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Abstract

The three-dimensional acoustic receptivity of laminar boundary layers in presence of microscopic surface vibrati
vibro-acoustic receptivity) is examined. The flow under investigation is the boundary layer on an airfoil at relative
Reynolds numbers close to realistic ones for gliders. This flow has favourable and adverse pressure gradients and d
a curved wall. The goal of the present study is to obtain quantitative information about the receptivity characteristic
flow for excitation of the 3D Tollmien–Schlichting (TS) waves in cases when the frequencies of surface vibrations(fv) have
the same order of magnitudes as those of the acoustic waves(fac). The experiments were performed at controlled disturba
conditions. The 2D acoustic field was produced by loudspeakers, while the localised non-stationary surface non-un
were simulated by a controlled circular surface vibrator. The TS-wave generation was investigated for several valu
parameter of non-stationarity of the surface non-uniformityK = fv/fac.

The receptivity was investigated in two general cases: in ‘plus-regimes’ when the TS-waves were excited at combinat
frequenciesfTS+ = fac+fv and in ‘minus-regimes’ when the excitation occurred at frequenciesfTS− = fac−fv. The complex
(amplitude and phase) receptivity coefficients are obtained experimentally as functions of the spanwise wavenumbe
wave propagation angle) for three different frequency ratiosK and also for several TS-wave frequencies at fixed values oK.
The obtained vibro-acoustic receptivity coefficients are compared with the acoustic-roughness receptivity coefficients
K = 0) found in previous experiments and DNS.
 2005 Elsevier SAS. All rights reserved.

Keywords:Airfoil; Boundary layer; Acoustic wave; Surface vibration; Instability wave; Receptivity coefficient

1. Introduction

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

The mechanisms of generation oftwo-dimensionalTS-waves by means ofunsteady surface non-uniformitieswere studied
(in the flat-plate boundary layer) theoretically by Gaster [4], Terent’ev [5], and Tumin and Fyodorov [6,7] and experim
by Gilyov and Kozlov [8]. The results obtained in experiments by Gilyov and Kozlov [8] were found to be in a good agre
with calculations by Terent’ev [9] and Fyodorov [10] who studied theoretically the excitation of instability waves by me
different surface perturbations periodical in time, in particular: surface vibration, blowing-suction, and heating.

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

The mechanisms of generation of the instability waves in 2D boundary layers by means ofacoustic perturbations in presenc
of steady surface non-uniformities(roughness elements) have been studied in detail for2D disturbances. A great number
of theoretical papers in this field are discussed by Zhigulyov and Tumin [16], Goldstein and Hultgren [17], Kersche
Kozlov and Ryzhov [19], Morkovin and Reshotko [20], Choudhari and Streett [21], Crouch [22], Choudhari [23], and
In particular an excitation of the 2D instability waves by acoustics on 2D roughness elements was studiedexperimentallyby
Aizin and Polyakov [24], Kosorygin et al. [25], Kosorygin [26], Saric et al. [27], Wiegel and Wlezien [28], Kosorygin
[29], and others. It was found that the acoustics excites the 2D TS-waves rather effectively even on microscopically sm
uniformities. The receptivity coefficients were estimated in these studies for different acoustic frequencies, roughnes
and acoustic-wave inclination angles. A good agreement between theory and experiment was usually observed.

At the same time, the problem of thethree-dimensionalacoustic-roughness receptivity is studied considerably wea
especially experimentally. Choudhari and Kerschen [30] probably were the first who obtained theoretical results on ge
of TS-waves by acoustics on a three-dimensional surface roughness element (or localised three-dimensional suction)
dimensional boundary layer. A similar problem was investigated theoretically by Tadjfar and Bodonyi [31] with the h
non-stationary linearised three-dimensional equations for the asymptotic triple-deck model of the two-dimensional b
layer. A qualitative comparison of these results with experiments by Gilyov and Kozlov [8] and Tadjfar [32] was also per
in this paper. The excitation of TS-waves by acoustics on three-dimensional roughness elements, such as an obliq
roughness strip and a circular roughness, was investigated experimentally by Zhou et al. [33]. Choudhari and Kers
found these results to be in a good qualitative agreement with theory. Cullen and Horton [34] studied experimentally the
receptivity for a stationary localised three-dimensional roughness in a two-dimensional boundary layer, but no qua
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
wing boundary layers. As shown by Crouch in [35] and [22], the acoustic receptivity mechanism does exist and ca
certain role in the transition process at high enough levels of acoustic excitation. In these theoretical works a scatter
acoustic wave on a stationary localised surface non-uniformity (roughness) was investigated. This mechanism was
and investigated experimentally by Ivanov et al. [36,37] on a model of a swept wing. The same authors have studie
the case of an unsteady surface non-uniformity, i.e. when it is represented by a localised surface vibrator (oscillate
low frequency). In this case, the mechanism of excitation of the cross-flow instability wave was quasi-stationary. Th
of the acoustic receptivity coefficients were estimated in these experiments. In a qualitative agreement with theory the
receptivity due to surface non-uniformities was found to be rather weak in 3D boundary layers compared to the 2D on

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

Theacoustic receptivityin presence ofessentially non-stationary surface non-uniformities, i.e. the surface vibrations, ha
not been studied yet experimentally in cases when the vibrational(fv) and acoustical(fac) frequencies are comparable wi
each other and when the parameter of non-stationarity of the surface non-uniformityK = fv/fac is essentially non-zero one
Meanwhile, this receptivity mechanism seems to be very important in some cases because, in particular, it can
redistribution of the disturbance energy in the frequency-wavenumber spectrum. For example, the boundary layer
stable to the TS-waves excited by the surface vibrations themselves (at frequencyfv) and to those excited by the acoustic wav
on surface roughness (at acoustic frequencyfac), while the TS-waves, excited by the vibro-acoustic receptivity at combina
frequenciesf = f ± f , can be amplified and lead to transition.
TS ac v
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The goal of the present study was to close this gap and to investigate the three-dimensional problem of scattering o
waves on surface vibrations, localised in the streamwise and spanwise directions, for the case when parameterK is between
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
(LWT) of the IAG. The LWT is an open return tunnel with a turbulence level less than 2× 10−4. The boundary layer measur
ments were performed on a symmetrical airfoil section ‘XIS40MOD’ (Würz [42]) with 15% thickness (installed at zero
of attack) at a Reynolds number of 1.23× 106 based on the arclengthsmax= 0.615 m measured from the leading edge. The
foil was manufactured from reinforced fibreglas in a numerically controlled milled mould. Remaining roughness r.m.s.
of the model surface are in the order of 0.5µm measured with a precision surface measuring system. The controllab
ement modeling the surface vibration (hereafter the vibrator) was mounted at the streamwise coordinates = sv = 123 mm
(sv/smax = 0.2). The free stream velocity at this position (measured at the boundary-layer edge) wasUev = 36 m/s, the
Reynolds numberRe= Uevδ1v/ν based on this velocity and the boundary displacement thickness at the position of
brator (δ1v = 0.356 mm) was 850 (ν is the air kinematic viscosity). The airfoil, the base flow (including the Reynolds num
and the values of the frequency parameterF = 2πf ν/U2

ev of the instability waves under investigation were similar to th
studied by Würz et al. [41], in order to provide the comparability of the receptivity characteristics in the two experimen

The boundary layer measurements were performed with a computer controlled traversing system, which allows
wall-normal directiony with an accuracy of 5µm and scans in spanwise directionz with an accuracy of 0.1 mm. In addition t
the hot-wire support a small static pressure probe was fixed on this system which was used during measurements as
reference at the boundary layer edge.

The basic pressure distribution was evaluated from the readings of 48 pressure taps, with the boundary layer
mechanism placed at the decided measurement position to take its influence into account. The measured values were
with distributions calculated from XFOIL (see e.g. Drela and Giles [43]) for a series of slightly different angles of attac
they gave the best fit to the experimental data. This distribution (Fig. 2) was then used for the calculation of bounda
profiles with a finite difference scheme according to Cebeci and Smith [44]. Finally, the stability characteristics were ca
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 factorH12 = δ1/δ2 increases nearly linearly from the valueH12 =
2.58 atsv/smax= 0.2 toH12 = 2.71 at the end of the measurement region ats/smax= 0.33 (δ2 is the boundary layer momentu
thickness).

Fig. 1. Sketch of the experimental setup.
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Fig. 2. Calculated velocity distribution and development of the
shape factorH12 together with the airfoil contour and the position
of the surface vibrator. Symbols denote measured values.

Fig. 3. Mean velocity profiles for different streamwise
positions. Profiles shifted by�(U/Uδ) = 0.1. Lines
denote boundary layer calculations.

Mean flow velocity profiles measured at three downstream positions are presented in Fig. 3 (symbols) together
calculated ones (lines), which fit quite well to the experimental data. The shape factorH12 = 2.58 measured at the positio
of the vibrator (sv/smax= 0.2) is very close to the Blasius value ofH12 = 2.59. Nevertheless, due to prehistory effects of
boundary layer the shape of the profile can show in detail some deviations from the Blasius profile. Despite this fact,
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, downstre
section (Fig. 1). This was locally a quasi-2D acoustic field consisted of a mixture of direct waves propagating upstrea
certain amount of reflected waves propagating downstream. Special measurements (with a slanted hot wire) have s
the angle of inclination of the velocity fluctuation vector of the acoustic wave (in the(x, z)-plane) with respect to the mean flo
direction is very small, typically below 10◦.

Since the acoustic wavelength depends on the air temperature, any variation of the latter changes the structure of th
field in the wind-tunnel and, consequently, the acoustic amplitude and phase over the surface vibrator. This circumstan
us to check the constancy of the acoustic parameters during the main receptivity measurements. In experiments b
al. [41] this was done periodically by means of positioning the hot-wire probe over the vibrator after every spanwise
this experiments an additional (second) hot-wire probe was used for such measurements. The hot-wire was mounted
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 a
two additional, moveable loudspeakers were used (Fig. 1). Their streamwise position was adjusted in a way to pr
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 s
those in experiments by Würz et al. [41]. Its plastic circular membrane (1) had diameter of 6 mm and was driven by
fluctuations produced by the membrane driver based on a powerful loudspeaker. This loudspeaker was mounted in
housing and pressure balanced by a connection to a static pressure orifice at the same streamwise position as the
to avoid steady deflection. The membrane was installed precisely flush with the model surface (2) and sealed (4). In
provide a control of membrane oscillations a fiber-optic displacement sensor ‘Philtec D12’ was used to measure the a
in the membrane center. This sensor has a linear response up to 20 kHz with a resolution of 0.56µm in a 0.5 mm measureme
range. Thus, the complete information about the membrane oscillations was permanently available during the mea
(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 ad
after the experiments with the help of a laser triangulation vibrometer ‘Micro-Epsilon LD1605-0.5’ (linearity±0.2% for a range
of ±0.25 mm). A typical spatial distribution of the oscillation amplitudes over the vibrator surface normalised by the am
in the membrane center is presented in Fig. 5. This shape of the membrane oscillation turned out to be practically ind
of both the frequency and the amplitude of excitation. The phase of the oscillations were found to be constant over t
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Fig. 4. Sketch of the surface vibrator. 1 – membrane,
2 – model surface, 3 – displacement sensor tip, 4 – sealant,
5 – mounting, 6 – casing, 7 – adjustment screws, 8 – pneu-
matic pipe connector, 9 – mounting for fiber cable and
pneumatic pipe, 10 – fiber cable.

Fig. 5. Typical distribution of normalised amplitudes of vibrations over the
membrane surface.

membrane surface, therefore the instantaneous shape of the membrane deflection remains the same at every time
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 v
amplitudes of the excited TS-waves. They cannot be measured directly due to the presence of various other perturbat
vibrator-near-field, such as continuous-spectrum instability modes and forced (bounded) fluctuations. Therefore, the
measurements in the boundary layer were performed far enough downstream the vibrator, where only eigen bound
oscillations (i.e. the TS-waves) dominated. In the present experiments normally 4 to 5 spanwise scans (with 40 to 6
points in each) were measured downstream the vibrator in every studied regime of excitation. These measurements p
information about spatial development of the excited wave-trains. In every spanwise scan the hot-wire probe was posit
fixed distance from the wally/δ2 = 2.2, which corresponded approximately to the TS-wave amplitude maximum iny-profiles
(see [41] for more detail). This position was adjusted during every spanwise scan by keepingU/Ue constant at a correspondin
value.

The system of signal excitation and data acquisition is also presented in Fig. 1. For the hot-wire measurements the
DISA 55P15 boundary layer probe with 1 mm wire in length was used together with a DISA 55M10 bridge. The s
additional hot-wire (with an additional DISA 55M10 bridge) was used for acoustic measurements. The calibration of
wires was made according to Kings law and the coefficients were optimised for minimum standard deviation. During
the reading from the static probe at the traversing system was used to adjust the absolute values of the velocities calcu
the hot-wire data. The DC-outputs of the hot-wire anemometers were low-pass filtered. The AC-output was high-pas
with a first order low-noise filter with a cut-off frequency of 100 Hz. A programmable amplifier was used to fit the signal
optimally to the input range of a 12-bit A/D-converter. Prior to sampling, the signal was low-pass filtered in addition (4th
at 4400 Hz to omit aliasing problems connected with the sampling frequency. Two PCs were used simultaneously.
one was used for the data acquisition, the traversing mechanism control, and the sequencing. The second one was u
signals generation. The vibrational and acoustical frequencies, as well as the digital sampling trigger, were generated
converter of this PC. The acoustic, vibrational, and combination frequencies had integer number of periods in one s
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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] fv [Hz] fTS [Hz]

Plus-regimes K = 0.217fTS2+ 0.217 873 190 1063
fTS+ = fac+ fv K = 0.217fTS3+ 0.217 1309 285 1594

K = 0.217fTS4+ 0.217 1359 295 1654
K = 0.434fTS2+ 0.434 742 323 1065
K = 0.980fTS2+ 0.980 537 526 1063

Minus-regimes K = 0.217fTS2− 0.217 1359 295 1064
fTS− = fac− fv K = 0.217fTS3− 0.217 2038 443 1595

K = 0.434fTS2− 0.434 1886 820 1066

and all frequencies were strictly phase locked because they were produced by a single quartz-based clock. This pr
possibility to represent each of these signals by a single Fourier-series coefficient after the FFT and enabled the onli
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 r
signal. After a prescribed number of generated signal periods (needed for establishment of the acoustic field and the
train) five realisations, consisted of 4096 points each, were collected and ensemble averaged in the time domain.
analysis was performed and frequency spectra of boundary layer perturbations were monitored online. These data con
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 meas
This signal contained the information about the membrane oscillation amplitudes. The acoustic intensity measurem
performed immediately before and after every spanwise scan. During these measurements the second hot-wire wa
on in the measurement circuit instead of the main hot-wire and moved into the vibrator position for the acoustic meas
(3 to 6 samples). Additionally, in every set of measurements two or three normal-to-wall profiles were taken, includ
profile over the vibrator center (sv = 123 mm,z = 0).

2.4. Studied range of disturbance parameters

Three different values of the parameter of non-stationarity of the surface non-uniformityK = fv/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-wa
occurs at combination frequenciesfTS+ = fac+ fv (plus-mode) andfTS− = fac− fv (minus-mode). During selection of the
specific values of the acoustic and vibration frequencies the following factors were taken into account: (i) all main freq
(fTS, fac, fv) must have an integer number of periods in the experimentally recording signal realisation and correspon
Fourier-series coefficients, (ii) one of frequenciesfTS of the generated instability waves (eitherfTS+ or fTS−) must lie in the
region of the amplified TS-wave frequencies and to be close to one of frequencies investigated by Würz et al. [41],
the frequencies of the excited TS-waves should not overlap with the frequencies associated with any other signals o
physical nature. For example, the value of parameterK = 1.0 is difficult to investigate experimentally, because in this c
second harmonics of the vibration and acoustic frequencies (2fv and 2fac) overlap with the TS-wave combination frequen
fTS+ = fac+ fv.

The chosen regimes of the acoustic-vibration interaction are listed in Table 1. Set of regimes:K = 0.217fTS2+,K =
0.434fTS2+, andK = 0.98fTS2+ (as well asK = 0.217fTS2− andK = 0.434fTS2−) was measured in order to obtain com
parable data on the vibro-acoustic receptivity, when the same (approximately) TS-wave frequency is generated by
frequency-combinations of vibrations and acoustics. Meanwhile, the pairs of regimesK = 0.217fTS2+,K = 0.217fTS3+ and
K = 0.217fTS2−,K = 0.217fTS3− where measured in order to investigate the influence of frequency of the excited TS
at a fixed value of parameterK . An additional set of data for the plus-regime, namedK = 0.217fTS4+, was obtained from
the regimeK = 0.217fTS2−, whenfac = 1359 Hz,fv = 295 Hz. In this regime of measurements (in which the freque
fTS2− = fac− fv was considered as the main one) the plus combination frequencyfTS2+ = fac+ fv = 1654 Hz also gave
reliable data, which were processed as well.

The positions of the excited TS-wave frequencies (fTS2= 1063–1066 Hz,fTS3= 1594–1595 Hz andfTS4= 1654 Hz) in
the stability diagram, calculated for 2D TS-modes, are shown in Fig. 6. They correspond to the frequencies investigate

A sketch of the chosen regimes is presented graphically in Fig. 7, where the TS-wave frequencies excited in variou
regimes are indicated in the plane (f ,K) together with the regimes studied in experiments and DNS in [41]. Accor
TS
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Fig. 6. Studied ranges of parameters depicted in the stability dia-
gram for 2D TS-waves. Surface vibrator position iss/smax= 0.2.

Fig. 7. Sketch of investigated regimes in the plane: TS-wav
frequency f vs. the parameter of non-stationarity of surface
non-uniformityK . Circles: present experiments, closed rhombs: ex
periments [41], open rhombs: DNS [41].

to Table 1, every TS-frequency is supposed to be generated twice: in a plus-regime and in a minus-regime. (Th
K = 0.98 represents an exception since the TS-waves excitation at minus-regime is hardly realisable in this case.)
chosen regimes of experiments capture a considerable region of values of the excited TS-waves frequencies and pa
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 investiga
this, some of spanwise distributions were measured several times, when the vibration and acoustic amplitudes were v
measured amplitude distributions have been compared with each other after their normalisation by a product of the
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 case
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 vibras =
150 mm) in presence of acoustics, is shown in Fig. 8 in logarithmic scale. The spectrum is obtained in regimeK = 0.217fTS2+.
The vibration frequency here isfv = 190 Hz (marked with a circle), while the acoustic frequency isfac = 873 Hz (marked
with a closed triangle). The perturbations at these frequencies, as expected, have the highest amplitudes in the hot-w

It is seen that the surface vibrations do generate the instability waves very effectively in a qualitative agreement
results obtained in previous investigations of the vibrational receptivity [12–15]. In the present case, the localised
vibration with amplitude of 37µm in the vibrator center (i.e. about 1% of the boundary-layer displacement thicknesδ1v)
provides the excitation of the boundary-layer velocity fluctuations at frequencyfv = 190 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
correspond to frequencies of the second, third, and other higher harmonics of the main vibrational frequency. It has be
that the membrane oscillates at these frequencies as well (with amplitudes in the order of 1µm and less), therefore these high
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 wit
acoustic field itself, including the Stokes layer in the near-wall region, (ii) the vibrations of the hot-wire probe and the
surface, and (iii) the TS-waves generated by the acoustics on steady non-uniformities of the base flow and the airfo
case, the amplitude of the velocity fluctuations associated with the acoustic wave, measured in the free stream above th
was aboutu′

ac= 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-acoust

tivity mechanism) are observed at combination frequencies; here:fTS− = fac − fv = 683 Hz (minus-mode); andfTS2+ =
f + f = 1063 Hz (plus-mode). These spectral modes are marked in Fig. 8 with squares. In the present streamwise
ac v
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Fig. 8. Typical frequency spectrum of the hot-wire signal measured in the boundary layer in plus-regimes.
K = 0.217fTS2+, s = 150 mm. Closed circle: vibration frequency, open circles: harmonics of vibration frequency, closed tr
acoustic frequency, open triangle: harmonic of acoustic frequency, closed square: plus combination mode, open square: minus combin
mode.

Fig. 9. Spatial development of amplitudes (a) and phases (b) of TS-waves excited at plus combination frequencyfTS2+ = fac+ fv = 1063 Hz
in the regimeK = 0.217fTS2+.

(27 mm downstream the vibrator) the amplitudes of these combination waves are relatively low. Of course, the relativ
of amplitudes of different spectral modes change further downstream. In the regime presented in Fig. 8 thepluscombination
mode under investigation (fTS2+ = 1063 Hz) corresponds to one of the most amplified TS-waves. The spatial developm
disturbances at this frequency is presented in Fig. 9 (for the same regimeK = 0.217f ) as a set of spanwise distributions
TS2+
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the TS-wave amplitude (Fig. 9(a)) and phase (Fig. 9(b)) measured at several streamwise positions. Disturbance amp
presented in percentage of the local boundary-layer edge velocity. The distributions are typical for the amplifying wave
instability modes. In the present case these modes areinitiated by vibro-acoustic receptivity mechanismand represent the mai
subject of the present study. The distributions like those presented in Fig. 9 where used for the subsequent data pro
order to obtain the complex receptivity coefficients for scattering of acoustic waves on surface vibrations. Similar data s
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 accordin
technique, applied in [12–14] for the vibration receptivity problem and adopted in [39–41] for the acoustic-roughness re
case. In this section, we only enumerate briefly the main steps of the data processing procedure. These steps are the

1) The normalisation of the measured spanwise amplitude and phase distributions for the excited TS-waves by the
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 m
above the vibrator. As was mentioned above (see Section 2.3), direct measurements of the acoustic intensity were
only in the beginning and in the end of every spanwise scan. However, during the subsequent data processing it t
to be possible to reconstruct the amplitude and the phase of the acoustic wave for every point of measurements. Th
amplitude was determined using its empirical dependence on the air temperature. This dependence was extracted fro
wire measurements of the acoustic wave, performed simultaneously with the air temperature measurements. The r
the membrane oscillations at the acoustic frequency also gave additional information about the acoustic fluctuations,
its phase.

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

4) The complex Fourier transform of the spanwise distributions of disturbance amplitudes and phases. An example
sulting spanwise-wavenumber spectra is presented in Fig. 10 for regimeK = 0.217fTS2+. The TS-wave spectral amplitudes a
shown in Fig. 10(a) in logarithmic scale versus the non-dimensional spanwise wavenumber normalised by the bound
displacement thicknessδ1v measured at the position of the surface vibrator. The corresponding spectral phases are pre
Fig. 10(b).

5) The reconstruction of initial amplitudes and phases of the excited TS-waves. To obtain the disturbance amplitud
position of the vibrator (sv = 123 mm), linear stability calculations were performed for the experimental conditions. Th
culated amplification curves covered the location of the vibrator and the downstream region, where the experimental
obtained. The theoretical curves were matched with the experimental points by means of a least square fit method.
the initial phases, linear approximation of the streamwise phase distributions (measured for every fixed spanwise wav
was performed and the approximated line was used for the phase extrapolation to the vibrator position. An illustration
procedures is presented in Fig. 11 (regimeK = 0.217fTS2+) for several values of the spanwise wavenumberβ (Fig. 11(a) —
amplitudes, Fig. 11(b) — phases). Points in Fig. 11 correspond to the experimental values, lines in Fig. 11(a) show the c
amplification curves matched with the experimental points, and lines in Fig. 11(b) represent the results of the appro
of phase distributions. The reconstructed initial values of the TS-wave amplitudes and phases obtained for various
wavenumbers are shown Fig. 11 with crosses. The corresponding initial spanwise-wavenumber spectra are also pr
Fig. 10 (sv = 123 mm) for all studied spanwise wavenumbers. (Note that the accuracy of determination of the initial distu
phases is expected to be rather limited due to their very fast downstream growth.)

6) In order to obtain thesurface vibration spectrum, the membrane shape function (the amplitude part of which is show
Fig. 5) was subjected to a spatial double Fourier transform. As a result, the 2D spectrum of surface vibrations in the
(β) and streamwise(αr) wavenumber space was obtained.

7) The determination of theresonant spectrumof surface vibrations. To obtain this spectrum complex spectral amplit
were determined forresonantwavenumbers̃αr(β). In a general case of interaction between the 2D acoustic wave an
surface vibrations the resonant wavenumbers forplus combination modehave to be determined as

α̃r+(β) = α̃rTS+(β) − αrac, (1)

and forminus combination mode

α̃r−(β) = αrac− α̃rTS−(β), (2)

whereαrac is the streamwise wavenumber of the acoustic wave, whileα̃rTS+ = α̃rTS+(β) and α̃rTS− = α̃rTS−(β) are the
dispersion functions for the TS-modes excited at minus- and plus-regimes, respectively. The streamwise wavenumbα is
rac
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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 co
frequencyfTS2+ = fac+ fv = 1063 Hz in regimeK = 0.217fTS2+ and reconstructed initial spectra (sv = 123 mm).

practically equal to zero because the acoustic wavelength involved is more than one order of magnitude greater tha
wavelengths. Also, the symmetry of the base flow provides the equality:α̃rTS+(fTS, β) = α̃rTS−(fTS, β) = α̃rTS(fTS, β). Due
to these circumstances, the resonant wavenumbers were found during the data processing as:

α̃r(β) = α̃rTS(β). (3)

The dispersion curves̃αrTS(β) were determined for combination modes under investigation using the experimentally ob
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. [

�Gav(fTS, β) = Gav(fTS, β)eiφav(fTS,β) = �BinTS(fTS, β)

�Aac(fac)�̃Cv(fv, α̃r, β)
, (4)

where

�BinTS(fTS, β) = BinTS(fTS, β)eiφinTS(fTS,β) (5)

is the initial complex spectral amplitude of the TS-wave excited in the boundary layer and determined at step 5,

�Aac= Aaceiφac (6)

is the complex amplitude of the external acoustic perturbation measured in the free-stream at vibrator position,

C̃v(fv, α̃r, β) = C̃v(fv, α̃r, β)eiφv(fv,α̃r,β) (7)

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 thicknessδ1v = 0.356 mm

at the location of the vibrator, while all velocities — by the boundary-layer-edge velocityU = 36.0 m/s over the vibrator.
ev
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Fig. 11. Illustration of the procedure of reconstruction of initial spectral amplitudes (a) and phases (b) of TS-modes excited in th
K = 0.217fTS2+ at plus combination frequencyfTS2+ = fac+ fv = 1063 Hz for three fixed values of the spanwise wavenumber. Figure
points 1–3 – experimental TS spectral amplitudes forβδ1 = 0, 0.192, and 0.292. Lines 1′–3′ – corresponding approximations by LST. Fi
ure (b): points 1–3 – experimental phases forβδ1 = 0, 0.192, and 0.292. Lines 1′–3′ – corresponding line approximations. Dash–dot l
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 pres
Figs. 12–15. The amplitudes (normalised byδ1v) and phases of the complex receptivity coefficients are shown in Fig. 1
regimesK = 0.980fTS2+,K = 0.434fTS2+, andK = 0.217fTS2+ (see Table 1), i.e. for three different values of parameteK

but approximately the same TS-wave frequency (F = 77.4 × 10−6). The data are shown as functions of the non-dimensi
spanwise wavenumberβδ1v, in a range between−0.3 to +0.3. For higher absolute values ofβδ1v the experimental accurac
was worse because these strongly inclined 3D waves (propagation angles are higher than 60 degrees), had typicall
amplitudes (see e.g. Fig. 10(a)). Similarly, Fig. 13 shows the receptivity data obtained in regimesK = 0.217fTS3+ andK =
0.217fTS4+, i.e. for fixed value ofK and slightly different TS-wave frequencies (F = 115.9 × 10−6 and 120.3 × 10−6,
respectively).

It is seen from Fig. 12(a) that within an experimental accuracy the same receptivity coefficients are observed for
values of parameterK in all three studied cases. In other words, the data obtained show that initial amplitudes of t
waves excited due to the interaction of acoustics and vibrationare independent of the parameter of non-stationarity K of
surface non-uniformity. All investigated cases (Fig. 12(a) and Fig. 13(a)) demonstrate a higher efficiency of transforma
acoustic perturbations into 3D instability waves rather then into 2D ones. This property is stronger expressed for higher
frequencies (Fig. 13(a)). Indeed, for TS-wave frequencyfTS2 (Fig. 12(a)) the receptivity amplitude observed for propaga
angles about 50◦ (βδ1v = 0.22) is higher then that of the 2D-wave(βδ1v = 0) by a factor oftwo approximately. Meanwhile
for frequenciesfTS3 and fTS4 (Fig. 13(a)), the receptivity amplitudes for 3D TS-waves with the same propagation a
(βδ = 0.28) is higher than that for the 2D-wave by a factor ofthree. At the same time, the receptivity for 2D waves depe
1v
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Fig. 12. Amplitudes (a) and phases (b) of vibro-acoustic receptivity coefficients versus spanwise wavenumber obtained for the
fTS2≈ 1063 Hz in the regimesK = 0.98fTS2+, K = 0.434fTS2+, andK = 0.217fTS2+.

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

As was mentioned above, frequenciesfTS2 andfTS3 were chosen to be close to those investigated by Würz et al. [4
the case of scattering of acoustic waves onsteadysurface roughness. In terms of the present investigation, the case stud
[41] can be considered as that withfv ≈ 0 and, hence,K ≈ 0 (despite in the experimental part of that workK was equal to
0.016). The comparison of those data with the present results, obtained forK �= 0, is shown in Fig. 14, where the receptivi
coefficients for TS-wave frequencyfTS2 are presented together with those obtained in [41] experimentally and nume
(DNS). A similar comparison for higher frequencyfTS3 is presented in Fig. 15. (The differences between compared freque
studied in the present work and in [41] are less than 2%.) The data shown in Figs. 14 and 15 are plotted versus the
propagation angle rather than versus the spanwise wavenumber as in Figs. 12 and 13. All results presented in Figs.
demonstrate a very well agreement of the receptivity functions, especially for small and moderate propagation angle
the experimental accuracy is better. Similar to Fig. 12, this comparison supports the conclusion drawn above that th
receptivity mechanism is independent of the parameter of non-stationarity of the surface non-uniformitiesK , in the range of
studied parameters which starts fromK = 0.98, when the vibration and acoustic frequencies (fv andfac) are very close to
each other, to the extreme case of stationary surface roughness withK = 0 (fv = 0, fTS = fac). Fig. 15 shows also that thi
independence is observed at higher TS-wave frequencies as well. Therefore:the vibro-acoustic receptivity is independent
both the acoustic frequency and the vibration frequency and depends only on the frequency of the excited TS-waves. This result
means, in particular, that thevibro-acousticreceptivity coefficients can be estimated in the framework ofacoustic-roughnes
receptivity theories.
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Fig. 13. Amplitudes (a) and phases (b) of vibro-acoustic receptivity coefficients versus spanwise wavenumber obtained for close fr
fTS3= 1594 Hz andfTS4= 1654 Hz in the regimesK = 0.217fTS3+ andK = 0.217fTS4+.

6. Results of measurements in minus-regimes

6.1. Anomalous disturbance behaviour

A typical frequency spectrum of disturbances measured in the boundary layer at minus-regimeK = 0.217fTS2− is presented
in Fig. 16. The general view of the spectrum is similar to that shown in Fig. 8 for plus-regimeK = 0.217fTS2+. The stronges
disturbances in the spectrum are also observed at acoustic frequencyfac= 1359 Hz (marked with a triangle) and at vibratio
frequencyfv = 295 Hz (marked with a closed circle). The minus combination peak atfTS2− = fac− fv = 1064 Hz represent
the frequency of interest here (which coincides, practically, with the frequency of the TS-wave excited in plus-regimK =
0.217fTS2+). Spatial development of disturbances excited at this frequency is shown in Fig. 17 as a set of spanwise dist
of the disturbance amplitudes (Fig. 17(a)) and phases (Fig. 17(b)) measured at several streamwise positions. It is easy
the shape of the wave-train observed in minus-regimeK = 0.217fTS2− looks significantly different from that found in plus
regimeK = 0.217fTS2+ (cf. Fig. 9). A deep spanwise modulation of the boundary-layer disturbances observed in the
regime suggests that some strongly inclined (essentially 3D) modes dominate in this case in the wave-train. This is
observed in Fig. 18(a) where the amplitude parts of the corresponding spanwise-wavenumber spectra are presented.
parts are shown in Fig. 18(b).) Moreover, the normalisation of the boundary-layer disturbance amplitudes by the am
of the acoustic wave and the surface vibration have shown that these normalised amplitudes are much higher in min
K = 0.217fTS2− compared to those for plus-regimeK = 0.217fTS2+. The results obtained in others minus-regimes (K =
0.217fTS3− andK = 0.434fTS2−) display qualitatively similar but even stronger difference between the correspondin
each other) pairs of minus- and plus-regimes.

Additional analysis of properties of the boundary-layer perturbations excited at the minus combination frequenciesfTS− =
fac − fv) have shown that the amplification rates of these modes are very much different from (larger than, usuall
predicted by the linear stability theory, as well as those observed in the corresponding plus-regimes. This fact is illus
Fig. 19 where the spectral-mode amplification curves (symbols and thin lines) obtained in minus-regimeK = 0.217fTS2− are
shown for three different values of the spanwise wavenumber in comparison with the curves calculated for 3D TS-mod
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Fig. 14. Comparison of amplitudes (a) and phases (b) of vibro-acoustic receptivity coefficients for three different values ofK �= 0 with those
obtained in [41] forK ≈ 0 for the TS-wave frequencyfTS2.

lines). Note that in the corresponding plus-regimeK = 0.217fTS2+ the amplification curves obtained for the same mode
the frequency-wavenumber spectrum (Fig. 11(a)) demonstrate a good agreement with the same calculated curves.

The unexpected phenomenon of theanomalous behaviourof the excited boundary-layer perturbations described above
been found also in all other studiedminus-regimesbut it has never been observed in any of studiedplus-regimes.

6.2. Linearity of disturbance behaviour

The most natural explanation of the anomalous disturbance behaviour observed in minus-regimes is associated wi
ble non-linearity of the problem under investigation. It has been assumed that the closeness of the minus combination
the frequency of subharmonic of the acoustic wave could lead to a subharmonic-type weakly-nonlinear interaction [46–
interaction could occur between a quasi 2D TS-wave, excited at frequencyfac by the acoustics on natural (two-dimension
mainly) non-uniformities of the base flow and the airfoil, and some of 3D TS-waves excited at frequenciesfv which then in-
teract withfTS− = fac− fv. The former is excited directly by the vibrator, while the latter — by the vibro-acoustic recep
mechanism under investigation. Note, that in this casefv = fac/2−�f andfTS− = fac/2+�f , where�f = (fac− 2fv)/2,
i.e. these frequency modes can be regarded as two quasi-subharmonic disturbances (with frequency detuning�f ) symmetric
with respect to the subharmonic frequencyfac/2. In order to check the applicability of this explanation, as well as the line
of the studied receptivity problem, special measurements — non-linearity tests, were performed. The results obtained
such testes are presented below.

Namely, a measurement of a spanwise distribution was carried out inside the boundary layer ats = 180 mm in a regime
in which the disturbance frequencies were the same as in regimeK = 0.217fTS3− but the amplitudes of both the surfa
vibrations and the acoustic wave were intensified. In the main regime (K = 0.217fTS3− itself) the r.m.s. amplitudeAv of
the surface vibration was 29µm in the vibrator center and the averaged intensity of velocity fluctuationsAac in the acoustic
field (over the vibrator center) was 0.0098 m/s (i.e. 0.272%). In the linearity test the measurement was performed whe
amplitude of the surface vibrations was increased by a factor of 1.5 (Av = 44µm) and the acoustic perturbation was intensifi
by a factor of 1.4 (A = 0.0133 m/s = 0.37%). In case of a linear response of the boundary layer, such enhancemen
ac
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Fig. 15. Comparison of amplitudes (a) and phases (b) of vibro-acoustic receptivity coefficients for three different values ofK �= 0 with those
obtained in [41] forK ≈ 0 for the TS-wave frequencyfTS3.

Fig. 16. Typical frequency spectrum of the hot-wire signal measured in the boundary layer in minus-regimes.
K = 0.217fTS2−, s = 150 mm. Closed circle: vibration frequency, open circles: harmonics of vibration frequency, closed triangle: a
frequency, closed square: plus combination mode, open square: minus combination mode.

result in an increase of the boundary-layer disturbance amplitude by a factor ofklin = 1.5× 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-de
quasi-subharmonic, ones) are nearly proportional to the fundamental-wave amplitude, i.e. to the acoustic amplitu
present case. Therefore, in case of presence of the resonant amplification of the disturbances excited at the minus c
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 fr
fTS2− = fac− fv = 1063 Hz in the regimeK = 0.217fTS2−.

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

Attempts to find other explanation of this phenomenon, such as influence of an admixture of signals associated dire
acoustics or with probe vibrations, have not given any positive results. The only remaining explanation seemed to be c
with the presence of a distributed receptivity mechanism for scattering of acoustic waves (atfac) on a TS-wave-train excited b
vibrations at frequencyfv. Such mechanism could lead both to a modification of the disturbance growth rates at comb
frequencies and to a linear response of the boundary layer. In particular, such mechanism could result in a faster d
growth in cases when the streamwise-wavenumber resonant condition for the distributed excitation is satisfied (see
However, the applicability of this explanation remains unclear. In particular, it is not clear why this mechanism has to
all studied minus-regimes, despite the conditions of the streamwise-wavenumber resonance seem to be not satisfied i
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 deter
of initial instability wave amplitudes and, consequently, to determine quantitatively the receptivity coefficients in the
regimes. The attempts to obtain the initial disturbance amplitudes by means of upstream extrapolation of the data with t
some arbitrary functions (similar to experiments [12,13]) do not give reliable results at the present experimental conditi
problem is connected with a too complicated disturbance behaviour, which includes (in particular) some regions of att



A.V. Ivanov et al. / European Journal of Mechanics B/Fluids 24 (2005) 621–641 637

ombination

s-regime
the

e

as been
mparison

(integral)
ve train
9(a) and
Fig. 18. Spatial development of amplitude (a) and phase (b) parts of spanwise-wavenumber spectra of TS-waves excited at minus c
frequencyfTS2− = fac− fv = 1063 Hz in the regimeK = 0.217fTS2−.

Fig. 19. Illustration of the anomalous behaviour of spectral amplitudes of boundary-layer disturbances excited in the minu
K = 0.217fTS2− at minus combination frequencyfTS2− = 1064 Hz in comparison with linear stability theory for three fixed values of
spanwise wavenumber. Points 1–3 – experimental spectral amplitudes forβδ1 = 0, 0.192, and 0.292. Lines 1′–3′ – corresponding amplitud
distributions calculated with LST.

(see e.g. Fig. 19,β = 0). However, an attempt to make at least some rough estimates of initial TS-wave amplitudes h
made in order to evaluate relative values of the vibro-acoustic receptivity coefficients observed in minus-regimes in co
with plus-regimes.

It tuned out that such estimates can be obtained integrally for the whole spanwise-wavenumber spectrum. Total
amplitudesAint of boundary-layer perturbations were determined in every streamwise location for the excited TS-wa
as a whole. These amplitudes were found by integration of amplitude spanwise distributions (like those shown in Fig.
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Fig. 20. Results of the linearity test. Spanwise distributions of boundary-layer disturbance amplitude and phase measured in the mi
K = 0.217fTS3− at normal excitation (1) and at enhanced excitation (2). Amplitudes measured at enhanced excitation are divided b
of klin = 2.1.

Fig. 21. Downstream growth of the integral intensity of TS-waves in the whole spanwise-wavenumber spectrum. Comparison of min
K = 0.217fTS2− and plus-regimeK = 0.217fTS2+ for the TS-wave frequencyfTS2 ≈ 1063 Hz. Points: experimental data, curves: th
exponential approximation and extrapolation.

Fig. 17(a)) in the spanwise direction. The resulting integral amplification curves obtained in the minus-regimeK = 0.217fTS2−
and in the corresponding plus-regimeK = 0.217fTS2+ are presented in Fig. 21 versus the streamwise distance from the vib
For better comparability of these two distributions the amplitudesAint measured in minus-regimeK = 0.217fTS2− are renor-
malised to the same vibrational and acoustic amplitudes as those measured in the corresponding plus-regimeK = 0.217fTS2+.
The experimental points shown in Fig. 21 are approximated by exponents (curves). It is seen, first, that the exponentia
imation fits reasonably good the measured distributions. Second, similarly to most of the individual spectral modes
the integral disturbance intensity also grows faster in the minus-regime than in the plus-regime. This difference is foun
even greater for frequencyfTS3 when comparing the regimesK = 0.217fTS3− andK = 0.217fTS3+ (not shown). Third, the
amplification curves shown in Fig. 21 (as well as similar curves obtained in two other studied cases) indicate that thinitial
(i.e. atsv = 123 mm) TS-wave amplitudes, estimated by the exponential approximations, are rather close to each oth
two regimes. The observed small difference might be explained just by an error of such a rough estimation. This m
the integral vibro-acoustic receptivity is alsoapproximately the samein every corresponding pair of minus- and plus-regim
Of course, this conclusion is not very strict. However, it supports the previous conclusion (made in Section 5) regar
absence of any dependence of the receptivity coefficients on the specific frequencies of the involved vibrations and
waves, despite these frequencies are very much different in every pair of plus- and minus-regimes corresponding to
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 s
of the former on essentially non-stationary, 3D surface non-uniformities (vibrations) is performed on a 2D airfoil. The
iments are carried out at controlled disturbance conditions for various combinations of frequencies of the involved
wave(fac) and the surface vibration(fv). Three values of the parameter of non-stationarityK = fv/fac of the surface non
uniformity are investigated. The generation of instability waves is considered in two general cases: (i) atplus combination
frequenciesfTS+ = fac + fv and (ii) atminuscombination frequenciesfTS− = fac − fv. In the plus-regimes the comple
coefficients (amplitude and phase) of the vibro-acoustic receptivity are obtained as functions of the spanwise wavenu
the TS-wave propagation angle for three different values of the parameterK , as well as for different frequencies of the e
cited instability waves when the parameterK is fixed. In the minus-regimes some estimates of relative values of integr
the spanwise-wavenumber spectrum) receptivity amplitudes are obtained in comparison with the corresponding plu
(i.e. for the same values of parameterK and TS-wave frequencyfTS). These integral receptivity coefficients are found to
very close to each other in minus- and plus-regimes. Variation of the acoustic and vibration amplitudes have shown
studied vibro-acoustic receptivity mechanism is linear in a sense that the receptivity amplitudes and phases are indep
the amplitudes of the involved external disturbances.

The main conclusion of the study is the following. For every studied value of the TS-wave propagation anglethe vibro-
acoustic receptivity coefficients are independent of both the parameter of non-stationarityK of the surface non-uniformity an
the specific frequencies of vibrations and acoustics. They depend only on the frequency of the excited TS-wave.The comparison
of the vibro-acoustic receptivitycharacteristics obtained in the present experiments with theacoustic-roughness receptivit,
i.e. with the case of practically stationary surface non-uniformity, studied in [41] (fv ≈ 0,K ≈ 0, fTS ≈ fac) has shown the
same receptivity amplitudes and phases for all investigated TS-wave frequencies and spanwise wavenumbers. Thu
clusion formulated above is found to be valid in the range 0� K � 0.98. This means, in particular, that the vibro-acous
receptivity coefficients can be estimated correctly on bases of acoustic-roughness receptivity theories. Note that d
vibro-acoustic receptivity turned out to be very similar to the acoustic-roughness one, the former can play a very im
role in the laminar-turbulent transition process because it provides a redistribution of the disturbance energy in the fr
wavenumber spectrum. Due to this redistribution, the vibro-acoustic receptivity can lead to excitation of strongly a
TS-waves even in cases when the instability waves excited directly by both the acoustic wave and the surface vibratio
from the instability region.

Commonproperties of the studied acoustic receptivity mechanism (due to either surface vibration or surface rou
are the following. The excitation ofthree-dimensionalTS-waves due to scattering of 2D acoustics on 3D surface vibra
is significantly more efficient than the corresponding excitation of two-dimensional TS-waves. For all TS-wave prop
angles the acoustic receptivity amplitudes increase with the TS-wave frequency. However, this frequency dependen
weak for excitation of 2D instability waves and increases quickly with the TS-wave propagation angle. The acoustic re
phases are found to depend rather weakly on the wave inclination angle for all studied frequencies and parametersK .

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

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