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Fig. 1. Schematic diagram of the KD-03 supersonic

wind tunnel.

F1 WRFEHEMZE (1 atm = 1.01325 x 10° Pa)

Table 1. Calibrated parameters of wind tunnel.

L% Ma M Py RIR Ty R p HEE Uso B FEEEL Re AT )
3.0 1 atm 300 K 0.089 kg/m3 622.5 m/s 7.49 x 106 m~1 >10s
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Fig. 2. Schematic of experimental arrangement.
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Fig. 3. Schematic of the ray-tracing method in the

two-dimensional plane.
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Fig. 4. (color online) The instantaneous density field of
Ma = 3.0 turbulent boundary layer obtained by NPLS.
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Fig. 5. OPD corresponding to the supersonic turbu-
lent boundary layer shown in Fig.4 (a = 90°).
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Fig. 6. (color online) Comparison of experimental re-

sults with theoretical results.
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Fig. 7. OPD;,ns distributions of supersonic turbulent

boundary layer at different light incident angles.
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Fig. 8. (color online) OPD;ns probability distribu-
tion of supersonic turbulent boundary layer at differ-

ent light incident angles.
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Fig. 9. (color online) Comparison of OP Dy cal-
culated by direct integration and aero-optical linking

equation.
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Fig. 10. (color online) Two-point correlations of density fluctuations at different positions (left, distributions of Ry, right,
contour line of R,, = 0.5 and corresponding ellipse fitting result): (a) (0.58, 0.25); (b) (0.56, 0.56); (c) (0.5d, 0.85).
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Abstract

The aero-optical distortion caused by the compressibility of high-speed flow field has a great influence on the
development of airborne optical detection system of (hypersonic) supersonic vehicles. The turbulent boundary layer is
one of the most important aspects in the aero-optical study, and has become one of the hot research points in the field of
aero-optical study. The nano-particle-based planar laser scattering technique is used to measure the density distribution
of the supersonic (Ma = 3.0) turbulent boundary layers, and the optical path difference, which is quite crucial for the
aero-optical study, is obtained by ray-tracing method. The experimental result is verified by being compared with the
theoretical result computed by the aero-optical scaling method of turbulent boundary layers. Five different light incident
angles (« = 60°, 75°, 90°, 105°, 120°) are selected and used to examine the influences of light incident angles on the
supersonic turbulent layer, and the underlying flow physics is analyzed. Research shows that the light propagation path in
the supersonic turbulent boundary layer contributes to the light incident angle dependence of aero-optics. The different
propagation paths lead to the difference between the light propagation distance in the flow field and the correlation
results of the corresponding density fluctuation. The oblique incidence of light results in the increase of the propagation
distance in the flow field, and then the aero-optics turns worse. The greater the angle between the incident direction of
light and the vertical direction of the wall, the more significant the aero-optics is, the difference increases at different
times, the difficulty in correcting the aero-optics is also increased. In the supersonic turbulent boundary layer, a large
number of vortices with a specific orientation lead to the anisotropy of the aero-optics in the turbulent boundary layer.
By calculating the spatial two-point correlation of the density fluctuations at the streamwise plane (z-y plane), the
cross-correlation result of density fluctuations at any light incidence angle (o = 0°-180°) can be obtained. The local
coherent structure scale is nearly 0.20 mm, which is basically consistent with the aero-optical effective scale (&= 0.18 mm)
computed from the formula proposed by Mani et al. When the light is inclined downstream, the direction of light
propagation is consistent with the vortex structure in the flow field, and in this direction, the correlation coefficient of
density fluctuation is larger, so the aero-optics is more serious. When the light beam is tilted upstream, the correlation

coefficient is smaller, so the aero-optics is weaker.

Keywords: aero-optics, supersonic turbulent boundary layer, two-point spatial correlation, ray-tracing
method
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