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Abstract

The three-dimensional acoustic receptivity of laminar boundary layers in presence of microscopic surface vibrations (the
vibro-acoustic receptivity) is examined. The flow under investigation is the boundary layer on an airfoil at relatively high
Reynolds numbers close to realistic ones for gliders. This flow has favourable and adverse pressure gradients and develops ol
a curved wall. The goal of the present study is to obtain quantitative information about the receptivity characteristics of this
flow for excitation of the 3D Tollmien—Schlichting (TS) waves in cases when the frequencies of surface vihrAtionave
the same order of magnitudes as those of the acoustic wayes The experiments were performed at controlled disturbance
conditions. The 2D acoustic field was produced by loudspeakers, while the localised non-stationary surface non-uniformities
were simulated by a controlled circular surface vibrator. The TS-wave generation was investigated for several values of the
parameter of non-stationarity of the surface non-uniformiity: fy/fac.

The receptivity was investigated in two general casespins-regimeswhen the TS-waves were excited at combination
frequenciesftsy = fac+ fv and in ‘minus-regimesvhen the excitation occurred at frequencigs_ = fac— fv. The complex
(amplitude and phase) receptivity coefficients are obtained experimentally as functions of the spanwise wavenumber (and the
wave propagation angle) for three different frequency rakiocsnd also for several TS-wave frequencies at fixed valugs. of
The obtained vibro-acoustic receptivity coefficients are compared with the acoustic-roughness receptivity coefficients (i.e. for
K = 0) found in previous experiments and DNS.
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1. Introduction

The boundary-layer receptivity problem considers various mechanisms of transformation of external (with respect to the
boundary-layer flow) perturbations into the eigen disturbances of the boundary layer [1]. During past years both experimental
and theoretical aspects of this problem have been investigated extensively (see for review Kachanov et al. [2] and Kachanov
[3]). Along with a great fundamental importance of this problem there is a significant practical motivation for its investigation
connected with appearance of advanced transition prediction methods, which take into account the receptivity mechanisms. In
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many practical situations the free-stream turbulence, the surface vibrations, and the acoustic waves represent the most importan
sources of the instability waves in boundary layers.

The mechanisms of generationtefo-dimensionall S-waves by means ainsteady surface non-uniformitiegere studied
(in the flat-plate boundary layer) theoretically by Gaster [4], Terent’ev [5], and Tumin and Fyodorov [6,7] and experimentally
by Gilyov and Kozlov [8]. The results obtained in experiments by Gilyov and Kozlov [8] were found to be in a good agreement
with calculations by Terent'ev [9] and Fyodorov [10] who studied theoretically the excitation of instability waves by means of
different surface perturbations periodical in time, in particular: surface vibration, blowing-suction, and heating.

The problem of thehree-dimensional vibration receptivityas been also studied in detail. In particular, it was shown
experimentally and theoretically by Fyodorov [11], Ivanov et al. [12], Gaponenko et al. [13], Bake et al. [14], and Kachanov et
al. [15] that even microscopic surface vibrations (with amplitudes of several microns, for example) are able to produce rather
intensive TS-waves in 2D boundary layers (with zero, adverse, and favourable pressure gradients) and in addition cross-flow
instability waves in swept-wing boundary layers. It has been found that all studied 2D boundary layers are more receptive to
3D (inclined) vibrational waves compared to the 2D ones.

The mechanisms of generation of the instability waves in 2D boundary layers by measisfic perturbations in presence
of steady surface non-uniformitiggoughness elements) have been studied in detaiPBbdisturbancesA great number
of theoretical papers in this field are discussed by Zhigulyov and Tumin [16], Goldstein and Hultgren [17], Kerschen [18],
Kozlov and Ryzhov [19], Morkovin and Reshotko [20], Choudhari and Streett [21], Crouch [22], Choudhari [23], and others.

In particular an excitation of the 2D instability waves by acoustics on 2D roughness elements wasestpdigdentallyby

Aizin and Polyakov [24], Kosorygin et al. [25], Kosorygin [26], Saric et al. [27], Wiegel and Wlezien [28], Kosorygin et al.
[29], and others. It was found that the acoustics excites the 2D TS-waves rather effectively even on microscopically small non-
uniformities. The receptivity coefficients were estimated in these studies for different acoustic frequencies, roughness shapes,
and acoustic-wave inclination angles. A good agreement between theory and experiment was usually observed.

At the same time, the problem of thbree-dimensionahcoustic-roughness receptivity is studied considerably weaker,
especially experimentally. Choudhari and Kerschen [30] probably were the first who obtained theoretical results on generation
of TS-waves by acoustics on a three-dimensional surface roughness element (or localised three-dimensional suction) for a two-
dimensional boundary layer. A similar problem was investigated theoretically by Tadjfar and Bodonyi [31] with the help of
non-stationary linearised three-dimensional equations for the asymptotic triple-deck model of the two-dimensional boundary
layer. A qualitative comparison of these results with experiments by Gilyov and Kozlov [8] and Tadjfar [32] was also performed
in this paper. The excitation of TS-waves by acoustics on three-dimensional roughness elements, such as an oblique surface
roughness strip and a circular roughness, was investigated experimentally by Zhou et al. [33]. Choudhari and Kerschen [30]
found these results to be in a good qualitative agreement with theory. Cullen and Horton [34] studied experimentally the acoustic
receptivity for a stationary localised three-dimensional roughness in a two-dimensional boundary layer, but no quantitative
receptivity coefficients were obtained in this work.

It has been also found that the acoustic fields can represent a possible source for the cross-flow instability waves in swept-
wing boundary layers. As shown by Crouch in [35] and [22], the acoustic receptivity mechanism does exist and can play a
certain role in the transition process at high enough levels of acoustic excitation. In these theoretical works a scattering of the
acoustic wave on a stationary localised surface non-uniformity (roughness) was investigated. This mechanism was observed
and investigated experimentally by Ivanov et al. [36,37] on a model of a swept wing. The same authors have studied in [38]
the case of an unsteady surface non-uniformity, i.e. when it is represented by a localised surface vibrator (oscillated with a
low frequency). In this case, the mechanism of excitation of the cross-flow instability wave was quasi-stationary. The values
of the acoustic receptivity coefficients were estimated in these experiments. In a qualitative agreement with theory the acoustic
receptivity due to surface non-uniformities was found to be rather weak in 3D boundary layers compared to the 2D ones.

In 2D boundary layers the 3D acoustic-roughness receptivity coefficients were obtained for the first time experimentally by
Wirz et al. [39] for a single acoustic frequency and compared with calculations in Wiirz et al. [40]. More detailed experimental
and numerical results were presented for several disturbance frequencies by the same authors in [41]. It was found that the
3D acoustic-roughness receptivity of the 2D boundary layer is significantly stronger compared to the 2D case. The receptivity
coefficients obtained in accompanied DNS were found to be in a very good agreement with the experimental ones.

The acoustic receptivityn presence oéssentially non-stationary surface non-uniformities. the surface vibrations, has
not been studied yet experimentally in cases when the vibratigfaland acoustical fac) frequencies are comparable with
each other and when the parameter of non-stationarity of the surface non-uniférmaityy / fac is essentially non-zero one.
Meanwhile, this receptivity mechanism seems to be very important in some cases because, in particular, it can provide a
redistribution of the disturbance energy in the frequency-wavenumber spectrum. For example, the boundary layer might be
stable to the TS-waves excited by the surface vibrations themselves (at fregyg¢acyl to those excited by the acoustic waves
on surface roughness (at acoustic frequefi@y, while the TS-waves, excited by the vibro-acoustic receptivity at combination
frequenciesfts = fac* fv, can be amplified and lead to transition.
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The goal of the present study was to close this gap and to investigate the three-dimensional problem of scattering of acoustic
waves on surface vibrations, localised in the streamwise and spanwise directions, for the case when pRranbetieveen
zero and one and the boundary layer is unstable to the TS-waves excited at combination frequencies.

2. Experimental procedure
2.1. Experimental model and base flow characteristics

A sketch of the experimental setup is presented in Fig. 1. The experiments were carried out in the Laminar Wind Tunnel
(LWT) of the IAG. The LWT is an open return tunnel with a turbulence level less thal@ . The boundary layer measure-
ments were performed on a symmetrical airfoil section ‘XIS40MOD’ (Wiirz [42]) with 15% thickness (installed at zero angle
of attack) at a Reynolds number aPB x 106 based on the arclengthax = 0.615 m measured from the leading edge. The air-
foil was manufactured from reinforced fibreglas in a numerically controlled milled mould. Remaining roughness r.m.s. heights
of the model surface are in the order of @B measured with a precision surface measuring system. The controllable el-
ement modeling the surface vibration (hereafter the vibrator) was mounted at the streamwise coordinate 123 mm
(sv/smax = 0.2). The free stream velocity at this position (measured at the boundary-layer edgé&jewas36 m/s, the
Reynolds numbeRe= Ug\d1y/v based on this velocity and the boundary displacement thickness at the position of the vi-
brator 1, = 0.356 mm) was 850u(is the air kinematic viscosity). The airfoil, the base flow (including the Reynolds number),
and the values of the frequency paramdfes 2 fv/ Uezv of the instability waves under investigation were similar to those
studied by Wurz et al. [41], in order to provide the comparability of the receptivity characteristics in the two experiments.

The boundary layer measurements were performed with a computer controlled traversing system, which allows scans in
wall-normal directiony with an accuracy of ium and scans in spanwise directipwith an accuracy of 0.1 mm. In addition to
the hot-wire support a small static pressure probe was fixed on this system which was used during measurements as a velocity
reference at the boundary layer edge.

The basic pressure distribution was evaluated from the readings of 48 pressure taps, with the boundary layer traversing
mechanism placed at the decided measurement position to take its influence into account. The measured values were compare
with distributions calculated from XFOIL (see e.g. Drela and Giles [43]) for a series of slightly different angles of attack until
they gave the best fit to the experimental data. This distribution (Fig. 2) was then used for the calculation of boundary layer
profiles with a finite difference scheme according to Cebeci and Smith [44]. Finally, the stability characteristics were calculated
with a shooting solver (Conte [45]) for the solution of the Orr—Sommerfeld equation.

Due to the long instability ramp of the airfoil the shape fadthp = §1/82 increases nearly linearly from the valég > =
2.58 atsy/smax= 0.2 to H1 = 2.71 at the end of the measurement regiatyaiax = 0.33 (82 is the boundary layer momentum
thickness).
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Fig. 1. Sketch of the experimental setup.
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Fig. 2. Calculated velocity distribution and development of the Fig. 3. Mean velocity profiles for different streamwise
shape factoi{;» together with the airfoil contour and the position  positions. Profiles shifted by (U/Us) = 0.1. Lines
of the surface vibrator. Symbols denote measured values. denote boundary layer calculations.

Mean flow velocity profiles measured at three downstream positions are presented in Fig. 3 (symbols) together with the
calculated ones (lines), which fit quite well to the experimental data. The shape f&gcter 2.58 measured at the position
of the vibrator §y/smax= 0.2) is very close to the Blasius value &> = 2.59. Nevertheless, due to prehistory effects of the
boundary layer the shape of the profile can show in detail some deviations from the Blasius profile. Despite this fact, stability
calculations for the present configuration showed that these deviations are negligible.

2.2. Controlled disturbances

The acoustic waves were generated by a set of loudspeakers placed on the centerline of the wind tunnel, downstream the tes
section (Fig. 1). This was locally a quasi-2D acoustic field consisted of a mixture of direct waves propagating upstream and a
certain amount of reflected waves propagating downstream. Special measurements (with a slanted hot wire) have shown that
the angle of inclination of the velocity fluctuation vector of the acoustic wave (iithg-plane) with respect to the mean flow
direction is very small, typically below 20

Since the acoustic wavelength depends on the air temperature, any variation of the latter changes the structure of the acoustit
field in the wind-tunnel and, consequently, the acoustic amplitude and phase over the surface vibrator. This circumstance forced
us to check the constancy of the acoustic parameters during the main receptivity measurements. In experiments by Wirz et
al. [41] this was done periodically by means of positioning the hot-wire probe over the vibrator after every spanwise scan. In
this experiments an additional (second) hot-wire probe was used for such measurements. The hot-wire was mounted on a thin
moveable rod, which played a role of a simple traverse (see Fig. 1).

In order to obtain a desirable intensity of acoustic-field at different air-temperature conditions and frequencies of acoustic,
two additional, moveable loudspeakers were used (Fig. 1). Their streamwise position was adjusted in a way to provide the
necessary amplitude of the acoustic wave at the vibrator position.

A sketch of the surface vibrator used in the present experiment is shown in Fig. 4. The vibrator had parameters similar to
those in experiments by Wiirz et al. [41]. Its plastic circular membrane (1) had diameter of 6 mm and was driven by pressure
fluctuations produced by the membrane driver based on a powerful loudspeaker. This loudspeaker was mounted in an airtight
housing and pressure balanced by a connection to a static pressure orifice at the same streamwise position as the membrar
to avoid steady deflection. The membrane was installed precisely flush with the model surface (2) and sealed (4). In order to
provide a control of membrane oscillations a fiber-optic displacement sensor ‘Philtec D12’ was used to measure the amplitude
in the membrane center. This sensor has a linear response up to 20 kHz with a resolutionuofi th%60.5 mm measurement
range. Thus, the complete information about the membrane oscillations was permanently available during the measurements
(see also data the acquisition procedure in Section 2.3).

The spatial shape of the membrane oscillations was measured before mounting the vibrator into the model and additionally
after the experiments with the help of a laser triangulation vibrometer ‘Micro-Epsilon LD1605-0.5’ (ling&x296 for a range
of £0.25 mm). A typical spatial distribution of the oscillation amplitudes over the vibrator surface normalised by the amplitude
in the membrane center is presented in Fig. 5. This shape of the membrane oscillation turned out to be practically independent
of both the frequency and the amplitude of excitation. The phase of the oscillations were found to be constant over the whole
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Fig. 4. Sketch of the surface vibrator. 1 — membranEig. 5. Typical distribution of normalised amplitudes of vibrations over the
2 —model surface, 3 — displacement sensor tip, 4 — sealanémbrane surface.

5 —mounting, 6 — casing, 7 — adjustment screws, 8 — pneu-

matic pipe connector, 9 — mounting for fiber cable and

pneumatic pipe, 10 — fiber cable.

membrane surface, therefore the instantaneous shape of the membrane deflection remains the same at every time instant ar
corresponds to that shown in Fig. 5.

2.3. Procedure of measurements and data acquisition

To find experimentally the receptivity coefficients it was necessary to determine the initial (i.e. at the position of the vibrator)
amplitudes of the excited TS-waves. They cannot be measured directly due to the presence of various other perturbations in the
vibrator-near-field, such as continuous-spectrum instability modes and forced (bounded) fluctuations. Therefore, the hot-wire
measurements in the boundary layer were performed far enough downstream the vibrator, where only eigen boundary-layer
oscillations (i.e. the TS-waves) dominated. In the present experiments normally 4 to 5 spanwise scans (with 40 to 60 spatial
points in each) were measured downstream the vibrator in every studied regime of excitation. These measurements provide the
information about spatial development of the excited wave-trains. In every spanwise scan the hot-wire probe was positioned at a
fixed distance from the walt/§, = 2.2, which corresponded approximately to the TS-wave amplitude maximynpiofiles
(see [41] for more detail). This position was adjusted during every spanwise scan by kEg¢piagonstant at a corresponding
value.

The system of signal excitation and data acquisition is also presented in Fig. 1. For the hot-wire measurements the modified
DISA 55P15 boundary layer probe with 1 mm wire in length was used together with a DISA 55M10 bridge. The second,
additional hot-wire (with an additional DISA 55M10 bridge) was used for acoustic measurements. The calibration of the hot-
wires was made according to Kings law and the coefficients were optimised for minimum standard deviation. During run time
the reading from the static probe at the traversing system was used to adjust the absolute values of the velocities calculated from
the hot-wire data. The DC-outputs of the hot-wire anemometers were low-pass filtered. The AC-output was high-pass filtered
with a first order low-noise filter with a cut-off frequency of 100 Hz. A programmable amplifier was used to fit the signal always
optimally to the input range of a 12-bit A/D-converter. Prior to sampling, the signal was low-pass filtered in addition (4th order)
at 4400 Hz to omit aliasing problems connected with the sampling frequency. Two PCs were used simultaneously. The first
one was used for the data acquisition, the traversing mechanism control, and the sequencing. The second one was used for th
signals generation. The vibrational and acoustical frequencies, as well as the digital sampling trigger, were generated by a D/A-
converter of this PC. The acoustic, vibrational, and combination frequencies had integer number of periods in one sampling,
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Table 1
Studied regimes of disturbance excitation
Type of Name of Parameter Acoustic Vibration  TS-wave
regime regime K = fv/fac frequency frequency frequency
fac[HZ] v [HZ] frs[Hz]
Plus-regimes K =0217frspy 0.217 873 190 1063
frsy = fact v K =0217frs3y 0.217 1309 285 1594
K =0217frsay 0.217 1359 295 1654
K =0434frsp; 0.434 742 323 1065
K =0.980frs2y 0.980 537 526 1063
Minus-regimes K =0217frsp.  0.217 1359 295 1064
frs— = fac— v K=0217frs3- 0.217 2038 443 1595
K =0.434frsp.  0.434 1886 820 1066

and all frequencies were strictly phase locked because they were produced by a single quartz-based clock. This provided the
possibility to represent each of these signals by a single Fourier-series coefficient after the FFT and enabled the online control
of the whole frequency spectrum.

The data acquisition was started with a fixed phase relationship to the vibrator signal, which played a role of a reference
signal. After a prescribed number of generated signal periods (needed for establishment of the acoustic field and the TS-wave
train) five realisations, consisted of 4096 points each, were collected and ensemble averaged in the time domain. The FFT
analysis was performed and frequency spectra of boundary layer perturbations were monitored online. These data contained the
information on amplitudes and phases of disturbances developing in the boundary layer in a wide frequency range.

Exactly in the same way, the output of the displacement sensor Philtec D12 was recorded in each point of measurements.
This signal contained the information about the membrane oscillation amplitudes. The acoustic intensity measurements were
performed immediately before and after every spanwise scan. During these measurements the second hot-wire was switchec
on in the measurement circuit instead of the main hot-wire and moved into the vibrator position for the acoustic measurements
(3 to 6 samples). Additionally, in every set of measurements two or three normal-to-wall profiles were taken, including the
profile over the vibrator centes( = 123 mm,z = 0).

2.4. Studied range of disturbance parameters

Three different values of the parameter of non-stationarity of the surface non-unifakmityfy/fac were investigated:

K =5/23~ 0.217, K = 10/23~ 0.434, andK = 98/100= 0.98. As was mentioned above, the generation of TS-waves
occurs at combination frequenciggs; = fac+ fv (plus-modg¢and frs_ = fac— fv (Minus-modg During selection of the

specific values of the acoustic and vibration frequencies the following factors were taken into account: (i) all main frequencies
(frs, fac, fv) must have an integer number of periods in the experimentally recording signal realisation and correspond to the
Fourier-series coefficients, (ii) one of frequencjgs of the generated instability waves (eith&fs, or frs—) must lie in the

region of the amplified TS-wave frequencies and to be close to one of frequencies investigated by Wirz et al. [41], and (iii)
the frequencies of the excited TS-waves should not overlap with the frequencies associated with any other signals of different
physical nature. For example, the value of paramé&tet 1.0 is difficult to investigate experimentally, because in this case
second harmonics of the vibration and acoustic frequencigsd@d 2fac) overlap with the TS-wave combination frequency

S1s+ = fac+ fv.

The chosen regimes of the acoustic-vibration interaction are listed in Table 1. Set of regime8:217frgy,, K =
0.434frs2+, andK = 0.98f1s2; (as well asK = 0.217frsy— and K = 0.434f1so_) was measured in order to obtain com-
parable data on the vibro-acoustic receptivity, when the same (approximately) TS-wave frequency is generated by different
frequency-combinations of vibrations and acoustics. Meanwhile, the pairs of re§fime&217frsoy , K = 0.217frs3, and
K =0.217frs>_, K =0.217f153_ where measured in order to investigate the influence of frequency of the excited TS-wave
at a fixed value of parametéf. An additional set of data for the plus-regime, nanmee= 0.217f7s4,, Was obtained from
the regimeK = 0.217frso_, when fac = 1359 Hz, fy = 295 Hz. In this regime of measurements (in which the frequency
frso— = fac— fv was considered as the main one) the plus combination frequgrgy. = fac+ fv = 1654 Hz also gave
reliable data, which were processed as well.

The positions of the excited TS-wave frequencigssp = 1063-1066 Hz frg3 = 1594-1595 Hz angtgg = 1654 Hz) in
the stability diagram, calculated for 2D TS-modes, are shown in Fig. 6. They correspond to the frequencies investigated in [41].

A sketch of the chosen regimes is presented graphically in Fig. 7, where the TS-wave frequencies excited in various studied
regimes are indicated in the plangrg, K) together with the regimes studied in experiments and DNS in [41]. According
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to Table 1, every TS-frequency is supposed to be generated twice: in a plus-regime and in a minus-regime. (The case of
K = 0.98 represents an exception since the TS-waves excitation at minus-regime is hardly realisable in this case.) Thus, the
chosen regimes of experiments capture a considerable region of values of the excited TS-waves frequencies and parameters ¢
non-stationarityk , as well as frequencies of the involved surface vibrations and acoustic waves (Fig. 7 and Table 1).

Some additional measurements were performed to check the linearity of the receptivity problem under investigation. For
this, some of spanwise distributions were measured several times, when the vibration and acoustic amplitudes were varied. The
measured amplitude distributions have been compared with each other after their normalisation by a product of the acoustic
wave amplitude and the amplitude of the surface vibration (see Section 6.2).

Note that in view of some peculiarities found for the minus-regimes, the results of measurements for these cases will be
presented separately (Section 6.3).

3. Boundary-layer perturbations observed in plus-regimes

A typical frequency spectrum of the hot-wire signal, measured in the boundary layer downstream the surface svibrator (
150 mm) in presence of acoustics, is shown in Fig. 8 in logarithmic scale. The spectrum is obtained irkreg@17ftso, .
The vibration frequency here i, = 190 Hz (marked with a circle), while the acoustic frequencygds= 873 Hz (marked
with a closed triangle). The perturbations at these frequencies, as expected, have the highest amplitudes in the hot-wire signal.

It is seen that the surface vibrations do generate the instability waves very effectively in a qualitative agreement with the
results obtained in previous investigations of the vibrational receptivity [12—15]. In the present case, the localised surface
vibration with amplitude of 37um in the vibrator center (i.e. about 1% of the boundary-layer displacement thickngss
provides the excitation of the boundary-layer velocity fluctuations at frequéney190 Hz with the amplitude of about 0.1%

(and up to 0.5% further downstream). Most of other spectral modes, having noticeable amplitudes in the spectrum in Fig. 8,
correspond to frequencies of the second, third, and other higher harmonics of the main vibrational frequency. It has been found
that the membrane oscillates at these frequencies as well (with amplitudes in the orgen aehtl less), therefore these higher
harmonics are also excited by the surface vibrations.

The signal at the acoustic frequency is also very intensive. It consists mainly of a mixture of signals associated with: (i) the
acoustic field itself, including the Stokes layer in the near-wall region, (ii) the vibrations of the hot-wire probe and the model
surface, and (iii) the TS-waves generated by the acoustics on steady non-uniformities of the base flow and the airfoil. In this
case, the amplitude of the velocity fluctuations associated with the acoustic wave, measured in the free stream above the vibrator
was about;. = 0.020% (in other regimes of measurements it was typically between 0.017 and 0.028%)).

The modes produced by the interaction of the acoustic field with the surface vibrations (due to the vibro-acoustic recep-
tivity mechanism) are observed at combination frequencies; hfgee: = fac — fv = 683 Hz minus-modg and frszy =
fac+ fv = 1063 Hz plus-mod§ These spectral modes are marked in Fig. 8 with squares. In the present streamwise position
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Fig. 8. Typical frequency spectrum of the hot-wire signal measured in the boundary layer in plus-regimes. Regime
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Fig. 9. Spatial development of amplitudes (a) and phases (b) of TS-waves excited at plus combination fréggianey fac+ fv = 1063 Hz
in the regimeK = 0.217ftso, .

(27 mm downstream the vibrator) the amplitudes of these combination waves are relatively low. Of course, the relative values
of amplitudes of different spectral modes change further downstream. In the regime presented in FiguSdbmbination

mode under investigatiorf{sy, = 1063 Hz) corresponds to one of the most amplified TS-waves. The spatial development of
disturbances at this frequency is presented in Fig. 9 (for the same réQim@.217ftso, ) as a set of spanwise distributions of
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the TS-wave amplitude (Fig. 9(a)) and phase (Fig. 9(b)) measured at several streamwise positions. Disturbance amplitudes are
presented in percentage of the local boundary-layer edge velocity. The distributions are typical for the amplifying wave-train of
instability modes. In the present case these modeiniiaged by vibro-acoustic receptivity mechanismd represent the main

subject of the present study. The distributions like those presented in Fig. 9 where used for the subsequent data processing ir
order to obtain the complex receptivity coefficients for scattering of acoustic waves on surface vibrations. Similar data sets were
obtained also for all other studied regimes indicated in Table 1.

4. Procedure of determining the receptivity function

To determine experimentally the complex vibro-acoustic receptivity functions the data were processed according to the
technique, applied in [12—14] for the vibration receptivity problem and adopted in [39—41] for the acoustic-roughness receptivity
case. In this section, we only enumerate briefly the main steps of the data processing procedure. These steps are the following:

1) The normalisation of the measured spanwise amplitude and phase distributions for the excited TS-waves by the amplitude
and phase of the surface vibrations (in the vibrator membrane center).

2) The normalisation of the distributions obtained after the first step by the acoustic-wave amplitude and phase measured
above the vibrator. As was mentioned above (see Section 2.3), direct measurements of the acoustic intensity were performec
only in the beginning and in the end of every spanwise scan. However, during the subsequent data processing it turned out
to be possible to reconstruct the amplitude and the phase of the acoustic wave for every point of measurements. The acoustic
amplitude was determined using its empirical dependence on the air temperature. This dependence was extracted from the hot
wire measurements of the acoustic wave, performed simultaneously with the air temperature measurements. The readings of
the membrane oscillations at the acoustic frequency also gave additional information about the acoustic fluctuations, mainly on
its phase.

3) The preparation of the data for the spatial (in the spanwise direction) Fourier transform, namely an interpolation of the
measured spanwise distributions in order to have equidistant points along the spanwise coordinate, with the same spacing as ir
6).

4) The complex Fourier transform of the spanwise distributions of disturbance amplitudes and phases. An example of the re-
sulting spanwise-wavenumber spectra is presented in Fig. 10 for régim8.217fTs2; . The TS-wave spectral amplitudes are
shown in Fig. 10(a) in logarithmic scale versus the non-dimensional spanwise wavenumber normalised by the boundary-layer
displacement thickneslg,, measured at the position of the surface vibrator. The corresponding spectral phases are presented in
Fig. 10(b).

5) The reconstruction of initial amplitudes and phases of the excited TS-waves. To obtain the disturbance amplitudes at the
position of the vibratorsy = 123 mm), linear stability calculations were performed for the experimental conditions. The cal-
culated amplification curves covered the location of the vibrator and the downstream region, where the experimental data were
obtained. The theoretical curves were matched with the experimental points by means of a least square fit method. To obtain
the initial phases, linear approximation of the streamwise phase distributions (measured for every fixed spanwise wavenumber)
was performed and the approximated line was used for the phase extrapolation to the vibrator position. An illustration of these
procedures is presented in Fig. 11 (regifie= 0.217f1s2, ) for several values of the spanwise wavenumpéFig. 11(a) —
amplitudes, Fig. 11(b) — phases). Points in Fig. 11 correspond to the experimental values, lines in Fig. 11(a) show the calculated
amplification curves matched with the experimental points, and lines in Fig. 11(b) represent the results of the approximation
of phase distributions. The reconstructed initial values of the TS-wave amplitudes and phases obtained for various spanwise
wavenumbers are shown Fig. 11 with crosses. The corresponding initial spanwise-wavenumber spectra are also presented ir
Fig. 10 (sy = 123 mm) for all studied spanwise wavenumbers. (Note that the accuracy of determination of the initial disturbance
phases is expected to be rather limited due to their very fast downstream growth.)

6) In order to obtain theurface vibration spectrunthe membrane shape function (the amplitude part of which is shown in
Fig. 5) was subjected to a spatial double Fourier transform. As a result, the 2D spectrum of surface vibrations in the spanwise
(B) and streamwiséxy) wavenumber space was obtained.

7) The determination of theesonant spectrurof surface vibrations. To obtain this spectrum complex spectral amplitudes
were determined foresonantwavenumbersy (8). In a general case of interaction between the 2D acoustic wave and the
surface vibrations the resonant wavenumbergfos combination modeave to be determined as

ar+(B) = s+ (B) — arac, (1)
and forminus combination mode
ar—(B) = arac— arrs—(B), (2

wherearac is the streamwise wavenumber of the acoustic wave, white = @;Ts+(8) andaTs— = arTs—(B) are the
dispersion functions for the TS-modes excited at minus- and plus-regimes, respectively. The streamwise wavegglimber
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Fig. 10. Spatial evolution of amplitude (a) and phase (b) parts of the spanwise-wavenumber spectra of TS-waves excited at plus combination
frequencyfrsy+ = fac+ fv =1063 Hz in regimeK = 0.217fts2; and reconstructed initial spectra (< 123 mm).

practically equal to zero because the acoustic wavelength involved is more than one order of magnitude greater than the TS-
wavelengths. Also, the symmetry of the base flow provides the equatityy (frs. ) = arts— (frs. B) = arTs(frs, B). Due
to these circumstances, the resonant wavenumbers were found during the data processing as:

ar(B) = arrs(B). 3

The dispersion curvedtg(8) were determined for combination modes under investigation using the experimentally obtained
streamwise phase distributions (like those shown in Fig. 10(b)).
8) The determination of the complex vibro-acoustic receptivity function, according to following definition (see e.g. [41]):

EinTSN(fTS B)

Gav(frs. B) = Gavl frs. B) €9a/Th) = _ > @
Aac(fad Cv(fv, ar, B)
where
Bints(f7s. B) = BinTs(frs, B) €9nTs(f1s:6) (5)
is the initial complex spectral amplitude of the TS-wave excited in the boundary layer and determined at step 5,
Aac= Aace¥e (6)
is the complex amplitude of the external acoustic perturbation measured in the free-stream at vibrator position,
Cv(fv. ar, B) = Cy(fv, ar, p) dov/v-arh) )

is the complex resonant spectrum of the surface vibrations (determined at steps 6 and 7).
During the data processing all length scales were normalised by the boundary-layer displacement thigkn8s356 mm
at the location of the vibrator, while all velocities — by the boundary-layer-edge velbgity= 36.0 m/s over the vibrator.
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Fig. 11. lllustration of the procedure of reconstruction of initial spectral amplitudes (a) and phases (b) of TS-modes excited in the regime
K =0.217f7s24 at plus combination frequencfrsyy = fac+ fv = 1063 Hz for three fixed values of the spanwise wavenumber. Figure (a):
points 1-3 — experimental TS spectral amplitudesf@®r = 0, 0.192, and 0.292. Lines'43 — corresponding approximations by LST. Fig-

ure (b): points 1-3 — experimental phases fof = 0, 0.192, and 0.292. Lines’23 — corresponding line approximations. Dash—dot line
indicates the position of the vibrator, crosses — reconstructed initial amplitudes and phases.

5. Coefficients of vibro-acoustic receptivity and comparison with acoustic-roughness receptivity

The main results of study of the boundary-layer acoustic receptivity in presence of surface vibrations are presented in
Figs. 12-15. The amplitudes (normaliseddyy) and phases of the complex receptivity coefficients are shown in Fig. 12 for
regimesk = 0.980f7s2;+, K = 0.434f7s24, andK = 0.217f1s2 (see Table 1), i.e. for three different values of param&ter
but approximately the same TS-wave frequengy={ 77.4 x 10~5). The data are shown as functions of the non-dimensional
spanwise wavenumbgs1,, in a range between 0.3 to +0.3. For higher absolute values 881, the experimental accuracy
was worse because these strongly inclined 3D waves (propagation angles are higher than 60 degrees), had typically very low
amplitudes (see e.g. Fig. 10(a)). Similarly, Fig. 13 shows the receptivity data obtained in réQim€217frs3; andK =
0.217frs4+, i.e. for fixed value ofK and slightly different TS-wave frequencies & 1159 x 1076 and 1203 x 1076,
respectively).

It is seen from Fig. 12(a) that within an experimental accuracy the same receptivity coefficients are observed for all three
values of parametek in all three studied cases. In other words, the data obtained show that initial amplitudes of the TS-
waves excited due to the interaction of acoustics and vibratierindependent of the parameter of non-stationarity K of the
surface non-uniformityAll investigated cases (Fig. 12(a) and Fig. 13(a)) demonstrate a higher efficiency of transformation of
acoustic perturbations into 3D instability waves rather then into 2D ones. This property is stronger expressed for higher TS-wave
frequencies (Fig. 13(a)). Indeed, for TS-wave frequefigyo (Fig. 12(a)) the receptivity amplitude observed for propagation
angles about 50(881y = 0.22) is higher then that of the 2D-wav@s,, = 0) by a factor oftwo approximately. Meanwhile,
for frequenciesftss and frsa (Fig. 13(a)), the receptivity amplitudes for 3D TS-waves with the same propagation angles
(B31y = 0.28) is higher than that for the 2D-wave by a factortifee At the same time, the receptivity for 2D waves depends
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Fig. 12. Amplitudes (a) and phases (b) of vibro-acoustic receptivity coefficients versus spanwise wavenumber obtained for the frequency
frs2~ 1063 Hz in the regime& = 0.98f1s2y, K =0.434f1so;, andK = 0.217f1s2, .

rather weakly on the TS-wave frequency. The phase parts of the receptivity functions (Fig. 12(b) and Fig. 13(b)) demonstrate
relatively weak dependence on the spanwise wavenumber. Some visible differences in the receptivity phases are explained by
a restricted accuracy of determination of the initial TS-wave phases (see Section 4). This point is especially clear seen from
comparison of the results obtained for the same values aind for very close values of the TS-wave frequency shown in
Fig. 13(b).

As was mentioned above, frequencifss2 and frs3 were chosen to be close to those investigated by Wirz et al. [41] in
the case of scattering of acoustic wavessteadysurface roughness. In terms of the present investigation, the case studied in
[41] can be considered as that with ~ 0 and, hencek ~ 0 (despite in the experimental part of that wdtkwas equal to
0.016). The comparison of those data with the present results, obtain&d-#dD, is shown in Fig. 14, where the receptivity
coefficients for TS-wave frequencfrso are presented together with those obtained in [41] experimentally and numerically
(DNS). A similar comparison for higher frequengyssis presented in Fig. 15. (The differences between compared frequencies
studied in the present work and in [41] are less than 2%.) The data shown in Figs. 14 and 15 are plotted versus the TS-wave
propagation angle rather than versus the spanwise wavenumber as in Figs. 12 and 13. All results presented in Figs. 14 and 1°
demonstrate a very well agreement of the receptivity functions, especially for small and moderate propagation angles, where
the experimental accuracy is better. Similar to Fig. 12, this comparison supports the conclusion drawn above that the studied
receptivity mechanism is independent of the parameter of non-stationarity of the surface non-unifdmitie¢se range of
studied parameters which starts fradih= 0.98, when the vibration and acoustic frequencigs &nd fac) are very close to
each other, to the extreme case of stationary surface roughnesg wtl (fy = 0, frs = fac)- Fig. 15 shows also that this
independence is observed at higher TS-wave frequencies as well. Thetkéowhro-acoustic receptivity is independent of
both the acoustic frequency and the vibration frequency and depends only on the frequency of the excited. T®is/eagst
means, in particular, that thebro-acousticreceptivity coefficients can be estimated in the frameworkafustic-roughness
receptivity theories.
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Fig. 13. Amplitudes (a) and phases (b) of vibro-acoustic receptivity coefficients versus spanwise wavenumber obtained for close frequencies
Sfrs3=1594 Hz andftsg = 1654 Hz in the regime&X = 0.217f7s3+ andK =0.217f71s4+.

6. Results of measurementsin minus-regimes
6.1. Anomalous disturbance behaviour

Atypical frequency spectrum of disturbances measured in the boundary layer at minuskegif@17frso_ is presented
in Fig. 16. The general view of the spectrum is similar to that shown in Fig. 8 for plus-reijim®.217ftso. . The strongest
disturbances in the spectrum are also observed at acoustic freqfigreyl 359 Hz (marked with a triangle) and at vibration
frequencyfy = 295 Hz (marked with a closed circle). The minus combination pegk&i_ = fac— fv = 1064 Hz represents
the frequency of interest here (which coincides, practically, with the frequency of the TS-wave excited in plusfegime
0.217f7s2+). Spatial development of disturbances excited at this frequency is shown in Fig. 17 as a set of spanwise distributions
of the disturbance amplitudes (Fig. 17(a)) and phases (Fig. 17(b)) measured at several streamwise positions. It is easy to see, the
the shape of the wave-train observed in minus-regime 0.217fts>_ looks significantly different from that found in plus-
regimekK = 0.217frs2; (cf. Fig. 9). A deep spanwise modulation of the boundary-layer disturbances observed in the minus-
regime suggests that some strongly inclined (essentially 3D) modes dominate in this case in the wave-train. This is actually
observed in Fig. 18(a) where the amplitude parts of the corresponding spanwise-wavenumber spectra are presented. (The phas
parts are shown in Fig. 18(b).) Moreover, the normalisation of the boundary-layer disturbance amplitudes by the amplitudes
of the acoustic wave and the surface vibration have shown that these normalised amplitudes are much higher in minus-regime
K =0.217frs2- compared to those for plus-reginke = 0.217fts2.. The results obtained in others minus-regim&s=
0.217frs3- and K = 0.434f1s2_) display qualitatively similar but even stronger difference between the corresponding (to
each other) pairs of minus- and plus-regimes.

Additional analysis of properties of the boundary-layer perturbations excited at the minus combination freqygcies (
fac— fv) have shown that the amplification rates of these modes are very much different from (larger than, usually) those
predicted by the linear stability theory, as well as those observed in the corresponding plus-regimes. This fact is illustrated in
Fig. 19 where the spectral-mode amplification curves (symbols and thin lines) obtained in minusKegiM@17f7go>_ are
shown for three different values of the spanwise wavenumber in comparison with the curves calculated for 3D TS-modes (thick
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Fig. 14. Comparison of amplitudes (a) and phases (b) of vibro-acoustic receptivity coefficients for three different v&lye$ @iith those
obtained in [41] forK ~ O for the TS-wave frequencyrso.

lines). Note that in the corresponding plus-regifie= 0.217fts2; the amplification curves obtained for the same modes of
the frequency-wavenumber spectrum (Fig. 11(a)) demonstrate a good agreement with the same calculated curves.

The unexpected phenomenon of Hremalous behaviouwf the excited boundary-layer perturbations described above has
been found also in all other studietinus-regimesut it has never been observed in any of stugik-regimes

6.2. Linearity of disturbance behaviour

The most natural explanation of the anomalous disturbance behaviour observed in minus-regimes is associated with a possi-
ble non-linearity of the problem under investigation. It has been assumed that the closeness of the minus combination modes to
the frequency of subharmonic of the acoustic wave could lead to a subharmonic-type weakly-nonlinear interaction [46-50]. This
interaction could occur between a quasi 2D TS-wave, excited at frequégdy the acoustics on natural (two-dimensional
mainly) non-uniformities of the base flow and the airfoil, and some of 3D TS-waves excited at frequgnaibih then in-
teract with frs_ = fac— fv. The former is excited directly by the vibrator, while the latter — by the vibro-acoustic receptivity
mechanism under investigation. Note, that in this cAse fac/2— Af and frs_ = fac/2+ Af, whereAf = (fac— 2fv)/2,

i.e. these frequency modes can be regarded as two quasi-subharmonic disturbances (with frequencyAd8tsgimgetric

with respect to the subharmonic frequengy/2. In order to check the applicability of this explanation, as well as the linearity

of the studied receptivity problem, special measurements — non-linearity tests, were performed. The results obtained in one of
such testes are presented below.

Namely, a measurement of a spanwise distribution was carried out inside the boundary layet&2 mm in a regime,
in which the disturbance frequencies were the same as in refime0.217ftg3_ but the amplitudes of both the surface
vibrations and the acoustic wave were intensified. In the main regkne 0.217f1s3_ itself) the r.m.s. amplitudet, of
the surface vibration was 29m in the vibrator center and the averaged intensity of velocity fluctuatiggsn the acoustic
field (over the vibrator center) was 0.0098 s1(i.e. 0.272%). In the linearity test the measurement was performed when the
amplitude of the surface vibrations was increased by a factor ofAl,.5<(44 um) and the acoustic perturbation was intensified
by a factor of 1.4 Aac=0.0133 nys = 0.37%). In case of a linear response of the boundary layer, such enhancement could
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obtained in [41] forK =~ O for the TS-wave frequencyrss.

1
A, %

0.1
0.01
0.001

0.0001 ,i| )
0.00001

S O O O o 9o o 9o o o 9 o 9o 9

o O O O 9o O O O o 9 O 9O O

A T O 0 O A T LV X O A T O

— = = = — AN O O A

f,Hz

Fig. 16. Typical frequency spectrum of the hot-wire signal measured in the boundary layer in minus-regimes. Regime
K =0.217f1s2_, s = 150 mm. Closed circle: vibration frequency, open circles: harmonics of vibration frequency, closed triangle: acoustic
frequency, closed square: plus combination mode, open square: minus combination mode.

result in an increase of the boundary-layer disturbance amplitude by a fagjgr €f1.5 x 1.4=2.1. Meanwhile, it is known

(see e.g. [48,49]) that the resonant-amplification increments of the subharmonic waves (as well as of frequency-detuned, i.e.
guasi-subharmonic, ones) are nearly proportional to the fundamental-wave amplitude, i.e. to the acoustic amplitude in the

present case. Therefore, in case of presence of the resonant amplification of the disturbances excited at the minus combinatior
frequency we may expect a much larger increase of the boundary-layer disturbance amplitude.
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Fig. 17. Spatial development of amplitudes (a) and phases (b) of TS-waves excited at minus combination frequency
frs2- = fac— fv =1063 Hz in the regim& = 0.217f1s>_.

Main result of the comparison of these two regimes is presented in Fig. 20 as two spanwise distributions of the disturbance
amplitudes and phases measured at normal and enhanced amplitudes of the external perturbations. The amplitude distributiot
measured in the case of the enhanced perturbations is divided by fggter 2.1. A nearly perfect agreement of the two
distributions (as well as similar agreement obtained in several other non-linearity tests) denotes undoubtedly the linearity of
the two mechanisms: (i) the boundary-layer vibro-acoustic receptivity and (ii) the boundary-layer stability. This means that,
first, all main receptivity results obtained in the present study at relatively low disturbance amplitudes (i.e. in the regimes
listed in Table 1) correspond to ttieear receptivity problenand, second, thanomalous disturbance behavioobserved in
minus-regimegannot be explained by a nonlinearity

Attempts to find other explanation of this phenomenon, such as influence of an admixture of signals associated directly with
acoustics or with probe vibrations, have not given any positive results. The only remaining explanation seemed to be connected
with the presence of a distributed receptivity mechanism for scattering of acoustic waygs (@t a TS-wave-train excited by
vibrations at frequencyy. Such mechanism could lead both to a modification of the disturbance growth rates at combination
frequencies and to a linear response of the boundary layer. In particular, such mechanism could result in a faster disturbance
growth in cases when the streamwise-wavenumber resonant condition for the distributed excitation is satisfied (see e.qg. [51]).
However, the applicability of this explanation remains unclear. In particular, it is not clear why this mechanism has to work in
all studied minus-regimes, despite the conditions of the streamwise-wavenumber resonance seem to be not satisfied in all case:
but does not work in all studied plus-regimes.

6.3. Estimates of relative receptivity amplitudes in minus-regimes

The anomalous disturbance behaviour has made it impossible to apply theoretical amplification curves for determination
of initial instability wave amplitudes and, consequently, to determine quantitatively the receptivity coefficients in the minus-
regimes. The attempts to obtain the initial disturbance amplitudes by means of upstream extrapolation of the data with the help of
some arbitrary functions (similar to experiments [12,13]) do not give reliable results at the present experimental conditions. The
problem is connected with a too complicated disturbance behaviour, which includes (in particular) some regions of attenuation
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Fig. 18. Spatial development of amplitude (a) and phase (b) parts of spanwise-wavenumber spectra of TS-waves excited at minus combination
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Fig. 19. lllustration of the anomalous behaviour of spectral amplitudes of boundary-layer disturbances excited in the minus-regime
K =0.217f7rs>_ at minus combination frequencfrsy— = 1064 Hz in comparison with linear stability theory for three fixed values of the
spanwise wavenumber. Points 1-3 — experimental spectral amplitudes;fer0, 0.192, and 0.292. Lines'33 — corresponding amplitude
distributions calculated with LST.

(see e.g. Fig. 198 = 0). However, an attempt to make at least some rough estimates of initial TS-wave amplitudes has been
made in order to evaluate relative values of the vibro-acoustic receptivity coefficients observed in minus-regimes in comparison
with plus-regimes.

It tuned out that such estimates can be obtained integrally for the whole spanwise-wavenumber spectrum. Total (integral)
amplitudesAjn; of boundary-layer perturbations were determined in every streamwise location for the excited TS-wave train
as a whole. These amplitudes were found by integration of amplitude spanwise distributions (like those shown in Fig. 9(a) and
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Fig. 21. Downstream growth of the integral intensity of TS-waves in the whole spanwise-wavenumber spectrum. Comparison of minus-regime
K =0.217f1s2— and plus-regimeK = 0.217f7sp; for the TS-wave frequencyTsy ~ 1063 Hz. Points: experimental data, curves: their
exponential approximation and extrapolation.

Fig. 17(a)) in the spanwise direction. The resulting integral amplification curves obtained in the minus&egiM217frso_

and in the corresponding plus-regirkie= 0.217ftsp; are presented in Fig. 21 versus the streamwise distance from the vibrator.

For better comparability of these two distributions the amplitudlgs measured in minus-regimé = 0.217f7go_ are renor-

malised to the same vibrational and acoustic amplitudes as those measured in the corresponding pliS=teQPA€f 5o, .

The experimental points shown in Fig. 21 are approximated by exponents (curves). It is seen, first, that the exponential approx-
imation fits reasonably good the measured distributions. Second, similarly to most of the individual spectral modes (Fig. 19)
theintegral disturbance intensity also grows faster in the minus-regime than in the plus-regime. This difference is found to be
even greater for frequencfrsz when comparing the regimes = 0.217f7s3- andK = 0.217f7s34 (not shown). Third, the
amplification curves shown in Fig. 21 (as well as similar curves obtained in two other studied cases) indicateiritat the

(i.e. atsy = 123 mm) TS-wave amplitudes, estimated by the exponential approximations, are rather close to each other in the
two regimes. The observed small difference might be explained just by an error of such a rough estimation. This means that
the integral vibro-acoustic receptivity is alapproximately the samia every corresponding pair of minus- and plus-regimes.

Of course, this conclusion is not very strict. However, it supports the previous conclusion (made in Section 5) regarding the
absence of any dependence of the receptivity coefficients on the specific frequencies of the involved vibrations and acoustic
waves, despite these frequencies are very much different in every pair of plus- and minus-regimes corresponding to the same
frequency of the excited TS-wave (see Table 1).
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7. Conclusions

A set of experiments devoted to the problem of transformation of 2D acoustic waves into 3D TS-waves due to the scattering
of the former on essentially non-stationary, 3D surface non-uniformities (vibrations) is performed on a 2D airfoil. The exper-
iments are carried out at controlled disturbance conditions for various combinations of frequencies of the involved acoustic
wave ( fac) and the surface vibratioffy). Three values of the parameter of non-stationakity= f/fac of the surface non-
uniformity are investigated. The generation of instability waves is considered in two general casepiu$)cambination
frequenciesfts; = fac+ fv and (ii) atminuscombination frequenciegrs_ = fac — fv. In the plus-regimes the complex
coefficients (amplitude and phase) of the vibro-acoustic receptivity are obtained as functions of the spanwise wavenumber and
the TS-wave propagation angle for three different values of the paraikietas well as for different frequencies of the ex-
cited instability waves when the parameféris fixed. In the minus-regimes some estimates of relative values of integral (in
the spanwise-wavenumber spectrum) receptivity amplitudes are obtained in comparison with the corresponding plus-regimes
(i.e. for the same values of parameférand TS-wave frequencyrs). These integral receptivity coefficients are found to be
very close to each other in minus- and plus-regimes. Variation of the acoustic and vibration amplitudes have shown that the
studied vibro-acoustic receptivity mechanism is linear in a sense that the receptivity amplitudes and phases are independent of
the amplitudes of the involved external disturbances.

The main conclusion of the study is the following. For every studied value of the TS-wave propagatiothangleo-
acoustic receptivity coefficients are independent of both the parameter of non-statidhaftihe surface non-uniformity and
the specific frequencies of vibrations and acoustics. They depend only on the frequency of the excited Tig&war®arison
of the vibro-acoustic receptivitgharacteristics obtained in the present experiments wittatio@istic-roughness receptivity
i.e. with the case of practically stationary surface non-uniformity, studied in [AA3(0, K ~ O, frs~ fac) has shown the
same receptivity amplitudes and phases for all investigated TS-wave frequencies and spanwise wavenumbers. Thus, the con
clusion formulated above is found to be valid in the range & < 0.98. This means, in particular, that the vibro-acoustic
receptivity coefficients can be estimated correctly on bases of acoustic-roughness receptivity theories. Note that despite the
vibro-acoustic receptivity turned out to be very similar to the acoustic-roughness one, the former can play a very important
role in the laminar-turbulent transition process because it provides a redistribution of the disturbance energy in the frequency-
wavenumber spectrum. Due to this redistribution, the vibro-acoustic receptivity can lead to excitation of strongly amplified
TS-waves even in cases when the instability waves excited directly by both the acoustic wave and the surface vibrations are far
from the instability region.

Commonproperties of the studied acoustic receptivity mechanism (due to either surface vibration or surface roughness)
are the following. The excitation dhree-dimensional S-waves due to scattering of 2D acoustics on 3D surface vibrations
is significantly more efficient than the corresponding excitation of two-dimensional TS-waves. For all TS-wave propagation
angles the acoustic receptivity amplitudes increase with the TS-wave frequency. However, this frequency dependence is very
weak for excitation of 2D instability waves and increases quickly with the TS-wave propagation angle. The acoustic receptivity
phases are found to depend rather weakly on the wave inclination angle for all studied frequencies and paameters

An anomalous behaviour of the TS-waves excited by the vibro-acoustic receptivity mechanism in minus-regimes was found
in the present study. The amplification of these modes differs from that observed in the corresponding plus-regimes and predicted
by the linear stability theory. The strongest amplification in the minus-regimes is found for essentially 3D modes. It is shown
that the phenomenon of the anomalous TS-wave behaviour in the minus-reginmextbe explained by non-linearity of the
associated stability or receptivity problem. The causes of this phenomenon remain unclear and need additional investigation.

Being obtained in Fourier space the linear coefficients of the vibro-acoustic receptivity are independent of the specific shape
(and the frequency-wavenumber spectrum) of the surface vibrator, as well as of the specific frequency spectrum of the acoustic
wave. These results can be directly used for estimates of initial amplitudes of the excited 3D TS-waves, as well as for validations
of theoretical and numerical approaches.
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