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Fig. 1. Hypersonic quiet wind tunnel.
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Fig. 2. Schematic diagram of cone model and measurement

system.
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Fig. 3. System configuration of NPLS technique.
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Fig. 4. Schematic diagram of the effect of WSGF on the boundary layer.
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Fig. 6. PSD of wall fluctuating pressure without WSGF.
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Fig. 5. NPLS image of hypersonic boundary layer without WSGF.
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Fig. 7. Average flow field obtained by superposing multiple NPLS images: (a) Without WSGF; (b) wall-seeping air gas film at Q =

20 SLPM.
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Fig. 8. Boundary layer thickness along streamwise: (a) @ = 20 SLPM; (b) @ = 40 SLPM; (¢) @ = 60 SLPM.
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Fig. 9. NPLS images of transient hypersonic boundary layer at Q = 20 SLPM: (a) Wall-seeping helium gas film; (b) wall-seeping

air gas film; (c) wall-seeping carbon dioxide gas film.
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Fig. 10. NPLS images of transient hypersonic boundary layer at Q = 40 SLPM: (a) Wall-seeping helium gas film; (b) wall-seeping

air gas film; (c) wall-seeping carbon dioxide gas film.
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Fig. 11. NPLS images of transient hypersonic boundary layer at @ = 60 SLPM: (a) Wall-seeping helium gas film; (b) wall-seeping

air gas film; (c) wall-seeping carbon dioxide gas film.
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Fig. 13. PSD of wall fluctuating pressure with WSGF: (a) Helium, 20 SLPM; (b) air, 20 SLPM; (c) carbon dioxide, 20 SLPM;
(d) helium, 40 SLPM; (e) air, 40 SLPM; (f) carbon dioxide, 40 SLPM; (g) helium, 60 SLPM; (h) air, 60 SLPM; (i) carbon dioxide,

60 SLPM.
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Fig. 14. Bicoherence spectrum of wall fluctuating pressure at z = 420 mm with WSGF: (a)-(c) Wall-seeping air gas film at Q =

(a)—(c) AR AU B 20, 40, 60 SLPM 4544 T BET 8 15 45 <,

20, 40, and 60 SLPM, respectively; (d)—(f) wall-seeping carbon dioxide gas film at Q = 20, 40, and 60 SLPM, respectively.

5 2= 460 mm RLIIRGEHLEEHAR (355N ATIER)
Table 5.  Peak frequencies of PSD at 2 = 460 mm (corresponding PSD value in brackets).
PR Q/ SLPM TR SRR f /kHz SR2NE(EAIR f,/kHz
2 111 (20) —
20
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) =5 66 (22) 85 (17)
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6 =5 54 (40) 69 (40)
ARk 38 (282) 42 (214)
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Effect of wall-seeping gas film under different working media
on stability of conical hypersonic boundary layer
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Abstract

Wall-seeping gas film (WSGF) is a promising method of controlling hypersonic boundary layer transition
and reducing friction drag and heat transfer. Experiments are conducted in a Mach 6 hypersonic quiet wind
tunnel by using nano-tracer planar laser scattering (NPLS) and high-frequency fluctuating pressure measuring
technique. This work investigates the effects of wall-seeping helium, air, and carbon dioxide gas films under
identical volume flow rate condition on conical boundary layer thickness, disturbance wave structure,
wavelength, frequency, amplitude, and nonlinear interaction. The experimental results reveal that the WSGF
significantly thickens the hypersonic boundary layer, with the thickest position appearing at the downstream
boundary of the seeping zone. The boundary layer thickness is thinnest for helium gas film but thickest for
carbon dioxide gas film. Generally, air gas film and carbon dioxide gas film induce the regular, rope-like, and
interlaced second-mode waves to appear in advance in the boundary layer. However, under a higher volume flow
rate for carbon dioxide gas film, the disturbance wave structure resembles interface fluctuations, with a
characteristic wavelength of approximately 18 mm and a peak frequency as low as about 35 kHz, but no the
rope-like interlaced characteristic. At this time, the influence of shear layer instability becomes significant. The
disturbance waves do not exhibit second-mode wave characteristics for wall-seeping helium gas film, whose
shape is irregular and undergoes deformation with time and space. Additionally, the power spectral density of
wall fluctuating pressure exhibits insignificant variation with volume flow rate and flow direction, which is
similar to the characteristic of power spectral density in the laminar boundary layer and has no peak frequency.
The wavelength of second-mode waves is about 2— 3 times the boundary layer thickness for air gas film, and
increases to more than 3 times for carbon dioxide gas film. The application of carbon dioxide gas film results in
smaller peak frequency and bandwidth of disturbance wave, larger characteristic wavelength and amplitude,
longer propagation distance, and stronger nonlinear interaction than the application of air gas film. In the
future, attention should be paid to understanding disturbance wave characteristics in the boundary layer for the

helium gas film and shear layer instability under larger volume flow rates.
Keywords: hypersonic boundary layer, wall-seeping gas film, second-mode waves, shear layer instability
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