   12 ∘   are compared with the experimental results of [44] and showed good agreement with the test data. Here, the Reynolds number in the pressure measurements of [44] is slightly lower than the current flow condition, i.e., than   R e = 3.0 ×  10 6   , but the numerical results show an insignificant discrepancy with the experimental data, as shown in Figure 5. As both angles of attack are close to a linear lift region, a mild variation in the surface pressure is observed after the suction peak, implying a well-attached flow on the overall suction side. A minor pressure oscillation is observed locally at   x / c = 0.1  . This is primarily owing to the actuator slot installed therein, which impacts minimally on the entire surface pressure distribution around the lifting body.



The actuation pressure is assigned to the bottom surface of the slot as the boundary condition based on the experimental measurements. In the wind tunnel tests by [19,20,21], jet flows were generated from an impulsive variation in pressure inside a combustion chamber. For this computation, impulsive pressure variation is applied at the slot bottom using a pressure ratio   p r   and pulse duration   t p  , instead of modeling the entire combustion process. The peak pressure ratio and pulse duration in the current computation are    p  r , p e a k   = 2.47   and    t p  = 0.7  ms  , which are the reported values in the experimental measurements by [20,21]. The boundary conditions at the bottom of the actuator slot are applied by following the approach of [26,27] and summarized in Equations (13) and (14).


        p  a c t   =  p r   p  r e f   ,   T  a c t   =  p  a c t   /  (  ρ ∞  R )      



(13)






        p  n o a c t   =  p  n b   −     ∂ p   ∂ n     n b   Δ n ,   T  n o a c t   =  T  n b , t o t       



(14)




where the subscript   a c t   and   n o a c t   denote the actuating and non-actuating periods, respectively. Finally, the change in the actuation pressure is obtained using Equation (15):


      p r   ( t )  = 0.5  cos ( 2 π   Δ t   t p   − π ) + 1   (  p  r , p e a k   − 1 )  + 1     



(15)




The variation in pressure is visualized in Figure 6. The actuation temperature is calculated using the ideal gas law with the actuation pressure    p  a c t   =  p r   p  r e f    , freestream density   ρ ∞  , and gas constant R. In this study, the freestream pressure   p ∞   is set as the reference actuating pressure    p ∞  =  p  r e f    . The non-dimensional actuation frequency    F +  =  f  a c t   c /  U ∞  =  f  a c t    t c  = 1   is used to identify the flow control authority of the repetitive actuation. The non-dimensional frequency of    F +  = 1   implies the identical contribution from the pulse frequency   f  a c t    and convective frequency   1 /  t c   , and it corresponds to the dimensional actuation frequency of  O (  10 2   Hz) for an airfoil with a chord length on the order of  O (1 m). The characteristic inflow boundary condition is used in the pulse duration to drive the high-speed jets from the pressure variation, and the zero-mass-flux boundary condition is used between the pulse intervals.



A high-momentum jet is generated from the impulsive variation in pressure at the actuator boundary, as shown in Figure 7. The momentary pressure increment chokes the flow at the nozzle throat and produces a supersonic jet flow on the suction side. The jet flow covers the downstream of the slot exit, which can interact strongly with the external flow, and provides additional momentum to the boundary layer. The current numerical approach to the actuator boundary is verified by comparing the jet momentum coefficient    C μ  =   ( ρ  U 2  h )   j e t   /  (  ρ ∞   U ∞ 2  c )    with the experimental value, which is a key parameter of pulsed-type actuators for flow control [58]. The peak jet momentum coefficient is evaluated using the flow properties at the nozzle throat and compared with the reported experimental value of [21]. The current study shows    C  μ , C F D   ≃ 0.017  , which is similar to the experimental value    C  μ , E X P   = 0.019   reported in [21]. Subsequently, repetitive jet actuation is applied to the airfoil using an actuation frequency identical to the freestream convection, i.e.,    F +  =  f  a c t   c /  U ∞  =  f  a c t    t c  = 1  , and the change in aerodynamic characteristics is assessed. The computational data are time-averaged over 20  t  a c t    in a quasi-steady state after a sufficient time of 20  t  a c t    from the baseline result.



The results in Figure 8 show the variations in the aerodynamic forces and moment with the actuation and indicate that repetitively pulsed jets can enhance the aerodynamic performance of the lifting surface. The flow control impact is particularly significant for the near- and post-stall angles of attack, e.g.,   α ≥  14 ∘   , in the baseline case. The lift force in the near- and post-stall regimes noticeably increases compared with the baseline airfoil, along with a variation in the drag. The amplitude of the aerodynamic moment is reduced at a given angle of attack. Although the actuated stall angle does not change with the jet flow, it exhibits a gradual post-stall behavior of forces and moments compared with the baseline case.



Conversely, at low angles of attack, the flow control impact of the impulsive actuation becomes minor; therefore, minimal variations in the aerodynamic forces and moment are observed. The related experimental [19,20,21,22] and computational [23,24,25] studies reported that jet actuation could have a minor impact on the flow control where the external flow is well attached to the surface. This is probably related to the minimum variations in the forces and moment observed in the current computations at low angles of attack, where the flow is already well attached to the suction surface.



The time-averaged pressure field around the airfoil is visualized as shown in Figure 9, which is related to the aerodynamic variations observed in Figure 8. Two angles of attack are selected in the pre- and post-stall regions, and the results are associated with the force variation observed in Figure 8. At   α =  8 ∘   , both the computational results in the baseline and actuation exhibit qualitatively indistinguishable data around the airfoil (Figure 9a). This result is associated with a marginal difference in forces and moments at low angles in Figure 8. At a high-incidence angle of   α =  18 ∘   , the actuation successfully alters the pressure distribution around the airfoil. Multiple jet flows reduce the suction pressure near and downstream of the actuator. Thus, the flowfields exhibit a visual difference, as shown in Figure 9b, enhancing the aerodynamic performance of the lifting body.



The surface pressure distribution around the actuated airfoil is quantitatively assessed, and it demonstrates a meaningful flow control impact for a high-incidence angle, as shown in Figure 10. At the angle of attack   α =  18 ∘   , the impact of the jet flows is significant and produces a large pressure loop compared with the baseline case (see Figure 8). The repetitive actuation yields a low pressure particularly around   0.1 ≲ x / c ≲ 0.4   on the suction side, generating an additional lift force on the lifting surface. This may be related to the additional momentum applied to the boundary layer downstream of the actuator location   x / c = 0.1  , altering the pressure distribution on the suction side. Because the pressure variation in the suction side is concentrated in the upstream region to the pitch axis   x / c = 0.25  , the pitch-down moment amplitude is diminished compared with the baseline.



However, the repetitive jet actuation yields an insignificant difference at   α =  8 ∘   . The surface pressure around the actuated airfoil exhibits an almost identical distribution to that of the baseline case (see Figure 8). This is associated with a minimum difference in the forces and moments at low angles of attack, as shown in Figure 8. Previous related experimental and computational studies [20,21,25] reported similar results for an attached boundary layer, implying there is a minor flow control impact of the jet actuation for a well-attached flow.



The variations in the time-average near-wall velocity with the actuation are shown in Figure 11, which are associated with the aerodynamic variations observed in Figure 8, Figure 9 and Figure 10. Three selected locations downstream of the actuator,   x / c = 0.15  ,   0.2  , and   0.3  , are evaluated, which shows the pressure changes with the actuation. The streamwise velocity   u x   is normalized with the maximum peak value   u  m a x    obtained in the baseline, and the wall-normal distance y is scaled using the wall-normal length   δ  m a x    where the peak velocity occurred. The computational result at   x / c = 0.15   (Figure 11a) shows an enhancement of the flow near the wall region, which implies that the jet actuation enhances the flow at the location. The baseline case at   x / c = 0.2   in Figure 11b exhibits a mild reverse flow near the wall, but the actuation alters the velocity profile, so the flow is attached to the suction side with the actuation. These results might be related to the mitigation of the severe flow separation observed at   x / c = 0.3   in the baseline (Figure 11c), which could imply a delay of the separating location associated with the aerodynamic variation observed.



The current computational investigations have revealed that high-speed jet actuation can control the aerodynamic performance of a lifting body. The computational approach on the actuator boundary can produce a supersonic jet in the computational domain and shows comparable momentum to the relevant experimental measurements. The jets from the repetitive actuation strongly interact with the external flow and produce additional momentum to the boundary layer. They change the pressure distribution on the suction side and generate additional lift force to the lifting surface. Consequently, meaningful variations in the aerodynamic characteristics are observed with the actuation, particularly for high-incidence angles.



The computational analysis has revealed that the use of repetitively pulsed-jet actuators significantly improves the aerodynamic performance of airfoils under high angles of attack, notably in near-stall and post-stall conditions. This improvement is seen in the increased lift coefficient and changes in the drag coefficient, along with a decrease in the moment coefficient at these higher angles. However, the effectiveness of these actuators is less marked at low angles of attack, where the flow remains consistently attached to the airfoil. In such scenarios, the changes in the aerodynamic coefficients are minimal. These findings suggest that while jet actuation is effective in addressing major flow separations like those in deep stall events, its impact is reduced in situations with an already stable flow attachment. This points to the potential for the focused application of jet actuators in aerodynamic control, particularly in managing complex stall situations.




4. Conclusions


In this study, pulsed-jet actuation was numerically investigated to control the aerodynamic characteristics of a lifting body. A flow control method was applied to a baseline flow around the NACA 0012 airfoil under compressible flow conditions. An actuator boundary condition was constructed to produce jets in the computational domain based on measurements reported in prior wind tunnel experiments. An impulsive pressure variation, which choked the flow at the nozzle throat, was assigned at the slot bottom. This drove the supersonic jet to the external flow on the suction side, and the current numerical approach exhibited a comparable peak momentum of the jet flow reported in the related experimental studies.



The computational results with the repetitive jet indicated that the actuation had a meaningful impact on the flow control for separated flows at high-incidence angles, whereas it exhibited minimal changes for well-attached flows at low angles of attack. Owing to the strong interaction between the jet and external flow, the surface pressure distribution on the suction side was altered, particularly downstream of the actuator. A larger pressure loop, compared with the baseline case, generated an additional lift force on the airfoil and reduced the amplitude of the aerodynamic moment at a given angle of attack, enhancing the aerodynamic characteristics of the lifting surface.
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Figure 1. Schematic diagram of high-speed jet generation from combustion-powered actuation. 
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Figure 2. Computational grids around the NACA 0012 airfoil and the actuator slot. Only the fine grid is shown in the figure. 
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Figure 3. Aerodynamic forces and moment on four grids. 
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Figure 4. Aerodynamic forces and moment of the baseline NACA 0012 airfoil compared with [43,57]. 






Figure 4. Aerodynamic forces and moment of the baseline NACA 0012 airfoil compared with [43,57].



[image: Energies 16 08008 g004]







[image: Energies 16 08008 g005] 





Figure 5. Surface pressure distribution   C p   around the baseline NACA 0012 airfoil. 
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Figure 6. A schematic diagram of impulsive variation in pressure at the actuator boundary. 
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Figure 7. High-speed jet generated from impulsive actuation. White region indicates supersonic flow. 
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Figure 8. Aerodynamic forces and moment of the actuated NACA 0012 airfoil compared with [43]. 
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Figure 9. Pressure field around the NACA 0012 airfoil with and without the actuation. 






Figure 9. Pressure field around the NACA 0012 airfoil with and without the actuation.



[image: Energies 16 08008 g009]







[image: Energies 16 08008 g010] 





Figure 10. Surface pressure distribution   C p   around the actuated NACA 0012 airfoil. 
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Figure 11. Variation in streamwise velocity   u x   in the near-wall region at three selected locations on the suction side. Velocity is normalized with the peak value,   u  m a x   , in the baseline case, and the wall-normal distance z is scaled using   δ  m a x    where the location of   u  m a x    is in the wall-normal direction. 
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Table 1. Computational grids tested in the current simulation. The parameter N is the number of grid points, and the subscripts   e x t  ,   a c t  , and   w a k e   indicate the external flow, actuator slot, and wake region, respectively.   Δ  L E    and   Δ  T E    are the grid length at the leading and trailing edges, and   Δ  y , 1  +   is the dimensionless height of the first wall-normal grid point in the wall unit.
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	Grid Resolution
	    N ext    
	    N act    
	    N wake    
	    Δ LE    
	    Δ TE    
	    Δ  y , 1  +    





	Fine
	   1120 × 256   
	   112 × 192   
	   112 × 256   
	   5 ×  10  − 5   c   
	    10  − 4   c   
	<1



	Medium
	   560 × 128   
	   56 × 96   
	   56 × 128   
	    10  − 4   c   
	   2 ×  10  − 4   c   
	<2



	Coarse
	   280 × 64   
	   28 × 48   
	   28 × 64   
	   2 ×  10  − 4   c   
	   4 ×  10  − 4   c   
	<4



	Coarser
	   140 × 32   
	   14 × 24   
	   14 × 32   
	   4 ×  10  − 4   c   
	   8 ×  10  − 4   c   
	<8
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