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                    Abstract
We visualized the shock buffets on a two-dimensional transonic airfoil with and without vortex generators (VGs) by using a fast-framing focusing schlieren imaging. The focusing schlieren visualization showed that the flow three-dimensionality around the airfoil became remarkable with installing the VGs. This implies that narrow depth of focus of imaging systems was a key to accurately capture the characteristics of the shock oscillation due to the buffet for the cases with VGs. The time-resolved imaging also revealed that non-periodic components were included in the shock oscillation due to the buffet for the cases with VGs. This prevented Fourier analysis from being applied. We used wavelet analysis to extract the characteristic of the shock oscillation for the cases with VGs. The wavelet spectrograms revealed that the low-frequency oscillation having the buffet frequency was still included intermittently in the shock oscillation even when VG controlled the buffet. The rate of appearing the low-frequency oscillation increased with increasing both the interval between VGs and the angle of attack.
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	AoA:
	
                    Angle of attack (°)

                  
	
                    c
                  :
	
                    Chord (mm)

                  
	DOF:
	
                    Depth of focus (mm)

                  
	
                    D
                    VG
                  :
	
                    Interval between vortex generators (mm)

                  
	
                    f
                  :
	
                    Frequency in a Fourier domain (Hz)

                  
	
                              f′:
	
                    Frequency in a wavelet domain (Hz)

                  
	
                    f
                    B
                  :
	
                    Dominated frequency of shock buffet (buffet frequency) (Hz)

                  
	
                    H
                    VG
                  :
	
                    Height of a vortex generator (mm)

                  
	
                    M
                  :
	
                    Mach number

                  
	PSD:
	
                    Power spectrum density function of shock oscillation (mm2/Hz)

                  
	
                    P
                    0
                  :
	
                    Stagnation pressure of freestream (Pa)

                  
	Re:
	
                    Reynolds number

                  
	
                    t
                  :
	
                    Time (s)

                  
	
                    T
                    0
                  :
	
                    Stagnation temperature of freestream (K)

                  
	VGs:
	
                    Vortex generators

                  
	
                              x,y,z
                           :
	
                    Chordwise, heightwise and spanwise directions (mm)
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Appendix
Appendix
1.1 Effect of Buffet Frequency on Estimated Background Spectra
Equation (4) uses the lag-1 autocorrelation α to estimate background spectrum. After establishing the buffet, α increased compared with that before establishing the buffet. This resulted in the overestimation of background at f ≪ f
                              B. Figure 13 shows the typical effect of the frequency component due to the buffet on the estimated background spectrum in the case with VGs at AoA = 6°. The interval D
                              VG/H
                              VG was 10. In this case, the shock oscillation was non-periodic, and the buffet oscillation intermittently generated as shown in Fig. 5f. The red dashed lines are the background spectrum using α estimated from non-filtered shock trajectory data, which includes the frequency component due to the buffet. On the other hand, the blue ones are using α estimated from band-stopped filtered data from 50 Hz to 150 Hz, which have no frequency component due to the buffet. The background spectrum using the filtered data well agrees with the measured data even in the very lower-frequency region. Therefore, we conclude that the overestimation of the background spectra at very low frequency is caused by the frequency component due to the buffet.
Fig. 13[image: figure 13]
Effect of frequency component due to buffet on the estimated background spectrum


Full size image


                           Figure 14 shows the effects of this overestimation on the significant regions in the wavelet spectrogram. The significance regions were determined by the background spectrum using α estimated from the non-filtered shock trajectory data for the upper figure, and those were from the filtered data for the lower figure, respectively. Although the significant regions are slightly extended for the background estimated from the filtered data, overall the overestimation has no remarkable effect on our conclusion. The background spectrum estimated from the filtered data might be appropriate as the background spectrum. The buffet frequency, however, is difficult to determine for the cases with VGs or the buffet onset. Therefore, we chose the non-filtered data to estimate the background.
Fig. 14[image: figure 14]
Effects of the overestimation of the background at very low-frequency region on the significant regions in the wavelet spectrogram


Full size image
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