EXPERIMENTAL INVESTIGATION OF THE WAVE STRUCTURE
OF A SUPERSONIC BOUNDARY LAYER
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At present there are a number of theoretical techniques to predict laminar boundary-
layer transition to turbulence based on different criteria. In order to develop a general
theory for transition it is necessary to have a detailed description of wave processes in
the boundary layer and theoretical and experimental results on stability. The growth of
natural disturbances [1] is, as a rule, studied in experimental investigations on the stabil-
ity of supersonic boundary layers. The shortcoming of such studies is the absence of the
complete three-dimensional characteristics of the disturbance field in the boundary layer.
Hence it is possible to expect only qualitative agreement between theory and experiments.

A more accuracy quantitative comparison is possible with controlled artificial disturbances
modeling wave growth in the boundary layer. An alternate approach (in the study of the de-
velopment of natural disturbances) consists of corresponding correlation measurements fol-
lowed by an evaluation of wave spectra. Such an approach was partially realized in [2].

A point disturbance source was used in [3] to study the stability of incompressible boundary
layers. The wave field created by it (amplitude and phase distribution of fluctuations in
space) was recorded by hot-wire anemometry. The results of the study reflect the evolution
of monochromatic plane waves in the boundary layer. A method similar to [3] was used in

[4, 5] to study the stability of supersonic boundary layers. An electric arc was used as
the disturbance source. It is shown that the given method makes it possible to study the
growth of characteristic waves in supersonic boundary layers. Some problems that arise while
obtaining experimental data and also during their analysis have been discussed in [4]. The
present study extends the approach of [3, 4] and new experimental results have been obtained.
Stability analysis of the boundary layer using linear approximation has been carried out

on the basis of the experimental data.

Experiments were conducted in the low-turbulence supersonic wind tunnel T-325 at the
Institute of Theoretical and Applied Mechanics (ITPM), Siberian Branch, Academy of Sciences
of the USSR [6] with a test section 200 x 200 mm at Mach number M = 2.01 and a unit Reynolds
number Re; = 6.58:10°/meter. A flat plate made of steel was used with a rounded leading
edge swept along the side at an angle 14°30' (the leading-edge radius b = 0.04 mm). The
plate length was 450 mm, width 200 mm, and thickness 10 mm. The model was mounted horizontal-
ly at the midplane of the test section at zero angle of attack. The disturbance source was
located inside the model. Its basic part (rotary electrode in a ceramic tube to regulate
arc interval) was mounted perpendicular to the plane of the model. The disturbance was in-
troduced into the boundary layer through an orifice in the model surface. The orifice diam-
eter was 0.5 mm. The coordinates of the disturbance source were: x = 16.7 mm and z = 0,
where x is the streamwise coordinate measured from the model leading edge and z is the trans-
verse coordinate.

A constant-current hot-wire anemometer (TPT-3) [7] was used to determine the disturbances.
Sensors made of tungsten were used with a diameter of 6 um and a length of ~1.3 mm. The
sensor was traversed along X, y, and z (y is the distance normal to the flat plate). The
coordinates X and z were measured with accuracies of 0.1 mm. ’

The selective amplifier U2-8 was used as the frequency filter. Fluctuating amplitude
in the narrow band was recorded by an rms (root-mean-square) voltmeter built into U2-8. The
phase of the signal in relation to the disturbance source was determined by dual-beam oscillo-
graph S1-17, synchronized with the hot arc.

The mean flow parameters (M, Re,, stagnation temperature, free-stream velocity U) were
determined with the data-logging system provided for the wind-tunnel facility. Error in mea-
suring Mach number was 1% and the unit Reynolds number was measured with error not exceeding
3Z.
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The voltage across the anemometer bridge was kept constant when the sensor was traversed
along x and z (this was achieved by moving the sensor along y) which approximately corresponds
to measurements along isotachs and y/§ = const, where & is the boundary layer thickness.

The overheat for the sensor was 0.8 and, as a result, it is possible to state that primarily
the amplitude and phase of the fluctuations of the mass flux were fixed [2].

Measurements were made at y/8 = 0.5-0.6 which corresponds to the maximum level of fluctu-
ations in the boundary layer. The measurement interval along x was 5 mm, and varied from
0.2 to 1 mm along z. The measured data were analyzed using Fourier spectra (discrete Fourier
transform {8]) based on the wave number B in the z direction. Amplitude distribution along
z had zero values at the ends of the interval, which made it possible to go to finite limits
in integration.

It is necessary to use special weighting functions, vig., spectral windows [9, 10] in
order to determine Fourier spectra from discretely available functions (distribution) if
only a part of the distribution is known. By using the appropriate window it is then possible
to significantly reduce the influence of gaps at the ends of the function and in a number
of cases estimate the spectral distribution close to the correct one.

Spectra for the wavenumber ar along the streamwise coordinate x have been similarly ob-
tained in the present study. As shown in [10], the most effective window for such a case
is the Kaiser—Bessel window. Numerical values for the window in the present study were de-
termined with an accuracy to the sixth decimal place. Spectral verification of the Kaiser—
Bessel window characteristics gave results agreeing with [10]. The program for Fourier trans-
form was verified for a number of test functions with and without the window.

The wave angle was determined from the relation x = arctan (B/ar), and the phase velocity
of the disturbance in the x direction from the equation cx = 2mf/ayU, where f is the disturbance
frequency.

The spatial amplification factor for the Tollmien—Schlichting waves were estimated from

—a;(p) = 0,50 In[A(Re, B)1/d Re.
Here Re = (Re;x)/2; A(Re, B) is the amplitude of Tollmien—Schlichting wave.

Experimental data were analyzed to determine Fourier components of the wave packet whose
evolution was compared with computations based on linear stability theory. In the parallel-

flow approximation in the boundary layer, the solution to the linear problem is sought in
the form

Qz, y, 2, 1) = g (y) exp (iez + iz — ict),

where q(y) are the disturbance amplitude functions for velocity, density, and temperature.
The eigenvalues were determined by numerical integration of the system of stability equations
with homogeneous boundary conditions, using Dunn-Lin approximation. Orthogonalization tech-
nique was used in the integration process. Computations were carried out for the boundary
layer on an insulated flat plate at M = 2.0 in accordance with the experiment. The Suther-
land viscosity law was assumed, the ratio of specific heats v = 1.41, and the Prandtl number
o = 0.72. The system of equations and the method of solution are described in detail in

[1]. The spatial amplification factor aj and disturbance phase velocity Cx along the stream-
wise direction were obtained from numerical integration conducted for the nondimensional
frequency parameter F = 0.188-10"%, 0.371-107*, and 0.547-10"% (which correspond to distur-
bance frequencies f = 10, 20, and 30 kHz); here, F = 2nf/Re,U.

The stability of the boundary layer on the test model with respect to "nmatural" (with
arc switched off) disturbances was investigated immediately before experiments with arti-
ficial disturbances. It was found that within experimental measurement errors for the dis-
turbance amplitude (~10%), the orifice for the disturbance source in the model test surface
does not cause the development of disturbances in its wake. The nature of the disturbance
growth for £ = 10 kHz corresponds to the region on the first branch of the neutral curve,

f = 20 kHz corresponds to maximum instability, and f = 30 kHz is the region close to the
second branch of the neutral stability curve for Tollmien—Schlichting waves.

The primary objective of the experimental part of the study was the measurement of the
disturbance amplitudes and phases in the boundary layer at fixed frequencies. A two-dimen-
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sional data network has been experimentally obtained whose Fourier analysis made it possible
to go back to the consideraton of plane waves in the boundary layer. A detailed description
of the technique used is given in [11]. The range of measurements along x was from 50 to

80 mm for £ = 10 and 30 kHz and from 50 to 90 mm for f = 20 kHz.

The variations of disturbance phase ¢ and amplitude A with frequency f = 30 kHz along
X are shown in Figs., 1 and 2 at fixed values of wave number B. Symbols 1-4 correspond to
g =0, 0.34, 0.68, and 0.945 rad/mm, and the symbol 5 in Fig. 2 is for B = 1.24 rad/mm. It
is seen from Fig. 1 that the increase in phase is nearly linear when B = 0.68 and 0.945.
The dependence of phase on x is significantly different from a linear relation for small
values of 8 (especially for 8 = 0). The amplitude growth (Fig. 2) along x for B = 0 has
a modulating character for the modulation weakens with increasing B. Observing all these
curves together, it is possible to state that a number of waves are propagated along x and
their combination results in the amplitude modulation.

The disturbance spectra for the wavenumber or are shown in Fig. 3, where the symbols rep-
resent the following values of B: 1, 3, 5, 7) B = 0; 2) B = 0.67; 4) B = 0.84; and 6) B =
0.58 rad/mm. Results are given for disturbances with frequencies f = 10 kHz (a), £ = 20
kHz (b, c), and f = 30 kHz (d); the spectra 1, 5, and 6 are obtained from seven points, 3
and 4 from nine points, and 7 from thirty-one. The maximum peaks in all plots correspond
to Tollmien—Schlichting waves and the other peaks are "acoustic'" disturbances (their phase
velocity Cx € 0.3). Consider the spectra 1-6. The spectral range is limited here by the
interval along x: Ax = 5 mm, Aar = 27/Ax = 1.25 rad/mm. The width of spectral peaks is
primarily determined by the duration of the realization along x (parameters of the spectral
window also influence the width). It is seen that for B = 0, the "acoustic" content in the
spectra increases with increases in frequency. If the transformation of disturbances from
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the source into waves in the boundary layer takes place identically for these test frequen-
cies, then it is possible to establish a dependence between the amplitude of sound and the
nature of the growth of Tollmien—Schlichting waves (for the spectra near 8 = 0); near the
first branch of the neutral curve the Tollmien—Schlichting wave is an order of magnitude
bigger than acoustic waves (F = 0.188-10"%), in the maximum growth region (F = 0.371-107"%)
it is 5-6 times larger, and near the second branch of the neutral curve (F = 0.547-107%)
the disturbance function in the boundary layer exceeds acoustic waves by a factor of 1.5

to 2. This means that acoustic waves grow faster than characteristic disturbances when

8 = 0. The shortcomings of the studies [12, 13] on the growth of two-dimensional Tollmien—
Schlichting waves (B = 0) are thus clear. The large contribution to the total signal from
acoustic disturbances for the given spread angle did not allow the observation of the evolu-
tion (as a function of Re) of Tollmien—Schlichting waves. For the spectra of ar, where B =
0.3-2 rad/mm (lines 2, 4, and 6 in Fig. 3) the relation between acoustic disturbances and
waves of the characteristic type practically does not change with the frequency parameter,
and that means both disturbances grow in an identical manner. These results are in agree-
ment with results of {4], where the sound radiated by supersonic boundary layer was concen-
trated at B = 0, indicating two-dimensionality of the wave.

The spectral range shown in Fig. 3a-c is not sufficient for completely covering the
wave spectra in the boundary layer. The problem is further complicated by the fact that
the measurement region where the disturbance growth is linear is 5-6 times the wavelength
of Tollmien—Schlichting waves, which puts a limit on the minimum width of spectral peaks
and their solution using Fourier analysis. The amplitude spectrum for wavenumber ar shown in
Fig. 3d is based on results from 31 measurement locations along x with a more frequent step
(Ax = 1 mm) which made it possible to extend the spectral range for ar by a factor of 5
(Aay = 6 rad/mm). It is possible to observe a number of peaks, almost equally spaced from
each other, and the largest peak represents Tollmien—Schlichting waves and the others are
acoustic disturbances radiated by the laminar boundary layer.

Thus, the above-described source excited a broadband spectrum of disturbances in the
boundary layer. It is possible to state that this spectrum is discrete within experimental
accuracy. Discretization along the coordinate x superimposes the limitation on the inter-
pretation of the spectra: it is not possible to give a unique answer to the question whether
or not there are waves traveling upstream. A unique answer is possible if Aoy is such that
it contains the entire spectrum. It is not possible to establish it in the present study.

The spectrum for ar has also been evaluated for twice the number of realizations along
x with a 1-mm step but without Fourier analysis for B (phase and amplitude measurements were
made along the line z = 0 at the center of the packet along x). This evaluation is close
to the spectrum in Fig. 3d but has narrower peaks and to the left of the peak corresponding
to the Tollmien—Schlichting wave it has a new peak with a phase velocity cx ~ 0.9-1.1., It
is possibly a vortex from the source spreading along the outer edge of the boundary layer.

Since the acoustic disturbances in the spectra decrease with increase in 8 and for a
given range of B they could be neglected in comparison with characteristic disturbances,
it is possible to apply the above-described technique for a detalled investigation of the
growth of three-dimensional Tollmien—Schlichting waves.
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Phase velocities of characteristic disturbances are shown in Fig. 4 and the spatial
growth is given in Fig. 5 (Re = 653 + 4). The points 1-3 represent frequency parameters
F =0.188-10"%, 0.371-10"“%, and 0.547-107*, and the lines correspond to respective computed
results. There is a good agreement between theory and experiment for phase velocities. The
deviation is significant for or at f = 10 kHz, but it is worth noting that the computation was
carried out for the boundary layers on a sharp plate, whereas a flat plate with a rounded
leading edge was used in the experiment.
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