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Abstract

:

Trailing-edge noise (TE noise) is an aeroacoustic sound radiated from an isolated airfoil in the specific ranges of low-speed flow. We used a pulsed laser as an actuator to reduce the TE noise without modifying the airfoil’s surface. The wind tunnel test was conducted to verify the capability of an Nd:YAG laser as the actuator. The laser beam was focused into the air just outside the velocity boundary layer on the lower side of an NACA0012 airfoil. The experimental result shows that the TE noise is suppressed for a certain period after beam irradiations. We then analyzed the physical mechanism of the noise reduction with the laser actuation by the implicit large eddy simulation (ILES), a high-fidelity numerical method for computational fluid dynamics (CFD). The numerical investigations indicate that the pulsed energy deposition changes the unstable velocity amplification mode of the boundary layer, the source of an acoustic feedback loop radiating the TE noise, to another mode that does not generate the TE noise. The sound wave attenuation is observed once the induced velocity fluctuations and consequently generated vortices sweep out the flow structure of the unstable mode. We also examined the effect of the laser irradiation zone’s shape by numerical simulations. The results show that the larger irradiation zone, which introduces the disturbances over a wider range in the span direction, is more effective in reducing the TE noise than the shorter focusing length with the same energies.
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1. Introduction


Aviation demands have risen more than ever before, and developing advanced noise reduction technologies has become important to ease the noise of aircrafts impact around airports [1]. In certain flow conditions, an aircraft wing radiates a sound wave as a consequence of the interaction between an unsteady flow over the walls and the rear edge, known as the trailing-edge noise (TE noise), a part of the noise of an aircraft. Significantly, in specific angles of attack (AoA) and moderate Reynolds numbers conditions at the low-speed regime, the instabilities of the laminar boundary layer form intense vortex shedding that generates characteristic tonal noise [2,3]. This type of TE noise is defined as the laminar boundary layer vortex shedding (LBL-VS) type trailing-edge noise [4,5]. In this study, we consider the LBL-VS type of TE noise.



Many pieces of previous research have investigated the physical mechanism of the LBL-VS type of TE noise since the early 1970s [2,3,4,5,6,7,8,9,10,11,12,13]. Figure 1 schematically depicts the source of the TE noise. The self-sustained discrete tone is maintained by an acoustic feedback loop consisting of the velocity instabilities of the laminar boundary layer, known as the Tollmien-Schlichting (TS) wave, and the sound wave from the trailing edge [6,7,8]. The sound wave (and disturbances in the surrounding flow) initially excites the velocity fluctuations in the boundary layer on the airfoil fore part [13], and the induced fluctuations grow as the TS wave flows ahead to the trailing edge. The dominant frequency of the TE noise agrees with the TS wave frequency estimated from the linear instability theory [3,7,12]. Previous studies [3,12] have indicated that the lower side laminar separation bubble also plays an essential role in the velocity amplification and in selecting the dominant frequency. The vortices generated by the TS wave interact with the trailing edge. Consequently, the vortex sound is radiated as the TE noise. The sound wave propagates to the upstream direction and excites the boundary layer again. This acoustic feedback loop maintains the generation of noise and also contributes to secondary tones around the main tone frequency [3,8,14].



The TE noise mechanism indicates that adequately controlling the TS wave can reduce the noise. Some flow control techniques have been suggested to reduce the TE noise [15,16,17,18,19,20]. One effective way of noise control is to deform the wall shape using the piezoelectrically driven oscillating surface (PDOS) actuator [15,16]. Wylie et al. [16] used a PDOS actuator placed on the upper side surface to cancel the TS wave by introducing an anti-phase disturbance. A closed-loop control with an iterative learning algorithm drove the actuator and reduced the TS wave’s amplitude. Another effective device is a dielectric barrier discharge plasma actuator (DBDPA) [17,18]. Simon et al. [19] constructed a feedforward control system for a manned glider airfoil consisting of a DBDPA and two hot-wire flow probes placed upstream/downstream of the actuator. The control system suppressed the TS wave 12–15 dB compared to its uncontrolled state at the flight speed of 40 m/s. It is noteworthy that the system attenuated disturbances over a wide frequency band centered on the dominant frequency. A periodical flow injection/suction was also suggested as an alternative control method with extremum-seeking control (ESC) scheme [20]. We note that we can easily break the acoustic feedback loop by tripping the boundary layer to turbulence, but it also leads to a drag increase [21]. What we wish to achieve is a reduction in the TE noise while retaining the lift-drag characteristics.



Although the methods mentioned above sound suitable for controlling the TE noise, they are hard to install since they invade the airframe’s structure and might weaken the structural robustness. Recently, the pulsed laser has been employed as a contactless actuator for the flow control. Several studies have shown that laser-based energy deposition approaches can be a practical flow control application [22,23,24]. The impulsive energy deposition afforded by the rapid heating of the laser pulse causes a unique thermal/density distribution [22]. Kim et al. [23] experimentally demonstrated the wave drag reduction by repetitive laser energy depositions onto a shock wave/boundary layer interaction region in a supersonic flow. Bright et al. [24] conducted an experimental study to control the laminar separation on an airfoil using a remotely located laser deposition. They showed that a laser beam focused through a convex lens induced an air breakdown near the upstream of the leading edge. Enhancing the momentum transfer from the surrounding flow to the boundary layer due to the heated air caused the flow reattachment. Keeping in mind that the laminar separation bubble contributes to the emission of TE noise, this work gives us the impression that the pulsed laser could control TE noise as the previous research did.



In this study, we employed a pulsed laser as an actuator to reduce TE noise. Section 2 presents wind tunnel experiments using a NACA0012 airfoil and a pulsed Nd:YAG laser. The effect of an impulsive energy deposition near the boundary layer was evaluated by the airfoil’s surface pressure. Section 3 describes the numerical setup for computational fluid dynamics (CFD) to study the mechanism of the control of TE noise. We employed the implicit large-eddy simulation (ILES) method to consider unsteady compressible flows over a blunt-ended two-dimensional NACA0012 airfoil. A mathematical model was used to simulate the energy deposition process by the pulsed laser. Section 4 shows the numerical results for the simulations, including the sound field and pressure fluctuations on the airfoil’s surface. We investigated the vortex dynamics near the trailing edge in detail to discover the control mechanism of the TE noise. Section 5 summarizes the conclusions of this study.




2. Wind Tunnel Test


2.1. Experimental Setup


The wind tunnel experiments were conducted in the Low-Turbulence Wind Tunnel at the Chofu Aerospace Center of the Japan Aerospace Exploration Agency (JAXA), which is an open jet wind tunnel with a rectangular nozzle of a 650 mm × 550 mm cross-section. The nominal turbulence intensity, which is the root mean square value of the velocity fluctuations, at the nozzle is less than 0.05% of the free-stream velocity. The experimental setup is displayed in Figure 2.



The wing model was a two-dimensional NACA0012 airfoil with a blunt trailing edge whose chord   L c   and span b are 250 mm and 595 mm, respectively. The model was made of aluminum alloy (Japanese Industrial Standards (JIS) A5052). End plates were installed at both spanwise ends of the wing to reduce the effect of the shear layer of airflow from the nozzle outlet. Five semiconductor pressure transducers (XCQ-093-5D, Kulite) were mounted on the wing at 50%, 60%, 70%, 80%, and 90% in the chord direction, which were located 50% in the span direction on the pressure surface.



An Nd:YAG laser (SAGA 230, Thales) was used as an actuator of the fluid flow. This laser has an output energy of 950 mJ/pulse at a wavelength of 532 nm, a pulse width of 6 ns, and a repetition rate of 10 Hz. Referring to previous studies [12,13,17], the focused laser beam was irradiated just outside of the velocity boundary layer, i.e., 3 mm away from the lower side surface and at 50% of the chord of the wing. A convex lens (SLB-30–500PM, SigmaKoki, focal length 500 mm) was used for laser focusing.



To measure the TE noise, we installed six microphones (Type 4958, Brüel & Kjær) 170 mm above the mid-span of the wing model on a circle of the radius   750  mm    ( = 3  L c  )  , centered at the trailing edge. The pressure transducer and microphone were measured simultaneously at a sampling rate of 10 MHz using a digital oscilloscope (DL850, Yokogawa).




2.2. Experimental Conditions


In the wind tunnel experiments, the free stream was set at the velocity of    u ∞  = 23.0   m/s and the temperature of    T ∞  = 299   K, where the subscript ∞ denotes the uniform flow variables. The chord length-based Reynolds number was   R  e  L c   ≡  ρ ∞   u ∞   L c  /  μ ∞  = 3.67 ×  10 5    with the density   ρ ∞   and the visosity   μ ∞   at the uniform flow. The angle of attack was fixed at   α =  2 ∘   . This flow condition is chosen using Lowson’s diagram [4] (Figure 3), which displays the Reynolds number and angle of attack region in which the tone noise phenomenon is expected. We assume that the external temperature has a small impact on the laser-driven control system since the temperature induced by the laser irradiation is much higher than the surrounding air [24]. Hence, we conducted the wind tunnel test at the standard room temperature. In this flow condition, the vortices on the lower airfoil surface were the main source of the TE noise [10].




2.3. Experimental Results


First, the TE noise from the wing was observed without a laser deposition. Figure 4 shows the sound pressure level (SPL) of the pressure fluctuations (   p ′  ≡ p −  p ¯   ) measured by the microphone located at   ( r ,  θ ) = ( 750  mm ,  π / 2 )  . The bar    ¯   indicates the time-averaged value. The SPL,


  SPL ≡ 10  log 10     PSD  · Δ f    p 0 2    ,  



(1)




is calculated using the measured pressure. Here,   Δ f   is frequency resolution and   p 0   is the reference pressure level    p 0  = 2.0 ×  10  − 5     Pa. PSD indicates the power spectral density function of the pressure fluctuations. The time series data were collected for 30.0 s with a recording rate of 50 kHz and were converted into the PSD by Welch’s method [25] together with a Hanning window. In the calculation, the time series was segmented into 200 sections, and Welch’s method was performed with a 50% overlap.



The red solid line in the Figure 4 shows the case where the wing model is installed, while the black dashed line shows the background noise without the model. The discrete tones associated with the trailing-edge noise are observed at the dominant frequencies of   f = 674   and 736 Hz, whose magnitudes are approximately 20 dB higher than the background noise level. Paterson et al. [2] suggested an empirical law for the dominant frequency, which is derived as   f = K  u  ∞   3 / 2   /   (  L c  ν )   1 / 2    , where   K = 0.011   and  ν  as the kinematic viscosity. The above relation can be deformed as   f = K  u ∞    R e   /  L c   . In the present condition, the primary peak is predicted as 613 Hz, which is roughly consistent with the wind tunnel result. The multiple peaks around the dominant frequency derive from the frequency modulation, as shown in the spectrogram in Figure 5. The complex interaction of the vortices on both sides of the airfoil causes the frequency modulation through the acoustic feedback loop [3].



Next, let us explain the effect of the laser deposition on the boundary layer over the airfoil. We examined the pressure fluctuations on the lower surface because the velocity fluctuations on the lower airfoil surface were the main noise source in the current flow condition [10]. The surface pressure fluctuations were correlated with the intensity of the velocity fluctuations by the TS wave and vortices, which are the source of the TE noise illustrated in Figure 1.



The surface pressure fluctuations   p ′   probed at   x = 225  mm   (90% chord position) on the lower surface are presented in Figure 6a. The time   t = 0  ms   indicates the time when the pulsed laser was irradiated. Figure 6b shows the spectrogram calculated with the time window of 4 ms. The time series data were collected for 0.2 s with a recording rate of 10 MHz and were converted into the PSD by Welch’s method [25] together with a Hanning window. In the calculation, the time series was segmented into 50 sections, and Welch’s method was performed with a 75% overlap. The periodic fluctuation with a frequency of about 700 Hz corresponds to the convection of the velocity fluctuations on the airfoil’s surface.



Figure 6 indicates that the periodic pressure fluctuation observed before the irradiation of the pulsed laser is reduced by the energy deposition of the disturbance near the boundary layer. Once the pulsed laser is applied at   t = 0  ms  , the pressure waves generated by the air breakdown cause strong pressure fluctuations at the transducer. The peak pressure value was 274 Pa for the maximum and   − 256   Pa for the minimum. The fluctuation amplitude decreases after 6 ms of the deposition. The amplitude slightly recovers at time   t = 8  ms   and remains small until   t = 16  ms  . The signal then gradually recovers its amplitude to the original state.



The frequency–time diagram in Figure 6b shows that the fluctuation is suppressed not only for the dominant frequency of 680 Hz but also for the overall frequencies between 6.0 ms and 16.0 ms. We experimentally confirmed that the pulsed laser could reduce the pressure fluctuation due to the TE noise within a certain time range by an energy deposition just outside of the boundary layer.





3. Numerical Setup for the Simulation


For analyzing the mechanism of the TE noise control by a pulsed laser, unsteady flows around the NACA0012 wing were simulated based on the wind tunnel experiments described in Section 2. This section explains the numerical setup for the simulations and a numerical model of the pulsed laser.



3.1. Governing Equations


We considered the governing equation of the fluid flow in its three-dimensional and compressible form:


   ∂  ∂ t    ∫  V    q  d V = −  ∫  S      F iv   ( q )  −  F v   ( q )    d S +  S L  .  



(2)




The conservative variable  q  is defined as   q =   ρ  ρ u  ρ v  ρ w  e  T   , where   ρ ,  u ,  v ,  w ,  and  e   are the density, streamwise velocity, cross-stream velocity, spanwise velocity and total energy per unit mass, respectively.   S L   denotes the source term due to the energy deposition as described in Section 3.2.    F iv   q    and    F v   q    are the inviscid flux and viscous flux, respectively. Details of the governing equations are provided in Appendix A.




3.2. Modeling of Energy Deposition


The source term on the right-hand side of Equation (2) was formulated as a model of the energy deposition by the pulsed laser:


   S L  ≡  ∫   V Pulse       e ˙  Pulse   d V ,  



(3)




where    e ˙  Pulse   is defined as     e ˙  Pulse  ≡   0  0  0  0    e ˙  Pulse   T    with the input energy per unit mass    e ˙  Pulse   and the volume of the deposited energy source   V Pulse  . Assuming that the beam profile possesses a Gaussian distribution, the spatial distribution of the power cross-section is given by


    e ˙  Pulse   ( r ,  t )  ≡  I Peak  λ  ( t )  exp  −   2  r 2    r  Pulse  2    ,  



(4)




where r and   r Pulse   are the distance from the laser’s center and the laser’s radius, respectively.   I Peak   is the peak intensity of the Gaussian beam per unit of time.   λ ( t )   is the set function for determining the energy deposition. We assumed that the energy per unit of time in the radius of   r Pulse   was equivalent to the deposited energy    e ˙  P  .


      e ˙  p     =  ∫  0   r Pulse    I Peak  exp  −   2  r 2    r  Pulse  2     d r          =   π  r  Pulse  2   I Peak   2   ( 1 −  e  − 2   )      



(5)




Thus,   I Peak   is written as


   I Peak  =  2  π ( 1 −  e  − 2   )   ·    e ˙  p   r  Pulse  2   .  



(6)




The deposited energy    e ˙  P   per unit time is related to the pressure impulse  Π  as


  Π =  ∫  0   τ Pulse   ρ  ( γ − 1 )    e ˙  p   d t ,  



(7)




where   τ Pulse  ,  γ , and  ρ  are the energy application time, the ratio of specific heats, and the density, respectively. The pressure impulse can be evaluated experimentally from the signal of the pressure transducer below the laser’s deposition point. In addition,   λ ( t )   in Equation (3) is the set function for determining the energy deposition in time:


  λ  ( t )  =      1 ,    0    ≤ mod  t ,   τ Rep   ≤  τ Pulse        0 ,     τ Pulse     < mod  t ,   τ Rep   <  τ Rep        



(8)




where   τ Rep   indicates the pulse interval time.



Tagawa et al. [26] reported that the focused laser irradiation generated a few millimeters-long row of plasma beads, causing multiple spherical shock waves along with the beamline. Figure 7 shows a model of the plasma beads in this study. The focal spots were equally spaced with a pitch of   l Pulse   within the length   L String  . The timing of the energy deposition was assumed to be the same for all spots. We examined the pressure fluctuations at   x = 125  mm   (50% chord position) on the pressure side surface in Figure 8 to confirm that the pulse is introduced in the flow at   t = 0  ms  . We observed a strong pressure fluctuation by the energy deposition.




3.3. Numerical Method and Conditions


The government equation with the pulsed laser model was solved by FaSTAR (FAST Aerodynamic Routines), a finite volume method-based compressible flow solver developed at JAXA [27]. For the turbulent flow simulation, we employed the implicit large eddy simulation (ILES), a high-fidelity method of computational fluid dynamics (CFD). Previous research [28] has confirmed that the flow simulation using the ILES method successfully captures the key physics of the TE noise phenomenon, including the TS wave growth and consequent forming to the turbulent vortex that causes the tonal noise. A detail of the numerical method is shown in Appendix B. We define the coordinate origin to be at the airfoil leading edge. The flow condition of the simulation was the same as the wind tunnel experiment.



In this study, we considered two pulse conditions with different   L String  , as summarized in Table 1. The “Narrow” case has the same length of the pulses chain as the wind tunnel test, whereas the “Wide” case has a longer length. Calculations were performed in two sets of   r Pulse  ,   l Pulse  , and   L String   listed in Table 1. In both cases, the pressure impulse  Π  and the energy application time   τ Pulse   were equal. The center of the chain of plasma beads was set as   ( x ,  y ,  z ) = ( 125 ,  − 16.25 ,  0 )  mm   as shown Figure 9. The two parameters  Π  and   τ Pulse   in Equation (7) were determined as   Π = 3.9 ×  10  − 10    Pa · s   and    τ Pulse  = 1.44   μs. These parameters were determined to fit the pressure fluctuation in the experiment shown in Figure 6.





4. Numerical Results and Discussion


This section presents the numerical results from the simulations described in Section 3 and discusses how the pulsed laser suppresses the trailing-edge noise. We also consider the two focal spot arrangements in Table 1.



4.1. Validation of the Present Computation


First, we validated the numerical simulation by examining the pressure fields without the energy deposition. Figure 10 shows an instantaneous pressure fluctuation at   z = 0  mm  . The dipolar distribution about the   y = 0  mm   surface indicates that the present computation properly simulates the target acoustic phenomenon emitted from the trailing edge. We also compare the pressure fluctuation on the airfoil’s surface with the wind tunnel data in Section 2. The SPL probed at   x = 200   mm (80% chord position) on the pressure surface in Figure 11 indicates good agreements between the present computation and the experimental data. The figure shows the typical characteristic frequencies associated with the trailing-edge noise. The dominant peak frequency in the numerical simulations is   f = 663   Hz, close to the experimental value of 677 Hz. The multiple peaks around the dominant frequency are also observed in the wind tunnel test and are reported in several previous studies [3,12]. Some peaks between 1700 Hz and 2000 Hz of the experiment in Figure 11 are caused by measurement noise because they have the same SPL level even if observed at another transducer. These results confirm that the present calculations capture the essential features of the flow field with the TE noise in the experiment.




4.2. Energy Deposition near the Boundary Layer


Let us discuss the cases with energy depositions to investigate the control effect of the TE noise. We assume that the energy deposition takes place at   t = 0  ms  . Both cases in Table 1 are considered in this section. Figure 12 shows the time history of the pressure fluctuations measured at   ( x ,  y ,  z ) = ( 250 ,  750 ,  0 )   mm, which simulate the microphone at   ( r ,  θ ) = ( 750  mm ,  π / 2 )   in the wind tunnel test. The figure indicates that the pressure fluctuations at the microphone retain their amplitudes until   15.5   ms in both cases. In the Narrow case, which simulates the laser pulse in the wind tunnel test, the amplitude reduces in the period from   t = 15.5  ms   to   35.5   ms. After   t = 35.5   ms, the amplitude gradually recovers. In the case of Wide, the amplitude decreases after   t = 21.0   ms, and the decrease continues during the period in this figure. The result suggests that the Wide case is more effective in reducing TE noise than the Narrow case.



Next, we examine the pressure fluctuations on the airfoil wall. As we explained in Section 2, the surface pressure fluctuations on the lower airfoil surface are correlated with the intensity of the velocity fluctuations by the TS wave and the vortices. Figure 13 shows the time history of the surface pressure fluctuations measured at   x = 225  mm   (corresponding to 90% chord position) on the lower side surface around the energy deposition time. We note that the amplitudes of these fluctuations are smaller than the experimental result in Figure 6. The discrepancies might come from the difference in the separation bubble sizes, which affects the amplitude of the pressure fluctuations near the trailing edge [3,7]. However, considering that the current computation simulates the qualitative behavior of the pressure response after laser irradiation (see Figure 6a and Figure 13a), the presented result provides the key physics of the targeted wind tunnel test. These fluctuations in the surface pressure are closely related to the amplitudes of the TE noise detected by microphones shown in Figure 12. For example, in the Narrow case, the pressure fluctuation retains its amplitude until   t = 12 ms  . Following the large amplitude of pressure fluctuations from   t = 12   ms to 20 ms, a decrease in the amplitude is observed from   t = 20   ms to 40 ms. Finally, the pressure fluctuations recover to the same state as before the pulsed laser irradiation.



Here we divide this process into four phases, as shown in Figure 13. The duration when the pressure fluctuations correspond to the basic state of the TE noise is called phase(I). The period of time during which the amplitude temporarily increases due to the application of the laser energy is called phase (II). The subsequent period of decreasing the amplitude is called phase (III). The final recovery to the basic state is called (IV). It should be emphasized that these phases are equivalent to those observed in the experiment shown in Figure 6.



Phases (I), (II), and (III) are also observed in the Wide case. Only phase (IV) is unclear since the amplitude reduction continues for extended periods.




4.3. Dynamics of Vortices near the Trailing Edge


The mechanism of the TE noise generation implies that the energy deposition should affect the vortices on the airfoil’s surface, which in turn suppresses the TE noise. Therefore, this section investigates the vortex dynamics for both cases in Table 1 and presents a detail of the TE noise reduction mechanism. We examine instantaneous iso-surfaces of Q-criterion [29] defined as   Q ≡ 0.5 (   | Ω |  2   −     | S |  2   )   , where  Ω  and  S  are the vorticity tensor and the strain rate tensor, respectively. The Q criterion is an often-used quantity in fluid dynamics to visualize vortices in the fluid flow. Figure 14, Figure 15 and Figure 16 show the flow field before the energy deposition, in the Narrow case and the Wide case, respectively. A relatively large vortex with a uniform structure in the spanwise direction is visualized in Figure 14, indicating that this is the source of trailing-edge noise. Here, we analyze how this vortex changes by the deposition of the pulsed laser. The following discussion proceeds from phase (II) to (IV) presented in the previous section.



The pressure fluctuation at   x = 225  mm   (corresponding to a 90% chord position) in Figure 13 shows the pressure increase at   t = 12.0  ms  , indicating that the induced vortex by the energy deposition reaches the probe position at phase (II). Figure 15 and Figure 16 at   t = 16.0  ms   visualize the vortices propagating from the pulse location and passing through the trailing edge for both cases. The pulse-induced vortices have pretty different shapes depending on the pulse condition. In the Narrow case, the vortex has an arc-like shape centered at the pulse position, and we call it an arcuate spread vortex (ASV) hereafter. The vortex in the Wide case is relatively uniform in the spanwise direction, and we call this vortex a cylindrical spread vortex (CSV).



We emphasize that the ASV and CSV induced by the pulsed laser have quite different properties from the noise-source vortices. Figure 17 shows the time histories of the velocity fluctuation that reflect the time development of the ASV and CSV. The laser-induced fluctuations appear around   t = 15   ms with an interval of   Δ t = 1.68   ms, corresponding to a frequency of 595 Hz. Reminding that the trailing-edge noise and the source vortices have a dominant frequency of 663 Hz, the time histories indicate that the laser irradiation excites an unstable mode different from the mode of the noise source.



The visualizations at   t = 30   ms and   t = 47   ms in Figure 15 and Figure 16 show the vortex dynamics related to phases (III) and (IV) in Figure 13. In the Narrow case, as shown in Figure 15, the visualization of the vortices at   t = 30   ms shows that the ASV sweeps out the source vortices of TE noise observed in Figure 14. The source vortices are then reconstructed at   t = 47   ms, corresponding to the amplitude recovering at phase (IV) in Figure 13. These results indicate that the disappearance of the source vortices by the ASV leads to a reduction in the noise.



In the Wide case, the CSV interacts with the source vortices at   t = 30   ms. The major difference from the Narrow case is that the CSV does not sweep out the source vortices completely but rather disturbs their spanwise uniformity. The non-uniformity of the vortices would induce incoherent sound waves in the spanwise direction. The TE noise is attenuated when the waves interfere with each other. Figure 13 indicates that it takes longer to recover the uniformity of the vortices than to reconstruct the source vortices in the Narrow case.




4.4. Aerodynamic Characteristics


This section investigates the lift-drag characteristics for both cases in Table 1. We examine the time variation in the drag and lift coefficients in Figure 18 and Figure 19, respectively. The drag history in Figure 18 indicates that there was a reduction of 21% for the Narrow and 30% for the Wide case. Notably, the significant increase in the drag force does not occur when the laser irradiates. However, the lift history in Figure 19 shows that the lift coefficients also decrease by 16% for the Narrow case and 27% for the Wide case. The lift decrease is caused by the detachment of the vortex generated by a laser irradiation.




4.5. Implementation of the Laser Actuator for Actual Aircraft


Finally, we present our future plan regarding how the laser actuator in this study would be installed in an actual aircraft, as schematically explained in Figure 20. The figure illustrates that the laser irradiation from the wing root focuses on the airfoil’s surface to control the flow field. In the illustration, we take advantage of the wing tip as a laser damper to cut off the laser. We believe the presented actuator could provide one possible option to control aircraft noise.





5. Conclusions


In this paper, we employed the laser actuator to reduce the TE noise from the airfoil. We conducted experimental and numerical research to examine the noise control effect and investigate the details of the noise control mechanism. In the numerical investigation, we considered two energy deposition area shapes: the Narrow and Wide cases. The principal findings in the present paper are summarized as follows:




	
The experimental result indicates that a laser irradiation can reduce the intensity of the surface pressure fluctuations that are the source of the TE noise.



	
The numerical investigations suggest that a laser irradiation induces a characteristic vortex depending on the energy deposition area shapes. In the Narrow case, the energy deposition to the narrow domain introduces vortices with a curved shape named an accurate spread vortex (ASV). In contrast, the relatively spanwise uniform vortex called a cylindrical spread vortex (CSV) is observed in the Wide case. The ASV swept out the source vortices of the TE noise and broke the acoustic feedback mechanism that sustains the TE noise. The CSV disturbs the spanwise uniformity of the noise-source vortices, resulting in a spanwise-incoherent noise radiation, which might cancel out each other.



	
The Wide case is more effective in reducing the source vortex intensity if the amount of energy decompositions is the same as the Narrow case.
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Appendix A. Detail of Governing Equations


In this section, we explain the details on the governing equation of FaSTAR. We consider the three-dimensional compressible form of the governing equation:


   ∂  ∂ t    ∫  V    q  d V = −  ∫  S      F iv   ( q )  −  F v   ( q )    d S  



(A1)







The conservative variables  q  are defined as   q =   ρ  ρ u  ρ v  ρ w  e  T   , where   ρ ,  u ,  v ,  w ,  and  e   are the density, streamwise velocity, cross-stream velocity, spanwise velocity, and total energy per unit mass, respectively. The superscript T denotes the matrix transpose. Inviscid flux    F iv   q    and viscous flux    F v   q    are defined as


   F iv   ( q )  ≡      ρ u       ρ  u 2  + p       ρ u v       ρ u w       ( e + p ) u      i +      ρ v       ρ u v       ρ  v 2  + p       ρ v w       ( e + p ) v      j +      ρ w       ρ u w       ρ v w       ρ  w 2  + p       ( e + p ) w      k  



(A2)




and


   F v   ( q )  ≡     0      τ  x x        τ  x y        τ  z z        β x      i +     0      τ  y x        τ  y y        τ  y z        β y      j +     0      τ  z x        τ  z y        τ  z z        β z      k  



(A3)




where  i ,  j , and  k  are the unit vertor and p is the pressure. The viscous components of the momentum and energy fluxes are given by


   τ  i j   = μ    ∂  u i    ∂  x j    +   ∂  u j    ∂  x i     −  2 3   δ  i j   μ   ∂  u k    ∂  x k     



(A4)






   β i  =  u j   τ  i j   + α   ∂ T   ∂  x i     



(A5)




where  α  and T are the thermal conductivity and temperature, respectively. The dynamic viscosity  μ  is calculated by Sutherland’s law.


  μ =  μ ref     T ref  + C   T + C      T  T ref     3 2    



(A6)







Here, C is an effective temperature called the Sutherland constant. The subscript  ref  indicates the reference variable. We employ the equation of state for closure.


  p = ρ R T  



(A7)







Here, R is the gas constant.




Appendix B. Details of Numerical Method


In this appendix, we provide the details of the numerical method in this study. The numerical scheme for estimating the inviscid flux in the Equation (A2) is based on the KEP (Kinetic Energy Preserving) scheme [30,31,32]. The gradient, which is needed for evaluating the viscous flux, is evaluated by the Green–Gauss-based weighted least square method (GLSQ) [33]. The time integration is carried out by a second-order implicit LU-SGS method [34]. The physical time step is set as   Δ t = 360  ns  , which satisfies the Courant–Friedrichs–Lewy (CFL) condition throughout the computational domain.



We used a hexahedral grid with C-type topology for a numerical simulation, as shown in Figure A1. The computational domain has an extent of   x /  L c  ∈  [ − 100 , 100 ]   ,   y /  L c  ∈  [ − 100 , 100 ]   , and   z /  L c  ∈  [ − 0.2 , 0.2 ]    which is sufficiently large to capture aeroacoustics. The computational grid is fine enough with grid points in the streamwise, wall-normal, and spanwise directions which are 600 nodes, 228 nodes, and 200 nodes, respectively. The total number of numerical cells is approximately   78 ×  10 6   . The grid spacings are set to meet the conditions of   Δ  x +  ≤ 30  ,   Δ  y +  ∼ 1.0  , and   Δ  z +  ≤ 10   at   0.5 ≤ x /  L c   , where the superscript + indicates the wall unit. Furthermore, we adopted   Δ  x min  /  L c  = 4.0 ×  10  − 4     and the first wall cells   Δ  y min  /  L c  = 1.0 ×  10  − 4     at the trailing edge for both sides of the airfoil. The spanwise grid spacing is uniformly set as   Δ z /  L c  = 2.0 ×  10  − 3    . The grid resolutions in the present study are fine enough to simulate the boundary layer transition on the suction side of the airfoil. For the far-field boundary, numerical damping is applied to avoid the reflection of outgoing waves. The free-stream condition is prescribed at the far-field boundary, whereas the no-slip adiabatic condition is prescribed over the airfoil. A periodic boundary condition is set over the boundary of spanwise directions.
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Figure A1. Numerical grid for the simulations. (a) Whole area; (b) Near the airfoil. 
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Appendix C. Nomenclature
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Table A1. Physical quantity symbols and units in this paper.






Table A1. Physical quantity symbols and units in this paper.





	Symbol
	Unit
	Parameter Description





	   x ,  y ,  z   
	  m  
	Coordinate values



	   u ,  v ,  w   
	   m / s   
	x, y, z wise velocity



	   L c   
	   m / s   
	Chord length



	  α  
	  deg  
	Angle of attack



	   M a   
	-
	Mach number



	   R  e  L c     
	-
	Chord length-based Reynolds number   R  e  L c   ≡  ρ ∞   u ∞   L c  /  μ ∞   



	  ρ  
	   kg /  m 3    
	Density



	e
	   J / kg   
	Total energy per unit mass



	p
	Pa
	Pressure



	T
	K
	Temperature



	  μ  
	   Pa · s   
	Dynamics viscosity



	  γ  
	-
	Specific heat ratio



	V
	   m 3   
	Volume



	    F iv  ,  F v    
	-
	Inviscid and viscous flux of the Navier–Stokes equation



	   S L   
	-
	Source term of the energy application by pulsed laser



	    e ˙  Pulse   
	   J / ( kg · s )   
	Input energy per unit mass and time



	   I Peak   
	   J / ( kg · s )   
	Peak intensity of Gaussian beam per unit mass and time



	    e ˙  P   
	   J / ( kg · s )   
	Deposited energy per unit mass and time



	   τ Pulse   
	s
	Pulse duration time



	   τ Rep   
	s
	Pulse interval time



	  Π  
	   Pa · s   
	Pressure impulse



	r
	m
	Distance from the laser’ center



	   r Pulse   
	m
	Laser’s radius



	   l Pulse   
	m
	Pitch of the focal spots



	   L String   
	m
	Length of the plasma beads



	t
	s
	Time



	f
	Hz
	Frequency



	  Ω  
	   s  − 1    
	Vorticity



	Q
	   s  − 2    
	Q-criterion, a second invariant of the strain rate tensor



	∞
	-
	Uniform flow value



	    ¯   
	-
	Time-averaged value



	+
	-
	Wall unit value
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Figure 1. Schematic diagram of the generation of trailing-edge noise. 
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Figure 2. Experiment setup. (a) Side view; (b) Bottom view (dimensions in mm). 
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Figure 3. Predicted appearance of LBL instability noise by Lowson et al. [4]. The closed circle indicates the flow configurations employed for the present study. 
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Figure 4. Sound pressure level proved by a microphone at   ( r ,  θ ) = ( 750  mm ,  π / 2 )  . 
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Figure 5. Spectrogram of pressure fluctuation   p ′   proved by the microphone at   ( r ,  θ ) = ( 750  mm ,  π / 2 )  . 
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Figure 6. (a) Unsteady surface pressure fluctuation   p ′   measured at   x = 225  mm   (90% chord position). (b) Spectrogram of (a). The width of the time window is 4 ms. 
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Figure 7. Model of plasma beads. 
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Figure 8. Pressure fluctuations   p ′   measured at   x = 125   mm (50% chord position) on the pressure side surface. 
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Figure 9. Deposition area. (a) The center of the string of plasma beads was set as   ( x ,  y ,  z ) = ( 125 ,  − 16.25 ,  0 )  mm  . The magenta line in (b) indicates     u ¯  x  /  u ∞  = 0.99  , which is the boundary layer. 
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Figure 10. Instantaneous pressure fluctuations at   z = 0  mm  . 






Figure 10. Instantaneous pressure fluctuations at   z = 0  mm  .



[image: Actuators 12 00045 g010]







[image: Actuators 12 00045 g011 550] 





Figure 11. Sound pressure level probed at   x = 200   mm (corresponding to 80% chord position) on the pressure side surface. 
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Figure 12. Pressure fluctuations   p ′   measured at   ( x ,  y ,  z ) = ( 250 ,  750 ,  0 )  mm   which simulate a microphone at   ( r ,  θ ) = ( 750  mm ,  π / 2 )   in wind tunnel test. (a) Narrow; (b) Wide. 
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Figure 13. Pressure fluctuations   p ′   measured at   x = 225    mm  (90% chord position) on the pressure side surface. (a) Narrow; (b) Wide. 
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Figure 14. A visualization of the instantaneous flow field just before the energy deposition at   t = − 3.44   ms. The figures show (a) vortices by iso-surfaces of Q-criterion (  Q = 2 ×  10 6    s  − 2    ) and (b) pressure fluctuations   p ′  , respectively. The iso-surfaces are colored by x-wise vorticity   Ω x  . The black-dashed line in (a) indicates the trailing edge of the airfoil. The pressure field also shows contour lines of   Q = 2 ×  10 6    s  − 2    . 
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Figure 15. Time series of instantaneous flow field from   t = 16.0  ms   to   47.0   ms for the Narrow case. The definitions of iso-surfaces and contours are the same as in Figure 14. The figure also shows the deposition area with the yellow-dashed line. 
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Figure 16. Time series of instantaneous flow field from   t = 16.0  ms   to   47.0   ms for the Wide case. The definitions of iso-surfaces and contours are the same as in Figure 14. The figure also shows the deposition area with the yellow-dashed line. 
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Figure 17. The figures show stream-wise velocity measured at   x = 225  mm   (corresponding to 90% chord position) on the lower side surface. 
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Figure 18. Time history of the drag coefficient   C d  . (a) Narrow; (b) Wide. 
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Figure 19. Time history of the lift coefficient   C l  . (a) Narrow; (b) Wide. 






Figure 19. Time history of the lift coefficient   C l  . (a) Narrow; (b) Wide.
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Figure 20. Laser actuator for actual aircraft. 
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Table 1. The condition of energy deposition.
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Parameters

	
Unit

	
Narrow

	
Wide






	
   r Pulse   

	
mm

	
0.5




	
   l Pulse   

	
mm

	
1.5




	
   L String   

	
mm

	
20

	
100




	
Number of Pulse

	
–

	
13

	
67
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