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It is universally accepted that the laminar-turbulent transition in a boundary layer is related to 
instability (amplification of disturbances which induce the transition) and receptivity. Receptivity is usually 
understood as a mechanism whereby various external disturbances generate unstable oscillations of a boundary 
layer, thus leading to transition [1]. 

The majority of theoretical and experimental studies on receptivity were carried out for subsonic flows 
[2-4]. These studies have shown that external perturbations become eigenwaves of a boundary layer at the 
leading edge of the model and on the flow inhomogeneities caused by roughnesses, local separations, etc. [2-7]. 

The first attempt at theoretical investigation of the interaction of acoustic waves and a supersonic 
boundary layer using the theory of stability was undertaken by Mack [8]. He found that under the influence 
of sound, oscillations whose amplitude exceeds that of acoustic waves by severalfold arise in the boundary 
layer. Similar studies were carried out by Gaponov [9]. Some recent theoretical papers deal with the role of the 
leading edge in the receptivity of the supersonic boundary layer to external acoustic waves [10-12]. Fedorov 
and Khokhlov [11] analyzed the excitation of the first and second modes of the boundary layer near a sharp 
leading edge of a plate by longitudinal acoustic waves. This excitation is caused by the sound diffraction 
induced by the displacement effect of the boundary layer. The results of [11] are extended in [12] to the case 
of an arbitrary incidence angle of an external wave; two excitation mechanisms are identified: one of these 
is related to sound diffraction, and the other is connected with the occurrence of sources of an acoustic field 
when the wave is scattered on the leading edge. The generation of unstable waves in the boundary layer was 
found to depend on the acoustic-wave angle and on whether the sound source is located above or below. The 
excitation of the boundary-layer oscillations by a longitudinal acoustic field was studied by Gaponov [13], and 
a strong dependence of intensity of disturbances inside the layer on the spatial orientation of the external 
acoustic wave was obtained. Note that the conclusions of [12, 13] need experimental verification. 

The first experiments on the laminar-turbulent transition were concerned with studying the influence 
of external factors (free-stream turbulence level, vibration of the model, and acoustic background) on the 
transition. A full description of these experiments is presented in [14]. However, to understand the transition 
process, one should first study the origin and development of unstable waves which induce the transition. Such 
an approach for the Mach number M = 1.6-8.5 was used by Kendall [15], who studied the development of 
natural disturbances in the boundary layer, and measured the correlation factor between the free-stream and 
boundary-layer oscillations. A high intensity of disturbances was found to be caused by an external acoustic 
field in the boundary layer close to the leading edge. A substantial effect of aerodynamic noise on the boundary 
layer also led to a monotonic growth of disturbances immediately at the leading edge of the model at M > 3. 
Correlation measurements showed that the correlation factors increase with an increase in M. Comparison of 
the experimental data of [15] with the numerical results of Mack's stability theory [16] showed good agreement 
for M = 4.5, while for M = 2.2, the measured growth rates differed from the calculated rates nearly by a 
factor of two. Since the experiments of [15] were performed for natural disturbances, the growth rates obtained 
were indicative only of the mean amplification of waves in the boundary layer. A correct comparison of the 
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theoretical and experimental results requires information on the wave angle, which is rather problematic for 
the case of natural disturbances. 

The use of controlled disturbances in an experiment helps to get a correct comparison in studies of 
the origin of turbulence [17, 18]. The development of a source of controlled disturbances at supersonic speeds 
[19] also allowed an experimental study of receptivity to be performed [20-22]. Maslov and Semionov [21] 
found that the most intense generation of eigenoscillations of the supersonic boundary layer by acoustic waves 
occurs at the leading edge of the model, on the lower branch of the neutral-stability curve, and on the "sonic" 
branch of neutral stability. Kosinov et al. [22] studied the structure of boundaxy-layer disturbances that were 
generated by sound upon incidence of maximum radiation on the leading edge of the plate, and he compared 
this structure with the structure of disturbances generated by a point source in the boundary layer. The 
results of [20-22] showed a complex picture of transformation of acoustic waves into unstable disturbances of 
the supersonic boundary layer. 

Experiments on the generation of unstable disturbances in the supersonic boundary layer on the leading 
edge of a plate by external controlled disturbances are reported in the present paper. The wave spectra of 
initial disturbances and the boundary-layer disturbances generated by them are determined. 

The experiments were carried out in the T-325 supersonic wind tunnel of the Institute of Theoretical 
and Applied Mechanics of the Siberian Division of the Russian Academy of Sciences with a 200 x 200 x 600 mm 
test section at a Mach number M = 2 and a unit Reynolds number Rel = 6.6 �9 10 s l / re .  A diagram of the 
experiment model is shown in Fig. 1 (1 and 2 are the plates, 3 is the generator of periodic disturbances, 4 is 
the controlled disturbances, 5 is the boundary layer, and 6 is the hot-wire probe). Plate 1 with the generator 
of periodic disturbances was mounted on the rod of a traversing gear and could be moved in the normal 
direction. The disturbances were sufficiently strong to radiate acoustic waves into the free stream [23]. They 
were generated by a high-frequency electric discharge with frequency f = 20 kHz [the dimensionless frequency 
parameter was F = 27rf/(RexU) = 0.38.10 -4, where U is the free-stream velocity]. The design of the source 
of disturbances and the scheme of measurements were the same as in [24]. 

The source of controlled disturbances can be positioned either above or below the model. In the 
experiments of [21], a plate with a discharge was above the model. Although the maximum of radiation is 
incident on the leading edge of the plate in this case, the external acoustic field also generated boundary- 
layer disturbances in other regions, and this made data processing more difficult. Therefore, the experimental 
layout was such that the source of acoustic waves was located below the plate (Fig. 1); then the disturbances 
in the boundary layer were generated only near the leading edge of the plate. A constant-temperature hot-wire 
anemometer and a single-wire probe with a tungsten wire 5 ltm in diameter and 1.2 mm long were used for 
disturbance measurements. The probe moved along the z and z coordinates with a step of 0.1 mm and along 
the y coordinate with a step of 0.01 mm. The pulsation signal from the hot-wire anemometer was sent to a 
computer through an ADC. Simultaneous summation of the signal from 200 points was performed directly 
during the experiment to increase the signal-to-noise ratio. The measurements in the boundary layer were 
performed for y/6 = coast, in the layer with maximum oscillations (6 is the boundary-layer thickness). 
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To find the generation coefficients of unstable waves, we measured the initial distributions of the 
amplitude Ao(f, x, z) and the phase ~0(f, x, z) of acoustic waves near the leading edge of the model and the 
field of disturbances A(f, x, z) and ~(f ,  z, z) inside the boundary layer of plate 2. Discrete Fourier transform 
[17] was used to determine the spectra from the wavenumbers. The results of data processing were presented 
as the amplitude Af(X) and the phase ~f(X) of disturbances for f = const versus the wave angle to the flow 
X = arctan (~/ar )  (at  and/3 are the wavenumbers in the x and z directions, respectively). The values of ar 
and/3 were found from the relation 

Af(c~r, 8) exp(i~ f(cr,, 1~)) = lIT ~ E(xi, zj, tk) exp(-i(otrxi + / 3 z / -  2 r / t t ) ) ,  

where E(zi, zj, tk) is the discrete signal from the hot-wire probe averaged over realizations and T is the time 
of realization. The transfer functions of disturbances (the generation coefficient) were found from the relation 

K(X) = A/(X) ~=xi/Af(x) x=xo (the ratio of the amplitude of disturbances generated in the boundary layer 

to the amplitude of acoustic waves incident on the leading edge). 
The initial conditions were found by measuring the field of controlled disturbances in the free stream 

in the plane of plate 2 (the plate was removed). Figure 2 shows the amplitude Ao(z) and the phase ~0(z) 
(curves 1 and 2, respectively) as functions of the longitudinal z coordinate in the plane of plate 2 for z = 0. 
The z coordinate was measured downstream of the boundary of radiation. 

For analysis of the data obtained, it is useful to imagine a simplified physical model of the source 
of disturbances. The discharge being initiated, the electric arc extends over the plate surface. Deceleration 
of the flow in the near field upstream and downstream of the discharge possibly results in the formation of 
vortices with different directions of rotation in the plane yz. Further downstream, the generated disturbances 
lead to the formation of Tollmien-Schlichting (TSh) waves in the boundary layer of plate 1. This process is 
accompanied by the radiation of various types of controlled disturbances into the free stream. The radiation 
propagates inside the Mach cone from the discharge. Using this model and the functions Ao(z) and q~0(z), we 
distinguished typical regions that correspond to various types of controlled disturbances. The radiation from 
the vortex upstream of the discharge corresponds to the region of approximately 1.5 mm < z < 5 ram, the 
radiation behind the discharge corresponds to 9 mm < z < 13 mm, and the radiation from the TSh waves to 
14 m m <  z. 

Figure 3 shows the amplitude spectrum of radiation A0 versus the wavenumber ar  in the x direction 
obtained by processing the data of Fig. 2. Here the amplitude is normalized to its maximum. The distribution 
A0(crr) has two maxima: a t  = -0.45 and ar = 0.75 rad/mm. The first maximum corresponds to the vortex 
radiation upstream of the discharge, and the second corresponds to the radiation from the other zones. This 
correspondence between the maxima in the distribution Af(ar)  and the radiation zones becomes evident if 
the experimental Ao(z) and r are treated separately for the regions 1.5mm < x < 7 mm and 9 m m  < x < 
23 ram. From the values of err, the phase velocity of controlled disturbances in the x direction, C = 2~rf/(arU), 
was obtained. For the first region of radiation, C = -0.54. The negative value of C corresponds to upstream 
propagating disturbances. For the second and third radiation regions, C = 0.33, which corresponds to acoustic 
disturbances. 

For cross sections x = const in three different regions of radiation (x = 3.5, 11, and 23 mm), the 
distributions A(z) and ~(z) were measured, and the spectra were determined from the wavenumber 8. 

In the study of the field of disturbances generated by external controlled waves inside the boundary 
layer, plate 2 was mounted so that its leading edge was sequentially positioned in those sections at which the 
external disturbances belonging to different regions of radiation were studied (i.e., the leading-edge coordinate 
was x = 3.5, 11, and 23 mm). The distributions A(z) and r were measured for two cross sections in the 
boundary layer of plate 2 (x* = 40 and 50 mm, where x* is the distance from the leading edge). The 
stable region of development of disturbances in the supersonic boundary layer was studied. The spectra were 
determined from the wavenumber ~ using these data and the discrete Fourier transform. 

The amplitude and phase spectra of external acoustic disturbances and the eigenoscillations generated 
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by the disturbances are compared in Fig. 4 as functions of the wave angle X for the leading-edge coordinate 
x = 3.5 mm. Curves 1 and 2 are the distributions AI(X) and ~I(X) of acoustic disturbances hitting the 
leading edge of the model, curves 3 and 4 are the distributions AI(X) and ~I(X) for the cross section in the 
boundary layer x* = 40, and curves 5 and 6 show the same for z* = 50 mm. One can see that the amplitude of 
eigenoscillations in the boundary layer is close to zero and comparable with the noise. Although the distribution 
~l(X) for the boundary-layer oscillations shows that the generation by external controlled disturbances does 
occur, the transfer function is close to zero. Thus, upstream-propagating, external disturbances practically do 
not bring about a response in the supersonic boundary layer. 

A different picture is observed for the radiation from downstream-propagating disturbances. In this 
case, disturbances are excited in the boundary layer, and the amplitudes of acoustic radiation and forced 
disturbances can be compared. 

Figure 5 shows the distributions AI(X) and ~f(X) of external acoustic disturbances and oscillations 
generated by them for x = 11 mm. The notation is the same as in Fig. 4. Note that the distributions Af(/3) 
and ~/(/3) in the external flow and in the boundary layer are similar [17], but the difference in the phase 
velocities C between the acoustic disturbances and the boundary-layer oscillations leads to a difference in the 
angles ;~. The amplitude of oblique waves with X ~ 10 and 30 ~ is maximal in the vortex radiation immediately 
behind the discharge, and disturbances with X ~ 30~ are generated in the boundary layer. 

Figure 6 shows the distributions AI(X) and ~I(X) of external acoustic disturbances and the oscillations 
generated by them for z = 23 mm (the notation is the same as in Fig. 4). The distributions AI(X) and r 
in the external flow and in the boundary layer are similar. The main maximum of A(x) is observed for X = 0, 
and this is in good agreement with the results of [23], where the radiation from TSh waves was studied. 
The oblique waves have a much smaller amplitude, but the oscillations in the boundary layer exceed the 
external acoustic disturbances even for X /> 35~ Note that the experimental distributions A(z) and r 
agree qualitatively with the data of [22], where the structure of the boundary-layer disturbances generated 
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by sound incident on the leading edge from above was studied. Modulation in A(z, z) was observed in both 
cases, and this indicates the existence of several types of disturbances in the boundary layer. 

Figure 7 shows the transfer functions K(X) of the disturbances excited by the second region of radiation. 
Confining ourselves to the lower level of the generated amplitude of disturbances close to (1/3)Amax, we present 
the data within the range of angles X + 40~ for two values of the z* coordinate (curves 1 and 2 for x* = 40 and 
50 mm). Two typical regions in which disturbances were generated were found, namely, the region of -4-10 ~ 
with minimum generation coefficients and the region of 4-(200--40 ~ ) with maximum generation coefficients. 
Figure ? also shows the results on disturbance generation for the third region of radiation (curves 3 and 4 
for z* = 40 and 50 mm). Imposing the same constraint on the level of amplitude, we present only the data 
for angles 4-6 ~ There is a difference in the generation coefficients K for comparable wave angles for different 
regions of radiation. This difference can be caused by the fact that acoustic waves can be of a different nature: 
the radiation in the second region is generated by a stationary source, whereas the radiation in the third 
region is produced by moving vortices. The difference in the value of the coefficient K is explained by the 
possible difference in direction of acoustic radiation, which agrees with the conclusions of [12, 13], where a 
strong dependence of the intensity of disturbances inside the layer on the spatial orientation of the external 
acoustic wave was obtained. 

One can see from Fig. 6 that the amplitude of the disturbances generated in the boundary layer with 
X/> 35 ~ is higher than that of external acoustic disturbances, i.e., the generation coefficient K > 1. Hence, 
oblique waves are generated more intensely than a planar wave with X m 0. This result is in agreement with 
the theoretical result of [13]. 

Figure 8 shows the phase velocities of the boundary-layer perturbations generated by acoustic 
disturbances (points 1 and 2 are the phase velocities of the disturbances excited by the second and third 
regions of radiation, curve 3 is the critical phase velocities G* = 1 - 1/(Mcosx) that separate waves with 
discrete and continuous spectra, and curve 4 shows the phase velocities of waves with discrete spectrum 
calculated by numerical integration of the Dan-Lin system for parameters that are close to the experimental 
parameters ( f  = 20 kHz and Re = 565). 

Note that the experimentally obtained phase velocities of the waves generated in the boundary layer 
in the second region of radiation are close to the theoretical values for TSh waves. Therefore, we shall class 
the results for the second region of radiation among waves of this type. The experimentally obtained phase 
velocities of the waves generated in the boundary layer in the third region of radiation were found to be 
smaller than those of TSh waves. This means that the waves generated in the boundary layer consist of 
different types of disturbances, for example, vortical and acoustic [17, 22, 23]. To separate these disturbances, 
one should study a larger number of z sections. Thus, when the radiation from the second region is incident 
on the leading edge of the model, TSh waves are excited in the boundary layer; the incidence of radiation 
from the third region generates both TSh waves and acoustic oscillations. Apparently, in these cases, there 
are different mechanisms of generation of boundary-layer disturbances in the vicinity of the leading edge of 
the model [12, 13], and this is caused by the different structure of radiation from different regions. 
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