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Fig. 2. Spatial evolutions of the wave packets at
t = 1200: (a) Re = 520; (b) Re = 800; (¢) Re = 1000.
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Fig. 3. Spatial evolutions of (a) stability waves, (b) neutral wave and (c) instability waves at ¢ = 1000 and

Re = 800.

#£1 Re= 520K, HUASRIG/NEBIBB S ERARILE. FEARPE k= 0.0155

Table 1. Comparison between numerical results of the generated perturbation waves and theoretical solutions

at Re = 520, fundamental wave-number k1 = 0.0155.

B o
B w
B R I JRZ B i A
0.01550 (0.01550, 0.00000) (0.04583, 0.02181) (0.04578, 0.02189)
0.03100 (0.03100, 0.00000) (0.09762, 0.01974) (0.09756, 0.01971)
0.04650 (0.04650, 0.00000) (0.13887, 0.01443) (0.13893, 0.01438)
0.06200 (0.06200, 0.00000) (0.17579, 0.00926) (0.17573, 0.00934)
0.07750 (0.07750, 0.00000) (0.21047, 0.00509) (0.21058, 0.00513)
0.09300 (0.09300, 0.00000) (0.24456, 0.00201) (0.24454, 0.00203)
0.10850 (0.10850, 0.00000) (0.27793, 0.00026) (0.27801, 0.00026)
0.12400 (0.12400, 0.00000) (0.31120, 0.00000) (0.31120, 0.00000)
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Table 2. Comparison between numerical results of the generated perturbation waves and theoretical solutions

# 2  Re =800, BUERA/NEBhH B HSHIBMILE. FEARBEE k1 = 0.01655(1), 0.01703(11)

at Re = 800, fundamental wave-number k1 = 0.01655 (I), 0.01703(II).

E B o
1 HIRTE B R B
0.01655 (0.01655, 0.00000) (0.05458, 0.01687) (0.05452, 0.01695)
0.03310 (0.03310, 0.00000) (0.10831, 0.01227) (0.10822, 0.01222)
0.04965 (0.04965, 0.00000) (0.15239, 0.00563) (0.152357 0.00558)
(I) 0.06620 (0.06620, 0.00000) (0.19302, 0.00000) (0.19300, 0.00000)
0.08275 (0.08275, 0.00000) (0.23228, —0.00372) (0.23224, —0.00378)
0.09930 (0.09930, 0.00000) (0.27076, —0.00535) (0.27079, —0.00539)
0.11585 (0.11585, 0.00000) (0.30870, —0.00464) (0.30879, —0.00458)
0.13240 (0.13240, 0.00000) (0.34623, —0.00109) (0.34615, —0.00117)
0.01703 (0.01703, 0.00000) (0.56305, 0.01690) (0.56299, 0.01694)
0.03406 (0.03406, 0.00000) (0.11093, 0.01189) (0.11096, 0.01183)
0.05109 (0.05109, 0.00000) (0.15607, 0.00507) (0.15598, 0.00503)
an 0.06812 (0.06812, 0.00000) (0.19753, —0.00051) (0.19759, —0.00054)
0.08515 (0.08515, 0.00000) (0.23792, —0.00410) (0.23786, —0.00415)
0.10218 (0.10218, 0.00000) (0.27737, —0.00548) (0.27744, —0.00543)
0.11921 (0.11921, 0.00000) (0.31648, —0.00406) (0.31643, —0.00411)
0.13624 (0.13624, 0.00000) (0.35467, 0.00000) (0.35464, 0.00000)

Table 3. Comparison between numerical results of the generated perturbation waves and theoretical solutions

#3  Re=1000 i, BB RGN SIS MR LLRL. FEARWE k1 = 0.01362(1), 0.01625(1T)

at Re = 800, fundamental wave-number ki = 0.01362(I), 0.01625(1I).

i w o
R BT R i
0.01362 (0.01362, 0.00000) (0.04569, 0.01461) (0.04560, 0.01456)
0.02724 (0.02724, 0.00000) (0.09302, 0.01148) (0.09297, 0.01142)
0.04086 (0.04086, 0.00000) (0.13220, 0.00551) (0.13226, 0.00546)
(I) 0.05448 (0.05448, 0.00000) (0.16801, 0.00000) (0.16800, 0.00000)
0.06810 (0.06810, 0.00000) (0.202127 70.00413) (0.202197 70.00417)
0.08172 (0.08172, 0.00000) (0.23569, —0.00669) (0.23562, —0.00673)
0.09534 (0.09534, 0.00000) (0.26851, —0.00740) (0.26853, —0.00745)
0.10896 (0.10896, 0.00000) (0.30097, —0.00612) (0.30094, —0.00618)
0.01625 (0.01625, 0.00000) (0.05547, 0.01468) (0.055517 0.01461)
0.03250 (0.03250, 0.00000) (0.10880, 0.00915) (0.10880, 0.00915)
0.04875 (0.04875, 0.00000) (0.15322, 0.00217) (0.15322, 0.00217)
an 0.06500 (0.06500, 0.00000) (0.19449, —0.00336) (0.19449, —0.00336)
0.08125 (0.08125, 0.00000) (0.23448, —0.00667) (0.23448, —0.00667)
0.09750 (0.09750, 0.00000) (0.27448, —0.00738) (0.27448, —0.00738)
0.11375 (0.11375, 0.00000) (0.31221, —0.00524) (0.31221, —0.00524)
0.13000 (0.13000, 0.00000) (0.34984, 0.00000) (0.34984, 0.00000)
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Fig. 4. Profiles of the (a) amplitudes and (b) phases of the neutral wave comparing with theoretical solutions

at Re = 800, t = 800.00, z = —200.
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Fig. 5. The relation of the two-dimensional boundary-

(=)
=
o

layer receptivity to (a) the amplitude of free-stream
turbulence, (b) the suction amplitude, and (c) the
suction width at Re = 520: amplitude of T-S
waves {w = 0.06200,a = (0.17575,0.00937)} (&),
{w = 0.09300, a = (0.24458,0.00205)} (M) and {w =
0.12400, o = (0.31125,0.00000)} (QO). Linear relation

(---) and sin(L(ars — arg)/2) (—).
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sin(L(ars —ars)/2) EE R HEN 73 8] 48 H AR
)5 ars — aps X I — AN [1929]) g s
Zhi8 5 Dietz 19 5256 25 AR ZAL. M EETH R #EIR N

u/10-6

u/10-6

73'................'
—300 —250 —200 —150 —100

T

K6 Re = 800, t = 1200, A = 0.001
W T-S W% 1 75 (8] 3 A6 (BE T WON (S8 £R) AR H
4£))  (a) {w = 0.04965,a = (0.15239,0.00563)},
(b) {w = 0.06620,a = (0.19302,0.00000)}, (c) {w =
0.08275, o = (0.23228, —0.00372)}

Fig. 6. Spatial evolutions of T-S waves in-
duced by blowing (solid line) and by suction
(dashed line) at Re = 800, t = 1200, A =
0.001: (a) {w = 0.04965,0 = (0.15239,0.00563)},
(b) {w = 0.06620, = (0.19302,0.00000)}, (c) {w =
0.08275, o = (0.23228, —0.00372) }.
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Abstract

Most of previous studies focused on the boundary-layer receptivity to the convected disturbances in the free stream
interacting with localized wall roughness. Whereas the research on the boundary-layer receptivity induced by localized
blowing or localized suction is relatively few. In this paper, we investigate two-dimensional boundary-layer receptivity
induced by localized blowing/suction within free-stream turbulence through using direct numerical simulation and fast
Fourier transformation. High-order compact finite difference schemes in the y-direction, fast Fourier transformation in
the z-direction, and a Runge-Kutta scheme in time domain are used to solve the Navier-Stokes equations. The numerical
results show that Tollmien-Schlichting (T-S) wave packets are excited by the free-stream turbulence interacting with
localized blowing in the two-dimensional boundary layer, which are superposed by a group of stable, neutral and unstable
T-S waves. The dispersion relations, growth rates, amplitude distributions and phase distributions of the excited waves
accord well with theoretical solutions of the linear stability theory, thus confirming the existence of the boundary-layer
receptivity. And the frequencies of the instability waves are between the upper and lower branches of the neutral
stability curves. According to the evolutions of the wave packets, the positions of peaks and valleys are tracked over time
to calculate the propagation speed by taking the average. The propagation speeds of the wave packets are approximately
one-third of the free-stream velocity, which are in accordance with Dietz’s measurements. The propagation speeds of
wave packets are also close to the phase speeds of the most unstable waves for the numerical results. The relations
of the receptivity response to the forcing amplitude, the blowing intensity, and the blowing width are found to be
linear, when the forcing amplitude and the blowing intensity are less than 1% free-steam velocity amplitude and 0.01,
respectively. And the maximum amplitudes of the T-S waves can be excited while the blowing length is equal to the
resonant wavelength 7/(ars — ars), where arg is the wave-number of the T-S wave, and arg is the wave-number of
the forcing disturbance. These results are similar to those given by Dietz [Dietz A J 1999 J. Fluid Mech. 378 291].
Additionally, T-S waves with the same dispersion relations but opposite phases are generated by localized blowing and
localized suction respectively, and the amplitudes of the T-S waves excited by localized blowing are nearly 15% greater
than those by localized suction under the same condition. According to this theory, an optimal design of localized suction

device is able to enhance or delay the laminar-turbulent transition for turbulent control.

Keywords: receptivity, localized wall suction/blowing, Tollmien-Schlichting wave
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